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SUMMARY 

I. When treated with all-tram- or II-Cis-retinal, rabbit  erythrocytes hemolyse 
above 20 ° but  not below this temperature.  

2. Al l - tram-ret inal  shows much stronger hemolytic potency than II-Cis-retinal 
in the concentration range from I .  lO 8 to 2,1o s molecules per erythrocyte. 

3. Erythrocytes treated with hemolytic concentrations of retinal do not hemolyse 
at 2 °, but they do suffer a loss of potassium. All-trans-retinal is more potent than 
i i -c is -re t inal  in causing K + release. 

4. Measurement of the frequency dependence of impedance for the erythrocyte 
suspensions treated with all-trans-retinal shows that  this agent causes destruction 
of membrane,  as indicated by the disappearance of fl-dispersion. Similar effects can 
be observed in the case of t reatment  with digitonin or sonication. 

5. The experimental results are discussed in connection with the mechanism 
of the permeability change in photoreceptive membranes. 

INTRODUCTION 

DINGLE and co-workers reported that  vi tamin A (retinol) causes lysis of 
erythrocyte 1 and lysosomal ~ membranes as well as swelling of mitochondria 3. Further- 
more, they showed that  vi tamin A aldehyde (retinal) is effective in lysis of erythrocytes 
and, as retinol l, in the non-lytic potassium release from these cells. One may  suppose, 
therefore, that  retinol and retinal affect the arrangement of lipid and/or protein 
molecules in the biomembrane, resulting in some change in the permeability. 

On the other hand, retinal is present in the outer segments of visual cells as 
the chromophore of visual pigment, which is isomerized from the II-Cis- to the 
al l - tram-form by absorption of light. The problem of how the isomerization of the 
chromophore leads to the excitation of visual cells is one of key interest in the phys- 
iology of vision. 

Visual pigment is presumably embedded in the disc membrane composed of 
lipid and protein. If the chromophore of the visual pigment makes contact with the 
disc membrane,  all-trans-retinal, either free or bound, produced by  the photo- 
isomerization of the chromophore, may  have some effect on the arrangement of lipid 
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and/or protein molecules in the membrane. Thus, assuming that  the all-trans-form 
but not the I I-Cis-form, can induce some change in the permeability of the membrane 
concerned with visual excitation, the conversion of the chromophore from the II-Cis- 
form to the all-tram-form would cause an increase in the permeability of the membrane,  
resulting in excitation of the visual cell. This hypothesis is supported by the fact 
that  cis-trans isomerization of photochromic compounds (N-p phenylazophenyl- 
N-phenylcarbamylcholine chloride and P-phenylazophenyl t r imethylammonium 
chloride) can regulate the potential difference across the excitable membrane of the 
electroplax of Electrophorus 4. 

In the present paper, we compared the effects of all-trans- and Ii-cis-retinal 
on the hemolysis of and potassium leakage from rabbit  erythrocytes, whose membrane 
was regarded as a model of the disc membrane in the outer segments of visual cells. 

EXPERIMENTAL METHOD 

Preparation of retinal solutwn 
Crystals of all-tram- and ii-cis-retinal were prepared by the modified method 

of BROWN ANn WALD 5 under the direction of Mr. Y. Maeda. After dissolving about 
2 mg of each compound in 2 ml methanol, the exact concentration of retinal was 
calculated from the absorbance measured spectrophotometrically (Hitachi, EPS-2A). 
The solution was kept in a deep-freeze (--18 °) in the dark and used within 2 weeks. 

Preparation of erythrocyte suspension 
Two adult male rabbits weighing about 2.5 kg were bled by ear puncture with 

a heparinized syringe. About 3 ml of blood was transferred to a glass vessel containing 
1. 5 ml of o.o15 % (w/v) heparin-o. 9 % NaC1 solution. This suspension was stored at 
5 ° and used within i week. 

