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Summary. Previous work showed that amiloride partially inhibits 
the net gain of Na in cold-stored red cells of guinea pig and that 
.the proportion of unidirectional Na influx sensitive to amiloride 
increases dramatically with cooling. This study shows that at 
37°C amiloride-sensitive (AS) Na influx in guinea pig red blood 
cells is activated by cytoplasmic H ~, hypertonic incubation, phor- 
bol ester in the presence of extracellular Ca 2+ and is correlated 
with cation-dependent H + loss from acidified cells. Cytoplasmic 
acidification increases AS Na efflux into Na-free medium. These 
properties are consistent with the presence o f a  Na-H exchanger 
with a H + regulatory site. Elevation of cytoplasmic free Mg 2+ 
above 3 mM greatly increases AS Na influx: this correlates with 
a Na-dependent loss of Mg 2+, indicating the presence of a Na- 
Mg exchanger. 

At 20°C activators of Na-H exchange have little or no further 
stimulatory effect on the already elevated AS Na influx. AS Na 
influx is much larger than either Na-dependent H + loss or AS Na 
efflux at 20°C. The affinity of the AS Na influx for cytoplasmic 
H + is greater at 20°C than at 37°C. Depletion of cytoplasmic Mg 2 ÷ 
does not abolish the high AS Na influx at 20°C. 

Thus, elevation of AS Na influx with cooling appears to be 
due to increased activity of a Na-H exchanger (operating in a 
"slippage" mode) caused by greater sensitivity to H + at a regula- 
tory site. 

Key Words erythrocytes (red blood cells) • amiloride - hypo- 
thermia (cold) • cold-storage • Na-H exchange • Na-Mg exchange 

Introduction 

Failure of mammalian cells to maintain a Na gradient 
at low temperature has long been a subject of both 
practical and general interest (see Willis, 1987 for 
review). Both because of their relevance to cold 
storage in blood banking and because of their suit- 
ability for membrane transport studies, red blood 
cells are a highly favorable cell type for addressing 
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this issue. Comparison of typically cold-sensitive 
cells, such as red cells of guinea pig and human, with 
more cold-tolerant cells, such as those of mamma- 
lian hibernators, has shown that one cause of the 
failure in the former is their inability to sufficiently 
reduce passive permeability (Kimzey & Willis, t971; 
Willis, Zhao & Zhou, 1989). 

A previous study showed that in guinea pig red 
cells, as temperature is lowered, the fraction of uni- 
directional Na influx that is sensitive to amiloride 
increases; at 37°C that fraction is virtually nil, by 
20°C it amounts to more than 40% of all Na influx 
(Zhou & Willis, 1989). A later study of guinea pig 
red cells stored at 5°C for 3-9 days showed that 
amiloride reduced net gain of Na by 30% (Zhao & 
Willis, 1989). 

Aside from sensitivity to amiloride, Na influx in 
guinea pig cells showed two other properties that 
indicated the presence of a Na-H exchange mecha- 
nism: increase with cytoplasmic acidification and 
increase with elevated cytoplasmic Ca z+ (Zhou & 
Willis, 1989). Other properties common to Na-H 
exchange have not been investigated in guinea pig 
red cells. Furthermore, there could be other amito~ 
ride-sensitive pathways of Na influx that might ac- 
count for the rise with cooling. Notable among the 
latter is Na-Mg exchange, which is amiloride sensi- 
tive and in rodent cells can be quite large when 
measured either as Mg 2+ loss or as Na influx 
(Gunther, Vormann & Holriegl, 1990; Xu & Willis, 
t991; Willis, Xu & Zhao, 1992). 

The initial objectives of the present study were 
therefore twofold: to confirm the presence of Na-H 
exchange in guinea pig red cells and to establish 
whether it or some other pathway accounted for the 
rise in amiloride-sensitive Na influx in cooled cells. 
The results indicate that a Na-H exchange mecha- 
nism is present and that it does account for the in- 
crease in Na influx at 20°C, through a regulatory 
site becoming more sensitive to cytoplasmic H +. 
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However ,  at 20°C the carrier operates in an uncou- 
pled (or "s l ippage")  mode, without net H + loss from 
unacidified cells. 

Materials and Methods 

ANIMALS 

Guinea pigs were obtained from animal suppliers and were housed 
in an animal room with air temperature about 20°C and a light 
cycle of 14 : 10 L : D. The protocol for this study was approved 
by the UIUC Animal Care Committee. 

BLOOD 

All experiments in this study were done on red blood cells within 
a few hours of their being drawn by cardiac puncture. Animals 
were anesthetized with methoxyflurane and the blood drawn into 
heparinized syringes through sterile 22-gauge needles. The cells 
were washed three times by centrifugation (2500 × g, 5 rain), 
aspiration of the supernatant and buffy coat, and resuspension in 
ice-cold medium containing (in mM) 150 NaC1, 7.5 KC1, t0 glu- 
cose, 5 adenosine and 10 MOPS buffer, pH 7.4. They were then 
held until use in ice-cold suspension of the same composition as 
the wash medium and approximately 10% hematocrit. 

Na INFLUX 

The procedures used for determination of Na influx were similar 
to those described previously (Zhou & Willis, 1989). Briefly, 1.5- 
ml Eppendorff microfuge tubes were preloaded with ice-cold 
medium with or without added amiloride and with 1-2 ixC of 
24NaCt accounting for only 3.75 mM NaCl in final concentration. 
(24Na was prepared from neutron bombardment of Na2CO 3 in the 
UI TRIGA reactor, followed by neutralization and removal of 
carbonate, see  Hall & Willis, 1984). The incubation medium was 
the same as the was h medium except that it usually contained 0.1 
mM ouabain and, depending on the experiment, other agents such 
as DIDS (see below) or phorbol ester were also added. 

