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Abstract 

The interaction of the red cell membrane with merocyanine 540 or protoporphyrin led to four phenomena, most probably interrelated. 
(i) The morphology changed from the normal discoid to an echinocytic form. This morphological change persisted when followed over a 
period of 24 h. (ii) Simultaneously, cell deformability was decreased, as revealed by viscosity measurements and a cell-filtration 
technique. (iii) Both drugs caused swelling of the erythrocytes in isotonic medium, due to a very-short-term increased permeability of the 
membrane, also for larger molecules such as lactose. The pathway of this temporary leak seems to be unrelated to the Na+/K+-ATPase, 
the K+/C1- and the Na+/K+/C1- cotransport systems, the CaZ+-activated Gardos pathway, the oxidation/deformation-activated leak 
pathway and the so-called residual transport route. Despite the morphological changes, K+-leakage induced by mechanical stress was not 
increased. (iv) During osmotic swelling, the critical hemolytic volume was found to be increased in the presence of either merocyanine 
540 or protoporphyrin. The increased critical volume protected erythrocytes against osmotic hemolysis. 
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1. Introduct ion  

Viral infectivity of blood and blood products has been 
reduced substantially through improved donor counseling 
and blood screening procedures, but still there is a contin- 
ued risk of virus transmission by transfusion of blood and 
blood products. This risk has been reduced considerably 
for coagulation factor concentrates by the application of 
virucidal procedures [1,2]. These procedures, however, are 
not applicable to blood products containing cell compo- 
nents, due to the fragility of these cells. In this context 
there is a growing interest in the possibility of photody- 
namic treatment of cellular transfusion products with sensi- 
tizer and light doses that will inactivate viruses, without 
appreciable damage of blood cells. In many preclinical 

Abbreviations: DIDS, 4,4'-diisothiocyano-2,2'-disulfonic acid stil- 
bene; MC540, merocyanine 540; MCV, mean cellular volume; PBS, 
phosphate-buffered saline; V o, MCV of control cells in PBS. 
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studies, sensitizers were used with a high affinity to viral 
DNA [3,4]. The advantage of these sensitizers would be 
the elimination of viral infectivity, with minimal damage 
of blood cells. The disadvantage is, however, the possible 
mutagenesis of the virus, with unmasking of oncogenic 
potential [5,6]. Mutagenic effects are much less probable 
with sensitizers, which primarily locate in the viral lipopro- 
tein envelope, but such dyes will also accumulate in the 
membrane of blood cells, which may result in damage 
during illumination. Evaluation of this damage and search 
for methods to circumvent these problems is an essential 
part of research in this field [7-10]. 

A complicating factor is that compounds (including 
some sensitizers) which interact with the erythrocyte mem- 
brane, may affect the shape of the cells. For instance, 
neutral and negatively charged amphiphiles tend to change 
the discoid cells to echinocytes, whereas positively charged 
amphiphiles generate invaginated stomatocytes [11,12]. 
Such changes may affect the physicochemical properties of 
the cells, resulting in decreased deformability [13]. If a 
sensitizer, used for photodynamic sterilization, were to 
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have such an effect on the red blood cells (even without 
illumination), this might have a disadvantageous effect on 
the theological properties and survival of the transfused 
blood cells. Therefore, the dark effects of two sensitizers 
known to localize in the red cell membrane, i.e., merocya- 
nine 540 and protoporphyrin, on selected physicochemical 
properties of red blood cells were investigated. 

2. Materials and methods 

Merocyanine 540 was purchased from Eastman Kodak, 
Rochester NY. Stock solutions (1 mg/ml)  were prepared 
in 50% ethanol. Protoporphyrin IX was obtained from 
Porphyrin Products, Logan, UT. Stock solutions were made 
in 4 mM NaOH. DIDS was purchased from Pierce, Rock- 
ford, IL, glutaraldehyde from Polysciences, Warrington, 
PA, inulin-[14C]carboxylic acid and [D-glucose-1- 
14C]lactose from Amersham International, Amersham, UK, 
and [3H]raffinose and 86Rb+ from DuPont NEN, Dor- 
drecht, The Netherlands. All other chemicals were of 
analytical grade and used without further purifcation. 
Polycarbonate filters (5 /zm) were obtained from Poretics, 
Livermore, CA. 

