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Pa~itio~ng differences between cells ~ two-polymer aqueous phase sy~ems o d ~ n ~ e  from subtle ~f-  
ferences between the sudace prope~ies of cell~ Because of ~ e  exponenfi~ ~ t i o n  between the param~e~ 
affect~g ~ e  pa~ition ratio (P)  and the P i ~ d L  ~fferences in membrane components suspec~d of 
d~ct ing ~ e  ~fferenti~ partifio~ng of dosdy rda~d cell pop~ations cann~ be ~ c t l y  e ~ a ~ h e d  by 
convention~ c h e m ~  assay ~chn~ue~ In order ~ s~dy the chemic~ nacre of ~ e  components responsible 
for the age-rel~ed changes ~ sudace properties of ~ t  red cells we have de~sed an approach w~ch uses a 
com~nafion of ~oto~c ~beling cf e~throc~e subpopul~ions cf ~sf in~ cell age wi~  ~fferent enzyme 
and/or  c h e m ~  ~eatmen~ followed by countercu~ent ~stribution in charge-sensitive tw~polymer aque- 
ous phase sy~em~ These sm~es show tha~ (a) neuraminidase-suscepti~e ~ a~d ~ not responsible for 
t~e ~ell age-related surface ~fferences detected by pa~itionin~ (b) the component(s) responsible for the cell 
age-related surface ~fferences can be ex~ac~d ffrom ~dehyde-fixed red cdl~  with e ~ a n ~  or cleaved with 
~ s~fufic a ~  Our da~ are c o n ~ s ~  with the hypothesis ~ ganglioside~nked ~alic a~d is the 
chem~M m ~ e ~  responsible for ~ e  cell charge-assoc~d sudace differences among rat red ~ood cells of 
different age~ 

1 ~  

By a combination of radi~sotope ~beling tech- 
niques and cell partitioning in two-polymer aqu~ 
ous phase sy~ems we have pre~ous~ estabhshed 
that rat erythrocytes undergo sysmmatic changes 
in thor surface charg~assodated properties as a 
function of call age [1-3]. We have now en- 
deavored, by examining the effect of selected mod- 

* To whom co~espondence shou~ be addressed at: Labora- 
tory of Chemic~ Bi~ogy-151, VA Medic~ Cen~r Long 
Beach, CA 90822, U.KA. 

ifications of the rat erythroc~e surface, to obt~n 
information on the chemic~ componen~  ~- 
sponfib~ for the ~ r ~ n  ~ ~d  cell ag~rd~ed 
surface charge. 

De , ran  and p ~ e t h ~ e n e  ~yc~) when ~s- 
solved in water above c~t~n  concentrations ~ve 
rise to liq~& immiscib~ two-phase s~s~ms with a 
p ~ e t h ~ e n e  ~ y c ~ f i c h  top and a dex~an-fich 
bottom phase [3]. Such phases can be buffered 
and made ~oto~c and are not dde~fious to calls 
partitioned in them [4-7]. By partitio~ng calls in 
such sys~ms one can obt~n ~formation on subtle 
~ff~ences or ~ r a t i o n s  in thdr surface proper- 
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ties ~ - ~ .  Changes in polymer concenUafiom ionic 
compo~tion and dec~oly~ concentration have 
marked effects on the physic~ properties of the 
phase sy~ems [8] whic~ in lurn, influence thor 
interaction with biolo~c~ calls. In the current 
experiments phase sy~em compositions were used 
in which the cell partition rati~ P (ke., the rda- 
five affinity of cells for the top or bottom phase or 
thek adsorption at the in~flac~ reflects surface 
charg~rdated p r o p e ~  

I~ection of rats with radioactive ~on (~F~fer-  
rous d~ate) followed by b~eding animus at di~ 
~rent times thereafter ~ves rise to red blood call 
populations in which erythrocytes of different but 
distin~ cell age, corresponding to the time dapsed 
between injection and bleedin~ are ~bded [1-3]. 
By su~ecting such hbded  cell populations to 
coun~rcu~ent di~ribution (CCD, i.e., a multip~ 
ex~acfion procedure) in two-po~mer aqueous 
phase sy~em~ and de~rmining the rdative por-  
tions (G * v~ue~ of the ~bded and un~bded 
cells, we have estabfished that rat reticdocytes 
have the lowest G v~ue; that the G v~ue in- 
creases rapidl~ in a mater  of hour~ as the re- 
ficulocytes mature to become the youngest eryth- 
rocy~s; and that the G v~ue of erythrocytes then 
diminishes over the entire fife-span of the rat red 
call [1-3]. Near the end of the fife-span of the 
calls, thor G v~ue is dose to that of the reficulo- 
cy~s. 

In the present experiments we have ~ea~d rat 
~ed blood cell populations containing isotopically 
~bded  cells of different but d~tin~ ages wilh 
sdected reagents or enzymes prior to countercur- 
rent di~ribution. The effect of the ~eatment on 
the rdative G v~ues of ~bded and unlabded 
cells was then determine& These resul~ suggest 
that gangfio~d~bound ~alic a~d is the most fikdy 
component respon~ble for the ch~rg~a~o~a~d 
dif~rences b~ween rat red cells of different ages. 

M a ~ d ~ s  ~ d  M ~ h ~ s  

Animd injection and b&e~ng 
M~e Spmgu~Dawley rots (Hilltop L a b o r a ~  

* The apparent partition ratio, G, ~ defined as rm~/(n- 
r ~ L  where r ~  ~ the number of the peak catty of the 
distribution curve and n ~ the tot~ number of ~ansfe~ [~. 
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A ~ m ~  S c o U d ~  PA), wog~ng b~ween 300 
and 500 g were used. In i ~ p e  expefime~s ~ey 
~ e ~  inje~ed wi~ ~bout 10 ~ 15 ~Ci of ~ F ~  
rous Otr~e (MallinckrodL St. L o ~  MO) fia the 
saphenous von. The a~m~s  we~ e~ang~n~e& 
at ~ f ~ m  times after i ~ e ~ m  by heart punc- 
ture and the b~od c o l l ~ d  ~ me anticoagdant 
ACD ( a c i d - c i ~ d e x ~ o s O .  T~s gave r i~ to ~d  
cell popdations ~ w~ch ~e  cd~ ~ w~e hbded  
co~e~onded ~ age to the time dapsed b~ween 
iso~pe inj~tion and a ~ m ~  ~ n g .  

