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('ells exposed to dcxtran (l)x)-rich bottom phase prior to cell partititming in I)x-poly(c!hylcnc glycol) (I;E(;) atltlCOUS two-pba.~c 
systt:ms have lower partition ratios thanl cells exposed Io l)EC;-rich top phase. Aspects of this previously obscuvcd l~hcntmlcnltm 
were explored. In the present work charge-sensitive phases made with Dx T5111) and P['X; 8111111 wcrc u.sctl exclusively. II w, as 
fimnd that: (I) even on cottntcrcurrent distribution (( ' ( 'D) red cells (RB(']  loaded in llt~llonl phase have a lower apparcn! 
partition ratio, G, than lhe same cells loaded in lop phase; 12)when part of tlhc same cell popuhtlion is hmdcd into lop phase and 
part into bottom phase of the same load cavities tiu' CCD, wilh the cells h mdcd into top or bottom bearing an isotopic tracer 
(SICr), the cells loaded into top phase have a higher G value than tile cells loaded into bottom phase: (3) lhc shift in the C('I) 
curves of human or of rill RBC between cells loaded in top or bottom phase using systems having the same polymer 
concentration (though diffcrent salt compositions) shows nt~ striking diffcrc~lcc and is, for the number of cxpcrimcnls run, nol 
statistically significant; (4) when the quantity of cells loaded for CCD is redt:tccd from I[I '~ to liP, the {; value of cclls loaded in 
top phase is reduced slightly while that of cells loaded in bottom phase is diminished morc appreciably: (5) increasing polymer 
concentrations yield larger diffcrcnccs in G values between (rat) RBC loaded in top or boltorn phase; (6) when cells exposed to 
lop or bottom phase, respectively, arc centrifuged and suspended in I~otlonl or top phase, rcspcclivcly, their ( ' ( ' I)  patterns arc 
qualitatively similar to cells exposed to these latter respective phases initially; (7) rat RB(" populalions containing ~'~Fc-labclcd 
cells of different but distinct age arc fractionatcd on CCD irrespective of whether loaded in lop or botlonl phase. An exception 
arc populations containing very young mature labeled cells (c.g., 4-d old) which arc resolved when Ioatlcd in lop phase but m~! in 
bottom phase. Thus cell populations exist which can bc resolved by ( ' ( 'D  when hmdcd in one of the phases but not when Ioattcd 
in the other. Giutaraldchydc-fixcd rat P,B(" containing 4-d old labeled cells arc li'actiona'cd by ( ' ( ' I )  irrespective of whclhtr  
loaded in top or bottom phase. 

Introduction 

Partitioning in two-polymer aqueous phase systems 
is an established method for the separation and frac- 
tionation of biomatcrials including cells, organelles and 
membranes [I,2]. Adsorption of macromolecules tm 
surfaces, when it occurs, is generally a much morc 

Abbreviations: ('('D. c(mntercurrenl distribution: l)x. dexlran: G, 
the apparent partition ratio, obtained from the h)catk)n of the peak 
in a CCD curve and equal to r,n,, ~/(n-rm,,x) where r,,,, x is the cavity 
number of the peak o[ the dislJibulion and n is Ihe total number of 
transfers carried out; P. partition ratio, is the quantity of cells in a 
bulk phase as a percentage of total cells added; PEG. poly(elhylcne 
glycol); RBC. red blood cells. 

Correspondence: tt. Walter. Laboratory of Chemical Biology-151, 
VA Medical Center. Long Beach, CA 911822-52111, USA. 

rapid process than is desorption. The observation tiuu 
crythrocytcs exposed to dextran (Dx) have a lower 
partition ratio, P, in Dx-poly(ethylen¢ glycol) (PEG) 
phase systems than cells not so exposed has previously 
been made [3] and is, most likely, a consequence of the 
adsorption of Dx to the cell surface and the preference 
of 'Dx-coated' cells for the Dx phase. The adsorption 
of dextrans to (red) cell surfaces has been much stud- 
ied [4-7] and is the subject of a recent crilical review 
[8]. PEG is also adsorbed on cells and, apparently, even 
more so than Dx (Brooks, D.E., personal communica- 
tion). In the work reported here we examine whether 
cell surface changes due to exposure of cells to the 
bottom, Dx-rich, phase prior to CCD (in comparison to 
the 'standard' manner o1" exposing cells to and loading 
cells in top, PEG-rich, phase [9]) (a) affect cell separa- 
bility, (b) are cell surface-specific and (c) arc reversible. 
Such information may provide an additional parameter 
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for manipulating the P values of cells in Dx-PEG 
phase systems and optimizing conditions [10,11] for 
separation and fractionation of cell populations. 

Materials and Methods 

Reagents 
Dextran (Dx) T500 (lot No. 01 06905) was obtained 

from Pharmacia LKB (Piscataway, N J) and poly(ethyl- 
ene glycol) 8000 (PEG, 'Carbowax 8000') from Union 
Carbide (Lxmg Beach, CA). Glutaraidehyde was pur- 
chased from Ladd Research industries (Burlington, 
VT). [S'~Fe]Ferrous citrate was a product oi" NEN (Bos- 
ton, MA) and sodium [SICr]chromatc was from ICN 
(lrvine, CA). All salts used were of reagent grade. 

