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Abstract

Objective: We aimed to identify the role of the enzyme acid sphingomyelinase in the aging of
stored units of packed red blood cells (pRBCs) and subsequent lung inflammation after
transfusion.

Summary Background Data: Large volume pRBC transfusions are associated with multiple
adverse clinical sequelag, including lung inflammation. Microparticles are formed in stored
pRBCs over time and have been shown to contribute to lung inflammation after transfusion.

Methods: Human and murine pRBCs were stored with or without amitriptyline, a functional
inhibitor of acid sphingomyelinase, or obtained from acid sphingomyelinase-deficient mice, and
lung inflammation was studied in mice receiving transfusions of pRBCs and microparticles
isolated from these units.

Results: Acid sphingomyelinase activity in pRBCs was associated with the formation of
ceramide and the release of microparticles. Treatment of pRBCs with amitriptyline inhibited acid
sphingomyelinase activity, ceramide accumulation, and microparticle production during pRBC
storage. Transfusion of aged pRBCs or microparticles isolated from aged blood into mice caused
lung inflammation. This was attenuated after transfusion of pRBCs treated with amitriptyline or
from acid sphingomyelinase-deficient mice.

Conclusions: Acid sphingomyelinase inhibition in stored pRBCs offers a novel mechanism for
improving the quality of stored blood.
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Hemorrhage and anemia are commonly encountered in the clinical setting, and current
literature suggests the ideal treatment is transfusion of stored human packed red blood cells
(pPRBCs).12 Previous studies suggest that pRBC transfusion is associated with worsened
clinical outcomes (pneumonia, sepsis, and increased mortality) in specific patient
populations, such as those with critical illness or undergoing cardiac surgery.3—2 These
effects are thought to be due to changes that occur in pRBCs as they age during storage.
3.10-13 Recent clinical evidence has disputed these negative outcomes4-16: however, “aged”
pRBCs in these studies were only 20 to 30 days old and the results of these studies do not
reflect current clinical practice.

Standard blood banking practice uses a first in, first out system whereby the oldest viable
pRBCs are used first,17 and current guidelines allow the transfusion of pRBCs up to 42 days
of age.318.19 As pRBCs age, they undergo biochemical and morpho-logical changes known
as the erythrocyte “storage lesion.”1” A particularly harmful aspect of this storage lesion is
the formation of microparticles. These subcellular particles range in size from 0.1 to 1.0 um,
20-22 and have been shown to play a role in coagulation and complement factor activation,23
neutrophil stimulation,?4 and lung inflammation.24.2°

Sphingolipids, a class of lipids with a backbone of sphingoid bases, are essential cell
membrane components, and play an important role in cell stress and apoptosis.26 Previous
studies implicate direct treatment of erythrocytes with sphingomyelinase in erythrocyte-
derived microparticle formation in vitro.2” Acid sphingomyelinase (ASM) activity has also
been shown to correlate with microparticle concentrations in sickle cell patients.28 To date,
the role of sphingolipid metabolism in microparticle formation during PRBC storage is
unknown. We hypothesized that the ASM plays a central role in microparticle formation
during pRBC storage, and that genetic deletion or pharmacologic inhibition of ASM would
reduce microparticle formation and mitigate the lung inflammation that occurs after
transfusion of stored pRBCs.

METHODS

Animal Model

Male C57BL/6 mice aged 8 to 10 weeks were purchased from Jackson Laboratories. ASM-
deficient mice (ASM™") on a C57BL/6 background were used and compared with syngenic
C57BL/6 wild-type mice as controls.2? All experiments were approved by the Institutional
Animal Care and Use Committee at the University of Cincinnati. Treatment animals
received IV injections of blood components under isoflurane anesthesia, whereas sham
animals under-went isoflurane anesthesia alone.
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Blood Banking and Treatment

Human pRBCs were purchased from Hoxworth Blood Bank (Cincinnati, OH) and stored at
4°C for 42 days according to standard blood banking practice.3? These units were
leukoreduced before storage as a matter of routine. Murine pRBCs were prepared and stored
as previously described,24 and then stored in Eppendorf tubes as 1 mL “units” at 4°C for 14
days. Fresh pRBCs were prepared and used within 8 hours of preparation. These murine
pRBCs were not routinely leukoreduced before storage. Where used, amitriptyline and
fluoxetine (Sigma-Aldrich, St Louis, MO) were dissolved in normal saline (0.9% sodium
chloride) and added to mouse and human pRBCs in a 1:10 dilution before storage. Except
for dose—response experiments, amitriptyline treatment refers to a 125 pM concentration of
amitriptyline in pRBCs.

