
J. Membrane Biol. 116, 215-226 (1990) The JournaJ of 

Membrane Biology 
�9 Springer-Verlag New York Inc. 1990 

Electrogenic 2 Na +/1 H + Exchange in Crustaceans 

Gregory A. Ahearn, Pierette Franco, and Laurel P. Clay 
Department of Zoology, University of Hawaii at Manoa, Honolulu, Hawaii 96822 

S u m m a r y .  Hepatopancreatic brush border membrane vesicles of 
the freshwater prawn, Macrobrachium rosenbergii and the ma- 
rine lobster, Homarus americanus exhibited 22Na uptake which 
was Cl-independent, amiloride sensitive, and stimulated by a 
transmembrane H gradient (Hi > Ho). Sodium influx by vesicles 
of both species were sigmoidal functions of [Na]o, yielding Hill 
coefficients that were not significantly different (P > 0.5) than 
2.0. Estimations of half-saturation constants (KN~) were 82.2 mM 
(prawn) and 280.1 mM (lobster), suggesting a possible adaptation 
of this transporter to environmental salinity. Trans-stimulation 
and cis-inhibition experiments involving variable [H] suggested 
that the exchangers in both species possessed single internal 
cation binding sites (pK 6.5-6.7) and two external cation binding 
sites (prawn, pK 4.0 and 5.7; lobster pK 3.5 and 6.1). Similar cis 
inhibition studies using amiloride as a competitive inhibitor of Na 
uptake supported the occurrence of dual external sites (prawn, 
Ki 50 and 1520/xM; lobster Ki 9 and 340/XM). Electrogenic Na/H 
exchange by vesicles from both crustaceans was demonstrated 
using equilibrium shift experiments where a transmembrane po- 
tential was used as the only driving force for the transport event. 
Transport stoichiometries of the antiporters were determined us- 
ing Static Head analysis where driving forces for cation transfer 
were balanced using a 10 : 1 Na gradient, a 100 : 1 H gradient, and 
a stoichiometry of 2.0. These electrogenic 2 Na/1 H exchangers 
appear thermodynamically capable of generating sufficient gas- 
tric acidification for organismic digestive activities. 
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Introduction 

A wide variety of epithelial and nonepithelial verte- 
brate cell types possess a Na/H exchange protein in 
their plasma membranes that catalyzes the net up- 
take of extracellular sodium for the net extrusion of 
cytoplasmic protons. The reported biological func- 
tions of this antiport mechanism include the regula- 
tion of intracellular pH (Moolenaar et al., 1981; 
Weinman & Reuss, 1982; Piwnica-Worms & 
Lieberman, 1983); cell volume (Cala, !980, 1983; 
Ericson & Spring, 1982; Parker, 1983), and transcel- 
lular transport of Na and HCO3 (Murer, Hopfer & 

Kinne, 1976; Boron & Boulpaep, 1983; Knickelbein 
et al., 1983). In the last few years several reviews 
have been written about the properties of this trans- 
porter, describing its stoichiometry, specificity, ki- 
netics, and interaction with a variety of extra- and 
intracellular cation species (Krulwich, 1983; Aron- 
son, 1985; Aronson & Igarashi, 1986; Grinstein & 
Rothstein, 1986; Sacktor & Kinsella, 1986). These 
reviews suggest that, in vertebrates, this protein is 
highly conservative in its physiological properties 
across a range of cell types universally displaying 
an electroneutral 1 Na/1 H exchange stoichiometry, 
which is energized by the cation illustrating the pre- 
dominant transmembrane chemical driving force. 

Recently, three reports have been published 
concerning Na/H exchange by crustacean gill 
(Towle et al., 1988) and hepatopancreatic (Ahearn 
& Clay, 1989; Ahearn & Franco, 1989) epithelial 
cells which suggest that in these eukaryotic cell 
types electrogenic exchange mechanisms, exhibit- 
ing transport stoichiometries of 2 Na/1 H, exist with 
physiological properties that depart significantly 
from those of the vertebrate paradigm. The present 
investigation is a detailed kinetic comparison of 
electrogenic 2 Na/1 H exchange in the hepatopan- 
creas of freshwater and marine crustaceans and a 
discussion of the potential relevance of this process 
to gastric digestion in these animals. 

Materials and Methods 

ANIMALS AND VESICLE PREPARATION 

Live intermolt freshwater prawns (Macrobrachium rosenbergii) 
and Atlantic lobsters (Homarus americanus) were purchased 
from commercial dealers in Hawaii and maintained unfed for up 
to 1 week at room temperature (24~ in aquaria containing run- 
ning freshwater (prawns) or at 15~ in a refrigerated aquarium 
containing filtered seawater (lobsters). 

Hepatopancreatic b rush  border membrane vesicles 
(BBMV) were prepared from fresh organs of individual 0.5-kg 
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lobsters or from pooled tissue of 8-10 prawns using a magnesium 
precipitation technique developed previously (Ahearn, Grover & 
Dunn, 1985). Purity of BBMV prepared by this method was as- 
sessed by comparing the activities of membrane-bound enzymes 
in the final membrane pellet with those of the original tissue 
homogenate. Results of these studies suggested that brush bor- 
der membrane preparations from both crustacean species were 
highly enriched in apical membranes and contained minimal con- 
tamination from basolateral and organelle sources (Ahearn et al., 
1985; Ahearn& Clay, 1989). 

