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Amino Acid-Activated Channels in the Catfish Taste System
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ABSTRACT Membrane vesicles derived from external taste epithelia of channel catfish (Ictalurus punctatus) were incorpo-
rated into lipid bilayers on the tips of patch pipettes. Consistent with previous experiments (Teeter, J. H., J. G. Brand, and T.
Kumazawa. 1990. Biophys. J. 58:253-259), micromolar (0.5-200 M) concentrations of L-arginine (L-Arg), a potent taste
stimulus for catfish, activated a nonselective cation conductance in some bilayers, which was antagonized by p-Arg. Two
classes of L-Arg-gated receptor/channels were observed in reconstituted taste epithelial membranes: one with a unitary
conductance of 40-60 pS, and the other with a conductance of 75-100 pS. A separate class of nonselective cation channels,
with a conductance of 50-65 pS, was activated by high concentrations of L-proline (L.-Pro) (0.1-3 mM), which is the range
necessary to elicit neural responses in catfish taste fibers. The L-Pro-activated channels were not affected by either L- or
p-Arg, but were blocked by millimolar concentrations of p-Pro. Conversely, neither L- nor p-Pro altered the activity of either
class of L-Arg-activated channels, which were blocked by micromolar concentrations of b-Arg. These results are consistent
with biochemical, neurophysiological, and behavioral studies indicating that taste responses of channel catfish to L-Arg are
mediated by high-affinity receptors that are part of or closely coupled to nonselective cation channels directly gated by low
concentrations of L-Arg, while responses to L-Pro are mediated by distinct, low-affinity receptors also associated with
nonselective cation channels.

INTRODUCTION

Taste reception in vertebrates is mediated by specialize#l990; Cummings et al., 1993; Herness and Sun, 1995;
neuroepithelial receptor cells, typically grouped together inMiyamoto et al., 1996; Spielman et al., 1989; Sun and
intraepithelial end organs, the taste buds. Interaction oHerness, 1996) have revealed a variety of voltage-depen-
sapid chemicals with receptors or ion channels primarily indent Na", C&2", and K™ currents. The roles of these con-
the exposed, apical surfaces of taste receptor cells is coupleflictances in generating and shaping taste cell responses are
through cellular processes to the modulation of release adnly beginning to be understood. However, it is clear that
neurotransmitter at basolateral synapses with afferent tastfany taste cells generate action potentials in response to
fibers or adjacent taste bud cells. Recent efforts to charaggste stimulation (Roper, 1983; Avenet and Lindemann,
terize the molecular mechanisms that couple taste stimuluggg7p: Kinnamon et al., 1988: Beet al., 1990: Gilbertson
recognition with the generation of a cellular response ancs; al., 1992, 1993).

changes in the rate of release of neurotransmitter indicate Although differing in details, taste receptor mechanisms
that taste cell responses are mediated by several fundamefy pe divided into two general categories: those involving
tally different processes, depending upon the nature of thg, o qirect action of taste stimuli on ion channels, typically in

S“”;EJ“&'S’ theA“type” of Itaitgegsc_elg’, and the sgel\;l:ies tl’eingthe apical (exposed) membranes of the receptor cells, and
studied (see Avenetetal,, » inhamon and Margolskegy, ;e involving G-protein-coupled receptors, indirectly

1936; I;]m?emanr:, dl.996 Ic;r rtecent re;news?l. f h.blinked to changes in activity of ion channels in the basolat-
| raten-clamp studies of faste receplor Celis rom ampiibe, o emprane via second messenger cascades. Amiloride-
ians (Avenet and Lindemann, 1987a; Bigiani and Roper

1093 Bigiani et al., 1996; Fujiyama et al., 1994: Kinnamonsensmve’ epithelial-type sodium .channels in the .ap|cal
and Roper, 1987, 1988a; McPheeters et al., 1994; MiyamotE)nembranes of some taste cells in mammals mediate re-
; ’ ’ ’ ’ ponses to Naand Li" salts (Schiffman et al., 1983; Heck

et al., 1991; Sugimoto and Teeter, 1990), catfish (Tecter et ) ) i
al., 1993; Miyamoto, Sato, and Teeter, 1998, submitted fof't al.,.1984, Brand et 6}'" 19,85’ Avenet, 1988, 1992; Avenet
publication), and rodents (Akabas et al., 1988h&et al., and Lindemann, 1991; Hettinger and Frank, 1990). In ham-

