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Summary, Electrical currents associated with sodium-coupled 
alanine transport in mouse pancreatic acinar cells were studied 
using the method of whole-cell recording with patch pipettes. 
Single cells or small clusters of (electrically coupled) cells were 
isolated by collagenase treatment. The composition of the intra- 
cellular solution could be controlled by internal perfusion of the 
patch pipette. In this way both inward and outward currents 
could be measured under "zero-trans" conditions, i.e., with fi- 
nite concentrations of sodium and L-alanine on one side and zero 
concentrations on the other. Inward and outward currents for 
equal but opposite concentration gradients were found to be of 
similar magnitude, meaning that the cotransporter is functionally 
nearly symmetric. The dependence of current on the concentra- 
tions of sodium and L-alanine exhibited a Michaelis-Menten be- 
havior. From the sodium-concentration dependence of current 
as well as from the reversal potential of the current in the pres- 
ence of an alanine-concentration gradient, a sodium/alanine stoi- 
chiometric ratio of 1 : 1 can be inferred. The finding that N-meth- 
ylated amino acids may substitute for L-alanine, as well as the 
observed pH dependence of currents indicate that the pancreatic 
alanine transport system is similar to (or identical with) the "A- 
system" which is widespread in animal cells. The transport sys- 
tem is tightly coupled with respect to Na+; alanine-coupled in- 
ward flow of Na + is at least 30 times higher than uncoupled Na + 
flow mediated by the cotransporter. The current-voltage charac- 
teristic of the cotransporter could be (approximately) determined 
from the difference of transmembrane current in the presence 
and in the absence of L-alanine, The sodium-concentration de- 
pendence of the current-voltage characteristic indicates that a 
Na + ion approaching the binding site from the e xtracellular me- 
dium has to cross part of the transmembrane electric field. 

Key words cotransport �9 electrogenic transport, sodium-cou- 
pled amino-acid transport - pancreatic acinar cells �9 whole-cell 
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Introduction 

Cotransport systems which utilize an electrochemi- 
cal sodium gradient as a driving force for the accu- 
mulation of amino acids are known to exist in many 
animal cells (Johnstone, 1979; Christensen, 1984; 
Stevens, Kaunitz & Wright, 1984; Kinne, 1985). 

Most sodium, amino-acid cotransporters are elec- 
trogenic, i.e., they translocate electric charge 
across the cell membrane (Heinz, Geck & Pietrzyk, 
1975; Philo & Eddy, 1978). Accordingly, electro- 
physiological techniques may be applied to the in- 
vestigation of Na+-coupled amino-acid transport 
(Hoshi, Sudo & Suzuki, 1976; Kehoe, 1976; Okada, 
Tsuchiya, Irimajiri & Inouye, 1977; Iwatsuki & Pe- 
tersen, 1980a,b; Bergman & Bergman, 1981, 1985; 
Fr6mter, 1982; Gunter-Smith, Grasset & Schultz, 
1982; Jung, Schwarz & Passow, 1984; Singh, 1984). 

In the following we describe the application of 
the technique of tight-seal whole-cell recording 
(Hamill, Marty, Neher, Sakmann & Sigworth, 1981; 
Marty & Neher, 1983; Iwatsuki & Petersen, 1985) 
to the study of sodium-coupled alanine transport in 
pancreatic acinar cells. In whole-cell recording ex- 
periments the cell is attached to the tip of a glass 
micropipette with a high seal resistance (>10 Gf~) 
between glass and cell membrane, whereas the se- 
ries resistance between cell interior and preampli- 
fier is only about 20 MI~. A major advantage of the 
whole-cell recording technique is the free diffu- 
sional exchange between the solution inside the pi- 
pette and the cell interior. By internal perfusion of 
the pipette (Soejima & Noma, 1984) the intracellu- 
lar concentrations of Na + and amino acid can be 
easily controlled. Pancreatic acinar cells which 
have a diameter of 15-30/xm are particularly suit- 
able for studying Na+-coupled amino acid transport 
since they have a high rate of protein synthesis and 
accumulate amino acids with high efficiency 
(Wheeler, Lukins & Gy6rgy, 1949; Hokin, 1951; 
B6gin & Scholefield, 1964, 1965a,b; Cheneval &. 
Johnstone, 1974, 1976; Petersen, 1976; Tyrakowski, 
Milutinovid & Schulz, 1978; Schulz & Ullrich, 1979; 
lwamoto & Williams, 1980; Iwatsuki & Petersen, 
1980a,b; Laugier & Petersen, 1981; Mann & Peran, 
1986) 

Depending on the direction of the driving force, 
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Fig. 1. Experimental set-up for whole-cell recordings. The 
Teflon tube connecting the solution reservoirs to the measuring 
chamber was enclosed in the thermostated copper block on a 
length of about 20 cm in order to ensure temperature equilibra- 
tion. Solutions of different composition were separated by a 
small air bubble which was injected into the manifold 

both inward- and outward-directed alanine-depen- 
dent currents have been recorded. In this way, by 
measuring the current as a function of the intra- and 
extracellular concentrations of Na + and alanine, ki- 
netic models of the cotransport systems can be 
tested. Furthermore, since the electrical conduc- 
tance of the cell membrane strongly increases upon 
addition of alanine, information on the current-volt- 
age characteristic of the cotransporter can be ob- 
tained from current measurements in the presence 
and in the absence of the amino acid. 

Materials and Methods 

MATERIALS 

Reagents were obtained from the following sources: Collagenase 
(high purity), tris(hydroxymethyl)aminomethan (Tris), N-2-hy- 
droxyethylpiperazine-N'-2-ethanesulfonic acid (HEPES) and 
ethylene bis(oxyethyleneitrilo)tetraacetic acid (EGTA) from 
Sigma; 2-(methylamino)-isobutyric acid (MeAIB) from Alrich; 
N-methylalanine from Serva (Heidelberg); L- and B-alanine and 
(2,2,1)heptane-2-carboxylic acid (BCH) from Sigma; Eagle basal 
medium from Serva. Electrolytes and buffers were analytical 
grade. 

CELL PREPARATION 

Single cells and small cell clusters were prepared by enzymatic 
dissociation of mouse pancreatic tissue (Amsterdam & Jamie- 
son, 1972; Schulz, Hell, Kribben, Sachs & Haase, 1980; Schultz 
et al., 1980; Iwatsuki & Petersen, 1985). A small piece of pan- 
creas from a white laboratory mouse was injected with a solution 
containing 140 mM NaC1, 5 rnN KC1, 10 mM HEPES (pH 7.3) and 

100 U/ml high-purity collagenase (Sigma) and incubated with 1 
ml of the same solution at 37~ for 30 min. During the incubation 
period mild shearing forces were applied by repeated gentle pi- 
petting. The resulting suspension of rounded-up cells and small 
cell clusters was diluted fivefold with collagenase-free buffer me- 
dium and the cellular material was allowed to settle. The super- 
natant was removed and replaced with buffer medium. The cell 
suspension could be stored in Eagle basal medium at 3~ for 24 
hr without significant change in the electrical properties of the 
cells. 

A number of control experiments were carried out in order 
to test the possibility that the collagenase treatment impairs the 
cotransport system under study. The magnitude of alanine- 
driven currents remained virtually unchanged when the duration 
of the collagenase incubation was increased from 30 to 90 rain. 

WHOLE-CELL RECORDINGS 

The suspension of single cells and small cell clusters was trans- 
ferred to a perspex chamber in a thermostated copper block 
which was mounted on the stage of an inverted microscope 
(Zeiss Invertoscope D). The chamber was made as a 15-mm long 
slit with a width of 2 mm in a 2-ram thick perspex plate, and 
bottom of the chamber was a glass slide sealed to the perspex 
plate. The chamber could be perfused by different electrolyte 
solutions from a number of reservoirs (Fig. 1). By placing the cell 
at the tip of the micropipette close to the inlet of the solution, the 
solution composition in the vicinity of the cell could be changed 
within less than 1 sec. The Teflon tube connecting the reservoirs 
with the chamber was enclosed in the thermostated copper block 
on a length of about 20 cm. The temperature in the vicinity of the 
cell could be kept constant within -+0.2~ while solution was 
flowing through the chamber. The temperature was measured 
with an electronic miniature thermometer with a tip size of 1 • 2 
mm. 

