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Approx. 70% of the sialic acid on the rat erythrocyte surface is susceptible to cleavage by neuraminidase 
(Vibrio cholerae). Neuraminidase treatment results in a reduction in the partition coefficient (K) of the red 
cells in a charged dextran-poly(ethylene glycol) aqueous phase system and in the electrophoretic mobility of 
the cells. Countercurrent distribution of rat neuraminidase-treated erythrocytes, containing SgFe-labeled 
mature red cells of distinct age, indicates that (a) the electrophoretic mobilities of red cells in different 
cavities along the extraction train increase with increasing K, as is the case with untreated erythrocytes, and 
(b) the cell age-related differences in surface charge-associated properties are neither eliminated nor altered 
by the enzyme action. 

When aqueous solutions of dextran and of 
poly(ethylene glycol) are mixed above certain con- 
centrations, immiscible, liquid two-phase systems 
are obtained with one of the phases rich in one of 
the polymers and the other phase rich in the 
second polymer [1]. Such systems, when rendered 
isotonic, are suitable for the separation and sub- 
fractionation of cell populations by partitioning 
[1,2]. Some salts (e,g., phosphates) have unequal 
affinities for the two phases [3] and an electrostatic 
potential difference between the phases results, 
with the top phase positive with respect to the 
bottom phase [4]. In such a system, cells will 
partition according to surface charge-associated 
properties [2,5]. Combining isotopic labeling tech- 
niques, in which rat red blood cells of different but 
distinct ages were labeled, with countercurrent dis- 
tribution (a multiple extraction procedure) in a 
charged dextran-poly(ethylene glycol) aqueous 
phase system we have found previously that 
erythrocytes of different ages have characteristic 
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partition coefficients, K (i.e., quantities of cells in 
the top phase as a percentage of total cells added). 
The K of rat mature erythrocytes decreases with 
cell age [5]. Furthermore, a concomitant decrease 
in rat erythrocyte electrophoretic mobility with 
decreasing K through the countercurrent distribu- 
tion extraction curve was observed [6], although 
the charge reflected by partitioning and that mea- 
sured by cell electrophoresis is not necessarily the 
same [7]. It appears that rat red cells with increas- 
ing in vivo age have decreasing surface charge as 
measured both by partitioning and electrophoresis. 
Recent experiments [8,9] have shown that in the 
case of human red cells no subfractionation based 
on cell age is obtained by countercurrent distribu- 
tion, as evidenced by the overlap of the distribu- 
tion curves of cell fractions enriched in young or 
old red cells obtained by the Murphy centrifuga- 
tion technique [10], and by the constancy of the 
electrophoretic mobility of cells from different 
parts of the extraction train [8]. 
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Our interest has turned to the chemical basis 
for the age-dependent difference in membrane 
properties of rat mature red blood cells. In the 
present work we examined the effect of neu- 
raminidase on the relative surface charge-associ- 
ated properties of rat red blood cells of different 
ages. 

Blood was obtained by heart puncture from 
adult, male Sprague-Dawley rats weighing between 
300 and 500 g, using acid-citrate-dextrose as anti- 
coagulant. Erythrocytes were routinely washed 
three times (using at least 10-times the packed cell 
volume) with either phosphate-buffered saline (pH 
7.0) or, in the case of experiments in which cells 
were treated with neuraminidase, cacodylate buffer 
(pH 6.4) [11]. In some experiments, rats were 
injected with about 12/xCi of [59Fe]ferrous citrate 
(Mallinckrodt) via the saphenous vein, and each 
was bled at a different time thereafter. 

Cell counts on aliquots of erythrocytes used in 
sialic acid assays were obtained by use of an 
Electrozone Celloscope (Particle Data, Chicago), 
fitted with a 76-/~m orifice tube. 

Mobilities of cells were measured in a cylindri- 
cal chamber apparatus at 25°C using AglAgC1 
electrodes [12]. Cell samples were washed three 
times and examined in 'standard saline' [12]. 