Collection of rat and hwnan bhmd 
Male Sprague-Dawley rats (Charles River, Wihning- 

ton, MA) weighing between 250 and 41)0 g were bled by 
heart puncture. 10 mi of blood were collected in 3 ml 
acid-citrate-dextrose (ACD) anticoagulant. Human 
blood from presumably normal individuals was ob- 
tained by venipuncture using the above-indicated ratio 
of blood to anticoagulant. Red blood cells were used in 
experiments within one week of collection. 

ha riro radioisotopic laiwling of mt eo,throo'tes of d!l]'er- 
ent ages with "~"Fe 

Some of the rats were injected with 11)-21) #Ci of 
[~"Fe]ferrous citrate via the saphenous vein. These 
were then bled at different times folk~wing injection 
giving rise to cell populations in which cells corre- 
sponding in age to the time elapsed between injection 
and bleeding were isotopically labeled [12]. Aliquots of 
er~cthrocytes were washed three times with at least ten 
times the cell volume of isotonic phosphate-buffered 
aqueous salt solution, pH 7,1) (PBS) bet'ore being used 
in the countercurrent distribution (CCD)experiments 
described below, 

hi t'itro mdioisotol~ic &bt, ling of human or rat ,:~.ytht',,~- 
cries with "~lC'r and preparation of  mixtures of labeled 
and un&beled ceUs 

Labeling of erythrocytcs with [S~Cr]chromate has 
previously been described in detail [13]. Approximately 
111-211 #Ci ~Cr were used per ml of an aliquot of 
anticoagulated human or rat blood. Labeled human or 
rat blt~t~d as well as an aliquot of unlabeled human or 
rat b l ~  were then washed five times with PBS. 

To examine the extent of separati-~n ~ff human plus 
rat erythroc~tes as a function of phase (top or bottom) 
in which loaded (see below), a mixture of StCr-labeled 
rat erythrocytes and an excess of unlabeled human red 
blood cells was prepared [14]. Into a centrifuge tube 
containing 4 ml of PBS were pipetted 1}.5 ml of washed° 

packed, labeled rat erythrocytes and 2 ml of washed, 
packed, unlabeled human eryihrocytcs. The tube was 
capped, inverted a few times to mix the cells, and 
centrifuged. The supernatant solution was discarded 
and the packed cell mixture used in the CCD experi- 
ments outlined below. 

Fixation of rat eo, throt3,tes with ghltaraMehyde 
~'~Fe-labeled rat erythrocytes were fixed in glu- 

taraldehyde [15]. The washed, packed cells were pipet- 
ted into i0 times their volume of a 280 mosM sodiur: 
phosphate buffer (pH 7.4), containing !.85% (w/v) 
glutaraldehyde while mixing. Aliquots of fixed cells 
were washed two times with at least ten times lheir 
volume of an aqueous isotonic salt solution (saline) and 
three times with PBS prior to use in the CCD experi- 
ments described below. 

Elecmmic cell count#~g 
In some of the experiments aliquots of washed cells, 

suspended in saline were electronically counted using a 
Celloseope (Particle Data, EImhurst, IL) operating on 
the Coulter principle and fitted with a 76 p,m orifice 
tube. Countercurrent distributions of glutaraldehyde- 
fixed cells were also analyzed by electronic cell count 
(see below). 

i'rcparation of two-I;olynwr aqueous chase systems 
Aqueous phase systems, selected and prepared as 

previously described, were used [9]. Phase system i 
contained 5el (w/w) Dx, 3.9% (w/w) PEG and (}.11 M 
Na-phosphate buffer (pH 6.8). Phase system 2 con- 
tained 5% Dx, 3.917.~ , {w/w) PEG, {}.119 M Na-phos- 
phate buffer (pH 6.8), and 0.03 M NaCI. System 3 
contained 5~b (w/w) Dx, 4.3¢i (w/w) PEG and the 
same ionic composition and concentration as system 2. 
System 4 was similar to system 3 except that it con- 
tained 4.5'?I (w/w) PEG instead of 4.3c~ PEG. These 
phase systems have an electrostatic potential between 
the phases (top phase positive) and are charge-sensitive 
(see ReIX. 9 and 16 for it detailed discussion of their 
physical properties). 

Each phase system wits permitted to equilibrate in a 
separatory funnel at 4-5°C. Top and bottom phases 
were then separated. A small aliquot of top and of 
bottom phase was brought to room temperature for the 
cell incubation experiments described in the next sec- 
tion. 

hwubation oi" eo'throt3,tes in top or bottom phase 
in our early experiments aliquots of washed, packed 

cells were suspended usually in ten times their volume 
of top or bottom phase and incubated at room temper- 
ature for 30 rain prior to initiation of the experiments 
described below. The 30 min incubation period was 
subsequently found to be unnecessary. Cells exposed to 



top or bottom phase without extended incubation 
yielded identical results. 