Blood Component Isolation

Erythrocytes were pelleted from pRBC samples by centrifugation at 2000g for 10 minutes at
4°C. The supernatant from this spin was then centrifuged at 10,0009 for 10 minutes at 4°C
to pellet any remaining cells or platelets. The microparticle-rich supernatant from this
second spin was used to characterize microparticle concentrations. To remove cytokines,
residual amitriptyline, or soluble mediators in the serum for microparticle add-back
experiments, microparticles were pelleted using a 20,0009 spin for 30 minutes at 4°C and
resuspended in 200 pL 0.9% sodium chloride for injections.3!

ASM Activity

ASM activity in erythrocyte membranes and microparticle-rich supernatants was measured
as previously described.2® Membrane fragments were prepared by repeated osmotic and
mechanical lysis of erythrocytes. Samples were shock-frozen, diluted in 250 mM sodium
acetate (pH 5.0), 0.1% NP40, and incubated with [14C]-sphingomyelin (Perkin Elmer,
specific activity = 2 GBg/mmol) for 30 minutes at 37°C. Before use the substrate was dried,
resuspended in 250 mM sodium acetate (pH 5.0), 0.1% NP40, and sonicated for 10 minutes
in a bath sonicator (Branson) to obtain micelles. The enzyme reaction was terminated by
extraction in 1 mL CHCI3/CH30H (2:1, v/v). Samples were vortexed for 15 seconds and
centrifuged at 14,000 rpm for 5 minutes. An aliquot of the aqueous phase was applied for
liquid scintillation counting. Hydrolysis of [14C]-sphingomyelin by ASM results in release
of [14C]-choline chloride into the aqueous phase, whereas ceramide and unreacted [14C]-
sphingomyelin remain in the organic phase. Therefore, the release of [*#C]-choline chloride
serves to determine the activity of ASM. Results were normalized to protein concentration.

Ceramide Measurement

Ceramides were extracted and quantified as recently described.32 Briefly, lipid extraction
was performed using C17-ceramide as internal standard. Sample analysis was carried out by
rapid-resolution liquid chromatography-MS/MS using a Q-TOF 6530 mass spectrometer
(Agilent Technologies, Waldbronn, Germany) operating in the positive ESI mode. The
precursor ions of ceramides [C16-ceramide (m/z 520.508), C17-ceramide (m/z 534.524),
C18-ceramide (m/z 548.540), C20-ceramide (m/z 576.571), C22-ceramide (m/z 604.602),
C24-ceramide (m/z 632.634), C24:1-ceramide (m/z 630.618)] were cleaved into the
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fragment ion of m/z 264.270. Quantification was performed with Mass Hunter Software
(Agilent Technologies).

Ceramide was also measured using a DAG kinase assay as previously described.2® Lipids
were extracted in CHCl3/CH30H/1 NHCI (100:100:1, v/v/v), the organic phase was
collected and dried, and lipids were solubilized in 20 uL 7.5% N-octyl glucopyranoside, 5
mM cardiolipin, 1 mM DETAPAC, and sonicated in a bath sonicator for 10 minutes. Fifty
microliter of DAG kinase reaction buffer (100 mM imidazole/HCI [pH 6.6], 100 mM NacCl,
25 mM MgCl,, 2 mM EDTA, 2.8 mM DTT, 5 uM ATP, 10 uCi [32P]-yATP) and 0.01 U
DAG kinase (BML-SE100; Enzo Life Sciences, East Farmingdale, NY) in 10 uL of 1 mM
DETAPAC (pH 6.6) and 10 mM imidazole were added. The kinase reaction was performed
for 30 minutes at room temperature.