Pipettes were pulled from glass capillaries (Micro-Hemato- 
crits 101-PS, BirkerCd, Denmark) using a vertical microelectrode 
puller (David Kopf, Tujunga, CA, Mod. 700C) as described by 
Hamill et al., 1981. Pipettes had internal tip diameters of 1-2 
/xm; when filled with 150 mM NaCI solution they exhibited resis- 
tances of 4 to 8 MfL The pipette was connected to the amplifier 
head stage of the L/M-EPC-5 patch-clamp system (List-Elec- 
tronic, Darmstadt, F.R.G.). The head stage was mounted on a 
Narishige (Tokyo, Japan) hydraulic micromanipulator. The 
patch-clamp system allowed either to clamp the current to a 
predetermined value and measure voltage or to clamp the voltage 
and monitor current. The current signals were recorded on tape 
(Ampex Corp., Redwood City, Cal,; Mod. PR2200). Silver-silver 
chloride electrodes were used inside the pipette and in the bath. 
The lower part of the pipette was filled with a chloride-free sul- 
fate solution (see below) and the upper part (in which the elec- 
trode is located) with a solution containing 150 mM chloride. This 
resulted in a nearly time-independent diffusion potential which 
did not affect the measurements. Volume changes by perfusion 
of the pipette were small so that the silver-chloride electrode 
remained always in contact with the chloride solution. The exter- 
nal silver-silver chloride electrode was connected to the bath 
medium by a salt bridge. 

The performance of the amplifying system was checked 
with a test circuit consisting of a resistance (10 Mf~) in series 
with a parallel combination of a resistance (10 Mf~-I0 Gf~) and a 
capacitance (5-300 pF). From the current signals resulting from 
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Fig. 2. Internal perfusion of the patch pipette (not drawn to 
scale), The glass capillary had a length of about 5 cm and an 
internal diameter of 20-40/xm. The distance between the tip of 
the capillary and the tip of the patch pipette was 100-200 txm 

the application of rectangular voltage-pulses to the test circuit, 
the rise time of the amplifier was determined to be about 20 txsec. 

Before contacting the cell membrane with the pipette tip, a 
small positive pressure difference ( -10 mbar) was applied be- 
tween pipette and bath in order to maintain a flow of solution out 
of the pipette. The electrical resistance between pipette and bath 
was monitored by applying voltage pulses of - 2  mV. A gigaohm 
seal between cell membrane and pipette was formed by slight 
suction, and thereafter a whole-cell configuration was estab- 
lished by further brief suctions and rupturing the membrane 
patch under the pipette (Hamill et al., 1981). In the whole-cell 
configuration seals were usually mechanically stable enough so 
that the cell (or the cell cluster) could be detached from the 
bottom of the chamber by slowly lifting the pipette. Under the 
usual experimental conditions seals maintained their high electri- 
cal resistance for times up to 2 hr. Voltages as high as • mV 
could be applied for brief periods (-100 msec); however, voltage 
pulses above 150 mV sometimes resulted in a transient decrease 
of the seal resistance. 

The pipette solution always contained 1 mM EGTA and the 
external medium 2 mM CaSO 4. In order to minimize leakage 
conductance of the cell membrane, SO]- was used as anion 
instead of CI- in most experiments. Since the solubility product 
of CaSO4 is ~6 x I0 -s ~a 2, the concentration of free Ca -,+ was 
about 0.6 mM at the highest sulfate concentration (100 raM). If 
not otherwise indicated, the experiments were carried out at 
37~ and at a pH value of 7.25-7.30 which was stabilized by 
addition of 10 mM Tris2SO4. 

INTERNAL PERFUSION OF THE PIPETTE 

In order to control the composition of the intracellular solution, 
the pipette was internally perfused using a slightly modified ver- 
sion of the method of Soejima and Noma (1984). A glass capillary 
of an internal diameter of 30-50/xm was introduced coaxially into 
the pipette, with the tip of the capillary located 100-200 #m away 
from the tip of the pipette (Fig, 2). A flow of solution through the 

v I (t) 

Rseat 

C S 

t l  

C N 
t# 

C S 

Fig. 3. Circuit parameters of a whole-cell recording experiment. 
Rs: series resistance of the pipette; R ~ :  pipette-membrane seal 
resistance; Rm and Cm: resistance and capacitance of the cell 
membrane. CN, CN, CS, C~ are the intra- and extracellular concen- 
trations of sodium (N) and amino acid (S), and tO is the electrical 
potential 

capillary at a rate of 0.4-3 nl/sec was maintained by a hydrostatic 
pressure difference of -10  mbar. The pipette-cell exchange time, 
as estimated from the time course of the zero-current membrane 
potential in the presence of an alanine-concentration difference 
between pipette and external medium, was found to be 3-5 rain 
for single cells. The perfusion medium could be exchanged 
within 1-2 min during the whole-cell recording experiment. This 
was done by inserting a fine plastic capillary with the tip located 
above the constriction of the inner glass tube. 

Results 

ELECTRICAL CELL PARAMETERS 

A f t e r  f o r m a t i o n  o f  a sea l  b e t w e e n  ce l l  m e m b r a n e  
a n d  m i c r o p i p e t t e ,  t h e  e l e c t r i c a l  r e s i s t a n c e  b e t w e e n  
t h e  i n t e r i o r  o f  t h e  p i p e t t e  and  the  b a t h  m e d i u m  w a s  

t y p i c a l l y  o f  t h e  o r d e r  o f  10-100 Gf~;  th is  v a l u e  r e p r e -  

s en t s  a l o w e r  l imi t  f o r  t he  p i p e t t e - m e m b r a n e  sea l  
r e s i s t a n c e  (Rseal, F ig .  3). A f t e r  a w h o l e - c e l l  con f igu -  
r a t i o n  h a s  b e e n  e s t a b l i s h e d  by  b r e a k i n g  t h e  m e m -  

b r a n e  p a t c h  u n d e r  t he  p i p e t t e ,  t h e  c u r r e n t  I w a s  
c l a m p e d  to  z e r o .  T h e  m e m b r a n e  p o t e n t i a l  V u n d e r  
t he  c o n d i t i o n  I = 0 a n d  in t he  a b s e n c e  o f  e x t r a c e l l u -  
l a r  K + w a s  in i t i a l ly  a b o u t  - 4 0  m V  (cel l  i n t e r i o r  neg -  
a t i ve ) .  T h i s  v a l u e  a g r e e s  w i t h  t h e  r e s t i n g  p o t e n t i a l  
o f  a c i n a r  ce l l s  in i n t a c t  m o u s e  p a n c r e a t i c  t i s sue  re-  
c o r d e d  w i t h  c o n v e n t i o n a l  m i c r o e l e c t r o d e s  ( Iwa t -  
suk i  & P e t e r s e n ,  1980a ,b) .  U n d e r  n o r m a l  e x p e r i -  
m e n t a l  c o n d i t i o n s ,  w h e n  t h e  p e r f u s i o n  m e d i u m  in 
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Fig. 4. Current transient f(t) after a stepwise voltage change V, 
recorded from a cluster of seven cells. Pipette solution: 100 mM 
NazSO4, 10 mM TriszSO4, 1 mM EGTA. External solution: 100 
mM NazSO4, 10 mM Tris~SO4,2 mM CaSO4; pH = 7.3, T = 37~ 
Using Eqs. (I)-(3), the following circuit parameters are obtained 
from l(t): Rs = 25 Mf~; R,,, = 520 Mfk  C,,, = 160 pF 

the pipette and the bath medium had the same com- 
position, V decreased to zero in the course of 3-15 
min (depending on the size of the cell cluster). This 
decline of membrane potential is likely to result 
from the equilibration of the cell interior with the 
pipette solutions. (Occasionally, the equilibration 
time was much longer, presumably as a result of 
partial clogging of the pipette tip. In this case the 
experiment was continued with another cell or cell 
cluster.) The value of V -~ -40 mV remained stable 
for >30 min when the solution inside the pipette 
contained 140 mM K +. 

