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Abstract

Olfactory receptor neurons (ORNs) of the hawkmoth Manduca sexta sensitize

via cAMP- and adapt via cGMP-dependent mechanisms. Perforated patch

clamp recordings distinguished 11 currents in these ORNs. Derivatives of

cAMP and/or cGMP antagonistically affected three of five K+ currents and

two non-specific cation currents. The Ca2+-dependent K+ current IK(Ca
2+

) and

the sensitive pheromone-dependent K+ current IK(cGMP�), which both express

fast kinetics, were inhibited by 8bcGMP, while a slow K+ current, IK(cGMP+),

was activated by 8bcGMP. Furthermore, application of 8bcAMP blocked

slowly activating, zero mV-reversing, non-specific cation currents, ILL and Icat

(PKC?), which remained activated in the presence of 8bcGMP. Their activations

pull the membrane potential towards their 0-mV reversal potentials, in

addition to increasing intracellular Ca2+ levels voltage- and ILL-dependently.

Twenty minutes after application, 8bcGMP blocked a TEA-independent K+

current, IK(noTEA), and a fast cation current, Icat(nRP), which both shift the

membrane potential to negative values. We conclude that conditions of sensiti-

zation are maintained at high levels of cAMP, via specific opening/closure of

ion channels that allow for fast kinetics, hyperpolarized membrane potentials,

Abbreviations: AP, action potential; ATP, adenosine trisphosphate; Ca2+, calcium ion; Cl�, chloride ion; Cs�, caesium ion; cAMP, cyclic
adenosine monophosphate; cGMP, cyclic guanosine monophosphate; cNMP, cyclic nucleotide monophosphate; CNG, cyclic nucleotide-gated; EAG,
ether-�a-go-go (ion channel family); h, hours; I?, large current with 0-mV reversal potential and unknown origin; ICa

2+
(cAMP), cAMP-activated calcium

current that opens only after block of PKC; Icat
+

(cAMP), cAMP-activated non-specific cation current that carries not much Ca2+; Icat
+

(cGMP), cGMP-
activated non-specific cation current that carries more Ca2+ than the previous current; Icat(Ca

2+
), rapid calcium-dependent non-specific cation current;

Icat(nRP), fast, steady, non-inactivating non-specific cation current; Icat(PKC?), non-specific cation current that shares properties with PKC-activated
cation current; Iir, inwardly rectified current with 0-mV reversal potential and unknown origin; IK, delayed rectifier potassium current; IK(A), fast
inactivating rapid potassium current; IK(Ca

2+
), calcium-dependently activated potassium current; IK(cGMP-), cyclic nucleotide-dependently blocked

potassium current; IK(cGMP+), cyclic nucleotide-dependently activated potassium current; IK(noTEA), delayed rectifier potassium current that is not
blocked by TEA; ILL, slow, late, large, long-lasting non-specific cation current; IP3, inositol trisphosphate; I–V, current–voltage (relation); K+,
potassium ion; M, molar; mM, millimolar; mOsmol, milliosmoles; ms, milliseconds; Na+, sodium ion; Ni2+, nickel ion; Orco, olfactory receptor–
coreceptor; ORs, olfactory receptors; ORNs, olfactory receptor neurons; PKC, protein kinase C; pS, picosiemens; sTTX, tetrodotoxin-containing
control solution; TEA, tetraethylammonium; TM, transmembrane; TTX, tetrodotoxin.

Received: 29 December 2020 Revised: 2 June 2021 Accepted: 4 June 2021

DOI: 10.1111/ejn.15346

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any

medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.

© 2021 The Authors. European Journal of Neuroscience published by Federation of European Neuroscience Societies and John Wiley & Sons Ltd.

