The Journal of Experimental Biology 205, 2765-2775 (2002) 2765
Printed in Great Britain © The Company of Biologists Limited
JEB4294

Active ammonia excretion across the gills of the green shore cr&arcinus
maenas participation of Na*/K*-ATPase, V-type H-ATPase and functional
microtubules

Dirk WeihraucR*, Andreas Zieglet, Dietrich Siebersand David W. Towlé

1L ake Forest College, Lake Forest, IL 60045, U&Ajiversitat UIm, GermanyAlfred-Wegener-Institut,
Bremerhaven, Germamand“Mount Desert Island Biological Laboratory, Salsbury Cove, ME 04672, USA

*Author for correspondence at present address: University of Illinois at Chicago, Department of Physiology and BiophgsivgpBa6t
Avenue, Chicago, IL 60612-7342, USA (e-mail: Weihrauchblues@gmx.net)

Accepted 6 June 2002

Summary

Although aquatic animals are generally believed to dependent manner by amiloride, a non-specific inhibitor
export nitrogenous waste by diffusion of NH or NH4*  of the Na/H* exchanger and N& channels. Combined
across external epithelia, evidence for active ammonia with an analysis of gill morphology, the strong
excretion has been found in a number of species. In the intracellular but weak apical abundance of V-type H-
euryhaline green shore crab Carcinus maenas active  ATPase and the fact that ammonia flux rates are equal
excretion of ammonia across isolated gills is reduced by under buffered and unbuffered experimental conditions,
inhibitors of the Na*/K*-ATPase and vacuolar-type H-  our observations suggest a hypothetical model of
ATPase. In addition, a functional dynamic microtubule transepithelial ammonia movement that features active
network is necessary, since application of colchicine, taxol uptake across the basolateral membrane, sequestration in
or thiabendazole leads to almost complete blockage of acidified vesicles, vesicle transportia microtubules and
active and gradient-driven ammonia excretion. Actin  exocytosis at the apical membrane.
filaments seem not to play a role in the excretory process.

The NHs*-dependent short-circuit current and the  Key words: Ammonia excretion, amiloride, craarcinus maenas
conductance of the isolated cuticle were reduced in a dose- colchicine, cuticle, microtubule, V-type'tATPase.

Introduction

Non-ionic ammonia (NB) and, to a lesser degree, to CO: (Knepper et al.,, 1989). Indeed, some plasma
ammonium ion (NH') are toxic in most animals. Elevated membranes of animal cells are relatively impermeable te NH
ammonia levels in low-salinity media disrupt ionoregulatory(Burckhardt and Fromter, 1992; Garvin et al., 1987). The entry
function in the lobsteiHomarus americanugroung-Lai et al., of charged ammonium ions into animal cells may be mediated
1991) and the crayfisRacifastacus leniusculy$iarris et al., by several transport proteins: hHpermeable K channels
2001). Exposure of the green shore ogatricinus maenaso  (Latorre and Miller, 1983), the N&*/2Cl cotransporter
1 mmol i1 total ammonia leads to increased ion permeabilityKinne et al., 1986), the NAH* exchanger (Kinsella and
and salt flux across the gill; higher concentrations reduce bo#ronson, 1981) or a recently described ammonium transporter
variables (Spaargaren, 1990). In fish, branchial gas exchangaated to the rhesus protein (Marini et al., 2000). In addition,
and oxidative metabolism are disturbed by excess ammona@bundant evidence suggests thatsNlfhay be transported
(Wilkie, 1997). In mammals, elevated ammonia levels causactively, utilizing the ubiquitous N&*-dependent ATPase
mucosal cell damage (Lin and Visek, 1991) and inhibit cyclic{Skou, 1960; Towle and Hglleland, 1987; Wall, 1997).
AMP-regulated Ci transport across the colon (Prasad et al., Cellular excretion of Nk may be mediated by an apical
1995). Hydrated ammonium and potassium ions have the saN@"/NH4* exchanger, as suggested for mammalian renal
ionic radius and, because of theit-lke behavior, ammonium proximal tubules (Hamm and Simon, 1990) and the gills of
ions affect the membrane potential and excitability of neuronmarine teleosts (Randall et al., 1999). In freshwater teleost gills
(Cooper and Plum, 1987). An effective ammonia detoxificatiofWilson et al.,, 1994) and mammalian inner medullary
or excretion system is therefore essential to maintain cellulawllecting ducts (Knepper et al., 1989), acidification exterior to
functions. the outer apical membrane may induce passive diffusion of