Samples were then re-extracted in 1 mL CHCI3/CH30H/1 NHCI (100:100:1, v/v/v), 170 L
buffered salt solution (135 mM NaCl, 1.5 mM CaCl,, 0.5 mM MgCl,, 5.6 mM glucose, 10
mM HEPES [pH 7.2]) were added, followed by addition of 30 L of 100 mM EDTA
solution per sample. Samples were vortexed, the organic phase removed, and dried lipids
were dissolved in 20 uL CHCI3/CH30H (2:1, v/v) per sample and then separated on a Silica
G60 thin layer chromatography plate (Merck, Darmstadt, Germany) with a solvent system
consisting of CHCI3/CH3COCH3/CH30H/CH3COOH/H,0 (10:4:3:2:1, viviviviv). The
plate was analyzed using a Fuji phosphoimager. Ceramide spots were identified by co-
migration with a C14/Cy4-ceramide standard and converted to ceramide amounts using a
standard curve. Results were normalized to protein concentration.

Microparticle Quantification

To determine the concentration of microparticles in pRBCs, microparticle-rich supernatants
were diluted in RPMI-1640 medium (Life Technologies, Carlsbad, CA), and Nanoparticle
Tracking Analysis (Nanosight, Malvern Instruments, Malvern, UK) was used to identify
particles between 50 and 1000 nm. For murine pRBCs, only particles that stained positively
for glycophorin A (ter-119; BD Biosciences, San Jose, CA) were quantified. Owing to
significant interunit variability in microparticle counts when analyzing human erythrocytes,
microparticle concentrations are represented as fold changes from baseline for each unit.

Quantification of microparticles by flow cytometry, although the most common technique, is
limited due to the small size of these particles.29 Microparticle studies using nanoparticle
tracking analysis and dynamic light scattering have determined the average size of
microparticles to range from 100 to 300 nm.33:34 However, the lower limit of detection by
flow cytometry is 488 nm.3° Therefore, much of the existing literature characterizing these
microparticles can only be interpreted as a description of microparticles more than 500 nm,
which misses the majority of microparticles. For this reason, we used nanoparticle tracking
analysis to quantify microparticle formation in stored pRBCs, and found that amitriptyline
treatment reduced the formation of microparticles of all sizes.

Measurement of Lung Inflammation

To study the effect of amitriptyline treatment on lung inflammation after blood transfusion,
mice received 200 pL of pRBCs or microparticles under inhaled isoflurane anesthesia.
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Lungs were taken 6 hours after transfusion for histologic evaluation. Histologic lung
sections were examined for lung inflammation with hematoxylin & eosin (H&E) and for
leukocyte infiltration with anti-Gr-1 antibodies (BD Biosciences, Franklin Lakes, NJ).
Scoring and quantification were done by a member of the research team blinded to the
treatment groups.

Lung inflammation scores were calculated as described previously.36:37 In brief, 10
representative low-power (100x) images were taken of H&E-stained lung sections. Areas of
thickened or aberrant lung architecture were calculated as a percentage of total lung area,
and each image was given a score: 0 points—0%, 1 point—0% to 25%, 2 points—25% to
50%, 3 points—50% to 100%. The anti-Gr-1 antibody used (clone RB6-8C5) preferentially
stains granulocytes with mild cross-reactivity for monocytes; thus, differences in Gr-1 cell
counts likely represent neutrophil recruitment to the lungs.38 For leukocyte quantification,
10 representative high-power (400x) images were taken of anti-Gr-1 stained lung sections,
positively stained cells were quantified in each image. Average scores/counts were
determined for each lung. Values are reported as means with standard error.

Aged Blood Transfusion Results in Lung Inflammation

In initial experiments, we examined the effect of transfusion of fresh and aged pRBCs on
lung inflammation in mice. Lung specimens from mice transfused with aged pRBCs
demonstrated a heterogeneous inflammatory pattern with areas of marked hemorrhage,
tissue thickening, and abnormal architecture (Fig. 1A-D), and increased humbers of Gr-1
positive cells in the lungs (Fig. 1E—H). These findings were not present in mice that received
fresh pRBCs (Fig. 1A-H), and indicate that transfusion of stored pRBCs results in increased
lung inflammation and leukocyte infiltration in the lung.

ASM Activity Drives Microparticle Formation in Stored pRBCs

Previous studies suggest that microparticles accumulate in pRBCs during storage.?122 The
current FDA-approved shelf life for human pRBCs is 42 days,3° which we have previously
shown to correspond to 14 days of storage for murine pRBCs.3? Quantification of
microparticle concentrations during standard storage conditions demonstrated that
microparticles increase during storage of human (Fig. 2A) and murine (Fig. 2B) pRBCs.

