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Isolatod hepatoeytes from file elasmobranch Raja erinac~a were examined for their regulatoD, responds to 
a solute load following elee~'ogenic uptake of L-alan|he. The transmembrane potential (V m) was measured 
with glass microelectrodes filled with 0.5 M KC| (75 to 208 MQ in dasmobranch Ringer's solution) and 
averaged - 6 1  + 16 mV (S.D.; n = 68). L-A|anine decreased (depolarized) Vm by 7 =k 3 and 18 :[: 2 mV at 
concentrations of 1 and 10 raM, respectively. V~ did no~ repolar~e to control values during the 5-10 rain 
impalements, unless the amino acid was washed away from the hepatoeytes. The depolarizing effect of 
L-alanine was dependent on external Na +, and was specific for the L-isomer of alanine, as D- and fl-alanine 
had no effect. Hepatocyte V. also depolarized on addition of KCN or ouabain, or when external K + was 
increased. Rates of ~ R b  + uph~ke and efflux were measured to assess the effects of L-alanine on 
Na+/K+-ATPase  activity and K + permeability, respectively. Greater than 80% of the ~ R b  ÷ uptake was 
inhibited by 2 mM ouabaln, or by substitution of choline + for Na + in the incubation media. L-Alanine ~10 
raM) increased &SRb + uptake by |8-49%, consistent with an increase in N a + / K  + pump activity, but had no 
effect on rubidium efflux. L-Aianine, at concentrations up to 20 riM, also had no measurable effect on cell 
volume as determined by 3H20 ~d [a4C]inulin dis~bution. These results indicate that Na*-eoupled u p ~ e  
of L'.alanine by skate hepatoeytes is rheogenic, as previous|y observed in other cell systems. However, in 
contrast to mammalian hepatoeytes, V, does not repolarize for a~: least 10 rain after the administration of 
L-alanlne, and changes in cell volume and potassium permeabii|~ are also not observed. 

Introduction 

Transport of L-alanine across the basolateral 
plasma membrane of the liver cell is believed to be 
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the rate-limiting and regulated step in the 
metabolism of th/s important am/no-acid sub- 
strate for the liver [1-3]. Uptake of L-alanine by 
hepatocytes, including hepatocytes from the skate 
Raja erinacea [4], is concentrative, and occurs 
predominantly by an electrogen/c Na+-cotrans - 
port system [5]. Studies by Ka°istcnsen [6] and 
Kristensen and Folke [7] demonstrate that the 
cotransport of Na + and L-alarfi~e by rat hepato- 
cytes leads to an increase in cell volume, presuma- 
bly as a result of the increase in solute load. The 
mammalian hepatocyte compensates by increasing 
K + permeability and Na+/K+-ATPase activity, 
thereby restoring cell volume and the sodium 
gradient. Additio~ of 10 mM L-alanine to rat or 
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mouse hepatocytes also results in a transient de- 
polarization, followed by a sustained hyperpolari- 
zation, which is attributed primarily to a change in 
K + permeability [8-10]. Thus, mammalian 
hepatocytes appear to regulate their osmotic bal- 
ance during organic solute transport by eliminat- 
ing intracellular ions, particularly K +. The present 
study examines this phenomenon in hepatocytes 
from a lower vertebrate, Raja erinacea, to de- 
termine whether similar regulatory mechanisms 
exist in response to a solute load. Previous studies 
from this laboratory have demonstrated that these 
cells transport r-alanine primarily by a Na+-de- 
pendent process, and are able to concentrate this 
amino acid at least 16-fold when incubated in the 
presence of 0.5 mM L-alanine [4] 

Materials and Methods 

Materials and animals. Hepatocytes were iso- 
lated from male skates (Raja erinacea; 0.7-1.2 kg 
body weight), that were obtained from French- 
man's Bay in Maine, and maintained for up to 4 
days before use in large tanks equipped with flow- 
ing 15°C sea water at the Mount Desert Island 
Biological Laboratory, Salsbury Cove, Maine. 
[Carboxyl.14C]Carboxylinulin, [3H]H20 and 
SrRbC! were obtained from New England Nuclear, 
Boston, MA. Collagenase ( T ~ e  I) deoxyribo- 
nuclease II, L-alaniae, D-alanine, /3-alanine, 
ouabain and aminooxyacetic acid were obtained 
from Sigma, St. Louis, MO. 

