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Olfactory transduction in vertebrate olfactory receptor neurons
(ORNs) involves primarily a cAMP-signaling cascade that leads to
the opening of cyclic-nucleotide-gated (CNG), nonselective cation
channels. The consequent Ca2* influx triggers adaptation but also
signal amplification, the latter by opening a Ca**-activated Cl chan-
nel (ANO2) to elicit, unusually, an inward Cl current. Hence the
olfactory response has inward CNG and Cl components that are in
rapid succession and not easily separable. We report here success in
quantitatively separating these two currents with respect to ampli-
tude and time course over a broad range of odorant strengths.
Importantly, we found that the Cl current is the predominant com-
ponent throughout the olfactory dose-response relation, down to
the threshold of signaling to the brain. This observation is very
surprising given a recent report by others that the olfactory-signal
amplification effected by the Ca®*-activated Cl current does not in-
fluence the behavioral olfactory threshold in mice.

olfactory receptor neurons | olfactory transduction | cyclic-nucleotide—
gated channel | calcium-activated chloride channel | signal amplification

he major chemotransduction mechanism in olfactory receptor

neurons (ORNs) of the vertebrate main olfactory epithelium
uses a cCAMP-mediated signaling cascade (1-4). Specifically, odor-
ants (or at least excitatory odorants) bind to and activate odorant
receptor (OR) proteins on the ORN cilia, thereby stimulating, via a
G protein (Gyjr), an adenylyl cyclase (ACIII) to elevate cCAMP. The
cAMP binds to and opens a cyclic-nucleotide— gated (CNG) non-
selective cation channel (5-10), leading to Na™ and Ca** 1nﬂuxes
and thus depolarization and excitation of the ORN. The Ca®* influx
elevates intracellular Ca** concentration, which in turn leads to
olfactory adaptation via multiple negative-feedback mechanisms on
the cAMP-51gnahng pathway (3, 11). At the same time, the Ca**
increase opens a Ca®*-activated Cl channel on the cilium, known to
be composed of at least the channel protein, anoctamin 2 (ANO?2)
[also called TMEM16B (12-21)]. The resulting CI” movement is an
efflux, owing to a constitutively high intracellular CI” concentration
maintained by a steady Cl~ uptake—via a Na™-K™-2CI~ cotrans-
porter, NKCCI (22-25), and at least one other transport mecha-
nism (26, 27), possibly the CI/HCO;~ antlporter (exchanger)
SLC4AL1 (22). This CI” efflux through the Ca**-activated Cl channel
gives rise to an inward current that adds to (i.e., amplifies) the in-
ward CNG current, leading to olfactory 51gna1 amphﬁcatlon The
odorant-induced elevation in intracellular Ca** concentration is
subsequently nullified bg a 4Na*/Ca®*, K* exchanger (28-30) and
controvertibly also a Ca”"-ATPase (31-35).

Despite the supposedly established facts about olfactory trans-
duction described above, this picture has relapsed into confusion
in recent years with respect to both adaptation and signal ampli-
fication (3). Regardlng olfactory adaptation, the importance of the
multiple Ca**-triggered, negative-feedback mechanisms on cAMP
signaling during transduction is now in doubt (3). As for the Cl
current-mediated signal amplification, which is the focus of this
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paper, its functional significance at least in land-based animals has
also become uncertain, owing to a recent study reporting that an
Ano2™'~ mouse line in which the Ca®"-activated Cl channel has
been genetically ablated showed behaviorally no obvious di-
minished olfactory sensitivity compared with wild type (WT) (36).
Accordingly, the significance of this Cl current needs to be reex-
amined. For this purpose, we need to know its temporal profile
and also its fractional contribution to the overall olfactory re-
sponse at different odorant strengths. A popular approach up to
now has been to use niflumic acid (NFA) as a blocker of the Cl
current (13, 21, 36). However, this method as typically used by
others is crude because NFA at the commonly chosen concen-
tration of 300 uM (occasionally up to 500 pM or 1 mM) is unlikely
to suppress the ORN’s Cl current completely (13). Worse still,
some recent work has raised the worrisome specter of NFA being
nonspecific in that it supposedly also partially inhibits the olfactory
response even in the An027'~ mouse (36). Regardless of electro-
olfactogram (EOG) measurement or single-ORN recording, the
procedure of applying NFA has often been to bathe the tissue or
cell in an external solution containing this chemical and then
challenge the tissue/cell with odorant to elicit an olfactory re-
sponse composed of CNG current alone (e.g., refs. 13, 21, and 36).
We report here that this approach is liable to error. With the
appropriate procedure, on the other hand, we showed that NFA in
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fact does act specifically on the Cl current with no side effect. At
the same time, we have devised a way to correct quantitatively for
the incomplete blockage of the CI current by NFA. As such, we
are able to cleanly separate the CNG and CI currents with respect
to both amplitude and time course in the overall olfactory re-
sponse, revealing their correlation at different odorant strengths.
The key finding is that the Cl current appears to dominate the
response at essentially all odorant strengths, being present all of
the way down to the signaling threshold.

Results

Suction pipette recording from a single ORN was used in all exper-
iments, with the cell body drawn into the pipette containing normal
Ringer’s solution and the cilia exposed to bath perfusion (29, 37, 38).
This method has the virtue of mechanical stability and being com-
pletely noninvasive, allowing recordings for typically 30-60 min, some-
times up to 2-3 h or longer, with little rundown of the olfactory
response. Such prolonged recordings are required for our experiments
and would have been impossible with, for example, patch-clamp re-
cording. The method also allows rapid and essentially complete bath
solution change in 5-10 ms around the recorded ORN’s cilia, which is
an important feature of our experiments. The experiments described
here were performed on frog ORNSs, which are generally much more
robust than mouse ORNs and have the additional feature of slower
response kinetics, helping our experimental procedure.

No Side Effect of NFA on CNG Current. With a recent report based on
an EOG study that, apart from blocking the Cl current, NFA also
has inhibitory side effects on the olfactory response (36)—inter-
preted by us to refer to an NFA effect on the CNG current—we
decided to take a closer look. We tested NFA on a frog ORN’s
olfactory response by applying it as a pulse, the almost-standard
configuration in our experiments (see Methods for detailed com-
ments). To examine NFA’s potentlal effect on the CNG current,
we switched an ORN into a 0-Ca*>*/EGTA solution so as to
eliminate all Ca*" influx through open CNG channels during ol-
factory transduction, thus removing the Ca>*-activated Cl current.
The chemical, (+)-limonene, was chosen as odorant in the form of
a 30-ms pulse and usually at 3 mM (but see dose-response ex-
periments below). At this concentration, (+)-limonene elicited a
detectable response from typically one ORN per 15-20 cells en-
countered randomly. Unlike some other odorants, (+)-limonene
does not have the confounding property of also inhibiting the
CNG current (39, 40). The NFA concentration was at 300 pM,
same as that typically used by others (e.g., refs. 13 and 36).

