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Abstract.8

BACKGROUND: Small rodent models are routinely used to evaluate the safety and efficacy of blood transfusions. Limited9

comprehensive literature exists about effect of different storage solutions in rat red blood cells (RBCs) characteristics. RBCs10

undergo time dependent biochemical and biophysical changes during storage known as hypothermic storage lesions (HSLs).11

OBJECTIVE: This study evaluates the effects of RBC additive solutions (AS) during storage of rat RBCs.12

METHODS: Blood was leukoreduced and stored as per manufacturer instructions at 4◦C up to 42-days. Three solutions,13

CPDA-1; AS-1; and AS-7 (SOLX), were evaluated. Biochemical parameters measured included extracellular K+, pH, hemol-14

ysis, 2,3-diphosphoglycerate (2,3-DPG), oxygen affinity, ATP, and lactate. Mechanical properties measured included RBC15

deformability, elongation index (EI), RBC membrane shear elastic modulus (SEM), mean corpuscular volume (MCV),16

viscosity, and aggregability.17

RESULTS: There were no differences in biochemical or mechanical parameters at baseline or after one week of storage.18

However, after two weeks, AS-7 preserved biochemical and mechanical properties as compared to CPDA-1 and AS-1.19

Changes were observed to be significant after 14-days of storage. AS-7 prevented extracellular K+ increase, reduced acidosis,20

showed lower hemolysis, preserved ATP and 2,3-DPG levels (consequently oxygen affinity), and reduced lactate. AS-7, when21

compared to CPDA-1 and AS-1, prevented the reduction in RBC deformability and was found to preserve the EI at multiple22

shear stresses, the membrane SEM, the aggregability and viscosity.23

DISCUSSION: Rat RBCs stored with AS-7 presented reduced changes in biochemical and mechanical parameters, when24

compared with rat RBCs stored in CPDA-1 and AS-1, after as early as two weeks of storage.
25

Keywords: Banked blood, blood storage, deformability, storage lesions, blood transfusion26

1. Introduction26

Blood banks are responsible for the collection, screening, and storage of blood, which is used by27

nearly 5 million Americans, who receive blood transfusions annually [1]. The ability to store blood28

for transfusions is a key element for medical care and public health. Human red blood cells (RBCs)29

are typically stored for as long as 42 days at 2◦ to 6◦C with the appropriate additives [2]. Despite the30

widespread use of transfusions, regulation of blood products only covers the procedures for collection,31

processing, and storage [3]. Concerns have recently emerged about the safety and efficacy of transfusing32

stored RBCs. Controversial studies have found correlations between blood transfusions and negative33

clinical outcomes post transfusion in certain populations [4–8]. Others have shown that stored RBCs34

are associated with worse outcomes when compared to fresh RBCs [9].35
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RBCs undergo time dependent biochemical and biophysical changes during storage, known as36

hypothermic storage lesions (HSLs) [10], which reduce post-transfusion recovery of RBCs and increase37

hemolysis [11]. These changes include depletion of adenosine triphosphate (ATP), decreased 2,3-38

diphosphoglycerate acid (2,3 DPG) levels, decreased pH, increased intracellular potassium (K+)39

release, reduced nitric oxide (NO) levels in the RBC, oxidative damages to lipid and proteins, and40

changes in cell volume and cell deformability [10]. Since RBCs become less deformable during stor-41

age, they are more susceptible to hemolysis and decreased RBC nitric oxide synthase (RBC-NOS)42

activity [12]. Reduced RBCs deformability and impaired RBC-NOS activity impact RBCs ability to43

transit through the microcirculation. As such, decreased deformability reduces blood flow, increases44

vascular resistance, and reduces O2 delivery deliver oxygen (O2) to the tissues [13]. Therefore, while45

transfusion of RBCs with decreased deformability increases O2 carrying capacity, increase in tissue46

oxygenation is not necessarily observed [14]. HSLs depend on the storage additive solution (AS)47

used during RBCs preparation; thus, the effects on tissue oxygenation should be measurable different48

between RBCs stored with different AS. Clinical researchers have employed FDA approved, non-49

invasive methods to assess the effectiveness of a RBC transfusion, using sublingual microscopy and50

near-infrared spectroscopy to measure changes in microcirculatory density and tissue oxygenation,51