ster taste cells, sour (acid) taste appears to involve influx of
protons through amiloride-sensitive sodium channels (Gil-
Received for publication 22 December 1997 and in final form 7 Septembebertson et al., 1993). Apical Kchannels have been impli-
1998. cated in taste cell responses to sour and some bitter-tasting
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1996; Herness et al., 1997; Naim et al., 1991; Ruiz-Avila et A

al., 1995; Spielman et al., 1992, 1994, 1996; Bernhardt et pA
al., 1996; Wong et al., 1996). 20}
, intra.
In the channel catfish, extraoral taste buds, present over W 1 mM L-Pro
most of the skin surface, have been shown by ligand- Ringer

binding (see Krueger and Cagan, 1976; Cagan, 1986; Ka-
linoski et al., 1989a) and neural cross-adaptation (Caprio,
1975, 1978, 1982; Wegert and Caprio, 1991) studies to
possess several independent classes of amino acid taste
receptors. High-affinity receptors for short-chain neutral
amino acids, tha-Ala receptors ((-AlaRs), appear to be
coupled via G-proteins to the formation of both cAMP and
IP; (Kalinoski et al., 1989b; Brand et al., 1991), although
the subsequent steps leading to neurotransmitter release
have not been characterized. In contrast, high-affinity re-
ceptors selectively activated by the basic amino aeid
arginine (-ArgRs) do not appear to be coupled to second
messenger formation (Brand et al., 1991), but rather appear
to contain integral cation channels that open whehrg

binds to the receptors (Teeter et al., 1990). In addition, low i 100 UM L-Arg
affinity receptors fori-proline (-ProRs) have been pro- 80 40 Jﬂjﬁ/‘); M L-Pro
posed on the basis of neural recordings under cross-adap- X . & Mgm‘y'

+80 m

tation conditions (Wegert and Caprio, 1991). Single fiber
recordings indicated that the responses-Ryo were carried
by a subset of the taste fibers selectively activated-Byg,
suggesting either that-ArgRs andL-ProRs are co-ex-
pressed in some of the same receptor cells ontiAay- and 20}
L-Pro-selective receptor cells synapse with the same fibers
(Kohbara et al. 1992). Recent studies using PHA-E lectin, N
which interferes WithL-Arg binding and a monoclonal FIGURE 1 Currents elicited by voltage ramps fron80 to +80 mV

. . L o across planar lipid bilayers formed on the tips of patch pipettes into which
antibody (G'lq)’ Whl(?h |nh|b|.t$-AIa binding, as probe§ taste epithelial membranes derived from channel catfish had been fused.
have'shown differential localization of the Corfespondlng(A) With pseudointracellular solution in the pipette (“cytoplasmic” side)
putative receptors to separate classes of cells in the catfigihd FPS in the bath, the voltage ramp produced a small current. Addition
taste bud (Finger et al., 1996). of L-Arg to the bath to produce a final concentration of 300 had no

In this paper, we present evidence that high Concentraa_\ffect on bilayer conductance. Subsequent addition of 1u¥io resulted
tions of L-Pro ir,l the range necessary to elicit discharae i in a marked increase in bilayer conductand®. Iq a different bilayer, 1

) g _y 9 ; M L-Pro produced no change in conductance, while the subsequent

taste nerve flber§ _and trigger behayloral responses, activai@dition of 100uM L-Arg resulted in an increase in bilayer conductance.
a class of low affinity receptors, which are part of or closely
associated with nonselective cation channels. These chan- . _
nels are similar to, but not identical with, channels couplecpusly (Teeter et al., 1990). Briefly, P2 was centrifuged on a 30% (wt/wt)
sucrose cushion at 36,0@0for 20 min. Samples of QB0 were washed to

to a different class of receptors activated by low ConCemra?emove residual sucrose and sonicated briefty30 s). All procedures

tions of L-Arg. In_ addition, _We present ev_idenc_e fOI’. WO ere carried out at 4°C. Samples of QBO could be stored fooupd at
types ofL-Arg-activated cation channels, displaying differ- 4°c with only gradual loss in the frequency with which amino acid-
ent unitary conductances and kinetics, and both differingactivated channels were encountered.
from the receptor/channels activated ibfro. Preliminary
reports of some of this work have been published (Teeter &oluti

. olutions
al., 1990, 1992; Caprio et al., 1993).

