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SUMMARY 

Rates of 2*Na and 42K entry into dog red blood cells were found to be 
strongly influenced by cell volume. The kinetics of isotope movement were complex, 
and the cells were not in a steady state. By applying a simple, two-compartment 
equation to the early time points, values for flux were calculated and corrected for the 
changes in surface/volume ratio which occur when cells are shrunken or swollen. 
Curves were thus generated showing Na and K influx as functions of cell water con- 
tent. A reinvestigation of the effects of adrenalectomy showed that all the observed 
changes in Na flux could be explained on the basis of alterations in red cell volume. 

1 NTRODUCTION 

A major determinant of cation permeability in dog red blood cells is their 
volume or water content [1-3]. The present work shows that some of the reported 
effects of adrenalectomy [4, 5] on Na influx in dog red blood cells are mediated by 
changes in cell volume. 

METHODS 

Femoral arterial blood was drawn from mongrel dogs into heparinized 
syringes 10-15 min before the start of each experiment. After discarding the plasma 
and buffy coat, the red cells were washed twice by centrifugation in a solution con- 
taining 148 mM NaCI, 5 mM KC1 and 17 mM Tris or glycylglycine (pH 7.5 at 25 °C). 
The cells were washed twice more with the solutions in which influx was to be mea- 
sured (for details see legends to Fig. I and Table I). After resuspension at a cell/medium 
volume ratio of 1 : 9 the isotope was added (40-100 itCi per 60 ml suspension), and an 
initial sample was taken. The suspension was then placed in a 37 °C water bath/shaker, 
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and at intervals further aliquots were removed. Each sample was centrifuged at 
20 000 ×g (10 °C) in a special lucite tube with a narrow well at the bottom for collec- 
tion of the cell pellet. The supernatant and top layer of cells were carefully removed. 
Appropriate dilutions of packed cells, supernatant, and hemolyzed whole suspension 
were prepared and assayed as follows: Radioactivity was determined with a well-type 
gamma crystal scintillation counter. Na and K concentrations were measured by 
flame photometry, using appropriate corrections for trapped medium [6]. Absorbance 
at 540 nm was used as an index of hemoglobin concentration in the packed cells and 
whole suspension, thus permitting a calculation of the packed cell volume (herein 
referied to as the hematocrit) of the suspension. 

For the computation of influx a steady-state, two compartment model adapted 
from Sheppard's book [7] was used. The appropriateness of this treatment of the data 
will be discussed. The defining equation is: 

ln (1  - a c  ] = - - M [  1 S ~ - ~ I  sm( n) + t (1) 

where Sc and Sm are the concentrations of substance S in the cells and medium, 
respectively (mmol/liter); a~ and a~o are the specific activities of substance S in the 
cells and hemolyzed whole suspension, respectively (¢ounts/mmol); H is the hemato- 
crit. H and 1--H, since they are, respectively, proportional to the volume of cells and 
medium in the suspension, are given in dimensions of volume (liters); t is the time in 
hours; and M is the flux in mmol per h. Flux (mmol/liter cells • h) is equal to M/H, 
and in eqn. 2 is given the symbol m. 

Many of the flux measurements were made on' cells which, because they were 
incubated in solutions of differing tonicity had different volumes. Cell water content 
was used as an index of cell volume and was determined by drying a sample of packed 
cells to constant weigbt in a 70 °C vacuum oven. The cell water content, Cw, was 
calculated as the wet weight minus the dry weight, divided by the wet weight. Flux 
measurements were corrected for differences in relative cell volume by relating the 
flux to the cell solid and thus, presumably, to the membrane surface area: 

1 - -  Cwo 

where m o is the flux corrected to the original or isotonic cell volume; m X is the flux 
measured at a cell volume other than isotonic; Cwo is the cell water content with the 
cells in an isotonic solution; C,, x is the cell water content with the cells in an anisotonic 
solution. 

