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ABSTRACT 

When red  c e l l s  are incubated i n  the  dark i n  the  presence o f  the  dye Rose 

Bengal and subsequently i r r a d i a t e d  w i t h  v i s i b l e  l i g h t ,  they hemolyse. Under 

c e r t a i n  cond i t i ons  some o f  t he  hemoglobin i s  expe l led  i n  the  form o f  a con- 

vec t i ve  j e t  and appears as a t r a n s i e n t  c loud beside the  c e l l .  E l a s t i c  con- 

t r a c t i o n  o f  t he  membrane i s  no t  a s u f f i c i e n t  d r i v i n g  fo rce  f o r  t he  j e t .  A 

p l a u s i b l e  mechanism (an osmotic "pump") i s  presented. 

INTRODUCTION 

A landmark i n  our a c q u i s i t i o n  o f  knowledge concerning the  red  blood c e l l  

was the  f i n d i n g  o f  Teore l l  (21) i n  1952 t h a t  posthemolyt ic ghosts obtained 

by m i l d  osmotic hemolysis re ta ined  some pe rmse lec t i v i t y  and were n o t  merely 

the  i n e r t  leaky  remnants o f  r e d  c e l l s .  I m p l i c i t  i n  the  discovery i s  t he  

a b i l i t y  o f  t h e  r e d  c e l l  membrane t o  resea l  a f t e r  a t r a n s i e n t  per iod  o f  h i g h  

poros i ty .  Resealing, as Teore l l  showed, can res to re  the  c e l l ,  fo r  a t ime a t  

l e a s t ,  almost t o  i t s  o r i g i n a l  s t a t e  even though dur ing  hemolysis the  p o r o s i t y  

i s  such as t o  a l low the  escape o f  molecules heavier than 100.000 dal tons (10). 

The l i b e r a t i o n  o f  hemoglobin (Hb) dur ing  hemolysis seems t o  depend, a t  

l e a s t  i n  t h e  i n i t i a l  stage, i n  a convect ive ou t f l ow  o f  water, whereas i n  

the  l a t t e r  stages i t  i s  probably on ly  d i f f u s i v e  (6 ,  9 ,  17). Heedman (personal  

communication) reported t h a t  occas iona l l y  hemolysis was accompanied by t h e  

emission o f  a c loud o f  Hb. We too, observed t h i s  phenomen and attempted, i n  

vain, t o  f i n d  a hemolyt ic system which would reproduc ib ly  y i e l d  c loud f o r -  

mation. I t  was q u i t e  by accident when studying photodynamic hemolysis induced 

by Rose Bengal (RB) t h a t  we observed 

the  c e l l s  i n  t h e  microscopic f i e l d .  The phenomen was moreover reproducible.  

This paper describes these clouds and discusses the  mechanism which creates 

c loud emission occur r ing  i n  near ly  a l l  
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them. 

Photodynamic hemolysis i s  a mode w e l l  s u i t e d  t o  microscopy since i t  can 

be t r i gge red  o f f  a t  w i l l  by merely i l l u m i n a t i n g  the  c e l l s  w i t h  the  requ i red  , 

wavelength and i n t e n s i t y .  

Photodynamic hemolysis 

If  red  c e l l s  a re  incubated i n  the  dark w i t h  a low concentrat ion M)  

o f  a xanthene dye such as RB ( 5 )  (or f luoresce in ,  eosin or  ery th ros in )  hemo- 

l y s i s  can be induced by i r r a d i a t i o n  with v i s i b l e  l i g h t  ( 3 ) .  This photodynamic 

e f f e c t  i s  ox ida t i ve  (2,  4, 15) and a l l  e f f e c t i v e  photosens i t i z ing  dyes are 

thought t o  ac t  because o f  the  format ion o f  long-t ime exc i ted  s ta tes  (16). The 

s t r u c t u r e  ox id ised  i s  probably a hydrophobic s ide  chain o f  a membrane pro te in .  

The amino-acids suscept ib le  t o  a t tack  are  h i s t i d i n e ,  ty ros ine ,  tryptophan, 

methionine and cys te ine  (2). 

METHODS 

Blood was taken by a f i n g e r  p r i c k  from apparent ly hea l thy  i nd i v idua ls .and  

e i t h e r  b lood or washed red  c e l l s  were suspended i n  0.16 M NaCl conta in ing  

about 3 . 5 ~ 1 0 - ~  M RB (Mol. W t .  = 1017, obtained from G.T. Gum, London, U.K.). 