Heparinized human blood was centrifuged shortly after 
collection. The erythrocytes were washed three times in 
PBS. Cells were resuspended at a hematocrit of 2% in PBS 
or in PBS containing either MC540 or protoporphyrin. 
After incubation during 5 min the cells were spun down 
and the hematocrit was adjusted to 10 or 70% by removal 
of the adequate amount of medium. In some experiments 
chloride in medium and cells was replaced by nitrate, by 
preincubation of the erythrocytes with NaNO 3 as described 
by Sheerin et al. [14]. 

Cell morphology was assessed by light microscopy after 
fixation of the cells in PBS containing 2% glutaraldehyde 
for 1 h. Cell deformability was measured with a Brookfield 
LVT cone-plate viscometer, as described previously [15]. 
Cell filterability was measured by recording pressure-time 
curves during filtration of a 2% red blood cell suspension 
at constant rate through 5 /xm polycarbonate filters, ac- 
cording to Miller et al. [16]. 

Osmotic fragility was measured as described by 
Horowitz et al. [8]. The mean cellular volume was mea- 
sured by centrifuging 0.3 ml of a 10% erythrocyte suspen- 
sion during 20 min at 3000 rpm in a Hamburger-type 
hematocrit tube, correcting the packed cell volume for 
trapped medium. Medium trapped between packed cells 
was determined by adding 2% ~4C-labeled inulin to the 
medium, prior to centrifugation. Samples of 50 /zl packed 
cells were resuspended in 2 ml PBS and the radioactivity 
in the supernatant of this suspension was measured by 
scintillation counting. 

Cellular uptake of lactose, raffinose and Rb ÷ was mea- 
sured by incubation of the cells in PBS, containing trace 
amounts of [J4C]lactose, [3H]raffinose or 86Rb+. After 

incubation, the intracellular tracer concentration was deter- 
mined by hemolyzing 50 /xl packed cells in 2 ml distilled 
water. After bleaching of hemoglobin with H202 radioac- 
tivity in the hemolysate was measured and corrected for 
trapped medium. 

K + loss induced by mechanical stress was measured by 
subjecting a 10% erythrocyte suspension to a shear stress 
of 200 dyne /cm 2 in a Brookfield DV III viscometer 
during 2 h, as described by Sugihara et al. [17]. 

Na +, K + and Li + determinations were carried out with 
a Coming 410C flame photometer. Intracellular Na + and 
Li + concentrations were determined by hemolyzing 50/xl  
packed cells in 3 ml distilled water and measuring Na + or 
Li + in the hemolysate, correcting again for trapped 
medium. 

Membrane phospholipid asymmetry was monitored by 
the prothrombinase assay as described by Comfurius et al. 
[181. 

The critical hemolytic volume was assayed as described 
previously [19]. 

Preincubation of erythrocytes with 10 /zM bumetanide 
was performed at 37°C for 30 min as described by Johnson 
and Tang [20], with 12 /xM DIDS according to Lepke et 
al. [21], with 2.5 mM furosemide for 10 min at 37°C 
according to Garay et al. [22] and with 1 mM ouabain for 5 
min at 22°C. 

All experiments were carried out at least in triplicate, 
utilizing blood from different donors. 

3. Results 

3.1. Red cell morphology 

Morphological changes of erythrocytes induced by 
MC540 and protoporphyrin are shown in Fig. 1. With 
increasing sensitizer concentrations it appeared that all 
cells became echinocytic at a concentration of 17.5 /xM 
MC540 or 20 /zM protoporphyrin. This shape change 
persisted during prolonged incubation (24 h) in the pres- 
ence of the sensitizer at room temperature. 

3.2. Red cell deformability 

After exposure of the cells to either MC540 or proto- 
porphyrin the viscosity of a 70% cell suspension was 
significantly increased, especially at low shear rates (Fig. 
2). At this hematocrit value the viscosity of the cell 
suspension is a reflection of red cell deformability [16]. 
The decreased deformability is corroborated by the in- 
creased pressure during passage of a 2% erythrocyte sus- 
pension through a 5 /zm polycarbonate filter (Fig. 3). 

