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Abstract

We have previously shown that lobster olfactory receptor neurons (ORNs) express an odorant-suppressible CI~ conductance that
modulates the output of the cells. Here, we develop a more complete pharmacological profile of this conductance, showing it is
blockable by the CI™ channel blockers DIDS, 9-AC and flufenamic acid, but not by niflumic acid. We then show that a conduct-
ance with this pharmacological profile is mediated by cyclic nucleotide signaling. These findings further our understanding of the
cellular mechanisms through which odorants can modulate the output of lobster ORNSs.
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Introduction

Two modes of olfactory signaling, excitation and inhibition,
are used by olfactory receptor neurons (ORNs) in diverse ani-
mal species to code olfactory information, including lobster
(McClintock and Ache, 1989), Drosophila (Dubin and Harris,
1997; deBruyne et al., 2001) and other insects (Akers, 1992;
Shields and Hildebrand, 2001), squid (Lucero et al., 1992),
mudpuppy (Dionne, 1992) and other amphibians (Vogler
and Schild, 1999; Sanhueza et al, 2000), catfish (Kang
and Caprio, 1995) and rat (Duchamp-Viret et al., 1999).
A number of mechanisms have been suggested through
which odorants could inhibit the output of ORNSs, including
biasing the receptor in an inactive state (Hallem et al., 2004),
modulating one or more steps of the excitatory signaling
cascade (Spehr et al., 2002) and activating or suppressing
conductances that would oppose excitation at the cellular
level. The latter mechanisms include triggering a concomitant
increase in K™ conductance (lobster: Michel et al., 1991;
squid: Lucero and Chen, 1997; toad and rat: Sanhueza
et al., 2000) and suppressing a steady-state CI~ conductance
(mudpuppy: Dubin and Dionne, 1993; Drosophila: Dubin
and Harris, 1997; and lobster: Doolin et al., 2001). The
emerging idea is that different mechanisms are used by dif-
ferent animals to achieve a common organizational prin-
ciple, coding through opponent input.

Efforts to identify intracellular signaling pathways that
may mediate inhibition have been limited, but suggest that

these, too, differ across animal species. Activation of a K*
conductance by odorants has been coupled to elevation of
intracellular Ca?* in squid (Lucero and Chen, 1997) and toad
(Morales et al., 1997) ORNs. Cyclic nucleotide signaling
has been associated with odor-dependent changes in a CI™
conductance in Necturus ORNs (Delay et al., 1997), while
phosphoinositol signaling was postulated to drive odor-
dependent changes in a ClI~ conductance in squid (Danaceau
and Lucero, 1995). In lobster ORNS, cyclic nucleotide sig-
naling is thought to mediate inhibition (Michel and Ache,
1992; Boekhoff et al., 1994). Since odorants can activate
a K™ conductance (Michel et al., 1991) as well as suppress
a steady-state C1~ conductance (Doolin et al., 2001) in these
cells, it is possible that cyclic nucleotide signaling targets
more than one inhibitory mechanism. cAMP directly acti-
vates an ion channel in the outer dendritic membranes of
lobster ORNs, suggesting that one target of cyclic nucleotide
signaling is a cAMP-gated K* channel (Hatt and Ache,
1994). It remains to be determined whether cyclic nucleotide
signaling additionally or alternately targets the C1~ conduct-
ance in these cells. Here, we first develop a more complete
pharmacological profile of the odorant-suppressed ClI~ con-
ductance, showing it is blocked by the CI~ channel blockers
DIDS, 9-AC and flufenamic acid, but not by niflumic acid.
We then show that a conductance with this pharmacological
profile is mediated by cyclic nucleotide signaling.
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Materials and methods

Animals and preparation

Adult specimens of the Caribbean spiny lobster, Panulirus ar-
gus, were collected in the Florida Keys. They were maintained
in the laboratory in running seawater on a mixed diet of fro-
zen fish, squid and shrimp. ORNs were recorded in situ as de-
tailed elsewhere (Doolin and Ache, 2002). Briefly, the
olfactory organ (lateral filament of the antennule) was cut in-
to sections of four annuli. Each section was split longitudin-
ally in a dorso-ventral plain and individual hemisections
containing olfactory sensilla (aesthetascs) were placed in a re-
cording chamber molded from silicone elastomer. The sheath
covering the clusters of ORN somata was digested away to
allow patch clamping by replacing the Panulirus saline
(PS) in the recording bath with rL-cysteine-activated papain
(Sigma Type IV, 0.17 mg/ml in PS) for | min. The cells were
then rinsed with PS and the bath was replaced with trypsin (1
mg/ml in PS) for 1 min. The cells were then rinsed a final time
with PS before recording. The recording chamber was
mounted on the stage of an upright microscope (Axioskop,
Carl Zeiss, Inc.), and the somata viewed with conventional
bright-field optics using a x40 long working-distance water-
immersion objective (Zeiss 440091). Solutions were delivered
selectively to the aesthetasc sensilla using a venturi-based
‘spritzer’-type olfactometer (Doolin and Ache, 2002).