Cellular uptake or excretion of non-ionic Wks generally non-ionic ammonia by diffusion trapping. Experiments with
thought to occur by diffusion across the lipid bilayer of cellularintact blue crabsQallinectes sapidyssuggest that ammonia
membranes, although permeability to NBl much lower than is excreted across the gills by diffusion of non-ionicaNi
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animals acclimated to sea water (Kormanik and Cameromnitially containing symmetrical amounts of ammonia
1981) but by N&NH4* exchange in animals acclimated to (100umol -2 NH4%) at identical pH values. Consequently, all
low salinities (Pressley et al., 1981). Very litle ammonia isneasured net fluxes must be based on active transport
excreted in the urine in this species (Cameron and Battertomechanisms. The external medium was stirred constantly
1978). during each treatment. The concentration of ammonia selected
The mechanism by which ammonia crosses the epithelialas within the range of hemolymph ammonia levels measured
layer of the excreting tissue is not generally considered, ih C. maenagDurand and Regnault, 1998; Weihrauch et al.,
being assumed that NHand NH* diffuse through the 1999). When a constamDie had been established (within
cytoplasm in a free state. However, under such conditions, tte@proximately 30min), the external bath and the perfusion
toxic effects of ammonia could be felt by multiple intracellularsolution were replaced and measurements were made for
targets. In this study, we present the experimental basis for3® min (controls). To continue the experiment with the same
novel mechanism of active ammonia excretion across gill, the procedure was repeated with modified salines.
moderately tight epithelium, the gills of the euryhaline shord-ollowing application of a modified saline for 30 min, fluxes
crab Carcinus maenasWe have previously demonstrated of total ammonia over the following 30 min were measured
that isolated perfused gills from this animal are capable ofigain. 2ml samples were taken from the bath and internal
transporting ammonia against a concentration gradient undperfusate after each experimental step.
physiologically meaningful conditions (Weihrauch et al., 1998, Total ammonia concentrationBamm) were determined with
1999). Active ammonia excretion across these gills waa gas-sensitive Ndielectrode (Ingold, type 152303000). The
inhibited by apical amiloride, basolateral*Gs basolateral sensitivity of the electrode measurements was approximately
ouabain, implicating the participation of an apicalfMidst  +1.5umoll-1in the Tamm concentration range 50-10ol I-L.
exchanger, basolateral NMHpermeable K channels and To calculate net excretion, only the ammonia removed from the
basolateral N&NH4*-dependent ATPase, respectively. Weinternal perfusion saline was considered to avoid including
show here that an intracellular V-typé-ATPase and an intact metabolically produced ammonia (Weihrauch et al., 1998). An
microtubule system are also required for active excretion ddlternative approach would be to measure the appearance of
ammonia in this system, leading to an experimental model th&atal ammonia in the external bath. However, as we show
includes acidification and ammonia-loading of intracellularbelow, such a measurement would lead to an overestimation of
vesicles, transport of vesicles along microtubules anttansport rates as a result of ammonia production by the gill
exocytosis. Ultrastructural and molecular evidence support thieself.

model.
Measurement of gill resistance and calculation of

transepithelial conductance
After removing the gills, single gill lamellae were isolated
Animals and split into their two halves (Schwarz and Graszynski, 1989).

Shore crabsCarcinus maenad.. were obtained from a In this way, a single epithelial layer covered by an apical
fisherman in Kiel Bay, Germany, or were collected from thecuticle was obtained. Isolated cuticle was prepared by carefully
intertidal region of the Mount Desert Island Biological removing the epithelial cells using a smooth rounded metal
Laboratory in Salsbury Cove, Maine, USA. They werewire. Split gill lamellae or isolated cuticle were mounted in a
maintained at 15°C in recirculating biologically filtered aquariamodified Ussing chamber, allowing area (0.02capecific
containing diluted seawater of 10%. salinity and were fedshort-circuit currentsl{) and transepithelial resistancée)
cleaned squid or beef heart twice weekly. to be measured. The chamber compartments were continuously

superfused with saline at a rate of 0.5 mIthioy means of a

Measurement of active ammonia flux across perfused gills peristaltic pump.

Gills were prepared and perfused according to previously To measuréPDi, Ag/AgCI electrodes were connecteig
described methods (Siebers et al., 1985; Weihrauch et ahgar bridges (3% agar in 3mndlIKCI) to the chamber
1998) at a flow rate of 0.135 mlmih Transepithelial potential compartments; the separation distance of the preparation was
differences PDw) were monitored using a millivolt meter less than 0.1cm. A second pair of Ag/AgCl electrodes,
(Keithley, type 197) to evaluate the quality of the preparationconnected through agar bridges, served as current electrodes to
Only gills generating an initial and continuously negafNge ~ short-circuit thé®Die with an automatic clamping device (VCC
(=7.1+£1.0mV,N=32; mean 1s.e.m.) were employed. 600, Physiologic Instruments, San Diego, USK}.and Re

The morphology of the phyllobranchiate gills provideswere calculated according to Riestenpatt et al. (1996). The
sufficient surface area, roughly 2474gnlfreshgillmass transepithelial and transcuticular conductances were calculated
(Riestenpatt, 1995), to measure transepithelial ammonia fluxes Gie=1/Rie and Geut=1/Reut, respectively, wher®qy: is the
directly. Excretion rates and ammonia concentrations werganscuticular resistance.
measured according to methods described in detail in an earlierTo assess the effects of WE solutions on cuticuldkscand
publication (Weihrauch et al., 1998). Briefly, unless mentione®cy, the isolated cuticle was superfused (0.5 mtdion both
otherwise, gills were perfused and bathed in saligen@d  sides with a non-physiological ammonia-containing saline