TRANSPORT MEASUREMENTS 

Transport studies using BBMV were conducted at 22~ (prawn) 
or 15~ (lobster) using the Millipore filtration technique devel- 
oped by Hopfer et al. (1973). Both long-term and short-term 
incubations of membrane vesicles from both species with 2ZNa 
(New England Nuclear) were conducted in this study using ra- 
dioisotopic and liquid scintillation methods previously described 
(Ahearn et al., 1985; Ahearn& Clay, 1989). 

22Na uptake values are expressed as pmol or nmol (using 
specific activity of the isotope in the medium) per mg protein 
(Bio Rad protein assay) per filter. Each experiment was repeated 
two or three times using membranes prepared from different 
animals. Within a given experiment 3-5 replicates were used, 
and data are presented as mean values and their standard errors. 

CHEMICALS 

Valinomycin, amiloride, tetramethylammonium chloride (TMA- 
C1), tetramethylammonium hydroxide, D-gluconic acid lactone, 
and other reagent grade chemicals, were obtained from Sigma 
Chemical. 

Results 

DEMONSTRATION OF N a / H  EXCHANGE 

IN CRUSTACEAN HEPATOPANCREAS 

Short-circuited brush border vesicles of hepatopan- 
creatic epithelial cells of both lobster and prawn 
were examined for the presence of Na/H exchange 
by loading with 200 mM mannitol, 50 mM K-gluco- 
nate, and 50/x~ valinomycin at pH 5.5 (MES-Tris) 
and incubating in media containing either 0.1 
(prawn) or 1.0 (lobster) m ~  22Na, 100 mM TMA- 
gluconate, and 50 mM K-gluconate at pH 5.5 (MES- 
Tris) or 8.5 (HEPES-Tris). One external medium at 
pH 8.5 had 2.0 mM amiloride, while the second at 
this pH lacked the drug. 

Figure 1 shows the time course of 22Na uptake 
by hepatopancreatic vesicles from both crustacean 
species under the above media conditions and indi- 
cates that Na transfer was strongly stimulated in 
vesicles possessing an outwardly directed, trans- 
membrane proton gradient (pHi 5.5; pHo 8.5). In the 
prawn intravesicular 22Na content at 15 sec of incu- 

bation was transiently more than double the value at 
the 60-min equilibrium point, while the 1-min up- 
take value in the lobster exceeded its respective 
equilibrium by almost a factor of 7. These results 
suggest that in both species a transmembrane pro- 
ton gradient led to Na transport against consider- 
able concentration gradients. The other two 
medium conditions (equal pH values on both mem- 
brane surfaces, pH gradient plus amiloride) resulted 
in slow, nonconcentrative Na uptake time courses, 
suggesting the occurrence of carrier-mediated, ami- 
loride-sensitive Na/H exchange mechanisms in the 
epithelial brush borders of both crustaceans. 

INITIAL RATES OF N a / H  E x c h a n g e  

In order to establish an exposure interval that ap- 
proximated initial uptake rates of 22Na by Na/H ex- 
change, the time course of sodium uptake by short- 
circuited BBMV from prawn and lobster was 
examined at several [22Na]o (prawn: 5, 35, 50, 75 
mM; lobster: 25, 100, 200, 300 raM) for very short 
time intervals (1 to 5 sec), using a rapid uptake 
apparatus that automatically controlled incubation 
period to 1 sec. Vesicles were loaded with either 
200 mM mannitol (prawn) or 300 mM TMA-gluco- 
nate (lobster), 50 mN K-gluconate, and 50/xM va- 
linomycin at pH 6.0 (MES-Tris) and were incubated 
in media at pH 8.0 (HEPES-Tris) containing the 
above 22Na concentrations as Na-gluconate, 50 mM 
K-gluconate, and TMA-gluconate where needed for 
osmotic balance. 

For vesicles prepared from the prawn, uptake 
of sodium was a linear function of time from 1 to 5 
sec for 5 and 35 mg concentrations, while accumu- 
lation of the radiolabeled cation was linear for only 
the first 3.5 sec at 50 and 75 mM Na (Fig. 2, left 
panels; data for uptake at 35 and 75 mM are not 
shown). Uptake of 22Na by BBMV from the lobster 
was linearly related to time over 5 sec at 25 mM Na, 
over 4 sec at 100 and 200 mM Na, and only over 3�89 
sec at 300 mM Na (Fig. 2, right panels; data for 
uptake at 100 and 300 mM are not shown). Based on 
these findings, subsequent estimations of Na influx 
in both species over a wide range of [Na]o used 
either 2�89 or 3 sec incubations. 

Slopes of linear regression lines through the 
data in Fig. 2 provided estimates of unidirectional 
Z2Na entry rates, and vertical intercepts yielded in- 
formation about the magnitude of nonspecific iso- 
tope binding to the membranes at each concen- 
tration. 22Na binding values, determined from ex- 
trapolated vertical intercepts at each external so- 
dium concentration, were not significantly different 
(P > 0.05) from those obtained using vesicles in- 
jected into ice-cold (0~ uptake medium at time 
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Fig. 1. Stimulation of =Na uptake by outwardly directed proton gradients in short-circuited hepatopancreatic brush border membrane 
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Fig. 2. Determination of exposure interval for 
estimation of =Na influx. Vesicles were 
loaded with either 200 mM mannitol (prawn) 
or 300 mM TMA-gluconate (lobster), 50 mM 
K-gluconate, and 50/xM valinomycin at pH 
6.0 (20 mM MES-Tris) and were incubated in 
media at pH 8.0 (20 mM HEPES-Tris) 
containing the above 22Na concentrations as 
Na-gluconate, 50 mM K-gluconate, and 
additional TMA-gluconate for osmotic balance 

zero and  then  rapid ly  fil tered ( " b l a n k  uptake  val- 
ues" ) .  Sod ium influxes at 5 and  50 mM (prawn),  as 
shown  on the left of  Fig. 2, were  2.3 -+ 0.4 and 50. I 
-+ 12.4 n m o l / m g  p ro te in / sec ,  respec t ive ly ,  while 
those  at 25 and  200 mM (lobster) ,  i l lustrated to the 

right on  Fig. 2, were  1.8 _+ 0.2 and  11.9 + 2.2 nmol /  
mg p ro te in / sec ,  respect ive ly .  