Recording and data analysis

Current-clamp recordings were made from the soma of the
cells using conventional whole-cell patch-clamp recording.
Patch pipettes were fabricated from borosilicate filament
glass (1.50 mm o.d., 0.86 mm i.d.; Sutter Instrument Co.)
and fire-polished to a tip diameter of 1 um. Pipettes with
resistances of 5 to 9 MQ were filled with patch-pipette solu-
tion (see solutions) and formed 4 to 10 GQ seals. Membrane
potentials were adjusted to —80 mV by injection of current
(53 £ 6.1 pA, n = 25). It is unlikely, however, that this mem-
brane potential was reflected in the transduction zone (outer
dendritic filaments) of these long, thin bipolar neurons. Sig-
nals were recorded with a commercial amplifier (Dagan
3900), low pass filtered at 1 kHz (—3 dB; 4-pole Bessel filter),
directly digitized at 2-5 kHz and analyzed using pClamp 8
software (Axon Instruments, Inc.). A 3 M KCl/agar bridge
was used to connect a reference electrode to the bath solu-
tion. All potentials were corrected for junction potentials be-
tween pipette tip and indifferent electrode as described by
Neher (1992). The series resistance was <10 MQ in all instan-
ces. Experiments were carried out at room temperature (20—
22°C). Results are expressed as the mean = SEM.

Solutions

PS consisted of (mM) 458 NaCl, 13.4 KCl, 13.4 Na,SOy, 13.6
CaCl,, 9.8 MgCl,, 2 glucose, 3 HEPES, pH 7.4, adjusted with

NaOH. Patch pipette solution consisted of (mM) 180 KCI,
30 NaCl, 11 EGTA, 1 CaCl,, 10 HEPES, 522 glucose, pH 7.2,
adjusted with Tris base. The channel blockers anthracene-9-
carboxylic acid (9-AC, 50 mM) and niflumic acid (50 mM)
were dissolved in DMSO and diluted in PS to the concentra-
tions indicated in the text. 4,4'-diisothiocyanatostilbene-
2,2'-disulfonate (DIDS, 100 uM), flufenamic (100 uM) acid
and 4-aminopyridine (4-AP, 4 mM) were added directly to
PS. Forskolin, an adenylyl cyclase agonist, was prepared
as a 50 mM stock concentration in DMSO and diluted in
PS before use. BODIPY -forskolin, a fluorescent version of
forskolin, was dissolved in DMSO (3 mM) and diluted to
6 uM as needed. The stock solutions of the two adenylyl
cyclase antagonists, MDL12330A (10 mM) and SQ22536
(60 mM), were prepared as stock solutions in DMSO and
diluted in PS to the final concentrations indicated in the text.
IBMX (2 mM), a phosphodiesterase inhibitor, was dissolved
in PS daily. The cAMP analog, 8-Br-cAMP, was prepared as
a stock solution (2 mM) in PS and diluted as needed.

The odorantinallinstances was proline, prepared by dissolv-
ing it in PS to provide a stock concentration of 2 mM and ad-
justed to a pH of 7.4 (with NaOH). The odorant was then
diluted to the reported concentration, in PS. This concentra-
tion was diluted an estimated additional two times by the ol-
factometer (Doolin and Ache, 2002). The concentration of
proline applied was purposely high in order to maximize
the magnitude of inhibitory receptor potentials and increase
theaccuracy of measuring imposed changes in receptor poten-
tialamplitude. The strategy of using relatively high concentra-
tions of odorants to study single OR Ns is often necessary due
tothefact that olfactory sensitivity isin part the result of a high
degree of central neural integration (convergence) and recep-
tors that exchange affinity for broader sensitivity (Firestein,
2001). Proline can be shown to inhibit these cells down to at
least micromolar concentrations by mixing it with an excita-
tory odorant and measuring subsequent graded reduction in
the magnitude of the depolarizing receptor potential (Michel
etal., 1991).

All inorganic salts were purchased from Fisher Scientific,
Inc. All organic chemicals were obtained from Sigma Chem-
ical Co., except for HEPES (Research Organics, Inc.) and
BODIPY-forskolin (Molecular Probe, Eugene, OR).