Before each experiment, an erythrocyte suspension was prepared according 
to the following procedure: erythrocytes were separated from plasma by centri- 
fugation at 5000 rev./min for IO rain; they were washed 3 times by suspending the 
cells in NaC1-Tris solution (a mixture of i 1 of 0. 9 % NaC1 and 5 ml of i M Tris adjusted 
to pH 7.4 with I M HC1) and by  centrifuging at 5000 rev./min for IO rain. After the 
erythrocytes had been resuspended in NaC1-Tris solution, any clotted blood was 
removed by filtration. The suspension thus obtained was adjusted to the required 
concentration by the addition of NaC1-Tris solution, and cooled by immersion in 
ice water. 

Examination of hemolysis 
3 ml of the erythrocyte suspension was injected into a test tube containing 

retinal-methanol solution (5 ° /~1) of known concentration. The suspensions were 
incubated under controlled conditions, and hemolysis was stopped by placing the 
tubes in ice-cold water for 2 rain. The cells were then packed by centrifuging at 
5000 rev./min for Io min at 4 °. All procedures up to this point were carried out under 
orange or red light. The absorbance at 500 nm (As00 rim) of the supernatant was 
determined with the spectrophotometer. The percentage of hemolysis was calculated 
from the following formula: 
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n r - -  H e 
Percentage of hemolysis × IOO (%) (i) 

Ht - -  He 

where Hr  and He denote As00 nm of the supernatant  from the suspensions with and 
without retinal, respectively, and H t denotes the A500nm with excess saponin (IOO 
/,g/ml) for complete hemolysis. 

Determination of potassium released 
The concentration of K + in the supernatant obtained above was measured 

by  flame photometry (Hitachi spectrophotometer, EPU-2A, with flame photometer  
a t tachment  Type H-2). The percentage of potassium release from erythrocytes was 
calculated from the following folmula: 

K r -  Ke  
P e r c e n t a g e  of p o t a s s i u m  re leased  - -  - - - -  × i o o  (%)  (2) 

K t  - -  Ke  

where Kr  and Ke represent the respective amounts of potassium released from 
erythrocytes in the presence and absence of retinal in methanol solution and Kt  
represents the full amount of potassiam in the case of complete hemolysis caused by  
addition of distilled water. 

Measurement of impedance 
The capacity and the conductivity of the erythrocyte suspension hemolyzed 

by  retinal or distilled water were measured in order to estimate the extent of damage 
to the erythrocyte membrane.  

Rabbi t  blood (IO ml) collected as mentioned above was suspended in 50 ml 
of 8. 7 To (w/v) isotonic sucrose solution, and centrifuged at IOOO rev./min for IO rain. 
From about 4 ml of erythr0cytes thus obtained, I inl was removed and resuspended 
in 3 ml of distilled water. The hemolysis obta ined after incubation at 37 o for 30 min 
was regarded as complete. Another 2 m l  of the erythrocytes were resuspended in 
6 ml of isotonic sucrose solution. 3 ml of the suspension thus obtained were injected 
into a test tube containing IOO #1 of all-trans-retinal-methanol solution (5 mg/ml), 
and the rest was used as control: Both suspensions were incubated at 37 ° for 30 rain. 

Each suspension (3 ml) was put  into a glass cell with cyclic electrodes of platinum 
black. The capacity and the conductivity were measured in the range of frequencies 
from I - IO to 3" IOa kcycles/sec with an apparatus comprising a dielectric loss bridge 
(Ando, Electric Co. Ltd., Type TR-IB),  a G-C box (Ando Electric Co., Type YS-I) 
and a decade resistor and capacitor (Yokogawa Co., Model CD-4I). The glass cell was 
immersed in ice water during the measurements. 