Solutions were prepared from reagent-grade salts and filtered immediately
before use (0.2um Acrodisc filters, Gelman Sciences, Ann Arbor, Ml).

METHODS Most experiments were performed with a fish physiological saline (FPS)
containing (mM): 110 NacCl, 2.5 KCl, 1.6 Mggl1.0 CaCl, 5 MOPS, pH
Membrane vesicles 7.4 in the bath and a pseudointracellular solution containing (mM): 12.5

NacCl, 85 KClI, 1.6 MgC}, 0.25 CaC}, 0.5 EGTA, 5 MOPS, pH 7.4 in the
A sedimentable fraction (P2), which was enriched in amino acid bindingrecording pipette. In some experiments various concentrations of NacCl,
activity and marker enzymes for plasma membranes, was prepared bgCl, CaCl, BaCl, Na-gluconate, K-gluconate, or N-methylglucamine
differential centrifugation of homogenates of taste epithelium, scrapecthloride (NMDG-CI) were used in the bath and/or pipette. Azolectin (type
from excised barbels of channel catfish as described previously (Kruegelt-S from soybeans) was obtained from Sigma Chemical Company, St.
and Cagan, 1976; Cagan, 1986). A nucleotidase enriched fraction (QBO0) dfouis, MO and palmitoyloleoyl phosphatidylethanolamine (POPE) and
plasma membranes was prepared from fraction (P2) as described preyphosphatidylserine (PS) were obtained from Avanti Polar Lipids, Inc.,
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Birmingham, AL and stored at -70°C. Lipids were prepared fresh for eachdetected by recording the currents produced by voltage steps or ramps
experiment by dissolving dried lipid in analytical grade hexane (Nano-across the bilayer in the absence and presence of amino acid taste stimuli.
grade, Mallinckrodt Inc., St. Louis, MO) at a concentration of 30 mg/ml for “Control” currents, resulting from voltage ramps applied before addition of
azolectin and 10 mg/ml for a 7:3 mixture of POPE:PS. Amino acid amino acid taste stimuli are presented in all records, except those in Figs.
solutions were prepared from 10 mM stock solutions and filtered just5 and 6, where they have been subtracted from conductances recorded in
before use. Bath solution changes were accomplished either using a grathe presence of stimuli for clarity.
ity-flow perfusion system or by carefully moving the bilayer (pipette tip) to Patch pipettes were pulled from borosilicate glass capillaries (Kimex,
a new chamber containing the appropriate solution. Amino acid stimuliThomas Scientific, Philadelphia, PA) using a horizontal puller (P-80/PC,
were added to the chamber with a micropipette to produce the desired fin@utter Instruments, San Rafael, CA). The pipettes had bubble numbers of
concentration. Aliquots of stimuli were sequentially added to the recording2.5—4.5. Bilayer and single channel currents were recorded under voltage-
chamber to provide an ascending series of concentrations. Experimentdamp using a LIST EPC7 patch amplifier (Medical Systems Corp., Gre-
were performed at room temperature. envale, NY). Current signals were amplified and low-pass filtered at 1000
Hz (eight pole Bessel filter; Frequency Devices, Inc., Haverhill, MA).
Currents were digitized (4—-10 kHz) and stored on the fixed disk of a 386
Bilayer recordings and data analysis or 486 computer running pCLAMP software (Axon Instruments, Foster

) ) ) ) ) ) City, CA). Voltage ramps and pulses were generated with a D/A converter
Membrane vesicles were incorporated into high resistance bilayers on thg,qer computer control.

tips of patch pipettes using minor modifications of the technique described

by Coronado and Latorre (1983). A lipid monolayer was formed on the

surface of a small (30@1) plastic chamber containing membrane vesicles

suspended in FPS (30—-6@y protein), by carefully adding 5-1Ql of RESULTS

azolectin or POPE:PS (7:3). After allowing a minimum of 10 min for the

solvent to evaporate, high-resistance bilayers were formed on a pipette tic-Pro- and L-Arg-activated conductances

by inserting it into the chamber under positive pressure, releasing the | = . .