In the simple experiment of Fig. 14, Top, in 0-Ca**/EGTA so-
lution, a 150-ms pulse of 300 pM NFA apphed immediately after the
(+)-limonene pulse did not affect the ORN’s odorant-elicited CNG
current at all, nor did a NFA pulse applied with a time delay after
the (+)-limonene pulse (Fig. 14, Bottom). Substantially prolonging
the NFA pulse likewise had no effect as long as the pulse was applied
after the odorant stimulus (Fig. 1B, different cell). Therefore, NFA
truly does not affect the CNG current, at least in the absence of Ca?*
Previously, by examining the CNG current activated by exogenous
cAMP in an excised frog cilium, Kleene (13) showed that NFA
likewise did not inhibit the CNG current in the presence of Ca>".

We also checked a NFA pulse applied during or before a
(+)-limonene pulse (Fig. 1C; same cell as in Fig. 14). When ap-
plied simultaneously with an odorant pulse (Fig. 1C, Top), a 30-ms
pulse of NFA [shortened from 150 ms to match the duration of
the (+)-limonene pulse] did indeed reduce the olfactory response
by about 30%. An inhibition was still observable when a 150-ms
NFA pulse was started before the (+)-limonene pulse and ter-
minated just before the odorant pulse, indicating that this NFA
effect took a short delay to dissipate (Fig. 1C, Middle). When the
NFA “prepulse” was increased to 500 ms, its inhibitory effect
became even larger (Fig. 1C, Bottom), although not as large as a
30-ms NFA pulse applied simultaneously with the (+)-limonene
pulse (Fig. 1C, Top). We interpret these observations to mean that
NFA most likely interferes with the odorant-OR interaction.
Because most mammalian odorants are lipophilic, and NFA is
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Fig. 1. No side effect of niflumic acid (NFA) on CNG current. (A-C) Frog ORN
exposed to a 30-ms, 3 mM (+)-limonene pulse alone or in conjunction with a
300 pM NFA pulse. Zero-Ca®* Ringer's throughout, thus no Ca**-activated Cl cur-
rent. Timings of exposure to each chemical based on junction current measure-
ments are indicated above the recordings. Same cell in A and C. Different cell in B.
Black, response to odorant alone; nonblack, response to odorant in conjunction
with NFA. (A) The 150-ms NFA applied at two different timings after odorant
pulse. (B) Different durations (150, 450, 750, 1,050, and 1,350 ms) of NFA applied
immediately after odorant pulse. (C) The 30-ms NFA applied during, or 150- and
500-ms NFA applied immediately before, odorant pulse. See text for details.

itself lipophilic, this interference is perhaps not entirely surprising.
Given the experimental protocol of Billig et al. (36), this effect is
presumably what they observed. We have not systematically
addressed whether the negative NFA effect is common for most
odorants or is specific to some but not other odorants. In any case,
as long as NFA is applied after the odorant pulse, we can avoid
this interference, making it a nonproblem.

Did NFA itself have an effect on ORNs? From 39 randomly
encountered ORNs with cilia bathed in normal Ringer’s and
stimulated by a 150-ms NFA pulse, 56% showed no response,
but the others showed a small depolarization or a mild increase
in firing that can be interpreted as an olfactory response. NFA in
powder form or in a 300 pM aqueous solution failed to elicit any
detectable odor from human test subjects consisting of this pa-
per’s authors. For simplicity, only data from ORNs showing no
response to NFA are included in this paper.

Dissection of Olfactory Response into CNG and Cl Currents. Having
validated that NFA does not affect the CNG current and having
also understood the temporal constraints with respect to NFA’s
use in relation to the odorant pulse (see above), we next used it
for separating the CNG and Cl currents in the olfactory response
under normal conditions, that is, in the presence of external Ca”*
The procedure is similar to that used by Lowe and Gold (16), but
with an important, additional consideration described below.

To reveal the CNG current component during the overall ol-
factory response, we used a 150-ms pulse of 300 uM NFA to
suppress the CI current. It is not practical to use NFA at higher
than 300 pM because the CI current blockage approaches com-
pletion asymptotically with increasing NFA concentration (13).
Moreover, given the difficulty in achieving full blockage, it is ac-
tually better for our purpose to use a NFA concentration that
leaves an easily measurable residual Cl current, as will be appre-
ciated below (see second-to-last paragraph in CNG Current and CI
Current at Different Odorant Strengths). Fig. 24 depicts, color-coded
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in an overlay plot, an ORN’s response behavior to (+)-limonene
upon application of the 300 uM NFA pulse at three different time
delays after the odorant pulse. Upon exposure to NFA, the re-
ceptor current showed a two-phase decline. The initial, rapid phase
roughly paralleled the time course of solution change around the
cell, reflecting the time course of NFA arrival at the cell, followed
by a slower decline presumably reflecting NFA’s blocking effect
progressively reaching a steady state, although the underlying
blockage mechanism is still unclear. To sidestep the time delay in
the slow phase and to avoid a secondary effect of NFA (Methods),
we adhered to a short NFA pulse but applied it with a shorter
incremental time delay. As such, a continuous profile of the re-
sidual current was defined by a final common trajectory (Fig. 2B).

The residual-current profile during NFA application was pre-
viously interpreted by Lowe and Gold (16) to be that of the CNG
current, with the difference between it and the total-receptor current
profile to represent the Cl current. However, we noticed that the
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Fig. 2. Residual olfactory response after NFA inhibition. (A, Upper) Olfactory
response elicited by 30-ms, 10 mM (+)-limonene pulse is subjected to successive
trials of blockage by 150-ms, 300 pM NFA applied with increasing time delays
(at 120-ms increments; color coded). The current reduction by NFA shows a fast
phase and a slow phase. Together, the final tails of the residual currents in the
three trials provide broadly a profile of the overall residual current, despite
gaps of discontinuities. For clarity, the part of the current trace after NFA re-
moval has been removed (Methods). (Lower) Residual current in each NFA trial
is divided by the total (control) current response (black trace in Upper); to-
gether, they yield a temporal profile of the residual/total current ratio during
NFA inhibition, which shows a plateau bottom. (B) Same experiment and same
ORN as in A, but with two additional NFA blockage trials filled in to reduce the
time gap between successive NFA applications to 60 ms. As such, the profile of
the residual current becomes more continuous, revealing clearly a plateau
bottom of the residual/total current ratio at 0.25 in this experiment. See text
for details. Timings of (+)-limonene and NFA applications based on junction
current measurements are indicated at Top of each panel.
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residual current at a given time instant was a constant fraction (~0.25
in this experiment, indicated by dashed line in Fig. 2.4 and B, Bot-
tom) of the total receptor current during most of the decline phase of
the overall olfactory response. A causal relation exists between the
CNG current and the Cl current; namely, the Ca®* influx through
open CNG channels is what triggers the CI current. Furthermore, the
link between the two currents is expected to be complex, being
influenced by intracellular Ca>* buffering and nonlinear gating of
the Cl channel by Ca®* (14, 19). Thus, it is surprising that the in-
stantaneous (i.e., measured at a given time instant) residual/total
current ratio should remain constant over an extended period. Be-
cause 300 uM NFA is unlikely to eliminate the Cl current completely
(see above), we speculated that the CNG current might in fact have
already run its course and that the residual current during the
time window in question merely reflected some Cl current still not
blocked by NFA. In 15 experiments, the residual/total current ratio
ranged between 0.18 and 0.39 (mean + SD, 0.29 + 0.07). The cell-to-
cell variation could result from a thin layer of nasal mucus overlying
the olfactory cilia and preventing full drug access. The mean value of
0.29 for residual Cl current is comparable to the 0.23 found for
300 uM NFA on heterologously expressed ANO2 in HEK293 cells
in one study (20), although lower than the 0.53 in another study (41).
If there is a genuine difference between native olfactory Ca”*-acti-
vated Cl channels and heterologously expressed ANO2 channels, this
may conceivably arise from the native channel on ORNs being
heteromers containing, for example, multiple ANO2 isoforms (17) or
other TMEMI16 subunits, instead of homomeric ANO2 channels.
Previously, others studying ORNs have also used 300-500 pM NFA
as a Cl-channel blocker (e.g., refs. 13, 25, 42, and 43), but a com-
parison with our measurement is inappropriate because of non-
identical experimental conditions. However, by reanalyzing the data
in Lowe and Gold (16) collected under conditions identical to ours
except for a higher 500 pM NFA being used, we estimated that their
residual Cl current would have been ~0.19 of the overall receptor
current, thus presumably consistent with our measurement.