RESULTS 

The time course for the lysis of erythrocytes incubated with retinal at various 
concentrations is shown in Fig. I. When the erythrocyte suspension was treated 
with all-trans-retinal at a final concentration of 21.8 #g/ml, almost complete hemolysis 
was obtained within 30 min. As indicated in Fig. I, the hemolysis proceeds rapidly 
during the initial io rain of incubation and then more slowly until a nearly constant 
value is reached after 30 rain, irrespective of the concentration of all-trans-retinal. 
II-Cis-Retinal (lO.9 /~g/ml) shows a t ime course similar to that  of all-trans-retinal 
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at the same concentration, but the hemolytic action of the former is weaker. Hence 
the percentage of hemolysis after 30 min incubation was used to compare the hemolytic 
action of all-tram- and II-Cis-retinal at various concentrations. 

Fig. 2a shows the percentage of hemolysis for erythrocytes treated with various 
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Fig. I. Time course of hemolysis  with all-trans- and i i-cis-retinal.  The ery throcyte  suspension 
(3 ml of 2. lO 8 cells/ml, p H  7.4) was mixed wi th  all-trans- or I 1-cis-retina], and incubated at  37 o. 
The final concentrat ions of a]]-trans-retinal ( © - - © )  in the suspension are 5.5 •8/m] (Curve i),  
7.3 pg /ml  (2), lO.9 t~g/ml (3) and 21.8 #g /ml  (4). The final concentrat ion of I I-cis-retinal (0 - - -0 )  
is lO.9/~g/ml. 
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Fig. 2. Comparison of the hemolytic  activities of all-trans- and i i-cis-retinal .  The erythrocyte  
suspensions (3 ml, p H  7.4), in concentrat ions of 2. lO 8 cells/ml (a) and of I- lO 8 cells/ml (b), were 
t reated with various concentrat ions  of retinal. The concentrat ion in the figure is represented 
by  the final retinal concentrat ion.  The percentage of hemolysis  was determined after  incubat ion 
for 30 rain a t  37 °. Each  plot indicates means  from 3 to io exper iments  and the vertical lines 
show the s tandard  deviations. 0 ,  all-trans-retinal; 0 ,  i i-cis-retinal.  
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concentrations of aU-trans- and II-Cis-retinal. I t  can be seen that  all-trans-retinal 
possesses much stronger hemolytic action than ii-cis-retinal at concentrations 
above i0 #g/ml. At lower concentrations the two isomers exhibit no significant 
difference. I t  should be noted that  the relation between the percentage of hemolysis 
and the concentration of retinal is represented by  a sigmoid curve in the case of all- 
trans-retinal, and by  an irregular curve in the case of II-Cis-retinal. 

In order to examine whether the results mentioned above depend on the total  
concentration of retinal or on the number of retinal molecules per erythrocyte, the 
original erythrocyte suspension (2. I0 s cells/ml) was diluted 2-fold, The results obtained 
with diluted suspension (Fig. 2b) are almost identical to those with the orginal 
suspension (Fig. 2a), indicating that  the percentge of hemolysis depends on the 
number of retinal molecules per erythrocyte. Thus, it may  be concluded that  all- 
trans-retinal possesses much stronger hemolytic action than II-Cis-retinal in the 
range i .  i08 to 2.108 molecules per erythrocyte, assuming that  all retinal molecules 
present in the suspension act on the erythrocytes. 

DINGLE AND LUCY 1 reported that  the hemolysis induced by all-trans-retinol 
is greatly affected by temperature.  Fig. 3 shows the effect of temperature on hemolysis 
induced by all-tram- and Ii-cis-retinal after incubation for 30 min. Neither isomer 
possesses hemolytic activity at 2 ° . Above 20 ° the hemolytic action of both isomers 
increases markedly, all-tram-retinal being more potent than II-Cis-retinal. The 
temperature  dependence of the effect of all-trans-retinal is almost identical to that  
obtained with all-trans-retinol reported by  DINGLE AND Lucy  1. 

In the above experiments (Figs. 2a, 2b), it was demonstrated that  no hemolysis 
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Fig. 3. Effect  of t e m p e r a t u r e  on hemolys i s  by  all-trans- and  I I-Cis-retinal. The  e r y t h r o c y t e  
suspens ion  (3 ml  of 2 . 1o  8 cells/ml,  p H  7.4) was t r ea t ed  wi th  all-trans- and  i i -c i s - re t ina l  (final 
concen t ra t ion ,  12/zg/ml) a n d  t he  pe rcen tage  of hemolys i s  was  de t e rmined  af te r  3o rain incuba t ion .  
O, all-trans-retinal ; 0 ,  i i-cis-retinal.  