Materials and methods
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(SnHacl) consisting of 248 mmott NH4Cl and 2.5mmot!  QiaQuick) and sequenced at the Marine DNA Sequencing
Tris adjusted to pH7.8 with HCI. A clamp voltage of 10 mV Center of Mount Desert Island Biological Laboratory. The
with reference to the apical side was maintained to forcpartial sequence was submitted to a BLAST search of
transcuticular ion fluxes. Resistances fefangardand JuH.Cl GenBank (Altschul et al., 1997) and analyzed for open reading
were 9.0+0.1Q cm? (N=6) and 7.1+0.£22cn2 (N=5) (means frame using DNASIS. The partial VAMP cDNA sequence
* S.E.M.), respectively. from C. maenasgill was submitted to GenBank (Accession
number AY035549).
Statistical analyses
All data presented in this study were corrected by the
resistances of the salines employed. All results are presented Results
as means is.e.m. Differences between groups were tested In preliminary experiments, gills were perfused and bathed in
using one-way analysis of variance (ANOVA) and thesaline from which Tris buffer was omitted, to measure possible
Newman—-Keuls  multiple-comparison  test.  StatisticalpH changes in the apical and basolateral media. Under these

significance was assumed 1©«0.05. conditions, the rate of ammonia removal from the internal
_ _ perfusate was 14.5+14nol g-1fresh masstt (N=5) (Fig. 1A).
Salines and chemicals However, the rate of appearance of ammonia in the apical bath

The ionic composition of the salinesséadar) used to bathe was 27.6+2.¢imolglfreshmasstl. The difference between
and perfuse isolated gills and to measure transepithelitiese two values (13.1+3uéholglfreshmasst) was
resistance/conductance in gill half-lamellae containednterpreted to represent the apical release of ammonia produced
(mmol 1) 248 NaCl, 5 CaG| 5 KCI, 4 MgCh, 2 NaHCQ@,  metabolically by the gill itself. Thus, to avoid overestimation of
2.5 Tris and 0.1 NKCI. Immediately before use, 2mmuo}tl  transepithelial ammonia excretion, only the rate of ammonia
glucose was added to the basolateral salines in all experimentsmoval from the internal perfusion medium was used to
and the pH of all salines was adjusted to 7.8 (HCI). Amiloriderepresent net active ammonia excretion across the gill. During
bafilomycin A, colchicine, cytochalasin D, ouabain and taxolthese initial experiments, no significant changes in the pH
were purchased from Sigma (St Louis, USA). The ammoniéApH<0.02) of the apical saline (pH7.8; volume 30ml) were
standard (0.1 moth) was obtained from Orion Research detected. However, the pH of the recirculated internal perfusion
Incorporated (Boston, USA). CsCl and all other salts were dagaline decreased slightly from an initial value of 7.8 to 7.71+0.02.
analytical grade and were purchased from Merck (Darmstadt, In the ensuing perfusion experiments, all solutions were
Germany). Thiabendazole was kindly provided by Dr R. Grabuffered with 2.5mmoH! Tris to ensure pH stability under
(Munich). all experimental conditions. Measuring active ammonia

excretion over time, the initial net ammonia efflux was
Electron microscopy 14.7+2.50mol g-lfreshmasst (N=5) and was thus within

Gills from crabs acclimated to 10%. salinity were shock-the range measured under Tris-free conditions. Over a period
frozen in a high-pressure freezer (Wohlwend Engineeringf 3h, the excretion rate decreased slightly but non-
GMBH, Sennwald, Switzerland) (Studer et al., 1989), followedsignificantly by 4.7umolg1freshmasst# (N=5) (Fig. 1B).
by freeze-substitution in 1% Og@ acetone and embedding Control rates of active ammonia excretion with symmetrical
in Epon. Ultrathin sections were stained with uranyl acetatammonia concentrations varied between experiments, ranging
and lead citrate and viewed with a Philips electron microscopieom approximately 12 to 2@émol g-ifreshmasst, perhaps
at 80kV. reflecting variability within natural populations.

Symmetrical addition of fmoll-1 bafilomycin A, a

Molecular identification of vesicle-associated membrane specific inhibitor of V-type E+ATPase (Bowman et al.,