Cell concentrations in top or bottom phases were 
adjusted to those used for loading the CCD apparatus 
(see below) and these 'load mixes' were returned to the 
cold room (4-5°C). In some experiments cells were 
centrifuged, washed once with saline, and resuspcndcd 
at the desired concentration in the phase opposite to 
the one to which they had been initially exposed, in 
other experiments cells were centrifuged and resus- 
pended without washing in the phase opposite to the 
one to which they had initially been exposed. 

Countemurrent distribution (CCD) of eo'throt3,tes 
Out" CCD apparatus (Workshop, Chemical Ccnter, 

University of Lund, Sweden) consists of two circular 
Plexiglas plates, one stator and one rotor, having 1211 
cavities with a bottom phase capacity of 11.7 ml [17]. 
The 1211 cavities enable us to carry out 3()-transfer 
CCDs on fimr different cell popuhltions simultaneously 
and without overlap. Each cell population to bc stud° 
ied wits loaded into three adjacent cavities (i.e., 11-2, 
30-32, 60-62 or 91)-92) its described below for the 
different experiments. All CCDs were carried out at 
4-5°C, with the phase system compositions indicated in 
the figures and tables, using 0.5 ml bottom phase, 0.9 
ml top phase, a 6 min settling and a 22 s shaking time. 

For the experiments depicted in Figs. I, 2A and B, 
3, 4 and Table i, load mixes (of the cells or cell 
mixtures indicated in the respective figures or table) 
made in top phase contained 0.25 nil packed red ceils 
+ 2.75 ml of top phase. Load mixes made in bottom 
phase contained 11.25 ml packed red cells + 1.5 ml of 
bottom phase. The three adjacent cavities which were 
to be loaded with top phase load mixes (e.g., ()-2, 
611-62, see above) first received 11.5 ml of bottom phase. 
Nine-tenths ml of top phase load mix was then added 
to each of these cavities. For cxperiments in which 
bottom phase load mixes were to be used, (}.5 ml of 
these was first #pet ted into three adjacent cavities 
(e.g., 31}-32, 911-92) followed by 0.9 ml of top phase. 
All other cavities received 11.5 ml bottom phase and 0.9 
ml top phase. 

For the experiment shown in Table !! load mixes (of 
the indicated cell mixture) made in top phase con- 
tained 2.5.1(1 '~ or 2.5" i0 s red cells in 3 ml of top 
phase. Load mixes made in bottom phase contained 
2.5" I1) '~ or 2.5" l0 s cells in 1.75 ml of bottom phase. 
These four cell suspensions were loaded onto the CCD 
apparatus its described in the previous paragraph. 

Experiments with cells incubated in top or bottom 
phase (as in Figs. 2A and B) but subsequently cen- 
trifiJged, washed once with PBS and then suspended 
and loaded in top phase (using the same cell and phase 
volumes as described for Figs. 2A and B), are pre- 
sented in Figs. 2C and D. 
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For the experiments depicted in Figs. 5A and B, 
load mixes of human 51Cr-labcled or unlabeled 
erythrocytes made in top phase contained I}.125 ml 
packed red cells + 2.75 ml of top phase. Load mixes 
made in bottom phase contained 11.125 ml packed red 
cells + 1.5 ml of bottom phase. Loading of the CCD 
apparatus was as follows: Cavities 1)-2 received 0.5 mi 
of the human unlabeled erythrocyte load mix made in 
bottom phase and also 0.9 ml of the human 5~Cr-labeled 
erythrocyte load mix made in top phase; cavities 30-32 
received human 5~Cr-labeled erythrocyte load mix made 
in bottom phase and also 0.9 ml of human unlabcled 
erythrocyte load mix. The other cavities (except for 
611-62 and 911-92, see below) all received (1.5 ml bottom 
:rod (1.9 ml top phase. 

For the experiments depicted in Figs. 5C and D, 
load nlixes of hunlan 51Cr-labeled or unlabeled 
erythrocytes were incubated in top or bottonl phase. 
After incubation the cells were centrifuged, the supcr- 
natan! solution discarded and, without washing, load 
mixes were made using the phase opposite to the one 
in which the cells had been incubated. Cell and phase 
volumes were as described in the previous paragraph. 
Loading of the CCD apparatus was as follows: cavities 
60-62 received the human S~Cr-labeled erythrocytes 
incubated in top phase and load mix made in bottom 
phase and also human unlabeled erythrocytes incu- 
bated in bottom phase and load mix made in top 
phase; cavities 911-92 received human unlabeled el3'- 
throcytes incubated in top phase and load mix made in 
bottom phase and also human ~Cr-labeled erythro- 
cytcs incubated in bottom phase and load mix made in 
top phase. 

Anab'sis oJ" cells" after CCD 
After CCD the erythrocytes in each cavity were 

collected, by means of a fraction collector, directly into 
plastic centrifuge tubes. Saline 11).7 ml) was added to 
each tube thereby reducing the polymer concentrations 
and giving rise to a single homogeneous supending 
medium. Ceils in each three adjacent cavitie, ¢ ~,~me- 
times more ,tt the ends) were pooled. They wt.~t cen- 
trifuged at 120!} ×g  for It} rain, the supernatant solu- 
tion was discarded, and the cells were lysed in 3 ml of 
21) mosM sodium phosphate buffer (pH 7.2-7.4). The 
tubes were tl'~en centrifuged at high speed to remove 
the stroma. Aliquots were analyzed for hemoglobin 
absorbance 1541) nm) on a Gilford spectrophotometer 
and S'JFe or ;tCr radioactivity was determined on a 
Beckman scintillation well-counter. 