F o r  ves ic les  f rom the p rawn ,  nonspecif ic  so- 
d ium b ind ing  to filters and  m e m b r a n e s ,  de t e rmined  
f rom the ver t ical  in te rcep ts  of up take  regress ion  
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Fig. 3. Effect of [Na]o on 2.5 sec (lobster) and 
3.0 sec (prawn) 22Na influx in short-circuited 
hepatopancreatic BBMV in the presence of an 
outwardly directed H gradient. Vesicles were 
loaded with 300 mM mannitol, 50 mM 
K-gluconate, 50 /zM valinomycin, and 
TMA-gluconate for osmotic balance at pH 6.0 
(20 mM MES-Tris) and were incubated in 
media containing 50 mM K-gluconate and 
variable concentrations of 22Na-gtuconate and 
TMA-gluconate at pH 8.0 (20 mM 
HEPES-Tris). Lines drawn through data and 
resulting values for kinetic constants were 
calculated from Hill Equation on Figure 

lines for 5, 35, 50, and 75 mM [Na]o as described 
above, were 77.8, 74.2, 56.5, and 55.6% of respec- 
tive 3-sec uptakes. Therefore, subsequent 3-sec es- 
timations of 22Na influx at [Na]o from zero to 35 mM 
were corrected for an average 76 -+ 2% nonspecific 
component, while an average correction of 56 -+ 1% 
was used for sodium concentrations of 50 mM or 
greater. Similar corrections for nonspecific 22Na 
binding to lobster vesicles were determined from 
the vertical intercepts of uptake regression lines for 
25,100, 200, and 300 mM [Na]o. In this instance the 
nonspecific components amounted to 79.5, 85.1, 
77.8, and 75.4% of the respective 2.5-sec uptakes. 
Because these values were much closer to one an- 
other than were those for the prawn, an overall av- 
erage nonspecific binding component of 79.5 --+ 
2.1% was used for 2.5-sec influx estimations for 
vesicles from the lobster at all [Na]o. Control exper- 
iments with vesicles from both crustacean species 
were conducted which showed that variation in 
[H];, [H]o, or [amiloride]o had no significant influ- 
ence on the quantitative values of nonspecific 22Na 
binding components. 

KINETICS OF Na/H EXCHANGE 

The kinetics of 2.5-sec (lobster) or 3-sec (prawn) 
22Na influx as a function of [Na]o in short-circuited 
BBMV from both crustacean species is illustrated 
in Fig. 3. Vesicles were loaded at pH 6.0 (MES- 
Tris) with 300 mM mannitol, 50 mM K-gluconate, 50 
/xM valinomycin and TMA-gluconate for osmotic 
balance and were incubated in media containing 50 
mM K-gluconate and variable 22Na-gluconate and 
TMA-gluconate concentrations at pH 8.0. Influx 
values at each [Na]o were corrected for the percent- 
age of total activity associated with the vesicles and 
filters that was due to nonspecific binding as de- 

scribed above, or from "blank values" where vesi- 
cles and radiolabeled incubation medium were 
simultaneously injected into a stop solution without 
prior mixing. 

In the presence of a fixed outwardly-directed 
proton gradient, Na influx (JNa) in both the prawn 
and the lobster was a sigmoidal function of [Na]o 
and followed the Hill equation (Fig. 3; Ahearn & 
Clay, 1989), where J is maximal Na influx, KNa is an 
apparent affinity constant modified to accommodate 
multisite interactions (interaction coefficient), and 
the Hill Coefficient, n, is an estimate of the number 
of reactive Na binding sites. Quantitative values for 
these transport constants were estimated using a 
Marquardt nonlinear iterative computer program 
providing the best-fit curve through the experimen- 
tal points in Fig. 3. The coefficient of determination 
(r 2) for thebest-fit lines drawn through the data for 
both curves using these quantitative values were 
both greater than 0.99, suggesting highly satisfac- 
tory fits to the experimental results. 

The sigmoidal nature of the results presented in 
Fig. 3, and the occurrence of Hill Coefficients of 
approximately 2, indicate that Na/H exchange by 
BBMV prepared from both prawn and lobster oc- 
curs by carrier processes with at least two external 
cation sites that exhibit binding cooperativity. In 
addition, the apparent affinity constant (KNa) for Na 
binding was threefold greater in the marine animal, 
Homarus, than in the freshwater species, Macro- 
brachium, suggesting a possible adaptation of the 
carrier mechanism to habitat salinity and substrate 
availability. 