3.3. Sensitizer-induced swelling in isotonic medium 

MC540 and protoporphyrin induced an increase of the 
mean cellular volume in isotonic medium to about 1.13 V 0. 
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This increase in cellular volume occurred immediately 
after addition of the drug. Lowering the temperature to 0°C 
during incubation had no effect on this phenomenon. Stor- 
age of  the swollen cells in the continued presence of  the 
sensitizer during 24 h at room temperature revealed that 
the volume increase persisted during this t ime interval. 

If  Na ÷ in the medium was replaced by K ÷, Li ÷ or 
choline +, drug-induced isotonic swelling was not affected. 
Also, substituting NaNO 3 for NaC1 in cells and medium 
did not prevent isotonic swelling. Further, pretreatment of  

the cells with DIDS, EGTA, furosemide, bumetanide or 
ouabain or substituting sucrose for NaCI in the medium 
had no effect on isotonic swelling (not shown). 

Isotonic swelling of the erythrocytes in PBS was at- 
tended with an increase of  the intracellular Na ÷ concentra- 
tion from 14.6 ___ 1.2 (mean + S.E., n = 16) to 25.2 __+ 2.3 
(n = 20) m e q u i v / l  packed cells with MC540 and to 27.2 
___ 2.1 (n = 18) mequiv/1  with protoporphyrin. This Na ÷ 
uptake was not counterbalanced by an equal K ÷ loss; the 
intracellular K ÷ concentration decreased with only 0.7 _ 

Fig. 1. Light micrographs of normal erythrocytes (a) and erythrocytes exposed to MC540 (b) or protoporphyrin (c). Cell suspensions were incubated with 
17.5 /zM MC540 or 20 /xM protoporphyrin during 5 min at 22°C. 
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Fig. 2. The viscosity of  70% red cell suspensions at varying shear rates. 
(3, untreated erythrocytes; O, erythrocytes incubated with 17.5 /~M 
MC540 at a hematocrit of 2%; A erythrocytes incubated with 20 /xM 
protoporphyrin at a hematocrit of 2%. 

0.1 mequiv/1 in the presence of MC540 and with 2.7 -t- 0.3 
mequiv/ l  with protoporphyrin. When Na ÷ in the medium 
was replaced by Li +, addition of MC540 or protoporphyrin 
led to increased L i -  uptake, with a final intracellular 
concentration of 11.3 ___ 0.8 mequiv/1 with MC540 and 
12.6-t-1.1 mequiv/1 with protoporphyrin. The intra- 
cellular cation concentrations were measured 2 min after 
addition of MC540 or protoporphyrin. On prolonged incu- 
bation in the presence of MC540 no further uptake of Na ÷ 
or Li ÷ and no K ÷ leakage above the level of control cells 
took place. Apparently exposure of the cells to the sensi- 
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Fig. 3. Pressure-time curves for 2% erythrocyte suspensions filtered 
through 5 /xm polycarbonate filters at a constant flow rate of 5 ml /min .  
O ,  control cells; 0 ,  in the presence of 17.5 ~ M  MC540; &, in the 
presence of 20 NM protoporphyrin. 

tizer resulted in an immediate, but transient increased 
permeability to Na ÷ and Li +, leading to isotonic cell 
swelling, after which the passive permeability returned to 
control levels. This was confirmed by experiments in 
which ouabaine-treated erythrocytes were incubated with 
trace amounts of 86Rb+. A very slow uptake of Rb ÷ 
occurred, representing the passive permeability of the 
membrane for this ion. Addition of MC540 caused an 
instantaneous extra uptake of Rb ÷, to a final intracellular 
concentration of 10-14% of the Rb + concentration in the 
medium. Again, during prolonged incubation Rb ÷ uptake 
had returned to control levels. When Rb ÷ was added 15 s 
after addition of the sensitizer, passive Rb ÷ uptake did not 
deviate from that in control cells. With protoporphyrin the 
results were identical with one exception: during pro- 
longed incubation both K+-leakage and passive Rb ÷ up- 
take were slightly, but significantly higher as compared to 
control cells. 