In vR~ ~eatmen~ of mt md b~od ~ containing 
~opically labeled subpopulations of differen~ dis- 
~nct cell age 

(a) Glutamldehyde fixa#o~ An aliquot of me 
~d  b~od cells w~  w~hed ~ e  tim~ wi~ phos- 
phate-buffe~d saline (pH 7.0). The washe~ 
packed red cells were men ~owly ~ p ~ d  in~ a 
280 mosM so ,urn  phospha~ buffer s~ufion ~ H  
7.4) contai~ng 1.85% (w/w) ~ m ~ d e h y d e  (Ladd, 
Burling~m VT) w ~  swirling me fla~. The ~tio 
of call v~ume ~ fixative w~ 1 : 10. 

(b) Treatmem of freah ~ glutamldehyde-fixed 
e~thmcyt~ wi~ neummmida~ (remcvd of neu- 
mminidase-susceptib& ~a~c add). 2 ml of packed 
red blood cells were washed three times with 10 
v~. of ~ o ~ c  cacod~a~ buffer (pH 6.~. A 
0.5-ml aliquot of such washed red cells + 3.5 ml 
c a c o d ~ e  buffer was put ~ to  a 40 ml ~ a ~  
~mr i~ge  tube and ~cub~ed ~ g e ~  with 200 
gl (1 I.U./ml) of neurami~da~ (~b~o ~o&me, 
C~b~chem-Behfin~ San D~go, CA) at 37°C ~ r  
90 min. At me ~me time a fimilarly ~e~ed 
aliqu~ of the same cell popdation was incuba~d 
in the absence of neurami~da~. A~er incubation 
the cell suspenfion was ~nt f i~ged (1200 × g for 
10 mi~ and the supernatant f led  ~moved for 
assay of fiafic add on dupficate aliqu~s. The 
~ea~d cells were washed three times with 
cacod~a~ buffe~ (In prefiminaw experimems it 
had been estabfished by p ~ n g e d  incubation wi~ 
larger quantiti~ of neurami~da~ that ~1 neur- 
a m i ~ d ~ s u ~ e p t i b l e  sialic a~d is released by 
neurami~da~ under the con~fions used.) 

(c) Lipid-extraction from glum~ldehyde-fixed red 
b~od ~lls. Red ~ood cells f ~ d  wi~ ~umr~d~  
hyde as described above were washed twice with 
10 vC. of s ~ e  and twi~ wi~ ~ s ~ d  w ~ .  
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They were then suspended in 10 v~. of abs~u~ 
~hanol, centrifuged, the supernatant solution r~ 
moved and the c d ~  were resuspended in a further 
10 v~. of abs~u~ ~han~. The cells were le~ 
standing in the ~han~  for 1 h at room ~mper~ 
ture and were then centrifuged and washed twice 
with 5 vol. of ~hanol. The ethan~ supernatant 
fluids were combined and evapora~d to dryness 
for sialic add an~yfis. The calls were washed 
twice with di~illed w~er. 

(d) Sulfuric a~d-treatment of glutaraldehyde- 
fixed red b~od cells (removal of wtal s~#c a~d). 
Red blood calls fixed with ~utar~dehyde as d~ 
scribed above were washed three times with dis- 
tilled w a ~  A 0.3-ml aliquot of packed calls was 
then suspended in 4 ml of 0.05 M H2SO 4 and 
heated in a water bath for 1 h at 80°C. After 
n e u ~ a f i o n  with an equM v~ume of 0.05 M 
dibafic sodium phosphate [9] the call suspenfion 
was centrifuged and dupfica~ aliquots of the su- 
pernatant fl~ds were used for the determination 
of fial~ add. The calls were washed twice with 
water and once with c a c o d ~ e  b u f ~  

Daermmation of ~a~c a~d re&ased from gl~a~ 
aldehyde-fixed rat ery~rocytes 

Prior to ~eatment with neuraminidase, 0.05 M 
H zSO4 or ethane, fixed red blood c~l suspen- 
sions were coun~d by de~ronic particle ~ze an~- 
ysis equipment u~ng an Ele~rozone/Celloscope 
(Panicle Data, Elmhurst, IL). Volume concentra- 
tions of the erythrocyte suspen~ons were c~cu- 
lated from microhematocrit readings obt~ned 
afler 10 min centfifugation at 15000 × g, assum- 
ing a packing factor of 0.60 for fixed erythrocyte~ 

A~er Veatment wilh neuraminidase, 0.05 M 
H~SO4 or ethane, fixed red blood call suspen- 
~ons were centrifuged and dupficate aliquots of 
the supernatant fluids assayed for the quantity of 
~afic add rdeased. The thiobabitufic add method 
of Aminoff [1~ was used for the ~alic add assay 
and c~culafions were made as outlined by Sea- 
man et ~. [11]. Sialic add was rdeased for assay 
from the ethanol extracted gangfio~des by di- 
gestion in 0.05 M H~SO 4 for 1 h at 80°C, fol- 
lowed by n e u ~ a t i o n  with dibas~ sodium phos- 
pha~ [9]. 