To analyze the CCD of glutaraldehyde-fixed fed 
cells, phases were similarly diluted with saline and 
adjacent tubes pooled. Cells were then counted elec- 
tronically on the Celloscope and radioactivity was de- 
termined as described above. 
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Comparison of the magnitude of shift in apparent parti- 
tion ratio, G, of erythrocytes as a function of whether 
cells are loaded in top or bottom chase 

To assess and compare the magnitude of the shift of 
distribution curves of erythrocytes from different 
species (e.g., human, rat) as a function of whether cells 
were loaded in top or bottom phase (Table I, top), 
phase systems with identical polymer concentrations 
were used but with ionic conditions chosen [9] such 
that one of the distribution curves (i.e., cells loaded in 
top or bottom phase) for each species gave an apparent 
partition ratio, G, of approximately !.0. 

To compare the effect of polymer concentrations on 
the magnitude of the shift of a distribution curve of 
erythrocytes from a given species (rat), experiments, 
(Table !, bottom), were carried out in two phase sys- 
tems in one of which the G value of the erythrocytes 
was !.0 with cells loaded in bottom phase and the 
other with cells loaded in top phase. 

l~.sentation of data 
Distribution curves in Figs. 1-5 are given either in 

hemoglobin absorbance at 540 nm (obtained on lysis of 
erythro~tcs) or in cell counts (of glutaraldehyde-fixed 
red blood cells) obtained in the different cavities along 
the extraction train, isotope distributions are given in 
cpm, A relative specific activity is also shown and is 
defined [12] as: 

cpm/hemoglohin ahsorhance (or cell coun!) in a given cavity 

cpm/hcmoglohin ahsorhance (or cell count) in the original 
unfracfionated cell I~,pulafion 

Table ! shows the difference, in terms of number of 
cavities, in peak location on CCD for a number of 
experiments (each represented by an X) for the indi- 
cated cells loaded in top or bottom phase. Statistical 
significance of the observed differences was tested by 
use of the Mann-Whitney, non-parametric, rank-order 
test [181. 

in Table ii is recorded the mean number +, S.D. (for 
a total of seven separate experiments) o;" the peak 
cavity of human and of rat erythrocytes after CCD, as 
well as the numerical difference between these cavities, 
as a function of (a) total number of cells loaded ( 10 ~ or 
10 a) and (b) whether loaded in top or bottom phase. 

Results and Discussion 

Effect of phase in which loaded on the cell apparent 
partition ratio obtained on countercurrent distribution 
¢CCO) 

The CCD curves of rat erythrocytes presented in 
Figs. I, 2A and B, 3 and 4 indicate that cells exposed to 
and loaded in top phase have higher apparent partition 
ratios (i.e., are further to the right) than the same cells 

exposed to and loaded in bottom phase (compare rela- 
tive positions of curves given in hemoglobin absorbance 
or cell counts in the respective top and bottom halves 
of indicated figures). Th~ most likely explana~ ion for 
this phenomenon is the adsorption of the polymer to 
which the ce~[s are first exposed on the cell surface and 
its retention during CCD. Cells 'coated' with top phase 
would tend to go more into the top phase while those 
'coated' with bottom phase would have the opposite 
tendency. 

Effecl of phase in which loaded on the fractionation by 
CCD of rat red blood cells of different ages 

Using a combination of isotopic labeling techniques 
and CCD of rat red blood cells it has previously been 
established that the G value of rat red blood cells 
changes as a function of cell age [9,12]. Reticulocytes 
have the lowest G value of any peripheral blood red 
cell, young mature erythrocytes the highest and 
erythrocytes of ever-increasing age have ever-diminish- 
ing G values. The partition ratios of the oldest 
erythrocytes are very close to those of reticulocytes. All 
of these experiments were conducted in the 'standard' 
manner with cells loaded in top phase [9] and it is thus 
of interest to examine whether the resolution of red 
cells of different ages is affected by the phase in which 
cells are first suspended. 

We find that, at least qualitatively, the relative parti- 
tions of 18-h labeled red cells (reticulocytes), Figs. IA 
and B, and 13-d old erythrocytes, Figs. IC and D, are 
unaffected by the phase (top or bottom) into which 
cells are loaded. These results are representative of the 
resolution of red blood cells of different ages except 
for very young erythrocytes. Fig. 2 shows that the 
difference in G between young (e.g. 4-d old labeled) 
red cells and the bulk of erythrocytes readily observed 
when cells are loaded in top phase (Fig. 2A) is elimi- 
nated when an aliquot of the same population is loaded 
in bottom phase (Fig. 2B). Washing cells exposed to 
top or bottom pllase with PBS and, subsequently, load- 
ing the washed cell populations in top phase (Figs. 2C 
and D) yields CCD patterns which are identical to each 
other and to the results depicted in Fig. 2A. Thus the 
shift in distribution curve and the elimination of the 
resolution (Fig. 2B) when loading ceils in bottom phase 
are reversible. 