Imaging

Hemisected pieces of antennule were incubated in BODIPY -
forskolin (3 uM, dissolved in PS) for 30 min and imaged for
the presence of adenylyl cyclase. As a control, other sections
of antennule were preincubated in non-conjugated forskolin
(100 puM, dissolved in PS) for 30 min to saturate binding sites
prior to incubation in forskolin + BODIPY-forskolin (dis-
solved in PS) for 30 min. Labeling was visualized using
the technique of Liu et al. (1998) with confocal microscopy
(Leica TCS-SPII). Fluorescent images were acquired at
a depth of 1 um and stored as TIFF files. All steps were per-
formed at room temperature (20-22°C).
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Results

Cl~ channel blockers hyperpolarize lobster ORNs and block
some hyperpolarizing receptor potentials

When tested on a population of 21 lobster ORNSs that were
hyperpolarized by proline from a membrane potential set
to —80 mV, 9-AC (500 uM) hyperpolarized the cells in 14/14
attempts by —7.3 = 1.2 mV, DIDS (50 uM) hyperpolarized
the cells in 13/13 attempts by —6.6 £ 2.5 mV and flufenamic
acid (FFA, 50 pM) hyperpolarized the cells in 10/10 attempts
by —2.1 £ 0.8 mV (Figure 1a). Niflumic acid (NA, 1 mM), in
contrast, had no significant effect on the cells. Normalizing
the relative magnitude of the potential evoked by each drug
to that evoked by proline (—8.9 £ 3.4 mV, —80 mV mem-
brane potential), gave a relative potency of 9AC = DIDS
>FFA>>>NA (Figure 1b).

The same three active Cl channel blockers also blocked the
hyperpolarizing receptor potential in some, but not all, cells,
and did so with the same relative effectiveness (Figure 2a).
Limited recording time permitted testing all four drugs on
only four ORNSs, but all cells were screened with at least
two drugs. ORNs were rinsed for an average of 3 min after
testing each blocker and the order of blockers was random-
ized to minimize carry-over effects. Pretreatment (1 min)
with 9-AC (500 uM) reduced the peak of the hyperpolarizing
receptor potential in 8 of 13 cells to 18.0 = 6.2% of its pre-
treatment magnitude. Pretreatment with DIDS (50 uM) re-
duced the hyperpolarizing receptor potential in 7 of 14 cells
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to 20.5 = 9.9% of its pretreatment magnitude. Pretreatment
with flufenamic acid (50 pM) reduced the hyperpolarizing
receptor potential in 5 of 12 cells to 44.6 = 8.9% of its
pretreatment magnitude. Pretreatment with niflumic acid
(1 mM) was without significant effect, reducing the hyperpo-
larizing receptor potential in 13 of 13 cells to 97.3 = 5.6% of
its initial magnitude. Normalizing the relative magnitude of
each drug to the magnitude of the hyperpolarizing receptor
potential evoked by proline again gave a relative potency of
9AC = DIDS >FFA>>>NA (Figure 2b).

Forskolin/IBMX hyperpolarizes lobster ORNs in a
Cl”-dependent manner

Consistent with previous evidence that hyperpolarizing re-
ceptor potentials are mediated by cyclic nucleotide signaling
in lobster ORNs (Michel and Ache, 1992), forskolin (50 uM),
an activator of adenylyl cyclase, together with the phospho-
diesterase inhibitor IBMX (1 mM), hyperpolarized 12 of 29
cells from a membrane potential of —80 mV. Forskolin/
IBMX had no effect on the remaining cells. The same three
active Cl™ channel blockers reduced the magnitude of the
forskolin/IBMX-evoked hyperpolarizing potentials with
the same relative effectiveness (Figure 3). Once again, limited
recording time prevented the testing of all four blockers on
every cell, although a minimum of two blockers was tested
on any one cell. The results from three cells on which all
four blockers could be tested mirrored the population re-
sponse. Of the 12 cells hyperpolarized by forskolin/IBMX
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Cl™-channel blockers hyperpolarize some, but not all, lobsters ORNs that are hyperpolarized by odorants. (A) Five traces from one cell showing the

response of the cell to an odorant (proline 1 mM) and four CI~-channel blockers (9-AC, 500 puM; DIDS, 50 uM; flufenamic acid, 50 uM; niflumic acid, 1 mM)
presented in the same manner as the odorant. Bar: 3 s exposure. E,, = —80 mV. (B) Bar chart of 21 such ORNs.
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Figure 2 Cl™-channel blockers reduce odorant-evoked hyperpolarizations in some ORNSs. (A) Five traces from one cell illustrating the effect four CI~-channel
blockers (9-AC, 500 uM; DIDS, 50 uM; flufenamic acid, 50 puM; niflumic acid, 1 mM) on an odorant (proline, 1 mM)-evoked hyperpolarization. £, = —80 mV.
Short bar: 2 s odorant exposure. Long bar: exposure to the drug indicated. In this, and all subsequent figures involving pretreatments with CI™-channel blockers,
current was injected to adjust the E,,, to —80 mV during pretreatments but before secondary odorant/drug exposure. (B) Bar chart of 21 such ORNs on which 1-4

blockers were tested (numbers as indicated).
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Figure 3 CI™ blockers inhibit forskolin-induced hyperpolarizations. Bar
chart of lobster ORNs (numbers as indicated) that are hyperpolarized by
forskolin/IBMX (F/I; 50 uM and 1 mM, respectively) and then subsequently
pretreated (1 min) with 1-4 of the Cl™-channel blockers (9-AC, 500 uM,;
DIDS, 50 uM; flufenamic acid, 50 uM; niflumic acid, 1 mM) indicated before
being re-exposed to forskolin/IBMX.