Hepatocyte isolation. The methods for isolating 
skate hepatocytes, as well as their morphologic 
and biochemical characterization a~re described in 
detail elsewhere [4,11]. In brief, skates were 
anesthetized with pedtobarbital sodium, 5 mg/kg, 
administered via the caudal vein. During surgery 
the animals' gills ~ere superfused wit I running sea 
water. A glass cannula was :ruse'fred ;+nto the portal 
vein, the fiver was removed from the abdominal 
cavity, and placed in a water-cooled perfusion 
dish (15oc). A non-recirculating perfusion with 
oxygenated and hepadnized Ca2+/Mg2+.free 
elasmobranch Rin~r 's  solution was then started 
immediately. After 10 rain of single-pass perfu- 
sion, a recirculating perfusion was started with a 
coiiagenase solution (0.07-0.1% of Sigma col- 
lagenase No. C-0130, in elasmobranch Ringer's 

containing (mM), 270 NaC1, 4 KCI, 3 MgCI2, 0.5 
Na2SO 4, 1 KH2PO4, 8 NatICO3, and 350 urea). 
The collagenase perfusion was continued for 10-15 
rain, at which time the liver was raked free of 
connective tissue, in a solution of elasmobranch 
Ringer's solution containing deoxyribonuclease [I. 
The resulting cell suspension was filtered through 
60 /~m nylon mesh and centrifuged at 250 x g. 
The cells were resuspended in either normal 
elasmobranch Ringer's solution, or a sodium-free 
medium (see below), and centrifuged at 250 × g. 
The washed hepatocytes were resuspended at a 
concentration of 20-40 mg wet wt./mi (approx. 
(2-4). 106 cells/nil), in one of two different in- 
cubation buffers: (1) normal elasmobranch 
Ringer's, or (2) a sodium-free medium that was 
prepared by isosmotic substitution of NaCl and 
NaHCO 3 with the respective choline salts, and by 
replacing Na2SO 4 with MgSO 4 (MgCI 2 was de- 
creased to adjust the Mg 2+ concentration). Where 
indicated, the medium also contained 2 mM 
aminooxyacetate and/or  2 mM ouabain. The cells 
were preincubated at 15°C in 50 ml polypro- 
pylene tubes, under an atmosphere of 99% O~/17o 
CO 2 for 20-30 min before the start of each experi- 
ment. 

Electrical measurements. Afiquots of the final 
cell suspension, 100 /LI containing approx. 106 
cells, were added to 35-mm tissue culture dishes 
containing glass coverslips plus 2 nfl of modified 
elasmobranch Ringer's solution comprising ad- 
ditioas of Hepes buffer (Na + salt, 5 raM) and 
adjusting pH to 7.6 by adding I M HCI (1.5 ml/l  
Ringer's). Hepatocytes adhered to the coversfips 
at 130C for approx. 4 h prior to electrophysiologic 
measurements. In this preparation, 3-4 hepato- 
,~ytes often remained attached to one another and 
surrounded a bile canaliculus, thus retaining the 
same structural polarity as in the intact fiver [11]. 

