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V I S C O S I T Y  C H A N G E S  I N  SYSTEMS C O N T A I N I N G  C H I C K E N  R E D  

C E L L  N U C L E I  A N D  B I L E  SALTS 

by  

E R I C  P O N D E R  

Nassau Hospital Mineola, New York (U.S.A,) 

In the course of an investigation of the hemolysis of chicken red cells, SHATTUCK 1 
described an increase in viscosity which occurs shortly after the liberation of Hb from 
the cells by sodium taurocholate, sodium glycocholate, or sodium oleate (i.e., shortly 
after hemolysis, or liberation of Hb from the cytoplasm, an event which may be followed, 
in the case of nucleated red cells, by karyolysis or destruction of the nucleus). Further 
investigation has shown that this viscosity increase is worth describing in detail, because 
it presents such remarkable quantitative relations. 

METHODS 

A suspens ion  in 1% NaC1 of washed  red cells f rom hepar in ized  chicken blood is made ,  and  
i ts  v o l u m e  concen t r a t ion  is a d j u s t e d  to o.o8. One  v o l u m e  is added  to 7 vo lumes  of water .  The  m i x t u r e  
is a l lowed to s t a n d  for a few hours  a t  25 ° C, and  is. t h e n  cen t r i fuged  a t  a b o u t  4ooo r ,p .m,  for 3 ° 
minu te s .  The  H b - c o n t a i n i n g  s u p e r n a t a n t  fluid is d iscarded,  leaving  hemolysed  ghosts .  These  are 
s u s p e n d e d  in 2 vo lumes  of NaCl-buffer  (phosphate ,  p H  5 to  8) br ing ing  t he  final concen t ra t ion  to 
q~ = o.o 4. W i t h  respec t  to nuc lea r  mater ia l ,  t h e  vo l ume  concen t ra t ion  of th i s  suspens ion  is a b o u t  
4" lO-3, t he  v o l u m e  of a nuc leus  be ing  a b o u t  o.I t he  v o l u m e  of a cell. More di lute  suspens ions  are  
p repa red  b y  d i lu t ing  wi th  NaCl-buffer .  Microscopically,  t he  ghos t  consis ts  of a more  or less in tac t  
nuc l eus  s u r r o u n d e d  by  t he  out l ines  of  t he  cy top la sm.  

A series of so lu t ions  of s o d i u m  tau rocho la t e*  of concen t ra t ion  4 ° g]l, 2o g/l, . . . . 1.25 g]l are 
p repared  in NaCl-buffer  a t  p H  7.o. A v o l u m e  of one of these  solut ions,  e.g., t h a t  con ta in ing  5 g[l, 
is m i x e d  wi th  a v o l u m e  of t he  suspens ion  of ~ = 0.04, and  the  v iscos i ty  of t he  m i x t u r e  is measu red  
5, IO, 15, 2o, and  3 o m i n u t e s  a f t e r  t he  mix ing .  T he  v iscos i ty  increases  wi th  t ime,  reach ing  a m a x i m u m  
in a b o u t  5 m i n u t e s ;  a f te r  a b o u t  15 minu te s ,  i t  begins  to decrease (see Fig. I). Similar  v iscosi ty  
m e a s u r e m e n t s  a re  m a d e  for m i x t u r e s  of  equal  vo lumes  of o the r  concen t ra t ions  of t he  bile sal t  wi th  
t he  suspens ion  of ~0 ~ o.o4; o the r  series of  v iscos i ty  m e a s u r e m e n t s  are t h e n  m a d e  for m i x t u r e s  of 
equa l  v o l u m e s  of t he  bile sa l t  so lu t ions  and  the  suspens ion  di lu ted  so t h a t  q~ is o.o2, o .oi ,  o.oo5, 
0.o025, and  o.ooI25.  Final ly ,  t he  w a y  in which  t he  v iscos i ty  depends  on p H  is found  by  repea t ing  
t he  m e a s u r e m e n t s ,  or as m a n y  of t h e m  as  m a y  be necessa ry  to give an  out l ine  of t he  p H  dependence ,  
w i th  so lu t ions  of t he  bile sa l t  in NaCl-buffers  of different  pH.  Sod ium glycochola te  or s o d i u m  oleate 
m a y  t h e n  be s u b s t i t u t e d  for s o d i u m  taurochola te ,  a n d  new series of v iscos i ty  m e a s u r e m e n t s  obta ined.  