(50 uM/1 mM), —5.9 = 1.7 mV, pretreatment (1 min) with
9-AC (500 uM) reduced the magnitude of forskolin/IBMX-
evoked hyperpolarization in 8 of 8 cells to 3.7 = 10.6% of its
initial magnitude. Pretreatment with DIDS (50 uM) reduced
the magnitude of the forskolin/IBMX-induced hyperpolar-
ization in 8 of 8 to 19.9 £ 7.7% of its pretreatment magnitude.
Pretreatment with flufenamic acid (50 pM) reduced the mag-
nitude of the forskolin/IBMX-induced hyperpolarization in
7 of 7 cells to 44.2 + 20.0% of the pretreatment magnitude.
Pretreatment with niflumic acid (1 mM) was without signifi-
cant effect, reducing the magnitude of the forskolin/IBMX-
evoked hyperpolarization in 7 of 7 cells to 95.5 £ 18.1% of its
initial magnitude. These results suggest that cyclic nucleotide
signaling mediates the hyperpolarizing CI~ conductance.

cAMP also hyperpolarizes lobster ORNs in a
Cl”-dependent manner

As would be predicted from the previous finding, a
membrane-permeant form of cAMP, 8-Br-cAMP (1 mM),
also hyperpolarized 13 of 24 cells from a membrane potential
of —80 mV, in this instance by an average of —3.9 £ 1.7 mV
(Figure 4a). 8-Br-cAMP had no effect on the remaining cells.
Again, the same three active ClI~ channel blockers reduced
the magnitude of the 8-Br-cAMP-evoked hyperpolarizing
potentials with the same relative effectiveness (Figure 4b).
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Figure4 CI™ blockers inhibit cAMP-induced hyperpolarizations. (A) Five traces from one cell showing the effect of four CI~-channel blockers (1 min pretreat-
ments; 9-AC, 500 uM; DIDS, 50 uM; flufenamic acid, 50 puM; niflumic acid, 1 mM) on hyperpolarizations evoked by 8Br-cAMP (1 mM). £, = —80 mV. Short bar:
4 s exposure to 8Br-cAMP. Long bar: exposure to drug indicated. (B) Bar graph of 13 such ORNs pretreated with 1-4 of the CI™-channel blockers indicated.

Limited recording time prevented testing all four blockers on
every cell hyperpolarized by 8-Br-cAMP, but three cells were
exposed to all four blockers and the effect on these four cells
mirrored the population response. Pretreatment (1 min) with
9-AC (500 uM) reduced the magnitude of the cAMP-induced
hyperpolarization in 8 of 8 cells to 3.1 + 5.3% of its initial
magnitude. Pretreatment with DIDS (50 uM) reduced the
magnitude of the cAMP-induced hyperpolarization in 6 of
6 cells to 7.7 = 9.5% of its initial magnitude. Pretreatment
with flufenamic acid (50 pM) reduced the magnitude of
the cAMP-evoked hyperpolarization in 7 of 7 cells to 5.0
= 17.2% of its initial magnitude. Pretreatment with niflumic
acid (1 mM) had no significant effect on the magnitude of the
cAMP-induced hyperpolarization, reducing it in 8 of 8§ cells
to 94.3 £ 9.5% of its initial magnitude. These results further
the contention that cyclic nucleotide signaling mediates the
hyperpolarizing CI~ conductance.

Odorant- and forskolin-evoked hyperpolarizing
potentials in lobster ORNs are blocked by inhibitors of
adenylyl cyclase

If, as suggested by the previous two findings, cyclic nucleo-
tide signaling mediates inhibition of lobster ORNs, antago-
nists of adenylyl cyclase should block hyperpolarizing

