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Abstract. Whole-cell membrane currents were recordedKurahashi & Yau, 1993; Lowe & Gold, 1993); it is the
from olfactory receptor neurons from the neotenic sala-Cl~ conductance that generates most of the receptor po-
mander Necturus maculosusCyclic nucleotides, re- tential.
leased intracellularly by flash photolysis of NPE-caged By contrast, in ORNs from the neotenic salamander
cAMP or NPE-caged cGMP, activated a transient chlo-Necturus maculosusdors can modulate GIK*, as well
ride current. The chloride current could be elicited atas nonselective cation conductances (Dubin & Dionne,
constant voltage in the absence of extracellulat*Gs  1993), but it is uncertain how these conductances are
well as in the presence of 3wmintracellular C&*, sug-  regulated. About half of the odor-elicited responses in
gesting that the current did not require either voltage olNecturusORNSs involve changes in the Ttonductance,
C&" transients for activation. The current could be elic- but while in some cells odors can increase the @in-
ited in the presence of the protein kinase inhibitors H-7ductance, in others they decrease it (Dubin & Dionne,
and H-89, and in the absence of intracellular ATP, indi-1993, 1994). We have examined the cyclic nucleotide
cating that activation was independent of protein kinasalependence of the Clconductance ifNecturusORNs
A activity. These results suggest thidgcturusolfactory  and find evidence for a previously unreported type of Cl
receptor neurons contain a novel chloride ion channethannel that may be directly gated by cyclic nucleotides.
that may be directly gated by cyclic nucleotides. In NecturusORNSs this channel could participate in odor
transduction, but if homologues of the channel also occur
Key words: Chloride conductance — Cyclic nucleotide in other epithelial cells, its functions may be wide-
— Channel regulation — Cyclic AMP reaching.

Introduction Materials and Methods

Odors are transduced bv olfactory receptor neul,cmWhole—ceII voltage-clamp data were digitally recorded from ORNs of
y y P ?‘ne salamandeXecturus maculosussing standard patch clamp meth-

(ORNS) using several different intracellular cascades tha‘;ds (Hamill et al., 1981). Recordings were obtained both from disso-
alter channel activity and modulate neuronal excitability ciated ORNs and from ORNs ia250um thick slices of olfactory
(Trotier, 1994; Dionne & Dubin, 1994). The best studied epithelium using Axopatch 200A and 1D amplifiers. Dissociated cells
transduction cascade involves the direct activation of cywere prepared without proteolytic enzymes (Dionne, 1992). Epithelial
clic nucleotide-gated (CNG) cation channels by adenoslices were prepared after the methqu of Bigiani and R'ope'r (1995).
sine 3,5’-cyc|ic monophosphate (CAMP) (Nakamura & Voltage—dependen_t c_urrents were elicited by step depolarlzgnon of the

) membrane potential; average leak currents, measured using 25 mV
Gold, 1987)' In rats and postmgtamorphlc frOQS' neWt§1yperpolarizing steps, were scaled and subtracted from the data. Cells
and salamanders, the CNG cation channel serves as @fte slice preparation were filled with Lucifer Yellow CH dye (Sigma
intermediary to allow C& influx and secondary activa- Chemical) during whole-cell recording to allow visual identification of
tion of a C&*-gated CI conductance (Kleene, 1993; cell type with fluorescent illumination.

Cyclic nucleotide-activated currents were elicited from dissoci-
ated ORNSs by photoylsis of NPE-caged cAMP (adenosirt-8yclic

_— monophosphate, P-1-(2-nitrophenyl)ethyl ester) and NPE-caged cGMP
Correspondence tov.E. Dionne (guanosine 35'-cyclic monophosphate, P-1-(2-nitrophenyl)ethyl es-
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Table. Composition of extracellular and intracellular solutions
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cation currents measured in APS; AIS contained @2 free C&".
Experiments were also performed with an AIS formulation containing

APS APgi© AIS ZIS 1 mv BAPTA (0.2 um free C&") as opposed to 10 m but no dif-
ference in the flash-induced response was seen. When recording from