The  v i scos i ty  m e a s u r e m e n t s  are m a d e  a t  25 ° C in Os twald  v i scos imeters  wi th  an  outf low t ime  
for wa t e r  of a b o u t  1.5 m i nu t e s .  T he  outf low t ime  for t he  more  v iscous  t au rocho la t e - suspens ion  
m i x t u r e s  is f rom 3 to  5 m i n u t e s ;  t he  flow is non -Newton ian ,  b u t  th i s  a spec t  of  t he  a p p a r e n t  v iscosi ty  
re la t ions  ha s  n o t  been inves t iga ted .  T he  a p p a r e n t  specific viscosi ty,  ~sp, is found  f rom the  viscosi ty  
of  t he  s y s t e m  a n d  t h e  v iscos i ty  7o of wa te r  (~sp = ~]Yo - -  i). 

* The  s o d i u m  t au rocho la t e  and  t he  s o d i u m  glycochola te  used  were ob ta ined  f rom two sources,  
Br i t i sh  D r u g  H o u s e s  a n d  Bios Labora tor ies ,  New York  City. The  l a t t e r  spec imens  were purified to 
t h e  e x t e n t  t h a t  ne i the r  bile sa l t  con ta ined  more  t h a n  o. i  % of t he  o ther  or  of cholesterol.  This  does 
n o t  m e a n  t h a t  e i ther  was  en t i re ly  free f rom f a t t y  acids, which  SCHULMAN (private  communica t ion )  
bel ieves  to  be responsib le  for lyric p h e n o m e n a  in general .  The  nucleic acid used was k ind ly  given 
to me  b y  Dr  A. E.  MIRsxY. 
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DESCRIPTION OF THE VISCOSITY CHANGES 

pH dependence o~ viscosity changes. Fig. I shows the way  in which the larger vis- 
cosity changes depend on pH, the values given here being those for systems containing 
equal volumes of suspensions of 9 = o.005 and 5 g/1 sodium taurocholate.  At pH ' s  
below 6. 5 the mixtures show little viscosity change with time, but  at a p H  of 7.0 U~p 
rises to about  2.0 within 15 minutes after mixing. At higher pH ' s  the effect becomes 
smaller. 

As SH.\TTUCK observes, the viscosity first increases and then decreases with time, 
passing th rough  a ma x i m um  about  IO minutes  after mixing. The viscosity changes found 
30 minutes after mixing the suspension with the bile salt are accordingly smaller (dotted 
line), but  the form of the pH dependence is essentially the same. 
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Fig. I. Dependence of specific viscosity, Usp, on pH for a system containing equal volumes of a sus- 
pension of chicken red cell nuclei of ~0 = o.oo5 and 5 g]l sodium taurocholate. The viscosity effects 
in this system are usually the largest observed. Comparison of the two curves show that the absolute 
values of Usp become smaller after having passed through maximum values about 15 minutes after 
mixing the suspensions of nuclei with the bile salt, but that the form of the pH dependence remains 

essentially the same. 

Dependence o/ viscosity changes on concentration. When the concentrat ion of sus- 
pension 9 and of the taurocholate  (or any  other  lysin) c are both  varied at a pH  which 
gives the m a x i m u m  viscosity increases (pH 7.o), the observations being made at a t ime 
after mixing at which the effects are greatest  (IO minutes),  one obtains the set of relations 
between Usp, 9, and c shown in Fig. 2. 

For  any  value of the concentrat ion of lysin c, the value of U,p passes th rough  a 
m a x i m u m  as ~0 increases. As c increases, the value of 9 which corresponds to the maxi-  
m u m  in the ~?,p relation increases. The position of the successive max ima  depends on c, 
the value of 9 which corresponds to a m a x i m um  increasing with c in such a way  tha t  
~/c is substant ia l ly  constant .  Further ,  the value of ~/~p at each successive m a x i m u m  also 
depends on c, this m a x i m u m  value of ~sp being itself a funct ion of 9 (inset in Fig. 2) 
which passes th rough  a m a x i m u m  greater  than  any  other  (~sp = 2.5, 9 ----- 0.005, c ---- 5 g/l). 