Fig. 4. Release  of p o t a s s i u m  a n d  hemog lob in  f rom e r y t h r o c y t e s  t r ea t ed  wi th  lower concen t r a t i ons  
of all-trans-retinal. The  e r y t h r o c y t e  suspens ion  (3 ml  of I" lO 8 cells/ml,  p H  7.4) was  m i x e d  wi th  
va r ious  concen t r a t ions  of all-trans-retinal dissolved in m e t h a n o l  (5 ° /ul). The  concen t r a t i on  in 
t he  figure r ep resen t s  t he  final re t ina l  concen t ra t ion .  T he  pe rcen tage  of hemolys i s  was  d e t e r m i n e d  
af ter  i ncuba t i on  for 3 ° m i n  a t  37 o. O, p o t a s s i u m ;  O,  hemoglobin .  
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occurred at concentrations of retinal below 5" lOT molecules per erythrocyte. However, 
we may  assume that  even at subhemolytic concentrations retinal might affect the 
erythrocyte membrane. DAVSON AND DANIELLI 6 reported that  t reatment  of rabbit  
erythrocytes with subhemolytic concentrations of pentanol or dihydric phenol 
causes release of potassium from the cells. Accordingly, we investigated the release of 
potassium from erythrocytes treated with subhemolytic concentrations of all-tram- 
retinal. Results in Fig. 4 demonstrate that, at  concentrations of all-trans-retinal below 
2 ffg/ml, release of hemoglobin and potassium from erythrocytes is negligible. At a 
concentration of 3.7 #g/ml, 18 % of the K ÷ was released, but only 7 % of hemoglobin. 
PONDER 7 mentioned that  the loss of hemoglobin was substantially an all-or-none 
phenomenon for individual erythrocytes, but the potassium loss might be either a 
loss of all the potassium from some of the cells, a loss of some of the potassium from 
all of the cells, or any combination of these two extreme possibilities. If his view is 
correct, our experimental results suggest that  a part  of the potassium released comes 
from erythrocytes which have not yet been hemolysed by t reatment  with all-trans- 
retinal. To check this possibility, we measured the release of potassium from the 
erythrocytes treated with all-trans- and II-Cis-retinal at 2 °, the temperature at 
which no hemolysis occurs with retinal (see Fig. 3). This experiment also served to 
examine whether potassium release was affected differently by the two retinal isomers. 

Fig. 5a clearly demonstrates that,  at a concentration of 8.3 #g/ml, all-tram- 
retinal causes a greater release of potassium from the erythrocytes than does II-Cis- 
retinal, while at 1. 7 #g/ml there is no difference in the extent of potassium liberation 
between the isomers. On the other hand, hardly any hemoglobin is released from 
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Fig. 5. Time course of the potass ium release from erythrocytes  t reated with all-tram- and i i-cis- 
retinal. The ery throcyte  suspension (3 ml of I" lO 8 cells/ml, p H  7.4) was t reated wi th  various 
concentrat ions of all-trans- or I i-cis-retinal at  2 °. The concentrat ion represents  the final retinal 
concentrat ion.  The release of po tass ium (a) and hemoglobin (b) was measured.  ©, all-trans-retinal, 
8.3 #g/ml ;  A, all-trans-retinal, 1.7 ffg/ml ; O, i i-cis-retinal, 8.3 #g/ml  ; ~k, I i-cis-retinal, 1.7 ffg/ml. 