4804 Eur J Neurosci. 2021;54:4804–4826.wileyonlinelibrary.com/journal/ejn

https://orcid.org/0000-0002-7896-872X
mailto:stengl@uni-kassel.de
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://wileyonlinelibrary.com/journal/ejn


and low intracellular Ca2+ levels. In contrast, adaptation is supported via

cGMP, which antagonizes cAMP, opening Ca2+-permeable channels with slow

kinetics that stabilize depolarized resting potentials. The antagonistic

modulation of peripheral sensory neurons by cAMP or cGMP is reminiscent of

pull–push mechanisms of neuromodulation at central synapses underlying

metaplasticity.
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1 | INTRODUCTION

With astounding response range, from single molecule
detection to mM concentrations of odorants, olfactory
transduction allows insect olfactory receptor neurons
(ORNs) to extract information about quality, quantity,
and time course of chemical signals/odours present in
their environment (Kaissling, 2014). The hawkmoth
Manduca sexta is an established model of insect olfaction
(reviews: Shields & Hildebrand, 2001; Stengl, 2010;
Reisenman & Riffell, 2015; Stengl & Schröder, 2021). Via
mechanisms that still require further elucidation, the
chemical signal is transduced into a characteristic
temporal sequence of electrical responses in the different
compartments of the hair-like sensillum of moths
(Altner & Prillinger, 1980; Keil, 1989; Keil &
Steinbrecht, 1984; Stengl, 2010, 2017). First, a graded sen-
sillum potential change is initiated via odour receptor-
dependent signalling cascades in the cilia, which are
immersed in the sensillum lymph, facing a high,
intracellular-like potassium concentration (Kaissling,
2009, 2014; Kaissling & Thorson, 1980; Nolte et al., 2016;
Stengl, 2010; Stengl & Funk, 2013; Thurm & Küppers,
1980; Wicher, 2018). Then, the graded odour-dependent
potential is further shaped by ion channels in the
membrane compartment of dendrite and soma, which is
kept from direct contact with the sensillum lymph via
thecogen cell wrappings. From there, the graded
potential change reaches the compartment of the axon,
which is sealed off by glia. Here, the different kinetics of
the graded, odour-dependent sensillum potential change
are translated into a phasic-, a tonic-, and finally into a
late, long-lasting action potential (AP) response out-
lasting odour stimulus duration (Nolte et al., 2016). It
is not well understood which ion channels in which
compartments of the hawkmoth’s ORN are responsible
for this characteristic temporal sequence of odour-
dependent potential changes (Dolzer et al., 2003; Nolte
et al., 2016).

1.1 | Odour transduction and translation
are plastic due to sensitization and
adaptation

The processes of odour transduction/translation are very
plastic and depend on external changes of stimulus
strength as well as on endogenous circadian rhythms of
physiology (reviews: Gadenne et al., 2016; Wicher, 2018;
Stengl & Schröder, 2021). Mostly unresolved mechanisms
of adaptation or sensitization adjust olfactory transduc-
tion to enlarge the dynamic response range of insect
ORNs without loss of resolution (Cao et al., 2016; Dolzer
et al., 2003; Kaissling, 1987; Martelli & Fiala, 2019). Elec-
trophysiological investigation of adaptation in male
hawkmoth ORNs in vivo suggested the presence of at
least three general targets of adaptation that decreased
sensitivity and slowed the kinetics of pheromone
responses over extended time windows, apparently
second messenger-dependently (Dolzer et al., 2003;
Flecke et al., 2006; Pézier et al., 2010; Stengl, 2010).