Microfilament capillary glass (1.2 ~-n o.d., 0.68 
i.d., A-M Systems, Everett, WA) was cleaned by 
boiling for 15 rain in 0.5 1 of distilled water 
containing three drops of dclergent (Liquinox), 
followed by a 1 h tap-water rinse. The capillaries 
were then boiled again for 15 re.in in distilled 
water, aad dried at 90°C in a forced-air oven. 
Micropipettes were drawn from the capillary tub- 
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by filling the micropipettes with 0.5 M KC1. Tip- 
resistances in Ringer's solution ranged from 100 
to 240 M~2, but averaged 120 M~2. An AglAgC1 
half-cell in an agar (4% in Ringer's solution) bridge 
was used as a reference electrode. Microelectrodes 
were connected by an AgJAgCi half-cell to a high- 
input impedance (above 10 n)  preamplifier with 
unit gain (KS700 Dual-Probe, World Precision 
Instr., New Haven, CT). DC voltages were re- 
corded with a digital voltmeter and a strip-chart 
recorder (Western Graphtec). Estimated cell input 
resistance was monitored continuously during most 
recordings by passing intermittent current (0.1 nA, 
300 ms duration) through the recording microelec- 
trode. A bridge circuit with a variable resistance in 
the preamplifier provided the means to com- 
pensate for the microelectrode resistance. 

Micropuncture techniaue. Micromanipulators 
with remote joystick controls (Brinkmann) were 
mounted to the stage of an inverted microscope 
(Olympus IMT). A microeiec~rode was positioned 
manually imroediately above the cell. The micro- 
electrode was advanced axially until it touched the 
cell surface. The latter was characterized either by 
an increase in input resistance or by a 5-10 mV 
shift in offset voltage. Impalement of the cell was 
achieved by lightly tapping ~he table which sup- 
ported the microscope. Valid recordings of mem- 
brane potential (V~) were characterized by (1) a 
sudden increase in electronegative voltage on im- 
palement, (2) an increase in input resistance, (3) 1 
rain of stable intracellular recording, and (4) re- 
turn of trace to baseline when the microelectrode 
was vAthdrawn from the cell. 

Coverslips containing adhered hepatocytes were 
placed into an acrylic chamber on the microscope 
stage. Cells were superfused continuously by grav- 
ity at 3.5 ml/min with elasmobranch Ringer's 
solution modified as above. I~ some experiments, 
cells were superfused with a Na+-free Ringer's 
solution made by substituting equivalent amounts 
of choline chloride, choline HCO 3 and MgSO4. 
Na-Hepes was not added and pH was maintained 
at 7.6 by gassing the solution with 99% O2/i% 
CO 2. Ringer's solution was cooled prior to enter- 
ing the cell chamber as it ran through the coil of a 
Graham condenser, whose jacket was flushed con- 
t;,, ..... oh, vdth ~'~-~ 3 ° C sea ,~,-t,'~, resulting in 
solution temperatures of 16-17°C in the, chain- 
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bet. Effects of drugs, amino acids, and altered 
ionic composition of the Ringer's solution on g'~, 
were determined by switching from control to 
experimental Ringer's solution while continous in- 
tracellular recordings of V m were obtained. 

Rubidium uptake and efflux. Potassium flu:~ 
measurements were made using 86Rb+ as a tracer 
for K +. 86Rb+ uptake experiments were initiated 
by the addition of tracer concentrations of 86RbCI 
(0.2 #Ci /ml)  to the incubation mixtures kept at 
15°C, under an atmosphere of 99% O2/1% CO2. 
The polypropylene incubation tubes were agitated 
periodically to maintain the cells in suspension. 
Aliquots of the cell suspensions (0.3 nil) were 
removed at appropriate time intervals, and added 
to 1.5 ml polypropylene microfuge tubes contain- 
ing 1.1 ml of ice-cold incubation medium. T~s  
suspension was immediately centrifuged at room 
temperature for 10 s at 10000 × g in a Beckman 
Micro~uge B. An aliquot of the supernatant was 
removed for scintillation counting, and the rest 
aspirated with a Pasteur pipette. The residual fluid 
on the surface of the cell pellet was removed by 
gently touching the top of the pellet with a strip of 
filter paper, as previously described [12]. The mi- 
crofuge tubes were cut with a razor blade just 
above the cell pellets, and the pellets transferred 
to glass scintillation vials. The pellets were ex.. 
tracted by vigorous mixing in the presence of 0.2 
ml of 4% 5-sulfosalicylic acid, and dissolved in 6 
ml of Opti-Fluor (P:~ckard Instrument Co.) Radio- 
activity in the pellet exuacts, and in aliquots of 
the incubation media and wash solutions was de- 
termined by sc;.nfiiiation spectrometry. Rubidium 
uptake is expressed as the ratio of dpm 86Rb+ in 
the intracellular and extracellular water spaces. 