The c e l l s  were al lowed t o  stand f o r  a t  l e a s t  20 min i n  subdued l i g h t .  The 

RB concentrat ion was c r i t i c a l  f o r  c loud format ion and had t o  be c a r e f u l l y  

adjusted whenever a new s o l u t i o n  was made up. Hemolysis was induced by i l l u -  

minat ing a red  c e l l  suspension sealed between a s l i d e  and a covers l ip .  The 

microscope-camera system was f i r s t  adjusted i n  readiness i n  subdued l i g h t ,  

us ing  a n e u t r a l  f i l t e r .  For photography the  f i l t e r  was removed and a f t e r  

about 20 s hemolysis usua l l y  began. The c e l l s  were photographed i n  e i t h e r  

phase or  i n te r fe rence  con t ras t  (Ze iss )  w i t h  a 16 mm A r r i f l e x  c ine  camera on 

a spec ia l  stand f i x e d  t o  a bracket on the  wa l l .  The camera was thus  no t  i n  

mechanical contact  with the  microscope. 

RESULTS 

I n  the  great m a j o r i t y  o f  c e l l s  hemolysis was no t  manifest  as a gradual 

change bu t  s t a r t e d  with explosive suddenness i n  the  form o f  t he  e j e c t i o n  o f  

a c loud o f  r e f r a c t i l e  ma te r ia l  (see F ig .  1 ) .  Those clouds extended when maxi- 

mal f o r  up t o  about one c e l l  diameter (-6ym). Occasional ly, as shown i n  Fig. 

2, two clouds were emi t ted  from one c e l l .  The t ime dur ing  which the  j e t  i s  

observed i s  the  r e a l  t ime of i t s  existence because i t  i s  so smal l  t h a t  i t  

d i ss ipa tes  r a p i d l y  by d i f fus ion .  Thus f o r  a c loud having the  diameter o f  a red  
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c e l l  (6.6 urn) t h e  h a l f  t ime o f  disappearance i s  about 5 ms (13). The average 

t ime du r ing  which a c loud was v i s i b l e  was about 200 ms. This i s  about 5% of 

the  h a l f  t ime f o r  complete hemolysis. 

Fig. 1: View o f  a f i e l d  i n  phase 
con t ras t  showing red  c e l l s  under- 
going hemolysis. The b r i g h t  c e l l s  
with dark cent res  are  unhemolysed 
c e l l s .  The dark c e l l s  wi th  f a i n t  
haloes are ghosts. The two c e l l s  
i nd i ca ted  with arrows are i n  d i f -  
f e ren t  phases o f  j e t  e jec t i on ;  i n  
the  upper one the  c loud has near l y  
dissipated. 

Fig. 3: S i x  consecutive frames taken i n  in te r fe rence con t ras t  a t  i n t e r -  
va l s  o f  23 ms showing c loud format ion ou ts ide  a red  c e l l .  The o p t i c a l  
path d i f f e rence  (p ropor t i ona l  t o  the  amount o f  m a t e r i a l  t raversed by the  
beam, i .e. mass/unit area) i s  maximal i n  the  3rd  frame shown ( t=46 ms). 
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A t y p i c a l  sequence o f  events i s  shown i n  Fig.  3, where the  frames are 

taken a t  23 ms i n t e r v a l s .  The f a c t  t h a t  t he  c loud i n  Fig. 3 may have a whi te 

cent re  and a dark per iphery  i s  o f  no importance here; i t  i s  merely a conse- , 

quence o f  t he  s e t t i n g  o f  t he  in te r fe rometer ;  t he  whi te cent re  having a l a r g e r  

phase re ta rda t i on  than t h e  dark per iphery.  This f i l m  shows on ly  the  f i r s t  115 

ms o f  hemolysis. The c e l l  w i l l  eventua l l y  change from white t o  b lack  as i t  

loses more Hb, but,  a t  t h e  stage o f  the  s i x t h  frame, Hb l o s s  has no t  yet  be- 

come s u f f i c i e n t l y  g rea t  f o r  con t ras t  reve rsa l  t o  occur. 

bu t  t h e  frame speed (44 s-l) does no t  g i ve  good t ime reso lu t ion .  Photographs 

were the re fo re  taken a t  a r a t e  of 600 frames-s (S t i i l ex  camera) 'with a reso lu -  

t i o n  b e t t e r  than 2 ms. One c e l l  was seen e m i t t i n g  two clouds asynchronously. 

The clouds emit ted from the  c e l l  i n  F ig .  2 appeared apparent ly synchronous, 

-1 

DISCUSSION 

The clouds are undoubtedly due t o  bu l k  e j e c t i o n  from the  c e l l  because they 

have two p roper t i es  o f  j e t s ;  ( a )  they can p rope l  the  emi t t i ng  c e l l  i n  the  

opposi te d i r e c t i o n  t o  t h a t  i n  which the  c loud i s  emi t ted  and (b )  a c loud 

impinging on a neighbouring c e l l  can move i t . These phenomena are no t  always 

observed, presumably because some c e l l s  adhere t o  the  microscope s l i d e .  