respectively [15]. The robustness of measurements provided by these methods is problematic in clini-52

cal research settings. Therefore, the study of microvascular function and tissue oxygen post transfusion53

remains limited to experimental models for rigorous validation. Animal models are often used as a54

translational tool to understand the mechanisms behind HSL effects on microvascular function and tis-55

sue oxygen [16]. Since not all AS for RBC storage are the same, understanding the differences in HSLs56

between RBCs from animal model species are the first steps in animal translational studies. Eventually,57

our goal is to establish a rat RBC production method that closely mimics human RBC techniques that58

are currently in use. These methods can be applied in rat models of transfusion studying the HSL and59

evaluate novel RBC preservation strategies.60

Early RBC storage solutions included saline-adenine-glucose-mannitol (SAGM), which enabled61

up to 6 weeks refrigerated storage [17]. Citrate phosphate dextrose adenine (CPDA-1) solution is62

used as anticoagulant and to preserved RBCs up to 35 days, producing drastic HSL after storage63

[18]. Other additives, however, have shown to reduce HSLs when compared to CPDA-1, including:64

Adsol® (AS-1, l; Baxter Healthcare Corp., Deerfield, Il), Nutricel® (AS-3, Medsep Corp., Covina,65

CA), and Optisol (AS-5, Terumo Corp., Somerset, NJ) and SOLX® (AS-7, Haemonetics Corp., Brain-66

tree, MA) [19] SOLX has shown to maintain human RBC 2-3 DPG and ATP levels compared to67

other additives [20]. SOLX is a mixture of dextrose monohydrate, adenine, dibasic sodium phos-68

phate, mannitol, and sodium bicarbonate [20]. The differences in HSLs between with various AS69

is documented in the literature for human RBCs, but this information is not available for animal70

models.71

This study presents the time dependent biochemical and biomechanical changes that occur in rat72

RBCs stored with SOLX, AS-1 and CPDA-1. Therefore, the aim of this study was to evaluate differ-73

ences between rat RBCs stored with SOLX, AS-1 and CPDA-1, including in vitro quality assays to74

examine membrane-related, biochemical, and hemorheological parameters. This study applied detail-75

measuring techniques to determine the mechanical properties of RBCs, in terms of RBC volume,76

RBC filterability, RBC deformability, RBC aggregability, and RBC membrane elastic properties. In77

addition to blood rheology, all these parameters determine the flow properties of RBCs. The infor-78

mation reported in this study allows researchers to develop effective rat experimental models to79

study transfusion complications and to separate groups into “fresh blood” and “old blood” based80

on robust observations. These types of studies are only possible in animals, since when humans81

receive RBCs via blood transfusions, it is not possible to standardize the age of the RBC units82

received.83
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2. Methods (supplemental material includes expanded version of the methods)84

2.1. Blood collection and storage85

Experiments were approved by the Institutional Animal Care and Use Committee (S00149) and86

conducted accordingly to the Guide for the Care and Use of Laboratory Animals (US National Research87

Council, 2010). Blood was obtained from Sprague-Dawley rats (Harlan laboratories 300–400 g). Rats88

were anesthetized with ketamine/xylazine (100/10 mg/kg), and the left femoral artery was exposed. A89

sterile femoral artery catheter (PE-50) filled with heparin in sterile saline (500 units/mL) was implanted.90

From the whole blood collection kits of each storage solution, the appropriate volume of anticoagulant91

for exsanguination of 60% of the animal’s blood volume (estimated as 7% of the body weight) was92

aseptically transferred into sterile tubes (10 mL, 366441, BD Vacutainer, Franklin Lakes, NJ). After93

collection, tubes were gently mixed and then centrifuged at 2600 RPM (∼1000 g) for 7 minutes. The94

supernatant was removed and centrifuged again at 1875 g for 7 min to obtain platelet-free plasma.95