To investigate the role of ASM in microparticle formation during pRBC storage, we stored
erythrocytes in the presence of amitriptyline, a known functional inhibitor of ASM.40
Amitryptiline inhibits ASM by displacing the enzyme from lysosomal or plasma
membranes, resulting in the degradation of the enzyme in lysosomes or the release of the
enzyme from the cell surface. Thus, relatively high concentrations of amitriptyline were
used to displace ASM in the high number of erythrocytes present in blood samples.
Nanoparticle tracking analysis revealed that amitriptyline treatment resulted in a dose-
dependent reduction of microparticle formation in both human and murine pRBCs during
storage (Fig. 2C, D). To determine if this finding was specifically related to ASM inhibition,
we repeated this experiment in murine pRBCs with fluoxetine, another functional inhibitor
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of ASM.*0 Fluoxetine also decreased microparticle formation in pRBCs during storage (Fig.
2E), suggesting that these findings are caused by functional inhibition of ASM rather than a
nonspecific action of either drug. High concentrations of amitriptyline (>250 pM) were
associated with increasing hemolysis (unpublished observations), although microparticle
reduction was observed in mouse experiments starting at much lower doses and most
significant at 125 pM amitriptyline. Thus, we used 125 pM amitriptyline as the treatment
concentration for subsequent in vivo experiments.

To investigate the potential mechanism by which amitriptyline reduced microparticle
formation in stored pRBCs, we assayed these units for ASM activity and ceramide
concentration during storage. ASM activity on aged murine microparticles was increased
compared with fresh (Fig. 3A), whereas ASM activity was decreased on stored erythrocytes
as compared with fresh (Fig. 3C), suggesting that ASM changes location and is concentrated
in extracellular microparticles over the course of pRBC storage. Amitriptyline reduced ASM
activity on both microparticles and erythrocytes from aged murine pRBCs. Subsequently,
ceramide concentrations were also reduced in microparticles (Fig. 3B) and erythrocytes (Fig.
3D, E) from aged murine pRBCs, most notably C16 and C18. Analysis of ASM and
ceramide from microparticles isolated from stored human and murine pRBCs revealed the
same dose-dependent reduction with amitriptyline treatment (Fig. 3F, G). These data provide
evidence that addition of amitriptyline at the time of pRBC preparation reduces ASM
activity during storage, which is associated with decreased ceramide concentrations.

Inhibition of ASM on Microparticles Reduces Transfusion-associated Lung Inflammation

To investigate the effect of ASM inhibition in pRBC units on subsequent lung inflammation
after transfusion, we transfused mice with pRBCs that had been stored with or without
amitriptyline. Mice receiving transfusions of pRBCs treated with amitriptyline at the time of
storage demonstrated significantly less lung inflammation than those receiving pRBCs
treated with vehicle alone (Fig. 4). Transfusion with vehicle-treated pRBCs was associated
with marked alveolar thickening, distortion of normal lung architecture, and microvascular
congestion. These effects were greatly reduced by storage of pRBCs with amitriptyline (Fig.
4A-C). Leukocyte recruitment to the lungs was also significantly reduced in mice that
received amitriptyline-treated pRBCs as compared with those receiving pRBCs treated with
vehicle only (Fig. 4D-F).

Prior data from our laboratory suggest that microparticles from stored pRBCs play a key role
in lung inflammation after transfusion.24 To investigate the relationship between
amitriptyline treatment and microparticle-induced lung inflammation, we isolated
microparticles from equal volumes of pRBCs stored with or without amitriptyline and
resuspended them in normal saline for injection. Mice given microparticles isolated from
vehicle-treated pRBCs demonstrated lung inflammation similar to those receiving untreated
pRBCs (Fig. 5A). Lung inflammation was sharply attenuated in mice receiving
microparticles isolated from amitriptyline-treated pRBCs (Fig. 5A-C). Staining for Gr-1 of
these specimens indicated that microparticles isolated from pRBCs stored with amitriptyline
induced less pulmonary leukocyte infiltration than those stored with vehicle (Fig. 5 D-F).
This indicates that the reduced concentration of microparticles in amitriptyline-treated
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pRBCs leads to decreased lung inflammation in a mouse model. Next, to investigate changes
in microparticle quality, we isolated and injected equal numbers of microparticles from
pRBCs stored with or without amitriptyline. The microparticles were again pelleted before
injection to remove any soluble factors. Mice treated with microparticles isolated from
amitriptyline-treated pRBCs demonstrated reduced lung inflammation (Fig. 6). Taken
together, these experiments demonstrate that ASM-related changes in microparticle number
and quality each contribute to lung inflammation after pRBC transfusion.