Ele~rophoretic m o ~  memuremen~ on ~e~ed 
~at ery~rocyt~ 

Tma~d rat red blood calls were washed three 
times in phosphate-buffered s~ine (0.145 M 
NaC1/0~I M so&um phosph~e buff~ (pH 7.~) 
and suspended in t~s me,urn  for examination by 
an~ytical particle dec~ophorefi~ The de~to-  
phoretic mob~f i~  of the erythrocytes suspended 
in phosph~e buffered saline were measu~d at 
25.0 ± 0.1°C ~ a cylindric~ ~ass chamb~ 
eq~pped with Ag/AgCI reve~ib~ dec~odes u~ng 
the method described by Seaman [12]. 

Se&ction and preparation of dextran~oly(ethylene 
g@co 0 aqueous phase sys~ms 

Three different two-pNymer aqueous phase 
sys~m~ p~pared as described by WM~r [3], were 
u~d. ThNr compN~tions w~e as follows: sys~m 
1 contNned 5% (w/w) dex~an T500, Lot no. 
11648 (Pharmada Fine Chemicals, ~ a w a ~  
N~,  4% (w/w) p M ~ h ~ e n e  glyco~ 6000 
('Carbowax 6000', ~cent~  ~named '8000', Union 
Carbid~ NY), 0.09 M so~um phospha~ buffe~ 
pH 6.8 &omposed of eq~m~ar  quantifies of 
mono- and ~ba~c phosphates) and 0.03 M NaCI; 
sys~m 2 contNned 7% (w/w) dextran, 4.4% (w/w) 
p N ~ e ~ e n e  NScN) and 0.11 M so~um pho~ 
pha~ buffer (pH 6.8); sy~em 3 contained the 
same pNym~ concen~afions as sys~m 2 wi~ 0.1 
M so~um phosphate buf~r (pH 6.8) and 0.015 M 
NaC1. All three sys~ms have dec~ostatic poten- 
tim ~ f f ~ e n c ~  between ~Nr top and bottom 
phases [8] and the partition beha¼or of c~ls in 
these sys~ms reflects charg~assod~ed surface 
properties. A m~or ~ f ~ n c e  b~ween sys~m 1 
and the other sy~ems is that the latter have h~her 
in~ffadM tendons. Sy~em 3 has a ~ w ~  ~ec~o- 
static po~nfiM ~ f ~ n c e  between ~e  phases than 
does sys~m 2. The reasons for ~ c f i n g  these 
sys~ms will be discus~d bdow. 

The pha~ sy~ems w~e eq~hbra~d ov~Nght 
at 4 to 5°C ~ a ~para~ry  funnd and top and 
bottom phas~ were then separated. 

Co~ter~rrent dis~bution (CCD) ~ labeled ~ -  
~ d  and v a ~ o ~  t ~ e d  rat ~ d  b~od ~ 

Our t ~ r  CCD plates [13] have 120 con- 
centric carries ( W ~ h o p ,  U ~ v ~  of Lund, 
Sweden). The b ~ m  plme ca~fi~ have a capac- 



ity of 0.7 ml. Washed, packed red blood cells 
(wh~her ~esh or ~eated) were suspended in ten 
times thor  volume of top phase ( ' load mix') of lhe 
sy~em in which CCD was to be carried out. 0.5 
ml of bottom phase was delivered into each of the 
120 cafities. When four different preparations were 
to be examined by CCD concu~enfly, 0.7 ml of 
one ' load mix' w~s p i p p e d  inlo ca~ties 0-2, a 
second ' load mi~ into ca~ties 30-32, a third into 
carr ies  60-62, and the fourth into ca¼fies 90-92. 
All other ca~ties rec~ved 0.7 ml top phase. When 
only two populations were to be compared ca~t~s  
0 -2  and 60-62 rec~ved the two load mixes. In 
this manner 30 ~ansfers could be carried out on 
four preparations and 40 on two preparations 
~multaneou~y and without overlap. In some ex- 
periments only one preparation (~hanoPex~ac~d 
~utnr~dehyd~f ixed  erythrocy~O was su~ec~d  
to CCD. In such cases carr ies  0 -4  rec~ved the 
load m ~  and 60 transfers were comple~d. A 
settling time of 6 rain and a shaking time of 22 s 
was used with phase sy~em 1 while a 4.5 rain 
s~tfing time and 30 s shaking time was employed 
with sys~ms 2 and 3. (Sys~ms 2 and 3 b~ng 
further ~om the cfitic~ point settle more rapidly 
than sys~m 1 but thor  higher ~scosity requires a 
longer mixing time.) Runs were performed ~t 
4 -5°C.  At the end of a run cells were collec~d 
d i r e ~  into plast~ centrifuge tubes and pooled 
by threes after adding 0.7 ml saline to each tube. 
The cells were centrifuged, the supernatznt solu- 
tion discarded and the ceils an~yzed as indicated 
bdow. 

Analys;s of cells following CCD 
(a) Cell concentrato~ Erythrocyte~ b o ~  un- 

treated and neurami~das~treated,  were lysed in a 
known vo~me of 20 mosM so~um phospha~ 
buffe~ pH 7.2. The ~roma were ~moved by 
~gh-speed centrifugafion (12000 × g for 10 min) 
and the hemo~ohin absorbance m e ~ u ~ d  at 540 
nm [1-3]. Gl~arMdehyd~fixed erythroc~es, as 
well as ~utarMdehyd~fixed erythrocyt~ which 
had undergone a d~ t i on~  ~e~ments  (see a b o v ~  
were suspended in a known v~ume of water and 
thor  concentration determined by m r ~  mea- 
su~ment  ~ a Klett-Summ~son photodectric c~-  
o r i m ~  [1~. 

(b) ~gFe a~ay. Known ~ u m s  of ~ e  aboveAn- 
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N c~ed  ~ s N ~  cr suspenfion of fixed erythrocyt~ 
were Mso counted in a Beckman sNntiHation 
w d g co u n ~r  m determine the 59Fe counts per min. 