Influx was initiated by addition of 0.3 ml of the ice-cold 
suspension of 10% red cells. Tubes were placed in water baths of 
appropriate temperature and samples taken at 5 min and 20 or 25 
min. (The time course of isotopic uptake determined previously 
showed uptake to be virtually linear for over one-half hour after 
the first 5 min. Also, temperature equilibration occurs within 5 
min.) The samples were immediately washed three times with 
ice-cold wash solution (MgC12, 107 mM, Tris 10 mM, pH 7.8) by 
centrifugation in a microcentrifuge at 15,000 x g for 15 sec, 
followed by aspiration of supernatant and resuspension in wash 
solution. 

Isotope was extracted by lysis of the cells in 5% trichloroace- 
tic acid. The radioactivity of the lysate was counted as Cerenkov 
radiation in a liquid scintillation counter. Appropriate standards 
were counted to determine specific activity of the flux medium. 

Cell volume of the suspension was determined by absorption 
of hemoglobin of a diluted sample at 540 nm. For each animal this 
value was related to original cell volume by determination of 
hematocrit and corresponding hemoglobin absorption in parallel 

samples. From the cell volume in the actual flux tube and the 
specific activity of the radioactive Na, influx was calculated as 
mequiv/liter cells/hr. 

Na EFFLUX 

To determine efflux, red cells were loaded with Z4Na by incubation 
at 20% hematocrit in a loading medium containing (in raM) 75 
NaC1 (half of which was provided by the NaCI made radioactive 
in the reactor), 75 KC1, 10 glucose, 10 MOPS buffer (3-N-[mor- 
pholino]propane-sutfonic acid), usually pH 7.4 (but see below). 
The cells were quickly washed four times with loading medium. 
After the last wash, a suspension was prepared of 5% hematocrit 
in medium similar to the influx medium described above, except 
lacking isotope and containing 0.125 mM DIDS (4,4'-diisothiocy- 
anatostilbene-2'2-disulfonic acid) for maximal inhibition for C1- 
HCO3 exchange (Escobales & Canessa, 1986; Canessa, 1989). 
The suspension was distributed in 1-ml aliquots into microfuge 
tubes which were then quickly placed at appropriate temperature. 
Loss of isotope from timed samples was terminated by centrifuga- 
tion for 15 sec at 15,000 x g, followed immediately by transfer 
of 0,8 ml of sample to counting tubes. Counting was performed 
in a gamma counter because amiloride caused color quenching of 
Cerenkov radiation in the liquid scintillation counter. 

Efflux was determined over the period 5 rain from addition 
of medium to 25 rain by the relationship, Na efflux = k[Na]i, 
where k is the rate coefficient for efflux and [Na]i is the cell 
Na concentration determined by flame photometry on a parallel 
sample taken from the suspension at the time of initiation of 
efflux. The value of k was determined as: 

k = [In(1 - ((a, - ao)/(ai - ao))]/t, 

where " a "  represents activity, at is activity of sample at 20 or 25 
min, ao is activity of initial sample (i.e., 5 min), a i is "infinity" or 
activity of entire suspension and t is time of flux measurement in 
hours. 

EQUILIBRATION OF CYTOPLASMIC H + 

Cells were acidified or alkalinized by incubating them in a 10% 
suspension at appropriate pH (6.0-8.2) in medium otherwise the 
same as flux medium for one-half to one hour at room temperature 
or for 10-20 rain at 37°C. After these times DIDS was added to 
a concentration of 0,125 mM and the cells incubated for a further 
20-30 rain to inhibit later reequilibration through the C1-HCO3 
exchanger. The supernatant was removed and the cells were 
resuspended and centrifuged in their respective experimental me- 
dium, whether isotopic flux medium (see  below) or H+-loss me- 
dium. For flux experiments the achieved pH was determined prior 
to flux incubation and at the end of flux incubation in parallel 
samples by lysing 0.1 ml packed cells in 1-ml distilled water and 
measuring pH with a pH meter. 

H + Loss  

Loss of H + was estimated by placing 5-10 ml of 10% suspension 
only lightly buffered with 0.2 mM MOPS in a water-jacketed 
chamber provided with a stirrer and pH electrodes. The external 
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pH was adjusted to be close to that of the cells. To begin the 
measurement, pH was raised to 7.4 mM by adding KOH through a 1 0 0  
burette driven by a calibrated shaft while medium was constantly 
stirred, and time was noted. The volume of KOH solution to 
maintain pH 7.4 was then recorded manually over time (usually 
about 5 rain). For the hyperosmotic condition, sucrose was added ~ ,  
in a predetermined amount to yield 450 mOsM. Osmotic concen- ~ "~ 8 0  
tration was verified with a vapor pressure osmometer. The pH ~_ -~ 
electrode was calibrated for each use at the temperature of the e- e -  - -  O 

measurement, using a commercial standard buffer, o o 
z 

M g  2+ LOADING AND Loss 

Mg 2+ concentration of the red cells was altered by incubating the 
cells at 37°C for 15 min with constant stirring with 3/zM A23187, 
a divalent cation ionophore, in medium containing (in raM) 145 
KCI, 5 NaC1, 10 HEPES buffer, 0.3 EDTA, and concentrations 
of Mg 2+ ranging from 0 to 20 raM. The cells were then washed 
three times with the same medium containing 0.1% albumin. They 
were then washed twice with a medium similar to the flux medium 
in which they would be incubated (but without isotope), and were 
finally resuspended in the influx medium. 

Loss of Mg 2+ was detected by collecting the flux medium at 
various intervals as supernatant and measuring Mg in an atomic 
absorption spectrophotometer. 