1.2 | Second messenger-dependent
mechanisms shape adaptation and
sensitization

Second messengers control odour transduction and its
plasticity via modulation of ion channels and/or olfactory
receptors (ORs) in ORNs over extended time windows of
milliseconds to hours via not well-understood mecha-
nisms (Grosmaitre et al., 2001; reviews: Stengl &
Funk, 2013; Wicher, 2018; Stengl & Schröder, 2021). In
the fruit fly Drosophila melanogaster, calcium (Ca2+)-
dependent control of OR abundance depended on previ-
ous stimulus strength (Bahk & Jones, 2016; Sanchez
et al., 2016; review: Wicher, 2018). Also, in the hawkmoth
M. sexta, stimulus strength, time of day, and stress levels
control pheromone transduction and available ion chan-
nels, apparently via changes in Ca2+ and cyclic nucleotide
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levels (Flecke et al., 2006; Flecke et al., 2010;
Schendzielorz et al., 2015; Gawalek & Stengl, 2018;
reviews: Stengl, 2010; Stengl & Schröder, 2021). In
hawkmoth antennae, the stress hormone octopamine
expressed 24-h rhythms in abundance, causing circadian
fluctuations of cyclic adenosine monophosphate (cAMP)
that sensitized pheromone detection (Flecke et al., 2010;
Flecke & Stengl, 2009; Schendzielorz et al., 2012;
Schendzielorz et al., 2015). In contrast, elevated baseline
levels of Ca2+ and cyclic guanosine monophosphate
(cGMP) caused olfactory desensitization and adaptation,
also via activation of protein kinase C (PKC) (Boekhoff &
Breer, 1992; Breer & Shepherd, 1993; Dolzer et al., 2008;
Gawalek & Stengl, 2018; Schendzielorz et al., 2012;
Shidara et al., 2017; Spehr et al., 2009; Stengl, 1993, 1994;
Stengl, 2010; Stengl & Schröder, 2021; Wicher, 2018).
Accordingly, high concentrations (e.g., 100-μg bombykol
per filter paper) of second-long pheromone stimulation
slowly, over several seconds, increased antennal cGMP
levels for minutes, thus allowing for cGMP-dependent
pheromone transduction under conditions of long-term
adaptation, apparently via activation of receptor-type gua-
nylyl cyclases (Ziegelberger et al., 1990; Boekhoff et al.,
1993; Stengl et al., 2001; review: Stengl, 2010). Also, adap-
tation of pheromone responses were observed after cGMP
application in vivo in Bombyx mori (Redkozubov, 2000)
and M. sexta, apparently targeting different ion channel
families (Flecke et al., 2006; Stengl et al., 1992). The
membrane-permeant cGMP analogue 8-bromo cGMP
(8bcGMP) prolonged the repolarization phase of
spontaneous action potentials while the amplitude of the
action potentials increased (Flecke et al., 2006). This
suggested an effect of cGMP on delayed rectifier potas-
sium (K+) channels and linear, zero-crossing non-specific
cation channels, respectively, which was confirmed in
whole cell and single channel patch clamp recordings of
primary cell cultures of hawkmoth ORNs (Dolzer et al.,
2008; Krannich & Stengl, 2008; Stengl et al., 1992).

In summary, evidence is accumulating that
odour-dependent changes in Ca2+ and cyclic nucleotide
levels modulate odour/pheromone transduction via
affecting mostly unknown ion channel families in

compartmentalized ORNs over different time scales, from
milliseconds up to minutes, or even hours. Consequently,
here, we searched further for K+ and non-specific cation
currents that might be involved in adjustment of olfactory
transduction via both cyclic nucleotides over extended
time scales. To detect additional currents in hawkmoth
ORNs present in any of the compartments of the olfactory
sensillum, we employed the less invasive perforated patch
clamp method with cultured ORNs in presence or
absence of the membrane-permeant 8-bromo derivatives
of cGMP and cAMP over the time course of 5 to 20 min.

2 | MATERIALS AND METHODS

All chemicals and biochemicals were obtained from
Sigma (Deisenhofen, Germany). Cell culture media were
purchased from Gibco (Karlsruhe, Germany) and salts
for the electrophysiological saline solutions from Merck
(Frankfurt/M, Germany).

2.1 | Cell cultures

Primary cell cultures were prepared according to previ-
ously published protocols (Stengl & Hildebrand, 1990).
Briefly, male pupae were staged using external and
internal markers. After anaesthetising two pupae on ice,
their antennae were dissected in Hank’s balanced salt
solution with penicillin/streptomycin (Table 1, HBSS/
PS). Antennal tissues were removed and washed in
HBSS/PS and incubated in HBSS/PS + 7 mM EGTA at
37�C for 5 min. The antennal tissue was digested with
papain (1 mg/ml in HBSS/PS) in two batches for 5 and
10 min at 37�C, respectively. Digestion was stopped by
adding Leibovitz medium (L-15) supplemented with 10%
foetal bovine serum. Cells and tissue were centrifuged
at 70 to 110 RCF for 5 to 8 min, and the pellet was
resuspended in HBSS/PS. The antennal cells were plated
on glass-bottom culture dishes that were coated with con-
canavalin A and poly-lysin (Table 1). They settled to the
coated bottom for 15 to 30 min before adding 1 ml of 2:1