A stepwise change of voltage, AV, in the whole- 
cell configuration resulted in a current signal as 
shown in Fig. 4. From the time constant z of the 
current decline and from the initial (Io) and final (Is) 
current amplitude the circuit parameters R~, R,~ and 
Cm of Fig. 3 were determined according to 

Io = AV/Rs (I) 

A V  AV 
- R ,  + = - - -  (2 )  mix 

RsCm 
7 - -  1 + RdRm "-~ RsCm" (3) 

These relations hold under the condition Rs < R,, 
R~e~i. As seen from Table 1, the series resistance Rs 
was in the range of 10-30 MfL about 2.5 times as 
large as the pipette resistance Rpip before touching 
the cell. The effect of Rs on the observed transmem- 
brahe currents was always negligible. The specific 
membrane resistance RM = Rr~A was calculated 
from R,~ and Cm assuming a specific membrane ca- 

Table 1. Electrical parameters of whole-cell recordings from sin- 
gle pancreatic acinar cells a 

Pipette resistance Rpip 
Seal resistance R~ea~ 
Series resistance R, 
Membrane capacitance Cm 
Membrane resistance Rm 
Specific membrane resistance RM 
Cell diameter 

4-8 M ~  b 
10-100 Glq c 
10-30 Mf~ 
6-30 pF 
2-8 GO 

50 kgl cm 2d 
15-30/.zm 

a Pipette solution: 100 mM Na.SO4; 1.5 mM EGTA; 10 mM Tris 
sulfate: pH 7.25 Bath solution: 75 mM Na2SO4; 2 mM CaSO4; 50 
mM Tris sulfate; pH 7.25. T = 37~ 
b Pipette resistance before touching the cell. 
c Lower limit of pipette-membrane seal resistance before ruptur- 
ing the membrane patch under the pipette. 
a Calculated from R,, and Cm assuming a specific membrane ca- 
pacitance of  1 t~F/cm 2. 

pacitance of Cm/A = 1 ixF/cm 2 (A is the area of the 
cell membrane). The values of RM as given in Table 
1 (RM = 50 kf~ cm 2) have been measured in the 
nominal absence of potassium and at low calcium 
concentration inside the pipette with SO24 - as anion; 
under physiological conditions RM is of the order of 
10 k~) cm 2 (McCandless, Nishiyama, Petersen & 
Philpott, 1981). 

tn many cases small clusters consisting of 2 to 5 
cells were used instead of single cells for measuring 
alanine-driven currents. By electrophysiological 
studies it is well established that cells in mouse pan- 
creatic acini are electrically coupled (Iwatsuki & 
Petersen, 1978a,b). After enzymatic dissociation of 
pig or mouse pancreatic acini, cells within a cluster 
remain coupled (Maruyama, Petersen, Flanagan & 
Pearson, 1983; I. Findlay & O.H. Petersen, unpub- 
lished observations). Direct evidence that the elec- 
trically coupled state persists under the conditions 
of our whole-cell recording experiments comes 
from the observation that the membrane capaci- 
tance C,, increases with the number of cells in the 
cluster (compare Fig. 7). This finding would be diffi- 
cult to explain if the cell under the pipette were not 
electrically coupled to its neighbors. 

Electrical coupling of cells within a cluster 
could be abolished in a controlled and reversible 
fashion by treatment with diphenylmethanol. In a 
typical experiment in which a 10-cell cluster was 
used, the time constant .c --~ RsCm of the current 
transient after a voltage jump (Fig. 4) was found to 
decrease about 10-fold within 30 sec when 10 mM 
diphenylmethanol was added to the medium, corre- 
sponding to an approximately 10-fold decrease of 
membrane Capacitance Cm. After superfusion of the 
cell cluster with a diphenylmethanol-free medium, 
the relaxation time returned to very nearly the origi- 
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nal value within 1 min. Similar uncoupling effects 
have been observed previously with a number of 
alkanols (Johnston, Simon & Ramon, 1980; Bernar- 
dini, Peracchia & Peracchia, 1984). In experiments 
with cell clusters spontaneous uncoupling was oc- 
casionally observed after long times (about 30-60 
min after the start of whole-cell recording). For the 
evaluation of kinetic data only experiments with 
time-invariant relaxation time r were used. 

When a voltage V is applied between pipette 
and bath and a current I flows through the pipette 
and the cell membrane, a voltage drop of magnitude 
IRs occurs across the series resistance R~. The 
transmembrane voltage Vm across the cell mem- 
brane is then given by 

V~ = V - IRs. (4) 

The total current I may be represented as the sum of 
the current Ia carried by the sodium-alanine trans- 
porter plus the current Im=  Vm/Rm through other 
conductive pathways in the cell membrane (R~ is 
the membrane resistance in the absence of amino 
acid). Combining the relation I = I,, + V,,,/R,,, with 
Eq. (4) one obtains: 

Ia = (I -- I*)(I + Rs/Rm) (5) 

where I* = V/(Rs + Rm) is the current in the ab- 
sence of amino acid. Implicit in Eq. (5) is the as- 
sumption that the amino acid has no other electrical 
effects apart from activating the cotransport sys- 
tem. Eqs. (4) and (5) will be used later in order to 
evaluate Ia and Vm from the experimental quantities 
I and V. The correction term R JR,,,  is usually rather 
small; for instance, for a cluster of four cells where 
Rm is about 500 M~, Rs/Rm is of the order of 0.02- 
0.06. 

When alanine-driven currents are recorded 
from a cluster of cells, imperfect voltage clamping 
within the cluster is a potential source of error. Spe- 
cific resistances of cell-to-cell junctions (referred to 
total contact area between cells) have been found to 
be in the range of 1-10 12 c m  2 (Peracchia, 1985). 
Taking the contact area of cells of radius r to be of 
the order of r 2, the coupling resistance Rc will be 
about 1-10 M a  for r = I0/xm. Since Rc is considera- 
bly lower than the membrane resistance of a single 
cell (Rm -~ 2-8 G~), spatial variations of voltage 
within the cell cluster are likely to be small. More 
direct information on the degree of electrical cou- 
pling may be obtained from the shape of the current 
transient after a voltage-jump (Fig. 4). From simple 
circuit analysis it may be predicted that the current 
transient I(t) is a single exponential function in the 
case of ideal coupling, whereas I(t) contains two or 

more exponential terms when the cells in the cluster 
are not perfectly coupled (Maruyama & Petersen, 
1983). From the analysis of relaxation curves such 
as shown in Fig. 4 it is found that the decline of 
current after the voltage jump is always described 
by a single exponential function within experimen- 
tal error limits. 

ALANINE-DRIVEN CURRENTS 

I n w a r d  and  O u t w a r d  Currents  R e c o r d e d  
f r o m  a Single  Cell  Cluster  

In the experimental represented in Fig. 5 identical 
solutions containing 200 mg  Na § were present in 
the pipette and in the bath at the beginning. After 
the zero-current membrane potential had dropped 
to ~0 mV (about 5 rain after the establishment of 
the whole-cell configuration), the medium flowing 
around the 2-cell aggregate was changed to a solu- 
tion containing 5 m g  L-alanine. This resulted in a 
transient inward current with an initial value of 28 
pA. After the current started to decline, the pipette 
was perfused with a medium containing 5 mM L- 
alanine. Within about 6 rain the current decreased 
to less then 3pA. When the extracellular medium 
was then changed back to zero alanine concentra- 
tion, a transient outward current with a peak value 
of 26 pA was observed which again declined to 
zero. 

The experiment represented in Fig. 5 shows 
that the transport system can carry both inward and 
outward currents. The initial inward current is driven 
by an inwardly-directed concentration gradient of 
alanine. Increase of intracellular alanine concentra- 
tion (which results from transmembrane transport 
as well as from equilibration with the pipette solu- 
tion) leads to a decline of inward current. When the 
concentration gradient of alanine is reversed, an 
outward current is observed. 

In the experiment of Fig. 5 the pipette was per- 
fused in order to speed up the equilibration of intra- 
cellular and extracellular alanine concentrations. In 
experiments without perfusion of the pipette, in 
which equilibration of alanine concentration oc- 
curred exclusively by transmembrane transport, the 
current signal was similar to that shown in Fig. 5, 
but the decay time was prolonged. The rate of de- 
cline of inward and outward currents varied consid- 
erably from experiment to experiment. This was ob- 
served in experiments with and without perfusion of 
the pipette. These variations are likely to result 
from differences in the surface-to-volume ratio of 
the cell or cell cluster and from variations in the 
diffusional resistance of the pipette tip. Since the 
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Fig. 5. Alanine-dr iven inward and outward currents  recorded 
from an aggregate of  two cells under  short-circuit  conditions.  At  
t ime t -~ 0 both  the pipette solution and the external  medium 
were alanine-free (pipette solution: 100 mN Na2SO4; 1 mM 
EGTA;  10 mM Tris2SO4; pH 7.3. External  solution: 100 mM 
Na2SO4; 2 mN CaSO4; 10 mM Tris2SO4; pH 7.3). At t ime t = 0 the 
medium superfus ing the  cell cluster  was changed to a solution 
containing,  in addition, 5 m u  L-alanine; at t --< 20 sec after the 
inward current  had passed  through the peak value,  the pipette 
was perfused with a solution containing 5 mM L-alanine and 100 
mM Na2SO4 in order to shor ten  the equilibration time (the start of  
the perfusion is marked  by an arrow). At t = 360 sec the super- 
fusing medium was changed back to an alanine-free solution; 
after the outward current  had reached the peak,  the pipette was 
perfused with a solution containing 100 mM Na2SO4 and 0 mM L- 
alanine. The  membrane  capaci tance was 50 pF,  corresponding to 
a membrane  area of 5 x 10 -5 cm 2. T = 37~ I '  and I" are the 
(extrapolated) peak outward and inward currents .  The current  
trace was redrawn f rom the original record 

kinetic analysis described below is based on the ini- 
tial currents (I' and I" in Fig. 5), variations in the 
time behavior of the current do not affect the 
results. 