EFFECTS OF INTRAVESICULAR [H] ON N a  INFLUX 

The effects of intravesicular proton concentration 
([H]i) on the kinetics of 3-sec influx of 50 mM 22Na 
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Fig. 4. Effect of variable internal [H] on 50 
and 100 mM 22Na influx in short-circuited 
prawn and lobster hepatopancreatic BBMV, 
respectively. Vesicles were preloaded for 2 hr 
at 22~ with 50 mM K-gluconate, 50/zM 
valinomycin, and appropriate concentrations 
of TMA-gluconate at pH values from 7.5 to 
5.0 (50 mM MES-Tris or HEPES-Tris) and 
were then incubated in media containing 50 
mM K-gluconate at pH 7.5 (50 mM 
HEPES-Tris) and either 50 mM 22Na-gluconate 
(prawn) or 100 mM 22Na-gluconate (lobster). 
Insets are Eadie-Hofstee plots of data after 
subtraction of estimated vertical intercept 
(nonspecific binding) from values in the main 
body of figure. Lines in Eadie-Hofstee plots 
were calculated by regression analysis 

(prawn) or 2.5-sec influx of 100 mM 22Na (lobster) in 
short-circuited BBMV are displayed in Fig. 4. Vesi- 
cles were preloaded for 2 hr at room temperature 
(22~ with 50 mM K-gluconate, 50 /XM valinomy- 
cin, and appropriate concentrations of TMA-gluco- 
hate at pH values from 7.5 to 5.0 (MES-Tris and 
HEPES-Tris). They were then incubated in media 
containing 50 mM K-gluconate, at pH 7.5 (HEPES- 
Tris) and either 50 mM 22Na-gluconate (prawn) or 
100 mM 22Na-gluconate (lobster). 

For both species of crustaceans 22Na influx was 
a hyperbolic function of [H]; over the pH range used 
approaching an asymptote at the highest proton 
concentrations and illustrating a significant extrapo- 
lated vertical axis intercept representing nonspe- 
cific binding of isotope to vesicles and filters. After 
subtracting this nonspecific binding from each influx 
determination, the resulting data were graphed in 
Eadie-Hofstee plots (insets, Fig. 4). This transfor- 
mation of the data yielded values for KH, internal 
[H] resulting in �89 maximal 22Na influx (prawn: 276 _+ 
38 nM H; lobster: 164 _+ 36 nM H), and JM, maximal 
22Na influx (prawn: 42.8 _+ 3.1; lobster: 60 -+ 8.1 

nmol/mg protein/sec). The hyperbolic nature of the 
effect of [H]i on Na influx in both animals and the 
magnitude of the resulting KH values suggests that a 
single internal proton binding site was used during 
cation exchange with apparent pK values between 
6.5 and 6.7. Because transmembrane gradients of 
both Na and protons were used in this experiment, 
the combined driving forces of both gradients were 
likely responsible for observed isotope accumula- 
tion within vesicles. 

EFFECTS OF EXTRAVESICULAR [H] ON N a  INFLUX 

Because crustacean hepatopancreatic and stomach 
luminal pH values in vivo range from pH 4.0 to 6.0 
(Gibson & Barker, 1979), an experiment was con- 
ducted with both Macrobrachium and Homarus to 
ascertain the extent to which external protons and 
Na ions interact with each other during Na/H ex- 
change in BBMV. Vesicles were loaded with 100 
mM mannitol, 50 mM K-gluconate, and 50 /ZM va- 
linomycin at pH 7.0 (HEPES-Tris) and were incu- 
bated for 3 sec in media at pH 5.0 to 8.0 containing 
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containing 25 or 100 mM =Na-gluconate and 
appropriate balancing mannitol (lobster). All 
influx values were corrected for nonspecific 
binding 

either 5 or 50 mM 22Na-gluconate and TMA-gluco- 
nate for osmotic balance (prawn), or were incubated 
for 2.5 sec in media over the same pH range con- 
taining 25 or 100 mM 22Na-gluconate and appropri- 
ate balancing mannitol (lobster). All influx values 
were corrected for nonspecific binding as previ- 
ously discussed. 

Figure 5 indicates that at all external [Na] for 
both crustacean species, reducing pHo from 8.0 to 
5.0 had small, but significant, inhibitory effects on 
Na influx. In all cases biphasic Dixon plots (1/Na 
influx vs. [H]o) were obtained from the interactions 
between external Na ions and protons, suggesting 
that these cations interact at two external binding 
sites having different apparent cation binding affini- 
ties. Inhibitory constants (Ki) for Ho competing with 
Nao at both high and low affinity binding sites were 
estimated from this figure by extrapolating each 
curve to the left of the vertical axis. A vertical line, 
drawn from the respective intersections of each pair 
of lines to the X axis, provided values for these 
constants. The inhibitory constants for proton inhi- 
bition of Na influx at the high and low affinity sites 
in M a c r o b r a c h i u m  were 1.8 /ZM (apparent pK = 
5.7) and 90.0 /~M (apparent pK = 4.0) and in Ho-  
marus  were 0.8/ZM (apparent pK = 6.1) and 287.0 
tZM (apparent pK = 3.5). These results suggest that 
the two external cation sites in these animals exhib- 
ited a 50-fold (prawn) and a 350-fold (lobster) differ- 
ence in apparent binding affinities for protons. Fur- 
thermore, these data also indicate that a marked 
difference in apparent proton binding affinity oc- 

curred between the inner and outer membrane face 
of the exchange proteins (cytoplasmic pK = 6.5 to 
6.7; Fig. 4) with the luminal surface illustrating a far 
lower affinity in both species. While transmembrane 
proton gradients were used in this experiment, the 
inhibitory effects of variable external concentra- 
tions of this cation on 22Na influx appear to relate 
strictly to competitive interactions at shared sites 
rather than being a function of variable proton driv- 
ing forces. 