Aged pRBCs from ASM-deficient Mice Do Not Cause Lung Inflammation

Finally, we investigated the effect of transfusing pRBCs acquired from ASM-deficient mice.
pRBCs were prepared from wild-type or ASM-deficient mice, stored under standard storage
conditions, and then transfused into wild-type mice. Stored ASM-deficient pRBCs caused
substantially less lung inflammation compared with wild-type pRBCs (Fig. 7A-C). We also
found a similar reduction in leukocyte recruitment to the lungs after transfusion with ASM-
deficient pRBCs (Fig. 7D-F). These findings mirrored the results from transfusion of
pRBCs treated with amitriptyline, proving that the ASM/ceramide system plays a central
role in the detrimental effect of aged pRBCs on lung inflammation.

DISCUSSION

In the present study, we provide new evidence regarding the role of ASM in the aging of
stored erythrocytes. We have shown that treatment of murine and human pRBCs with
amitriptyline resulted in a dose-dependent reduction in ASM activity, ceramide
concentration, and microparticle formation during storage. Transfusion of pRBCs treated
with amitriptyline or deficient in ASM led to less lung inflammation in mice when compared
with wild-type pRBCs treated with vehicle alone. Transfusion of microparticles from these
stored pRBCs yielded similar results, suggesting that microparticles play a key role in lung
inflammation after transfusion of stored pRBCs. Thus, genetic or pharmacologic inhibition
of ASM in stored pRBCs abrogates lung inflammation after transfusion of aged blood. This
offers a potential opportunity to improve the quality of stored erythrocytes used for human
blood transfusion.

We have also provided novel insight regarding the role of sphingolipids in microparticle
production during pRBC storage. Prior research has implicated multiple causes of
microparticle production under these conditions, including ATP depletion*! and aggregation
of band 3 protein.*2 It is likely that the decrease in pH and increase in metabolic stress
during pRBC storage contribute to ASM activation and subsequent microparticle production.
Our studies show that an inhibition of the ASM reduces the production of microparticles,
even if the pH in blood samples is not pH 5.0, the optimal pH for ASM activity. However,
the lipid composition of the membrane environment determines the affinity of the ASM and
allows the enzyme to be active at higher pH.43

Our findings indicate that ASM inhibition leads to a change in both microparticle quantity
and quality that ultimately prevents lung inflammation. Less lung inflammation was
observed after injecting microparticles isolated from equal volumes of amitriptyline-treated
pRBCs, indicating that microparticle quantity affects lung inflammation. However, when we

Ann Surg. Author manuscript; available in PMC 2020 March 10.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Hoehn et al.

Page 8

injected equal numbers of microparticles from untreated or amitriptyline-treated pRBCs, the
pretreatment with amitriptyline also reduced lung inflammation. Because we injected
purified microparticles into the recipient mice, the effect of amitriptyline is very likely
mediated by a direct effect on these microparticles, that is the reduction of ASM content
and/or the ceramide concentration. It is possible that ASM in microparticles directly acts on
endothelial cells in the lung or is released from microparticles to bind on endothelial cells.
The activity of microparticle-derived ASM on endothelial cells may trigger endothelial
changes, for instance, of tight junctions2® that lead to inflammation. This notion is consistent
with observations that ASM activity has been associated with multiple inflammatory states.
44 |f the microparticles fuse with endothelial cells, ceramide may have similar effects on the
integrity of endothelial cells in the lung and may affect integrity of tight junctions,2® and
may even induced endothelial cell apoptosis.4>

There is ongoing debate regarding the relationship between pRBC storage time and adverse
effects after transfusion. Previous research suggests that the use of aged pRBCs leads to
adverse patient outcomes.11:12 However, recent randomized trials have suggested that there
is no difference between fresh and aged pRBCs.14-16 Of note, these studies considered
pRBCs “fresh” if they are less than 6 days old and “old” if they are greater than 20 days old.
We have shown that changes associated with pRBC aging, specifically microparticle
production, increase dramatically toward the end of their 42-day shelf life. Thus, pRBCs that
are 10, 20, or even 30 days old have similar characteristics, and only pRBCs near the end of
their shelf life may be harmful to patients. In our opinion, all pRBCs should be used as early
as possible after donation to avoid the potential adverse effects of transfusing older pRBCs.
This practice has been pursued in some circumstances, with current US military clinical
practice guidelines recommending use of fresh whole blood for casualties in whom a
massive transfusion is anticipated, but has not been widely implemented, especially in
civilian practice.*® If it proves feasible in the clinical setting, ASM inhibition in pRBCs at
the time of storage may improve the quality of stored pRBCs in areas where ample supply of
human blood products is scarce and pRBCs are routinely used at the end of their shelf life.