In Fig. 2B, the residual/total current ratio during the last two
NFA pulses in the series (coded magenta and green) exhibited
an upswing toward the end of each pulse. This was a consistent
observation, which we think reflected a secondary effect of NFA
(Methods) albeit not important for the context here. This up-
swing in the current ratio was not accompanied by an obvious
downswing in the corresponding absolute-current trace in Fig. 2
A and B, simply because the value of the ratio is being highly
magnified by the very small denominator current (i.e., overall
receptor current) toward the end of the response’s decline.

Our interpretation that the residual current in 300 pM NFA
during most of the decline phase of the overall receptor current is
Cl current and not CNG current—a key tenet underlying the
separation of the CNG and Cl currents—is supported by the fol-
lowing experiment. The rationale is that, if the CNG current has
indeed already run its course and is at or near zero in the time
window under consideration, the overall current response should
be unaffected by replacing extracellular Na* (a major carrier of the
native CNG current) with Li* (as permeant as Na* through CNG
nonselective cation channels) or choline* (Chol*, impermeant or
very weakly permeant) (29, 44-46). Indeed, in Fig. 3 (different
ORN from that in Fig. 2), even at a time instant not too long after
the transient peak of the olfactory response, the overall current
upon rapid replacement of Na* by Li* or Chol* behaved identi-
cally (junction currents associated with the cation substitutions
were already subtracted away; Methods). The Li*/Chol* current
traces remained the same over time, but both diverged from the
control Na™ current trace in Fig. 3 because neither Li* nor Chol™ is
able to drive the Ca®* extrusion via the 4Na*/Ca®*, K* exchanger
(47) on the ORN’s ciliary membrane (30), thus prolonging the in-
tracellular-Ca®" elevation and, accordingly, also the Cl current. The
gradual, slow decline in the Cl current in the absence of Na* could
be due to the following: (i) a gradual loss of the elevated intraciliary
Ca®" via diffusion into the ORN dendrite, (ii) an extrusion via a
putative albeit controversial Ca**-ATPase (31-35), (iii) an inactivation
of the Cl current (19), and/or (i) an intracellular CI~ depletion owing
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to the CI™ efflux. A similar observation was previously made by
Reisert and Matthews (29), with a similar interpretation.

In Fig. 4, we performed a complete experiment by combining the
protocols of Figs. 2 and 3 on an ORN to correlate between them. A
single 150-ms, 300 pM NFA pulse was delivered in successive trials
with progressively longer delays (at 60-ms increments) after the
3 mM (+)-limonene pulse (Fig. 44, Top, color coded for different
delays). The continuous profile of the residual current was obtained
from the final common trajectory of all colored traces as in Fig. 2B,
giving a final residual/total current ratio plateau of 0.19 (Fig. 44,
Middle). As before, we interpreted this fraction as the CI current
remaining not blocked by NFA. To derive the true Cl current in the
olfactory response, we subtracted the residual current from the
overall receptor current to obtain the NFA-blocked CI current, then
divided it by (1 — 0.19 = 0.81) to obtain the true Cl current (Fig. 44,
Bottom, green trace). Finally, subtracting this true (i.e., corrected)
Cl current from the overall receptor current, we obtained the true
CNG current (Fig. 44, Bottom, red trace). Next, on the same cell,
the second half of the experiment involving extracellular-cation
substitutions was performed (Fig. 4B). At the time instant when the
residual/total current ratio had bottomed out at 0.19 (right dashed
vertical line in Fig. 4), there was indeed no CNG current, as in-
dicated by the lack of any rapid shift in the receptor current trace
regardless of Na*’s replacement by Li* or Chol™ (Fig. 4B, Top).
Thus, our procedure of separating the CNG and Cl currents ap-
pears valid. At a time instant during the response’s rising phase (left
dashed vertical line in Fig. 4), in contrast, the overall receptor
current showed an almost-instantaneous decrease when Na* was
replaced by Chol™, but little change when Na* was replaced by Li*
(Fig. 4B, Bottom), validating the existence of a CNG current at this
time as derived from the dissection procedure. Incidentally, from
Fig. 44, Bottom, it is clear that the Cl current was still increasing
rapidly at the transient peak of the CNG current, thus delaying the
transient peak of the overall receptor current.

The signal amplification due to the Ca**-activated Cl current is
given by the total/CNG current ratio, shown by the red trace in Fig.
4C (see legend). It increased steeply from ~1.0 in the early rising
phase of the overall response (when the Cl current had not yet
developed) to ~20 by the time the CNG current had decreased to a
very small value. Thereafter, the ratio continued to rise steeply as

(+)-Limonene

—\
Na' Li
—_—
Na+ | Chol

%_ -50- —— Normal (Na) Ringer
—— Li Ringer
—— Choline Ringer
-100— - T - . - T -
0.0 0.4 0.8 1.2
Time (sec)

Fig. 3. Early termination of CNG current during olfactory response. Re-
placement of external Na* by Li* (permeant cation) or Chol* (impermeant or
near-impermeant cation) as a method to determine whether CNG current is still
flowing at a given time instant during the olfactory response. A 30-ms, 3 mM
(+)-limonene pulse. At the time instant of Na* replacement (vertical dashed
line), there is no instantaneous shift in the overall response regardless of Li* or
Chol™ as the substituent, indicating that CNG current has already terminated at
that moment. See text for details. Junction currents caused by the cation sub-
stitutions have already been subtracted away. Timings of (+)-limonene appli-
cation and cation substitutions based on junction currents are at Top.
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the CNG current practically disappeared. Another example of this
kind of experiment is shown in Fig. S1. For this cell, a small CNG
current gave rise to a large ClI current; thus, the total/CNG current
ratio, or amplification factor, increased even more steeply with time
than for the cell in Fig. 4. Altogether, five ORNs were studied [four
cells stimulated with 3 mM (+)-limonene, and one cell with 10 mM
(+)-limonene], giving similar results. In the experiments of this
section, high (+)-limonene concentrations were used to elicit large
overall responses from randomly encountered responsive ORNS,
for facilitating the execution of the current separation procedure.
As another validation of the above current separation procedure,
we used more than one NFA concentration for a given ORN to see
whether they led to the same quantitative current separation. Indeed,
in an experiment comparing 300 and 100 pM NFA, both dosages led
to the same final result despite different fractions of blocked Cl
current (Fig. 5). The same was found in another experiment with
three different NFA concentrations to cover an even wider range of
fractional Cl current blockage (Fig. S2). Altogether, four multi-NFA
concentration experiments were carried out. A useful implication
from this experiment is that our current separation procedure is not
affected by potential cell-to-cell variations in the fractional Cl current
blockage by NFA such as due to mucus overlying the cilia (see
above), because this is equivalent to different NFA concentrations.