protein cCDNA 1988), lowered the transbranchial active net ammonia efflux

Total RNA was extracted from gill tissue under RNAse-freeby 66% from 18.3+2.Amolg1freshmasst (control) to
conditions (Chomczynski and Sacchi, 1987). Reversé.3+1.7umolglfreshmasstt (N=7; P<0.001). The
transcription of poly(A) mRNA was initiated with oligo-dT concentration of fimol I- bafilomycin A employed is known
primer and Superscript Il reverse transcriptase (Invitrogen}o produce maximal inhibition of crustacean gill V-typé&-H
Amplification of a putative vesicle-associated membranéTPase without affecting the activity of NK*-ATPase or
protein (VAMP) cDNA sequence was achiewéglpolymerase FiFo-ATPase (Putzenlechner, 1994). After washout of the
chain reaction (PCR) using degenerate primers based d@mhibitor, a minor but non-significant recovery of the efflux
published VAMP sequences (DiAntonio et al., 1993; Mandicate was detected (data not shown). A similar experiment
and Lowe, 1999). The forward primer had the followingwas performed to verify whether the inhibitory effect of
composition:. 5CARCARACNCARGCNCARGTNGA-3 bafilomycin A could be augmented by additional application
the reverse primer had the following composition: 5 of ouabain, a specific inhibitor of the ME*-ATPase. The
ATDATCATCATYTTNARRTTYT-3', designed to produce a initial control efflux (19+3.8imolg-ifreshmasstl) was
198-nucleotide PCR product. Following separation on agaroseduced by application of pimoll-1 bafilomycin A to
gels, the PCR product was extracted from gel slices (Qiages13+2.1umol g-lfreshmasstt (N=4; P<0.001) and was
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50 further reduced to 0.9+1pmolglfreshmasstt by
A subsequent basolateral application of 5 mmaliabain K=4;
P<0.05) (Fig. 2A). A partial but statistically insignificant
recovery was measured after washout. It should be noted that
theK; for ouabain irC. maenag¢Ki=2.9x10-*mol I-1) and other
crustaceans is more than two orders of magnitude higher than
theKj in mammals (Postel et al., 1998; Towle, 1984).
— In the next series of experiments, the effects of inhibitors
_o5 of the cytoskeleton on active ammonia excretion were
Perfusate External Metabolic investigated.  Basolateral application of 0.2 mmbl|
loss  bath gain  release colchicine, an inhibitor of the microtubule system (Wilson and
B Farrell, 1986), led to almost complete inhibition (to
T 2.3+1.3umol g 1freshmasst) of the initial control efflux of
26.2+3.9umol g lfreshmasst (N=6; P<0.001) (Fig. 2B).
1T T Following washout, the efflux recovered significantly to
15.0+5.4umol gfreshmasst.  After establishing an
outwardly directed ammonia gradient by adding @0@! -1
NH4* to the perfusing saline and none to the external
bath, colchicine still reduced the initial efflux rate
0 1 > 3 (37.1+3.9umol g-lfresh masst}) by 74% of the control value
T to 10.4+4.3umolglfreshmasst+ (N=5; P<0.001). After
ime (h)
washout, efflux recovered to 72% of the control value
Fig. 1. Active ammonia excretion across the isolated perfused gill ofFig. 2C).
the shore craarcinus maenadAt the beginning of all experiments, In contrast to drugs affecting the microtubule system, no
the internal perfusate and the external bath contained symmetricgibnificant effects on active ammonia excretion were observed
concentrations of 1Q@moll~t NH4CI. (A) Omission of Tris-HCl  \yhen 5imol -1 cytochalasin D, a specific inhibitor of actin
buffer in the saline. Rate of ammonia loss from the intemal,mants (MacLean-Fletcher and Pollard, 1980), was added to

perfusate, rate of ammonia addition to the external bath and t . . : . . _
calculated rate of metabolic ammonia release into the external ba _e perfusion salineN=5) (Fig. 2D). The slight and non

are displayedN=5). (B) Disappearance of total ammonia from the Significant decrtlease in theﬁexcretlon rate from 20.1+2.8 to
internal perfusion medium was measured as the rate of net acti\J@'Siz'?“mmg— freshmass (P>0.05) resembled the

branchial ammonia excretion over an experimental period of 3ﬁomlr0| rates over the experimental period (Fig. 1B)
(N=5). Data represent means.&.m. (Weihrauch et al., 1998).
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Fig. 2. Effects of inhibitors on active ammonia excretion and transepithelial potential diffeRigeacross isolated perfused gills of the

shore crakCarcinus maenasThe rate of disappearance of total ammonia from the internal perfusion medium was measured with symmetrical
NH4Cl concentrations (10@moll-2) in the external and internal baths (A,B,D) or with R@@ll-1 NH4Cl in the internal bath and none
initially in the external bath (C). (A) Symmetrical application of bafilomycin(@af.) (1umolI-1) followed by basolateral addition of ouabain
(Ouab.) (5mmoHl) (N=4). (B) Basolateral addition of colchicine (Colch.) (0.2mmblI(N=6). (C) Basolateral application of colchicine
(0.2mmoltY) with an initial outwardly directed NF gradient of 20QumolI-1 (N=5). (D) Basolateral addition of cytochalasin D (Cytoch.)
(5umol -1 (N=5). Data represent means.g.m.
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Fig. 3. Effects of microtubule inhibitors on the rate of active
ammonia excretion across isolated perfused gills of the shore crap

. o i . For two other blockers of the microtubule system,
Carcinus maenasneasured under initial conditions of symmetrical _ . tubule h tabilizi taxol (N | t al 1995
concentrations of NECI (100umoll-1) in the external and internal microtubule hyper-stabilizing taxol (Nogales et al., )

baths. (A) Basolateral application of taxol (Boll-Y) (N=6). and microtubule destabilizing thiabendazole (Davidse and

(B) Basolateral application of thiabendazole (Thia.) (0.2mmpll Flach, 1978), a strong inhibitory effect on active ammonia

(N=6). Data represent means.&.m. excretion was observed (Fig.3). Whereas basolateral
application of 1@umol I-1taxol led to a decrease in the control
rate (12.4+3.2mol g-1fresh masst¥) of 77% to 2.1+1.Qumol

In all the above experiment8Dre was monitored to detect g-lfreshmasstt (N=6; P<0.001), basolateral addition of

changes in the electrophysiological variables of the gilD.2mmolt! thiabendazole altered the efflux rate of