receptor potentials. Consistent with this prediction, two an-
tagonists of adenylyl cyclase, MDL12330A and SQ22536,
either blocked or reduced the hyperpolarizing receptor
potential in lobster ORNSs (Figure 5a). Pretreatment (1 min)
with MDL12330A (100 uM) reduced the magnitude of
the hyperpolarizing receptor potential in 8 of 11 cells to
20.7 = 8.8% of its pretreatment magnitude. Pretreatment
with SQ22536 (300 uM), tested on the same eight cells, also
reduced the magnitude of the hyperpolarizing receptor po-
tential in 7 of 8 of the cells to 43.2 £ 10.2% of its pretreatment
magnitude (Figure 5b). One cell was unaffected by SQ22536.
The effect of both drugs was reversible. To test the assump-
tion that MDL12330A and SQ22536 were indeed targeting
adenylyl cyclase in these cells, we tested their effect on
forskolin/IBMX-evoked hyperpolarizing potentials (Figure
6a). Forskolin/IBMX (50 uM/1 mM) hyperpolarized 9 of
21 cells —5.3 £ 1.9 mV from a membrane potential of —80
mV. Pretreatment (1 min) with MDLI12330A (100 uM) re-
duced the magnitude of the forskolin/IBMX-induced hyper-
polarization in 9 of 9 cells to 2.2 = 7.4% of its pretreatment
magnitude. Pretreatment with SQ22536 (300 uM) also re-
duced the magnitude of the forskolin/IBMX-induced hyper-
polarization in 8 of 9 cells to 10.7 £ 12.7% of its pretreatment
magnitude (Figure 6b). One cell was unaffected by SQ22536.
The effect of both drugs was again reversible. These results are
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Figure 5 Blockers of adenylyl cyclase inhibit odorant-evoked hyperpolarizations in some lobster ORNSs. (A) Four traces from one cell showing the effect of two
adenylyl antagonists, MDL12330A (MDL, 100 pM) and SQ22536 (SQ, 300 uM) (1 min pretreatment) on the odorant (proline, 1 mM)-evoked hyperpolarization.
E., = —80 mV. Short bar: 4 s odorant exposure. Long bar: exposure to the drug indicated. (B) Bar chart of 11 such cells treated with both antagonists, eight of

which were blocked by the drugs (one of these cells failed to respond to SQ).
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Figure 6 Blockers of adenylyl cyclase inhibit all forskolin-evoked hyperpolarizations. (A) Four traces from one cell illustrating the effects of the same
two adenylyl antagonists tested in Figure 5 (1 min pretreatments; MDL, 100 uM and SQ, 300 pM) on forskolin/IBMX (50 uM/1 mM)-evoked hyperpolarizations.
Er = —80 mV. Short bar: 4 s exposure to forskolin/IBMX. Long bar: exposure to the drug indicated. (B) Bar chart of nine such cells, all of which were blocked by

the drugs (one of these cells failed to respond to SQ).

consistent with the hypothesis that cyclic nucleotide signaling
mediates the hyperpolarizing Cl1~ conductance.

Adenylyl cyclase occurs in the outer dendrites of
lobster ORNs

To verify the presumed presence of adenylyl cyclase in the
transduction compartment of the cells, we incubated olfac-
tory sensilla (aesthetascs) in BODIPY-forskolin (3 uM, 30
min) to label adenylyl cyclase in the outer dendrites, which

fill the lumen of the hairs. Incubating the olfactory sensilla
in BODIPY-forskolin (3 uM, 30 min) labeled the outer
dendrites (Figure 7). Preincubating the sensilla in non-
conjugated forskolin (100 uM, 30 min) prior to BODIPY-
forskolin (3 uM, 30 min) eliminated this labeling, leaving
only the autoflorescence of the tissue. The latter result sug-
gests that the labeling was specific for adenylyl cyclase, and
is consistent with the functional evidence implying that
adenylyl cyclase occurs in the transduction zone of the
cells.
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Forskolin-evoked hyperpolarizing potentials are selectively
inhibited by CI~ channel blockers

The question remains whether cyclic nucleotide signaling ex-
clusively targets the hyperpolarizing ClI- conductance. To
address this we tested whether any of the hyperpolarizing
potentials induced by forskolin/IBMX were sensitive to
the K* channel blocker, 4-aminopyridine (4-AP), or only
the CI™ channel blocker 9-AC (Figure 8a). Forskolin/IBMX
(50 uM/1 mM) hyperpolarized 13 of 30 cells from a mem-
brane potential of —80 mV by an average of —5.7 + 2.7 mV.
Pretreatment (1 min) with 9-AC (500 uM) reduced the mag-
nitude of the forskolin/IBMX-induced hyperpolarization in
13/13 cells to 4.1 £ 12.3% of its pretreatment magnitude (Fig-
ure 8b). In contrast, pretreatment (1 min) with 4-AP (2 mM)
did not significantly affect the magnitude of the response of
the same group of 13 cells, reducing it to 92.0 * 30.0% of its
pretreatment magnitude (Figure 8b). The effect of 9-AC was
reversible. These results suggest that the hyperpolarizing
potentials induced by forskolin/IBMX either are not K-
dependent, or have a minimum K *-dependency.

Discussion

The present study confirms our earlier finding that lobster
ORNSs express an odorant-suppressible ClI- conductance
(Doolin et al., 2001) and expands the pharmacological pro-
file of this conductance. In agreement with the previous
study, 9-AC but not niflumic acid blocked the odorant-
suppressed Cl™ conductance. We further show that DIDS
and flufenamic acid target the same conductance. DIDS and
flufenamic acid are known to block CI™ channels in both
olfactory (DIDS, Dubin and Dionne, 1994; Sato and
Suzuki, 2000; flufenamic acid, Sato and Suzuki, 2000) and
non-olfactory (DIDS, salivary glands, reviewed by Melvin,
1999; rat sympathetic neurons, Sacchi et al., 1999; vascular
smooth muscles, Davis et al., 2000; flufenamic acid, Ca**-
activated Cl~ channel family, reviewed by Pauli et al., 2000;
Xenopus oocytes, Weber et al., 1995; mouse spinal cord,
Yamazaki et al., 2000; toad skin, Nagel ez al., 2001) cells. Al-
though a growing number of Cl™ channels now have been
pharmacologically characterized (e.g. CLCA channels, Pauli
et al., 2000; CLC channels, Pusch et al., 2000), the pharmaco-
logical profile of the odorant-suppressable Cl™~ conductancein
lobster ORNs does not match that of any previously charac-
terized C1™ conductance, suggesting that lobster ORNs may
express a novel transduction related Cl™ channel.