A number of control experiments was carried 
out in which sodium was replaced by Tris + or by 
K +. In this case L-alanine had virtually no effect. 
Furthermore, with D-alanine instead of L-alanine 
the current signal was at least five times smaller. 

Passive, Na+-independent transport of alanine 
may occur by diffusion through the lipid bilayer or 
by permeation via the "L-system" which is known 
to occur as an electroneutral amino-acid transport 
system in animal cells (Christensen, 1979, 1984; 
Mircheff, van Os & Wright, 1980; Kilberg, 1982). In 
order to test the latter possibility, experiments were 
carried out (without perfusion of the pipette) in the 
presence and in the absence of 2-aminobicyclo 
(2,2,1)heptane-2-carboxylic acid (BCH), a competi- 
tive inhibitor of amino acid transport through the L- 
system (Christensen, 1984). With 10 mM BCH in the 

pA 

1 000 

I00 

10 

T /oc  

40 30 20 10 
i i i i 

\o ~ ,E o --- 67 k J/tool 

~ 

3'.2 3'J+ 
1/T 

10-3 K-1 

3.6 

Fig. 6. Peak inward current  1" (compare Fig. 5) recorded from a 
cluster  of  about  10 cells after addition of 2 mM L-alanine to the 
external  medium,  as a funct ion of  reciprocal temperature .  Pi- 
pette solution: 145 mM NaCI; 1 mM EGTA;  10 mM HEPES,  pH 
7.3. External  solution: 145 mM NaC1; 2 mM CaCI2; 10 mM 
HEPES;  pH 7,3 

external medium, the peak amplitude of alanine-in- 
duced inward current (Fig. 5) was virtually un- 
changed, but the time constant of the current de- 
cline was significantly increased. This finding 
indicates that the L-system is present in the mem- 
brane in addition to the Na +, alanine transporter 
under study. 

The alanine-induced inward current/" strongly 
increases with temperature T. From the Arrhenius 
plot (Fig. 6) an activation energy of Ea = 67 kJ/mol 
(=16 kcal/mol) was determined using the relation 
dlnl"/d(1/T) = - E / R  (R is the gas constant). A 
similar value (E~ -~ 63 kJ/mol) has been reported by 
LeCam and Freychet (1977) for the transport of 
neutral amino-acids through the "A-system" of he- 
patocytes, which is comparable to the transport 
system in pancreatic acinar cells (see below). 

Proportionality between Current 
and Membrane Area 

Figure 7 summarizes experiments in which alanine- 
driven inward currents were recorded from clusters 
of 2 to 15 cells under otherwise identical conditions 
(200 mM Na + on both sides, 8 mM L-alanine in the 
extracellular medium). Prior to each current record- 
ing, the membrane capacitance Cm of the cell cluster 
was measured. As shown by Fig. 7, the current am- 
pli tude/" increases more or less in proportion to 
Cm, with maximum deviations from linearity of 
about 20%. Since Cm may be assumed to be propor- 
tional to the area of membrane surface which is in 
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Fig. 7. Correlation between membrane capacitance C m and 
alanine-driven inward current I", recorded from small cell clus- 
ters. The number of cells in the cluster is indicated for each 
experiment. The cells were obtained from different pancreata. 
Pipette solution: 100 mM Na2SO4; 1 mM EGTA; 10 mM Tris2SO4; 
pH 7.3. External solution: 100 mM NazSO4; 2 mM CaNOn; 10 mM 
TriszSO4; 0 or 8 mM L-alanine; pH 7.3; T = 37~ is the initial 
current (compare Fig. 5) recorded immediately after exchanging 
the external medium for a solution containing 8 mM L-alanine. 
With a specific membrane capacitance of 1 /zE/cm 2, the slope of 
the straight line corresponds to a current density of 11.4 mA/m-' 

contact with the external solution, the (approxi- 
mately) linear relationship between Cm and/"  indi- 
cates that the surface density of transporter mole- 
cules does not vary appreciably from cell to cell. 
With a specific membrane capacitance of -~ 1 /xF/ 
c m  2, the straight line in Fig. 7 corresponds to a cur- 
rent density of = 12 mA/m z. The (approximate) pro- 
portionality between alanine-driven currents and 
membrane capacitance may be used to correlate 
current measurements carried out with different 
cells from the same preparation. 

A similar correlation with capacitance Cm is 
found for the membrane conductance 1IBm,  c o r r e -  

s p o n d i n g  (in 100 mM NazSO4)  to a specific mem- 
brane resistance RM ~-- 50-100 kD cm 2. 

Comparison with Amino-Acid Transport Systems 
Described from Other Cell Types 

Two different Na+-coupled transport systems for 
alanine and related neutral amino-acids have been 
described from animal cells (Kilberg, 1982; Chris- 
tensen, 1984). The "A-system" is strongly pH-de- 
pendent and accepts N-methylated amino acids 

I _1raM. lmM 20mM 

PAl0 I mM L-alonine 
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Fig. 8. Short-circuit current induced by L-alanine and 2-(methyl- 
amino)-isobutyric acid (MeAIB). The pipette was perfnsed with 
a solution containing: 100 mM Na2SO4; l0 mM Tris2SO4; l mM 
EGTA; pH 7.3. External solution: 100 mM Na2SO4; 10 mM 
TriszSO4; 2 mM CaCl2; pH 7.3, plus various additions of amino 
acids, as indicated. 3-cell cluster (6",, = 50 pF), T = 37~ 

such as 2-(methlyamino)-isobutyric acid (MeAIB), 
whereas the "ASC-system" is only weakly pH-de- 
pendent around pH 7 and is insensitive to MeAIB. 
Furthermore, amino-acid transport via the ASC- 
system has been reported to be voltage independent 
(Valdeolmillos, Garcia-Sancho & Herreros, 1986). 

As shown by Fig. 8, 1 mM MeAIB added to the 
external medium induces an inward current which 
is about a fourth of the current observed with 1 mM 
L-alanine. The half-saturation concentrations of 
MeAIB and L-alanine are almost the same (about 
1.7 with 145 mM Na § on both sides), but MeAIB has 
a 4-5 times lower/'m~x (Jauch, Maruyama, Petersen, 
Kolb & Lfiuger, 1986). In the presence of 20 mM 
MeAIB, addition of 1 mM L-alanine does not further 
increase the current, which suggests that MeAIB 
competes with alanine for the same transport site. 
Furthermore, N-methylalanine, which is accepted 
by the A-system but not by the ASC-system, is 
found to induce a current similar to that evoked by 
alanine. 

The dependence of alanine-induced inward cur- 
rent on external pH is represented in Fig. 9. The 
current amplitude exhibits a strong decrease below 
pH 7, which is taken to be a characteristic property 
of the A-system (Kilberg, 1982). Near pH 7.0 the 
current reaches a maximum and declines toward 
more alkaline pH values. 