During the process of isotonic swelling the erythrocyte 
membrane appeared to be also permeable to somewhat 
larger molecules, like lactose. When 14C-labeled lactose 
was present during incubation of the cells with MC540 or 
protoporphyrin, lactose was taken up by the cells, yielding 
an intracellular concentration of about 12% of the medium 
concentration, whereas untreated control cells exhibited no 
measurable uptake of radioactivity. In similar experiments 
with [3H]raffinose, no cellular uptake of radioactivity could 
be measured. When [14C]lactose was added 15 s later than 
MC540 or protoporphyrin, no uptake of radioactivity oc- 
curred, indicating that also the increased permeability for 
larger molecules was only very temporary. 

To investigate whether the increased mean cellular vol- 
ume and the shape change had an effect on the K ÷ leakage 
induced by mechanical stress, the cells were subjected to a 
shear stress of 200 dyne /cm 2 for 2 h at 37°C. Pretreat- 
ment with MC540 or with protoporphyrin had no effect on 
the K ÷ leakage induced by mechanical stress, which 
amounted to 0.039 -t- 0.004 mequiv K+/1 packed cells per 
min (corrected for unstressed K + loss). 

3.4. Membrane phospholipid asymmetry 

Normally, the phospholipids in the erythrocyte mem- 
brane are distributed asymmetrically with, for instance, 
most of the phosphatidylserine located in the inner leaflet. 
Echinocytosis, induced by an increased intracellular con- 
centration of Ca 2+ is accompanied by a redistribution of 
phospholipids, as reflected by, for example, the appearance 
of phosphatidylserine in the outer leaflet of the membrane 
[23]. Under the experimental conditions described by these 
authors, we found a similar increase of phosphatidylserine 
in the outer leaflet from 1% in control cells to 29% after 
elevation of the intracellular Ca 2+ concentration. Addition 
of either MC540 or protoporphyrin to the medium had no 
effect on these results. On the other hand, exposure of the 
cells to MC540 or protoporphyrin without elevation of the 



J. W.M. Lagerberg et al. /Biochimica et Biophysica Acta 1278 (1996) 247-253 251 

100 

80 

:>, 6O 
o 
E 
(9 
r-- 40 

20 

0 =  I 
0.50 0.45 0.40 

[NaCI] (%) 

I 
0.35 0.30 

Fig. 4. The effect of MC540 and protoporphyrin on osmotic hemolysis. 
Red blood cells were added to drug-containing hypotonic NaCI solutions. 
O, control, no additions; O, 17.5 ~ M  MC540 added; A, 20 /zM 
protoporphyrin added. 
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Erythrocytes were suspended in the NaCI solution, containing: O, no 
additions; O, 17.5/zM MC540. The arrows indicate the critical hemolytic 
volume. With protoporphyrin similar results were obtained. 

intracellular Ca 2+ concentration did not result in any 
increase of phosphatidylserine in the outer leaflet of the 
membrane. 

3.5. Reversibility of the membrane effects 

All effects described above appeared to depend on the 
presence of MC540 or protoporphyrin in the membrane. 
Upon washing of the erythrocytes three times with PBS, 
containing 0.5% bovine serum albumin (effectively remov- 
ing the sensitizers from the membrane) cell morphology, 
deformability and isotonic volume returned to normal, 
control values. 
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Fig. 5. The effect of MC540 and protoporphyrin on osmotic hemolysis of 
erythrocytes in 0.425% NaC1 solutions, containing the indicated concen- 
tration of the sensitizer. O, MC540; A, protoporphyrin. 

3.6. Protection against osmotic hemolysis 

To further characterize the effects of these drugs on the 
red cell membrane, the influence of MC540 and protopor- 
phyrin on osmotic hemolysis was determined. When un- 
treated red blood cells were suspended in hypotonic NaCl 
solutions containing either MC540 or protoporphyrin, both 
drugs protected the cells against osmotic hemolysis (Fig. 
4), in a dose-dependent way (Fig. 5). The protection 
against osmotic hemolysis could not be attributed to inhibi- 
tion of osmotically driven water transport: cell swelling 
was even more pronounced in the presence than in the 
absence of sensitizer under these experimental conditions 
(Fig. 6). At low NaCl concentrations osmotic hemolysis 
occurs when the cells have attained the critical hemolytic 
volume. In the presence of either MC540 or protopor- 
phyrin osmotic hemolysis started at lower NaC1 concentra- 
tions than in the control (Fig. 4), with the cells swollen 
beyond the normal critical volume, which was 1.78 _+ 0.08 
V 0 for untreated control cells, and 2.10 + 0.09 V 0 in the 
presence of MC540 or protoporphyrin. 