Why of all rat erythrocytes only the young mature 
cells are not resolvable from the rest of the rat red 
blood cell population when loaded in bottom phase is 
not clear. However, these are the cells that have just 
matured from reticulocytes and have, during this pro- 
cess, undergone rapid changes in G value [12]. Perhaps 
they are more sensitive to the slight difference in one 
of the physicochemical properties [16] (e.g., pH, salt 
composition) between top and bottom phases than are 
the other red cells. Such a possibility is indicated by 
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the finding that glutaraldehyde fixation nf rat erythro- 
cyte populations containing 4-d old labeled cells per- 
mits their resolution when loaded either !n top or 
bottom phase (Figs. 3A and B). Whatever tl:e cause it 
is worthy of note that some cell populations that are 
resolvable when loaded in one phase are not necessar- 
ily resolved when loaded in the other. 

Effect of phase #z which loaded on the CCD pattern of a 
mixture of rat isotopicaily labeled red blood cells + human 
unlabeled etythrot3,tes 

The CCD patterns of a mixture of 5~Cr-labeled rat 
red cells (1 part)+ human unlabeled erythrocytes (4 
parts) as a function of loading in top or bottom phase 
are shown in Fig. 4 (top and bottom, respectively). The 
cell separation, in this case, is more pronounced when 
the mixture is loaded in top phase which is most likely 
due to the relative G values of rat and human el.vlllro- 
cytes when loaded in top phase: one population has a 
higher (rat), the other (human) a lower G value than 
1.0. The best separation of materials on CCD are 
obtained under these circumstances [10,11]. Thus the 
selection of the phase in which cells are loaded (i.e., 

t op  o r  b o t t o m )  p r o v i d e s  a n o t h e r  p a r a m e t e r  (see  Ref .  9 

fo r  o t h e r s )  for  o b t a i n i n g  d e s i r ab l e  p a r t i t i o n  ra t ios  fi)r 

t h e i r  s e p a r a t i o n .  

CCD patterns of human isotopicaily labeled eo,throcytes 
loaded hi one phase and human unlal-~qed cells loaded bz 
other phase of the same cacities; recersibility of effect 

When S~Cr-iabeled (human) erythrocytes are loaded 
in top phase and unlabeled erythrocytes from the same 
donor are loaded in bottom phase of the same cavities, 
the difference in the respective G values of cells loaded 
in top or bottom is maintained during the CCD (Fig. 
5A) as is apparent from the displaced distributions ol' 
total and isotopically labeled cells. Labeling the cells 
that are loaded in bottom phase and loading unlabeled 
cells in top phase yields the anticipated reverse pattern 
(Fig. 5B). 

When SICr-labeled cells in top phase are cen- 
trifuged, resuspended and loaded in bottom phase and 
unlabeled cells in bottom phase are centrifuged, resus- 
pended and loaded in top phase, the CCD patterns 
obtained are the same as if the labeled cells had only 
been in bottom and unlabeled cells only in top phase 
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Fig. I. Countercurrent distribution patterns of rat red blood cells obtained from animals which had been injected with [S'JFe]ferrous cilrate either 
18 h (rat 1990-7)or 13 d (rat 1990-2) prior to bleeding. The cell populations thus contain, respectively, reticulocytes or 13-d old erythrocyte~ that 
are labeled. (A) Rat 1990-? cell population exposed to and loaded in top phase onto the CCD apparatus; (B) cell populalioa as in (A) but 
exposed to and loaded in bottom phase; (C) rat 1990-2 cell population exposeO to and loaded in top phase; (D) cell popuh, tion as in (C) but 
exposed to and loaded in bottom phase. 30 transfers were carried out at 4-5°C using phase system 3 with a settling time of 6 min and a shakh)g 
time of 22 s. Distribution curves (e) of the red blood cell populations are given in tt:rms of hemogh)bin absorbance. The distributions of labeled 
cells of distinct cell age (i.e., I8-h or 13-d old) are depicted in cpm (o). A relative specific aclivity (A) is also shown. Note that cells loaded in 
bottom phase have lower G values (i.e., are to the left) than the same cell population loaded in top phase while reticulocytes have lower and 13-d 
old erythrocytes I~;~her partition ratios than the bulk of ~he red blood cells irrespective of phase in which loaded. See text for additional details 

and discussion. 



226 

v 

u~ 

o 
Z 
( 
al l  
m 

0 
ol 
m 
( 

4 -  

o I 
4 

i i  I ~ 

I i 

?: 