Thus, the experiments with N-methylated 
amino acids, as well as the observed pH and voltage 
dependence of alanine-driven current indicate that 
the transport system under study is similar to (or 
identical with) the A system which has been de- 
scribed in other animal cells. 
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Fig. 9, Inward cu r ren t / "  after addition of 5 mM L-alanine to the 
external  medium,  as a funct ion of external  pH. Pipette solution: 
100 mM NazSO4; 10 mM TriszSO4; 1 mM EGTA;  pH 7.3; external 
solution: 100 mM Na2SO4; 10 mM Tris2SO4; 2 mM CaSO4; 0 or 5 
mM L-alanine. The  external pH was adjusted with H_,SO4 or 
NaOH.  The  exper iments  have  been carried out  with six different 
cell c lusters  at 37~ For each cell cluster  the current  at pH = 7.0 
was used as a reference value. As a test  for the reversibility of  
the pH effects,  a current  measu remen t  at pH 7 was carried out 
after each series of  recordings.  The bars indicate the s tandard 
deviat ions of  the current  ampli tudes.  The curve has  been drawn 
to guide the eye 

Inward Current as a Function o f  Extracellular 
Concentrations o f  Sodium and Alanine 

In order to test predictions from theoretical models 
and to evaluate kinetic parameters  of the transport 
system, it is advantageous to carry out experiments 
under "zero- trans"  conditions, i.e., with finite con- 
centrations of substrate and driving ion on one side 
and vanishing concentrat ions on the other. A mea- 
surement of alanine-dependent inward current at 
vanishing intracellular concentrations of Na + and 
amino acid is described in Fig. 10. Sodium-free and 
alanine-free solutions of Tris2SO4 were present in 
the pipette and in the bath at the beginning. When 
the external solution was replaced by a solution 
containing 100 mM Na + (but no alanine), a small 
inward current  was recorded.  This alanine-indepen- 
dent current  is likely to result from passage of Na + 
through unspecific leakage pathways and/or  from un- 
coupled Na + flow through the Na +, alanine cotrans- 
porter.  A much larger current  was observed after 
exchanging the external medium for a solution con- 
taining 100 mM Na + and 20 mM L-alanine (Fig. 10). 
With external  alanine alone (in the absence of so- 
dium) no inward current  could be detected. Accord- 
ingly, it is assumed in the following that the differ- 
ence of inward currents in the presence and in the 
absence of  L-alanine represents the current associ- 
ated with Na+-coupled amino-acid transport.  

100 m M NQ + 
0 No + 100 mM N: + 

20 mM L-oIonine 
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Fig. 10. Inward current  under  short-circuit  condit ions,  driven by 
gradients o f  Na  + and L-alanine. 2-cell cluster,  T = 37~ The 
pipette was perfused with a solution containing I mM EGTA and 
100 mM TriszSO4. The external  solution contained 2 mM CaSO4 
and either 100 mM Tris2SO4 or (50 mM Na2SO4 + 50 mM 
Tris2SO4) and 0 or 20 mM I_-alanine (as indicated). The pH was 
7.25 on both sides. The current  trace was redrawn from the 
original record 

In the double-reciprocal plot of Fig. 11 the peak 
inward current  I" (Fig. 10) is plotted as a function of 
extracellular e-alanine concentrat ion c} for different 
values of extracellular sodium concentration c}. 
The intracellular concentrat ions of sodium and L- 
alanine were maintained at zero. 1/F is found to 
vary linearly with 1/c'~; this means that the current 
can be represented by a Michaelis-Menten equa- 
tion: 

I" = I~,s c~ + L~ (6) 

I",s is the current  for c} ~ o~ and L" s is the half- 
saturation concentrat ion of alanine at the external 
site. The experimentally observed dependence of 1" 
on c} is consistent with the assumption that a single 
amino-acid molecule is t ransported per turnover.  
As seen from Fig. 11, LI} depends on sodium con- 
centration " " CN, decreasing from --- 18 mM at Cu = 5 
mM to = 2.9 mM at c~ = 150 mM. The value of 2.9 
mM at 150 mM Na + may be compared with the half- 

Lit saturation concentrat ion ( s 1.6 raM) determined 
previously from microelectrode experiments with 
intact cells in 126 mM Na + (Iwatsuki & Petersen, 
1980b). The difference between the two L]  values 
may result from the different intracellular concen- 
trations of Na + and c-alanine. 

In Fig. 12 the inward cu r r en t / "  is plotted as a 
function of  external sodium concentrat ion c~ at 
constant external alanine concentration. The shape 
of  the func t ion / "  = I"(c~) contains information on 
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Fig. 11. Double reciprocal plot of peak inward current I" (Fig. 
10) as a function of external L-alanine concentration c] for differ- 
ent values of the external sodium concentration CN. I" is referred 
to unit area of the cell membrane. The intracellular concentra- 
tions of sodium and L-alanine were maintained at zero. 1" is the 
difference of the inward current (measured under short-circuit 
conditions) with and without L-alanine. Experimental results ob- 
tained from different cell clusters were normalized by compari- 
son of/" values recorded in a standard experiment (cN = 150 raM, 
c~ = 4 raM). Each data point represents an average from several 
measurements. The pipette was perfused with a solution contain- 
ing 1 mM EGTA and 100 mM Tris2SO4, pH 7.3; external solution: 
2 mM CaC12, 100 mM (Na2SO4 + TriszSO4), pH 7.3, plus various 
concentrations of L-alanine; T = 37~ The straight lines were 
obtained by linear regression with I" as weighting factor. The 
abscissa intercepts correspond to the following values of the 
half-saturation concentration L" " = s [Eq. (6)]: 18.4 mM (CN 5 raM); 
6.8 mM (C) = 14 raM); 5.8 mM (CN = 40 raM); 2.9 mM (CN = 150 
raM) 

the Na+/alanine stoichiometry. If the stoichiometry 
is I : 1, the current should obey the equation 

t !  

CN 
I" = " (7) I~'N c~ + L~ 

where  " " I~,N and  LN are i n d e p e n d e n t  of CN." On the 
o ther  hand ,  any  dev ia t ion  f rom a l inear  re la t ionship  
b e t w e e n  I" and  c )  at low c~ would  indicate  that  the 
s to ich iomet ry  is different  f rom 1 : I. A compar i son  
of  the theoret ica l  cu rve  in Fig. 12 with the experi-  
menta l  points  show that Eq. (7) fits the resul ts  
wi th in  close limits.  In  par t icular ,  no devia t ion  from 

pt  I !  
I" ~ CN can  be seen at low CN (inset  in Fig. 12). 
While  this f inding is cons i s t en t  with a 1 : l ratio of 
sod ium binding  sites to a lan ine  b ind ing  sites, it does 
not  exc lude  o ther  s to ichiometr ies ,  s ince a t ranspor t  
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Fig. 12. Peak inward current I" under short-circuit conditions as 
a function of external sodium concentration c~. I" is the differ- 
ence of the inward current with and without L-alanine (Fig. 10). 
The pipette was perfused with a solution containing 1 mM EGTA 
and 100 mM Tris2SO4, pH 7,25; external medium: 100 mM 
(Na2SO4 + Tris2SO4); 2 mM L-alanine; 2 mM CaSO4, pH 7.25. 
The temperature was 37~ 1" and 1% are the values of/" at c~ = 
5 mM and c~ = 20 mM, respectively, which were used for nor- 
malization of current amplitudes recorded from different cell 
clusters. The curve has been calculated according to Eq. (7) with 
L~ = 47 mM. Current amplitudes at low c~r are given in the inset 

sys tem with n : 1 s to ich iomet ry  (n > 1) may  approx-  
imate ly  obey  Eq. (7) in the exper imen ta l  range of  
c'~, if the b ind ing  sites for Na  + have s t rongly  differ- 
ent  affinities. A more  s t r ingent  me thod  for dis t in-  
guishing b e t w e e n  different  s to ichiometr ies  cons is t s  
in measur ing  the reversal  potent ia l  V,. of  t r a n s m e m -  

�9 y t t  r t  i !  

brane  cur ren t  unde r  the cond i t ion  c s 4: Cs c,v = CN- 
AS will be shown below,  the obse rved  d e p e n d e n c e  
of  ' " " Vr on Cs/Cs ts s t rongly in favor  o f a  s to ich iometr ic  
ratio of 1 : 1. 

The  data  p r e se n t e d  in Fig. 12 m a y  be compared  
with the resul ts  of  a r ecen t  s tudy  of the Na+-cou  - 
pied a lan ine  t r anspor t  sys t em in Xenopus  oocytes  
(Jung et al., 1984). These  au thors  obse rved  a dis- 
t inc t ly  s igmoid d e p e n d e n c e  of inward  cu r ren t  on 
sodium c o n c e n t r a t i o n  and  in te rp re ted  this f inding as 
ev idence  for the pa r t i c ipa t ion  of at least  two N a  + 
ions in the t r ans loca t ion  of  a single a lan ine  mole-  
cule.  