Several lines of evidence support the conclusion that cyclic
nucleotide signaling targets the transductionrelated Cl1™ chan-
nel. The same profile of C1~ channel blockers that blocked the
steady-state Cl~ conductance also blocked hyperpolarizing
potentials evoked by forskolin and IBMX, both drugs known
to increase intracellular levels of cAMP. The same profile of
Cl™ channel blockers also blocked hyperpolarizing potentials
evoked by 8-Br-cAMP, a membrane permeant analog of
cAMP. Lastly, MDL12330A and SQ22536, drugs known to
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Figure 7 Adenylyl cyclase occurs in the transduction compartment of the
lobster ORNs. (A) Light micrograph of outer dendrites (aesthetascs). (B) Con-
focal image of lobster olfactory sensilla incubated in BODIPY-forskolin (3 pM)
for 30 min and viewed at 488 nm. (C) Confocal image of the same structures
preincubated in non-conjugated forskolin (100 uM) for 30 min followed by
forskolin + BODIPY-forskolin (3 uM) for 30 min.
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Figure8 Cl™ blockers selectively inhibit forskolin-induced hyperpolarizations. (A) Four traces from the same cell demonstrating that pretreatment (1 min) with
9-AC (500 uM), but not pretreatment (1min) with 4-AP (2 mM), blocks forskolin/IBMX-evoked hyperpolarizations in lobster ORNs set to £,,, = —80 mV. Short bar:
3 s exposure to forskolin/IBMX. Long bar: continuous exposure to drug indicated. (B) Bar chart of 13 such ORNs.

inhibit the production of cAMP by antagonizing adenylyl cy-
clase, blocked the hyperpolarizing receptor potentials. Given
that the drugs were applied selectively to the transduction
compartment (outer dendrites), these findings are consistent
with the hypothesis that activation of adenylyl cyclase leads
to membrane hyperpolarization due to suppression of
a steady-state CI~ conductance.

We cannot resolve whether cAMP acts on the underlying
CI™ channel directly. Cyclic AMP regulates CI~ channels in
other systems both indirectly (e.g. heart, Hume et al., 2000)
and directly (e.g. lung, Welsh and Liedtke, 1986), as may
hold for ORNs. The Ca®*-activated CI~ conductance that
carries the majority of the receptor current in vertebrate
ORN s is activated indirectly by the cAMP-dependent in-
crease in intracellular Ca>* (for a review, see Frings,
2001). In Necturus ORNSs, in contrast, the ability of intracel-
lular cAMP to activate a Cl~ conductance in a Ca®*- and
PKA- independent manner was interpreted to suggest that
cAMP acts on the channel directly (Delay ez al., 1997). While
ion channels in cell-free patches pulled from the outer den-
drites of lobster ORNs can be activated by cAMP (Hatt and
Ache, 1994), presumably these are not the channel of interest
here since they are activated and not suppressed by cAMP.
We tentatively assume, therefore, that cAMP suppresses the
CI™ channel through one or more soluble components that
dialyzes in cell-free patches, but further work is required to
clarify this assumption.

Our finding that fewer cells were hyperpolarized by the
Cl™-channel blockers than were hyperpolarized by odorants
suggests that not all hyperpolarizing receptor potentials are
dependent on suppression of a steady-state CI~ conductance,
and is consistent with earlier evidence that a K* conductance
also underlies inhibition in lobster ORNs (Doolin et al.,
2001; Michel et al., 1991). Such a dual ionic basis for medi-

ating inhibition would not be unusual in that it was also pro-
posed for squid ORNs (Lucero et al., 1992; Danaceau and
Lucero, 2000), and indeed could be a more general principle
of peripheral olfactory organization. However, our present
findings would argue that cyclic nucleotide signaling does
not target the K™ conductance since essentially all hyperpo-
larizing potentials induced by manipulating cyclic nucleotide
signaling were subject to blockade by the CI™ channel block-
ers, and since the K™ channel blocker 4-AP that was shown
previously to block some hyperpolarizing receptor potentials
in lobster ORNs (Michel et al., 1991) failed to block hyper-
polarizing potentials evoked by forskolin/IBMX in the pres-
ent study. However, these findings are not necessarily
definitive since we were able to sample only a limited subset
of cells in the population and since there is always some con-
cern about the effective concentrations of the drugs used. As
mentioned earlier, cAMP activates a putative K -selective
ion channel in cell-free patches pulled from the outer den-
drites of lobster ORNs (Hatt and Ache, 1994), suggesting
that the steady-state Cl~ channel is not the sole target of cy-
clic nucleotide signaling in these cells. Again, further work
will be required to resolve this issue.