For the 86Rb efflux experiments, the cells were 
preloaded with rubidium for 1.5 h, centrifuged for 
2 rain at 250 × g, and resuspended in either choline 
Ringer's, or in normal Ringer's containing either 
(a) 10 mM L-alanine, (b) 10 mM L-alanine plus 2 
mM aminooxyacetic acid, (c) 2 mM ouabain, or 
(d) hypotonic media (40% H20). Efflux was 
terminated at various time intervals by centrifuga- 
tion of a 0.3 ml aliqaot for 10 s at 10 000 × g. The 
supematant was separated from the cell pellet as 
described above. 

Cell volume measurements. The intracel!ular 
water space was determined ~:s the difference be- 
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tween the 3H20 and [14C]inulin distribution 
spaces. Cells were incubated in media containing 
both 3H20 (0.4 pCi/ml) and []4C]inulin (0.2 
/~Ci/ml): 0.3 ml aliquots of the cell suspensions 
were removed at various time intervals, and 
centrifuged for 10 s at 10000 x g. 3H and t4C 
distribution spaces were calculated by duaMabel 
counting, after appropriate correction for quench- 
ing and channel overlap. For each experiment, 
quenching was estimated by adding an equivalent 
cell pellet containing no radioactivity (prepared at 
the beginning of the experiment) to an aliquot of 
the incubation solution. 

Results 

Hepatocyte membrane potential - effects of L- 
alanine 

Valid recordings of Vm were obtained in 41% of 
impalement attempts, and V m averaged - 6 1  4- 16 
mV (S.D.; n = 68) ranging from - 30 to - 100 
inV. A frequency distribution for these Vm is 
shown in Fig. 1. Estimated cell input resistance 
ranged from 75 to 208 Mr? and averaged 139 4- 36 
MI2 (S.D.; n = 68). 

Effects of metabolic inlfibitors o~i the apparent 
V m were used to verify that microelectrodes were 
inside of cells when positioned in ~he cell clusters. 
KCN (10 -4 M) decreased V m by 13 4- 4 mV (n = 
3) within 2 rain. Ouabain (10-3 M) decreased V m 
by 9 + 1 mV ( n - - 4 )  over a period of 20-30 rain. 

To establish further the validity of our V m 
recordings, we measured the effects of increasing 
external KCI concentration (equivalent KCI sub- 
stitution for external NaCI) on V m, assuming that 
K + conductance contributes to the V m of skate 

f 20- 

10" 

-2o -4o 4 o  - oo 
Vm ~V) 

Fig. 1. A frequency distribution of skate ( K  erinacea) hepato- 
cyte V m. V m were mea:sured in isolated ceils that had attached 

to glass coversfips for approx. 4 h. 
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Fig. 2. (A) A representative continuous recording of V m during 
three-step protocol of superfusing cells with control medium, 
with experimental medium (high K ÷ ), and again v'dh control 
medium. [K + ]o was increased by substituting external NaCl 
with an equivalent concentration of KCI. (B) Skate hepatocyte 
V m as a function of iog~o [K + ]o. Each point is the mean + S.E. 
of at least three measurements. [K + ]o were 4, 50, 140 and 230 

mM. 

hepatocytes. Effects of these ion substitutions on 
hepatocyte V m were measured while continuously 
maintaining intracellular recordings (Fig. 2A). V m 
decreased to a steady state in response to in- 
creasing external K + to 140 mM and repolarized 
to control V m when the extern~ K ~ concentration 
w ~  restored to 5 raM. V m plotted as a function of 
the log]0 [K+]o is shown in Fig. 2B. These in- 
creases in [K+]o had no measurable effect on 
microelectrode junction potentials recorded when 
the ion substitution was performed with the mi- 
croelectrode in the bath. 