pressure, withdrawing the pipette, then reinserting it. Bilayers with resisLiPid bilayers formed from either azolectin or POPE:PS had
tances of 2 to>50 G were routinely obtained. The bilayers in these resistances in excess of 2)X3often 30-50 ®). Bilayers
experiments may be thought of as “outside-out” patches because tasfprmed in the absence of membrane vesicles=(8) dis-
stimuli were added only to solutions in the bath, not to the internaLP|ayed no changes in conductance in response to voltage

solutions in the pipette. Although putative receptors for amino acids ma .
also have been incorporated into the bilayer in the opposite polarity (intcfamps 680 to +80 mV) when either-Pro (1_2 mM) or

the pipette), they would not have been activated in these experiments.~/Arg (100—-500uM) was added to the bath (“outside” the
Spontaneous, voltage-dependent and ligand-activated conductances wédayer). In addition, the majority of the bilayers into which
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FIGURE 2 Concentration dependence 16Pro- andL-Arg-induced conductancesA) Successive addition of-Pro to the bath, producing the
concentrations shown at the right of each current record, resulted in a progressive increase in bilayer condB)cRlntef felative conductance (as a
percentage of the maximum conductance elicited by 5 ARfo) as a function of log-Pro concentration. The solid curve represents the fit of the data
with the Hill equation. The conductance activated near 0.1 mM, reached half-maximal at 0.56 mM, and saturated abavw®ribant SE,n =

3). The Hill coefficient was 1.7.Q) In a different bilayer, increasing concentrations e4rg resulted in progressive increases in bilayer conductamge. (
Dose-response curve farArg. The solid curve represents the best fit using the Hill equation. The conductance activated abpW, @e&ched
half-maximal at 17uM, and saturated above 2¢M (mean* SE,n = 5). The Hill number was 2.5.
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membrane vesicles had been fused also displayed no changeduced by their respectiveisomers (Fig. 3A and B).

in conductance when eithetPro orL-Arg was added to the The suppression of conductance was concentration-depen-
bath, confirming that neither amino acid, at the concentradent, with increasing concentrations of thsomer result-
tions used in this study, elicited a nonspecific increase iring in successive blockage of bilayer conductance (Fig. 4).
bilayer conductance. In-15% of the taste membrane-con- In the example illustrated in Fig. 4, the increase in
taining bilayers exposed to-Pro (28 of 180 bilayers), conductance elicited by 1 mM-Pro was progressively
concentrations>~0.1 mM elicited increases in bilayer con- blocked by incremental increases in the concentration of
ductance (Fig. 14). In the example presented in Fig.AL  p-Pro with an 1G, of 175 uM (Fig. 4 B). A similar sup-

100 M L-Arg was first added to the bath solution, resulting pression of the -Arg-induced conductance hy-Arg was

in no change in bilayer conductance. This concentration ofeported previously (Teeter et al., 1990). In the example
L-Arg has previously been shown to elicit a near-saturatingshown in Fig. 4C, the conductance resulting from the
increase in conductance irArg-sensitive bilayers (Teeter addition of 10 uM L-Arg was progressively blocked by
etal., 1990, and Fig. B). The subsequent addition of 1 mM increasing concentrations ofArg. The IG, for the sup-
L-Pro resulted in a significant increase in bilayer conducression in this example was@M p-Arg (Fig. 4 D).

tance. In~25% of the taste membrane-containing bilayers
exposed ta-Arg (55 of 210 bilayers), concentrations0.5 . ..
uM produced an increase in bilayer conductance (Fig),1 lonic sele.ctlwty of L-Pro- and

confirming our earlier observations (Teeter et al., 1990)_L-Arg-act|vated conductances

Previous exposure of the bilayer represented in FiB.td  With FPS in the bath and pseudointracellular solution in the
1 mM L-Pro had resulted in no change in conductancepipette, the.-Pro-dependent conductance reversed between
These results indicated that the increases in bilayer condue-18 and+32 mV, with a mean reversal 6f4.7 + 6.1 mV
tance elicited by-Arg andL-Pro were mediated by different

receptors associated with taste epithelial membranes. Al-

though no attempt was made to characterize in detail the A
effects of other amino acids on thé”ro- orL-Arg-activated 110 mM
conductances, neitherAla nor glycine altered the conduc- KCl 20| pA

tance of any of over 25 bilayers, including those displaying
increases in conductance with subsequent additiarfofy

or L-Pro (data not shown). Binding studies have shown that
the L-Arg site is highly selective for-Arg and closely
related analogs, whereasAla and glycine interact with a
different, apparently G-protein-coupled, site (Cagan, 1986;
Bryant et al., 1989; Kalinoski et al., 1989a, b).