Acknowledgements

We thank Mr J-D. Herleihy for assistance with the BODIPY stain-
ing, and Ms Lynn Milstead for help with the illustrations. This work
was supported by award DC01655 from the NIDCD.

References

Akers, R.P. (1992) A test of identified response classes among olfactory
receptor neurons in the honey-bee worker. Chem. Senses, 17, 191-209.

Boekhoff, I., Michel, W. C., Breer, H. and Ache, B.W. (1994) Single odors
differentially stimulate dual second messenger pathways in lobster olfac-
tory receptor cells. J. Neurosci., 14, 3304-33009.

2702 ‘S 1800190 U0 159n6 Ag /B10°S[euinopiojxo-aswieyd//:dny woly papeojumoq


http://chemse.oxfordjournals.org/

Danaceau, J.P. and Lucero, M.T. (1995) Squid olfactory receptor neurons
respond to betaine in a dose dependent manner via a second messenger
mediated chloride conductance. Chem. Senses Abstr., 20, 593.

Danaceau, J.P. and Lucero, M.T. (2000) Mixture interactions of glutamate
and betaine in single squid olfactory neurons. J. Comp. Physiol., A, 186,
57-67.

Davis, J.P., Chien P.F., Chipperfield, A.R., Gordon, A. and Harper, A.A.
(2000) The three mechanisms of intracellular chloride accumulation in
vascular smooth muscle of human umbilical and placental arteries.
Pflugers Arch., 441, 150-154.

de Bruyne, M., Foster, K. and Carlson, J. (2001) Odor coding in the Dro-
sophila antenna. Neuron, 30, 537-552.

Delay, R.J., Dubin, A.E. and Dionne, V.E. (1997) A cyclic nucleotide-
dependent chloride conductance in olfactory receptor neurons. J. Membr.
Biol., 159, 53-60.

Dionne, V.E. (1992) Chemosensory responses in isolated olfactory receptor
neurons from Necturus maculosus. J. Gen. Physiol., 99, 415-433.

Doolin, R.E. and Ache, B.W. (2002) A simple method for focally delivering
multiple drugs or ligands to cells. J. Neurosci. Methods, 116, 9-14.

Doolin, R.E., Zhainazarov, A.B. and Ache, B.W. (2001) An odorant-
suppressed CI~ conductance in lobster olfactory receptor cells. J. Comp.
Physiol. A, 187, 477-487.

Dubin, A.E. and Dionne, V.E. (1993) Modulation of CI~, K*, and nonselect-
ive cation conductances by taurine in olfactory receptor neurons of the
mudpuppy Necturus maculosus. J. Gen. Physiol., 101, 469-485.

Dubin, A.E. and Dionne, V.E. (1994) Action-potentials and chemosensitive
conductances in the dendrites of olfactory neurons suggest new features
for odor transduction. J. Gen. Physiol., 103, 181-201.

Dubin, A.E. and Harris, G.L. (1997) Voltage-activated and odor-modulated
conductances in olfactory neurons of Drosophila melanogaster. J. Neuro-
biol., 32, 123-137.

Duchamp-Viret, P., Chaput, M. and Duchamp, A. (1999) Odor response
properties of rat olfactory receptor neurons. Science, 284, 2171-2174.

Firestein, S. (2001) How the olfactory system makes sense of scents. Nature,
413, 211-218.

Frings, S. (2001) Chemoelectrical signal transduction in olfactory sensory
neurons of air-breathing vertebrates. Cell. Mol. Life Sci., 58, 510-519.

Hallem, E.A., Ho, M.G. and Carlson, J.R. (2004) The molecular basis of odor
coding in the Drosophila antenna. Cell, 117, 965-979.

Hatt, H. and Ache, B.W. (1994) Cyclic nucleotide and inositol phosphate-
gated ion channels in lobster olfactory receptor neurons. Proc. Natl Acad.
Sci. USA, 91, 6264-6268.

Hume, J.R., Duan, D., Collier, M.L., Yamazaki, J. and Horowitz, B. (2000)
Anion transport in heart. Physiol. Rev., 80, 31-81.

Kang, J. and Caprio, J. (1995) In vivo responses of single olfactory receptor
neurons in the channel catfish, Ictalurus punctatus. J. Neurophysiol., 73,
172-177.

Liu, C. Y., Zhang, H., and Christofi, F. L. (1998) Adenyly! cyclase co-
distribution with the CaBPs, calbindin-D28 and calretinin, varies with cell
type: assessment with the fluorescent dye, BODIPY forskolin, in enteric
ganglia. Cell Tiss. Res., 293, 57-73.