CNG Current and Cl Current at Different Odorant Strengths. The next
question is how the CNG and Cl currents change correlatively at
different odorant strengths. This is a challenging question to
address because a current separation experiment at one odorant
strength typically required 15-30 min to complete; thus, excep-
tional recording stability was necessary for multiple odorant
strengths. Moreover, the recorded ORNs were randomly en-
countered, each expressing an unknown OR species (48). As
such, even for an encountered cell that was responsive to
(+)-limonene (~1 per 15-20 cells as stated earlier), its absolute
sensitivity could not be anticipated, making the beforehand
preparation of (+)-limonene solutions of appropriate concen-
trations rarely possible. In short, it was a hit-and-miss situation.

Fig. 6 shows a successful experiment, with the cell lasting 5-6 h.
The (+)-limonene-pulse duration was kept constant at 30 ms, and
the odorant concentration was increased progressively from 3 pM
to 10 mM, a ~3,000-fold change. The transient peak of the overall
response appeared to have eventually reached the saturated am-
plitude, although the response’s decline phase continued to
lengthen with higher (+)-limonene concentrations (Fig. 64, Top).
It was impossible to test (+)-limonene concentrations beyond
10 mM, because at this concentration there was already sign of
(+)-limonene precipitating out of solution. The dose-response
relation for this cell had a Hill coefficient, ny, of 0.98 (Fig. 64,
Bottom). From 16 cells, ny ranged from 0.71 to 2.96 (mean + SD,
1.53 + 0.74), generally lower than found in our previous experi-
ments on frog ORNs with cineole as the odorant (37). In these
earlier experiments, odorant strength was changed by varying the
odorant pulse duration, although in principle there should be no
difference between varying pulse concentration and varying pulse
duration provided that the “impulse stimulus” condition is ob-
served, which should apply at least for the weakest stimulus
strengths (Methods). Because this paper focuses on the separation
of CNG and CI currents, we shall not pursue this issue about ny
further, which in any case does vary across studies by us and others.

From the separated currents (Fig. 6B), it is clear that a small
CNG current elicited by a weak (+)-limonene pulse could still lead
to a substantial Cl current. Furthermore, with increasing odorant
strength, the Cl current grew and approached saturation fairly
quickly. Further increase in odorant strength typically led mostly
to a larger CNG current, but especially to a more prolonged Cl
current, again highlighting that the overall response during its final
decline was composed predominantly of the Cl current. The
smaller Cl current at 10 mM than at 3 mM (+)-limonene for this
cell was probably an anomaly, perhaps due to some imperfection
in the current dissection at 10 mM (+)-limonene or to the
cell changing condition toward the end of the experiment. An
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Fig. 4. Separation of CNG and Cl currents in olfactory response. (A, Top)

Multiple trials (color coded) of a 150-ms, 300 pM NFA pulse delivered with
increasing delay (at 60-ms increments) after a 30-ms, 3 mM (+)-limonene
pulse (with start time indicated by downward arrow). The final tails of the
residual currents in all trials together provide a profile of the overall residual
current during NFA application (highlighted in red). For clarity, only the part
of each current trace before NFA removal is shown. (Middle) Profile of re-
sidual/total current ratio calculated from Top (Fig. 2), showing a plateau
value of 0.19 for this ORN. (Bottom) Separated (and corrected) CNG (red) and
Cl (green) current components of the overall current response (black) are
shown. See text for details regarding calculations in the current separation
procedure. (B) Validation of the current separation procedure based on
cation substitutions (Fig. 3). Same cell and same odorant stimulus as in A.
(Top) Na* in normal Ringer’s (black) is replaced by Li* or Chol* (color coded)
at time instant marked by right vertical dashed line, with the lack of dif-
ference between the two substituents indicating no or near-zero CNG cur-
rent. (Bottom) Same procedure as in Top, but at an earlier time indicated by
left vertical dashed line. In this case, there is clearly still a CNG current be-
cause of the deviation between the Li*-substitution current trace (red;
practically no change from normal-Ringer’s trace marked in black) and the
Chol*-substitution current trace (blue; rapid reduction in current amplitude
from normal Ringer’s) immediately upon cation substitution. Junction
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interesting feature of the dissected CNG current is that, besides
its amplitude increasing with higher odorant strength, its tran-
sient peak also occurred at progressively earlier times [i.e., a
shorter “time-to-peak” between the stimulus timing and the
transient peak (49, 50)] (Fig. 6C, Upper). This behavior is rem-
iniscent of the responses of retinal rods to light flashes of in-
creasing intensity, with the shorter time-to-peak reflecting that
light adaptation in the cGMP-mediated phototransduction path-
way leads to accelerated deactivation of the flash response (49,
50). Tentatively, we make the same interpretation here involving
olfactory adaptation in the cAMP-signaling pathway. The dis-
sected Cl current exhibited a similar behavior, albeit slower, in
part because it was a follower current of the CNG current (Fig.
6C, Lower).

The total/CNG current ratio, signifying the signal amplification
by the Cl current, is shown as a function of time at each odorant
concentration in Fig. 6B, Right. For weak stimuli, the signal am-
plification increased with time and typically with increasing odorant
strength (red trace; see legend). At the strongest stimuli, how-
ever, the amplification actually decreased as the Cl current pro-
gressively approached saturation before the CNG current. Fig.
6D, Top, shows the CI/CNG current ratio at the currents’ corre-
sponding transient peaks as a function of odorant strength, pro-
viding a sense of their relative transient-peak values. In this cell, the
ratio between the maximum Cl and CNG currents approached
unity as the overall response reached saturation. From eight cells
(see Table S1, with ORN 2 not included here because the re-
sponse had not reached saturation) that gave saturated or near-
saturated responses, this ratio ranged from 0.97 to 4.64 (mean +
SD, 2.38 + 1.21), roughly comparable to what was found previ-
ously in newt and Xenopus (15, 21), although the responses in
the latter two studies might not have reached saturation. Previous
measurements from an entire cilium excised from frog ORNs also
gave a ratio between the fully activated Cl and CNG currents of
near unity (51). The slightly higher mean CI/CNG current ratio we
obtained from intact cells with odorants compared with that
obtained by Kleene (51) from an excised cilium with high Ca**
and cAMP concentrations may be real because an odorant even at
high strength may not necessarily open all CNG channels on the
cilium, depending on the affinity and expression level of the OR,
among other factors; on the other hand, based on our findings
here, the saturated opening of all Cl channels is more probable.
Fig. 6D, Bottom, shows the respective integration time (#;,;) of the
CNG and CI currents, with #;, being defined as ti = [ ft)dt/f,,,
where f{¢) is the function describing the current waveform and f, is
the value of f(¢) at its transient peak (52). t;,,; provides a measure
of how long the respective current lasts. Thus, the #;, of the Cl
current keeps increasing with odorant strength.