Both theL-Pro- andL-Arg-activated conductances were
concentration-dependent, with increasing concentrations
producing progressively larger increases in bilayer conduc-
tance (Fig. 2A andC). TheL-Pro-dependent conductance
activated at~100 uM, reached half-maximal activation B
(K, at 567uM and saturated between 2 and 3 mM (Fig. 2

1 mM L-Pro
+

1 mM D-Pro
¥ controt

+80 mvV

B). The Hill coefficient for theL-Pro-dependent conduc- 20hpA

tance was 17 suggesting .cooperativity in the binding to \\\\"""1/ 100 uM L-Arg
and/or opening of the associated channels. (FAeg-gated Ringer R
conductance was considerably more sensitive, activating 10}

100 uM D-Arg

between 0.5 and &M, reaching half-maximal activation at S o ntrol

17 uM and saturating between 100 and 200 (Fig. 2 D). .
The Hill coefficient for theL-Arg conductance varied from

2 to 3, depending upon the preparation, again suggesting
cooperativity in channel activation.

+40 +80 mv

Stereospecificity of L-Pro- and

L-Arg-mediated conductances FIGURE 3 The conductances produced byPro and L-Arg were

Although thep-enantiomers of Pro and Arg produced no bl_ot_:ked by the respe(_:uve_-lso_mers. A The_ increase in conductance
b ble ch in bil duct ¢ elicited by 1 mML-Pro in this bilayer was rapidly blocked by subsequent

0 S_erva € changes In bilayer _Con uc anc'e, even a ,Concegh'dition of 1 mMb-Pro to the bath.K) The conductance activated by 100

trations well above those at which thenantiomers elicited  ,m L-Arg in a different bilayer was completely suppressed by the addition

responses, they did suppress the increases in conductangeoo uM p-Arg.
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FIGURE 4 Concentration dependence of the suppression afftre- and.-Arg-dependent conductances by their respeaiigmers. f) The increase

in bilayer conductance produced by 1 mMPro was progressively suppressed by the successive addition of increasing concentratiBns tof the bath.

(B) Plot of the percent response to 1 mMPro as a function ab-Pro concentration. The dose-response curve is a Hill equation fit of the data. Half-maximal
suppression (I6,) was 175uM (mean= SE,n = 3). (C) In a different bilayer, the increase in conductance produced QyMQ@-Arg was progressively
reduced by increasing concentration®efrg. (D) Plot of percent response to 1M L-Arg as a function ob-Arg concentration. The solid curve represents
the best fit of the data points with the Hill equation. The@as 6uM (mean=* SE,n = 4).

(mean* SD,n = 13; Figs. 1A and 3A), suggesting that the ductance reversed at8.5 = 5.3 mV (h = 19; Figs. 1B and
underlying channels were relatively nonselective betweer3 B). Both theL-Pro-dependent andArg-dependent con-

Na“ and K'. In the same solutions, theArg-gated con-

FIGURE 5
duced byL-Pro under different ionic condi-

Increases in conductance pro-

tions. The currents elicited by voltage ramps

before the addition of-Pro have been sub-
tracted from each trace to make a determina-

tion of the reversal potential Af With 110
mM NaCl in the pipette and 55 mM Bagin
the bath, the conductance produced by 1 m
L-Pro in this bilayer reversed at42 mV
(39.0x 6.0 mV; meant SD,n = 2). (B) In

ductances were permeable to divalent cations (Figs. 5 and 6,

a different bilayer, with the solutions reversed

(55 mM BaC}, in the pipette and 110 mM
NaCl in the bath), the-Pro-induced conduc-
tance reversed at55 mV (—38.2 = 14.7
mV, n = 4). (C) With 55 mM CaCl, rather
than BaC] in the pipette, and 110 mM NacCl
in the bath, the.-Pro conductance in a differ-
ent bilayer reversed at7 mV (+2.3 £ 9.3
mV, n = 3). (D) With 55 mM BaCl, on both
sides of the bilayer, the-Pro conductance
reversed near 0 mV+1.0 = 5.0 mV,n = 4).