EFFECT OF [AMILORIDE]o ON N a  INFLUX 

Figure l and other previous work (Ahearn & Clay, 
1989) suggested that 2.0 mM external amiloride 
abolished 22Na uptake by hepatopancreatic BBMV. 
In order to establish the inhibitory properties of this 
drug on Na/H exchange by BBMV in both crusta- 
cean species, an experiment was conducted where 
vesicles were loaded with 200 mM mannitol, 50 mM 
K-gluconate, and 50 /.~M valinomycin at pH 5.5 
(MES-Tris), and were incubated for 15 sec in media 
containing 0.1 or 0.5 mM 22Na-gluconate (prawn), or 
1.0 or 5.0 Z2Na-gluconate (lobster), 100 mM TMA- 
gluconate, 50 mM K-gluconate at pH 8.5, and one of 
the following concentrations of amiloride (in/ZM): 0, 
5, 10, 50, 100, 500, 1000, or 5000. 

A control experiment was conducted using 
these internal and external media to determine if 
variable amiloride concentrations had differential 
effects of nonspecific 22Na binding to vesicles. Non- 
specific binding of radiolabeled sodium to these in- 
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Fig. 6. Effect of variable [amiloride]o on Na 
influx in hepatopancreatic BBMV. Vesicles 
were loaded with 200 mM mannitol, 50 mM 
K-gluconate, and 50/xM valinomycin at pH 
5.5 (50 mM MES-Tris) and were incubated in 
media containing 0.1 or 0.5 mM 
22Na-gluconate (prawn), or 1.0 or 5.0 mM 
22Na-gluconate (lobster), 100 mM 
TMA-gluconate, 50 mM K-gluconate at pH 8.5 
(50 mM HEPES-Tris) and concentrations of 
amiloride from 0 to 10 mM. Inhibition 
constant (Ki) values calculated from 
intersections to left of vertical axis of 
respective extrapolations of high and low 
affinity components were as described in text 

creased as external [22Na] was elevated, but there 
was no significant difference (P > 0.05) in the quan- 
titative magnitude of these binding values at any 
given [Na]o for a range of [amiloride]o (Ahearn & 
Clay, 1989). 

Figure 6 presents Dixon plots of 15 sec 22Na 
uptake by short-circuited BBMV of prawns and lob- 
sters at a variety of external [amiloride] after cor- 
recting for nonspecific 22Na binding as discussed 
above. All four graphs exhibited Dixon plots with 
two slopes over the range of [amiloride] used simi- 
lar to the results obtained when 22Na uptake was 
measured using variable [H]o (Fig. 5). These re- 
sponses suggest that both Ho and external amiloride 
inhibit Na transport by hepatopancreatic vesicles at 
two independent binding sites having markedly dis- 
similar apparent binding affinities. Amiloride inhibi- 
tory constants (K;) were determined from the 
graphs in Fig. 6 as described above for proton inhi- 
bition (Fig. 5). For BBMV from the prawn, calcu- 
lated Ki values were 50 and 1520/zM, while those for 
vesicles from the lobster were 9 and 340/zM. In both 
crustacean species an approximately 30-fold differ- 
ence in apparent affinity between the two binding 
sites were disclosed. Because one binding site satu- 
rates with amiloride at a far lower external drug 
concentration than the other, an implication of 
these results is that Na may still be transferred 
across the vesicle membrane by one binding site 
while the other is simultaneously occupied by arni- 
loride. 

EFFECT OF TRANSMEMBRANE ELECTRICAL 

POTENTIAL DIFFERENCE ON Na/H EXCHANGE 

The effects of an imposed membrane potential on 
Na/H exchange in both Macrobrachium and 

Homarus BBMV were evaluated in experiments 
where vesicles were first equilibrated with 22Na, K- 
gluconate and valinomycin at pH 5.5 and were then 
incubated in an external medium at the same pH 
containing isotope at an identical specific activity, 
but which lacked K, a condition leading to the im- 
position of a transmembrane potassium diffusion 
potential. Under these conditions, the membrane 
potential (inside negative) served as the only driving 
force for net 22Na transport. In other conditions, 
following the pre-incubation interval, some vesicles 
were incubated in external medium containing K at 
the same concentration as in the internal medium 
(short-circuited conditions). The final groups of ves- 
icles were incubated in external media containing 
2.0 mM amiloride alone or 2.0 mm amiloride plus 1.0 
mM D-glucose. 