Presentation of dam 
Di~fibution curves are ~ven ~ther in hemo- 

~ohin  absorbance at 540 nm (obtained on lysis of 
fresh or neurami~das~t rea~d e r y t h r o c y ~  or 
Klett u~ts  (of the turhidid~ of suspended ~-  
dehyde-fixed cells or d i f ~ n f l y  treated ~d eh y d ~  
fixed cells) obt~ned in the ~ f ~ n t  c a ~ t i ~  ~ong 
the exUaction ~ n .  Isotope ~stribution is ~ven 
in cpm. A rdative spedfic act i~ff  is ~so pre- 
sented and is defined as [1]: 

( ~ m ~  ~ n  ~ ( ~  ~ ~ t )  ~ a 

~ ~ )  + ( ~ m ~  ~ ~  ~ ( ~  ~ t  

u~t) ~ ~e ofi~n~ unkacfion~ed call popuhfion) 

~alic and  is ~ven as ~mtogram (fg) per cell. Red 
b ~ o d  cell electrophorefic mobifiti~ are ~ven as 
~m.  s -~ .V -a .cm -a. 

R e s ~  

Effea of se~aed in v#ro treatmen~ on ~e reMtive 
surface charge-assocmted differences of rat ery~ro- 
cytes of different ages 

Rats were i~ected with ~ F ~ o u s  ~ a t e  and 
were bled at different times therea~e~ Erythro- 
cy ~  populations were thus obt~ned in which cells 
co~esponding in age to the time dapsed b~ween 
injection and bleeding were radioa~ivdy ~ b d e d  
[1-3]. Such call populations were su~ec~d  to 
CCD in a dex~an-p~y(~h~ene  ~ycol) aqueous 
phase sy~em which reflects surface charge a~o~-  
ated surface p r o p e ~ s  [3]. From an extensive 
series of such expefimen~ we present in Figs. 1-4  
resul~ obt~ned when rats are bled at 42 h, 13 
days or 41 days a~er i~ecfion. These represent 
typic~ resul~ with cell populations in which the 
mature youngest erythrocytes are ~ b d e d  (Fi~ 1, 
Fi~ 4 top) young erythrocytes ~re ~ b d e d  (Fig. 2, 
Fig. 4 middl~ and old erythrocytes ~re ~ b d e d  
(Fig. 3, Fi~ 4 bottom). 

Fig. 1A shows that, as pre~ously ~epo~ed [1], 
the youngest mature erythrocytes 0.e., the ~ b d e d  
cells represen~d by the broken lin~ have a distil- 
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bution with a Ngher mean pa~ifion ratio, G, and, 
thus, presumaNN Ngher surface charg~asso~ated 
properties, than the totN red cell popMation (solid 
Nrdes and ~n~. The rdafive spe~fic a c f i ~  Golid 
tfian~eQ ~ c m ~  the extent of enrichment of 
Nbded  cells of ~ d i c ~ e d  age with respect to un- 
Nbded  cells. NeuramiNdase-tre~ment of tNs 
Nbded  red cell popdat ion  fol~wed by counter- 
current N~fibufion Nves the data deNc~d in Fi~ 
lB. Note that wNle the entire cell popMafion is 
sN~ed to a ~wer mean G vNue (ke., to the left) 
the rdative pofitions of h b d e d  and uNabded 
cells remNn the same: Nbded cells have a Ngher 
mean G vNue than uNabded cells. These ~sM~ 
i n ~ c ~ e  that the ~movM of neuramiNdase-su~ 
cepfib~ fia~c and  from the rat red cell sur~ce 
does not elimina~ or Mter the charg~a~oNa~d  
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Fi~  1. Coun~rcu~en t  di~ribution pa t~rns  of rat red blood cells before and a~er d i f~rent  ~eatments  and ob t~ned  from an a n i m ~  
which had been injected with ~ F ~ r r o u s  ~ a t e  42 h prior to bleedin~ The cell population thus con t~ns  very young mature 
erythrocy~s that are h b d e &  (A) untreated cell population (except for incubation at 37°C for 90 mira see ~xO; (B) neuraminidase- 
treated red blood cells; (C) ~u ta r~dehyd~f ixed  red cells; (D) ~u ta r~dehyd~f ixed  red cells subsequently treated with neuramini- 
dase; (E) ~utar~dehyde-f ixed red c d ~  subsequently extracted with ~ h a n ~ ;  (F) ~u ta r~dehyd~f ixed  red c d ~  subsequently treated 
with d i lu~  sulfuric a~d.  Fo~y t r a n s ~  were carried out with cells in (A) and (B) ufing charg~sensit ive phase sy~em 1 and a seU~ng 
time of 6 min and shaking time of 22 s. Fo~y  ~ a n s ~  were carried out with cells in (C) and (D) and 30 ~ a n s ~  with those in (E) 
and (F). Charg~senfifive phase sy~em 2 was used for all ~u ta ra ldehyd~f~ed  cells with a s~t l ing time of <5 min and a shaking time 
of 30 s. Di~ribufion curves (~) of fresh or of neuraminidase4reated red cells (i.~, in A and B) are ~ven  in terms of h e m o ~ o b ~  
absorbance; of all cells i n v ~ n g  ~utarMdehyd~fixat ion (C, D, E, and F) in terms of Klett (turbidity) units. The di~ribution of 
h b d e d  ce~s of dis t in~ cell age is depicted in cpm (O).  A rdafive specific act i~ty (~) ~ ~ so  showm See text for additionfl details 
and discusfion. 
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surface differences b~ween the mature youngest 
erythrocytes and the rest of the red blood cell 
population. 