The results from another cell are shown in Fig. S3. This cell was
quite insensitive to (+)-limonene, and we unfortunately did not
have (+)-limonene solutions strong enough to saturate the overall
response and beyond (Fig. S34). Consequently, we were unable to
observe the full behavior of the CNG and Cl currents in response
to increasing (+)-limonene concentration. This cell otherwise gave
results broadly similar to those in Fig. 6, such as the high signal
amplification provided by the CI current. Altogether, nine cells
were studied (Table S1). It is worth noting that, in the above
current separation procedure, the CNG current was obtained by
subtracting the corrected Cl current from the total current re-
sponse. Thus, the reliability of the extracted CNG current depends
on an accurate estimate of the Cl current, which in turn depends on

currents caused by cation substitutions have already been subtracted away.
(C) Temporal profile of the total/lCNG current ratio (calculated from re-
spective traces in Bottom of A) reflects the signal amplification due to Cl
current. At early and also late times, when the CNG current fluctuates near 0,
the total/CNG current ratio fluctuates between —c0 and oo, hence unreliable
and accordingly deemphasized by being plotted in light gray. In the in-
termediate time window, the ratio is meaningful and highlighted in red.
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Fig. 5. Another validation of current separation procedure by using different
NFA concentrations. Different NFA concentrations, which leave different frac-
tions of residual Cl currents, are used as another validation of the current
separation procedure. At Top, the black trace indicates overall response; blue
trace indicates overall profile of residual current during 300 uM NFA based on
multiple trials of 150-ms NFA pulses applied with incremental delays (at 60-ms
increments) after odorant pulse (Fig. 4); red trace indicates same procedure but
with 100 pM NFA. Other panels have same meanings as Fig. 44, Middle and
Bottom; color coded for the two NFA concentrations, respectively. Despite the
two NFA concentrations leading to different fractional residual currents (0.31
and 0.21, respectively), we arrive at near-identical CNG and Cl currents. See text
associated with Fig. 4 for details regarding calculations in procedure. A 30-ms,
3 mM (+)-limonene pulse (with start timing indicated by downward arrow).

the measurability of the residual current upon NFA application. It
is therefore actually advantageous not to use a very high NFA
concentration because the residual current would otherwise be too
small to be measured accurately. Also, for weak odorant strengths
or for ORNs that somehow have a small odorant-triggered CNG
current, the CI current will be very similar to the total current, thus
making their difference (which equals the CNG current) poten-
tially more sensitive to random measurement fluctuations.

Finally, in the experiment of Fig. 6, as the odorant strength
continued to increase beyond response saturation, the final re-
sponse decline maintained fairly stereotyped kinetics except for
the ever-increasing time delay (Fig. 64). A similar behavior was
previously observed for retinal rod photoreceptors (50). It is
clear from the current dissection (Fig. 6B) that the supra-
saturated response during most of its decay consisted literally
exclusively of a Cl current that was initially saturated. Its gentle
decline during saturation could be due to a gradual channel in-
activation or Cl depletion (see above). Focusing on the final,
steeper response decay, we removed the complication due to the
gentle decline by normalization (Fig. S4, same cell as in Fig. 6).
After normalization, the final Cl current decline followed roughly
a single exponential, with a time constant of 0.32 s (dashed red
curves in Fig. S4B; replotted as solid gray curves in Fig. 64 after
removing the normalization), presumably representing the loss of
free Ca®* from the cilium due to combined Ca®* extrusion and
passive diffusion into the ORN’s dendrite. From three ORNs
particularly sensitive to (+)-limonene to allow saturation of their
olfactory responses and far beyond, the final Cl current decline
time constant was 0.32 + 0.03 s (mean = SD).

Li et al.

Cl Current in Olfactory Response Near Threshold. To push the dis-
section of the receptor current all of the way to near response
threshold in frog ORNSs for signaling to the brain [~1.2 pA (53)], it
is necessary to remove action potential firing, which interferes with
the detection of small signals even after averaging over many
stimulus trials (as for large depolarizing signals, action potential
firing was typically confined to the onset of the response because of
Na- and Ca-channel inactivations, and therefore not as much of an
issue). For this purpose, we added 500 nM tetrodotoxin (TTX),
50 pM verapamil, and 1 pM mibefradil in the suction pipette so-
lution and all bath solutions to block voltage-gated Na current and
Ca currents (L and T types). Fig. 74 shows an ORN’s response of
only ~2 pA at transient peak elicited by 100 pM (+)-limonene. A
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Fig. 6. Separated CNG and Cl currents at different odorant strengths. (4, Top)
Response family of an ORN to a 30-ms pulse of (+)-limonene at 3 uM, 10 pM,
30 uM, 100 pM, 300 pM, 1 mM, 3 mM, and 10 mM, respectively. (Bottom) Semilog
plot of stimulus-response relation from response family in Top. Smooth curve is
Hill equation, with indicated Hill coefficient (ny) and half-saturating concentra-
tion (Ky,) values. (B, Left) Total current (black) from A at different (+)-limonene
concentrations together with corresponding CNG (red) and Cl (green) currents.
Current separation is not carried out for 3 and 10 pM (+)-limonene because total
currents under ~20 pA are too small for reliable dissection in the presence of
action potentials. The CNG- and Cl-current noise levels are higher than the total-
current noise level because the procedure for deriving the CNG- and Cl-current
components involves a scaling factor >1 [equals 1/(1 — 0.39) = 1.64 for this cell]
(see text associated with Fig. 4), thus amplifying the noise. (Right) Total/CNG
current ratio showing the signal amplification from the Cl current at each
odorant strength. See Fig. 4C (legend) for details. (C) Families of CNG and Cl
currents from B, each plotted overlaid and expanded to show the progressive
change in kinetics. Color-coding matches that in Top of A. Note that the time-to-
peak of CNG current shortens as odorant strength increases, reflecting devel-
opment of olfactory adaptation (see text). The follower Cl current shows the
same behavior. (D, Top) CI/CNG-current ratio at their corresponding transient
peaks at each concentration of (+)-limonene. (Bottom) Integration time (t;.; see
text) of CNG and Cl currents at different odorant strengths.
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300 pM NFA pulse at different time delays still substantially re-
duced the overall response. Because the overall response was so
small, we decided against a quantitative dissection of the currents,
except noting that the CI current was still substantial. Fig. 7B shows
the same ORN, with its response of ~1.5 pA near threshold being
interrogated by the cation substitution experiment. As in Fig. 3,
there was practically no difference in the response between Li* and
Chol™ substitutions (the fast, transient downward deflection in both
cation substitution traces reflect imperfect removal of the junction
currents; Methods), indicating that the CNG current was literally
below resolution. Altogether, six NFA and two substitution ex-
periments were carried out, with similar conclusions (Fig. S5).