TAB L E 1 Cell culture media

Concanavalin A/poly-D-lysine
coating solution (ConA/polyL)

Hank’s balanced salt solution with
penicillin/streptomycin (HBSS/PS) 2:1 cell culture medium

165 μg/ml concanavalin A
15 μg/ml poly-D-lysine

15% 10xHBSS
l.5% pen/strep (5000 units/ml penicillin

G sodium/5000 mg/ml streptomycin
sulfate)

370-μM 1-Phenyl-3-(2-thiazolyl)-
2-thiourea

67% L-15 5% FBS:
95% Leibovitz’s medium (L-15)
5% foetal bovine serum (FBS)
12 g/l mannitol
33% conditioned medium
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cell culture medium. Culture medium was replaced
completely within 24 h after dispersion. Every 4 to 7 days,
about half of the medium was replaced subsequently,
depending on evaporation or pH changes due to debris.
The primary cell cultures were used for electrophysiology
from 10 days up to 4 weeks after plating, when the anten-
nal cells were matured and were able to generate action
potentials and species-specific pheromone responses. As
previously shown, ORNs in primary cell cultures are not
compartmentalized, as they would be in vivo, and can
then express all ion channels in their somatic membranes
(Stengl, 1993, 1994; Stengl & Hildebrand, 1990).

2.2 | Solutions

The pH of all solutions was adjusted to pH 7.1–7.2. Osmo-
lality was adjusted with mannitol to 370–390 mOsmol for
bath and to 330–350 mOsmol for pipette solutions. Dur-
ing recordings, cell cultures were submerged with 1-ml
bath solution. Control bath solutions (Table 2) contained
(in mM): NaCl 156; KCl 4; CaCl2 6; glucose 5; HEPES 10.
In addition, 10�8 M tetrodotoxin (TTX) was included to
block voltage-dependent sodium (Na+) channels. Stan-
dard pipette solutions (Table 2) contained (in mM): KCl
160; CaCl2 0.5; BAPTA 1 (EGTA 11), HEPES 10. Serving
as perforating agent, 260 μM of amphotericin B dissolved
in dimethyl sulfoxide (DMSO) was added. The final
concentration of DMSO was kept <0.4%, a concentration
of solvent without effects on the electrophysiological
properties of ORNs. For further characterization of ion
currents through ion channels, voltage step protocols
were employed, and bath solutions were exchanged.
To distinguish cationic currents, bath solutions

contained 6-mM nickel (Ni2+; NiCl2) or 20-mM tetra-
ethylammonium (TEA), respectively (Dolzer et al., 2008).
Only reversible ion channel blockers were employed, and
extended periods of washing with control solution allowed
for reversibility of pharmacological effects. The duration
of complete exchange of extracellular solutions was recon-
firmed by including food dye (0.1%; McCormick, Balti-
more, Maryland) in one or more of the perfusion
reservoirs (see below). Application of Ni2+ blocked Ca2+

channels reversibly, while TEA blocked different types of
K+ or cation currents reversibly (Dolzer et al., 2008). To
investigate the effect of cAMP and cGMP on ion currents,
membrane-permeant analogues of cAMP (8-bromo cAM-
P = 8bcAMP) and cGMP (8-bromo cGMP = 8bcGMP)
were added into the control bath solution to a final
concentration of 100 μM. All control applications were
bath applications with control bath solution. Because of
the typically delayed action of 8bcAMP/8bcGMP,
activation of currents within 5 min after drug or control
application was scored as application-dependent.