Kgluconate 90 ORNSs in the slice preparation, the AIS included 2 mg/ml Lucifer yel-
KCI 2 25 25 low CH. ZIS was formulated with EGTA instead of BAPTA to elimi-
CaCl, 8 3 5.0 0.23  nate the K counterions. To address concerns that EGTA is a slower
MgSO, 1 3 C&* buffer than BAPTA, we reduced free €ain ZIS to 40 m, and
MgCl, 2 in some experiments we used 1MrEGTA and further reduced free
NaHEPES 10 10 Ca* to <3 nv. These changes in €aconcentration had no effect on
HEPES (free acid) 3 10 the cyclic nucleotide responses. Fre€Ceoncentrations were calcu-
K,BAPTA 10 lated using CHELATOR (Schoenmakers et al., 1992).
NMDG 100
Methanesulfonic acid 100
NaCl 112 130 10
EGTA 10 Results
Glucose 5 5
uaf¥glvate 5 3 . The membrane currents iecturusORNSs, as in other
G$P 0.1 o5 Vertebrates (Kleene, 1993; Lowe & Gold, 1993; Kura-

hashi & Yau, 1993; Firestein & Shepherd, 1995; Corotto

Amounts are given in millimolar. Tris base (tris[hydroxymethyllami- €t a'_-, 1996), are mec_“ated by several_condugtances in-
nomethane) was used to titrate the ZIS, NaOH the APS. Abbreviationscluding those for cations and TKDubin & Dionne,

NMDG N-methylp-glucamine (GH,,NO;). HEPES free acid N-[2-

hydroxyethyl]piperazine-N[2-ethanesulfonic acid]. KBAPTA 1,2-

bis(2-aminophenoxy)ethane-N,N,N’-tetraacetic acid tetrapotassium

salt. EGTA ethylene glycol-big-aminoethyl ether) N,N,NN’-

tetraacetic acid.

1993, 1994). The Clconductance has at least two com-
ponents, one that is directly voltage-gated and a second
that is C&*-gated but which can masquerade as voltage-
dependent when activated by Canflux through volt-
age-gated channels. These two @lirrents were readily
seen in whole-cell recordings from ORNSs in epithelial

ter) (Calbiochem-Novabiochem International). The caged compound§IICeS bathed in APS with ZI_S intracellular saline (Fig.
were first dissolved in dimethyl sulfoxide (DMSO), then suspended at18). When the CI concentration of the bath was low-

concentrations of 400-80@wm in the saline filling the whole-cell re-

ered to 25 mu, the outward current was almost elimi-

cording pipettes. The photolytic reaction which hydrolyzed the cagednated, demonstrating that Glvas the major current car-
compounds was produced with a 1-msec flash of ultraviolet light (Ner-rier. \When CA&" influx was blocked with 20GuM Cd2+,
bonne et al., 1984) using a Hi-Tech Scientific Flash Lamp (Salisbury,a concentration that fuIIy inhibits G4currents in these

UK) equipped with a fiber optic light guide. The peak concentration of
free cyclic nucleotide following a single flash was estimated to be no

more than 2Qum based upon a photoconversion efficiency=#% per

flash, a value derived from previous reports (Nerbonne et al., 1984) an

cells unpublished observatiopsthe CI' current was
only partially eliminated, suggesting that the™Glux
avas carried through both voltage-gated and @mated

the physical constraints on the light source in our system. Most flash-CI~ channels (Fig. ). The relative proportion of these
activated membrane currents were recorded from dissociated ORNgyo Cl™ components varied from cell to cell, but both
held at constant membrane potentials. Control experiments USi”%omponents were present in all the cells tested=(9).

NPE-caged adenosine triphosphate (ATP) showed that neither the NPE
caging moiety, nor the proton that is released during photolysis, nor th

DMSO could elicit a conductance change (10 of 10 cells).