t I I  

2 

0 

v 

'o 
P 

I¢ 

0 10 20 30 

C A V t T Y  NUMBER 

0 

.l° 
t 

2 
w 

v 

I -  h- 

0 m 
o 0 - 

0 u. Z m 0 

m 0 4 O ,~ o IM 

~0 

,~ 6 ~ 

W 

0 0 
0 10 ~0  30  

CAVITY NUMBER 

Fig. 2. (A) ;.tlld (B) depict experiments as it) Fig. I except that the rat (itt1111-171 red cell population examined contained 4-d old labeled red bh)od 
cells. Note thai when these matt, re young etT'throcytes are exposed Io and loaded it) I~ottom phase onto the ( ' ( ' l )  app:tratus (BI there is no 
resohttion tff labeled etT'throcytes and the bulk of the red blood cell population. When cells exposed to top or to I~ollonl phase are centrifuged, 
~,ashed otlce with PBS, resuspentled and loaded in top phase the rcstllts depicled ill ((') ;.Hid (D) ;.ire ol~tainetl. ]'lie patterns obtained it) ( ( ' ) and  
ID)  are similar to one another and to those it) (A I. This reflects ( ! ) that tile disph~cemcnt 1o lower (i value when loading cells it) I~ottonl phase is 
reversible when the cells are ~rashed alld resu~pentled and Io;ttled in lop phase and 121 thai cells x~'hich are not resolved tvhc:~ loaded it) bolh~nl 

phase (B) arc resolved after ~ashing and h,ading in lop phase (D). See text 1or additional details and discussion. 

TABLE I 

.%'utnlwr & ca¢itie~ Itt'lWt't'tl tilt' p¢'tl~ of tht' tli~trd~utlou (ur~c~ . f  
¢t)'thrtwyt¢~ Io(,h'd ill top or bottotti phaxe~ 

- !a( '  ~:3,q 1111 syslelllS wilh lhc samc poly l l ler  L'OllCelllralit~ns: Ral ~ . . . .  
No, 2, [ l aw  ( ;  ~ahle of (l,q,~ ~, 11,12 1131 ~hen Ioadcd in bolttqll pha~e, 
l luman Rill,', 5:3,L~ No, I, ha~c ( i  ~alue ol (l,qS,. llJIS 11111 ~]lel) 
loaded in h~p phase, 

(Fig, 5C). The inverse experiment is depicted in Fig. 
5D. Thus tile phcnomcnon described in Figs. 5A and B 
is reversible and it is only the last phase with which 
cells are in contact that determines their G value on 
C('I). The mechanism by which bound Dx is removed 
f rom the cell surface is not known [8]. Bound Dx does 

Cavil,,, Species 
ditTercnce ral h U Ill a Ii 

I X 
2 X X X  
3 X X X X X X X X X X X X  X X X X X  
4 XX 

P > 11,115 IN,S,) 

In s~'stems ~ith different polymer concentrations: Rat RB(', 3:3,0 
No, 2, have {i value of IkqS±tl,12 (13k when loaded in I~t~ttom 
phase, Rat RB(', 5:4,3 No, 2, have (i vahlc Of 11,~15 + II,IP) (321 when 
loaded in I-p phase, 

('a', il,~ Phase s~slem 
difference 5: 3,ti 5 "4,3 

2 XX 
3 X X X X X X X X X X X X  X X X X X  
-! XX X X X X X X X X X X X X X  
5 X X X X X X X X X X X X  

> 5  XX 
P < 11,1HH1113 

"rAIII ,  F. II 

Rehililc ~hilt ill parlitiotl * ~I ral arid ol hlolltltl t't3lhrocyte~ l~l('r- 
lalwh'd rat + human red cell mittlo'el ax a ]iolctiotl of  cell qltantity arid 
idlaXe IIop or holhUtll ill which loaded 

• l)ala are given in terms of Ihe eavily m which the peaks of the 
humal) al)d r;.ll u~'lhrocytu diMribulions are IoulRI on cotil)teretirrel)t 
distribution, 311 transfers, it) the same charge-sensitive phase system. 

('ells loaded I luman Rat Difference 

(2-2.25)' l l f '  cells 
in "Fop phase ll l. l ~: 3.2 17) 18.1 +2.9171 8.11+2.1 (7) 
in l]ottom ph;.,~e 7,h + 3.6 (7) 14.3 ~ 231 (7) h.7 + 2.8 (7) 

(2-2.25)" 111 '~ cells 
m Top phase ~).6 t 3.6171 17.11±1.1|171 7.4+ 2.4 171 
in Bottom phase 5.4±3.1 (7) 1(1.3 ± 3.t) (7) 4.q+_ 2.5 (7) 

Ratios I11'~/i11 '~ cells 

i tuman Rat Differenc~ 

Top/Top  1 .(15 I .lift 1.118 
B o t t o m / B o u o m  i.4 i ! .31 1.39 
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Fig. 3. l(rytluoc.~'tcs I'rolll rat 19tlli-17 (t'ilntaJnJng 4-d old hibclcd 
cells, sc¢ Fig. 2i ~cl'¢ fixed with ghllal'aldt~hydl~. ( ' l lun lcrcurrc l l l  
di.,ill'ibtilJon patl¢l'll.~ l l f  Ihcsc I'Jxt~d cells exposed Io and loaded in lop 
pha,~l_' OlllO Ihc ( ' ( ' ! )  ;.irlp;ll;.llll,~ ~11-12 dcpiclcd in IA i :  (I t)  .~how.~ the 
l'ixctl ccll.~ ;is in I A i  I~ul CXllilscd Io and hladcd in bt l l lo ln pha.~c. ( ' ( '1) 
i'lrot't'tltirc:; ,!!!t! s~,'llll~ols ;ll'U ;1~ ill Fig. I ex¢cpl till.it phase  sy.,,li.'ln 4 
~,'a,; used and lh;it lhc tlJslril~tilioil cul~,'cs ( l l )  o f  Ihc red blood c¢11 
pOlliil;ilJon.~ arc given ill lCllll.,,i ill' ¢leclrtllli¢ ¢cll ¢otlnls. Ntllc thai tilt: 
4-d old cells in the fixed c ry th rocy lc  ptlpulalitln loaded  in botlonl  
phase Il l)  have. unlike 4-d old fresh ct'ytlll'tlcylcs IFig. 21]), a markedly  
d i f fcrcnl  ( ;  value f rom the bulk of  the red bhlod cells. Scc Icxl lill" 