A 110mM 509 pA ss oy 507 PA
W BaCl,
i \\—/ 25+ P
55 mM BaCl, 1 mM L-Pro 110 mM NaGl 1 mM L-Pro
T s st
-80 -40 0 w""ﬂ’wd -80 M
MO +80 mV e -40 +40 +80 mV
M M 25
-50- 504
C 55 mM pA D 55 mM pA
cacCl, 20+ BaCl, 20+ 0.2 mM L-Pro
110 mM Nact 104 2 mM L-Pro 55 mM BaCl, 10- M
-80 -40 M ' | |
L +40 +80 mV +40 +80 mv
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FIGURE 6 Increases in conductance elic- 55 mM 204 pA 55 mM 204 pA
ited by L-Arg under different ionic conditions. BaCl, cacl
Control currents produced by voltage ramps 104 2 104 100 uM L-Arg
before the addition of-Arg have been sub- 110 mM NaCl 110 mM Nacl M
tracted from each trace Al With 55 mM
BaCl, in the pipette and 110 mM NaCl in the '8.0 T "}0 —& T “}0 +80 mV -8.0 T _4.0 Y T T ——
bath, the_-Arg conductance in this bilayer had M +40 +80 mV
an extrapolated reversal potential €80 mV 100 uM L-Arg
(+62.0 + 23.1 mV,n = 5). (B) With 55 mM M -104
CaCl, rather than BaGlin the pipette and 110
mM NacCl in the bath, the-Arg conductance .20 204
reversed at-8 mV (—=7.0 £ 5.5 mV,n = 3).
(C) With 55 mM BaCl, on both sides of the C D
membrane, the.-Arg conductance reversed 55 mM 204 pA 55 mM 204 pA
near0 mV ¢-2.4+ 6.8 mV,n = 5). A second BaCl, BaCl,
ramp applied 60 s after the addition of 10M 104 100 uM L-Arg 104
L-Arg resulted in no current, indicating that 55 mM BaCl, 110 mM BaCl,
the L-Arg-depenc_i_ent conductan(_:e had inacti- -80 L-Arg 60s -80 -40 N +40 +80 mV
vated or desensitizedD] Increasing the con- ? T T L L
centration of BaGl in the bath to 110 mM +80 mV W

) WWW UM L-Arg
shifted the extrapolated reversal of thérg 10- 104
conductance tot-80 mV (+80.3 = 4.5 mV,
n = 3).

-20- -20-

respectively), which probably accounts for the slightly pos-L-Pro- and L-Arg-activated single channels

itive reversal potentials in FPS containing 1 mMPCawith c f . h q .
110 mM NaCl in the pipette (“cytoplasmic” side of the urrent fluctuations that appeared to represent singleo-

bilayer) and 55 mM BaGlin the bath, the -Pro-activated activated channels were observed in many of the bilayers
conductance reversed 489.0+ 6.0 (rﬁeant SD,n = 2) displaying an increase in conductance with the addition of
indicating that the channels were more permeéble ' Ba L-Pro. The unitary conductance of these channels averaged
than to N& (+42 mV in the example in Fig. B). With the 59.8+ 1.9 F_’S (mean= SD, n= 5,)’ with _FPS in the b"’,‘th
solutions reversed, thePro response in a different bilayer 2nd pseudointracellular solution in the pipette (48 pS in the
reversed at-38.2 + 14.7 mV.n = 4. consistent with this €Xample in Fig. 7A). Under the same ionic conditions, the
interpretation {55 mV in the example in Fig. B). With 55  Predominant class of-Arg-gated channels had a mean

mM CaCl, in the pipette and 110 mM NaCl in the bath, the conductance of 45.5 0.7 pS ( = 7) (Fig. 7B), although
L-Pro-induced conductance reversed-at3+ 9.3mV,n=  larger channels were sometimes observed (see below).