(Fig. 2). With the exception of the addition of ouabain, which11.5+2.5umolglfreshmasstl to an apparent influx of

resulted in a reversible decreas@®Ixe of 55% (Fig. 2A) due ammonia (2.7+1.amolg1freshmasst}) (N=6; P<0.001),

to a disruption of transepithelial N&ransport (Siebers et al., probably as a result of metabolic ammonia production and

1985), application of the various inhibitors had no significantelease across the basolateral membrane. A statistically

effects onPDye, indicating that Natransport pathways were significant recovery of ammonia efflux was observed after

not affected by the remaining treatments. washout of thiabendazole but not of taxol.
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Fig. 6. Electron micrographs of the apical
region of posterior gill epithelial cells of the
shore crab Carcinus maenas AM, apical
membrane; Bl, basal lamina; BM, basolateral
membrane; CP, clathrin-coated pit; Cu, cuticle;
Go, Golgi apparatus; M, mitochondria;
Mt, microtubules; rER, rough endoplasmic
reticulum; sCu, subcuticular space; V, vesicle.
Scale bars, fim (A); 0.5um (B,C).

To evaluate changes in the electrical variables of the gikt al., 1998). To investigate whether the amiloride-induced
epithelium in response to application of the cytoskeletomeduction in the rate of ammonia excretion may be based on a
inhibitors colchicine and cytochalasin D, the highly sensitivepossible effect on the electrophysiological properties of
transepithelial short-circuit currentisd and transepithelial isolated cuticle (Lignon, 1987) in addition to any effect on the
resistanceRe) were measured employing the preparation of thepithelial cells themselves, NHdependentsc andGeyt of the
split gill lamella mounted in an Ussing-type chamber.isolated gill cuticle ofC. maenasvere measured in a micro
Basolateral application of either 0.2mnmlIcolchicine or Ussing chamber. As expected in a cell-free system, a
5umol-1 cytochalasin D had no significant effect dsg  transcuticle potential differencBDcuy) of 0 mV was measured
(colchicine, 318.8+51 A cm2 control, 320.2+52.pAcm2, (N=4). Following the imposition of a clamp voltage of 10mV,
N=5; cytochalasin D, 353.4+61Acm% control, a negative Isc of —5800+136%IAcm=2 and a Gyt of
358.8+64.QUAcm2, N=4) (Fig. 4). Control values oRe  683.0+165.2mScn? were measured. The detected current is
measured in parallel were not altered following the addition oprobably the result of Nt effluxes, since cuticular
colchicine (24.1x1.%cm?, N=5) or cytochalasin D permeability inC. maenashas been described to be 100- to
(28.3+1. 72 cm?, N=4) (data not shown). 1000-fold smaller for monovalent anions than for monovalent

Previous studies have shown that amiloride, a blocker afations (Lignon, 1987). After apical application of various
epithelial N& channels and the Niéd* exchanger (Kleyman amiloride concentrations (0.001-1 mmd)] dose-dependent
and Cragoe, 1988), has a strong inhibitory effect on ammoniahibition was observed for botlac and Geut (Fig. 5). Linear
excretion by isolated crab gills when applied to the apicategression in a Hanes—Woolf plot revealed simple
(cuticle) side of the epithelium (Lucu et al., 1989; WeihrauctMichaelis—Menten kinetics fotsc and Geut. For the NH*-
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CARCI NUS e VDEVVDITVRTNVEKVIEERDQKL
CRCSCPHI LA . NADAAPAGDAPPNAGAPAGEGGDGE! VGGPHNPQQI AAGKRL QQTQAQVDEVVDI MRTNVEKVLERDSKL
CAENCRRABLI TI S A MDAQGDAGAQGGSQGGPRPSNKRL QQT QAQVDEVA/GI MKVNVEKVL ERDQKL
APLYSI A e VSAGPGGPQGGNQPPREQSKRL QQT QAQVDEVA/DI MRVNVEKVL DRDGK
STRCNGYLCCENTRCTUS § - === mmmmmmmmmmem e e e THNTTTHSSNYANRYTTNKRL GQT QAQVDEVAV/DI NRVNVDKVL ERDQAL
XENCPUS Lo NSAPAAGPPAAAPGDGAPQGPPNL TSNRRL QQTQAQVDEVVDI NRVNVDKVLERDTKL
CARCI NUS . SEEDARADAEQQEASQEEQQAA- - - « - = - = = = = = = = == e
CRCSCPRI LA . SELDDRADAL QQGASQFEQQAGKL KRKFWL QNLKNVVI I NGVI GLVVVGI | ANKL GLI GGEQPPQYQYP- P
CAENCRRABLI TI S . SOLDDRADALQEGASQFEKSAATLKRKYWAKNI KVMI | NCAI WI LI | | | VLWAGGK- = = == = - = - - - - -
APLYSI A . SOLDDRAEALQAGASQFEASAGKL KRKYWAKNCKVNVLI LGAI | GVI VI I 1 | VWVTSQDSGGDDSGSKTP
STRCNCGYLCCENTRCTUS : SVLDDRADALQQGASQFETNAGKLKRKYWAKNCKMVI | LAI 1T VI LI 111 VAl VQSQKK- - - - - - - - - -
XENCPLS . SELDDRADALGQAGASQFETSAAKLKRKYWAKNVKVMI | NGVI CAI I LI |11 VYFST- === ==-nnn----