Looking at Figs. 2A, B and 3A, B, which pre- 
sent an~ogous experimen~ to those just described 
except with blood from animus b~d at 13 and 41 
days, respectivdy, we find fimilar result. 13-day 
~bded cells (young erythrocyte~ ~so have higher 
mean G v~ues than the whCe red cell population 
[1] whi~ 41-day labded (old erythrocytes) have 
lower mean G v~ues than the whole cell popula- 
tion [1]. In both cases neuraminidase-treatment 
resul~ in call di~ribufions which, ~though the 
entire cell population is shined to lower mean G 
v~ues, m~nt~n the rdative pofifion of cells of a 
~ven age (i.e., 13 days in Fi~ 2B and 41 days in 
Fi~ 3B) to the whole red cell populatiom We can 
thus conclude that, qui~ generM~, remov~ of 
neuraminidas~susceptible fialic add reduces the 
surface charge (and hence the mean G v~uO of 
rat red cells but does not affect the rdative 
charg~a~ooated differences among rat red blood 
cells of different ages. 
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Fi~ 2. Experiment as in Fi~ 1 except that the rat was bled 13 days a~er ~otope i~e~ion. Hence it ~ the young mature erythrocy~s 
that are labdexi. 
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Part C of Figs. 1-3 shows results obtained with 
glutaraldehyde-fixed erythrocyte populations in 
which, respectively, 42 h, 13-day or 41-day old red 
blood calls are labded. Again it is clear that 
glutaraldehyde-fixation (while shifting the overall 
d~tribufion curve, see Discusfion) does not affect 
the relative pofifions of labeled and unlabded 
cells (compare Figs. 1-3, parts A with thNr re- 
spective parts C), Glutaraldehyde-fixation thus 
does not affect the rdafive surface charge-associ- 
ated differences among rat red blood cells of 
different ages. 

Part D of Figs. 1 3 shows the results obtained 
when glutaraldehyde-fixed red calls are neur- 
aminidase-~eated prior to CCD. Such calls have 
lower G values than cells fixed with glutaralde- 
hyde alone (compare parts C and D in Figs. 1-3). 
The relative positions of labeled and unlabded 
cells are, howeve~ not affected by the indicated 
~eatmen~ (compare respective parts A and D in 
Figs. 1-3). Our condufions are therefore analo- 
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Fig. 3. Exper iment  as in Fig. 1 except  that  the rat was bled 41 days after  ~o tope  injection.  Hence  it is the old mature  erythrocytes  
that  are l abded .  (Thir ty t ransfers  were carr ied out  with cells in C and D.) 



gous to those discu~ed above for parts C. Not 
shown but ~so examined were neurami~dase- 
treated red cells subsequently fixed with 
~umr~dehyd~  The mean G v~ue of these cells 
was lower than that of ~u~r~dehyd~f ixed ,  neur- 
aminidase-tre~ed red cells but the rdafive p o r -  
tions of ~ b d e d  and u ~ a b d e d  cells were ~milar to 
those depic~d in Figs. 1-3D. 

In pa~s E of Figs. 1-3 we show the ~ s d ~  
obt~ned with ~umr~dehyd~f ixed cells from 
w~ch  ~ d s  have subsequently been extracted wi~  
~ h a n d  *. Such cells have mean G v~ues that are 
greater than those of ~umr~dehyd~fixed rat red 
c~ls ~ o m p a ~  ~ t i b u t i o n  curves in pans C and 
E). In t~s  case, as shown by the constant v~ue of 
1.0 for the rdative spedfic actifities through the 
CCD curv~ differences b~ween h b d e d  and un- 
~ b d e d  cells appear to be elimina~& Because at 
~ g h  G v~ues cell popdat ions may not be re- 
s~ve& and the G v~ue for e~an~-ex t ra~ed  
~umr~dehyd~f ixed  rat erythrocyt~ are ~gh, we 
examined these cells ~so ~ a phase sy~em in 
w~ch  they have a ~wer G v~ue (sys~m 3). 
R e s d ~  depi~ed in Fig. 4 show the overlap of 
~ b d e d  and unlabded cell pop~ations with o ~ y  
sm~l de~afions of the rdative spe~fic a~i~ties 
from 1.0 (ag~n compare pans C in Figs. 1-3 with 
thor  respective pans E'  in Fi~ ~ .  E t h a n ~ x t r a ~  
table hp~s  appea~ therefore, to have a beating on 
the sur~ce c h a r g ~ a ~ o o a ~ d  ~f~rences  among 
rat red cells of ~ f ~ r en t  ages. 

The finM ~eatment of ~u~r~dehyd~f ixed  rat 
erythrocytes examined in the current study was 
the ~fect of ~ s~fufic aod  w~ch is known to 
sp~t off the tot~ fialic add  from the surface of 
the cells [9]. The data shown in Figs. 1-3 pa~s F 
indic~e that comple~ removM of fialic add  re- 
se t s  in very ~w mean G v~ues for the cd~  
(compare pofition of di~tibution curves ~ pa~s F 

* Ethanol-extraction of glutaraldehyde-fixed rat red blood 
cells which have been labded in fivo with ~Fe (see Matefi- 
~s and Method~ resul~ not only in the extraction of hpid 
but ~so in the ex~action of approx. 20% of the ~otop~ 
Systematic study with erythrocyte populations in which red 
blood cells of different and distinct age were ~otopic~ly 
labded indicates that loss of ~otope ~ independent of call 
age 0.e., the same percentage of isotope is lost irrespective of 
the age of the cell subpopulation labded). Hence the loss of 
~otope during ethanol ex~action does not affect the resul~ 
presen~d in this section. 
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Fi~ 4. Experiment as in pa~s (E) of Figs. 1-3 except that 
phase sy~em 3 On which the cells have a lower G v~ue) was 
used, 5 cavities were loaded with 'load mi~ and 60 ~ansfe~ 
were carried out. Top, 42 h hbded cells; middl~ 13-day 
labded cells; bottom, 41-day labded cell~ Other conditions 
and symbols as in Fi~ 1. 

with those in pans C, D and E). Furthermore, 
comN~e  remov~ of ~alic add  r e sd~  ~ elimina- 
tion of &fferences among red b ~ o d  cells of &ffer- 
ent ages (as ag~n i n d ~ e d  by the constant rda- 
five spedfic actifities of 1.0 through the CCD 
curve~. 