Under hypotonic conditions, leading to incomplete os- 
motic hemolysis, the percentage K + leakage from normal 
erythrocytes slightly exceeded the percentage hemoglobin 
release, a phenomenon known as prelytic K + loss. This 
prelytic K + loss was not augmented in the presence of 
MC540 or protoporphyrin, hut rather slightly inhibited (not 
shown). 

4. Discussion 

Incubation of erythrocytes with either MC540 or proto- 
porphyrin induced a shape change from the normal discoid 
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form to that of evaginated echinocytes (Fig. 1). This is in 
accordance with earlier observations indicating that nega- 
tively charged amphiphiles cause discoid cells to become 
echinocytes, whereas positively charged amphiphiles gen- 
erate invaginated stomatocytes [ 11,24]. The different shapes 
induced by negatively and positively charged amphiphilic 
agents is presumably related to preferential intercalation of 
negatively charged molecules in the outer, and positively 
charged molecules in the inner leaflet of the membrane 
bilayer [25]. The sensitizer concentrations used in the 
present experiments are identical or close to the concentra- 
tions used in preclinical experiments on photodynamic 
virus inactivation. 

In earlier studies we have shown that the positively 
charged anesthetic chlorpromazine not only caused a shape 
change to stomatocytes, but also evoked a pronounced 
decrease of cell deformability [ 13]. It seemed conceivable 
that also a shape change to echinocytes would be associ- 
ated with an effect on cell deformability. This was corrob- 
orated by the results depicted in Figs. 2 and 3: both 
MC540 and protoporphyrin caused a substantial increase 
of the viscosity of a 70% cell suspension and an increase 
of filtration pressure during filtration of a 2% cell suspen- 
sion through a 5 / z m  polycarbonate filter. Both phenomena 
directly reflect decreased deformability of the cells, as 
pointed out by Miller et al. [16]. 

As described in the results section both MC540 and 
protoporphyrin induced a significant increase of the MCV 
in isotonic medium, indicating uptake of water and solutes 
from the medium. This was confirmed by the observation 
that isotonic swelling in PBS was attended with an instan- 
taneous increase of the intracellular Na t concentration of 
about 1 l mequiv/1 packed cells, whereas in LiC1 Li ÷ was 
taken up to an intracellular concentration of about 12 
mequiv/1. This cation uptake correlates well with the 
observed increase of the cellular volume. On continued 
incubation in the presence of MC540, no further uptake of 
Na t or Li + was observed, suggesting that the permeability 
had returned to control levels. This was confirmed by the 
Rb t and lactose influx experiments: a fast uptake occurred 
when these solutes were added before MC540, but not 
when added 15 s later than the sensitizer. In similar 
experiments with raffinose it appeared that this trisaccha- 
ride was not taken up by the cells during exposure to the 
sensitizer. Thus the isotonic swelling should be ascribed to 
an immediate but transient increase of the permeability of 
the membrane for small ions and molecules, subsequent to 
the addition of the sensitizer. With protoporphyrin identi- 
cal results were obtained, except for a slightly increased 
passive permeability for K t and Rb + during prolonged 
incubation in the presence of the sensitizer. 

In further experiments it was investigated whether the 
immediate, transient increase of the permeability of the 
membrane for small ions and molecules occurred via one 
of the well-characterized transport or leak pathways of the 
erythrocyte membrane. Several pathways have been de- 