Resul ts  

DOSE RESPONSE TO AMILORIDE 

At 37°C amiloride caused a maximum inhibition of 
Na influx of only about 12.9% at 1 mM from an 
uninhibited Na influx of 4.02 -+ 0.38 mmol/liter cell/ 
hr (P < 0.05), whereas at 20°C it caused a maximum 
inhibition of 34% at 1 mM from an uninhibited Na 
influx of 2.60 -+ 0.25 (P < 0.001) (Fig. 1). At 5°C 1 
mM amiloride caused only about 20% inhibition from 
an uninhibited influx of 0.84 +- 0.09, but the dose- 
reponse curve appeared shifted to the right in that 
at 3 mM inhibition was about 50% (Fig. 1), and in a 
smaller number of experiments it did not show a 
bottoming out within the soluble range (not shown). 
(In a single experiment, dimethyl amiloride, typi- 
cally a more potent inhibitor of Na-H exchange, 
reduced Na influx by a maximum of 31% at 5°C.) 
Thus, cooling, at least between 37°C and 5°C, ap- 
pears to enhance the fraction of Na influx that is 
inhibitable by amiloride. Since determinations can 
be made more reliably at 20°C than at 5°C, 20°C and 
37°C were chosen as the two working temperatures 
for this study. 
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Fig. 1. Effect of amiloride on Na influx in guinea pig red blood 
cells. Cells were incubated at three temperatures in medium with 
150 mM NaC1, 7.5 mM KCI, 10 mM glucose, 5 mM adenosine, 10 
mM MOPS buffer (pH 7.4), 0.1 mM ouabain and various concen- 
trations of amiloride. Open circles, 37°C; filled circles, 20°C; 
triangles, 5°C. Values shown represent means of 3-7 experiments 
with SE shown where larger than symbol. 

PROPERTIES OF AMILORIDE-SENSITIVE N a  INFLUX 

AT 37°C 

Na-H Exchanger 

The first objective was to test more fully for the 
presence of a Na-H exchange mechanism in guinea 
pig red cells before investigating the effect of cool- 
ing. There are two approachesto this: (I) using com- 
mon activators of Na-H exchange to see if they pro- 
mote Na influx at 37°C and (2) verification of a Na- 
dependent H + loss. The latter point had not been 
tested in guinea pig cells and the use of activators 
had previously only included cell acidification and 
elevation of intracellular Ca 2 + (Zhou & Willis, 1989). 

Effect of  Ceil Acidification on Na Influx. In that 
earlier study, cell acidification did not cover a very 
wide range and did not take into account change in 
cytoplasmic pH during flux incubation. Accord- 
ingly, in this study both points were addressed--an 
effort was made to force pH to wider limits and 
cytoplasmic pH was estimated at the beginning and 
end of the flux period as described in Materials and 
Methods, and the mean of the two sets of values 
taken. In order to plot the values shown in Fig. 2, 
results were divided among four groups according 
to their observed cytoplasmic pH, i.e., below 6.8, 
6.9-7.0, 7.1-7.4, and greater than 7.4. The results 
show a steep rise in amiloride-sensitive Na influx in 
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Table 1. Effect of phorbol ester on amiloride-sensitive Na influx 
in guinea pig red cells a 

Conditions N Amiloride-sensitive 
Na influx 

(retool/liter cell/hr) 

37°C 20°C 

Control 4 0.43 -+ 0.16 1,27 -+ 0.24 
+Phorbol ester 4 0.72 +- 0.36 1.46 -+ 0.21 
+ Ca  3 0.80 + 0.34 1.28 + 0.25 
+ Ca  + Phorbol ester 3 2,20 +- 0.48 b 1.30 +_ 0.25 

a Cells were incubated in same medium as described in Fig. 1 
except that 0.2 mM EGTA was added, with or without 0.01 mM 
phorbol ester (phorbol 12-myristate) 13-acetate and with or with- 
out 2 mM CaCI z. Means ± SE of 3-4 cases are shown, 
b p < 0.01 for the comparison with control. 

Fig. 2. Effect of cytoplasmic pH on Na influx at 37°C. Cells were 
equilibrated in media with pH set to various values as described 
in Materials and Methods; pH was then "locked" by blocking 
CI-HCO3 exchange with 0.125 mM DIDS, and washed and incu- 
bated in medium with pH 7.4, Cytoplasmic pH was determined 
in parallel cells just before and just  after incubation for determina- 
tion of Na influx and the mean between the two was used. Results 
were divided according to measured cytoplasmic pH into four 
groups: less than pH 6,8, pH 6,8-6.99, pH 7.0-7.39, pH 7.4 and 
greater. Results shown represent means of eight cases with SE of 
flux determination indicated by vertical bars and SE of pH indi- 
cated by horizontal bars. 

cells acidified below 7.2, rising to about 2.2 mmol/ 
liter cells/hr at about pH 6.6. We were unable to 
achieve cell pH values much below this range and 
so did not find a plateau in the response. Judging 
from the steepness of the rise it would have been 
above 3 mmol/liter cells/hr. 

Effect o f  Phorbol Ester on Na Influx. In lympho- 
cytes and other cells Na-H exchange is stimulated 
by presence of phorbol ester in the medium 
(Grinstein & Rothstein, 1986; Rosoff, 1988), but this 
response has seldom been tested in red blood cells 
(see Discussion). We observed that when phorbol 
ester, PMA (phorbol 12-myristate 13-acetate), was 
added to the medium to a concentration of 0.01 mM 
there was no increase in Na influx (Table 1), but 
when 2 mM Ca 2+ was present as well, amiloride- 
sensitive Na influx at 37°C rose to over 2 mmol/liter/ 
hr. External Ca 2+ by itself exerted no effect. 