3, indicating that the-Pro-gated channels were less perme- 1he increase in bilayer conductance elicited Hyro was
able to CA" than B&" (—7 mV in Fig. 5C). The rectifi- generally smaller than that evoked byArg (compare Fig.
cation in the current trace often observed with high divalent: A andC). This presumably resulted from incorporation of
cations on the “external” side of the bilayer indicated some2 Smaller number of-Pro-sensitive channels in each bi-
degree of divalent block of the conductance. With equimoJayer, suggesting a lower overall densityiePro channels

lar BaCE on the two sides of the b"ayer, the Conductancein the native membrane fl‘agments. This is consistent with
produced byL-Pro reversed near 0 m\#1.0 = 5.0 mv, the observation that-Pro often activated one or a few

n = 4), as expected (Fig. b). channels in a bilayer, while-Arg-sensitive bilayers often

In contrast to the-Pro-activated conductance, the con- displayed multiple channels (Fig. 8). On the basis of the
ductance elicited by-Arg appeared to be more permeable total L-Arg-activated current and an estimated single chan-
to monovalent than divalent cations (compare Fi\ith ~ nel conductance of 45 p$;Arg-sensitive bilayers often
Fig. 5B). With 110 mM NaCl in the bath and 55 mM BaCl| contained>30 channels. A plot of open probabilitiN,)
in the pipette, the current reversed -862.0 + 23.1 mV, over time for a bilayer exposed tePro is shown in Fig. 9.
n = 5; extrapolated te-80 mV in Fig. 6A. Also, with C&™  During the 260 s exposure to 1 mMPro, the open prob-
rather than B&™ in the pipette, the current reversed at ability displayed a significant decrease, indicating either
—7.0+5.5mV,n= 3 (—8 mVin Fig. 6B) rather than+80  desensitization of the receptors or “run-down” of the chan-
mV (compare Fig. 6A andB). With equimolar BaClonthe  nels; L-Arg-activated currents often displayed even more
two sides of the bilayer, the-Arg-induced conductance marked desensitization. For example, the conductance elic-
reversed near 0 mV{2.4 = 6.8 mV,n = 5; Fig. 6C), and ited by 100uM L-Arg in Fig. 6 C completely inactivated
this was shifted to a much more positive potential when thewithin 60 s of continuous exposure to théArg. However,
concentration of BaGlin the bath was increased to 110 mM in other bilayers,.-Arg activated single-channel currents
(+80.3*= 4.5 mV,n = 3; Fig. 6D). continued to burst for many minutes (Figs. 8 and 10). In the
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A 1mML-Pro presence of-Arg (Fig. 10). The most frequently observed

+60 e 4 PA channels corresponded to those described previously (Tee-

A0 NMWWW ter et al., 1990), having a unitary conductance of 40—60 pS
O gt WW«*MW« ] (smaller currents in Fig. 10). In addition, channels with a
40yl WW:': 2- higher unitary conductance were observed in response to
80 W application ofi-Arg in ~20% of theL-Arg-sensitive bilay-

60 [ikmaiio hote

oA ] ers, often together with the lower conductance channels

078 (Figs. 10 and 11). With FPS in the bath and pseudointra-

' " 40 ' 8I0 mV cellular solut'ion in the pipette, the higher conductance chan-
nels had unitary conductances ranging from 75 to 100 pS

(81.7 = 10.1 pS,n = 7). Both classes of channels were

activated by similar (micromolar) concentrationsiefrg

and both were blocked by comparable concentrations of

p-Arg (Fig. 11). Dose-response relationships feArg ac-

4 tivation andp-Arg suppression of the larger class of chan-

nels were not determined.

D

80 40

B 100 uM L-Arg

St 7 pA
O s y 1
MR / Two classes of high-affinity receptors for amino acids have
A0 W 2 ° been postulated in the channel catfish taste system on the
'GOMWTPWWW» ' basis of ligand binding (Cagan, 1986; Kalinoski et al.,
lgpA 1 1989a; Bryant et al., 1989; Brand et al., 1991) and neural
02s 4 cross-adaptation studies (Caprio, 1982; Caprio et al., 1993).
T T N v T T N 1 H _ H
-80 _40 { 40 somv One class of receptors bindsAla and other short-chain