RESULTS 

Fig. 1 shows the time course of 24Na and 42K entry in dog red blood cells at 
different volumes. Na approaches specific activity equilibrium most rapidly when the 
ceils are shrunken, whereas the movement of K is fastest in the most swollen cells. 
Attempts to fit the data to the steady-state, two-compartment model of Eqn. 1 showed 
marked deviations from predicted kinetics, particularly in the case of Na (Fig. la). 
This may be due in part to the net gain by the cells of NaC1 and water during the 
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incubation period [8]. The kinetic characteristics of the early time points were con- 
sidered sufficiently good, however, to permit the use of Eqn. 1 in obtaining an estimate 
of the initial rate of influx. Eqn. 2 was used to correct the fluxes to original cell volume, 
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Fig. 1. The  approach  o f  24Na (a) and  42K (b) to specific activity equi l ibr ium in solut ions o f  differing 
tonicity over art incuba t ion  period o f  4 h at 37 °C. Fresh  cells were washed and  suspended  in four  
solut ions with NaCI  concent ra t ions  ranging f rom 80 to 220 rnM. All solut ions contained 5 m M  KCI, 
17 m M  Tris  and  10 m M  glucose (pH 7.5 at 25 °C). The  lef t-hand ordinate  represents the lef t-hand 
te rm o f  Eqn.  1 with the sign changed.  The  r igh t -hand  ordinate  gives the relative specific activity 
(S.A.) o f  the  cells to the m e d i u m  expressed as a percentage.  The  inset box. shows the cell water content  
at the beginning and  end of  the 4 h flux. period. 
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Fig. 2. Influx o f  2'*Na and  42K as funct ions  of  cell water content.  D a t a  f rom the first hour  of  incu- 
bat ion (Fig. 1 ) were used to calculate values for influx (mo, Eqn.  2) o f  N a  (left-hand ordinate,  solid 
line) and  K (r ight-hand ordinate,  b roken  line) according to Eqns.  1 and  2. 
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TABLE I 

FLUX OF Na INTO RED BLOOD CELLS FROM NORMAL AND ADRENALECTOMIZED 
DOGS 

Dogs were adrenalectomized 16 days previously and maintained on cortisone acetate (25 mg intra- 
muscularly daily) except for the 24 h preceding the experiments. In experiment 1 cells and plasma 
from an adrenalectomized dog (A) and a normal dog (N) were incubated at 37 °C for 1 h in the 
combinations shown while the influx of 24Na was measured. Freezing point determinations indicated 
that the normal plasma contained 296 mosM/kg while the adrenalectomized dog's plasma had 250 
mosM/kg. In Experiment 2 the plasma of a normal dog (dil. N) was adjusted to the same osmolality 
as that of an adrenalectomized dog by dilution with distilled water. The suspensions were gassed 
with humidified 95 ~o 02/5 ~ CO2. 

Experiment Cells Plasma Cell water Na influx mmol/liter 
wet wt. cells • h 

N N 64.9 9.9 
N A 68.4 5.0 
A N 65.3 13.3 
A A 67.5 5.7 
N dil. N 65.9 8.4 

N A 67.9 7.2 
A dil. N 66.0 5.3 
A A 66.4 6.6 

and  the combined  results o f  the  studies shown in Figs l a  and  l b  were p lo t ted  in Fig. 2 
as funct ions  o f  the ini t ia l  cell water  content .  I t  is appa ren t  f rom this figure tha t  N a  
influx shows the greatest  ra te  o f  increase when the cells are shrunken  be low their  
n o r m a l  volume (65 ~o cell water) ,  while K influx increases most  r ap id ly  as the cells 
are  swollen above  their  no rma l  volume.  The observa t ion  (Fig.  l a )  tha t  24Na ent ry  
appears  to  s top  shor t  o f  specific act ivi ty equ i l ib r ium confirms a s imilar  f inding by  
El ford  [9] and  suggests tha t  a po r t i on  o f  cell N a  is slowly i f  a t  all exchangeable  with 
ex te rna l  Na.  

Table  I confirms the r epor t  of  Streeten and  Moses  [5] tha t  red  b lood  cells f rom 
adrena lec tomized  dogs m a y  have a low N a  influx, bu t  the da t a  suggest  tha t  the 
pe rmeabi l i ty  change is due to  increased cell water  content  associa ted  with p l a s m a  
hypotonic i ty .  When  cells f rom adrena lec tomized  animals  were incuba ted  with  n o r m a l  
p l a sma  their  water  conten t  fell, and  the N a  influx increased.  This correct ive effect was 
no t  observed when the no rma l  p l a sma  was di lu ted  with water  so as to  be i sosmola l  
with p l a s m a  f rom the adrena lec tomized  dog. 