Effect o f  Hypertonicity on Na Influx. Osmotic 
shrinkage is a well-known activator of Na-H ex- 
change in many cells including red cells (Parker & 
Castranova, 1984; Grinstein & Rothstein, 1986). To 
test for its effect in guinea pig red cells we used 
sucrose to make medium hypertonic to a concentra- 
tion employed previously for red cells (450 mOsM, 

Table 2. Effect of osmotic shrinkage on amiloride-sensitive Na 
influx in guinea pig red cells a 

Conditions Amiloride-sensitive Na influx 
(mmol/liter cell/hr) 

37°C 20°C 

(A) Control cells 0.22 -+ 0.t9 0.91 -+ 0.15 
(B) Shrunken cells 6.47 -± 0,84 b 2.07 + 0.44 ~ 
Ratio B/A 29.4 2.3 

"Control cells" represent cells incubated in isotonic medium as 
in Fig, 1 with and without 1 mM amiloride. "Shrunken cells" 
represent cells of the same individuals that were incubated in 
medium made hypertonic by addition of sucrose to 450 mOsM, 
Means ± SE of five cases are shown. 
b p < 0.01 for the comparison with control cells at 37°C. 

0.01 < P < 0.05 for the comparison with control cells at 20°C. 

Jennings, Douglas & McAndrew, 1986). This con- 
centration greatly elevated Na influx, to 6.5 mmol/ 
liter/hr at 37°C, and the effect was entirely abolished 
by amiloride (Table 2). 

Na Activation o f  Na Influx in Hypertonically 
Incubated Cells. Since Na-H exchange is conceived 
in other systems to operate as an exchange carrier, 
One ought to expect the Na influx component associ- 
ated with it to show saturation kinetics. However, 
since amiloride-sensitive Na influx is only variably 
present at 37°C in untreated red cells of guinea pig, 
and since there may be other amiloride-sensitive 
systems present as well, it was desirable to investi- 
gate Na sensitivity when the pathway was as fully 
activated as possible. 

Since osmotic shrinkage appeared to exert the 
largest effect presumably attributable to this path- 
way, we investigated the effect of [Na]o in hyperton- 



Z. Zhao  and J.S. Willis: Cold-Activated Componen t  of  Na  Influx 47 

100 

E 
-~ 80 
E "R 

60 
- -  0 

z a5 4o 

6. 

m 20 

0 

. 

0 20 40 60 80 100 120 t40  160 
[No] in Medium (mM) 

Fig. 3. Dependence of Na influx on external 
Na concentration in hypertonically incubated 
red cells of guinea pig. Cells were incubated in 
450 mOsM solution as in Table 2, except NaC1 
was variably substituted with choline chloride. 
Results shown are of a single experiment 
representative of three similar ones. Ordinate 
represents Na influx as percent of the 
maximum influx in control cells in 154 mM Na, 
which was 10.8 -+ 2.1 (N = 3). Open circles, 
control (i.e., no amiloride); filled circles, 1 mN 
amiloride; triangles, 5 ~M amiloride. Curves 
for 1 mM amiloride and for 5 ~M amiloride 
above 95 mM are Na linear regression lines. 
Means -+ sE of three experiments are shown. 
Inset: Amiloride-sensitive Na influx (i.e., 
difference between control cells and cells with 
1 mM amiloride at each concentration of 
external Na). 

Table 3. Na-dependent  H + loss in acidified and hypertonically 
incubated guinea pig red blood cells a 

Conditions N Na-dependent H + loss 
(mmol/liter cells/hr) 

37°(2 20°C 

Control (12,4) 2.2 -+ 1.1 not detectable 
Acidified (11,9) 10.4 -+ 3.51 b 4.2 + 1.0 b 
Hyperosmot ic  (5,5) 10.7 +- 3.2 b 1.2 + 0.9 

a Initial rate o f  loss of  H + from red cells was determined as 
descr ibed in Materials and Methods  by titration with K O H  in 
lightly buffered medium.  In each exper iment  loss in medium with 
no Na  (i.e., with K replacing Na) was subtracted f rom loss in 
medium with 150 mM NaCI. Control  cells were unacidified and 
incubated in isotonic medium.  Means  -+ SE are shown.  
b p < 0.01 for compar i son  of value with zero. 

ically incubated cells at 37°C (Fig. 3). Amiloride- 
sensitive Na  influx (inset in Fig. 3) exhibited both a 
plateau be tween 50 and 100 mM [Na]o, and a sharp 
rise be tween  120 and 150 mM. Further ,  this sharp 
rise or  " t a i l "  was abolished by only 5 ~M amiloride 
(i.e., N a  influx was reduced to the rate expected  
f rom uninhibited flux at lower [Na]o), even though 5 
/xM amiloride had no inhibitory effect at lower [Na] o. 

Na-Dependent  H + Loss  at 37~C. In order  to 
determine whether  there was H + efflux matching N a  
influx through a putat ive N a - H  exchange,  DIDS-  
treated red cells were  placed in lightly buffered me- 
dium, and the acidification of the medium was deter- 
mined by  titration with K O H  (Table 3). To  discrimi- 
nate N a - H  exchange f rom baseline loss of  H + , loss 
in Na-free  medium (with K replacing Na) was sub- 
t racted in parallel measurements .  (Amiloride is itself 
a buffer  and being lipid soluble also serves to equili- 

brate differences in H + concentra t ion across  the 
cell membrane  [Benos, Reyes  & Shoemaker ,  1983]. 
Hence ,  it is an unsuitable discriminator.)  

In unacidified cells there was no statistically sig- 
nificant Na-dependen t  H + loss at 37°C (Table 3), but 
in acidified cells and in unacidified cells hyper ton-  
ically incubated there was a large and significant 
(P < 0.01) loss on the order  of  11 mmol/ l i ter /hr .  

Na-Mg EXCHANGER 

Effect o f  Cytoplasmic [Mg 2 + ] on Na  Influx. Pres- 
ence of  Na-Mg exchange in red blood cells has in 
earlier studies been identified as Na  dependent  (or 
amiloride blocked) net Mg z+ loss f rom Mg-loaded 
cells into Mg-free medium (e.g., Gunther ,  Vormann  
& Forster ,  1984; Feray  & Garay ,  1986; Ludi  & 
Schatzmann,  1987; Gunther ,  Vormann  & Hollriegl, 
1990). Although net Na  uptake  has been  shown in 
one or two instances,  measurements  of  corre la ted 
unidirectional Na  influx have  not been  done (except  
for those in a companion  s tudy to this one,  Xu & 
Willis, 1991; Willis et al., 1992). Never the less ,  one 
should expect  an act ivat ion of  Na  influx by intracel- 
lular Mg 2+ corresponding to that  of  Mg 2+ loss, as 
observed,  for example  in human  and chicken red 
blood cells. 