The effect of L-alanine on skate hepatocyte V m 
is illustrated in Fig. 3 (top traces). At a concentra- 
tion of 10 raM, L-alanine immediately decreased 
V m by 184-2 mV (from - 9 0 4 -  12 to - 7 2 4 - 1 3  
mV; me~_-. 4- SD.  of 13 measurements in two cell 
preparations), an effect that was dose-dependent, 
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Fig. 3. Effects of various alanine analogues on skate (R. 
erinacea) hepatocyte V m. Time and voltage bases apply to all 
traces. Vertical deflections result from intermittent ~,arrent (0.1 

hA, 300 ms) to measure input resistance. 

since 1 mM L-alanine decreased Vm by only 7 4- 3 
rnV (from ~ 70 4- 20 to - 63 + 20 mV; mean + 
S.D. of five measurements in two cell prepara- 
tions) (Fig. 3). With alanine present in the super- 
fusion media, V m repoladzed toward control value 
only by 1-2 rnV (Fig. 3). This small repolafization 
value is much less than occurs in mammalian 
hepatocytes, where V~ often repolarizes to values 
more eleetronegative than the control V,~, while 
extracellular L-alanine is present continuously 
[8-10]. When Na + was substituted with choline in 
the elasrnobranch Ringer's, ~-alanine had no el- 
feet on I'm (I'm = - 3 5  4- 11 mV remained un- 
changed with 10 mM alarfine, n = 5). Thus, the 
alanine-induced depolarization requires the pres- 
ence of Na + in the external media. 

Neither D-alanine nor fl-alanine (10 rnM) al- 
tered skate hepatocyte V m (Fig. 3, bottom traces). 
In contrast, L-glutamine, which inhibits L-alanine 
transport in skate hepatoe,,tes [4], decreased Vm 
by 54-3  mV (from - 5 2 4 - 7  to - 4 7 4 - 7  rnV; 
n = 5, traces not shown). 

~ul, idium (S6Rb +) fluxes 
Fig. 4 illustrates the tirne-t;gurse of S6Rb + up- 

take by skate hepatocytes. Uptake was measured 
in normal elasmobranch Rbager's and k,a rnedia 
where the Na + was replaced with choline+, for (a) 
control cells, (b) cells incubated with 10 rnM 
L-alanine, and (c) cells incubated with 2 mM 
ouabain. The results are expressed as the S6Rb 
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concentration ratio between the intracellular and 
extracellular water spaces. Uptake in Ha +-Ringer's 
was 3-4-fold higher than in: ci~oline+-Ringer's (Fig. 
4A). The distribution ratio was approx. 14 after 4 
h of incubation in Na+-['3nger's, and was still 
increasing, suggesting that the isotope had not 
reached electrochemical equilibriurn over this time 
interval. Cells incubated with 10 rnM L-alarfine 
accumulated more S6Rb+ than control cells (Fig. 
4B); the distribution ratio was 20.8 after 4 h of 
incubation in Na+-Ringer's. In contrast, cells 
treated with ouabain (2 rnM) accumulated only 
srnaU quantities of S6Rb + (Fig. 4C). Ouabain in- 
lfibited the uptake of rubidium in both Na +- and 
eholine+-containing media. Since a small arnounl 
of Na + was still present in cell suspensions ~.n- 
eubated in choline-Ringer's (no more than 5 rnM), 
some of the S6Rb + taken up in choline media may 
have also been dependent on Na+-coupled rnecha- 
msrns. This residt~al Na + probably originated from 
both the release of intracellular Na + during the 
incubations, and as an extraeellular contaminant 
during the cell-washing procedure. 

To distinguish whether L-alanine stimulated 
86Rb+ uptake by enhancing Na + influx, and 
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Fig. 4. T ime-course o f  ~°Rb ÷ uptake by  skate hepatocytes. 