Figure 7 indicates that a significant (P < 0.05) 
net uptake of 22Na occurred in vesicles from both 
crustacean species in the presence of an inside neg- 
ative membrane potential. This net uptake was 
abolished by the addition of external amiloride or by 
short-circuiting the membranes, indicating that the 
net transfer of Na in the presence of the membrane 
potential was largely by an electrogenic, amiloride- 
sensitive carrier process rather than by membrane 
potential-stimulated Na diffusion. In Macrobra- 
chium net Na uptake was also stimulated when both 
amiloride and D-glucose were present simulta- 
neously in the external medium, suggesting that 
when Na/H exchange was blocked, Na-dependent 
D-glucose transport alone led to net uptake of the 
cotransported cation. This experiment also shows 
that the presence of amiloride does not, by itself, 
influence the membrane potential, since electro- 
genic Na-D-glucose cotransport was able to proceed 
under these conditions. After 180 rain of incubation 
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Fig. 7. Effect of a transmembrane electrical 
potential difference on Na-H exchange in 
hepatopancreatic BBMV. Vesicles were 
preloaded for 30 rain at 22~ with 50 or 200 
mM 2ZNa-gluconate for prawn and lobster, 
respectively, 100 m g  K-gluconate, and 50/xM 
valinomycin at pH 5.5 (40 mM MES-Tris). 
Following this preloading period, vesicles 
from the prawn were incubated for 2.5, 10, 
and 60 sec in one of the following media (in 
raM) at the same pH: (i) 50 22Na-gluconate, 
100 TMA-gluconate; (ii) 50 ZZNa-gluconate, 
100 K-gluconate; (iii) 50 Z2Na-gluconate, 100 
TMA-gluconate, 2.0 amiloride; (iv) 50 
Z2Na-gluconate, 100 TMA-gluconate, 2.0 
amiloride, 1.0 D-glucose. Preloaded vesicles 
from the lobster were incubated for the same 
time intervals in one of the following media 
(in mM) at the same pH: (i) 200 
22Na-gluconate, 100 K-gluconate; (ii) 200 
22Na-gluconate, 100 TMA-gluconate; (iii) 200 
22Na-gluconate, 100 TMA-gluconate, 2.0 
amiloride. Dotted lines represent unchanged 
22Na content after the preloading period 

the 22Na content of all vesicles for both species were 
not significantly different (P < 0.05) from that of the 
respective preloaded vesicles, indicating that iso- 
topic equilibration had occurred by this period of 
time (data not shown). 

Results from all treatments with both prawn 
and lobster BBMV presented in this figure provide 
strong support for the occurrence of an electrogenic 
Na/H exchange mechanism capable of transferring 
net positive charge to the vesicle interior. In addi- 
tion, at least in the prawn, these data corroborate 
earlier studies with lobster hepatopancreas showing 
the presence of a second electrogenic transport sys- 
tem in this membrane which is responsible for Na- 
glucose cotransport (Ahearn et al., 1985). 

STATIC HEAD DEMONSTRATION 
OF TRANSPORT STOICHIOMETRY 

Figure 3 indicated that Na influx as a function of 
[Na]o in BBMV from both the prawn and lobster 
followed sigmoidal kinetics yielding Hill coeffi- 

cients of approximately 2.0, suggesting the possible 
involvement of more than one Na binding site dur- 
ing Na/H exchange. Figure 8 shows that the anti- 
port processes in both crustaceans was an electro- 
genic process involving the net movement of 
positive charge into vesicles. Both figures, there- 
fore, suggest that the transport stoichiometry of 
Na/H exchange in crustacean BBMV may signifi- 
cantly depart from the established electroneutral 1 
Na/1 H antiport system characterized for verte- 
brate cells (Aronson, 1985). 

In order to clarify the stoichiometric relation- 
ship between the simultaneous fluxes of Na ions 
and protons in these vesicle preparations, the Static 
Head method of transport analysis proposed by 
Turner and Moran (1982) was applied to Na/H ex- 
change in hepatopancreatic BBMV. In this proce- 
dure a pH gradient was'established across the vesi- 
cle wall (pHi 5.0; pHo 7.0) which served as a fixed 
driving force for Z2Na/H exchange and various Na 
gradients were tested as opposing driving forces to 
balance this proton gradient. When the driving 
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Fig. 8. Demonst ra t ion  of  N a / H  transport  
s toichiometry using Static Head  analysis.  Two 
groups of vesicles f rom both species were 
preloaded for 30 min at 22-24~ with 100 mM 
22Na-gluconate, 50 mM K-gluconate ,  and 50 
/*M val inomycin at pH 5.0 (50 MES-Tris) .  
Following loading, one group of  vesicles was 
incubated for 2.5 sec in external  media  at pH 
7.0 (50 mM HEPES-Tris)  containing 5, 10, or 
100 mM 2ZNa-gluconate, 50 mM K-gluconate,  
and mannitol  for osmotic  balance.  The other  
group was exposed  to identical media  with 2.0 
mM amiloride added. Values displayed 
represent  the % change in vesicular  22Na 
content  over  2.5 sec result ing from amiloride- 
sensit ive net  influx or efflux of  labeled 
sodium in response  to variable driving forces 

forces from proton and Nagradients were balanced, 
no net flux of 22Na across the membrane in ex- 
change for protons was observed. The thermody- 
namic equation that describes the condition of no 
net flux of either H or Na by way of an Na/H anti- 
porter when driving forces of both cations are bal- 
anced is shown below: 

ln[Hi/Ho] = n(In[Nai/Nao] + F A q d R T )  (1) 

where AS is the transmembrane potential, n is the 
number of Na ions simultaneously transported for 
each proton (e.g. transport stoichiometry), and F, 
R, and T have their usual meanings. In the following 
experiment, BBMV were short circuited with 
K/valinomycin so that the resulting relationship de- 
fining static head conditions in these vesicles is re- 
duced to 

ln[Hi/Ho] = n(ln[Nai/Nao]. (2) 

Two groups of brush border vesicles from both 
crustacean species were preloaded for 30 min at 
room temperature (24~ with 100 mM 22Na-gluco- 
nate, 50 mM K-gluconate, and 50/.LM valinomycin at 
pH 5.0 (MES-Tris). One group of preloaded vesi- 
cles was then incubated for 2.5 sec in external me- 
dia at pH 7.0 (HEPES-Tris) containing 5, 10, or 100 
mM 22Na-gluconate (same specific activity as inter- 
nal medium), 50 mM K-gluconate, and mannitol for 
osmotic balance. The other group was exposed to 
identical external media except that 2.0 mM ami- 
loride was added to each medium. Preloaded vesi- 
cle samples were taken and analyzed for 22Na con- 
tent at the end of the preloading period for 
comparison with vesicle isotopic content following 

exposure to each external medium. Amiloride-sen- 
sitive net Na flux for each external medium repre- 
sents the difference between the 2.5-sec 22Na up- 
take in the presence and absence of the drug. 