2.3 | Electrophysiology

For patch clamp recordings, the culture medium was
removed and replaced with the control bath solution
(1 ml). In the recording setup, the culture dishes were
continuously perfused with bath solution at a low flow
rate, using a gravity feed perfusion system equipped with
six reservoirs and a Teflon rotary valve (Rheodyne,
Rohnert Park, California). The exchange of bath solu-
tions took less than 30 s and was monitored by about
0.1% food dye (McCormick, Baltimore, Maryland) added
to the bath solutions. Cells were viewed with an inverted

TAB L E 2 Perforated patch solutions

Bath solutions Pipette solution

Compound Control (sTTX) sTTX/TEA sTTX/Ni2+ Standard

NaCl 156 136 156

KCl 4 4 4 160

CaCl2 6 6 0.50

BAPTA 1

TEA-Cl 20

NiCl2 6

HEPES 10 10 10 10

D-glucose 5 5 5

TTX 10�8 M 10�8 M 10�8 M

Abbreviations: BAPTA, 1,2-bis-(2-aminophenoxy)-ethane-N,N,N0,N0-tetraacetate; HEPES, N-(2-hydroxyethyl)-piperazine-N0-(2-ethane sulfonic acid); TEA-Cl,
tetraethylammonium chloride; TTX, tetrodotoxin.
Note: All concentrations, except TTX are given in mM.
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microscope (Axiovert 35 or 135, Zeiss, Göttingen,
Germany) equipped with phase contrast optics and an
additional heat filter (KG-1, Zeiss). Light exposure of the
cells was kept to a minimum by using low light intensity
and by cutting the light beam with black cardboard
whenever no visual control was necessary. Olfactory
receptor neurons were identified by shape and soma size.
They have round or slightly spindle-shaped somata of
5- to 10-μm diameter (Stengl & Hildebrand, 1990). While
olfactory receptor neurons could be distinguished from
non-neuronal cells and from the larger mechanosensory
neurons, it was not possible to distinguish pheromone-
sensitive from general food odour-sensitive neurons. A
total of 20 cells in 10 culture dishes were recorded for
the characterization of different current components.
Between individual recordings, we performed washouts.
We only performed recordings from more than one cell
per culture dish if pharmacological effects were
completely reversible.

Perforated patch clamp recordings were performed
according to established procedures (Rae et al., 1991).
The electrodes were tip-filled with standard pipette solu-
tions without and back-filled with standard pipette
solution with amphotericin B. The patch clamp head-
stage was directed with an electronic micromanipulator
(Luigs & Neumann, Ratingen, Germany) attached to alu-
minium profiles (X-95, Newport, Irvine, California). Sig-
nals were amplified and filtered with an Axopatch 1D
amplifier (Axon Instruments, Union City, California)
with built-in anti-aliasing filter at a cut-off frequency of
2 kHz, digitized in a Digidata 1200 B digitizer (Axon
Instruments) at a sampling rate of 10 or 20 kHz, stored
and analysed using pCLAMP software (versions 6 to
8, Axon Instruments). Signals were continuously
recorded on a strip chart recorder (EasyGraf, Gould,
Valley View, Ohio) for online analysis and stored on
DAT (DTR-1202, Bio-Logic, Claix, France). Signals were
digitized offline from the tape, either passed through
the amplifier or through an external anti-aliasing
filter (900C/9L8L, Frequency Devices, Haverhill,
Massachusetts). They were digitized at different sampling
rates, depending on the filter settings required. After seal
formation in perforated patch clamp recordings, the
membrane capacitance, the access resistance, the mem-
brane resistance, the time constant of the decay of the
capacitive currents in response to a voltage pulse, and the
holding current were monitored with the “Membrane
Test” feature in Clampex 8. Each experiment was started
as soon as membrane capacitance and access resistance
were stable. To monitor changes in the conditions during
the recordings, additional “Membrane Tests” were run.
As soon as recording conditions deteriorated or changed,
recordings were stopped.