Cells were incubated in either normal Na*-Ringer (0) or in 
media where choline + replaced the Na + (O), for (A) control 
cells, (B) cells incubated with 10 mM L-alanine, and (C) cells 
incubated with 2 mM ouabain. The cells were preincubated" 
with the indicated concentrations of L-alanine and ouabain for 
30 min prior to the addition of 86Rb+. Results are expressed as 
the 86Rb concentration ratio between the intracellular and 
extracellular water spaces. Values shown ace means=l: S.D. of 

four experiments, each performed in duplicate. 
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Fig. 5. Effects of L-alanine on the time course of S6Rb+ uptake 
by skate hepatocytes treated with 2 mM aminooxyacetic acid, 
an inhibitor of alanine oxidation. For explanatory information 
see legend to Fig. 4. Values are means-I-S.D, of three cell 

preparations, each performed in duplicate. 

the reby  stimulating N a + / K + - A T P a s e  act ivi ty,  or  

by  serving as an  oxida t ive  subs t r a t e  for  the liver, 

the  expe r imen t s  p resen ted  in Fig.  4A  a nd  B were 

repea ted  wi th  cells tha t  were i n c u b a t e d  wi th  2 m M  

aminooxyace t i c  acid,  an  inh ib i to r  o f  L-alanine 
ox ida t ion  (Fig.  5). L-Alanine e n h a n c e d  S6Rb + in- 

f lux even in the  p resence  o f  an f inooxyace ta te ;  the  

r u b i d i u m  d i s t r i bu t i on  ra t ios  a f t e r  4 h in Na +- 
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Fig. 6. Time-course of 86Rb + efflux. Efflux was measured in 
control skate hepatocytes (O; n = 4 cell preparations, each 
performed in duplicate) and hepatocytes ~hat received either 10 
mM L-alanine (O, n =4), 10 mM L-alanine plus 2 mM 
amincoxyacetic acid (123, n ffi 3), 2 mM ouabain (zx, n = 4) or 
40~ H20 ( X, hypotonic media; n -- 2). These additions were 
made at time zero, and rubidium content of the hepatocytes 

meastared over the subsequent 120 min. 

R inger ' s  were  13.5 a n d  17.5 for  c o n t r o l  a n d  L- 

a l an ine - t r ea ted  cells, respect ively.  T h e s e  d a t a  sug- 

gest  tha t  the  increase  in 86Rb+ inf lux  was  no t  due  

to  the ox ida t ion  o f  L-alanine,  b u t  was  p r o b a b l y  

s econda ry  to the  increase  in i n t r ace l lu l a r  N a  + 

resul t ing f rom N a + - a l a n i n e  c o t r a n s p o r t .  

TABLE I 

EFFECTS OF L-ALANINE, OUABAIN, AND A Na~-FREE MEDIUM ON VOLUME OF ISOLATED SKATE HEPATO- 
CYTES 

The intracellular water space was detemdned as the difference between the 3H20 and [14C]inulin distribution spaces, in cells 
continuously exposed to both isotopes in the incubation media. L-Alanine or Ringer's for control was added at 30 min, while ouabain 
or choline +-Ringer's was added at the start of the incubation. Values are means :1: S.D. of the number of cell preparations indicated, 
each performed in duplicate. 

Time Relative volume 

(min): 0 10 30 40 60 90 120 150 

Control 4 100 95.2+5.6 95.4+3.6 90.6-1-10.5 94.7:1:11.0 91.9+12.8 86.1+11.0 83.6-1-14.0 
t.-Alanine20mM 3 100 96.9+2.8 94.6+3.5 94.2+ 6.7 89.3+ 4.7 93.6+ 8.5 81.2:!: 9.4 76.0.+_14.6 
Ouabain2mM 4 100 100.1±3.3 102.3+8.2 - 96.7+ 8.6 95.8+11.0 91.5:t:12.1 91.7+15.9 
Choline+-Rin~er's 3 100 99.3+ 8.0 99.6+6.9 - 91.7+ 14.4 92.8 + 18.6 82.7+ 4.0 80.9+ 2.9 