For neuraminidase treatment, 0.5 ml of washed, 
packed red blood cells were suspended in 3.5 ml of 
cacodylate buffer (pH 6.4) and an aliquot was 
taken for an electronic cell count. 200 ~1 (0.2 IU) 
of neuraminidase (Vibrio cholerae, Calbiochem-Be- 
hring) was added and the suspension incubated for 
90 rain at 37°C with constant gentle swirling. 
'Untreated' cells (depicted in Fig. 1, top) were 
suspended and incubated in a similar manner ex- 
cept that no neuraminidase was added. Cells were 
washed three times as above immediately after 
completion of the incubation. Aliquots were taken 
for measurement of electrophoretic mobility; 
others for countercurrent distribution or sialic acid 
assays (see below). 

To determine total sialic acid, an electronic cell 
count was obtained on an aliquot of a suspension 
of washed red cells. Another aliquot (representing 
about 0.5 ml of packed cells) was used to prepare 
erythrocyte ghosts by the method of Dodge et al. 
[13]. Aliquots of the ghost suspension were made 
0.05 N with sulfuric acid and heated at 80°C for 1 

h [11]. Sialic acid was assayed on the neutralized 
supernatant solutions using the thiobarbituric acid 
method of Warren [14]. 

To determine that sialic acid released by neu- 
raminidase, cell suspensions incubated with neu- 
raminidase as described above were sampled at 60 
and at 90 min, immediately chilled in ice and 
centrifuged to remove the cells. Sialic acid was 
assayed on a known aliquot of the supernatant 
solutions by Warren's method [14]. 

The phase system used was prepared as de- 
scribed by Walter [2] and had the following com- 
position: 5% (w/w)  Dextran T-500, lot No. 11648 
(Pharmacia Fine Chemicals), 4% (w/w)  poly(eth- 
ylene glycol) 6000 (recently renamed '8000' by 
Union Carbide) and 0.11 M sodium-phosphate 
buffer (pH 6.8). The phases were equilibrated at 
3-5°C in separatory funnels and top and bottom 
phases were then separated. 

Countercurrent distribution studies on normal 
or neuraminidase-treated rat red cells were carried 
out as previously described [15]. Since our counter- 
current plates have 120 cavities [16], 40 or 50 
transfers were carried out on normal and neu- 
raminidase-treated erythrocytes in a given experi- 
ment simultaneously and without overlap by load- 
ing the two preparations on opposite sides of the 
plate. Conditions for the countercurrent distribu- 
tions are given in the captions to Figs. 1 and 2. 

At the end of a countercurrent distribution 
experiment, cell suspensions in different cavities 
along the extraction train were collected directly in 
centrifuge tubes. Saline (about 0.7 ml) was added 
to each tube to convert the two-phase system into 
homogeneous suspending medium. Analysis was 
then carried out as previously described: cells in 
certain cavities were washed and their electro- 
phoretic mobilities were examined [8]; cells in 
other selected cavities were lysed in a known 
aliquot of 20 mosM sodium phosphate buffer (pH 
7.2), the stroma were removed by centrifugation 
and the cell concentration was obtained in terms 
of the hemoglobin absorbance at 540 nm [15]. In 
59Fe isotope experiments, a known aliquot of the 
lysate was also counted in a scintillation well- 
counter [15]. 

The quantity of sialic acid released (either by 
neuraminidase or by sulfuric acid hydrolysis) is 
given in terms of fg/cell  [12]. Electrophoretic mo- 
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bilities are in # m / s  per V per cm. Countercurrent 
distribution curves of erythrocytes are in terms of 
hemoglobin absorbance at 540 nm, and that of the 
isotopically labeled subpopulation of red cells of 
distinct age in counts per minute (cpm). 

Sialic acid is the main charge-beating group on 
mammalian red blood cells [11,17] and we in- 
vestigated whether the treatment of rat erythro- 
cytes with neuraminidase would (a) eliminate the 
surface charge-associated fractionation by parti- 
tioning feasible with untreated rat red cells [2,5] 
and, if not, (b) eliminate the age-related dif- 
ferences in the partition coefficient (K)  of the 
cells. 