Figure 8 shows the relationship between amil- 
oride-sensitive net Na flux (expressed as a % of the 
preloaded vesicle isotope contents) and external 
[Na]. Static head conditions were attained for both 
crustacean species at 100 mM Nai and 10 mM Nao. 
At either [Nao] = 5 or 100 mM, significant net flow 
of 22Na across the vesicle wall was observed, direc- 
tionality being determined by the predominant cat- 
ion driving force. Because a 10-fold transmembrane 
gradient of Na balanced a 100-fold transmembrane 
gradient of protons and led to static head condi- 
tions, the transport stoichiometry of Na/H ex- 
change in crustacean hepatopancreatic BBMV is 
likely to approximate 2.0. 

Discussion 

The results of this study indicate that hepatopancre- 
atic epithelial brush border membranes of both 
freshwater and marine crustaceans possess an elec- 
trogenic Na/H exchange mechanism that may bring 
about the net uptake of luminal Na and the net se- 
cretion of cytoplasmic protons. Electrogenic net 
positive charge transfer across these isolated mem- 
branes, and presumably across hepatopancreatic 
apical membranes in living animals, appears to be 
attained by a membrane carrier protein exhibiting a 
2 Na/1 H transport stoichiometry which, in vivo, is 
likely powered by the combination of a transapical 
Na gradient and membrane potential. These results 
depart markedly from the vertebrate Na/H ex- 
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Table. Kinetic constants for Na/H exchange 

G.A. Ahearn et al.: Electrogenic Na/H Antiport 

KN~ Jmax n K~ K amil K f  
(mM) (nmol/mg/sec) (riM) (~M) (],zM) 

Crustacean hepatopancreatic cells 
M. rosenbergii 82.8 140.6 2.1 
(FW prawn) 
H. americanus 280.1 67.9 2.3 
(SW lobster) 

Mammalian kidney cells 
Rabbit renal 13.0 18.0 1.0 
cortex a 
LLC-PK~ cells b 19.9 0.3 1.0 

Mammalian intestinal cells 
Rabbit ileum c 16.2 2.2 1.0 
Human jejunum d 29.0 3.2 1.0 

276 (pK 6.5) 50 1.8 (pK 5.7) 
1520 90.0 (pK 4.0) 

164 (pK 6.7) 9 0.8 (pK 6.1) 
340 287.0 (pK 3.5) 

m 

7 0.035 (pK 7.5) 

30 0.066 (pK 7.2) 

m 

99 

E 

m 

a Aronson et al., 1983 (data collected at pH 7.5). 
b Moran, 1987. 
c Knickelbein et al., 1983 (data collected at pH 7.5). 
d Kleinman et al., 1988. 

change paradigm recently summarized by Aronson 
(Aronson, 1985; Aronson & Igarashi, 1986), where 
electroneutral 1 Na/1 H exchange takes place in a 
variety of cell types and is powered by the predomi- 
nant chemical driving force independent of mem- 
brane potential. 

The Table illustrates a comparison of kinetic 
constants obtained from 22Na/H exchange experi- 
ments performed in this study with prawn and lob- 
ster hepatopancreatic brush border membrane vesi- 
cles and those for similar antiport systems in 
vesicles from mammalian epithelia. Markedly dif- 
ferent quantitative values for all Na influx kinetic 
parameters (KNa, Jma• n) are apparent between the 
crustacean tissues and those of mammals, while 
more numerical similarities occur for tissues within 
the same animal group. While the half-saturation 
constants for Na binding (KNa) are uniformly low in 
the four representative vertebrate cell types, both 
crustacean values are considerably greater, a find- 
ing which may be related to differences in blood or 
environmental sodium levels. Within the two spe- 
cies of crustaceans this relationship appears to hold 
as prawn hemolymph contains approximately 220 
mM Na (Ahearn et al., 1977) while lobster blood has 
470 mM Na (Prosser, 1973). Mammal plasma pos- 
sesses Na concentrations significantly less than ei- 
ther of these values. Therefore, the half-saturation 
constant for Na/H exchange across animal phyla 
may illustrate a degree of adaptation to substrate 
availability. 

The second major difference between crusta- 
cean and mammalian kinetic parameters concerns 
the respective Hill coefficients (n), an index of the 

approximate number of external cation binding 
sites. In all mammalian cell types examined to date, 
four of which are included in this table, Hill coef- 
ficients of 1.0 characterize Na/H exchange, indi- 
cating that single cations bind to each side of 
the carrier prior to transmembrane translocation. 
In contrast, both crustacean hepatopancreatic 
BBMV illustrate Hill coefficients of approximately 
2, reflecting an asymmetric number of cation bind- 
ing sites on the two carrier faces. The asymmetric 
nature of cation binding to the crustacean anti- 
porters is supported in the present study by several 
lines of evidence including: (i) sigmoidal Na influx 
v s .  [Na]o curves (Fig. 3), (ii) proton and amiloride 
inhibition of Na influx (Figs. 5, 6), (iii) electrogenic 
cation exchange (Fig. 7), and (iv) static head condi- 
tions attained at 100 H/10 Na gradient driving 
forces (Fig. 8). 