addi t ional  dclai ls  and discu.ssiiui. 

not dcsorb significantly by exchange with free l)x as do 
bound proteins in the presence of frce protein [4]. Wc 
are, however, not aware of polymer desorption experi- 
ments carried out in the presence of another  polymer. 
Perhaps a polymer phase other than the one adsorbed 
to the cell surhlcc can remove (or substitute flu') the 
intially adsorbed phase from the ceils, in the presence 
of both phases, ;.is during the CCD extractions, the 
effect of the phase in which cells wcrc initially loaded 
is nlaintaiiled. 

Reh~tit'e sh(ft in partitum rath~s (G) of  eo,thtw3'tes f i rm 
different Slwcies as a .]imction of binding cells in the top 
or bottom phases o]'.~vstems hat'ing (a) the same am/(b)  
diJ]Orent polymer ('olicelilratiolis 

In order to appropriately assess the relative shift in 
partition ratios of red blood cells fi'om different species 
(human, rat), as a function of the phase (lop or bot- 
tom) in which cells arc loaded, the comparison must be 
carried out in a nlanner such that the phase system 
compositions differ only slightly from one another (i.e., 
that the physicochcmical properties of the plmses a r c  

"v~ 7 

reasonably close to o n e  another) and that one of the 
distribution curves of cells from each species (i.e., cells 
loaded in top or bottom phase! i'ias the same (; value. 
F o r  the study of human a n d  rat erythrocytes phase 
systems with identical polymer concentrations were 
chosen (i.e., 5( ;  Dx, 3.9¢4 PEG) and salt compositions 
selected so that the G value of the cells would be close 
to 1.0 when the rat red cells were loaded in bottom 
phase of phase system 2 a n d  when the human erythro- 
cytes were loaded in the top phase of phase system 1 
(Table I I. Fourteen CCD experiments were carried out 
with rat  and nine with human red cells. The number of 
cavities (after a 3It transfer CCD) between the peaks of 
the distribution curves obtained in each experiment 
with rat or human cells is indicated by an 'X'  in thc 
upper I~ox of Table !. There is ~ o striking difference in 
the shil't obseiwed on loading cells in bottom l'a!her 
than top phase for these two species' r,.'d cells which 
differ ;.ipprcciably in surface properties [9]. if a differ- 
ence does exist i~ is very subtle and did not reach 
statistical signil ' icancc for the n u i n l ~ c r  o f  c x p c l ' h l l c n i s  

d o n e  ( P >  l ) . l )5 i .  A f e w  e x p e r i n l c n l s  t a r t t e d  o u l  with 
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Fig. 4. ('ountcl-Ctlrrcnl distr ibul i tm pall+t'llS of a mixture of rat 
~l(,,.+hib~:icd crythrocytcs + hunlan unlabeled red blood cells ( I : 4) 
when loaded m (AI  lop or in (i'1) I~ottonl ph;i,,c onto tilt.' ( ' ( ' l )  
ar~paralus. ( ' ( ' ! )  i'u'o¢cdure and syrnl'~ols arc as in Fig. I cxcepl Ihal 
pll;Isc system i ,a,'as List:d. NoIu thai, ill lilt: cXaml'flc provided with 
t11¢ init ial ( ;  value.,, it ldicalcd, lilt: .',,l'fifl in ( ' ( '1) curve.,, td'~laincd 
v,,'llcn loading cell.', in I'~tHIOlll vs. top plm,,c i'¢sull.,., Jn di f fcrcnl 
relative ( ;  values for Ihc hurmm Ilel'l I')cak) and ral (r iphl peak) 
cryll'n'ocytcs. A di f fcrcnl degree of rcsoltJlJ~ln of lhc Iw~t ¢¢11 I'~H'),la- 
l ions J~ tfl'Haincd, l.oading cells in lop vs. I'~i)llom phase is Ihus 
~.lllOlh~r ll;tl'~.l1111.'lur with wll ich cell parlJlion ratio.',, can be adju.,,,lcd ill 