DISCUSSION 

The influence o f  cell volume on passive N a  and K permeabi l i ty  in dog red  
b lood  cells is well documen ted  [1-3]. A systemat ic  p lo t  o f  N a  and K flux versus cell 
water  content  (Fig.  2) shows tha t  the most  s t r ik ing accelera t ion  o f  N a  movements  
occurs  when cells are  shrunken  be low their  no rma l  water  content ,  while K movements  
a re  no t  great ly  a l tered unless the cells are swollen. El ford ' s  fai lure to find an  effect o f  
cell  volume on K flux [9J is because his studies were done  on cells in iso- to  hyper ton ic  
media .  
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The effects o f  cell swelling and shr inking  on N a  and  K flux are reversible [3, 10] 
and  independen t  o f  the osmola l i ty  o f  the med ium [3]. Since cell vo lume influences net 
as well as i so top ic  ca t ion  movements  [1], the mechanism canno t  involve a t ight ly  
coup led  exchange o f  N a  for  N a  or  K for K.  Davson and  Reiner  [1 l]  showed tha t  
bu tano l  would  abol i sh  the high N a  flux seen in shrunken  red b lood  cells f rom cats, and  
o ther  agents  including ph lore t in  [10] and bisulfite [12] are repor ted  to have a s imilar  
effect on dog  cells. Me tabo l i c  deple t ion  o f  cells also blunts  the volume response [2, 10]. 
But the na ture  o f  the vo lume signal and  the manne r  in which in fo rmat ion  abou t  
volume causes a l te ra t ions  in m e m b l a n e  pe rmeab i l i ty  are at  present  obscure.  

The decreased Na  influx seen in cells f rom adrena lec tomized  dogs can be 
a t t r ibu ted  to p l a sma  hypo ton ic i ty  with resul tant  cell swelling. Whe the r  ad rena lec tomy 
or  adrena l  cor t ico-s tero ids  have some other  influence on N a  permeabi l i ty  is no t  clear:  
in our  hands,  using flux methods  deta i led  above,  no in vi t ro effects of  a ldos te rone  or  
hydrocor t i sone  could  be demons t r a t ed  in cells f rom normal  or  ad rena lec tomized  dogs.  

These observa t ions  i l lustrate  how impor t an t  it is tha t  N a - K  permeabi l i ty  
studies in dog  red cells be careful ly  con t ro l l ed  for  the s t rong influences of  cell volume.  

ACKNOWLEDGEMENT 

This work  was suppo r t ed  in par t  by U.S.P.H.S.  Gran t s  A M  11356 and HE 
09906. 

REFERENCES 

1 Davson, H. (1942) J. Physiol. 101,265-283 
2 Parker, J. C. and Hoffman, J. F. (1965) Fed. Proc. 24, 589 
3 Hoffman, J. F. (1966) Am. J. Med. 41,666-680 
4 Spach, C. and Streeten, D. H. P. (1964) J. Clin. Invest. 43,217-227 
5 Streeten, D. H. P, and Moses, A. M. (1968) J. Gen. Physiol. 52, 346 362 
6 Tosteson, D. C. and Hoffman, J. F. (1960) J. Gen. Physiol. 44, 169-194 
7 Sheppard, C. W. (1962) Basic Principles of the Tracer Method, pp. 8- 14. John Wiley & Sons, 

Inc., New York 
8 Parker, J. C., Gitelman, H. J., Glosson, P. S. and Leonard, D. L. (1975) J. Gen. Physiol. 65, 84 

96 
9 Elford, B. C. (1975) J. Physiol. 246, 371-395 

10 Romualdez, A., Sha'afi, R. 1., Lange, Y. and Solomon, A. K. (1972) J. Gen. Physiol. 60, 46-57 
11 Davson, H. and Reiner, J. M. (1942) J. Cell. Comp. Physiol. 20, 325-342 
12 Elford, B. C. and Solomon, A. K, (1974) Biochim. Biophys. Acta 373,253 264 