neutral amino acids and appears to be coupled via G-
proteins to the formation of intracellular second messengers
(Kalinoski et al., 1989b). A second class of receptors, spe-
cific for L-Arg, appears to be part of or closely associated
with nonselective cation channels that are directly gated by
L-Arg binding (Teeter et al., 1990, 1992; Brand et al., 1991).
-4 - In addition, a low-affinity receptor system activated by high
FIGURE 7 Single currents produced hyPro andi-Arg. () Single F:oncentratlons af-Pro has been identified in neurgl record-
channel currents produced by 1 mMPro (nse). The solid line is the ings (Kohbara et al., 1992; Wegert and Caprio, 1991).
least-squares fit of the current-voltage data. The slope conductance was 48though the low sensitivity of the catfish taste system to
pS and the current reversed a6 mV with intracellular solution in the  |-Pro has precluded attempts to characterize-Bno recep-
pipette and FPS in the battB)(Single channel currents elicited by 1081 o1 py ligand binding studies, recordings from single facial
,L:'F?;gir']nthz%:fgffﬁebgaﬁir'cz\g;hu'Cg:g: "v:,’:;r P L‘)’g?n('jnrg\'/eegg;t;;and taste nerve fibers indicate thatPro taste information is
carried by a subset of theArg best-taste fibers (Kohbara et
al., 1992).
example shown in Fig. 8, seven of the estimated 15 channels The presence of separate classes of cation channels in
activated byL-Arg in this bilayer were observed over a bilayers into which channel catfish taste epithelial mem-
period of several minutes. Occasional current transition$ranes have been incorporated that are activated by concen-
across multiple levelsagrow) were sometimes observed, trations of.-Arg andL-Pro in the ranges necessary to elicit
suggesting cooperativity in the opening ofArg-gated neural responses in channel catfish taste fibers suggests that
channels. These transitions could usually be distinguishethese receptor/channels are involved in taste reception. Al-
from the larger conductaneeArg-activated channels (Figs. though the membrane preparations used in these reconsti-
10 and 11) on the basis of slight deflections in the currentution experiments (and in biochemical binding and second
trace, which could be observed at high time resolutionmessenger studies) were not a pure preparation of taste cell
between the expected current levels. membranes, the close correspondence between the results of
binding studies, neural recordings, and receptor/channel re-
constitution studies support the conclusion that these chan-
nels play a role in taste reception in the channel catfish.
Two distinct classes of channels were observed in some, bdWwhole-cell patch-clamp recordings (Miyamoto, Sato, and
not all, bilayers displaying increased conductance in théleeter, submitted for publication) and fura-2 measurements

Two classes of L-Arg-activated channels
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FIGURE 8 Continuous current records of channel 2
activity activated by 10QuM L-Arg in a bilayer with / ﬁ 8004
55 mM BacC}, in the bath and pipette. Seven of an o) i
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of stimulus-induced changes in intracellular®Caconcen-  tors were present in the same bilayers, because activation of
tration (Zviman et al., 1996) in isolated channel catfish tasteone class of receptors may have masked the effect of the
cells are also consistent with the presence.-@&frg-acti-  application of a second potential stimulus. Thus, if a bilayer
vated cation channels that are permeable t6"Ga some  was activated by.-Pro, it was typically not exposed to
taste cells, but also indicate the involvement of additional-Arg, although on several occasiond’ro-gated channels
mechanisms in-Arg taste responses, including mem- were exposed to-Arg with no effect.
brane hyperpolarization resulting from activation of & K Ligand binding studies with taste epithelial membranes
conductance. from the channel catfish indicate that there are twérg

The finding thatL-Pro selectively activates a separate binding sites (or affinity states); one with an apparg€gtof
class of nonselective cation channels is consistent with th20 nM, the other with & of 1.5 uM (Kalinoski et al.,
hypothesis that-Pro receptors are expressed on a subset 0f989a; Bryant et al., 1989). Although two classes-éfrg-
the taste cells responsiveitéArg. Although it is clear from  sensitive channels differing in unitary conductance were
this study that the receptors mediating the responses tobserved in the present study, no clear correlation between
L-Pro andL-Arg are different, we did not systematically high- and low-conductanceArg channels, and sensitivity
investigate the frequency with which both classes of recepto eitherL- andp-Arg or the rate of desensitization, were

apparent.
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o
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FIGURE 10 Two distinct classes of channels were activated-hyg in
FIGURE 9 Plot of open probabilityNP,) over time for channels acti- some bilayers. Both large (75 pS) and small (45 pS) single channel currents
vated by 1 mML-Pro (nse). NP, decreased as a function of time of were activated in this bilayer by 10Q0M L-Arg. Pseudointracellular
exposure of the bilayer to-Pro. solution in the pipette and FPS in the bath; holding potenrtiat 80 mV.
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