Low Extracellular NaCl Concentration. In the nasal cavity, the ol-
factory cilia are bathed in only a thin layer of overlying mucus with
ion concentrations possibly quite different from plasma, with
reported [Na*] ~ 53-85 mM, [CI"] ~ 93 mM, and [Ca**] ~ 0.3-
5 mM for toad and frog (54, 55). Interestingly, early work by
others has shown that the EOG persists even in the complete
absence of extracellular NaCl (56), attributed subsequently to the
compensation of a decreased CNG current [with Ca®" as the
dominant residual current carrier (57)] by an increased inward
Ca**-activated Cl current owing to the larger outward CI™ elec-
trochemical gradient (15). Given the ability to separate the CNG
and Cl currents, we wanted to verify this behavior. As a test case,
we examined an ORN’s olfactory response in a somewhat arbi-
trary low-NaCl Ringer’s by reducing NaCl to one-half that in
normal Ringer’s (namely, replacing 110 mM NaCl with 55.5 mM Na
methanesulfonate and 55.5 mM CholCl) (Fig. 8). Upon switch-
ing to low-NaCl solution (and staying in it for no more than
about 10 s), the cell’s overall response to (+)-limonene was re-
duced by ~15-20%, with the change being almost completely
reversible (Fig. 84). As expected, in low-NaCl Ringer’s solution,
the separated CNG current was considerably smaller than in
normal Ringer’s, whereas the Cl current was a bit larger (Fig.
8B). The CI current in low-NaCl solution was also somewhat
prolonged, due to the 4Na*/Ca®*, K* exchanger being slowed by
lower external Na*. Additionally, in Fig. 84, the rising phase of
the overall response in low-NaCl Ringer’s was slightly delayed
due to the much smaller CNG current and a consequently
slightly delayed follower Cl current. Not surprisingly, as shown in
Fig. 8C, the amplification factor (instantaneous total/CNG cur-
rent ratio) in low-NaCl Ringer’s rose even more steeply with
time than in normal Ringer’s. Thus, if NaCl is indeed low in
nasal mucus, the Cl current should be even more prominent in
the overall olfactory response. Four experiments gave largely
similar results, in two of which the total receptor current in low-
NaCl Ringer’s was actually larger than that in normal Ringer’s,
reflecting the smaller CNG current being more than compen-
sated by a larger Cl current. We have also done experiments
(four cells; Fig. S6) in which the recorded ORN’s cilia were
bathed in low-NaCl Ringer’s for up to several minutes to allow
the intraciliary ion concentrations to reach equilibrium, and
found the overall response to behave similarly to that described
here (although the time-consuming separation of CNG and Cl
currents was not carried out). For amphibians, the ion concen-
trations in the nasal cavity may sporadically drop even more
when exposed to freshwater in the animal’s natural habitat.
Nonetheless, the CI current’s presence ensures that the overall
olfactory receptor current persists without decrement (15).

Discussion

We have achieved a quantitative separation of the CNG and Cl
currents composing the ORN’s response to odorants. The exis-
tence of a Cl current additional to the CNG current in the ol-
factory response has been known for 25 years (14-16), but up to
now the exact profile of each component has remained unclear.
Similar to what other workers in the field have done in the past,
we made use of the Cl-channel blocker, NFA, but with two im-
portant advances. First, we showed that, in contrast to a recent
report (36), NFA actually does not have the side effect of partially
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Fig. 7. Substantial Cl current still present in near-threshold olfactory re-
sponse. To eliminate action potentials, 50 pM verapamil (L-type Ca-channel
blocker), 1 uM mibefradil (T-type Ca-channel blocker) and 500 nM TTX are
included in pipette and all bath solutions except for odorant solution. Signals
are low-pass filtered at 20 Hz (eight-pole Bessel). (A) Near-threshold odorant
response (black trace) elicited by a weak stimulus [30-ms, 100 pM (+)-limonene
pulse] is subjected to successive 150-ms, 300 pM NFA pulses with increasing
time delays (at 150-ms increments; color coded). Each trace is the average of
>15 stimulus trials; duration between successive stimulus trials is 60 s.
(B) Similar experiment as in Fig. 3 on near-threshold odorant response. At the
time instant of replacement of external Na* by Li* or Chol* (vertical dashed
line), the currents recorded in Li*-, Chol*-, and Na*-Ringer’s are nearly the
same, suggesting practically no CNG current at that instant. Junction currents
caused by the cation substitutions have already been subtracted away, al-
though the downward transients in both traces immediately after each solu-
tion change indicate that the subtractions are imperfect (note the high gain in
the ordinate scale). Each trace is the average of >10 stimulus trials; duration
between successive stimulus trials is 30 s. Timings of (+)-limonene application
and cation substitutions based on junction currents are indicated at Top.

inhibiting the CNG current (13). NFA nonetheless appears to
interfere with the interaction between odorant and OR, but we
can sidestep this problem by applying NFA only after the odorant
stimulus. Second, even though NFA fails to block the CI current
completely—an issue up to now undealt with in the field—we have
managed to correct for this incomplete blockage and tease apart
the CNG and Cl currents fairly accurately. Indeed, as described in
Results, given that the Cl current blockage is unable to ever reach
100% at realistic NFA concentrations, we have actually turned this
incomplete block into an advantage for the separation of currents.

Importantly, despite with extreme difficulty, we have also suc-
ceeded in correlating the separated CNG and CI currents at dif-
ferent odorant strengths for a given ORN. From the dose-
response relations between odorant strength and the separated
currents, it is clear that, at low odorant strengths, the ratio be-
tween total current and CNG current at a given time instant—
a parameter reflecting the amplification provided by the Cl cur-
rent—rises from 1.0 at early times of the response (i.e., before the
Cl current appears) to a much larger value at later times. At higher
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Fig. 8. Odorant response in normal versus low-NaCl Ringer’s. (A) Compar-
ison of an ORN's response to a 30-ms, 3 mM (+)-limonene pulse in normal
Ringer’s (black), then in low-NaCl Ringer’s (NaCl concentration halved; pink),
and then back in normal Ringer’s (gray). The cell stays in low-NaCl Ringer’s
solution for altogether no more than 10s. (B) Separated CNG current and Cl
current in normal (“Before”) and low-NaCl Ringer’s solution, respectively.
(C) Total/CNG current ratio in normal and low-NaCl Ringer’s, respectively
(Fig. 4C, legend). Downward arrow indicates start of odorant pulse.

odorant strengths, the amplification does not ramp up as steeply
because the CI current typically reaches saturation fairly rapidly,
whereas the CNG current tends to continue to increase. The Cl
current substantially outlasts the CNG current so that, at longer
times during the decay of the overall response, the amplification
ratio increases essentially to infinity (although this parameter is no
longer very meaningful by then). The act of smelling is complex,
consisting of mixed passive breathing rhythm (58, 59) and active
sniffing, depending on the animal species. In the present study, we
have chosen to use brief odorant pulses (i.e., “impulse” stimuli
analogous to light flashes for retinal photoreceptors; Methods; cf.
refs. 50 and 52) for ease of data analysis and interpretation. In the
natural setting, however, odorant stimuli rarely arrive as single
pulses, especially given the motor physiology of smelling as men-
tioned. Furthermore, in live animal, airborne odorants have to
penetrate the mucus layer before accessing the olfactory cilia, a
step likely to slow down the on- and off-kinetics of odorant

Li et al.

stimulation. As such, an odorant stimulus will be prolonged,
bringing temporal summation of signals even more to the fore,
and making the relatively long-lasting Cl current, which enhances
ORN sensitivity, increasingly important.