Fig. 7. Partial amino acid sequence of vesicle-associated membrane protein (VAMP) identified by PCR in gills of the SBareirmuab
maenas aligned with VAMP sequences from fruit fl{prosophila melanogaste(GenBank Accession No. AAF47529), nematode
Caenorhabditis elegan@GenBank Accession No. AAB61234), seahamysia californica(GenBank Accession No. U00997), sea urchin
Strongylocentrotus purpuraty&enBank Accession No. AAB67799) and African fddgnopus laevié€GenBank Accession No. P47193).

dependent Isg, Kami was 19.1moll"1 and Almax was  microtubule assemblage associated with the apical membrane

—4638UAcm2  Kagmi for NHs*-dependent Geyt was  (Fig. 6B,C). In several sections, we were able to detect

20.4umoll-! and AGmax was 549.8mScm? (Fig.5). apparent interactions between membrane vesicles and the

Symmetrical application of dmol -1 bafilomycin A had no  microtubules.

significant effect on cuticular NF-dependentlsc (control, To ascertain whether any of the known exocytotic

—4294+20@IA cm2, bafilomycin, —3984+21@Acm2) and  mechanisms are expresseddnmaenagill, we attempted to

Geut (control, 454+45 mS cn#; bafilomycin, 400+80 mS cmd) identify one of the expected components, vesicle-associated

(N=3). membrane protein (VAMP, also called synaptobrevin)
Because our inhibitor studies indicated important roles fo(Trimble et al., 1988). Using PCR with degenerate primers

the V-type H-ATPase and microtubules in active ammoniabased on published VAMP sequences, we identified a VAMP-

excretion, we sought ultrastructural and molecular evidenceelated sequence in a cDNA mixture prepared fhmaenas

that would help to support or refute such possibilities. Agill. Translation of the 132-nucleotide fragment revealed an

previous study showed that the B-subunit of the V-type H amino acid sequence that is highly homologous to VAMP

ATPase was distributed throughout the cytoplasm of qill

epithelial cells inC. maenasrather than being located

specifically in the apical membrane, suggesting that the H  Cuticle

ATPase may be associated with cytoplasmic vesicle %,

. . . %o 8
(Weihrauch et al., 2001b) as well as W|_th _the apica - _ > NHa/NH4*
membrane. In the present study, transmission electrc o,
microscopy of sections obtained from posterior gillsGof -~ Metabollc
maenasacclimated to 10Amol I-1 external ammonia revealed '.:: ammonla QTE
an apparently dynamic system of membrane vesicles ar pid NH3+ H* o NHa* a
Golgi bodies associated with the apical region of the ADP+P;
epithelium (Fig. 6A). We also observed a well-developec o

~C- >

Fig. 8. Proposed hypothetical model of active ammonia excretion g NH4 x*% 2
across the gills of the shore cr@arcinus maenasAccording to this <0 "
model, NH* is pumped across the basolateral membrane by the :: NH4 "<~
Na'/K*-ATPase (1) or traverses the membrarne Cs'-sensitive e NH4 7
channels (2). Dissociation of cytosolic MHo H* and NH is podd
accompanied by diffusion of NHnto vesicles acidified by a V-type ve 9 4._
H*-ATPase (3). The ammonia-loaded vesicles (4) are then nviwed <% f’,:' -------------- + NH3
microtubules (5) to the apical membrane, where they fuse with the ::
external membrane, releasing NHnto the subcuticular space. The 29
NH4* is then believed to diffuse across the cuticie amiloride- N\ ) @& | .-~ NH3
sensitive structures (6). The possibility of an additional ammonium ADP+Pi<RL = W |
transporter, probably in the basolateral membrane (7), cannot be
discounted. Rates of paracellular ammonia diffusion (8) and non- Intracellular