It seem genera l l y  accepted t h a t  hemolysis occurs when the  c e l l  has swol len 

t o  reach a c r i t i c a l  volume (11, 19) a t  which the  r a t h e r  i n e l a s t i c  membrane 

(20 )  i s  f u l l y  extended. A t  t h i s  stage the  cont inued en t r y  o f  water causes a 

r i s e  i n  i n t e r n a l  pressure which produces leak iness  o f  t he  membrane and Hb 

leaks out,  usua l l y  over the  whole surface, or  except iona l l y ,  as i n  the  present 

case, from a l o c a l i s e d  s i t e .  

The clouds must be generated by an i n t e r n a l  pressure excess and i t  would 

seem a t  f i r s t  s i g h t  t h a t  t he  reason f o r  cessat ion  o f  c loud format ion i s  a 

f a l l i n g  i n t e r n a l  pressure. Since the  cloud i s  a bu lk  ou t f low the re  must a lso  

be a ho le  i n  the  membrane s u f f i c i e n t l y  l a r g e  t o  a l low t h i s .  

The e f f e c t  o f  RB i s  t o  cause the  red  c e l l  t o  sphere (19) and then t o  swe l l  

and eventua l l y  hemolyse. RB associated w i t h  the  membrane absorbs a number of 

l i g h t  quanta successively t r a n s f e r r i n g  t h e i r  energy t o  the  c e l l  components 

t o  ox id i se  them (15).  It i s  thus feas ib le  t h a t  "such a d isorgan iza t ion  a t  a 

s t r a t e g i c  p o i n t  can b r i n g  the  whole s t r u c t u r e  down l i k e  a house o f  cards" 

( 1 9 ) .  This may be an adequate desc r ip t i on  o f  t he  o r i g i n  o f  a hole,  bu t  appar- 

e n t l y  i t  i s  n o t  necessar i l y  a permanent de fec t  as discussed below. 

I t has been suggested (19) t h a t  RB induced photodynamic hemolysis i s  

c o l l o i d  osmotic i n  na ture  (22) .  This mechanism d i v ides  hemolysis e s s e n t i a l l y  

i n t o  two phases; t he re  i s  an i n i t i a l  e q u i l i b r a t i o n  o f  i ons  due t o  i n a b i l i t y  

o f  t he  cell  t o  ma in ta in  t h e  normal dyssymetry and f i n a l l y  t h e  c o l l o i d  osmotic 
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pressure o f  the  macromolecular c e l l u l a r  contents, mainly Hb, causes the  c e l l  

t o  s w e l l  and l i b e r a t e  t h e  l a t t e r .  Resealing may take  p lace  af terwards as 

demonstrated many years ago by Teore l l  (21) .  

When c loud emission i s  no t  seen, Hb escape presumably occurs a t  many p o i n t s  

sca t te red  over the  surface. T h i s i s  probably a l so  t r u e  f o r  the c e l l  which 

emits a cloud; t h e  c loud cannot account f o r  more than about 20% o f  the  t o t a l  

c e l l u l a r  Hb. D i f f u s i v e  Hb l o s s  may occur a f t e r  the  j e t  phase through the  same 

ho le  or  elsewhere over the  surface. Often the  c e l l  appears t o  f l i c k e r  as 

hemolysis begins (18). This may be due t o  movements o f  t he  surface, b u t  i t  

could r e f l e c t  t rans ien t  inhomogeneit ies i n  the  r e f r a c t i v e  index ou ts ide  the  

c e l l  due t o  smal l  convect ive ou t f lows through numerous smal l  holes. I n  the  

spec ia l  case o f  c loud format ion one or sometimes two l a r g e r  holes open. I n  

seeking a d r i v i n g  fo rce  t o  ma in ta in  the  j e t ,  two p o s s i b i l i t i e s  may be p u t  

forward. 

Since hemolysis i s  presumably i n i t i a t e d  because the  membrane can no longer 

remain i n t a c t  due t o  the  r i s i n g  i n t e r n a l  pressure, t h e  membrane must s t r e t c h  

be fore  the  ho le  appears. I f  the  membrane were very e l a s t i c ,  the  j e t  cou ld  be 

d r i ven  by subsequent con t rac t i on  o f  t he  membrane. Now Rand (20)  found t h a t  

Young’s modulus o f  t he  membrane substance was approximately 105-10 

value which means t h a t  t he  membrane cannot be s t re tched t o  any s i g n i f i c a n t  

ex ten t  be fo re  hemolysis begins and thus e l a s t i c  

cannot account f o r  the  j e t .  