To isolate the Cl component from the total membrane current,
outward currents carried through"Kand cation channels were elimi-

nated using an “impermeant” intracellular saline (here termed &¢&®;
below) in which K* was replaced by the ion NMDGrom N-methyl-

p-glucamine (GH,,NOs) (Table). This ion is larger than the largest
cations that permeate*kchannels (Hille, 1992) or retinal CNG cation
channels (Furman & Tanaka, 1990; Picco & Menini, 1993), and it does
not permeate olfactory CNG cation channels (Frings, Lynch & Linde-
mann, 1992). With outward cation fluxes eliminated, the remaining

outward current was carried by Thflux.
Normal amphibian physiological saline (APSegéTable for sa-

line recipes) was formulated at 240 mOsm; in some experiments a 160@rane,|FLASH appeared to have two ionic components,

. In whole-cell recordings with AP in the bath and
AlIS plus NPE-caged cAMP in the pipette, a 1-msec flash
of UV light activated a transient current-( ,s,) having

a well-resolved risetime, a duration of a few seconds, and
a peak value up to several hundred pA (Fig, 2PS
trace). The typical time-to-peak of, A5 Was [z sec,
while the typical half-decay time varied in the range of
1-10 sec. In many cells the half-decay time slowly in-
creased with repeated flashdsg, ,g, Was detected in
61% of cells tested with AP®Y/AIS solutions (28 of 46
cells).

With physiological salines bathing the cell mem-

higher osmotic strength was used to counter cell swelling (AP8ata one CI and the other cation. This was suggested by the
in Figs. 2 and 4 andc). Low CI” salines were prepared by equimolar :

substitution of NaCl with methanesulfonic acid titrated with NaOH; the reversal potent.lal of the flash-ac'glvated respons_e. The
CI” concentrations in these solutions are given in the text. Normalreverso""I potentla'ls meas‘}red in different cells u.s_lng the
APS'9/AIS solutions varied between the Tequilib-
rium potential E;, = — 35 mV) and the reversal poten-

amphibian intracellular saline (AIS) was formulated with & €bn-
centration that separated the reversal potentials o&@d nonselective
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50 Fig. 2. Flash-activated currents from dissociated ORNSs in physiologi-
-40 -20 m cal salines. The vertical arrows mark the 1 msec UV flash (here and in
V (mV) M 20 40 60 80100 later figures). (a) - asn recorded before, during, and after exposure to
=50 DIDS. Trace APS: cell held at -89 mV. The onset time-to-half-

maximum was[1125 msec, and the time-to-peak wad00 msec; the
Fig. 1. Whole-cell membrane currents recorded in an olfactory slice response returned to baseline withiB.5 sec. Trace DIDS: recorded 1
preparation. (&) Two sets of whole-cell currents from the same ORN argnin after addition of 10Qum DIDS. DIDS blocked the response, but
shown beneath the voltage-step profile used to elicit them. When thg,aq g effect on the baseline holding current. Trace WASH: recorded
slice was bathed in APS, transient inward (negative deflecting) currents min after washing out the DIDS-containing bath. The flash-activated
carried primarily by N& were observed followed by sustained outward response returned to 90% of its initial value. In this dellyey, ap-
(positive) currents carried by CTIWhen bathed in low-ClI (25 mwv) peared to be almost completely carried by.@ath: APS'©; pipette:
APS, the outward currents were nearly eliminatége o = -87 mV;  Ajg with 800 um NPE-caged cAMP. (b) A histogram showing the
pipette contained ZIS. Test voltages ranged from —40 to +100 mV in 10gjistribution of the reversal potentials bf, ns, measured in 28 cells
mV increments (only —40 to +60 mV shown). Because a long axonalusing the APY9/AIS salines.