Efflux of 86Rb + from skate hepatocytes was a 
first-order process (Fig. 6). 30-35/% of the 
rubidium was released over a 2 h interval, and this 
rate of release was unaffected by ouabain or L- 
alanine (Fig. 6). This latter observation is in con- 
trast to findings in rat hepatocytes, where L-alarfine 
increases K + pem, leabi~/ty 3~4~fold [6]. Hepato~ 
cytes exposed to hypotonic media released 86Rb 
slightly faster for the first 30 rain, but then 86Rb 
efflux rate was the same as controls for the subse- 
quent 90 rrfin (Fig. 6) 

Cell volume 
The effects of ouabain and Na+-free medium 

on cell volume are illustrated in Table I. Neither 
of these treatments had any effect on cell volume, 
suggesting that, as in other cells, mechanisms in 
addition to the Na+/K+-ATPase pump account 
for the short-term regulation of cell volume by 
skate hepatocytes [13]. However, in contrast to 
mammalian hepatocytes [7,14], L-alaxfine also had 
no effect on cell volume (Table I). Other studies 
have shown that skate hepatocytes swell rapidly 
when exposed to hypotonic media, and that the 
cells return slowly towards their original volume 
over a 1 h interval [15]. 

Discussion 

Uptake of L-alanine and Na + by a variety of 
cell types activates mechanisms that regulate their 
osmotic and electrical equilibrium [6,7,10,14,16, 
17]. In response to the cotransport of Na + and 
alanine, cells must compensate for both solute 
load and increased positive charge to maintain 
their volume and membrane electric potential, re- 
spectively. Although the mechanisms are not well 
understood, recent studies in rat hepatocytes sug- 
gest that the two processes are closely interrelated 
[7,14]. When rat hepatocytes are incubated with 10 
mM L-alanine, there is an immediate decrease in 
membrane potential, and an increase in cell sodium 
and cell volume. Subsequent increases in K + per- 
meability and Na+/K+-ATPase pamg ~ctivity re- 
polarize the membrane potential, and p:rovide par- 
tial compensation for the increased osmotic load 
due to the uptake of Na* and alan/ne. These 
homeostatic mechanisms act in concert to re- 
establish the Na + electrochemical gradient during 
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Na-alanine cotransport, while restoring cell 
volume and membrane voltage. Studies in rat 
hepatocytes and Necturus enterocytes show that 
the membrane potential actually repolarizes to or 
above control values after the g-alanine-induced 
depolarization, even if the amino acid remains in 
the incubation media [6,10,16]. Although the 
primary stimulus for this increase in K + permea- 
bil/ty has not been defined, recent studies by 
Kr/stensen and Folke [7] and Bakker-Grunwald 
[14] suggest that changes in cell volume may be 
the primary stimulus for the activation of the K ÷ 
channels, rather than to a direct effect of Na ÷ and 
alanine, or to an effect of membrane depolariza- 
tion on K + channels. 

The present findings in skate hepatocytes dem- 
ons,:rate that the concentrative uptake of L-alanine 
by these cells also is associated with membrane 
depolarization. However, in contrast to rat 
hepatocytes, skate liver cells remain depolarized 
for at least 5-10 rnin in the presence of L-alanine, 
and exhibit no measureable change in cell volume 
or significant increase in K + (86R.b+) permeabil- 
ity. These findings suggest that electrogenic alanine 
transport elicits a counter-balancing volume reg- 
ulatory response that is independent of K + loss, or 
alternatively that cell volume is not increased sig- 
nificantly during alanine uptake in tiffs elasmo- 
branch cell. Since skate hepatocytes exhibit a 
volume regulatory decrease following exposure hy- 
poton/c media [15] that cannot be explained by 
the observed increase in K + efflux (Fig. 6), these 
cells probably regulate cell volume differently from 
mammalian hepatocytes. This interpretation is 
consistent with previous studies showing that many 
lower vertebrates regulate cell volume primarily by 
adjusting intracellular organic solute (e.g., amino 
acid) rather than salt concentrations [18]. indeed, 
previous studies by King et al. [19] and Boyd et al. 
[20] indicate that skate hepatocytes are capable of 
adjusting their intracellular amino-acid concentra- 
tions in response to an osmotic stress; however, 
neither the mechanism nor the principal amino 
acids involved in this process has been identified. 