Fig. 6. Release of po tass ium and hemoglobin caused by  all-trans- a n d  i l-cis-retinal. The ery throcyte  
suspension (3 ml of i .  zo s cells/ml, p H  7-4) was t reated with various concentrat ions of all-trans- 
or i i -cis-ret inal  at 2 °. The concentrat ion represents  the final retinal concentrat ion.  The release 
of po tass ium (a) and hemoglobin (b) from the erythrocytes  was determined after incubat ion for 
3 ° min. O, all-lrans-retinal; 0 ,  i i-cis-retinal. 
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the cells under these conditions (Fig. 5b). Results concerning the release of potassium 
and hemoglobin from erythrocytes treated with various concentrations of all-tram- 
and II-Cis-retinal are summarized in Fig. 6. Release of potassium becomes noticeable 
at a concentration of retinal of 3 to 4 Fg/ml, increases rapidly between 4 and 6 #g/ml, 
and reaches a constant value above this concentration; above 4 /~g/ml, all-tram- 
retinal is more effective than II-cis-retinal. 

The results described above indicate that  at low temperature (2 °) the penetration 
of retinal into the erythrocyte membrane may  cause a slight change of membrane 
structure leading to the leakage of potassium, whereas above 20 ° it may cause a 
severe change resulting in the release of hemoglobin. I t  was of interest to determine 
whether the hemolysis caused by  retinal is due to a mere increase in the permeabili ty 
of the erythrocyte membrane for a molecule as large as hemoglobin, or to a more 
drastic structural change in the membrane. 

In order to elucidate this point, the impedance of an erythrocyte suspension 
treated with all-tram-retinal was measured. As shown in Fig. 7, suspensions of 
normal erythrocytes as well as of erythrocytes hemolyzed with distilled water show 
fl-dispersion in the frequencies from i .  lO 2 to 3" lO3 kcycles/sec, whereas the suspension 
of erythrocytes hemolyzed by retinal does not. 
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Fig. 7. Frequency dependence of the impedance of suspensions of erythrocytes hemolyzed by 
t reatment  with distilled water and with all-trans-retinal. Open and closed symbols indicate con- 
ductivity and capacity, respectively. Circles, normal erythrocytes; squares, treated with distilled 
water; triangles, treated with all-trans-retinal (see text). 

In another series of experiments, we observed disappearance of the fl-dispersion 
when erythrocytes were hemolyzed with digitonin-methanol solution (20 mg/ml, 
IOO /~1), and also when erythrocytes hemolyzed with distilled water were treated 
with all-trans-retinal-methanol solution (5 mg/ml, IOO #1), digitonin or sonication 
(IO kcycles/sec for 5 sec). SCHWAN s interpreted the experimental results of FRICKE 
AND CURTIS 9 as follows: in the case of hemolysis with saponin or digitonin, these 
lysins destroy the plasma membrane of erythrocytes, resulting in the disappearance 
of fl-dispersion, while in the case of hemolysis with distilled water, fl-dispersion is 
still observed, implying that  hypotonic t reatment  does not destroy the membrane 
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but  merely increases the permeability of the membrane to hemoglobin. If his inter- 
pretation is correct, our results, in accordance with those of FRICKE AND CURTIS 9, 
indicate that  retinal destroys the membrane. 

DISCUSSION 

The experimental results described above show that  penetration of retinal 
across the erythrocyte membrane not only increases the permeability of the membrane 
to potassium, but also destroys the membrane structure. DINGLE AND LUCY 1° 
reported that  the process of hemolysis caused by  retinol consists of two steps: The 
initial step is the penetration of retinol into the membrane which occurs both in the 
cold and at physiological temperature;  the second step is the destruction of the 
membrane which can be observed above 2o °. Since the temperature dependence of 
hemolysis by retinol reported by them is very similar to our results with all-tram- 
and II-Cis-retinal (Fig. 3), the process of hemolysis by  retinal seems to be similar to 
that  of retinol. However, it is not yet clear whether retinal acts on the same site on 
the erythrocyte membrane as retinol. How does retinal a t tack erythrocyte mem- 
branes? DINGLE AND LUCY 1 demonstrated that  the ability to cause lysis of and 
potassium release from erythrocytes is connected not only with the end group of 
the vi tamin A molecule, but also with the length of its polyene chain. The present 
experiments indicate that  the all-tram-form of retinal causes greater lysis of and 
potassium release from erythrocytes than the II-Cis-form, which means that  the 
steric configuration of retinal may  also be connected with its ability to cause a 
permeabili ty change in the erythrocyte membrane.  Therefore, retinal may  affect not 
only the polar site of the erythrocyte membrane but  also the hydrophobic region, 
which interacts with the hydrocarbon chain of retinal. 