process remains on neurons in the slice, part of the active membrane is

not well voltage-clamped; this results in imperfect voltage control that

affects Nd currents as seen in these data. (b) Current-voltage curves. The presence of a Clcomponent in the flash re-
Mean CrI currents were measured 30 msec after stepping the voltag%ponse was also Suggested by experiments using DIDS
by which time the Nacurrents had inactivated; the measurements wereg 4’-diisothiocyanatostilbene o Hisulfonic acid)

plotted against the voltage-step values. The three curves were measured’. . .
in the same cell in different baths. The upper cur@ ghows data Which blocks CT currents in these cells (Dubin &

recorded in APS, the lower curve\] in low CI- APS, and the middle  Dionne, 1994). We found that 100-300m DIDS

curve (O) in APS containing 20w CcP* to block voltage-gated ¢&  blocked =80% of I o5y (10 of 10 cells), and that the

channels. inhibition by DIDS was reversible (Fig.a. Surpris-
ingly, in cells where the reversal potentiallef o5 Was

tial of the cation current (0 mV). The distribution of the close toEg,, the DIDS block appeared to be complete

reversal potentials df, o Was shifted towardE, (Fig.  (Fig. 2a). This last observation suggests that in some

2b) and had a mean value of -22.3 + 7.5 mV (ns; n  cells the flash-activated current might be purely,@nd

= 28), suggesting that the Ctonductance was the more we were led to look more carefully at how the"@om-

prominent of the two components. These features inponent ofl 5gy Was activated.

cluding the intercellular variability of the flash-activated The CI' component of - s Was studied following

response would be expected if a8 @nd a CNG cation elimination of outward cation currents using the “imper-

conductance, each with varying relative densities, weraneant” intracellular saline ZIS. When ZIS and normal

both activated. APS were used as the respective intracellular and extra-
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Fig. 3. Flash-activated currents carried by Qla) Five flash-activated

responses recorded from a cell held at membrane potentials betwee
-32 and —71 mV. The baselines of the responses were offset from on
another for the illustration. Over this voltage range the flash-activated
current shifted from outward (positive deflecting) to inward (negative).

Bath: APS; Pipette: ZIS with 80Qm NPE-caged cAMP. (b) The peak M 40 mV
current/voltage curve shows a nearly linear relation with an apparen

1
reversal potential of -51 mV. The difference between this value and the 230

CI™ equilibrium potential (=55 mV) is due to a liquid junction potential w -51

(Barry & Lynch, 1991).

ll
T 1s

cellular recording salines, the reversal potential for ClI

wasE., = —-55 mV; for other ionsg,, = +61 mV,E,

> +130 mV, andE, > +60 mV assuming trace contami- Fig- 4. The flash-activated Clcurrent in C&'-free and high C&

nation by K. With zIS p|US NPE-caged cAMP in the baths. (a) Flash-activated Tturrents recorded with B4 substituted

. . . . for Ca&* in the APS bathing the cell (baselines offset). (b) Flash-
recording pipette, the photolytic release of CAMP e“C'tEdactivated CI currents recorded in Gafree APS with no divalent ion

a transient current (Fig.a3 with a linear dependence on  gypstitute. Bath: Ga-free APS with choliné substituted for N& Pi-
voltage that reversed polarity very closefg (Fig. 30).  pette (panels andb): ZIS plus 800um NPE-caged cAMP. (c) Flash-
Since only CT could carry outward current at the test activated currents recorded with ABScontaining 3 nw C&* on both
voltages, these data reveal a @lx activated by cAMP;  sides of the membrane (baselines offset).
however, they give no indication of the specific mecha-
nism by which the Clconductance was gated. There arethose seen in normal APS. These results suggest that the
three possibilities to consider: (i) that the"Glonduc-  CI~ current was not due to the activation of Cayated
tance was actually Gagated via an action of cAMP  CI™ channels, assuming that 8ds not an effective C&
which elevated intracellular G4 (i) that it was acti-  substitute in this regard (Barish, 1983). To test this as-
vated following phosphorylation by cAMP-dependent sumption, measurements were made in a modifietf-Ca
protein kinase (PKA), or (iii) that it was directly gated by free APS from which Nawas also eliminated (compo-
CAMP. sition in nm: 112 cholineCl, 10 HEPES free acid, 1
To test whether the flash-activated @urrent was EGTA, 5 glucose, pH 7.2 with Tris base). Although our
mediated by C&-gated CT channels, measurements recordings were stable for only a few minutes after nor-
were made both in the absence of extracellulaf@ad  mal APS was replaced with this €afree saline, from 4
in the presence of elevated intracellulaCaThe flash-  cells we recorded outward Cturrents in C&'-free sa-
activated CI current could still be elicited when extra- line (Fig. 4) that were similar to those seen in the same
cellular C&* was replaced by Ba (Fig. 4a). With ZIS  cells in normal APS. These data support the conclusion
in the pipette, the currents observed in"Baubstituted  that the flash response was not activated as a conse
APS had similar magnitudes and activation kinetics toquence of C& entry.
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The flash-activated current could also be elicited in H-89
cells when both the intracellular and the extracellular .m -