The dissociation between the effects of L-alanine 
on membrane potential and its effects on cell 
volume and K + (86Rb+) permeability in skate 
hepatocytes indicates that these events are not 
necessarily coupled. Thus, membrane depolariza- 
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tion is not sufficient to induce an increase in K + 
permeability or cell vo;ume. These observations 
therefore indirectly support the hypothesis pro- 
posed by Kristensen and Folke [7] and Bakker- 
Grunwald [14] that the L-alanine-induced change 
in K + permeability in rat hepatocytes is due prim- 
arily to a change in cell volume. 

The different responses of skate and rat 
hepatocytes to the concentrative uptake of L- 
alanine also may be due in part to the kinetics of 
the uptake mechanisms [4,21]. Although the liver 
cells of both species concentrate L-alanine approx. 
15-20-fold when incubated in low concentrations 
of L-alanine (0.5 mM), the rates of uptake differ 
markedly. Skate hepatocytes incubated at 15°C 
require nearly 2 h to establish this gradient [4], 
while in rat hepatocytes incubated at 37 °C alanine 
reaches its steady-state distribution in only 10 rain 
[21]. These different transport rates have obvious 
implications with regard to the mechanisms that 
these cells must employ to compensate for the 
increased influx of Na + and L-alanine. For exam- 
ple, although in the present studies we noted only 
a 1-2 mV repol-,aization of V m over a 5-10 nfin 
interval following the L-alanine-induced depolari- 
zation (18 mV; Fig. 3), this time interval may not 
be sufficient to allow recovery of Vm. Similarly, 
since Na + and L-alanine are taken up relatively 
slowly by skate hepatocytes, changes in cell volume 
may not be detectable, since volume regulatory 
mechanisms may have sufficient time to com- 
pensate for the increasea osmotic load. 

L-Alanine-induced membrane depolarization in 
skate hepatocyte was dependent on external Na + 
and was specific for the L-isomer of alanine, as D- 
and /3-alanine had no effect. These observations 
are consistent with our previous findings that the 
uptake of L-alanine by skate hepatocytes was 
largely Na+-dependent, and was not inhibited by 
D- or ~-alanine [4]. In contrast, L-glutamine, an 
amino acid that inhibits L-alanine uptake in skate 
hepatocytes, also depolarized the membrane 
potential. 

The plot of Vm vs. log10 [K +]o shows that Vm 
decreases with increasing [K +]o, thereby substan- 
tiating the validity of the potential recordings, and 
showing that K + conductance contributes signifi- 
candy to skate hepatocyte V m. However, the 
curvilinear relationship between V m and [K +]o 

indicates that, while K + conductance contributes 
to V m, it is not a Nernstian function, as would be 
expected of a K+-selective membrane (Fig. 2). 
Thus, membrane conductances of other ions, nota- 
bly Na + and/or  CI-, also may contribute to V m. 
The decrease of V m in response to KCN reflects 
an energy dependent transport process, as does 
the decrease following exposure to ouabain. 

The flat or platykurtic frequency distribution of 
V m (Fig. 1) is consistent with a distributed popula- 
tion of cells with different electrical properties, it 
is possible that hepatocyte V m is heterogeneous 
and differs among cells as a function of the cel!s' 
different metabolic states within the hepatic lob- 
ule. There is evidence that heterogeneity exists 
among hepatocytes within the hepatic lobule with 
respect to biochemical pathways and cytochemieal 
markers. V m also might vary with position of the 
microelectrode within cell compartments. Most 
often, it is assumed that the microelectrode is 
posfifioned within the cytoplasm, but skate 
hep~tocytes contain a large number of lipid 
vacuoles that constitute a substantial portion of 

[ q  the cell volume t,-2]. These organdies might also 
have a transrnembrane potential and, if impaled, 
would be in series with the membrane V m and 
yield a larger range for Vm values. 
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