On the other hand, DAEMEN AND BONTING 11 reported that  retinal increases 
potassium release from the outer segments of the rods. This fact may  permit us to 
extend the effects of retinal on the erythrocyte membrane to those on the disc mem- 
brane of the visual cell. In the disc membrane,  I I-cis-retinal existing as the chromophore 
of the visual pigment is fixed tightly to a lipoprotein moiety, opsin, so that  its ability 
to cause the permeability change of the disc membrane to cations may  be suppressed. 
The photoisomerization of the chromophore of visual pigment induces a rearrangement 
of the opsin structure, resulting in the appearance of all-trans-retinal, which is free 
or loosely bound to opsin, so that  the all-tram-retinal can presumably effect an 
increase in the permeability of the disc membrane. Therefore, it is reasonable to 
suppose that  the conversion of the chromophore of the visual pigment from the 
II-Cis- to the all-trans-form causes a more marked change in the cation permeability 
of the disc membrane than expected from our results on the effect of all4rans- and 
II-Cis-retinal on potassium release from erythrocytes. 

ACKNOWLEDGMENTS 

We wish to express our sincere thanks to Professor I. Honjo, and his staff for 
their encouragement, suggestions and criticism. We are deeply indebted to Prof. 
G. Wald for a gift of crystalline all-trans- and ii-cis-retinals and to Mr. Y. Naeda for 
his expert  help in preparing the retinal crystals. We are grateful to Drs. M. Takagi, 

Biochim. Biophys. Acta, 249 (I97i) i35-I43 



EFFECT OF RETINAL ON ERYTHROCYTE MEMBRANE 143 

S. Matsumoto and Y. Kobatake for their help in measuring the impedance of erythro- 
cyte suspensions. 

This work was supported in part by Scientific Funds awarded to K. A. and T. Y., 
and the grant-in-aid for special project research in biophysics to K. A. from the 
Japanese Education Ministry. 

R E F E R E N C E S  

I J . T .  DINGLE AND J. A. LucY,  Biochem. J., 84 (1962) 611. 
2 J.  T. DINGLE, Bioehem. J., 79 (1961) 509. 
3 J.  A. LucY,  M. LUSCOMBE AND J. T. DINGLE, Biochem. J., 89 (1963) 419 • 
4 W.  J. DEAL, B. F.  ERLANGER AND D. NACHMANSOHN, Proe. Natl. Acad. Sci. H.S., 64 (I969) 123o. 
5 P.  K. BROWN AND G. WALD, J. Biol. Chem., 222 (1956) 865. 
6 t{. DAVSON AND J. F. DANIELLI, Biochem. J., 32 (I938) 991. 
7 E.  PONDER, Hemolysis and Related Phenomena, Grune  and Stratton, New York ,  1948, p. 123o. 
8 H. P. SCHWAN, ill J.  H.  LAWRENCE AND C. A. TOBIAS, Advance in Biological and Medical 

Physics, Vol. 5, Academic  Press ,  New York,  1957, p. 148. 
9 H. FRICKE AND H. J. CURTIS, J. Gen. Physiol., 18 (1935) 821. 

lO J. T. D'NGLE AND J. A. L u c y ,  Biol. Rev., 4 ° (1965) 422. 
i i  F.  J. M. DAEMEN AND S. L. BONTING, Biochim. Biophys. Acta, 163 (1968) 212. 

Biochim. Biophys. Acta, 249 (1971) 135-143 