In initial experiments, it was determined (Table 
I) that neuraminidase released approx. 5.9 fg/cel l  
of sialic acid (corresponding to about 0.19 # m o l /  
10 ~° cells), while the total sialic acid on the rat red 
cell (as determined after sulfuric acid hydrolysis of 
red cell stroma) is 8.2 fg/cell.  The former value 
corresponds reasonably well with that of 6.8 f g /  
cell reported for neuraminidase-treated rat red cells 
by Tenforde [18]. The electrophoretic mobility of 
fresh rat red cells was found to be -1.25 /~m/s 
per V per cm, while that of the enzyme-treated 
cells was -0 .80  g m / s  per V per cm. Neuramini- 
dase thus releases approx. 70% of the total sialic 
acid * on the rat erythrocyte while reducing the 
electrophoretic mobility of the cells by 35%. 

Normal (Fig. 1, top) and neuraminidase-treated 
(Fig. 1, bottom) rat erythrocytes were separately 
but simultaneously subjected to countercurrent 
distribution study in a dextran-poly(ethylene gly- 
col) aqueous phase system, having an electrostatic 
potential difference between the phases and re- 
flecting charge-associated surface properties 

* To establish that no significant loss of membrane occurred 
during ghost preparation (an event which could give an 
erroneous value for the fraction of NANA/cel l  released by 
neuraminidase) the following experimental control was run: 
Ghosts were prepared and treated with neuraminidase. The 
supernatant solution was assayed for NANA (as described 
above). The enzyme-treated membranes were then subjected 
to sulfuric acid hydrolysis (again as above) and this super- 
natant solution assayed for NANA as well. The quantity of 
NANA released by neuraminidase under these conditions 
was 67% of the total NANA released. 33% of total NANA 
was released by sulfuric acid hydrolysis of neuraminidase- 
treated membranes (see also Table I). 

TABLE 1 

SIALIC ACID (NANA) RELEASED BY NEURAMINI-  
DASE (VIBRIO CHOLERAE) FROM THE SURFACE OF 
RAT RED BLOOD CELLS AND THE TOTAL QUANTITY 
OF NANA ON RAT RED-CELL MEMBRANES (ASSAYED 
AFTER SULFURIC ACID HYDROLYSIS) 

Electrophoretic mobilities ( g m / s  per V per cm) were de- 
termined on rat red cells before neuraminidase treatment and 
at 60 and 90 rain. They were, respectively, - 1.25 +0.02; -0 .82 
+ 0.04; and - 0.80 + 0.02. Hence, the mobility reached a con- 
stant reduced level by 60 min while the NANA level showed a 
very small additional decrease between 60 and 90 min. 

Rat No. NANA released by Total NANA 
neuraminidase (fg/cell) 
(fg/cell) 

at 60 min at 90 min 

1070H 5.4 5.9 8.1 
1071H 5.2 5.8 8.1 
1072H 6.0 6.1 8.3 
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Fig. l. Countercurrent distribution patterns for rat normal 
(top) and neuramJnidase-treated (bottom) red blood cells. The 
treated cells were incubated with neuraminidase for 90 min at 
37°C as described in the text. Countercurrent distribution was 
carried out at 3-5°C in a charged phase system composed of 
5% (w/w)  Dextran T-500, 4% (w/w)  poly(ethylene glycol) 6000 
(recently renamed '8000'), and 0.11 M sodium phosphate buffer 
(pH 6.8). 40 transfers were completed using a settling time of 6 
rain and a shaking time of 27.5 s. e,  gives the distribution in 
terms of hemoglobin absorbance at 540 nm in different cavities 
along the extraction train. Cells from selected cavities were 
washed three times with buffered saline and their electro- 
phoretic mobilities were then determined, zx shows the mobili- 
ties of cells in different cavities in # m / s  per V per cm. 
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[2,5-7]. The untreated red cells have a higher K 
(i.e., are further to the right) than the neuramini- 
dase-treated erythrocytes, indicating that the re- 
moval of sialic acid (and the accompanying reduc- 
tion in surface charge) reflects itself in the parti- 
tioning behavior of the cells. As found earlier [6], 
the increase in K of cells through the extraction 
train of rat normal erythrocytes (Fig. 1, top) is 
concomitant with an increase in cell electro- 
phoretic mobility. Interesting is the fact (Fig. 1, 
bottom) that neuraminidase-treatment does not 
eliminate surface charge-associated differences be- 
tween red cells, since an increase in K is still 
accompanied by an increase in cell mobility. 