ionic transcellular diffusion of NE(9) are considered to be low at —> NHg* vesicle
physiologically meaningful transepithelial ammonia gradients.
Pi, inorganic phosphate. J
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sequences determined for other invertebrate and vertebraipical membrane, represents a classic unstirred layer.
species (Fig. 7). Diffusion of NHs coupled with transport of Hto produce
NH4* could theoretically occur in these unstirred layers to
which buffer might not penetrate.
Discussion However, we suggest that the proton pump of crab gills,
Previous investigations on the ammonia excretiorrather than being restricted to apical membranes, may be
mechanism in the gills of. maenasand other crab species inserted into the membranes of cytoplasmic vesicles,
suggested that ammonia from the hemolymph space @enerating an inwardly directed partial pressure gradient for
transported into the cytosol by basolateral'/K&-ATPase NH3z and leading to the accumulation of AHwithin the
(Lucu et al.,, 1989; Towle and Hglleland, 1987) and-Cs vesicles. It has been shown that radioactively labeled
sensitive channels, probably" Khannels (Weihrauch et al., methylamine diffuses into acidified vesicles, where it is
1998). In isolated gills, active ammonia efflux was onlyprotonated into its membrane-impermeable ionic form methyl-
partially (approximately 60%) inhibited by blocking the ammonium (Riejngoud and Tager, 1973). We suggest that a
Na'/K*-ATPase or by omission of Nabut was almost similar mechanism functions in crab gills, where cytoplasmic
completely inhibited (>90%) after addition of dinitrophenol NH3z diffuses into vesicles acidified by the V-typé-ATPase
(Weihrauch et al.1998), suggesting that a second,*Na and is trapped in the vesicles asfiH
independent ATP-requiring component is involved in The almost complete inhibition of both active and gradient-
ammonia excretion. The present study shows that inhibition afriven net ammonia excretion by microtubule inhibitors
the V-type H-ATPase, which has been identified at the(colchicine, thiabendazole and taxol) indicates a microtubule-
molecular level inC. maenagill (Weihrauch et al., 2001b), dependent ammonia excretion mechanism. In contrast,
reduces active ammonia net efflux by 66%. The finding thablocking the actin filaments with cytochalasin D, which causes
simultaneous application of bafilomyciniAand ouabain a small increase in exocytotic and endocytotic movements in
almost completely blocked active ammonia excretiorfrog nephron epithelia (Verrey et al., 1995), had no significant
identified the V-type HATPase and the N&K*-ATPase as effect on active ammonia excretion across the isolated gill. We
the two major ATP-requiring participants in the excretionsuggest that Nkf-loaded vesicles are transported along the
mechanism. microtubule network to the apical membrane, where ammonia
Active ammonia transport across biological membranes released by membrane fusion and exocytosis. This
could be mediated by a proton punyim two different  suggestion is supported by the abundance of Golgi bodies and
mechanisms: (i) the proton gradient generated by the pumgesicles in gill epithelial cells (Fig. 6A), by the presence of
drives a parallel HNH4* exchanger, or (ii) the proton pump bundles of microtubules oriented towards the apical membrane
generates a partial pressure gradient forzNdver the and by the endo/exocytotic activities represented by apparent
membrane, inducing transmembrane diffusion of gaseoudathrin-coated pits (Fig. 6B,C).
ammonia. The latter has been suggested for ammonia transportollowing application of bafilomycin A colchicine,
across the apical membrane in the gills of freshwater trodhiabendazole, taxol and cytochalasin BDt remained
(Wilson et al., 1994) since in this tissue th&-ATPase is unchanged, indicating that changes in ammonia excretion
localized predominantly in the apical membrane (Sullivan etluring treatment with these inhibitors were not caused by
al., 1995). In addition, buffering the external medium withalterations to the osmoregulatory NaCl uptake machinery or by
Hepes dramatically inhibited ammonia excretion across fistamage to the integrity of the preparation. The unaltbyed
gill because, under this condition, the partial pressure gradieahd Gie across the split half-lamella during exposure to
for NHz diffusion across the apical membrane was abolishec:olchicine also supported our conclusion that a functional
However, in gill epithelial cells o€. maenasthe V-type microtubule network is necessary for the process of active
H*-ATPase is distributed throughout the cytoplasm and onlammonia excretion but that its inhibition does not affect the
faintly detectable in the apical region (Weihrauch et al.glectrical variables of the gill epithelium, at least over the short
2001b). In the present study, no significant changes in pH irerm (Fig. 2).
the apical medium were detected during excretion nor was the The possibility of an apical amiloride-sensitive *NH4*
active ammonia excretion rate altered when a buffeexchange across the apical membrane prompted our
(2.5mmolt! Tris-HCI) was applied in the apical saline examination of the role of the cuticle. Amiloride has been
(Fig. 1) (Weihrauch et al., 1998). These results indicate that ishown to have an inhibitory effect on ammonia transport in
C. maenasacidification of the outer apical membrane is notrenal proximal tubules (Knepper et al., 1989), colonic crypt
responsible for driving a putativetHNH4* exchanger nor does cells (Ramirez et al., 1999), teleost gills (Randall et al., 1999)
it generate a partial pressure gradient for diffusion of non-ioniand crustacean gills (Lucu et al., 1989; Weihrauch et al., 1998).
NHs across the apical membrane. However, we canndh contrast to vertebrate tissues, crustacean gills are covered
discount the possibility of unstirred layers between the gillvith an ion-selective cuticle. Although the conductance of the
lamellae and thus cannot exclude the possibility of pHsolated gill cuticle ofC. maenashas been shown to be
gradients immediately external to the cuticle. Indeed, wapproximately 10 times higher than that of the combined
suspect that the subcuticular space, between the cuticle and #pthelium plus cuticle (Riestenpatt, 1995), ion selectivity is