The  s o d i u m - c o n c e n t r a t i o n  d e p e n d e n c e  of  in- 
ward  cu r r en t  f '  m e a s u r e d  at a g iven c~ is summa-  
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Fig. 13. Double reciprocal plot of peak inward current I" (Fig. 
10) at zero voltage as a function of external sodium concentration 
c~ for different values of the external L-alanine concentration Cs. 
/" is referred to unit area of the cell membrane. The experimental 
conditions were the same as described in the legend of Fig. 11. 
The straight lines were obtained by linear regression with I" as 
weighting factor. The abscissa intercepts correspond to the fol- 
lowing values of the half-saturation concentration L~ [Eq. (7)]: 
63 mg  (c~ = 1 mM); 36 mM (Cs = 4 raM); 14 mM (C] = 10 raM) 

rized in the double reciprocal plot of Fig. 13. At all 
values of c~ the current  can be represented by a 
Michaelis-Menten relation (Eq. 7). The half-satura- 
tion concentrat ion of  sodium, L~, is found to de- 
crease from 63 mM at c~ = 1 to 14 mM at c~ = 10 
mM. 

T h e  f u n c t i o n s  L"s(c'N), L"u(C"s), f',s(C'N) a n d  

I"u(C'~) w h i c h  c a n  b e  e v a l u a t e d  f r o m  F i g s .  11 a n d  13 

c o n t a i n  i n f o r m a t i o n  o n  t h e  k i n e t i c  p a r a m e t e r s  o f  t h e  

c o t r a n s p o r t  s y s t e m .  A n  a n a l y s i s  o f  t h e  e x p e r i m e n -  

ta l  d a t a  in t e r m s  o f  m i c r o s c o p i c  t r a n s p o r t  m o d e l s  is 

c a r r i e d  o u t  in p a r t  II o f  t h e  p a p e r  ( J a u c h  & Lf i u g e r ,  

1986). 

O u t w a r d  Curren t s  

A series of  experiments has been carried out in 
which both inward and outward currents have been 
measured under  " z e r o - t r a n s "  conditions on the 
same cell (or cell cluster). In Table 2 the ratio I ' / I "  of 
outward to inward currents is given for equal but 
opposite concentrat ion gradients; the outward cur- 
rent 1' has been measured under the condition c~ = 

t I t  t !  
cN, Cs = Cs, CN = CS = 0 and the inward cu r r en t / "  
under the condition c~ = c' = " = " = s O, CN CN, Cs Cs. It 
is seen from Table 2 that in the whole experimental 
range of CN and Cs, I '  a n d / "  are nearly equal, the 
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Table 2. Ratio I'/I" of outward to inward currents measured 
under "zero trans" conditions with equal but opposite concen- 
tration gradients a 

cu/mM 24 24 24 80 80 200 200 
Cs/mM 2 4 8 2 4 2 4 
I'/l" 1.3 1.2 1.5 0.79 0.75 0.83 0.90 

The outward current I' has been measured under the con- 
dition c~ = cx, c) = Cs, c~ = ci~, = 0 and the inward current 1" 
under the condition CN = C'~S = 0, e~r = ON, Cl; = CS. The intra- and 
extracellular media contained 100 mM (TriszSO4 + NazSO4), pH 
7.3. In experiments with 100 mM Na2SO4 on one side, 10 mM 
TriszSO4 were present on the same side. The pipette solution 
contained in addition 1 mM EGTA, and the external medium 2 
mM CaSO4. I' and I" have been corrected for the currents in the 
presence of a Na+-gradient alone (compare Fig. 10). For each 
single value of l'/I" given in the Table, 1' and I" have been mea- 
sured on the same cell cluster (1 to 3 cells). T = 37~ Further 
experiments at cN = 20 and 100 mM with Cs = 2 and 8 mM gave 
similar results (I'/I" between 0.75 and 1.4). 

maximum deviation of  I ' / I"  from unity being 50%. 
No systematic variation of I ' / I"  with cN and Cs can 
be detected within the limits of experimental error. 
This result indicates that the Na +, alanine cotrans- 
porter  is functionally nearly symmetric.  

D e g r e e  o f  Coupl ing  

From the experiment  represented in Fig. I0, the 
ratio P/,exp of alanine-dependent to alanine-indepen- 
dent inward current  can be determined: 

l"(c'~ > O) t t  

P/,exp ~ l"(c" = 0) (8) 
s 

As will be discussed in more detail in part II of the 
paper,  pT, exp provides an estimate for the degree of 
coupling of the cotransport  system with respect to 
Na +. Incomplete coupling is associated with an in- 
trinsic leakage permeability of the cotransporter  for 
sodium. In the experiment  represented in Fig. 10, 

l !  t t  
Pl,exp was about 12". Dl,exp was found to depend on 

* The experiment of Fig. 10 has been carried out under the 
condition of constant ionic strength, keeping the total concentra- 
tion of Na2SO4 plus Tris2SO4 the same on both sides. This means 
that an inward-directed Na + gradient is associated with an out- 
ward-directed Tris § gradient, which in turn could give rise to a 
current component from a net outward flow of Tris +. In order to 
test for this possibility, an experiment was carried out with iden- 
tical concentrations (100 mM) of Tris2SO4 on both sides and, in 
addition, 10 mM Na2SO4 on the external side. The current was 
found to be virtually the same as in the corresponding experi- 
ment performed at constant ionic strength. This means that cur- 
rent components from Tris § permeation are negligible. 
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"" at small c7~ and saturating c" c~ and Cs, s the observed 
values o f  PI, exp ranged between 10 and 30. The varia- 
tion of P/,exp from experiment to experiment mainly 
resulted from variations in the magnitude of uncou- 
pled current,/"(c} = 0), whereas the relative change 
of alanine-dependent current was small. For this 
reason the largest value of P~,exp (~'~'30) was taken as 
a lower limit for the ratio p7 of coupled to uncoupled 
sodium flow through the cotransporter. The esti- 
mated value p7 > 30 indicates that the cotransport 
system is tightly coupled with respect to sodium. 

Reversa l  Po ten t ia l  

An alternative method for obtaining information on 
the stoichiometry consists in measuring the reversal 
potential, i.e., the voltage at which the gradient- 
driven, cotransporter-mediated current I vanishes. 
If the system is tightly coupled and if v sodium ions 
and o- neutral substrate molecules S are transported 
per turnover, the reversal potential is given by the 
thermodynamic relation: 

RT ( c} c~) 
: 7 V r  = (lit '  - -  t~")/= 0 " ~  O" In -7 + ,ln �9 

C S CN 
(9) 

0' and 0" are the electrical potentials on the cyto- 
plasmic and extracellular side, respectively; R is the 
gas constant, T the absolute temperature and F the 
Faraday constant. Implicit in the derivation of Eq. 
(9) is the assumption that the amino acid is trans- 
ported as an (electrically neutral) zwitterion. Since 
the membrane has a finite leakage resistance R~, the 
reversal potential G is, in general, smaller than the 
actually observed potential V0 which is measured 
under the condition of vanishing total transmem- 
brane current L: 

v~ 
Vo ~ (0' - @")z,=o = 1 + Ri/RI (10) 

Equation (10) is based on the assumption that the 
cotransport system may be represented, to a first 
approximation, by a combination of an electromo- 
tive force V~ in series with an internal resistance R; 
(see inset of Fig. 14). The leakage resistance R~ in- 
cludes contributions from the finite membrane-pi- 
pette seal resistance. The ratio RdR~ may be esti- 
mated by measuring the membrane conductance in 
the presence (Cs > 0) and in the absence (Cs = 0) of 
amino acid: 