To test  this, guinea pig red cells were  loaded 
with Mg 2 + by t rea tment  with the ionophore ,  A23187, 
with various concentrat ions of  Mg 2+ in the medium 
from 0 mM (with 0.2 mM EDTA) to 10 mM. The  cells 
were then washed and N a  influx determined with and 
without amiloride (Fig. 4). Elevat ion of  cy toplasmic  
Mg 2+ caused a strong elevation of  N a  influx rising 
with 10 mM Mg z+ to above  40 mmol/ l i ter  cells/hr 
(Fig. 4). With 1 mM amiloride about  half  this increase 
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Fig. 4. Effect of cytoplasmic Mg 2+ on Na influx in guinea pig red 
cells. Cells were equilibrated in medium with 145 mM KC1, 5 mM 
NaCI, 0.3 mMEDTA, 10 mM HEPES buffer (pH 7.4) and various 
concentrations of Mg 2+ from 0 to 15 mM and 3 /zM A23187 
ionophore at 37°C. Cells were then washed as described in 
Materials and Methods and incubated in same medium as de- 
scribed in Fig. 1. Open circles, control (no amiloride); filled cir- 
cles, 1 mM amiloride; triangles, amiloride-sensitive Na influx 
(difference between influx with and without amiloride). Results 
shown for 0 to 10 mM Mg 2+ represent means + SE for 3--5 experi- 
ments; results shown for 15 mM Mg represent only a single 
experiment. 

was inhibited. Inhibition by amiloride was highly 
significant (P < 0.01, paired t-test) above Mg- 
loading concentrations of 4 raM. The response of Na 
influx to cytoplasmic Mg 2+ was strongly sigmoidat 
with little increase below 4 mM Mg 2+ and a half- 
maximal effect at about 6 mM (Fig. 4). 

Mg Loss from Guinea Pig Red Cells. To con- 
firm the presence of Na-Mg exchange by the more 
usual means, cells loaded in 10 mM Mg 2+ were 
incubated in Mg-free medium and the time course 
of loss determined by assay of the incubation 
medium. The rate of loss was depressed from 34.5 
to 5.5 mmol/liter/hr in Na-free medium (choline 
chloride replacing NaC1) (Fig. 5). Although the 
mean values of Mg 2+ loss at various intervals 
appeared lower in the presence of amiloride, varia- 
tion was large and the difference from control was 
not significant, statistically. 

AMILORIDE-SENSITIVE N a  INFLUX AT 20°C 

The results above appeared to indicate the presence 
of at least two amiloride-sensitive pathways of Na 
entry in guinea pig red cells. The hypothesis from the 
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Fig. 5. Loss of Mg 2÷ from Mg-loaded guinea pig red cells into Mg- 
free medium. Cells were loaded with 10 mM Mg 2+ as described in 
Fig. 4, washed and incubated in Mg-free medium. Medium was 
sampled at intervals and concentration of Mg determined by 
atomic absorption spectrophotometry. Open circles, control (me- 
dium same as in Fig. 4, without amiloride); filled circles, Na-free 
medium (with choline chloride replacing NaCI); triangles, 1 mM 
amiloride. Means -+ SE of three experiments are shown. 

previous study (Zhou & Willis, 1989) that increase 
in amiloride-sensitive Na influx by cooling (Fig. 1) 
represented Na-H exchange now needed to be tested 
in two ways: finding features of Na influx at 20°C 
that accorded with this mechanism and finding fea- 
tures that ruled out Na-Mg exchange as the responsi- 
ble path. 

Absence q# Na-Mg Exchange 

As described above, there was no amiloride-sensi- 
tive Na influx apparent in cells depleted of Mg 2+ 
by incubation in Mg-free medium with ionophore 
(Table 2). In hamster red cells, where the only amil- 
oride-sensitive path apparent is the Na-Mg ex- 
changer (Xu & Willis, 1991; Willis et al., 1992), Mg 
depletion also abolishes amiloride-sensitive Na in- 
flux. Thus, if increase in amiloride-sensitive Na in- 
flux by cooling is governed by Na-Mg exchange, it 
should be eliminated or at least .strongly reduced by 
the Mg-leaching procedure. 

When guinea pig red cells were Mg depleted by 
preincubation in Mg-free medium with ionophore, 
Na influx in 1 mM amiloride (1.7 -+ 0.4 sE, four 
cases) was significantly (P < 0.05) less than in paired 
samples of Mg-depleted cells without amiloride 
(2.8 -+ 0.6), and the AS Na influx (1.1 + 0.3) was not 
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Fig. 6. Effect of cytoplasmic pH on amiloride-sensitive Na influx 
at 20°C. Cytoplasmic pH was set as described in Materials and 
Methods and in Fig. 2 and incubated at 20°C for measurement of 
Na influx. Other conditions and procedures as described in Fig. 
2. Filled circles, 20°C; means -+ sE of five experiments are shown, 
except at pH 6.8 where N = 4. Open circles, 37°C, same data as 
in Fig. 2 (SE omitted). 

significantly less than that of untreated cells (1.7 + 
0.3) incubated in parallel. (In comparable experi- 
ments at 37°C there was no significant amiloride- 
sensitive Na influx in Mg-depleted cells, Fig. 4.) 
Thus, Mg depletion did not prevent cooling-induced 
AS Na influx. 