Similar results can be obtained with mixtures  of suspensions of chicken red cell 
nuclei and of sodium glycocholate or of sodium oleate; the maxima,  however, are 
smaller. In  systems containing sodium glycocholate (5 g]l), a p H  opt imum for the effects 
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has been found at p H  7.0; systems containing sodium oleate are very difficult to work 
with because of the hydrolysis of the soap at p H  7 to 8, and satisfactory sets of curves 
have not been obtained. 

Inhibit ion o / the  effect. I f  2 mg of saponin in NaCl-buffer at pH 7.o are added to 
each 5 ml of the suspension of chicken red cell nuclei, the subsequent addition of sodium 
taurocholate is not followed by viscosity increases, and the phenomena described above 
can no longer be obtained. Apparently the saponin prevents the linking of the bile salt 
to the nuclear component, and so prevents the formation of the new viscous material 
(see below). I t  probably does so by itself combining with the nuclear component. There 
is some indirect evidence that  such a combination takes place, for both the suspension 
of chicken red cell nuclei and nucleic acid itself act as inhibitors of saponin hemolysis. 
A suspension of 9 ---- o.o5 gives an R-value of 1. 5 at 37 ° C, while o.1% nucleic acid 
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Fig. 2. Dependence of ~/sp on the concentrat ion S of the suspension of chicken nuclei, shown for 
di f ferent amounts of added bile salt. The concentrat ion c of the added bile salt is shown opposite 
the max imum of each curve. Inset:  the value of ~sp observed at the maxima of the set of  curves 
shown in the Figure, p lot ted as a funct ion of ~. The max imum value of flsp, occurring at ~ = o.oo5, 
is the greatest of al l  the maxima. The tex t  should be consulted for  an explanat ion of these relations. 

gives an R-value of 1.15 . The inhibition produced by the suspension is accordingly some 
five times greater than that  which would be expected on the basis of the inhibitory 
power of the nucleic acid together with its concentration in the suspension of nuclei; 
this suggests that  the component involved in the viscosity effect is not nucleic acid 
alone. Further, although solutions of nucleic acid are viscous, mixtures of nucleic acid 
(o.I to 0.2%) and sodium taurocholate do not give the elaborate series of viscosity 
max ima  shown in Fig. 2. 

Similarly, if formol is added to the suspension of chicken red cell nuclei in an 
amount  which gives a final concentration of formol of 1% or more, the viscosity changes 
which would otherwise follow the addition of sodium taurocholate can no longer be 
obtained. Presumably the formol reacts with nuclear components (conceivably nucleo- 
proteins) in such a way as to prevent the linkage of the bile salt with them, and so 
prevents the formation of the new viscous material. 
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I t  is generally assumed that interaction between lysins and proteins take place, 
but there are very few instances in which there is independent evidence of these reactions 
occurring. The viscosity changes described above are of interest in this connection, not 
only because the viscosity increases themselves seem to be due to reactions between 
a lysin and a component of the red cell nucleus, but because they are abolished by the 
previous addition of a lysin of another type. 

D E S C R I P T I O N  OF A SYSTEM W H I C H  W O U L D  S H O W  T H E  F O R E G O I N G  P R O P E R T I E S  

Bile salt-Hb mixtures do not become viscous, but dilute solutions of nucleic acid 
are very viscous (the ~sp of a o.I To solution of nucleic acid at pH 7.0 is 2.2). This suggests 
that the viscosity changes are the result of an interaction between the bile salt and 
nuclear material, with the result that  nucleic acid derivatives are set free. This point 
of view is consistent with the fact that  the viscosity changes cannot be obtained with 
suspensions of non-nucleated red cells, e.g., mammalian red cells. What appears to be 
necessary is that  the system should contain two components, which exist in concen- 
tration ~0 and c; ~0 is the concentration of a derivative of nucleic acid, and, were it not 
for some subsidiary considerations (see above) might be thought of as nucleic acid 
itself, while c is the concentration of the bile salt or soap. Both components are present 
in such low concentrations that their individual specific viscosities are very little greater 
than zero, the changes in viscosity occurring only when they are mixed. 