A summary of effects of the &f~rent  treat- 
ments of rat erythrocytes on (~  the apparent 
partition ratio (G v ~ u ~  of the cells in charg~sen- 
~five phase sy~em 2 and (b) the rdative charg~ 
a ~ o o a ~ d  dff~rences among cd~  of dif~rent ages 
is presented in Tab~ I. 

Effect of different treatmen~ of glutaraldehyde-fixed 
rat erythrocytes on the quan#ty of ~a~c acid re- 
&ased and on the electrophoretic mobi~ty of the cells 

Glutaraldehyde-fixation of rat red blood cells, 
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TABLE I 

SUMMARY OF EFFECT OF DIFFERENT TREATMENTS 
OF RAT ERYTHROCYTES ON THE APPARENT PARTL 
TION RATIO (G) OF THE CELLS IN A CHARGE-SEN~- 
TIVE PHASE SYSTEM AND THE RELAIIVE CHARGE- 
ASSOCIATED DIFFERENCES AMONG CELLS OF DIF- 
FERENT AGES 

G, the apparent partition ratio ~ derived from the ~ c ~ n  of 
the peak in a countercurrent ~ f i b u t i o n  cu~e = r m ~ / ( n -  
rm~ ), where r~,~ ~ the ca~ff  numb~ of the peak of ~e  
d~tfibution and n is ~ e  ~ t ~  numb~ of ~ a n s ~  carried out. 
G vMues a~  shown ± ~D. with the numb~ of expefimen~ in 
p a r e n ~ m .  The phase sys~m is compo~d of 7% dex~an, 
4.4% p ~ h ~ e n e  ~ycol), and 0.11 M ~o~um phosph~e 
buffer (pH 6.8). D e t ~  of procedur~ aspects of the ~e~mems  
em~oyed are ~ven m ~ e  text. N, neurami~da~ ~ e ~ m e ~ ;  
GA, ~u~r~dehyde  fixation; E ex~, ~hanC ex~action of 
h~ds;  HzSO4, cleavage of mt~  fiafic add by d i ~  s ~ r i c  
a~d h y d r ~ .  

~ ~ )  G ~ E f ~  on restive 
ag~rdated charg~ 
associated surface 
properties 

N + G A  &55±&12 (8) None 
GA l ~ 6 ± ~ 3 8  (1~ None 
G A + N  ~ 6 7 ± & ~ 0 ~  Nene 
G A + E  ~t .  Z65 ±~19 (8) ~ L ~ m .  ~ 
GA + H2SO ~ ~33 ±0~6 (~  ~ L ~ m .  

~ At ~gh G v~ues cell p o p d ~ n s  may not be ~s~ve& 
Becau~ ~ e  G v~ue for ~ h a n ~ r a c ~ d  ~ u ~ r ~ d e h y d ~  
fixed ~ t  ery~rocy~s is ~gh in t~s  pha~  sy~em, the 
experiment was ~so run ~ phase ~ys~m 3 in w~ch ~e  cd~  
have a ~wer G v~ue Opprofima~ly 1.75L The ~ s ~  
obtained (Fig. ~ confirm ~ e  ~ u ~  elimination of rdafive 
charge-associated surface properties of ~marMdehyd~fixed 
rat ~ y ~ r o c ~  of ~ f fe~n t  ag~ by ethanol extraction. 

under the conditions used, usu~ly resul~ in an 
unM~red or only minor increase in cell dec~o-  
phorefic mobility. In T a b ~  II we show the effect 
of different ~eatments on the quantity cf t a l i c  
a~d  rdeased from ~uta r~dehyd~f ixed  rat red 
cells and on thor  dectrophoretic mobility. 

Sulfuric add  ~eatment  of glutar~dehyde-fixed 
rat erythrocytes rdeases totM ta l i c  add  which is 
8.1 f g / c d l  and reduces the cell dec~ophoret ic  
mobility ~ o m  - 1 . 2 4  to -0 .90  ~ m . s  - ~ . V  -~ • 
cm -1 0.e., about 27%). Neuraminidase-treatment 
rdeases about 5.8 fg t a l i c  a~d per call 0.e., about 
70% of total t a l i c  add  [15~ and reduces the 
dec~ophoret ic  mobifity to - 0.88 ~ m -  s -  ~ • V -  ~ • 

TABLE 11 

EFFECT OF DIFFERENT TREATMENTS OF GLU- 
T A R A L D E H Y D ~ X E D  RAT ERYTHROCYTES ON 1HE 
Q U A N ~ T Y  OF S IA ~C ACID RELEASED AND ON THE 
ELECTROPHORE~C MOBI~TY OF THE CELLS 

Details of procedur~ aspects of the ~ e ~ m e ~ s  emp~yed are 
~ven in ~e  text. ~ i c  ~ r e l ~  ~ ~ven in ~ m ~ a m s  (fg) 
per call ± &D. ~ ~e  numb~ of ~per imen~ m p a ~ n f f i ~ .  
The c ~  ~ o p h o r ~ c  m o b ~  is ~ n  ~ # m . s - L V  ~- 
cm-  ~ ± S.D. ~ ~e  numb~  ~ ~per imen~ in p ~ e ~ h ~ .  