Properties of  Na-H + Exchanger at 20°C 

Effect of  Cytoplasmic pH on Na Influx at 20°C. 
While Na influx in red cells acidified to pH 6.8 was 
elevated over that of untreated cells, neither the 
increase nor the maximum rate (1.5 mmol/liter/hr) 
was as great as that at 37°C (Fig. 6). 

Sensitivity of response to acidification was 
greater at 20°C than at 37°C. At 20°C the amiloride- 
sensitive Na influx in cells with "physiological" pH 
of 7.2 was significantly greater than 0 (P < 0.05), 
and it was fully activated at pH 6.8-7.0. By compari- 
son, at 37°C amiloride-sensitive Na influx was not 
statistically significant (P > 0.05) at pH 7.2; it was 
significant at pH 6.8-7.0 but rose still further in cells 
with lower pH (Figs. 2 and 6). 

Effect of  Phorbol Ester and Hypertonic Incuba- 
tion. Phorbol ester with Ca 2+ in the medium pro- 
duced no  increase in amiloride-sensitive Na influx 
over that already caused by cooling alone (Table 1). 
Incubation of cells in hypertonic medium did cause 
a doubling of amiloride-sensitive Na infux at 20°C 
(Table 2), but this was much smaller than the nearly 
30-fold increase produced by hypertonicity at 37°C. 

Na Activation at 20°C. Increase in amiloride- 
sensitive Na influx in untreated cells at 20°C resem- 
bled that of osmotically activated cells at 37°C (Fig. 
7 inset compared with Fig. 3 inset), with a plateau 
occurring between 50 and 100 mM and a further 
increase ("tail") between 120 and 150 mM Na, which 
was abolished by 5/~M amiloride, even though 5/ZM 
amiloride had no inhibitory effect at lower concen- 
trations of [Na]o. 

H + Loss at 20°C. As at 37°C, no H + loss was 
detectable in nonacidified cells at 20°C (Table 3). 
Acidified cells exhibited a significant loss of H + 
(P < 0.01), but hypertonically incubated, nonacidi- 
fled cells did not. 

Na Efflux vs. Na Influx. The last finding (ab- 
sence of H ~ loss at 20°C) raised the question of 
whether there was any other counter ion for the 
increased amiloride-sensitive Na influx at 20°C. The 
most obvious possibility was external Na engaging 
in a Na-Na exchange. Accordingly, Na efflux was 
measured in parallel with Na influx (Fig. 8). Amil- 
oride-sensitive Na efflux was only barely detectable 
at 20°C and was not detectable at 37°C (or at 5°C). 
Even at 20°C it was only a small fraction of Na influx 
(0.08 vs. 0.8 mmol/liter/hr). 

Na Efflux into Na-Free Medium. Comparison of 
results in Table 3 with those in Fig. 5 suggests an 
apparent paradox: Na infux at 20°C was so much 
more sensitive to cytoplasmic acidification than at 
37°C that activation occurred even in nonacidified 
cells, yet no measurable Na-dependent H + loss was 
occurring. This paradox is easily resolved by refer- 
ence to a common view of the Na-H exchanger (Ar- 
onson, Nee & Suhm, 1982; Grinstein & Rothstein, 
1986) in which it is envisioned to possess a regulatory 
site for H + on the cytoplasmic face. Thus, increased 
activity of the system could relate to a regulatory 
site rather than to the transport-specific binding of 
I-I +" 

The existence of the regulatory site was first 
postulated by Aronson et al. (1982) in kidney cell 
membranes, and was confirmed by demonstrating 
the activating effect of cytoplasmic H + on Na efflux 
into Na-free medium. Under these conditions a stim- 
ulatory effect of H + on Na efflux could not be inter- 
preted as representing a stimulation of the carrier by 
its transported ligand, H + (which could only result 
in increased influx). 

Accordingly, we investigated the effect of acidi- 
fication on Na efflux into Na-free medium to detect 
whether a similar regulatory site was demonstrable 
in guinea pig red cells, and if so, whether it showed 
increased sensitivity with cooling. The results (Fig. 
9) showed that at 37°C between pHi 7.3 and 6.8 there 
was an increase in AS Na efflux from nil (0.2 +- 0.2) 
to 1.4 -+ 0.3 mmol/liter/hr. At 20°C, as with AS Na 
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Fig. 7. Na activation of amiloride-sensitive 
influx at 20°C in guinea pig red cells. Cells 
were incubated in media of various Na 
concentrations (choline chloride replacing 
NaC1) without (open circles) and with 1 mM 
amiloride (filled circles) or 5 /~M amilolide 
(triangles). Lines drawn for values in 1 mM 
amiloride and 5/zM amiloride represent linear 
regressions. All other curves were smoothly 
drawn to connect points. Means -+ SE of eight 
experiments are shown, except those for 5/zM 
amiloride where N = 2-5. Inset: Amiloride- 
sensitive Na influx based on difference with 
and without 1 mM amiloride. 

X = 1.0- 
i ,  

o 
Z . - - ~  r -  

> 
~-- 0 . 5 -  

I -6  Q) 
"~ E O .  0 - 
"~- E O 

E ,< 

t 
0 Influx 

@ 

I I I 
0 t 0 20 30 40 

Temperature (°C) 

Fig. 8. Comparison of amiloride-sensitive Na efflux with amil- 
oride-sensitive Na influx. For Na efflux determinations cells were 
preincubated with 24Na for 2 hr at room temperature, as described 
in Materials and Methods. They were then washed and incubated 
in nonradioactive medium with and without 1 mM amiloride and 
the medium sampled at intervals. Parallel sets of cells were treated 
in the identical manner except 24Na was substituted with nonradi- 
oactive Na in the preincubation. Na influx was determined in 
these cells close in real time to the estimation of efflux in the 
companion set, Results shown represent the mean -+ SE of 3-5 
cases. 

influx, sensitivity of AS Na efflux to pH i was shifted 
right. Thus, while none was measurable at pH; 7.8, 
a statistically significant (P < 0.05) AS Na efflux 
was observed at pHi 7.3 (0.6 -+ 0.2, Fig. 9) and this 
was not less, statistically, than the value at pH i 6.7 
(0.9 - 0.4, Fig. 9). 
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Fig. 9. Effect of cytoplasmic pH on Na efflux into Na-free me- 
dium. Cells were loaded with 24Na as in Fig. 9, and their pH was 
adjusted as in Figs. 2 and 8. They were washed and incubated in 
Na-free medium: 150 mM choline chloride, 7.5 mM KC1, 10 mM 
glucose, 5 mM adenosine, 10 mM MOPS (pH 7.4), 0.1 mM oua- 
bain. Open circles, 37°C; filled circles, 20°C. Results shown repre- 
sent the mean -+ SE of 5-7 cases. 