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demonstrable, with the permeability for monovalent aniongpKammoniz==9.48) (Cameron and Heisler, 1983). In our
(CI, HCOz") being 100-1000 times lower than that for"'Na working model, we suggest that non-ionic Ndiffuses along
(Lignon, 1987). its partial pressure gradient into intracellular vesicles acidified
The present study employing the isolated cuticle showely a proton pump. Because of the low pH within the vesicles,
that NHs*-dependentsc and Geut were inhibited by amiloride  NHz would be converted into its membrane-impermeable ionic
in a dose-dependent manner. At an amiloride concentration &@rm NHs* and therefore trapped in this compartment. Our
100umol -1, a concentration commonly used in investigatingmicrotubule inhibitor studies suggest that the JNtdaded
Na" and NH* fluxes across the gill epithelia €. maenas vesicles may be transported along the microtubule network to
(Lucu et al., 1989; Lucu and Siebers, 1986; Onken and Siebethe apical membrane, where hHwould be released by
1992; Weihrauch et al., 1998), more than 70% of the cuticulagxocytosis into the subcuticular space. Our demonstration of a
NHs*-dependentlsc and Gcut were blocked. In a recent vesicle-associated membrane protein (VAMP) sequence in
electrophysiological study investigating the effects ofcDNA prepared fronC. maenagill RNA (Fig. 7) shows that
amiloride on Nainflux across split gill lamellae and isolated at least one component of the exocytotic machinery is
cuticle of C. maenasit was shown that apical amiloride expressed in this tissue, providing circumstantial evidence for
inhibits both the N&dependent transepitheliet andGte and  branchial exocytotic activity.
also the transcuticuldgc and Geyt with similar values foKami From the subcuticular space, hHwvould diffuse along a
(Onken and Riestenpatt, 2002). These authors suggested thahcentration gradienia amiloride-sensitive structures across
the effects of amiloride were due to an interaction between th@e cuticle into the external medium of the gill chamber. At
diuretic and the outer cuticle and not with transporters in thphysiologically meaningful outwardly directed ammonia
apical cell membrane or paracellular junctions. Theygradients (50-400moll-1), transepithelial diffusion of
concluded, however, that amiloride may interact directly witbammonia is considered to be low, comprising 12—-21% of the
cellular transporters in the gills of other crab species (Onketotal efflux (Weihrauch et al., 1998).
and Riestenpatt, 2002). In the present report, the proposed mechanism of exocytotic
The values oKanmifor the cuticular NH*-dependentscand ~ ammonia excretion is supported only by indirect evidence.
Geut (approximately 2@mol 1) obtained in our study are To investigate its validity more thoroughly, more direct
approximately 20-fold higher than the values calculated for thexperiments are necessary. Feasible future approaches include
Na‘-dependent Isc and Geut (approximately Jumoll-Y)  measurements of the capacitance as an indicator of the
employing an identical experimental design. Comparison oéxocytotic activity of the apical membrane under control and
the NHs*-dependentGeyt (683+165mScm?) and the N&  high-ammonia conditions (Zeiske et al., 1998), the use of
dependenGeyt (583171 mS cm?) (Riestenpatt, 1995) showed radioactively labeled methylamine/methyl-ammonium as a
a higher conductance of the cuticle for Nkbns than for N&  traceable competitive inhibitor for ammonia movements (Talor
ions, confirming earlier measurements (Lignon, 1987). Wet al., 1987) and the use of laser confocal microscopy
only can speculate that because of the smaller hydrated ioritombined with video-image analysis to trace intracellular pH-
size of NH* (approximately 0.38 nnversusapproximately labeled compartments (Miller et al., 1994).
0.56 nm for N&), blockage of a cation-permeable structure in The possibility of an exocytotic ammonia excretion
the cuticle by amiloride is less efficient. However, from thesanechanism should be considered since, in this situation, toxic
experiments, the presence of a*MiH4* exchanger in the ammonia is trapped in vesicles within the cell rather than
apical membrane itself cannot be excluded. diffusing through the entire cytoplasm, where it could cause
On the basis of previous observations and insights gainedajor damage. In aquatic animals facing an inwardly directed
from the present study, we have constructed a hypotheticammonia gradient in the natural environment (Weihrauch et
model for transbranchial ammonia excretionGn maenas al., 1999), the active component of the mechanism would
functioning at physiological ammonia concentrations. In thigrovide protection for the gill epithelial cells and, indeed,
model (Fig. 8), we suggest that hemolymph ammonia entefsr the entire organism against passive 4NHnfluxes.
the epithelial cell across the basolateral membvémé&lHs*-  Microtubule-mediated transport of ammonia-loaded vesicles
permeable Cssensitive channels and als@ the N&/K*-  and exocytosis at the apical membrane would permit a potent
ATPase in exchange for NéLucu et al., 1989; Towle and ammonia detoxification mechanism in such organisms
Halleland, 1987). The nature of the N+permeable channel without compromising ionic permeability. Whether such a
is unknown, but it may be related to a recently describechechanism applies broadly across species is not known.
rhesus-like protein that appears to mediate transfer off NH However, some aquatic species, including the South
across cell membranes (Marini et al.,, 2000). Using revers&merican rainbow cralChasmagnathus granulatRebelo
transcription and PCR, we have recently identified such at al., 1999), the prawNephrops norvegicuéSchmitt and
rhesus-like protein in the gills &. maenagWeihrauch et al., Uglow, 1997) and three fish species in the family
2001a). Batrachoididae (Wang and Walsh, 2000), tolerate high
The pool of ammonia imported from the hemolymph ancenvironmental ammonia levels. Among the adaptive
produced by gill metabolism occurs within the cytoplasmmechanisms in these species may be an active ammonia
in a pH-dependent equilibrium between NHand NH;  excretion process similar to that described here.
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