7 -2 N.m , a 

con t rac t i on  o f  t he  membrane 

As soon as there  i s  a ho le  i n  the  membrane the  i n t e r n a l  excess pressure 

w i l l  vanish almost instantaneously s ince  the  shock wave, generated by contac t  

o f  t he  i n t e r n a l  contents with the  lower ex te rna l  pressure t r a v e l s  w i t h  the  

v e l o c i t y  o f  sound i n  water; i .e. about 1.500 m-s-’ (8). This would thus c ross  

a spher i ca l  prehemolyt ic e ry th rocy te  (diameter 6 . 6 ~ 1 0 - ~  m) i n  4.4 ns, which 

i s  l e s s  than 1 m i l l i o n t h  o f  t h e  du ra t i on  o f  t he  cloud. 

I n  the  absence o f  an e l a s t i c  d r i v i n g  fo rce  the  on ly  o ther  p o s s i b l i t y  seems 

t o  be an osmotic d r i v i n g  fo rce  due t o  the  i n t r a c e l l u l a r  contents. When j e t  

expuls ion occurs the re  i s  one (o r  two) l a rge  ho le (s )  permeable t o  a l l  species 

o f  p a r t i c l e s  w i t h  the  l o c a l  r e f l e x i o n  c o e f f i c i e n t s  zero. The permeab i l i t y  o f  

t he  r e s t  o f  t he  membrane i s  no t  known; i t  may be normal o r  more l i k e l y  in-  

creased by the  a c t i o n  o f  RB. The r e f l e x i o n  c o e f f i c i e n t s  must thus vary, t h a t  

o f  Hb may s t i l l  be u n i t y  or  poss ib l y  already lower. As l ong  as the  r e f l e x i o n  

c o e f f i c i e n t  f o r  Hb over the  r e s t  o f  the  membrane i s  g rea ter  than zero,  t he re  

w i l l  be an i n f l o w  o f  water t o  the  c e l l .  With a constant volume o f  t he  d i s -  

tended c e l l  t h i s  i n f l o w  must be matched by an equal ou t f l ow  through the  hole. 

The r a t i o  o f  t he  v e l o c i t i e s  o f  these two f lows w i l l  be s imply t h a t  o f  t he  

c e l l  sur face  area t o  the  area o f  t he  hole.  The f a c t o r s  which w i l l  determine 

the  v e l o c i t y  o f  t he  j e t  a re  t h e  i n t e r n a l  e f f e c t i v e  osmolar i ty,  t he  permea- 



b i l i t y  o f  t he  membrane t o  water and the  s i z e  o f  the  hole. The i n t e r n a l  so lu te  

concent ra t ion  w i l l  o f  course be cont inuously reduced and the  j e t  must i n e v i -  

t a b l y  decay. Although a t  present t h i s  pos tu la te  l acks  a sound q u a n t i t a t i v e  , 

basis,  t he re  i s  already s t rong evidence f o r  a convect ive ou t f low i n  the  i n i -  

t i a l  stages o f  hemolysis a l so  i n  red  c e l l s  where j e t s  a re  n o t  apparent. 

This evidence i s  bo th  d i r e c t  and i n d i r e c t .  From the  mic ro in te r fe romet ry  

of i n d i v i d u a l  red  c e l l s  undergoing hemolysis induced by d i f f e r e n t  k inds  o f  

s t i m u l i ,  hypotonic, l y t i c ,  photodynamic and immune, Heedman (9) concluded 

t h a t  i n  the  i n i t i a l  phase Hb l i b e r a t i o n  was t o o  f a s t  t o  be accounted fo r  by 

d i f f u s i o n .  He observed t h a t  hemolysis began ab rup t l y  and 'I... when the fad- 

i n g  t ime ( o p t i c a l )  was sho r t  t he  impression was obtained t h a t  t he  c e l l  con- 

t e n t  was ejaculated".  Resul ts by Anderson and Lovr ien (1)  support t he  f i n d i n g  

o f  Heedman. They concluded t h a t  Hb l i b e r a t i o n  from the  c e l l  occurred i n  two 

phases with d i f f e r e n t  r a t e  c o e f f i c i e n t s .  

I n d i r e c t  evidence was provided by Davis e t  a l .  ( 6 )  who s tud ied  hemolysis 

i n  hypotonic systems where t h e  Hb l o s s  was reduced by the  presence o f  dextran. 