D i s c u s s i o n  

The questions posed in the Introduction can be sim- 
plified to: Is a Na-H exchange mechanism present 
in guinea pig red cells? Does it account for the re- 
markable increase in amiloride-sensitive Na influx 
(and net uptake) with cooling? The answer to both 
questions, based on the results of this study, appears 
to be "yes . "  Even though at least one other amil- 
oride-sensitive path can be identified (Na-Mg ex- 
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change), it does not appear to play a role in cooling- 
augmented Na entry. These issues will be discussed 
separately below. 

PRESENCE OF A Na-H EXCHANGER 

dependent H + loss in shrunken cells gives a ratio 
near enough to the expected value of 1 (Montrose & 
Murer, 1988; Semplicini, Spalvins & Canessa, 1989) ,, 
considering that the amiloride inhibition of Na influx 
may have been less effective as a discriminator than 
complete Na removal was for H + loss. 

The fi~t conclusion, that a Na-H exchanger is pres- 
ent, is the more straightforward of the two. It was 
already known that cytoplasmic acidification in- 
creased Na influx and that the effect was entirely 
abolished by amiloride (Zhou & Willis, 1989). We 
now add to this that osmotic shrinkage and phorbol 
ester (with Ca 2+ present in the medium) also power- 
fully enhanced amiloride-sensitive Na influx. Os- 
motic shrinkage has frequently been used as an acti- 
vator of this mechanism in red cells (Parker & 
Castranova, 1984; Jennings, Douglas & McAndrew, 
1986), but phorbol ester has only been shown in one 
previous study to affect Na flux in mammalian (i.e., 
human) red cells (Postnov et al., 1987) and in one 
other study to activate Na-H exchange in fish red 
cells (Motais et al., 1992). 

In this study the action of phorbol ester required 
Ca 2÷ in the medium. Phorbol esters operate through 
protein kinase C whose phosphorylation of mem- 
brane constituents requires Ca 2+ (Cohen & Foley, 
1986). Since Ca 2+ is normally very low in red cells 
(less than 10 riM), its presence in the medium is 
presumably necessary to permit a sufficient cyto- 
plasmic level for this activation. Whether phorbol 
ester actually increases Ca 2+ concentration by in- 
creasing its uptake in guinea pig red cells is an inter- 
esting possibility. 

Correlated with amiloride-sensitive Na influx 
was a Na-dependent H ÷ loss in acidified cells and 
(at 37°C) hypertonically incubated cells. For the pur- 
pose of this study that simple demonstration is suffi- 
cient to confirm the conclusion. The experiments 
described here were not designed to estimate a stoi- 
chiometry between Na and H +, and, as further re- 
sults showed (discussed below), stoichiometry of 
coupling may be a variable quantity in any case. 

In particular, the results obtained with acidified 
cells, in which net H + loss over short intervals is 
tracked by continual alkalinization of the medium 
(thus maintaining the gradient) cannot be meaning- 
fully compared with tracer fluxes of Na over 20 min 
in medium buffered to pH 7.4 (while the imposed 
gradient is dissipating). The results obtained in hy- 
pertonically incubated cells, however, are carried 
out under less disparate conditions, though they 
were still not ideal for determining a coupling ratio. 
For what it is worth, the average value of 7 for 
amiloride-sensitive Na influx (Table 2) and I 1 (with 
large variation, Table 3) for average value of net Na- 

Na-Mg EXCHANGE 

The finding of a large increase in Na influx in Mg- 
loaded cells and, conversely, a large Na dependence 
of Mg 2+ loss from Mg-loaded cells, seems to show 
that red cells of guinea pig, like those of rat and 
hamster (Gunther, Vormann & Hollriegl, 1990; Xu 
& Willis, 1991), possess an unusually abundant Na- 
Mg exchange. It differs from that in rat, hamster and 
other red cells investigated, however, in being more 
strongly sigmoid (i.e., little effect below 4 mM, a 
grossly elevated cytoplasmic concentration) and less 
easily inhibited by amiloride. Whatever may be the 
explanation for these peculiarities, they help to allay 
suspicion of this pathway as the culprit in cooling- 
activated increase in amiloride-sensitive Na influx. 

Cytoplasmic Mg 2÷, incidentally, has been 
shown to be an activator of volume sensitive 
Na-H exchange in dog red ceils (Parker, Gitelman 
& McManus, t989). This effect, however, has a Km 
of about 0.6 mM, far too low to account for the 
increase in Na influx observed in this study. 

SOURCE OF COLD-INDUCED INCREASE IN 
AMILORIDE-SENSITIVE Na INFLUX 

The conclusion that Na-H exchange accounts for 
the increase in amiloride-sensitive Na influx with 
cooling rests upon two arguments: it cannot be ac- 
counted for by the other identified pathway (Na-Mg 
exchange) and it exhibits properties expected of an 
activated Na-H exchange. 