SOLX and AS-1 were then aseptically drawn from their whole blood collection kits, added to the RBC96

pellet, and gently mixed. Leukoreduction was completed using the blood pooled from 15 rats, using a97

hard-shell WB leukoreduction filter (Haemonetics, part # RCEZ1T), and allowed to flow through the98

filter into sterile bags (150 mL, S5904-52, B Braun, Irvine, CA). Units were stored in a monitored 4◦C99

refrigerator for up to 8 weeks.100

2.2. RBC filterability101

Deformability was measured using the cells filtration method [13]. Briefly, cell suspension was102

passed through filter with 5 �m pores size (Nuclepore, Pleasanton, CA) at various flow rates, and the103

pressure drop across the filter was measured [21].104

2.3. Micropipette aspiration105

Cells were subjected to micropipettes aspiration. Aspiration length was measured off line from106

recorded images [22]. Cell membrane elastic module and cell mean corpuscular volume (MCV)107

were calculated based on the relationship between pressure and aspiration length, as previously108

reported [23].109

2.4. Elongation index110

Cell elongation index (EI) was measured as previously described [22]. Briefly, cell suspension was111

passed through cylindrical microcapillaries (ID: 20 �m; Polymicro Technologies, Phoenix, AR) at112

different flow rates, and the extent of cell deformation was determined from the diffraction image113

created by the laser beam [24, 25].114

2.5. Blood rheology and aggregability115

Viscosity of cell suspensions was measured at shear rates between 3 and 450 sec–1 (37◦C) using a116

cone-plate rheometer AR-G2 (TA Instruments, New Castle, DE, USA) [16, 26]. RBC aggregation was117

determined using a photometric rheoscope (Myrenne Aggregometer®, Germany) [16, 22, 27].118
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2.6. Blood-oxygen equilibrium curve119

Blood oxygen equilibrium curves were obtained using the Hemox Analyzer (TCS Scientific Corp.,120

New Hope, PA) [28].121

2.7. RBC glucose consumption and G6PD activity122

RBC glucose consumption was determined using a YSI 2300 STAT Plus (YSI, Yellow Springs,123

Ohio), and glucose consumption was calculated using glucose concentration and time [29]. G6PD124

activity was evaluated by adding 0.5 mM methylene blue (MB) to increase pentaphosphate pathway125

flux.126

2.8. Data analysis127

Results are presented as mean ± standard deviation. Statistically significant were analyzed using128

two-way ANOVA, followed by the appropriate post hoc analyses. Statistics were calculated using129

GraphPad Prism 6 (San Diego, CA). Changes were considered statistically significant if P < 0.05.130

3. Results131

3.1. Hematocrit and hemoglobin concentration132

Although storage of RBCs with SOLX adds a larger volume of AS to the RBCs relative to CPDA-1133

and AS-1, there were no statistical differences in Hct and Hb concentration at baseline (t = 0) after134

volume normalization. Additionally, no statistically significant differences in both Hct and Hb con-135

centration between storage solutions during the storage time were observed. A summary of the Hct136

and Hb results is shown in Fig. 1.137

3.2. Oxygen affinity (P50) and 2,3 DPG138

P50, the partial pressure of oxygen required for 50% RBC saturation, and 2,3 DPG concentration139

over long term RBCs storage is presented in Fig. 2. There were no statistically significance differences140

in P50 or 2,3 DPG among storage solution at baseline. However, after 7 days of storage, 2,3 DPG levels141

Fig. 1. Percentage Hematocrit and Hemoglobin concentration for RBCs stored in CPDA-1, AS-1, and SOLX (N = 6). (A).
Concentration of Hemoglobin in blood tracked over 35 days for blood stored with CPDA-1, AS-1, and SOLX measured with
the Hemocue. (B). Percentage hematocrit in blood tracked over 42 days for blood stored with CPDA-1, AS-1, and SOLX.



U
nc

or
re

ct
ed

 A
ut

ho
r P

ro
of

V.P. Jani et al. / Solution additives preserve red blood cells deformability during storage 5

Fig. 2. p50 (mmHg) and 2,3 DPG Concentration (�gmol gHb
–1) for RBCs stored in CPDA-1, AS-1, and SOLX (N = 6). (A).

p50, partial pressure of oxygen for 50% oxygen saturation of hemoglobin, tracked over 42 days for blood stored CPDA-1,
AS-1, and SOLX. (B). Concentration of 2,3 DPG per gram of hemoglobin in blood tracked over 42 days for blood stored with
CPDA-1, AS-1, and SOLX. Data was fit with an exponential decay, and time constants were found to be: CPDA-1 (τ = 12.4),
SOLX (τ = 18.9), and AS-1 (τ = 20.0).