L(Cs > O) R~ 
I,(cs = O) -- 1 + R--~/ (11) 
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Fig. 14, Zero-current  membrane  potential V0. The curve labeled 
" a l an ine"  was measured  with symmetr ical  sodium concentra-  
tions (CN = CN = 150 mM) and variable external  alanine concen- 
tration c~.; the curve labeled " N a  +' '  was measured  with symmet -  
rical alanine concentrat ions  (Cs = Cs = 6 raM) and variable 
external Na  + concentrat ion c~. The  pipette was perfused with a 
solution containing 75 mM Na2SO4, 6 mM L-alanine, 1 mM EGTA 
and 25 mM Tris2SO4, pH 7.25; external  solution: 100 mM (Na_,SO4 
+ Tris2SO4), 2 mM CaSO4, various concentrat ions  of  alanine, pH 
7.25. At the beginning of  the exper iment ,  the sodium and alanine 
concentra t ions  were the same on both sides (oN = CN = 150 mM 
Cs = CI~ = 6 mM); after establishing the whole-cell configuration, 
the current  was clamped to zero and the decline of  the membrane  
potential V to zero was followed. The external  superfusion me- 
d ium was then exchanged  for a solution of  different sodium or 
alanine concentrat ion.  A quasis ta t ionary voltage (V0) was 
reached within =5 sec. Thereaf ter  the external  medium was 
again exchanged  for the reference solution (containing 6 mM 
alanine and 150 mM Na +) in order to check for V = 0. Then  the 
external  medium was changed to a new composi t ion and so 
forth. The test  with the reference solution was repeated after 
each measurement .  All data points have  been recorded from the 
same 2-cell c luster  at 37~ The membrane  (plus seal) resis tance 
in the presence of alanine (Cs = c~ = 6 raM, c~ = c~ = 150 raM) 
was 0.7 Gf~; after equilibration with an alanine-free solution (Cs 
= c~ = 0) the res is tance increased to 2.5 G a .  After  correction for 
the finite leakage res is tance Rt according to Eq, (10), the slope of  
the alanine curve is 56.9 mV per decade and the slope of  the Na + 
curve 68.0 mV per decade.  Inse t :  equivalent  circuit of  the mem-  
brane; Vr and Ri are the reversal  potential and the internal resis- 
tance of  the cotranspor t  sys tem,  R~ is the leakage resis tance of 
the membrane  (including the p ipe t te -membrane  seal resistance) 

Since both R~ and Ri are, in general, voltage depen- 
dent, Eqs. (10) and (11) are only approximately 
valid. 

The zero-current potential V0 was measured un- 
der the condition c~v = c~ = 150 mM, c~ = 6 mM and 
variable external alanine concentration c}. A semi- 
logarithmic plot of Vo vs. c'~ yielded a straight line 
with a slope of ~41 mV per decade (Fig. 14). In a 
second series of measurements performed with the 
same 2-cell cluster, the zero-current potential was 
determined for symmetrical alanine concentrations 
and variable external sodium concentration c} (c} = 
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Fig. 15. Current as a function of transmembrane voltage V in the 
absence and in the presence of 20 mg L-alanine. Both curves 
have been obtained from the same cell cluster (containing three 
cells) at 37~ The pipette was perfused with a solution contain- 
ing l0 mM NazSO4; !mM EGTA and 10 mM Tris2SO4; pH 7.25; 
external medium: 10 mM Na2SO4; 2 mM CaSO4; 10 mM Tris2SO4; 
pH 7.25. The current was measured by applying short voltage 
pulses (pulse length 60 msee). The first series of current measure- 
ments was performed with alanine-free solutions in the pipette 
and in the bath. Thereafter the cell cluster was equilibrated for 10 
rain with a solution containing 20 mM e-alanine. When at the end 
of the experiment the cell cluster was again equilibrated with an 
alanine-free solution, virtually the same current amplitudes were 
observed as in the first series of measurements. After completing 
a sequence of voltage pulses of increasing amplitudes, the se- 
quence was repeated in order to check for reversibility. The 
current amplitudes in the first and second pulse sequence were 
virtually indistinguishable 

tt  t 

Cs = 6 mM, cN = 150 mM). In this case the slope 
was -~49 mV per decade (Fig. 14). With 6 mM L- 
alanine and 150 mM Na  + on both sides, the current,  
at a voltage of 30 mV, was 43 pA; after equilibration 
of the cell cluster with an alanine-free solution the 
current  (at the same voltage) was 12 pA. This 
yields, according to Eq. (11), RffRi ~ 2.6. Using Eq. 
(10), the reversal  potential  Vr may be obtained by 
multiplying V0 with the correct ion factor  1 + Ri/Rl 
-~ 1.4. The slopes of  Vr then become:  

0vr 
hs = 0(log c]) = 56.9 mV 

ovr 
hN -- 0(log c~) = 68.0 mV.  

Very similar values of  hs and hN were obtained 

in additional exper iments  with two other cell clus- 
ters. The finding that hs is close to (RT/F)In 10 ~- 
61.5 mV (at 37~ indicates that o/v in Eq. (9) is 
unity. This conclusion, of  course,  depends on the 
validity of  Eq. (9), which is derived under the as- 
sumption that the fluxes of  Na  + and substrate are 
tightly coupled. However ,  as shown in part  II  of  the 
paper  (Jauch & L/iuger, 1986), incomplete coupling 
always tends to diminish the absolute magnitude of 
Vr. The exper imental  results are thus incompatible 
with a sodium-alanine stoichiometry of 2: 1. Ex- 
cluding the less likely possibility or, v > 1, we as- 
sume in the following that the Na+/alanine stoichi- 
omet ry  is I : 1. 

The determinat ion of  hzv has been carried out 
mainly as a consis tency check for the measurement  
of  the reversal  potential.  The fact that the corrected 
experimental  value of hN (68 mV) is larger than the 
theoretical value (RT/F)ln 10 = 61.5 mV is not un- 
expected  since part  of  the " l e a k a g e "  conductance 
results f rom sodium permeat ion,  leading to an over- 
est imation of the correct ion factor. 

It  is pert inent  to discuss the results of  this sec- 
tion also f rom a more  general point of  view. The 
finding that extracellular addition of L-alanine 
results in an inward current  in intact cells under 
physiological conditions (Iwatsuki & Petersen,  
1980b) could be explained, in principle, by the as- 
sumption that the amino acid opens a sodium-spe- 
cific channel,  leading to a passive influx of Na  +. 
This possibility can be excluded by the observat ion 
of  a nonvanishing reversal  potential  when solutions 
of  unequal alanine concentrat ion but equal sodium 
concentrat ion are present  on both sides of  the mem- 
brane (Fig. 14). 

Current-Voltage Behavior 

The current-vol tage characterist ic of  an ion-driven 
cot ranspor t  sys tem contains information on the na- 
ture of  the e lementary  charge-translocations associ- 
ated with substrate  t ransport  (Lfiuger & Jauch, 
1986). The current  I associated with Na-coupled 
alanine t ranspor t  may  be approximate ly  determined 
f rom the difference I(cs > O) - I(cs = 0) of  trans- 
membrane  current  in the presence  and in the ab- 
sence of  L-alanine. This procedure  is based on the 
assumption that alanine has no effect on other con- 
ductive pa thways  in the membrane .  Fur thermore ,  
part  of  the " l e a k a g e "  current  I(cs = 0) may actually 
result f rom uncoupled N a  + t ransport  mediated by 
the cotransporter ;  this current  componen t  is auto- 
matically eliminated by taking the difference I(cs > 
o )  - I ( C s  = o ) .  

In Fig. 15 current-vol tage curves are shown for 
identical Na  + concentrat ions on both sides (c} = c} 
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and without L-alanine, from Fig. 15. I(V) is thought  to represent  
an approximat ion to the current-vol tage characterist ic of  the co- 
t ransport  sys tem 

t~ 
= 20 mM) in the presence (c~ = Cs = 20 mM) and in 
the absence of L-alanine. Both curves have been 
obtained from the same cell cluster. Upon addition 
of alanine the conductance is found to increase by a 
factor of about 3.7 (at 50 mV). The difference I - 
I (cs  > O) - l(cs = 0) of the current with and without 
L-alanine is plotted in Fig. 16; I(V) is thought to 
represent an approximation to the current-voltage 
characteristic of the cotransporter. As seen from 
Fig. 16, the current-voltage curve is almost linear 
between - I00 and + 100 mV, with a slight tendency 
for superlinear behavior at negative membrane po- 
tentials. Apart from this small nonlinearity, the I(V) 
characteristic is nearly symmetrical with respect to 
V = 0. This finding is consistent with the results of 
inward- and outward-current measurements pre- 
sented above, indicating again that the cotranspor- 
ter is functionally nearly symmetrical. 

For  the quantitative analysis of I(V)-data it is 
advantageous to study the current-voltage charac- 
teristic under conditions where substrate and driv- 
ing ion are present only on one side of the mem- 
brane. Current-voltage curves measured with 
sodium- and alanine-free intracellular solutions (c~ 
= c~ = 0) are represented in Fig. 17 for c] = 2 mM 
and different extracellular sodium concentrations 

It t 
CN. AS expected for Cu = c~ = 0, only inward cur- 
rents (/" < 0) are observed; I" approaches zero for 
increasingly positive membrane potentials V -= tO' - 
O tt . 