Suppose that a unit of a new substance, which gives rise to an increase in viscosity, 
is formed by the rapid linking of one unit of 9 to one unit of c*. This linkage is not 
stable over long times, because the viscosity decreases after 15-3o minutes. In the case 
of a mixture of ~0 and of c, the smaller of these two quantities limits the amount of the 
new substance formed, and the maximum amount of the new substance will be formed, 
with no material left over, when 9 = c. Thus to obtain the maximum effect on viscosity, 
the @c ratio must be kept constant. If 9 and c are unequal, (~0 - -  c) or (c - -  ~o) units 
will not enter into the formation of the new substance, and this interferes with the 
viscosity increases. 

An assumption of the following type will give a general explanation of the experi- 
mental results. Suppose that c and ~o are numerically small and that a network of the 
new viscous material is formed by their linkage. I t  is not necessary to think of the 
network as being regular, and when 9 and c axe small, it is probably not continuous. 
Under these circumstances, one would expect the increase in viscosity observed to be 
smaller than in a system containing more units of ~o and more units of c, although in 
the same 9/c ratio. As the value of 9 and c increase, in the optimum ratio for the pro- 
duction of viscosity maxima, the network of viscous material produced by their linkage 
would become more complete, the threads of the network being related to each other 
in some special manner which is associated with the viscosity maximum which is greater 
than any other. Any increase in ~o and c beyond this special value would tend to result 
in a collapse of the network with the best arrangement, and so would lead to the 
system's having a smaller viscosity than at the maximum just referred to. 

* The proportion of taurocholate to nucleic acid at the largest viscosity maximum corresponds 
to about lO 5 taurocholate molecules per nucleic acid molecule. Only a small fraction of the tauro- 
cholate, of course, may enter into combination with the nuclear material. 
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SUMMARY 

The increase in viscosity observed in sys tems containing bile salts or soaps and chicken red 
cells arises from an interaction of the bile salt or soap with nuclear material, a new viscous substance, 
probably related to nucleic acid, being formed as a result of a linkage of the  two components.  The 
viscosity-concentration relations, which are described in detail, suggest t ha t  the new material forms 
a network throughout  the system, this network having some of the regular features associated with 
lattice-like arrangements .  The interaction of the bile salt and the nuclear material  is so greatly 
reduced by the addition of either saponin or formol to the latter that ,  after such an addition, the 
viscosity increases can no longer be obtained. 

RI~SUM]~ 

L'accroissement de la viscosit6 observ6 dans des syst6mes contenant  des sels ou savons biliaires 
et des globules rouges de poule est d r  ~ une r6action entre le sel ou savon biliaire et la matibre 
nucMaire. Une nouvelle substance visqueuse probablement reli6e A l'acide nucl6ique, est form6e par 
la combinaison des deux composantes.  Les relations exis tant  entre la viscosit6 et la concentration, 
relations qui sont  d~crites en d6tail dans le pr6sent m6moire, permet tent  de conclure que la nouvelle 
substance forme une r~seau t raversant  tout  le syst~me, ce r6seau ayan t  certaines des propridt~s 
qui caract6risent r6guli6rement une disposition rdticulaire. La rdaction entre le sel biliaire et la 
mati~re nucl6aire est inhibde par  l 'addit ion de saponine ou de formol g cette derni6re: en effet, 
apr$s une telle adjonction, l 'on n 'observe plus d 'accroissement de la viscosit6. 

ZUSAMMENFASSUNG 

Das Anwachsen der ViskositAt, das in Systemen die GaUensalze oder -seifen und rote Blut- 
k6rperchen yon Hfihnern enthal ten beobachtet  wird, riihrt von einer Reaktion des Gallensalzes oder 
der -seife mit  Kernmater ia l  her. Als Ergebnis der Bindung der beiden Komponenten  wird eine neue 
viskose Substanz gebildet, die wahrscheinlieh mit  der Nukleinsgure verwandt  ist. Die Beziehungen 
zwischen ViskositAt und Konzentrat ion,  die im einzelnen beschrieben sind, lassen vermuten,  dass 
der neue Stoff im gesamten System ein Netzwerk bildet, das einige der charakterist ischen Merkmale 
zeigt, die eine gitter~hnliche Anordnung begleiten. Die Reaktion zwischen dem GaUensalz und dem 
Kernmater ia l  wird so seh~ durch die Zugabe yon Saponin oder Formol zu den letzteren herabgesetzt,  
dass nach einer derartigen Zugabe kein Ansteigen der ViskositAt mehr  beobachtet  werden kann. 
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