The l a t t e r  apparent ly exe r t s  i t s  e f f e c t s  by v i r t u e  o f  i t s  c o l l o i d  osmotic 

pressure being ab le  t o  balance t h a t  o f  t he  i n t r a c e l l u l a r  contents (23). 

C o l l o i d  osmotic balance can occur when Hb l o s s  i s  on ly  p a r t i a l ,  because the  

low molecular species, i.e. i ons  etc., which are  responsible f o r  most o f  t he  

osmolar i t y  o f  t h e  unhemolysed c e l l ,  escape wh i l e  most o f  t he  Hb s t i l l  remains 

within t h e  c e l l  ( 6 ,  23). Such a s i t u a t i o n  can a r i s e  from the  d i f f e rences  i n  

d i f f u s i o n  c o e f f i c i e n t s  (231, b u t  a changing p o r o s i t y  may a l so  p l a y  a ro le .  

A p e c u l i a r i t y  o f  t he  dex t ran- inh ib i ted  l o s s  i s  t h a t  although t h e  Hb re -  

maining i n  the  c e l l  i s  rough ly  

t r a t i o n ,  t he  r e s i d u a l  Hb is never g rea ter  than about 80%. Now dextran below 

a molecular weight o f  about 150.000 da l tons  can en ter  t he  c e l l  dur ing  hemo- 

l y s i s  (14, 17). b t l i n g  (17) a l s o  showed t h a t  t h e  uptake o f  dextran was 

near l y  a l i n e a r  func t i on  o f  t he  Hb loss ,  t he  more Hb l o s t ,  t he  more dextran 

entered. However, i t  appeared t h a t  t he  en t r y  o f  dextran approached zero w i t h  

an Hb l o s s  o f  20%. This observat ion i s  cons i s ten t  with a non-d i f fus ive  es- 

cape o f  t he  f i r s t  20% o f  t he  Hb; dextran which can on ly  en ter  by d i f f u s i o n  i s  

unable t o  do so u n t i l  t he  outward f l u i d  stream has slowed down s u f f i c i e n t l y .  

evidence i s  from hypotonic and no t  c o l l o i d  

p ropor t i ona l  t o  the  ex te rna l  dextran concen- 

I t i s  t r u e  t h a t  t h i s  i n d i r e c t  

osmotic hemolysis but,  apar t  from t h e  i n i t i a l l y  h igher osmotic d i f fe rences  i n  

the  former mode, i n  bo th  processes i o n i c  e q u i l i b r a t i o n  i s  probably l a r g e l y  

separated i n  t ime from Hb l i b e r a t i o n  (12). I f  a non-di f fusive,  convect ive 

ou t f l ow  i s  a normal event i n  the  f i r s t  stage o f  hemolysis, with a number o f  

smal l  ho les  sca t te red  over the  c e l l  surface (71, c loud emission may be j u s t  a 

s p e c i a l  case o f  th is,  r a t h e r  than an unique event. 
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It i s  perhaps no t  s u r p r i s i n g  t h a t  c loud emission, which must i nvo l ve  a 

more 

c i a t e d  w i t h  a photosens i t i ve  dye capable o f o x i d i s i n g  many t imes i t s  equiva- 

l e n t  o f  substrate.  

than usua l l y  l a r g e  l o c a l  e f f e c t  o f  a l y s i n  on the  membrane, i s  asso- 

The j e t s  e x i s t  f o r  on ly  about 0.2 s. Whereas t h e  h a l f  t ime f o r  the com- 

p l e t e  hemolysis o f  a c loud e m i t t i n g  c e l l  i s  usua l l y  severa l  seconds, Heed- 

man's ( 9 )  data i n d i c a t e  t h a t  the  f i r s t  20% o f  t he  Hb escapes i n  about 0.5 s. 

This presumably se ts  the  t ime l i m i t  f o r j e t  e jec t i on ,  s ince  Hb escape becomes 

d i f f u s i v e  a f t e r  t h i s .  

There i s ,  however, a l so  evidence t h a t  the  j e t  may cease f o r  another reason. 

One c e l l  was observed t o  emit  two j e t s  asynchronously. I f  the  i n t e r i o r  o f  t he  

c e l l  i s  homogenous, the  d r i v i n g  fo rce  w i l l  be the  same everywhere. 

The decay o f  one j e t  be fore  the  other suggests a membrane c o n t r o l l e d  pro- 

cess i n  which the  ho le  i s  becoming smal ler  and c los ing .  Possibly the  holes 

are sub jec t  t o  a r e l a x a t i o n  process i n  which opening i s  pressure-generated 

bu t  c l o s i n g  i s  time-dependent. 
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