-32mV
faces of the membrane were bathed in APSontaining
3 mm C&" (Fig. 4c) (n = 4). The response reversed = -72mV
polarity at 0 mV as expected when identical salines M
bathed both sides of the membrane. Moreover, the re e _J25 PA
versal of the current showed that the responses could t ? s
elicited at voltages which drove €ainflux as well as
efflux, suggesting that neither accumulation nor loss of
C&" on the cytoplasmic face of the membrane was & L(pA)
factor in the response. Although small cations were no —e—— control - 40
eliminated from AP8°, the C&* on both sides of the —o— 17 tM H-89
membrane would be expected to block the CNG catior L 20
conductance, leaving CThs a major current carrier. The
presence of a Clcontribution to the response was veri- , 0
fied by measurements with AP intracellular and low- ¥ mV).90
ClI” (10.5 mm) APS™© in the bath which shifted the re- L 20
versal potential to +29.0 £ 6.0 mVh(= 6; data not
shown). The C&" concentration in these experiments L _40

was about 5 orders of magnitude greater than the normal
resting intracellular concentration, suggesting thatFig. 5. Flash-activated Clcurrents in the presence of a kinase inhibi-
changes of the intracellular é*aconcentration that mim- tﬁr. (68 Flash—ac(t]:vated Clcurr?nts were :FCO.rdEd fromlcells both in )
cked physiological changes were notneeded to elcit tnd® 2e7ce 41 Peserce 1 159, Folowng cone reporees
flash-activated current. T_he ab'“ty of CAMP to activate >10 min before the responses labeled H-89 were recorded. Pipette: ZIS
a CI" conductance both in the absence of extracellulapius 800w NPE-caged cAMP. (b) The peak Tturrentivoltage
C&* and in the presence of high intracellular a curves were plotted for this cell using responses like those in panel (a).
strongly suggests that the response was not caused [y reversal potential was unaffected by H-89.

Cé&* acting on C&'-gated CT channels.

Four different experiments were conducted to assesg;_7 \which blocks protein kinases A, G, and C withsK
whether Fhe flash-_a(_:tlvate_d Tturrent was medlqted bY in the 3-6 uM range (Hidaka et al., 1984). H-7 (100
protein kinase activity. Firstg asy could be activated |,y was included in intracellular AIS together with
by NPE-caged cGMP (5 of 5 cellslata not showp  NPE-caged cAMP (70Qum), allowing simultaneous ac-
The cGMP-activated response, recorded in physiologicaess of both compounds to the interior of the cell, but
salines as in Fig. 2, was indistinguishable from that ac-7 failed to block the flash-activated current (5 of 5
tivated by CAMP in terms of its reversal potential (range: ce|ls, data not showp Finally, ATP was eliminated
-20 to =33 mV,n = 5) and block by DIDS [100%  from the ZIS intracellular solution to deprive any kinase
block by 300um DIDS, reversiblen = 2). This sug-  of its necessary substrate (Fig. 6). Removal of ATP
gests a lack of specificity in the cyclic nucleotide depen-should have blocked a kinase-dependent response, bu
dence of any putative kinase. Second, whole-cell recordthe flash-activated Clcurrent could be elicited repeat-
ings with ZIS plus NPE-caged CAMP in the pipette wereedly in these cellsr( = 14), just as in cells with ATP.
obtained from ORNs incubated in the membrane-The ability of both cAMP and cGMP to activate the Cl
permeant PKA-selective inhibitor H-89. H-89 (1) current, the inability of two different kinase inhibitors to
was added to the APS bath after measuring the flashblock the current, and the persistence of the response in
activated CI current (Fig. 5). The flash-activated cur- the absence of intracellular ATP all indicate that activa-
rent was not blocked by H-89 (5 of 5 cells), even with tion of the CI' conductance is not dependent on phos-
incubation times exceeding 30 min and a bath concenphorylation by a cyclic nucleotide-dependent protein ki-
tration of inhibitor that was >350 times it§; (48 rm) nase.