In human red blood cells incubation of cells in 
Mg-free medium with A23187 ought to have lowered 
Mg 2+ to less than 10 -7 M (Flatman & Lew, 1977). In 
hamster red cells, which appear to possess no Na-H 
exchange mechanism, the same treatment abolishes 
amiloride-sensitive Na influx and indeed all satura- 
ble Na influx completely (Xu & Willis, 1991). In the 
present study, however, the same treatment had no 
such effect on the cooling-induced increase in amil- 
oride-sensitive Na influx of guinea pig red cells. As- 
suming that the method is as effective in guinea pig 
cells as in human and hamster red blood cells, this 
result appears to indicate that Mg-Na exchange can- 
not be involved in the cooling-induced increase in 
amiloride-sensitive Na influx. Furthermore, as 
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pointed out above, the low sensitivity of the path to 
amiloride and to Mg 2+ make Na-Mg exchange an 
unlikely candidate. 

The argument that amiloride-sensitive Na influx 
exhibits properties expected of an activated Na-H 
exchange has both a negative and a positive aspect. 
The "negative" aspect is that at 20°C activators of 
Na-H exchange either have no effect (phorbol ester 
in this study, Table 1, cytoplasmic Ca 2+, Zhou & 
Willis, 1989) or have much less effect (acidification, 
Fig. 6, hypertonic incubation, Table 2) than at 37°C. 
On the assumption that lowering temperature acti- 
vates this pathway of Na entry, this is what would 
be expected. That is, in the limit, activators of a 
common pathway should not have additive effects. 

Of course, this "non-additiveness" by itself 
might only mean that the Na-H pathway is com- 
pletely inhibi ted by cooling and that some other 
pathway has been turned on. That is why it is neces- 
sary both to eliminate other possible candidates and 
also to find features that positively connect the ele- 
vated influx with the Na-H pathway. Two such 
"positive" connections were observed in this study. 
First, cytoplasmic alkalinization abolishes amil- 
oride-sensitive Na efflux into Na-free medium at 
20°C, which, like AS Na influx at 20°C and unlike 
AS Na efflux into Na-free medium at 37°C, is signifi- 
cant at physiological cytoplasmic pH (Fig. 9). Sec- 
ondly, amiloride-sensitive Na influx at 20°C shows 
the same kind of saturating dependence on external 
Na concentration (Fig. 7) as hypertonically activated 
amiloride-sensitive Na influx (presumably Na-H) ex- 
change at 37°C (Fig. 3), including the "tail" above 
120 mM Na that is sensitive to low amiloride concen- 
trations. 

(This "tail" is a bit of a mystery; either it repre- 
sents a kinetic peculiarity of the Na-H exchange 
system or else a completely separate pathway. If it 
is a separate pathway it would have to be a very 
similar one [i.e., activated by hypertonic shrinkage, 
abolished by alkalinization, sensitive to amiloride]. 
A separate form of Na-H exchange, highly sensitive 
to amiloride and with low sensitivity to Na, has 
previously been postulated as a "housekeeping" 
system in the basolateral membranes of epithelial 
cells [Haggerty et al. 1988; Casavola, Helmle-Kolb 
& Murer, 1989]. Presence of a more exotic system, 
such as shrinkage-activated Na-taurine cotransport 
[fish red cells, Fincham, Wolowyk & Young, 1987] 
or a shrinkage-activated Na-K-CI cotransport [avian 
red cells, Haas, Schmidt & McManus, 1982] seems 
unlikely since these have not been demonstrated in 
mammalian cells. In any case, the "tail" did not 
contribute more than 40% of the rise in amiloride- 
sensitive Na influx observed in this study.) 

Arguments of identity based on parallels, such 

as we have presented here, have a respectable his- 
tory in biology, in having demonstrated, as exam- 
ples, that genes are on chromosomes and that Na-K 
ATPase is truly the Na-K pump. While we have 
perhaps not yet exhausted the potential of this ap- 
proach (e.g., further comparative studies with ana- 
logues of amiloride and with other inhibitors of amil- 
oride-sensitive channels, such as benzamil, or with 
specific, inhibitory antibodies; investigations in 
other cell types, etc.), a definitive test of whether 
the mechanism is intrinsically cold-driven will only 
be possible with purified Na-H exchanger reconsti- 
tuted into a standard lipid bilayer. 

"SLIPPAGE" 

The finding of no increase in Na-dependent H ÷ loss 
at 20°C in unacidified cells when amiloride-sensitive 
Na influx was greatly elevated does not accord with 
an activation of Na-H exchange, p e r  se. There is, 
however, no paradox if it is possible for the Na-H 
exchange mechanism to operate in a noncoupled 
("slippage") mode. That this is possible is also sug- 
gested by the fact that there was no Na-dependent 
H + loss in cells further activated by osmotic shrink- 
age at 20°C (Table 3). A Na-for-nothing mode of the 
Na-H exchanger has also been postulated in intesti- 
nal epithelial cells (Post & Dawson, 1991). Such 
loose coupling has also been found for Ca-H ex- 
change in dog red cells (Milanick, 1990). 

SENSITIVITY OF REGULATORY SITE TO H + 

Appearance of a slippage behavior in this pathway 
suggests that affinity for H -~ as a transported ligand 
has decreased with cooling, yet activation by cyto- 
plasmic H + indicated a greater affinity (Fig. 6). Us- 
ing the same approach as Aronson et al., 1982, we 
have demonstrated the presence of a regulatory ef- 
fect of cytoplasmic H + on amiloride-sensitive Na 
efflux into Na-free medium (Fig. 9) as was also ap- 
parently observed by Jennings et al. (1986) in rabbit 
red cells. It appears that the increased sensitivity to 
H + which accounts for this pathway being turned 
on at 20°C is at this cytoplasmic modifier site. 

Whether this change in sensitivity is a result of 
alteration of the cytoplasmic milieu (ATP, Mg 2+, 
Na, Ca 2+, other modifiers) or in the molecule itself 
as a direct result of cooling is a matter for conjecture 
and for further investigation of this important phe- 
nomenon. 
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