2.4 | Data analysis of currents

In perforated patch clamp recordings, whole-cell
current–voltage (I–V) relations were determined by the
application of voltage step protocols and averaging
the current responses (n = 10 primary cell cultures,
20 recordings, 223 step protocols). The presence or
absence of a current was determined by the shape of the
current–voltage relation, according to the criteria sum-
marized in Table 3. For currents with a slow time course
(IK(cGMP+) and ILL), the signal in the immediate vicinity
or the voltage step protocol was also taken into consider-
ation. The presence or absence of a specific type of cur-
rent was scored on a range from �1 to +2 for each
voltage step protocol (Figure 1a). The clear absence of a
current was scored as �1, while the unambiguous pres-
ence was scored as +1. Currents that could not be
scored present or absent (because they were defined as
drug-dependent or would have been obscured by a large
current) were scored as zero. A score of +2 was assigned
to currents that were very large or predominant in their
I–V relation. Currents that were scored in one cell did
not affect scores in another cell, since we did not com-
pare relative current amplitudes between cells. Thus,
comparing the frequency index of a particular current
observed, for example, in the presence of the Ca2+ chan-
nel antagonist Ni2+ with the frequency index in control
solution indicates whether or not this particular current
is Ni2+ sensitive (Figure 1). Because ORNs differ greatly
in the combination of current types they express, and
because the amplitude of currents is very variable
between ORNs recorded, and not stable during a record-
ing, a determination of how many of the cells recorded
express specific sets of ion channels is not intended in
the current study. Since measuring the membrane capac-
itance is rather unreliable in the perforated patch config-
uration, we did not attempt to determine current
densities. These parameters will be the focus of another
study. Some of the currents could only be scored present
or absent in a specific combination of conditions. The
TEA-insensitive potassium current IK(no TEA), for exam-
ple, could only be observed in conjunction with TEA
application. Therefore, in all conditions that did not
involve TEA, a statement was not possible, and a score
of 0 was assigned. Observations, in which a statement
about the presence or absence of an individual current
was possible (a score ≠ 0 was assigned), are referred to
as “defined observation” (Figure 1b). Frequency indices
for each current type were computed by averaging the
scores of individual observations. All data were pres-
ented as means � SEM. Statistical significance (p value
of <0.05 or <0.01) was evaluated by means of the
unpaired, two-tailed Student’s t test, comparing the
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frequency index in the presence of compound with the
frequency index in control solution. The variances of
each pair of samples were compared using an f test to
determine whether to apply the homoscedastic or het-
eroscedastic variant of the t test.

3 | RESULTS

In perforated patch clamp recordings of primary cultures
of hawkmoth olfactory receptor neurons (ORNs) with
voltage step protocols, we searched for cyclic nucleotide-

F I GURE 1 (a, b) The presence or absence of a current or current component was scored in the range of �1 to +2 during each voltage

step protocol. For currents that were characterized by slow kinetics (IK(cGMP+) and ILL), observations before or after the step protocols were

compared. The frequency indices for individual conditions were computed by averaging the scores. Some of the currents had a higher

frequency index in the presence of the blockers TEA (20 mM) or Ni2+ (6 mM), since they activated during the course of the recording, but

were not inactivated by the blockers. Therefore, both an unaltered and an increased frequency index indicated insensitivity to a blocker.

(a) Frequency indices computed from all observations (223 voltage step protocols). The n-numbers in the figure refer to the number of

observations under control, TEA, or nickel condition. Within the given number of observations, the presence or absence of each current or

current component under certain condition was scored in the range of �1 to +2. Several currents could only be scored present or absent

under specific conditions, such as the addition of a blocker to a preparation in which a current was previously active. Thus, many zero scores

contributed to the respective frequency indices and could obscure correct differentiation of currents. (b) Therefore, frequency indices

computed from only defined observations, that is, observations with a frequency index ≠ 0, were more reliable. The number of observations

(n) is given below the figure. Data are means of the scores � SEM. See Table 3 for the abbreviations of the currents. ★: p < 0.05, ★★:

p < 0.01, unpaired Student’s t test (blocker versus control)
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dependent currents while focusing on potassium (K+) and
non-specific cation currents (n = 223). First, 11 types of
currents or current components were distinguished and
named according to reversal potential, current–voltage (I–
V) relation, time course, or pharmacology (Figure 1a,b;
Table 3). The currents were recorded in three different
extracellular bath solutions (Table 2) containing either
control (n = 165), sTTX/TEA (n = 44), or sTTX/Ni2+

(n = 14) for further distinction. TEA was employed to
further separate K+ and non-specific cation currents; Ni2+

was employed to reversibly block Ca2+ currents and to
recognize Ca2+-dependence of currents measured. To
avoid interference of Na+ currents that were characterized
before (Zufall, Stengl, et al., 1991), all recordings were
performed in the presence of the Na+ channel blocker
tetrodotoxin (10�8 M TTX) (Dolzer et al., 2008). The
results presented in this publication are based on a previ-
ously unpublished part of the PhD thesis of Dolzer (2002).