were found to be statistically significantly higher for RBC stored with SOLX when compared to cells142

stored in AS-1. After 14 days of storage, both P50 and 2,3 DPG levels were found to be statistically143

significantly greater for RBCs stored with SOLX when compared to cells stored in AS-1 or CPDA-1.144

This trend continued for the remainder of the storage time for both parameters.145

3.3. Metabolic markers: Lactate, pH, and ATP146

A summary of metabolic markers (Lactate, pH, and ATP) of RBCs stored with CPDA-1, AS-1, and147

SOLX is presented in Fig. 3. RBCs stored with AS-1 and CPDA-1 increased their lactate concentration148

more rapidly than RBCs stored with SOLX. Lactate concentration of RBCs stored with CPDA-1 was149

statistically higher when compared to RBCs stored with SOLX as early as 21 days. RBCs stored with150

SOLX for more than 28 days showed statistically lower lactate concentration when compared to RBCs151

stored with CPDA-1 and AS-1, respectively. RBCs stored with SOLX showed statistically higher pH152

when compared to RBCs stored with CPDA-1 and AS-1 after 21 days of storage, respectively. RBCs153

stored with AS-1 and CPDA-1 showed faster rates of ATP det.154

Fig. 3. Metabolic Properties of RBCs: Lactate Concentration, ATP, pH, K+, and free Hb for RBCs stored in CPDA-1, AS-1,
and SOLX (N = 6). (A). Concentration of Lactate, a by-product of RBC metabolism, tracked over 42 days for blood stored
in CPDA-1, AS-1, and SOLX. Data was fit with an exponential decay, and the time constants were found to be: CPDA-1
(τ = 21.2), SOLX (τ = 18.9), and AS-1 (τ = 34.0). (B). pH of blood tracked over 42 days for RBCs stored in CPDA-1, AS-1,
and SOLX. (C). Concentration of ATP per gram hemoglobin for RBCs stored in CPDA-1, AS-1, and SOLX tracked over
42 days. Data after 7 days storage time was fit was an exponential decay, and the time constants were found to be: CPDA-1
(τ = 13.2), SOLX (τ = 51.4), and AS-1 (τ = 43.0).
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Fig. 4. Filterability of RBCs stored in CPDA-1, AS-1, and SOLX (N = 6). Filterability: Cell deformability measured using the
resistance of red cells to pass by pore, normalized by the cell concentration and cell/pore volume, i.e. the � factor. Data was fit
with a linear regression analysis and slopes, which indicate deterioration rate, were determined. Data for fresh cells was also
recorded and the same analysis was performed. (A) 14 days: Slopes from linear regression were determined to be: CPDA-1
(m = 0.008), AS-1 (m = 0.006), SOLX (m = 0.004), and Fresh Cells (m = 0.003). (B). 28 Days: Slopes from linear regression
were determined to be: CPDA-1 (m = 0.012), AS-1 (m = 0.010), SOLX (m = 0.004), and Fresh Cells (m = 0.002). (C). 42
days: Slopes from linear regression were determined to be: CPDA-1 (m = 0.012), AS-1 (m = 0.010), SOLX (m = 0.009), and
Fresh Cells (m = 0.002).

3.4. Mechanical properties155

Resistance to filtration and elongation index of RBCs stored with CPDA-1, AS-1, and SOLX are156

presented in Fig. 4. As a function of flow, resistance increased more rapidly for RBCs stored with157

CPDA-1 than RBCs stored with either SOLX or AS-1. RBCs stored with SOLX, CPDA-1, and AS-158

1 had statistically higher resistance to filtration when compared to fresh cells at all flow rates and159

time points. Additionally, RBCs stored with SOLX had no difference in resistance to flow when160

compared to fresh cells at all time points. At all-time points, resistance as a function of flow increased161

more rapidly for AS-1, CPDA-1, and SOLX as compared with fresh cells. Ektacytometry results show162

statistically significant reduced cell deformability for RBCs stored with all additive solutions compared163

to fresh cells (Fig. 5). Viscosity was found not to be statistically significant between RBCs stored in164