Further evidence supporting an asymmetry of 
cation binding sites for Na/H exchange in crusta- 
cean hepatopancreatic epithelial brush border mem- 
branes is shown in Fig. 4 where hyperbolic relation- 
ships were disclosed for Na influx as a function of 
intravesicular [H]. The hyperbolic nature of these 
curves for both crustacean species suggests that 
single proton binding sites occur on the cytoplasmic 
side of the membrane. Similarity of the pK values 
for this binding site for the two animal species 
(prawn, pK = 6.5; lobster pK = 6.7) suggests that 
intracellular pH conditions are likely similar even 
though the crustaceans experience markedly differ- 
ent blood and environment ionic conditions. Intra- 
cellular pK values also indicate that striking ap- 
parent affinity differences of the invertebrate 
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exchanger toward protons exist on the two mem- 
brane faces with that of the cytoplasmic face being 
significantly greater and similar to pK values illus- 
trated by proton binding to the external face of the 
Na/H exchanger in mammal renal vesicles (Table). 

The last major point of comparison between the 
kinetics of Na/H exchange in crustaceans and mam- 
mals in the Table relates to the inhibitory effects of 
external protons and amiloride on 22Na influx. In 
mammalian cells both protons and amiloride inhibit 
Na transport, by competitive inhibition, at single 
external binding sites (Aronson, Suhm & Nee, 
1983; Aronson & Igarashi, 1986; Moran, 1987; 
Kleinman et al., 1988). In crustacean BBMV this 
inhibition is also of a competitive nature, but occurs 
at two distinct external sites with markedly dissimi- 
lar apparent binding affinities for the inhibitors 
(Figs. 5 and 6). 

Inhibitory constants for proton binding to exter- 
nal exchanger sites (Ki) in mammals range between 
0.035 and 0.066 /.~M (pK 7.2 to 7.5), suggesting a 
relatively high apparent binding affinity of the site 
for the cation (Aronson & Igarashi, 1986; Nord et 

a l . ,  1986; Moran, 1987). In contrast, crustacean 
hepatopancreatic Na/H exchange illustrated two Ki 
values for external proton binding to the antiport 
process that were both considerably greater than 
those reported for the mammalian cells (Fig. 5; 
Table). Such results imply that external cation bind- 
ing sites in the crustacean cells possess much lower 
apparent affinities for protons than do those of the 
vertebrates. This difference in apparent binding af- 
finities between the two animal groups may relate to 
relative physiological proton concentrations in the 
respective tissues. In mammals, the pH of the renal 
tubular lumen is close to neutrality, whereas in the 
lumen of crustacean hepatopancreatic tubules the 
pH has been reported to be as low as pH 4.7 (Gib- 
son & Barker, 1979). 

In a wide variety of mammalian cells, amiloride 
interacts with the Na/H exchanger at a single exter- 
nal site with Ki values reported between 7 and 99 
~M (Kinsella & Aronson, 1981; Aronson et al., 
1983; Mahnensmith & Aronson, 1985; Grinstein & 
Furuya, 1986; Moran, 1987; Kleinman et al., 1988). 
This relatively narrow range of Ki values suggests 
the likelihood of a highly conservative conforma- 
tional structure of the external binding site among 
vertebrate cells. In crustacean BBMV amiloride 
acted as a competitive inhibitor to Na binding at two 
external carrier sites having markedly dissimilar ap- 
parent affinities for the drug (Fig. 6; Table). One of 
these sites illustrated a high apparent binding affin- 
ity for the drug which was within the range of values 
reported for mammalian cells (9/x~, Homarus; 50 
IXN, Macrobrachium) and may share similar struc- 

tural and/or chemical properties with this portion of 
the vertebrate antiporter. The other crustacean 
amiloride site exhibited a much lower apparent 
binding affinity for the drug (340 /xM, Homarus; 
1520/XM Macrobrachiurn), which was considerably 
outside of the mammalian range of values. The elec- 
trogenic nature of this invertebrate exchange sys- 
tem, as well as other distinguishing properties of the 
carrier process, may be a function of the occurrence 
of this lower affinity amiloride binding site. 

Epithelial cells of the crustacean hepatopan- 
creas perform a variety of functions. Some of the 
cells synthesize an array of digestive enzymes and 
secrete them into tubular lumens where they flow to 
the stomach via paired hepatopancreatic ducts and 
mix with food undergoing trituration (Vonk, 1960; 
van Weel, 1974; Gibson & Barker, 1979). Other 
cells are believed absorptive, transferring organic 
solutes from lumen to cytosol by several Na-depen- 
dent and Na-independent apical carrier processes 
(Ahearn, 1987, 1988; Ahearn& Clay, 1988). Crusta- 
cean stomach contents of both freshwater and ma- 
rine species during digestion have been recorded 
between pH 4.7 and 7.6 (Gibson & Barker, 1979), 
while hemolymph pH values generally range be- 
tween 7.0 and 8.0. Prior to this study and our pre- 
vious work (Ahearn & Clay, 1989), the source of 
protons leading to this gastric acidification was un- 
known. The present investigation provides evi- 
dence for a discrete hepatopancreatic brush border 
mechanism in both freshwater and marine crusta- 
ceans that generates sufficient luminal protons to 
account for recorded values of gastric pH during 
digestion. 

This investigation was supported by National Science Founda- 
tion Grants DCB85-11272 and DCB88-09930. 
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