scribed, including the (Na t /K+) -ATPase  system, sensi- 
tive to ouabain, the K÷/C1 - cotransport pathway, inhib- 
ited by furosemide [22] and by substituting nitrate for 
chloride [26], the N a + / K + / C I  - cotransport system, 
blocked by bumetanide [27], the EGTA-sensitive Gardos 
channel [28], the so-called residual pathway, stimulated by 
replacement of extracellular NaCI by sucrose [29] and the 
mechanical stress-induced cation flux pathway, inhibited 
by DIDS [20]. As isotonic swelling was not affected by 
ouabain, furosemide, bumetanide, EGTA, DIDS or re- 
placement of Na t by either nitrate or sucrose, a transient 
activation of any of these pathways was not involved in 
MC540- and protoporphyrin-induced water and solute up- 
take. More likely the temporary increase of membrane 
permeability to small ions and molecules is caused by 
membrane destabilization, due to the preferential insertion 
of molecules in one of the leaflets of the membrane 
bilayer. Presumably, this intercalation process is followed 
by some kind of rearrangement to correct the molecular 
imbalance in the membrane and to restore its barrier 
function. Apparently, such a rearrangement does not lead 
to a major loss of the phospholipid asymmetry in the 
membrane. In echinocytes, induced by elevation of the 
intracellular Ca 2t concentration, we found a substantial 
increase of phosphatidylserine in the outer leaflet of the 
membrane, as described before by Lin et al. [23]. In the 
presence of sensitizer alone, however, no redistribution of 
phosphatidylserine was observed, indicating that the 
Ca2t-induced redistribution is not caused by the echinocy- 
tosis per se. 

When red blood cells are subjected to mechanical stress, 
for instance by exposing them to a shear stress in a 
viscometer, K t leakage is increased [17,20]. As shown in 
the Results section, the sensitizer-induced volume increase 
and shape change was not accompanied by an increased 
K t leakage upon mechanical stress. 

Protection of red blood cells against osmotic hemolysis 
by insertion of various molecules into the lipid bilayer has 
been described before, but the explanation of this phe- 
nomenon is still a matter of dispute with two different 
opposing ideas: intercalation of amphiphiles in the mem- 
brane may either cause an increased membrane permeabil- 
ity for cations [30,31], or may increase the critical 
hemolytic volume [32]. Increased passive permeability to 
cations in hypotonic medium would lead to an efflux of 
ions, decreasing the difference in osmotic pressure be- 
tween cell interior and buffer, thus reducing the cell vol- 
ume and protecting against osmotic lysis. Indeed, several 
membrane-intercalating agents actually cause an increased 
permeability of the membrane for cations and with these 
agents this mechanism could explain the observed protec- 
tion [30,31]. However, several other membrane-intercalat- 
ing agents, also protecting against osmotic hemolysis, do 
not cause increased cation permeability [33,34]. This is 
also the case with MC540 and protoporphyrin: notably in 
hypotonic media both sensitizers slightly inhibited, rather 
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than augmented,  passive K + permeabil i ty .  In accordance,  

cell swel l ing in hypotonic  m e d i u m  was not  inhibi ted but, 

contrari ly,  slightly augmented  (Fig. 6). In these cases an 

increase of  the critical hemolyt ic  vo lume  could expla in  the 
protect ion against  osmotic  hemolysis .  For  MC5 4 0  and 
protoporphyr in  this was conf i rmed by direct measurements  
of the critical volume,  that increased from 1.78 V 0 in 
untreated control cells to 2.10 V 0 in the presence of  
sensit izer (Fig. 6). This  increase can not  be  s imply ex- 
p la ined  by the surface area of  the intercalated sensit izer  
molecules.  Unde r  the present  exper imental  condi t ions  
MC540  b ind ing  amounts  to 9.3 • 10 6 molecules  per cell, as 
shown by Al lan  et al. [12]. These authors further showed 
that this would  cause a maximal  m e m b r a n e  surface expan-  

sion of 2.7%. This  would  al low a vo lume increase of  about  

5%, much  less than the observed increase of  the critical 
hemolyt ic  volume.  Therefore,  it seems l ikely that the 
intercalat ion of the sensit izer al lows a more extensive 
stretching of  the membrane ,  before it actually ruptures. 

It seems likely that also other photosensit izers,  poten- 

tially useful for pho todynamic  steril ization of  t ransfusion 
products,  have s imilar  effects on the physicochemical  
properties of  b lood cells. Regarding  the possible conse- 
quences  of  these effects on the rheology and survival  of  
t ransfused b lood cells, the p h e n o m e n a  described may have 
practical implicat ions.  
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