Treatmen(O Sialic add E~ctrophorefic 
rdeased mobility 

No ad~t ion~ - -1 .24±&02 (~ 
H2SO 4 ~g~t ion  8.1 ±&3 (~ - ~ 9 0 ± 0 ~ 5  (8) 
Neu~rn i~da~  5.8±0A (~  - ~ 8 8 ± ~ 0 2  (8) 
H2SO 4 ~g~f ion 

Mter n e ~ a m i ~ d a ~  1.9±~2 ~)  - ~ 9 4 ± ~ 4  (8) 
~ h a n ~  e ~ c t i o n  1.5 ± ~2 (8) - 121 ± ~03 (8) 
H 2804 d ~ t i o n  

a ~  ~ h a n ~  ext. 5.8 ± ~2 (8) - ~87 ± 0~4 (8) 

cm-~. Sdfufic add  hydrolyfis of neuraminidase- 
~eated ~u ta r~dehyd~f ixed  rat erythrocytes r ~  
leases an addif ion~ 1.9 fg ta l ic  a~d  per cell but 
has no addif ion~ effect on the de~rophore t ic  
mobility of the cells. Ethanol-ex~acfion of ~ u t a ~  
~dehyd~f ixed  erythrocy~s ~ d d s  1.5 fg t ~ i c  a~d  
per cell in the extract without af~cfing the dectro5 
phorefic mobility of the cells. Sulfuric a r d  di- 
gestion of ~hanol-ex~acted red calls rdeases an 
addit ion~ 5.8 fg t a l i c  a~d  per cell and reduces 
the call dec~ophoret ic  mobility by the m a ~ m u m  
amount of about 27% observed in these experi- 
ment~ 

Discussion 

Background 
L i ~  is known about the chemic~ nature of 

the surface componen~O r ~ p o n t ~ e  for the age- 
r d ~ e d  ~ f~ rences  in charg~assodamd proper t i~  
of rat red cells. V a f i a ~  that affect the partition 
ratio aM exponentially r d a ~ d  to it. Chemic~ 
assays of different sur~ce componen~ of young 
and ~ d  red Wood cells, unde~aken to estabfish 
c o ~ d a t i o n s  with p a r t i t ~ n g  ~fferences  of 
erythrocytes of ~ f f ~ e n t  ages, is thus not a senti- 
tive enough method [16]. In our novd  approach 
chemic~ and e n z y m ~  ~e~men t s  of red cell 



populations cont~ning ~Fe-labded subpopula- 
fions of di~inct age (see above) are followed by 
CCD and an~ysis to determine whether lhe dig 
ferences originally present between labded eryth- 
rocytes (ke., those of a particular age) and the 
total erythrocyte population ~ maint~ned or 
eliminated. Thus the involvement of surface com- 
ponents in estabfishing or contributing to age-re- 
lated surface differences ~ tested. Previou~y [15] 
we found that neuraminidase removes approx. 
70% of tot~ rat red cell ~ahc add and ~gnifi- 
cantly reduces the G v~ue of the cells, without 
affecting the rdafive partition ratios of erythro- 
cytes of different ages. The resul~ Of our ex- 
panded ~udies are c o n ~ e n t  with the hypothe~s 
that gan~io~dmbound ~alic add on the rat red 
cell surface is the component responsible for the 
ag~rdamd partitioning differences in charge-sen- 
sitive phase system~ 

Effea of se~aed treatmen~ on ~e r e ~ o e  surface 
chargem~o~a~d differenc~ among erythrocytes of 
different ages 

Young hbded cells (42 ~ 13 dayO are dis- 
placed to the fight (i.~, ~gher partition ratio) and 
~d  (41 dayO cells to the ~ of the distribution of 
tot~ cells (Pa~ A of Figs. 1, 2 and 3) [1,3]. 
Tre~ment with neuraminidase (paa B) s ~ s  the 
di~fibution curves to ~ w ~  partition ratios, but 
does not change the rdative positions of hbded 
and unhbded cells (pa~ B, Figs. 1-3). Hence 
neuraminidase-susceptib~ fi~ic ac~ ~ not ~e- 
sponfible for lhe charg~rda~d diligence of ~at 
red ceils of ~f~rent  ages [15]~ 

G~ra ldehyde- fka t ion  (pa~s C) increases the 
partition ratio of rat red cells compared to that of 
the ofi~n~ unfixed cells. T~s is apparent when 
one confiders that phase sy~em 2 has a ~gher 
p~ymer c o n c e n ~ n  than phase sys~m 1 and 
hence a gre~er i n ~ f f a ~  ~nfion [8]. The same 
cells partitioned in phase sys~ms 1 and 2 will, 
gener~l~ have ~wer partition ratios in sys~m 2 
than in sy~em 1. ~nce the ~utar~dehyd~fixed 
red calls (pa~s C) have about the same partition 
ratio in sy~em 2 as unfixed cells (pan A) do ~ 
sy~em 1 0.e., thor peak is in about the same 
plac~ it appea~ that ~utar~dehyde fixation ~- 
ters the G v~ue of the ~ells. (Phase sys~m 2 (and 
~so sys~m 3, see bdow) were, ~ fac~ sdec~d for 
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the study of the various~ ~eated f~ed cells be- 
cause the G v~ues of some of these would be too 
far to the fight ~ phase sy~em 1). W ~  
~u~r~dehyde f~ation changes the partition ratio 
of the rat red cell pop~ation as a w h ~  the 
r~ative pofitions of ~bded and unlabded calls 
(see pa~s C of Figs. 1-3 and compare to ~spec- 
t~e parts A) rem~ns u n ~ &  Glu~raldehyd~ 
fixation, therefore, does not affect the ag~rda~d 
surface ~ f ~ n c ~  of erythrocy~s of d i f ~ n t  
ages. 

Neuraminidase-tre~ment of ~utar~dehyd~ 
fixed erythrocy~s or ~utar~dehyd~tm~ment of 
neurami~da~ modified cells ~ m i ~ s h ~  the G 
v~ue of the cells because of fiafic aod ~mov~ 
~ompare parts D to respective pans C of Figs. 
1-3). 