Lucero, M.T. and Chen, N.S. (1997) Characterization of voltage- and Ca2+-
activated K+ channels in squid olfactory receptor neurons. J. Exp. Biol.,
200, 1571-1586.

Cyclic Nucleotide Signaling in Lobster ORNs 135

Lucero, M.T., Horrigan, F.T. and Gilly, W.F. (1992) Electrical responses to
chemical-stimulation of squid olfactory receptor-cells. J. Exp. Biol., 162,
231-249.

McClintock, T.S. and Ache, B.W. (1989) lonic currents and ion channels of
lobster olfactory receptor neurons. J. Gen. Physiol., 94, 1085-1099.

Melvin, J.E. (1999) Chloride channels and salivary gland function. Crit. Rev.
Oral Biol. Med., 10, 199-209.

Michel, W.C. and Ache, B.W. (1992) Cyclic-nucleotides mediate an odor-
evoked potassium conductance in lobster olfactory receptor-cells. J. Neu-
rosci., 12, 3979-3984.

Michel, W.C., McClintock, T.S. and Ache, B.W. (1991) Inhibition of lobster
olfactory receptor-cells by an odor-activated potassium conductance. J.
Neurophysiol., 65, 446-453.

Morales, B., Madrid, R. and Bacigalupo, J. (1997) Calcium mediates the
activation of the inhibitory current induced by odorants in toad olfactory
receptor neurons. FEBS Lett., 402, 259-264.

Nagel, W., Somieski, P. and Katz, U. (2001) Selective inhibition of Cl-
conductance in toad skin by blockers of Cl— channels and transporters.
Am. J. Physiol. Cell Physiol., 281, C1223-C1232.

Neher, E. (1992) Correction for liquid junction potentials in patoh clamp
experiments. Meth. Enzymol., 207, 123-131.

Pauli, B.U., Abdel-Ghany, M., Cheng, H.C., Gruber, A.D., Archibald, H.A.
and Elble, R.C. (2000) Molecular characteristics and functional diversity
of CLCA family members. Clin. Exp. Pharmacol. Physiol., 27, 901-905.

Pusch, M., Liantonio, A., Bertorello, L., Accardi, A., De Luca, A., Pierno,S.,
Tortorella, V. and Camerino, D.C. (2000) Pharmacological charac-
terization of chloride channels belonging to the CIC family by the use of
chiral clofibric acid derivatives. Mol. Pharmacol., 58, 498-507.

Sacchi, O., Rossi, M.L., Canella, R. and Fesce, R. (1999) Participation of a
chloride conductance in the subthreshold behavior of the rat sympathetic
neuron. J. Neurophysiol., 82, 1662-1675.

Sanhueza, M., Schmachtenberg, O. and Bacigalupo, J. (2000) Excitation,
inhibition, and suppression by odors in isolated toad and rat olfactory re-
ceptor neurons. Am. J. Physiol. Cell Physiol., 279, C31-C39.

Sato, K. and Suzuki, N. (2000) The contribution of a Ca®*-activated CI~
conductance to amino-acid-induced inward current responses of ciliated
olfactory neurons of the rainbow trout. J. Exp. Biol., 203, 253-262.

Shields, V.D.C. and Hildebrand, J.G. (2001) Responses of a population of an-
tennal olfactory receptor cells in the female moth Manduca sexta to plant-
associatedvolatile organiccompounds. ). Comp.Physiol. A, 186,1135-1151.

Spehr, M., Wetzel, C.H., Hatt, H.and Ache, B.W.(2002) 3-Phosphoinositides
modulate cyclic nucleotide signaling in olfactory receptor neurons.
Neuron, 33, 731-739.

Vogler, C. and Schild, D. (1999) Inhibitory and excitatory responses of
olfactory receptor neurons of Xenopus laevis tadpoles to stimulation with
amino acids. J. Exp. Biol., 202, 997-1003.

Weber, W.M., Liebold, K.M., Reifarth, F.W. and Clauss, W. (1995) The
Ca’*-induced leak current in Xenopus oocytes is indeed mediated
through a CI~ channel. J. Membr. Biol., 148, 263-275.

Welsh, M.J. and Liedtke, C.M. (1986) Chloride and potassium channels in
cystic-fibrosis airway epithelia. Nature, 322, 467-470.

Yamazaki, M., Mizoguchi, H., Ohsawa, M., Tseng, L.F., Suzuki, T. and
Narita, M. (2000) /mplications of Ca®*-activated CI~ channels in the
delta-opioid receptor-mediated antinociception in the mouse spinal cord.
Neuroscie. Lett., 295, 113-115.

Accepted December 10, 2004

2702 ‘S 1800190 U0 159n6 Ag /B10°S[euinopiojxo-aswieyd//:dny woly papeojumoq


http://chemse.oxfordjournals.org/