AS-1, CPDA-1, and SOLX at high shear stresses; however, at low shear stresses, stored RBCs were165

statistically different from fresh cells.166

3.5. Potassium and hemolysis167

Storage of RBCs resulted in a rise in intracellular Na+ and a fall in intracellular K+ with concomitant168

opposite changes in Na+(data not shown) and K+ levels in the suspending media (Fig. 6). After 7 days169

of storage, cells stored with SOLX presented a statistically lower extracellular K+ compared to cells170

stored with CPDA-1 or AS-1, respectively. This trend continued over the storage period. Similarly,171

after 14 days of storage, hemolysis for cell store with SOLX was statistically lower compared to cells172

store with CPDA-1 or AS-1, respectively. Hemolysis remained lower for cell stored with SOLX over173

the storage period.174

3.6. Membrane mechanics and cell volume175

Membrane shear elastic modulus (SEM) and mean corpuscular volume using the micropipette aspi-176

ration of stored RBCs after 14, 28 and 42 days presented in Fig. 7. After 14 days of storage, cells stored177

with CPDA-1 or AS-1 showed statistically higher membrane SEM than fresh RBCs. Similarly, after 28178
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Fig. 5. Elongation Index (N = 6): Changes in red cell elongation index (EI) as a function of shear stress between fresh and
stored cells, measured based on the length and width of the diffraction pattern, as (L1–L2)/(L1+L2), where L1 and L2 are the
length and width of the diffraction pattern after: (A) 14 days, (B) 28 days, and (C) 42 Days for Fresh RBCs and RBCs stored
in CPDA-1, AS-1, and SOLX. Viscosity was determined numerically by applying a second order numerical difference of the
EI: (D) 14 days, (E) 28 days, and (F) 42 Days for Fresh RBCs and RBCs stored in CPDA-1, AS-1, and SOLX.
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Fig. 6. Biochemical Changes of RBCs as a consequence of Increased Rigidity: K+ and free Hb for RBCs store in CPDA-1,
AS-1, and SOLX (N = 6). Data was fit via linear regression and slopes, which are indicative of rate of deterioration, are
presented. (A). Concentration of K+ in blood released from RBCs tracked over 35 days for RBCs stored in CPDA-1, AS-1,
and SOLX. Slopes from linear regression were determined to be: CPDA-1 (m = 1.4), AS-1 (m = 1.1), and SOLX (m = 0.90)
(B). Concentration of free hemoglobin not bound to RBCs tracked over 35 days for RBCs stored in AS-1, CPDA-1, and
SOLX. Slopes from linear regression were determined to be: CPDA-1 (m = 1.34), AS-1 (m = 1.00), and SOLX (m = 0.68)

days of storage, stored cell with CPDA-1 or AS-1 had statistically higher membrane SEM than fresh179

RBCs. The membrane SEM of cells stored with CPDA-1 was statistically was higher when compared180

to the membrane SEM of cells stored with SOLX after 14 or 28 days of storage. After 42 days, all181

stored cells had statistically higher membrane shear elastic moduli when compared to fresh RBCs, and182

the membrane of cells stored with CPDA-1 was statistically higher than the membrane of cells stored183

with SOLX. The cell volume of cell stored with CPDA-1 and AS-1 increased as a function of storage184

time. After 14 days of storage, cells stored with AS-1 had a statistically larger volume compared to185

the volume of fresh cells. Similarly, after 28 and 42 days of storage, stored cell with CPDA-1 or AS-1186

had statistically larger volume than the volume of fresh cells. Surprisingly, the volume of RBCs stored187

with SOLX was no different from the volume of fresh cells at any time point.188

3.7. Glucose utilization and Pentose phosphate pathway (PPP) capacity189

Glucose consumption and the PPP capacity are presented in Fig. 8. For all stored cells, stored in190

SOLX, CPDA-1, and AS-1, statistically significant deterioration of glucose consumption was observed191

from 28 days of storage and onward and was slower for RBCs stored in SOLX Additionally, no statistical192

variance was observed in glucose consumption between RBCs stored in SOLX and those in AS-1.193

Glucose consumption of RBCs stored in SOLX was however found to be statistically different from194

glucose consumption of RBCs in SOLX after 28 days of storage (Fig. 8A). Storage time dependent195

deterioration was observed for the PPP Capacity of stored RBCs. Furthermore, statistically significant196

differences in PPP capacities were observed for RBCs stored in SOLX, AS-1, and CPDA-1 after 14197

days of storage (Fig. 8B-C).198

4. Discussion199

The principle finding of the study is that all biochemical (pH, lactate, ATP) and biomechanical200