3.1 | Potassium currents

Potassium currents, as characterized by their outwardly
rectified I–V relation, were typically observed at the
beginning of each recording. Five types of K+ currents
were distinguished according to kinetics and pharmacol-
ogy in all observations. The delayed rectifier current IK
that was described before exhibited strict outward rectifi-
cation (Figure 1a,b; Table 3; Zufall, Stengl, et al., 1991). It
is voltage-activated, expressed a delayed onset with full
current development at time constants of about 2–5 ms.
This current was further characterized by its sensitivity to
TEA and Cs+, but it is insensitive to millimolar
concentrations of Ni2+. The IK current was observed

under conditions of defined observation (definition:
Material and Methods) in 31 of 155 experiments
employing step protocols (Figure 1b). The average fre-
quency index was �0.42 � 0.06 (n = 165, mean � SEM)
when all observations were considered (Figure 1a),
�0.52 � 0.08 (n = 134) under the same conditions, but
considering only defined observations (Figure 1b). While
this current is known to be TEA-sensitive (Zufall, Stengl,
et al., 1991), its frequency index remained unchanged
(�0.36 � 0.08) when all 44 step protocols applied in the
presence of TEA were accounted for (Figure 1a). Only
considering the defined observations (Figures 1b and 2a,
b), the frequency index matched the expectation of com-
plete absence (�1.00 � 0.00, n = 19), indicating that the
average frequency index is affected by many zero-scores.
Therefore, only experiments under “defined observation”
conditions were considered further. In the presence of
Ni2+ (n = 2), fewer outward K+ currents were observed,
very likely due to blocked Ca2+-dependent K+ currents that
possibly were included before in the outward K+ current.

The previously known cGMP-dependently blocked
potassium current (IK(cGMP-)) differed from IK with
respect to its sensitivity to ATP, to the cyclic nucleotide
cGMP (Figure 3a–d) and, to a lesser extent, also to cAMP
(not shown) (Stengl et al., 1992; Zufall, Stengl, et al.,
1991). The channels underlying this current were most
likely a subpopulation of those underlying IK. This
current can only be recognized clearly when cNMPs were
applied to a recording with active IK, or when IK activates
after washing out the cNMPs (n = 3 of 155; Figure 3a–d).
The frequency index in control bath solution
was �0.96 � 0.03 (n = 134). In the presence of TEA,
IK(cGMP�) was never observed (frequency index
�1.00 � 0.00) in each of 17 defined observations.

F I GURE 2 (a, b) The delayed rectifier current IK was frequently observed at the beginning of the recordings. (a) A voltage step

protocol applied to a perforated patch elicited outwardly rectified currents that developed to a plateau with a time constant of about 5 ms.

The step protocol is shown in the insert: from a holding potential of �80 mV, the potential was first stepped to �140 mV for 100 ms, then

back to the holding potential for another 100 ms. In each successive sweep, the potential during the step was incremented by +20 mV up to

a final value of +100 mV. (b) Current–voltage (I–V) plot of the mean current response in the plateau phase, as indicated in (a). Each point

represents the average of five standard step protocols. The small inward currents at potentials more negative than �100 mV are probably

due to “leak” currents
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The newly discovered TEA-insensitive potassium
current IK(noTEA), in contrast, had a frequency index of
�0.79 � 0.14 in the presence of TEA (Figure 4a–c)
(n = 19). In the absence of any blockers, the frequency
index was �0.98 � 0.02 (n = 112). As for IK (cGMP�), IK
(noTEA) very likely contributes to the total IK and can only

be recognized under rare conditions (n = 3 of 133;
Figure 4a–c).