The high amplification at low odorant strengths reflects the high
sensitivity of the Cl current to intracellular Ca™ concentration,
which is roughly described by the Hill equat1on with a nyg (H1ll
coefficient) of 2-3 and a half-saturating Ca®" concentration of
2-5 pM (14, 19). For a frog ORN with nominally 10 cilia of
~0.2 pm in diameter and ~40 pm in average length (60-62), the
total intraciliary volume is ~12 pm®. Based on this volume, and
assuming for simplicity spatial homogeneity along the c111um
a 1-pC Ca*" influx would increase the internal Ca concentration
by ~400 pM if there were no intracellular Ca®* buffer. Thus, for
argument’s sake, an overall CNG current of 1 pA decaying expo-
nentially with a 0.2-s time constant—barely detectable and with a
time course broadly comparable to that observed by us (Figs. 4-6
and Figs. S2-S4)—would give a Ca®* influx of ~0.2 pC x 0.3 =
0.06 pC, assuming a Ca>* component in the CNG current of ~30%
for 1 mM extracellular Ca** as in our normal Ringer’s (57), This
amount of Ca®* influx would elevate total intraciliary Ca** by
~24 pM. Even with a free/total Ca®* concentration ratro of say,
1/10 effected by intraciliary Ca>* bufferlngé the tiny Ca®* influx
would still increase the internal free Ca** concentration by
~2.4 M, enough to activate a substantial Cl current. The bottom
line is that it really does not take much CNG current at all to elicit
a substantial Cl current. In the absence of information about
intraciliary Ca** buffering, on top of which there is presently 1o
quantitative information about the capacity and speed of Ca®*
extrusion from the cilia, we shall not venture into further quan-
tification here. Besides, the cilia of frog ORNs are motile and just
barely visible under the light microscope, so visual observation can
only crudely estimate the number and length of cilia on an ORN
under recording. Some of the cilia could also have sustained injury
during mechanical dissociation of the olfactory epithelium (Methods),
possibly contributing to the varied maximum receptor current
elicited by odorant across cells (although this current variation
also depended at least partly on the exact position of the ORN
cell body inside the suction pipette; Methods).

Considering the amplification provided by the CI current, es-
pecially in the situation of low ion concentrations in the nasal
mucus (Results), it is rather surprising that the genetic removal of
this current was reported not to change the behavioral olfactory
sensitivity or detection threshold in mice (36). Signals from
ORN: s to the olfactory bulb in the brain require action potential
firing, which in frog ORNs has a modulation threshold (at least
for excitatory odorants) of ~1.2 pA in odorant-elicited receptor
current (53). As shown in Results, there is indeed still a sub-
stantial Cl-current component at this threshold, which should
thus be expected to dictate the signaling threshold of the ORN.
The reason why Billig et al. (36) failed to find a significance of
the Cl current is presently unclear. One simple reason would be a
species difference between mouse and frog, but this is perhaps
unlikely because the CI current is such a robust phenomenon.
Furthermore, some human patients with type-3 von Willebrand
disease happened to have a simultaneously disrupted Ano2 gene
and these individuals did show some behavioral olfactory defects,
although it is still uncertain now whether this genotype—pheno-
type correlation is authentic, that is, causal (20, 36, 63). In any
case, our experiments on mouse ORNs (64) are in progress and
will provide the answer upon completion. In the meantime,
however, because the mouse line used by Billig et al. (36) was a
constitutive 4n027~ line created by crossing an 4no2" line to a deleter
line (65), it remains quite possible that compensatory or other
changes have occurred during animal development and con-
founded the behavioral measurements. Alternatively, even if the
mouse’s olfactory sensitivity truly turns out not to depend on the
ORN’s Cl current, this surprise may come from some dynamic
signaling in the olfactory neuronal circuitry—a would-be in-
teresting question in its own right. For example, a monoclonal-nose
mouse with >90% of ORNs in the primary olfactory epithelium
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expressing only the M71-OR is surprisingly incapable of detect-
ing behaviorally this specific OR’s cognate ligand, acetophenone
(66). The bottom line is that the behavior/performance of neu-
ronal circuitry is not necessarily readily predictable. On the other
hand, before one can make progress in this understanding, it is
first and foremost important to know correctly and exactly the
properties of each neuronal element, in this case, the ORN.

Methods

Tissue Preparation. Frogs (Rana pipiens) were killed by pithing. The main ol-
factory epithelium was dissected out from the nose and kept in normal
Ringer’s on ice for up to 4 h before use. When needed, a small piece of epi-
thelium was laid flat with cilia side facing up on a Sylgard dish. ORNs were
released from the epithelium by gently touching the surface with a small piece
of razor blade, followed by trituration to enhance the yield (29, 37). The
suspension solution containing dissociated ORNs was put in the recording
chamber on a Zeiss Axiovert microscope, and the cells were allowed to settle at
the bottom for 25-30 min. The chamber was then perfused with normal
Ringer’s at ~1 mL/min throughout the experiments. Live ORNs were identified
by their motile cilia with differential interference contrast optics. All animal
experiments were approved by the Institutional Animal Care and Use Com-
mittee at the Johns Hopkins University School of Medicine.

Chemicals. (+)-Limonene solutions were prepared fresh daily by diluting pure
(+)-limonene (Sigma-Aldrich) into Ringer’s. NFA (Sigma-Aldrich) was directly
dissolved in Ringer’s with concentrations of 30, 100, and 300 pM by heating
the solution to 37 °C for 1-1.5 h. NFA even at 300 pM did not change the pH
of the buffered Ringer’s. TTX was prepared as a 1 mM stock solution and
diluted to 500 nM for experiments. Verapamil was prepared as a 50 mM
stock solution and diluted to 50 uM for experiments. Mibefradil was pre-
pared as a 5 mM stock solution and diluted to 1 uM for experiments.