(membrane SEM, viscosity, resistance to filtration, and MCV) characteristics of rat RBCs undergo201

different time dependent changes during storage, depending on the AS utilized. RBCs stored in SOLX202

had slower deterioration rates compared to AS-1 or CPDA-1. HSLs of RBCs stored with AS-1 or203

CPDA-1 did not occur until 14 days for RBCs stored in SOLX. RBCs stored with SOLX were no204
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Fig. 7. Mechanical Properties of RBCs: Membrane Shear Elastic Modulus and Mean Corpuscular Volume for RBCs stored
in CPDA-1, AS-1, and SOLX (N = 6). Membrane Shear Elastic Modulus: Red cell membrane SEM based on the relationship
pressure and aspiration length for RBCs stored in AS-1, CPDA-1, and SOLX after (A). 14 days, (B). 28 Days, and (C). 42
Days. Mean Corpuscular Volume: Corpuscular volume was measured using the cell aspiration technique for RBCs stored in
AS-1, CPDA-1, and SOLX after (D). 14 days, (E). 28 Days, and (F). 42 Days.

different from fresh RBCs during the early phase of storage, specifically, no statistically significant205

differences in both resistance to filtration and MCV were observed. These results confirm rat RBCs206

decrease of 2,3-DPG over time, which induce a leftward shift in the O2-Hb dissociation curve and207

would prevent the release of O2 to tissues. After transfusion, RBCs replenish 2,3-DPG within 24 hours208

as long as the glycolytic pathways allows for [30]. Thus, RBCs stored with AS-1 or CPDA would209

take longer to restore their 2,3-DPG pools after transfusion compared to SOLX, since they showed210
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Fig. 8. Glucose Consumption and PPP Capacity for RBCs stored in AS-1, SOLX, and CPDA 1 (N = 6A). (A) Glucose
consumption as a function of storage time for RBCs stored in CPDA-1, AS-1, and SOLX. Linear regression analysis was
performed to better understand deterioration rates, and the slopes of the regression were found to be: CPDA-1 (m = –0.004),
AS-1 (m = –0.004), and SOLX (m = –0.002). (C). Rate of PPP Increase as a function of storage time for RBCs stored in
CPDA-1, AS-1, and SOLX. Linear regression analysis was performed, and the slopes from the analysis were determined
to be: CPDA-1 (m = –0.016), AS-1 (m = –0.01), and SOLX (m = –0.009). (D). PPP Capacity (PPP relative to baseline) for
RBCs stored in CPDA-1, AS-1, and SOLX. Slopes from linear regression were determined to be: CPDA-1 (m = –0.020),
AS-1 (m = –0.015), and SOLX (m = –0.013).

reduced glucose utilization and limited pentose phosphate pathway (PPP) flux when compared to RBCs211

stored with SOLX. Lastly, this study fills the gaps in the existing current literature by evaluating the212

biochemical and hemorheological changes in rat RBCs when store with various AS.213

Extracellular K+ and hemolysis increased during storage, faster deterioration rates were observed214

for cells stored in CPDA-1, whereas cells stored in SOLX exhibited lower rates of deterioration. Mature215

RBCs maintain stable volumes when placed in isotonic solution and rapidly adjust their volumes to216

new stable levels; thus, it is interesting that the rate of increase in MCV was not as pronounced as the217

rates of increase in extracellular K+. As RBCs swell, their membrane surface area remains constant, as218

the biconcave cells gains water and become spherical in shape; the critical hemolytic volume is around219

1.65 times the original volume [31]. Thus, storage did not increase MCV close to the critical hemolytic220

volume. The rate of phosphate ester, 2,3 DPG and ATP decrease was correlated with the changes in pH.221