The data of Fig. 17 are replotted in Fig. 18 in the 
form of a Lineweaver-Burk diagram in which - 1//" 
is represented as a function of 1/c~ for four different 
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F i g .  17. Current-vol tage characterist ic  measured  with sodium- 
and alanine-free intracellular solutions,  as a function of  extracel- 
lular sodium concentra t ion c~. The current  was measured  by 
applying voltage pulses of  60 msec  duration.  I" ~: l"(c~ > 0) - l"ci~. 
- 0) is the difference of the currents  in the presence and in the 
absence  of  extracellular L-alanine (compare  Fig. 10). 1"(r = O) 

was about 5% of  l"(Cs > 0) at CN = 20 mM and zero voltage. All 
data have been obtained from the same cell c luster  (five cells) at 
37~ The pipette was perfused with a solution containing I mM 
EGTA and 100 mM TriszSO4, pH 7.25; external  solution: 2 mM 
CaSO4, 100 mM (Tris2SO4 + Na2SO4), pH 7.25, 2 mM L-alanine. 
The curves  have been drawn according to Eq. (7) with L~ = (50 
raM) �9 exp(0.65 F V / R T )  and I".N = --22.2 mA/m-' 

voltages V. An important result which is apparent 
from Fig. 18 is the increase of half-saturation con- 
centration L~ [Eq. (7)] with increasing (inside posi- 
tive) voltage. This finding is consistent with the as- 
sumption that the Na+-binding site is located inside 
the membrane dielectric so that a Na + ion ap- 
proaching the site from the extracellular medium 
has to cross part of the transmembrane electric 
field. L~ can be approximately represented by L~ = 
s  exp(0.65 �9 F V / R T ) ,  where s  = 50 mM is the 
half-saturation concentration at zero voltage. A 
more detailed discussion of the voltage dependence 
of L~ will be given in part I! of the paper. 

In the plot of (1/I") versus (1/c~) the intercept of 
the straight line with the (1//")-axis yields 1/f~,N 
[Eq. (7)]. It is seen from Fig. 18 that, within the 
experimental error limits, the maximum current/r 
is virtually the same for all four voltages (-40,  -20,  
0 and 20 mV). 

Discussion 

Most investigations of sodium-coupled cotransport 
systems have been carried out so far by measuring 
isotope fluxes in membrane vesicles or intact cells 
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Fig. 18. Lineweaver-Burk representation of the data of Fig. 17. 
The reciprocal current is plotted as a function of reciprocal extra- 
cellular Na + concentration for four different transmembrane 
voltages V. The straight lines have been drawn according to Eqs. 
(7) with f-',N = --22.2 mA/m 2 and the following values of the half- 
saturation concentration L~: L~ = 83 mM (20 mV); L~ = s = 50 
mM (0 rnV); L~ = 30 mM (--20 mV); L~ = 18 mM (--40 mV). The 
voltage dependence of L~ can be approximately described by L~ 
= s exp(0.65 FV/RT) 

(Kessler & Semenza, 1983; Turner, 1983; Kaunitz 
& Wright, 1984; Koepsell et al., 1984; Restrepo & 
Kimmich, 1985). In this study we have used the 
whole-cell recording technique for measuring elec- 
tric currents associated with sodium-driven alanine 
transport. Pancreatic acinar cells that exhibit high 
rates of amino-acid transport are particularly suit- 
able for this purpose; maximum alanine-dependent 
Na + currents are of the order of I00 pA per cell. 
The method of tight-seal whole-cell recordings with 
internal perfusion of the pipette allows us to control 
the composition of the intracellular medium and to 
measure transport rates as a function of intra- and 
extracellular concentrations of Na + and amino acid. 
Moreover, the transmembrane voltage may be var- 
ied over a wide range, a condition that cannot easily 
be realized in experiments with cells or membrane 
vesicles. 

In order to extract mechanistic information 
from the experiments described above, certain con- 
ditions must be met. Current components from 
other transport systems such as ion pumps or pas- 
sive ionic channels must be small; furthermore, it 
must be known whether the observed currents 
result from a single amino-acid transport system. In 
whole-cell recording experiments with internal per- 
fusion of the pipette, intracellular low-molecular- 
weight solutes are almost completely replaced by 

solutes from the pipette medium. Since it is known 
that metabolites up to a molecular mass of 500-1000 
g/tool can easily permeate across cell-to-cell junc- 
tions (Loewenstein, 1981; Finbow & Pitts, 1981), 
solute exchange with the pipette may be assumed to 
be fast in the experiments with small cell clusters. 
In most experiments, the only intracellular low-mo- 
lecular solutes (apart from Na + and alanine) were 
Tris +, SO 2- and EGTA. Under this condition cur- 
rent contributions from ion pumps such as the 
Na,K-ATPase are negligible. The remaining cur- 
rents are likely to be alanine-independent leakage 
currents. 

From other studies it is known that many cell 
preparations contain more than one sodium-cou- 
pled transport system for neutral amino-acids 
(Christensen, 1979, 1984; Mircheff et al., 1980; 
Kilberg, 1982). Evidence that a single transport sys- 
tem is responsible for the observed alanine-depen- 
dent currents comes from the finding (Fig. 11) that 
the sodium- and alanine-concentration dependence 
of the current exhibits simple Michaelis-Menten 
behavior. (If two Na +, alanine transporters are 
present in the membrane, they are likely to differ in 
their values of I~s and Ls so that the current will no 
longer be given by Eq. (6).) Two principal Na +- 
coupled transport systems for'alanine and similar 
amino acids have been characterized from a variety 
of cells, usually referred to as the "A-system" and 
the "ASC-system." As discussed above, both the 
pH-dependence of current, as well as the fact that 2- 
(rnethylamino)isobutyric acid (MeAIB) competes 
with L-alanine argue against the participation of the 
"ASC-system" but are compatible with the as- 
sumption that the transport system under study is 
similar to (or identical with) the "A-system," which 
is widespread in animal cells. 

The stoichiometric ratio v/o- is defined as the 
ratio of the number of sodium binding sites (v) and 
amino-acid binding sites (or) participating in the 
transport reaction, v/o- has to be distinguished from 
the ratio ~u/d~s of the fluxes of sodium and amino 
acid; while v/o- is a fixed number, the flux ratio, in 
general, depends on the concentrations of N and S. 
Information on the stoichiometric ratio has been ob- 
tained from two kinds of experiment, from the de- 
pendence of inward current I" on the extracellular 
concentrations of sodium (c~) and amino acid (c~) 
and from the reversal potential V, as a function of 

t! / t 
alanine concentration ratio Cs Cs. The observed 
slope of V, versus In (c~/c's) indicates that the stoi- 
chiometric ratio v/o- is unity. While from V, alone 
the possibility v = o- > 1 cannot be excluded, the 
most likely assumption is that the transporter has a 
stoichiometry of 1 : 1. 

Information on the stoichiometry of sodium- 
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alanine cotransport in other cell types is scanty so 
far (Johnstone, 1979). Evidence for a 1 : 1 stoichio- 
metric ratio in the case of rat hepatocytes has been 
presented by Kristensen and Folke (1983, 1986). On 
the other hand, in experiments with Xenopus oo- 
cytes, Jung et al. (1984) observed sigmoid depen- 
dence of alanine-induced inward current on exter- 
nal sodium concentration, which indicates a 
Na+/alanine stoichiometric ratio larger than 1 : 1. 

The concentration dependence of current has 
been measured with finite concentrations of sodium 
and alanine on one side and vanishing concentra- 
tions on the other. Such "zero-trans" experiments 
are particularly suitable for comparison with predic- 
tions from transport models and for the evaluation 
of kinetic parameters. The inward current as a func- 
tion of extracellular concentrations of Na + and 
alanine was found to exhibit a simple Michaelis- 
Menten behavior. According to Figs. 11 and 13, the 
half-saturation concentration Lj~ of substrate X (X 
= N, S) as well as the maximum current I' ,x for cjc 
--~ ~ depend on the concentration of the other sub- 
strate Y. The mechanistic implications of these find- 
ings will be discussed in part II of the paper (Jauch 
& L~uger, 1986). 

Information on the sidedness of the cotranspor- 
ter has been obtained by measuring inward and out- 
ward currents under "zero-trans" conditions for 
equal but opposite concentration gradients. The ra- 
tio I'/1" of outward to inward currents was found to 
be close to unity in the whole experimental range of 
sodium and alanine concentrations. Moreover, the 
current-voltage characteristic of the cotransporter 
for symmetric concentrations of Na + and substrate 
was found to be nearly symmetric (Fig. 16). These 
results are consistent with (but do not prove) the 
assumption that the cotransporter is nearly sym- 
metric with respect to its left-sided and right-sided 
kinetic parameters; see part II of the paper for fur- 
ther discussion of this point. 
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