One concern regarding the potential use of ASM inhibition in pRBC storage is the dose of
amitriptyline that could be delivered to the transfusion recipient. Previously reported toxic
doses of amitriptyline in animals range from 15 to 30 mg/kg.4748 If amitriptyline levels
remained unchanged during pRBC storage, which is unlikely, this means that a 70 kg patient
could demonstrate toxicity starting at doses near 1 g. To receive this dose, a patient would
need to be transfused 25.5 L (or >100 units) of pRBCs with an amitriptyline concentration
of 125 uM. It is unlikely that toxicity would be achieved under these circumstances as the
patient would also be actively bleeding and thus losing amitriptyline at the same time. In
summary, toxic effects due to the direct delivery of amitriptyline are unlikely, but continued
work in our laboratory investigating the pharmacokinetics of amitriptyline in stored pRBCs.

One limitation of our study is the absence of a severe “lung injury” in our blood transfusion
model. However, it should be noted that this represents a low volume transfusion in an
otherwise healthy animal and not a clinically defined massive pRBC transfusion.! Mice
received blood transfusions of 200 L, which represents a transfusion equivalent to
approximately 10% of the circulating blood volume. A similar transfusion in a typical adult
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patient, with a 5 L circulating blood volume, would be 500 mL, or approximately 2 units of
standard pRBCs. In this setting, we reliably observed histopathological evidence of lung
inflammation in mice receiving both aged pRBCs and microparticles isolated from these
units, and this lung inflammation was not evident in mice receiving amitriptyline-treated
pRBCs. Indeed, this benefit would likely be enhanced in mice, and human patients,
receiving large volumes of pRBC transfusion in the setting of anemia or hemorrhagic shock.

Another potential limitation of this study is that our murine pRBCs were not leukoreduced, a

practice used by many countries.%9 Previous studies indicate that the large majority of
microparticles generated during pRBC storage are erythrocyte-derived, and this ratio is not
significantly altered with leukoreduction.>? Moreover, both human (leukoreduced) and
murine (nonleukoreduced) pRBCs in this study demonstrated similar effects with ASM
inhibition.

In summary, our findings provide novel evidence that sphingolipid metabolism plays a
crucial role in the aging of stored pRBCs. ASM activity during pRBC storage is associated
with microparticle production, and these microparticles contribute to lung inflammation
after pRBC transfusion. Moreover, our data demonstrate that amitriptyline prevents
microparticle production and improves the quality of aging pRBCs. This research is
promising as a method to extend the shelf-life of aged blood and ameliorate aspects of the
adverse effects of blood transfusion.
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FIGURE 1.
Aged units of erythrocytes (pPRBCs) cause lung inflammation. A-C, Representative H&E

lung histology images from mice transfused with either no pRBCs (sham), fresh pRBCs, or
pRBCs stored for 14 days (aged). Original magnification x100. D, Composite lung
inflammation score results from mice treated as described in images A—C (meantSEM, n =
5 per group, *P< 0.05 vs sham and fresh pRBC groups, ANOVA). E-G,
Immunofluorescence for Gr-1 in lungs of mice treated as in panels A—C. Original
magnification x400. H, Quantification of Gr-1 cells per high power field (mean+SEM, n =5
per group, *P < 0.05 vs sham and fresh pRBCs, ANOVA).
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FIGURE 2.