However, reaction of adenine, present in all storage solutions, with the enzyme adenosine deaminase222

results in the release of ammonia. As result, the rate of pH decrease was slowed in comparison to223

the decrease in phosphate ester concentration and the increase in lactate. As 2,3 DPG decreases and224

lactate increases, whereas for ATP, the presence of adenine in all storage solutions caused an increase225

in the concentration of ATP during the first 7 days of storage. The slower changes in pH for RBCs226

stored with SOLX are likely due to the presence of sodium bicarbonate and dibasic sodium phosphate227

in SOLX.228

Resistance to filtration correlated with the compliance (rate of change of elongation index/shear229

stress curve). Resistance to filtration was found to be greatest for RBCs stored with CPDA-1 and230

less affected for RBCs stored with SOLX. Thus, RBCs stored with CPDA-1 were found to be the231

least compliant, while those RBCs stored with SOLX were found to be the most compliant. This232



U
nc

or
re

ct
ed

 A
ut

ho
r P

ro
of

V.P. Jani et al. / Solution additives preserve red blood cells deformability during storage 11

can be explained by the increased MCV and membrane SEM in CPDA-1 stored RBCs compared to233

SOLX. Cells stored with SOLX had minor changes in MCV and membrane SEM. Thus, RBCs stored234

with SOLX are less rigid when compared with RBCs stored with CPDA-1 and AS-1. Preservation of235

mechanical properties by SOLX is likely due to the lack of chloride, while containing more bicarbonate,236

adenine, glucose, mannitol, and phosphate as compared to CPDA-1 and AS-1 storage solutions. In237

addition to the alkaline components of SOLX, the lack of chloride results in an efflux of chloride from238

the RBC, maintaining the pH with decreased extracellular sodium bicarbonate. The higher phosphate239

and carbonate concentrations in SOLX also increase strong ion differences, preserve pH, and provide240

key substrates for the salvage pathway of ATP biosynthesis. Lastly, SOLX includes also mannitol and241

phosphate, both of which are designed to improve RBC metabolism during storage by increasing the242

range and capacity of pH buffering.243

Previous studies have shown that human RBCs stored with SOLX maintain ATP and 2,3 DPG, and244

lower increase in lactate and extracellular K+ compared to other preservation solutions [20, 32]. Our245

results confirm that rat RBCs closely mimics human RBC changes. This study also demonstrates that246

RBCs stored with SOLX had minor changes in RBC mechanical characteristics when compared with247

RBCs stored in AS-1 or CPDA-1. The mechanical characteristics of RBCs stored with SOLX suggest248

that there may be improvements to RBC quality over AS-1 storage, which could be beneficial for RBC249

survival post transfusion. Clinical studies have shown that the one day post-transfusion RBC recoveries250

of human RBCs stored for 42 and 56 days with SOLX in healthy individuals showed recovery of 89251

and 86%, respectively [33, 34].252

Under similar hemolytic conditions, previous studies have also demonstrated that rat RBCs are253

less deformable and have increased membrane rigidity when compared with human RBCs [35]. To254

develop new AS, it is important to know how the rat RBCs, a species that is often used as a model in255

storage studies, respond to existing not only AS, but also the individual components of those As. These256

results, in addition to providing information about rat RBCs, demonstrate that HSLs are independent257

of the absolute magnitude of the rigidity and dependent on the storage time of the cells. This can258

be concluded primarily because both rat RBCs and human RBCs undergo similar deterioration after259

storage in CPDA-1 and SAGM [35].260

This study shows that rat RBCs stored in SOLX undergo HSL at slower deterioration rates, relative261

to rat RBCs stored in CPDA-1 and AS-1. Additionally, these results demonstrate that there were no262

statistically significant changes in MCV and filterability for RBCs stored in SOLX relative to fresh263

cells over 35 days of storage. Changes in these parameters, however, were significant for RBCs stored264

in CPDA-1 and AS-1. These results therefore demonstrate fewer storage lesions for RBCs stored265

in SOLX. The present study of the effects of RBC storage solution have in rat RBCs is primarily266

designed to understand the differences in storage lesions in rat RBCs and does not directly translate267

to human erythrocytes. There are noticeable interspecies differences on mechanical stability between268

rat and human erythrocytes, which are dependent on the osmolality, and the magnitude and duration269

of the applied stress [36]. These results are expected to be used in the design of rat experimental270

transfusion models to study the implication of storage lesions and to evaluate novel storage additive271

and preservation strategies for RBCs. Additionally, future experiments should identify the effects of272

SOLX increased buffer capacity, in terms of the metabolic pathways involved in the production of273

HSLs and the microvascular function and O2 delivery to tissues post transfusion.274
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