Dx-PEG aqtlt:~,u.~ phase systcnl.,,. 
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Fig, 5, Aliquots of a human urythrocytu sample were labeled with [~l(.'r]chronlate. TI)usu lai~uh:d cells were suspended in (A) top phase and 
loaded tmt~ the CUD apparatus. Unlabeled culls from the same individual were suspended in hottonl phase arid loaded into the same cavilius its 
the labeled sample Equal quantities of lal~ulud and ttnhlhulud culls were loaded, ( ' ( 'D was carried out as ill Fig. I excupl Ihal phase syslum I was 
u,~cd. (B) Shows an experiment analogous to that i .  (A) except that the lal~elud cells were suspu.dud and loaded in l~ottom phase and the 
unhthelud cells were suspended and loaded in top phase, Note tha! in each case culls h~aded in I~otlom maintain a lower (; value than the same 
cells loaded in top phase during tile CUD run a,d i .  the prcsellce of the culls loaded in t'q'J phase. ((') Shows results of an cxperintunt in which 
labeled culls were suspended in lop phase, then centrifuged and, withoul wa,,,lfing, suspended and loaded in holtom phase onto the C('D 
apparatus. Unlabeled culls were suspended ;n I)otlonl phase, then centrifuged and. withe!it washing, suspended alld loaded in top phase inlo Ihu 
same cavities as tile labeled cells. Equal quantities of hd)uled and unlahuled culls were loaded. (,(,D and symbols are as in (A) and (B). (D) Shows 
an experiment as in (L') hut with reversal of labeled and u,lal~eled culls. Note in ((') and (D) that the distribution pallerl|s of culls tlue Io cell 
uxpt~sure to a given phase (top or bottom), as illustrated in (A) and (IlL is reversible when culls are removed from the initial suspending pimsu 

and suspended ;rod loaded in tile t~pposile phase. Sue luxl fi)r additional tlulails aiid discussion. 

el"ythrocytes from sheep and from beef yielded analo- 
gous results, 

To test the effect of polymer concentration on the 
magnitude of the shift when cells are loaded in bottom 
vs. top phase we used rat erythrocytes and phase 
system compositions as indicated in the lower half of 
Table !, Rat RBC have a G value of about 1.0 when 
loaded in bottom phase of system 2 (as previously 
indicated) while a similar G value is obtained when 
these cells are loaded in top phase of phase system 3. 
The data in the lower box of Table ! show a statistically 
significant increase in the number of cavities separat- 
ing the peaks of the CCD of cells loaded in top or 
bottom phase with increasing polymer concentratica, 

Relalil'e shift bz partition of rat and htonan er),throo,tes 
On&'ture of rat ~tCr.labeled + human unlabeled red cells) 
as a fimction of total cell quantit), and phase (top or 
bottom) in which loaded 

Table I! indicates the peak cavities (mean + S.D.) of 
the countedcurrent distribution curves obtained for hu- 

man and for rat crythrocytes whcn two different quan- 
tities of identical mixtures of these cells (with rat cells 
labeled with ~Cr) are loaded in top or bottom phase. 
It is known that the cell G value dccrcases on CCD 
with diminishing quantities of cells when loaded in the 
'standard' manner, i.e., in top phase [17]. Howcvcr, 
from the ratios given in Table ! it is apparent that the 
partition ratio of cells (both human and rat erythro- 
cyrus) diminishes much less with decreasing numbers of 
cells (1() 'j to 10 s) when loaded in top rather than 
bottom phase (i.e., about I.{}5 vs. i.35). Thus the effect 
of Dx on shifting smaller quantities of cells to lower G 
values is more pronounced than that of PEG. 

Conclusions 

This paper examines aspects of the tendency of 
polymers to adsorb to cell surfaces and the effect of 
this phenomenon on the partitioning of cells in Dx-PEG 
phase systems. In phase systems containing the Dx 
(mol.wt. 500000) and PEG (mol.wt. 8000) used in the 



currently reoorted experiments, elythrocytes oartition 
between the top phase and the interface [9]. Since cells 
loaded in bottom phase have lower G values than the 
same cells loaded in top phase it appears likely that, 
according to the previously described mechanism of 
cell partitioning (see Ref. I t) for discussion), cells 
'coated' with bottom phase adsorb to the Dx droplets 
in top phase (following mixing of phases and initiation 
of the partitioning process) to a greater extent than do 
those 'coated' with top phase. 

The fractionation of cells is usually (not always) 
similar irrespective of phase in which loaded (when G 
value in phase is taken into account). 

CCD curves of cells with different surface proper- 
ties {i.e.. RBC from different species) appear to be 
quantitatively shifted to the same extent when loaded 
in bottonl vs. top phase of systems having the same 
polymer concentrations and so selected, l'or appropri- 
ate comparison, that one o1" the CCD curves of each 
species has the same G vahtc (see Results and Discus- 
sion). Erythrocytes with identical surface properties 
(i.e., cells from a given species) display increasing dif- 
ferences in G values of cells loaded in bottom vs. top 
phase in systems with increasing polymer concentra- 
tions and so selected, for appropriate comparison, that 
one of the CCD curves at each polymer concentration 
has the same G value (see Results and Discussion). 

it is known that when smaller quantities of cells are 
loaded on a CCD their G value is lower. The current 
experiments reveal that as the quantity of cells loaded 
is reduced (i.e., from 1(} 'j to 10s), a greater diminution 
in G value results with cells loaded in bottom than in 
top phase. 

Polymer adsorption to cells is, as reflected by their 
partitioning behavior, at least qualitatively, reversible. 
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