From Figs. 1-3, R is apparent that ~ h a n d  
extraction of ~utar~dehyd~fixed rat red cells 
~creasm the partition ratio ~ompare parts E with 
C) w ~  sulfuric add we~ment ~ m i ~ s h ~  the 
partition ratio ~ompare pans F with C). The 
increases in partition ratio produced by ~ h a n d  
extraction is ~kdy rdamd to changes in the surface 
resulting in exposure of ad~tion~ charges to the 
c h a r g ~ n ~ t ~ e  pha~ sy~em. The reduction in G 
with s~furic add ~e~ment most probab~ a~ses 
~om the remov~ of tot~ ~alic add. Both ~hand  
extraction of h~d  and remov~ of tot~ ~alic add 
(par~ E and F of Figs. 1-3 and pans E' of Fig. ~ 
elimina~ ¼~ually all d ~ m n c e s  b~ween erythro- 
cy~s of dif~mnt ages. T~s is in~cated by the 
ove~ap of ~bded and unlabded cells ~ each case 
and a rdative sp~ific a c t i ~  of dose to 1.0 
through each of these curvm. 

Effea of different treatmen~ of glutamtdehyde-fixed 
mt e ~ c y t ~  on the quana~ of ~a~c a~d ~- 
~ e d , a n d  on ~e elearophoretic m o M ~  of ~e ~ 

Rat e ~ r o c ~ ,  u ~ e  human red cell~ have 
an appr~iab~ quanfi~ (6.3%) of gangho~de- 
bound ~alic a~d w~ch is not r~eased by neu~ 
ami~da~ [17], but ~ ~moved by ~ t e  s ~ f i c  
a c i d ~ .  S ~ f i c  add hydr~y~s of ~utar~d~ 
hyd~fixed rat e ~ r o c ~  fi~ds about 8.1 ~/cel l  
of ~alic a~d w~le o~y 5.8 ~ ~afic acid per cell is 
susceptible to neuraminidase ~eavage (Table I~. 
(These quanfifi~ of ~alic ac~ r~eased are ~enfi- 
c~ to those obt~ned by an~ogous ~¢~men~ 
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from fresh rat red calls [15].) Neuraminidase-re- 
fistant ~alic aod  on the fixed call surface can be 
recovered by sulfuric add  hydr~ysis which ~so 
elimin~es ag~rda~d ,  charg~assodated surface 
differences among rat red calls of dif~rent ages. 

Ethanol extraction ~ d d s  1.5 fg fi~ic add per 
cell (Table II) and ~ u a l l y  eliminmes the age-re- 
la~d, charg~assoda~d surface differences be- 
tween rat erythrocytes of different ages. Suffufic 
acid d~estion of ~hano l~x~ac~d  ~ u t a r ~ d ~  
hyd~fixed calls releases the rem~ning 5.8 fg fialic 
add  per call. 

These data suggest that the 20-25% of the fialic 
acid removed by sulfuric add (which is not sus- 
cepfib~ to neuraminidas~ or extrac~d by ethan~ 
cont~ns the charged groups responsible for the 
c h a t g ~ a ~ o d ~ e d  differences among rat red calls 
of different ages d e ~ e d  by call partitioning (Figs. 
1-3). Ganglioside-bound sialic add,  known to be 
present on the rat erythrocyt~ is the most likdy 
component responfib~ for the a g ~ r d a ~ d  diL 
ferences. It is not susceptible to neuraminidase 
cleavage [17], can be extracted with ~ h a n ~  [17,18], 
and remcved by sulfuric ~cid. Furthermore it is 
in , res t ing to note that human red blood cells, 
w~ch have ~ery little gangliosid~linked fialic add 
[17], display no ag~rela~d ch~ rg~a~oda~d  
surface dif~rences de~ctable by partitioning un- 
der conditions an~ogous to those used with rat 
erythrocytes [19,20]. 

The deOrophoretic mobilities of ~ u t a r ~ d ~  
hyd~fixed rat erythrocy~s and of these fixed calls 
a~er different ~eatmen~ ~ d d  addition~ info~ 
m~ion  on the surface properties of the calls (Ta- 
ble II). The mobihty of fixed cells is, within ex- 
perimental erro~ not appredab~  different from 
that of ~esh cells [19]. Remov~ of tot~ fialic add  
(suffufic aod  digestion) reduces the mobility ~om 
- 1 . 2 4  to -0 .90  ~ m . s - ~ . V - ~ . c m  ~ (or about 
27%). Parfi~ remov~ of the fialic a d d  (about 
72%) by neuraminidase reduces the de~ro -  
phorefic mobility by the same amount as total 
cleavage of fia~c add by sulfuric add indicating 
that the f i ~  acid which is not susceptib~ to 
neuraminidase does not contribute to the dec~o-  
kinetic charge. A fimilar argument applies for the 
fi~ic add extra~ed by e thane .  ~nce  sulfuric aod  
~eatment of fixed rat red calls reduces thor  G 
v~ue more than does neuraminidase (Table I), the 

surface charge reflected by partitioning and that 
measured by dec~ophcrefis  is not the same. Elec- 
~ophorefis measures charge at the dec~ophoretic 
surface whi~ partitioning ~so measures charge 
deeper in the membrane [21]. 

Cell dec~ophorefis  cannot detect differences 
b~ween young and ~ d  rat erythrocytes [1~. How- 
ever, measurement of de~rophoret ic  mobilifies of 
rat red calls from different ca~ties of the extrac- 
tion ~ n ,  known to cont~n cells of different ages 
[1-3], reve~s increafing call mobi~fies and G val- 
ues to be concomitant ~ Z 1 ~ 1 ~ .  This co,clar ion 
is obt~ned with both fresh [22,19] and neur- 
aminidase-trea~d ceils [15] *. Furthermore the 
mean de~rophoref ic  mobilities of young and ~ d  
red blood calls a~er countercurrent di~ribution 
(CCD) d f f ~  with the young population ha~ng 
the hi~her mobifity as wall as G vMue [19]. 
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