When rats are injected with [S9Fe]ferrous citrate 
and bled at different times thereafter, the isotopi- 
cally labeled cells in the red cell population are 
those which correspond in age to the time elapsed 
between injection and bleeding. When erythro- 
cytes from a series of rats containing labeled sub- 
populations of different but distinct age are sub- 
jected to countercurrent distribution one finds that 
the K of the labeled cell population decreases with 
increasing cell age [2,5]. In Fig. 2, we show the 
results of a typical experiment of this type under- 
taken, not with a labeled normal erythrocyte popu- 
lation as we have previously done [19], but rather 
with a labeled rat cell population (obtained 3 days 
after isotope injection) which was treated with 
neuraminidase prior to countercurrent distribu- 
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Fig. 2. Countercurrent distribution pattern of neuraminidase- 
treated red blood cells obtained from a rat injected with 
[59Fe]ferrous citrate 3 days prior to bleeding. Conditions as in 
Fig. 1 except that 50 transfers were carried out. In addition to 
the cell distribution (o) and the cell eleetrophoretic mobilities 
(zx), we also show the distribution of the isotopically labeled 
(3-day-old) red ceils (O).  For additional details see text. 

tion. Note that the labeled cell subpopulation (i.e., 
the 3-day-old erythrocytes) has a markedly higher 
mean K (i.e., the curve is to the right) than does 
the whole cell population. These results are analo- 
gous to those previously obtained with similarly 
labeled, untreated red cells [19]. As in Fig. 1, 
bottom, it is again apparent that the electro- 
phoretic mobilities increase with increasing K. 

We conclude that sialic acid susceptible to re- 
lease by neuraminidase is not responsible for the 
difference in charge-associated properties of rat 
mature red cells of different age, since sialic acid 
removal by this enzyme has no effect on their 
relative partition coefficients. Since cell electro- 
phoresis measures charge at the shear plane while 
partitioning appears also to reflect charge deeper 
in the membrane [7], we can further conclude, 
from the very fact that electrophoretic mobility 
increases with K (Fig. 2), that the charge difference 
at the outer surface of rat red cells of different 
ages is maintained after neuraminidase treatment. 

The different K values and mobilities of rat 
erythrocytes of different ages may be due to gang- 
lioside-bound sialic acid (which is not fully re- 
leased by neuraminidase, [18]). Rats have a fairly 
large ganglioside content (about 6.3% of total lipid 
[18]). Human red cells, on the other hand, have a 
negligible ganglioside content and virtually all of 
their sialic acid residues are susceptible to cleavage 
by neuraminidase [11]. It is of interest that, as 
mentioned above, human erythrocytes do not 
change surface charge, as reflected by cell electro- 
phoresis and partitioning, with age [8,9]. 

Experiments are in progress, using rat al- 
dehyde-fixed erythrocytes from which lipids (in- 
cluding gangliosides) can be extracted, to de- 
termine whether ganghoside-linked sialic acid, or 
other charged groups, are responsible for the 
surface charge differences associated with rat 
erythrocytes of different ages. 

This work was supported by the Medical Re- 
search Service of the Veterans Administration and 
by grant HL 24374 from the U.S. Public Health 
Service. 
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