Stored pRBCs generate microparticles, which is reduced by functional inhibition of acid
sphingomyelinase. A, Microparticle concentrations in human pRBCs stored under standard
storage conditions as determined by Nanoparticle Tracking Analysis (mean+SD, n = 7 per
group, *P< 0.05 vs days 14 and 28 groups, ANOVA). B, Microparticle concentrations in
murine pRBCs stored for 14 days under standard storage conditions as determined by
Nanoparticle Tracking Analysis (mean+SD, n = 4-6 per group, **£< 0.01 vs storage day O,
t test). Stored human (C) and mouse (D) pRBCs were treated with increasing doses of
amitriptyline in normal saline (0 uM represents vehicle only). E, Mouse pRBCs were also
treated with fluoxetine and microparticle counts measured using Nanoparticle Tracking
Analysis. Results represent fold changes in microparticle counts with regards to the vehicle
group (meanxSD, n = 5-7 per group, *~ < 0.05 compared with 0 uM group, ANOVA for A-
B, ttest for C).
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FIGURE 3.

Storage of pRBCs with amitriptyline reduces acid sphingomyelinase activity and ceramide
formation in stored human and mouse pRBCs in a dose-dependent fashion. A,
Microparticles in aged murine pRBCs (0 uM, vehicle-treated) show increased acid
sphingomyelinase activity compared with those from fresh pRBCs, and this activity is
reduced with amitriptyline treatment. B, Mass spectrometry analysis of these microparticles
revealed a reduction in ceramide concentration as well, most notably C16 and C18 (ND
indicates not detectable). C, Acid sphingomyelinase activity on aged erythrocytes is reduced
compared with fresh erythrocytes, and this activity is further reduced by amitriptyline. D, E,
Ceramide concentrations on aged erythrocytes are decreased with amitriptyline treatment,
specifically C18. Measurements were taken at day 7 of storage (meanSD, n =5 per group,
*P<0.05vs 0 uM, **P < 0.05 vs all groups, ANOVA). F, G, Microparticles isolated from
aged human pRBCs demonstrate a similar reduction in both acid sphingomyelinase activity
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(F) and overall ceramide concentration (G) with amitriptyline treatment (measurements
taken at day 28 of storage, meanSD, n =5 group, *P< 0.05 vs 0 uM, **P< 0.05 vs all
groups, ANOVA).
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FIGURE 4.
Storage of pRBCs with amitriptyline reduces lung inflammation after transfusion. Mice

which received 200 L transfusions of pRBCs treated with amitriptyline demonstrate
decreased lung inflammation on H&E (A, B), decreased composite lung inflammation
scores (C), and decreased Gr-1 positive cell presence in the lungs (D-F) (meantSEM, n =5
per group, *P< 0.05, ttest). H&E images were taken at original magnification x100 and
Gr-1 immunofluorescence images were taken at original magnification x400.
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FIGURE 5.
Microparticles isolated from pRBCs stored with amitriptyline cause less lung inflammation

than those from untreated pRBCs. Microparticles from 0.5 mL pRBC were isolated and
resuspended in normal saline for IV injection. Mice who received microparticles from
pRBCs stored with amitriptyline had significantly reduced lung inflammation (A-C) and
GR-1 positive cells (D-F) compared with those receiving microparticles isolated from
untreated pRBCs (mean+SEM, n = 5 per group, *£< 0.05, ttest). H&E images were taken
at original magnification x100 and Gr-1 immunofluorescence images were taken at original
magnification x400.
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FIGURE 6.
Equal concentrations of microparticles from pRBCs stored with amitriptyline cause less lung

inflammation than those from pRBCs stored with vehicle. Microparticles from 0.5 mL
vehicle-treated pRBCs were isolated and resuspended in normal saline at equal
concentration to microparticles prepared from 0.5 mL pRBCs stored with amitriptyline.
Mice which received microparticles from vehicle-treated pRBCs (A) had significantly
increased lung inflammation compared with those receiving microparticles isolated from
pRBCs stored with amitriptyline (B, C) (mean+SEM, n =5 per group, *£< 0.05, ftest).
H&E images were taken at original magnification x100.
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FIGURE 7.

pRBCs from acid sphingomyelinase knockout (ASM™~) mice cause less lung inflammation
in transfusion recipients than those from wild-type (WT) mice. Mice which received 200 puL
transfusions of pRBCs from ASM-deficient (ASM™~) mice demonstrate decreased lung
inflammation on H&E. (A, B), decreased composite lung inflammation scores (C), and
decreased Gr-1 positive cell presence in the lungs (D—F) (mean+SEM, n = 6 per group, *P<
0.05, ttest). H&E were taken at original magnification x100 and Gr-1 immunofluorescence
images were taken at original magnification x400.
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