(Chijiwa, Mishima & Hagiwara, 1990). At this concen- We tested the flash-activated and voltage-dependent
tration, H-89 should also have been an effective inhibitorCI™ currents for additivity in 7 cells, measuring the cur-
of cGMP-dependent protein kinagg (= 0.48um) (Chi-  rents individually, then activating them together. The to-
jiwa et al., 1990). As evidence that H-89 was otherwisetal CI” current activated by a depolarizing voltage-step in
effective, in its presence we noted a >50% reduction othe presence of flash-released cAMP was greater than the
the voltage-gated Nacurrent, which was partially re- sum of the two components activated individually (Fig.
versible following washout of the inhibitor. Protein ki- 7). The average of the simultaneously elicited currents
nase inhibition experiments were also conducted withwas about 2-fold greater than the sum of the separate



58 R.J. Delay et al.: Cyclic Nucleotide-dependent Cbnductance

2 sec
p—— -27 mV IlO pA
weiapennt '37
e s | e esaprimerrere
o ~66
— T
—— -86

Flash

T _ |o0pa CcAMP

/
/
/

I(pA)
-50

25 |
100 pA

v 0

“*~-control

F-25

=30 1(pA)

Fig. 6. Flash-activated Cl currents recorded without intracellular
ATP. (a) Data recorded at holding potentials of -27 to -86 mV (base-
line currents offset) with APS in the bath and ATP-free ZIS plus 800 7 cAMP
wMm NPE-caged cAMP in the pipette. (b) The peak current/voltage
curve for the data above shows a near-linear relation with a reverse
potential of -55 mV E, = —55 mV), indicating that a Clcurrent was
activated in the absence of ATP.

_» control
e

components. This result was observed in normal APS Gl
and with APS containing B4 substituted for C&, with
and without H-89, and with and without ATP + GTP in Fig. 7. Supra-additivity of the flash-activated and voltage-activated
the pipette saline, suggesting thatZC-gated CT chan- CI” currents. These_data are from a single cell with ZIS plus 8Q0
nels and cyclic nucleotide-dependent kinases were noﬁpE'Caged CAMP in the pipette. (&) A response recorded at 0 mv
. . . illustrates the magnitude (22 pA peak) and duration of the flash-
factors affecting additivity. Furthermore, in cells that ;¢qyated current in this cell. 500 Hz filter. (b) Voltage-activated cur-
did not have a flash-activated Cturrent, the voltage- rents elicited by depolarizing voltage steps to 0 mV from a holding
gated CI current could still be detected and was insen-potential of =80 mV. The lower trace was recorded before the UV
sitive to the release of cAMPn(= 7). This indicates flash; the trace labeled CAMP was recorded <1 sec after the flash. Leak
that the supra-additive effect was not mediated by cAM peurrents subtracted; 10 kHz filter. Note calibration differences here and
acting on voltage-gated CTkhannels, and suggests that in the panel above. (c) Current-voltage curves. Current-voltage curves

th it ted d l leotide-d dent CIwere plotted from two series of voltage-activated currents, examples of
€ voltage-gated and cyclic nucleotide-dependen which are shown in panél The voltage pulses were delivered at 1 sec

conductances must be separate entities. The SUPrgervals beginning with -60 mV and stepping to +120 mV in 10 mV
additive effect can be explained if the cyclic nucleotide-increments. Mean currents measured 30 msec after each voltage steg
dependent channels, although not voltage-gated, are volby which time the N&current had inactivated, were plotted against the
age-sensitive. step potential. During the series labeled cCAMP, a UV flash was deliv-
ered between the —10 and 0 mV pulses. Following the flash, the out-
ward CI current was elevated as much as 40 pA and did not return to