Solutions. Normal Ringer’s contained the following (in mM): 111 NadCl,
2.5 KCl, 1.6 MgCl, 1 CaCl,, 0.01 EDTA, 3 Hepes, 10 glucose, pH 7.7, adjusted
with NaOH. The 0-Ca®* Ringer’s had no added CaCl, and EDTA, but 3.05 mM
MgCl, and 1 mM EGTA, to give the same total free divalent cation concen-
tration as in normal Ringer’s. Calculations were made according to
MaxChelator. Li- and Chol-Ringer’s had equimolar replacement of NaCl by
LiCl and CholCl, respectively, with pH adjusted with tetramethylammonium
hydroxide (TMAOH) instead of NaOH. Low-NaCl Ringer’s had same composi-
tion as normal Ringer’s except containing 55.5 mM Na-methanesulfonate and
55.5 mM Choldl instead of 111 mM NacCl, and TMAOH for adjusting pH.

Solution Changes. A motor-stepper system (SF-77B; Warner Instrument) was
used for solution changes. Three manifolds each receiving six solution inputs
were connected to three parallel square capillaries (Warner Instruments; part
number 35G700-5: inner width of 0.6 mm each, with partition width of 0.1 mm)
anchored as an array, producing up to three horizontal, parallel solution
streams sharing sharp boundaries. The flow of each of the 18 solutions in total
can be turned on and off by solenoid valves (LHDA0030300BA2; Lee Company)
to give various combinations of up to three solutions. At the beginning of an
experiment, the recorded cell was positioned near the center of a stream
carrying normal Ringer’s. Odorant or NFA application was carried out by
electronic actuation of the motor stepper, which swiftly displaced the capillary
array such that the cell became situated near the center of an adjacent stream
by transitioning across a boundary. A solution change was typically complete
in 5-10 ms, as measured by the junction current recorded when transitioning
from Ringer’s to diluted [90% (vol/vol)] Ringer's. As such, a pulse of odorant,
typically 30 ms in duration, could be delivered by translating a cell from
Ringer's to odorant-containing Ringer's and then back. Between odorant
pulses, the cell was kept in Ringer’s for at least 15 s for recovery. For experi-
ments involving odorant as well as NFA applications, the cell was given a 1-min
recovery in normal Ringer's between trials to obtain consistent odorant-eli-
cited responses. In 0-Ca®* experiments, the cell was switched from normal Ringer’s
to 0-Ca®*-Ringer’s for 1-3 s until a stable recording baseline in 0-Ca* was
reached before a pulse of odorant or NFA in 0-Ca>* was given. The cell was then
returned to normal Ringer's as soon as the procedure was complete, which
typically took 3-5 s, to minimize the cell's exposure time in 0-Ca%* Ringer’s.

The time courses of solution changes (based on junction current measure-
ments with 90% Ringer’s as described above) are indicated at the top of all
figures. In figures showing experiments involving the replacement of Na* in
normal Ringer’s by Li* or Chol*, the corresponding junction current caused by
each cation substitution (measured by repeating the specific cation substitution
in the absence of the odorant stimulus) has already been subtracted away.
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Incidentally, a brief 30-ms pulse of odorant mentioned above can be le-
gitimately considered to be an impulse stimulus in relation to the much
slower olfactory response, where an impulse stimulus is defined as one that,
when reduced in strength but prolonged in duration proportionately, will not
change the response amplitude or waveform (50).

Electrophysiology. Single, mechanically isolated ORNs were used for recording.
The suction pipette recording method (37) was adopted, with an Axopatch 1C
or 1D patch-clamp amplifier and head stage 100/1 (Molecular Devices). Unlike
patch-clamp recording, this method was noninvasive, thus maintaining the
native intracellular ion concentrations in the ORN. The membrane potential
was not clamped, but free to change as in the ORN in situ. Because of the
functional polarity of the ORN and the recording configuration we adopted
(with cell body and dendrite, the latter typically already withdrawn into the cell
body for isolated frog ORNs, inside the suction pipette, leaving the cilia ex-
posed to the bath solution), the membrane current at the cell body recorded by
the pipette was actually opposite in polarity to the transduction current at the
cilia. For ease of understanding, in all figures we have plotted the responses such
that negative current indicates inward transduction current at the cilia. Signals
were low-pass filtered at 500 Hz (eight-pole Bessel), unless specified otherwise,
and digitized at 2 kHz. Recording pipettes were pulled from standard borosili-
cate glass capillaries (WPI; TW100-4), with tip openings being fire-polished to
4-5 pm and resistances of 1.0-1.5 MQ when filled with normal Ringer’s. The
soma of an ORN was drawn by suction as much as possible into the recording
pipette, leaving the dendrite (retracted most of the time) and cilia exposed to
the bath solution. The series resistance with a cell in place was typically 8-12 MQ.

Short-Pulse Application of NFA. In nearly all experiments shown in Results,
NFA was applied as a short pulse, typically 150-ms except for Fig. 1 Band C. A
short pulse was used based on the following considerations.

First, upon removal of NFA, the receptor current reemerged, but this
rebound receptor current typically overshot (i.e., exceeded) the control re-
sponse without NFA (Fig. S7A, red trace), a feature also seen by Lowe and
Gold (16) and cryptically interpreted as a CNG current induced possibly by
NFA acting as an odorant. This explanation is untenable at least in our ex-
periments because we only studied ORNs that were unresponsive to NFA
alone (Results). We think the “rebound” current was actually a Cl current,
which we confirmed with a second NFA pulse causing the rebound current
to return roughly to the level expected from the time course of the residual
current during NFA (Fig. S7B, green trace). Also, the rebound current over-
shoot diminished and eventually disappeared at high (+)-limonene con-
centration (Fig. S7C), presumably upon saturation of the Cl current. Most
probably, NFA not only blocked the Cl current but also had the secondary
effect of elevating intracellular Ca** (67), which when concomitant with the
removal of NFA blockage would lead to a larger (i.e., overshot) Ca®*-acti-
vated Cl current, unless the latter was already saturated. Indeed, a larger
overshoot was observed after a higher NFA concentration (Fig. S7D) or
longer NFA exposure (Fig. S7E). By confining our attention to the blocking
effect of a short NFA pulse and overlooking the rebound and the over-
shooting, the above complication did not affect us. Incidentally, the same
secondary effect of NFA likely also explains the upswing in the residual/total
current ratio described in Results in association with the experiment in Fig. 2.

With an even longer NFA pulse (>>150 ms), the situation and interpre-
tation can get even more complex. In the experiment of Fig. S8, where the
NFA pulse lasted 500 ms, the residual current during the first two NFA pulses
(color-coded in blue and pink, respectively) with a 250-ms time delay be-
tween them never overlapped. Instead, the tail residual current during the
first NFA pulse reached a plateau lower than that during the second NFA
pulse (a consistent observation from four cells). We speculate that the cu-
mulative intracellular Ca%* increase caused by a long NFA pulse also inhibi-
ted the CNG channel (68, 69), thus reducing Ca®* influx through this channel
and causing a net lower Ca?* intracellular rise, consequently a smaller Cl
current. This lack-of-overlap issue did not happen to the late long NFA pulses
because by then the inhibitory effect on the CNG channel was no longer
relevant because the CNG current had already largely disappeared (see gray
trace in Fig. S8 derived from the current separation procedure of Fig. 4).

Because of the above complexities, we have adhered to short NFA pulses in
the current dissection.
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