. . control levels before the pulse series ended.
Discussion

strongly argue against two of the three most plausible
Our results provide the first description of a novel Cl cyclic nucleotide-dependent mechanisms known to acti-
conductance found iNecturusORNs. The CI current  vate ion channels, but leave extant the possibility that
mediated by this conductance could be activated by eieyclic nucleotides may act directly on a dependent Cl
ther cAMP or cGMP, but it was not activated by depo- channel to activate it. A comparable cation conductance
larization or by elevation of intracellular €5 nor did it  was discovered in ORNs a decade ago (Nakamura &
depend upon protein kinase activity. These observation&old, 1987).
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Our data favor but do not establish unequivoably thethat ranged from <0.2 to >10 nS. During transduction of
existence of a cyclic nucleotide-gated €hannel; proof odors that stimulate adenylyl cyclase, this conductance
will require single-channel recordings. We attempted toshould exert substantial effects on excitability.
record single-channel activity associated with this con- ~ C&*-gated CT conductances involved in odor trans-
ductance using inside-out patches of dendritic memduction are thought to help insure the integrity of the
brane; however, we were unsuccessful. Although K transduction signal because Gifflux can reliably pro-
channel activity was reliably seen, we found no cyclicduce a depolarizing receptor potential in a cation-
nucleotide-dependent Tthannel activity in any of the deficient environment such as mucus (Lowe & Gold,
membrane patches excised from the dendrites of 2993). But why shouldNecturusORNs have this addi-
ORNSs. It is plausible that these particular cells had ndtional type of CT channelNecturuslives in fresh water
cyclic nucleotide-dependent Tkhannels, or that the lakes that are low in cations generally and in which the
channels are not located on dendritic membrane in verf@ * concentration is variable; this could render #Ga
high density. Alternatively, the single-channel conduc-9ated CI conductance an unreliable mechanism. By
tance of these Clchannels may be so small that the contrast, a cyclic nucleotide-dependent €onductance
unitary currents were not resolved. might directly and efficiently generate a receptor poten-

Since NecturusORNSs have Cl conductances acti- tial in this environment. In addition, the combination of
vated by depolarization and intracellularCas well as Caf"-gated and cyclic nucleotide-dependent Gnduc-

by cyclic nucleotides, we questioned whether the cyclict@nces may allow some form of differential control of
nucleotide-dependent Ttonductance involved a novel €Xcitability (Jaworsky et al., 1995) that satifies other de-
type of channel, or whether cyclic nucleotides might aC_mands such as odor discrimination or modulation of

tivate voltage-gated or G&gated CT channels using an spontaneous activity. Odor transduct_ion in these and
alternate, yet unrecognized mechanism. Our dat ther animals appears to be characterized by substantia

strongly favor a novel channel type because, in celld eterogeneity of the odor-activated transduction mecha-

. . nism and of the r it elici .
where no cyclic nucleotide-dependent Clrrent could S . d of the espgnse t_hat It el_|C|ts (BOEkh(_)ff etal,

. . 1990; Dionne, 1992; Dubin & Dionne, 1993; Ache,
be elicited, we still saw voltage-gated ancfGgated CT ; . .

> ) 1994; Dubin & Dionne, 1994).
currents. Although the cyclic nucleotide-dependent CI
conductance was not activated by depolarization alone, it _ _
was sensitive to voltage. When the conductance was a{{—h's work was supported by grants from the National Institutes of
. . . . ealth, the National Science Foundation, and the Frank Allison Lin-
tivated by cAMP, depolarization caused further activa- ;. = .ndation
tion. This voltage-sensitivity might be mediated through
effects on either the opening or the closing rates of the
channels, both of which would affect the open probabil-References
ity.
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