The newly described slowly inactivating K+ current
IK(cGMP+) is characterized by a slowly developing
inactivation when the membrane potential is stepped
from negative to positive values (Figure 5a,b). This slow

F I GURE 3 (a–d) The cGMP-sensitive

potassium current IK(cGMP�) was observed when

8-bromo-cGMP (8bcGMP) was washed out

during a recording. (a) In the presence of about

100-μM 8bcGMP, a linear current response with

a reversal potential of �70 mV was observed.

The voltage step protocol shown in the insert is

the same as in Figure 2. (b) After about 5 min at

an elevated flow rate of the bath perfusion,

delayed, outwardly rectified currents had

developed. (c) The difference between the

currents shown in (a) and (b) reveals the

delayed rectifier currents. (d) The I–V relations

of the indicated portions of the protocols in a–c.
The difference current (solid squares) shows

slight contaminations of an inward current.

Voltage step protocols and scaling are identical

in a–c. D in (a–c) indicates the time window of

values used for I–V curve

F I GURE 4 (a–c) The IK(noTEA) is a
potassium current that is not TEA-sensitive.

(a) Voltage steps activated outward potassium

currents in normal saline. (b) After about 2 min

in bath solution containing 20-mM TEA, only a

minor fraction of the potassium current was

abolished. (c) The I–V plot of the indicated

sections revealed a small inward current that

became obvious in TEA. Voltage step protocols

and scaling are identical in (a) and (b). C in

(a) and (b) indicates the time window of values

used for I–V curve
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current was not observed during, but only after the step
protocols. Very likely, this current also contributes to the
total IK. The TEA block of this current was slow and
incomplete. Being present in 40 of 176 defined
observations, the frequency index of IK(cGMP+) was
�0.37 � 0.09 in the absence (n = 134) and �0.81 � 0.10
in the presence of TEA (n = 32).

The previously described calcium-activated potassium
current IK(Ca

2+
) is characterized by a plateau at positive

potentials in its outwardly rectifying I–V curve
(Figure 6a–d, Zufall, Stengl, et al., 1991). It is activated by
Ca2+ concentrations above 10�6 M. It is insensitive to
TEA, Cs+, and charybdotoxin (n = 41 of 165). Frequency
indices were �0.51 � 0.08 (n = 135) and �0.21 � 0.21
(n = 22) in the absence or presence of TEA, respectively,
confirming its TEA insensitivity (Figure 1b). Since IK(Ca

2

+
) made up only a fraction of the complete outward recti-

fied K+ currents, it could be easily concealed in the total
K+ current, and its dependence on Ni2+-blockable Ca2+

currents did not always become apparent.

3.2 | Non-specific cation currents

In many recordings, several of the cation currents
activated at the same time and were separated at least
partially via their characteristic I–V relations, via
differences in their kinetics and via pharmacology. The
previously published rapid Ca2+-dependent cation cur-
rent Icat(Ca

2+
) was characterized by a zero-crossing I–V

curve (Stengl, 1993, 1994; Zufall, Hatt, & Keil, 1991) that
became steeper at more positive and negative membrane
potentials (Figure 7a,b). The Icat(Ca

2+
) has a bell-shaped

Ca2+ dependence, being activated at Ca2+ concentrations
above 10�6 M and first increases, before being inactivated
in the millimolar range of Ca2+ (Stengl, 1993). It is per-
meable to Ca2+, Na+, and K+ and is inhibited by TEA
and Ni2+. This current was present in 36 of 193 defined
observations; its frequency index was �0.46 � 0.08
(n = 142) in control and �0.89 � 0.08 in sTTX/
TEA (n = 37).

The fast, steady, non-inactivating cation current Icat
(nRP) was discovered here for the first time in hawkmoth
ORNs. It exhibited a linear I–V relation with a reversal
potential probably more negative than about �70 mV
(Figure 8a,b). This suggested a higher permeability of the
cation channels for K+ than for Na+ or Ca2+. Therefore,
Icat(nRP) activation maintains ORNs at hyperpolarized
membrane potentials without strongly increasing intra-
cellular Ca2+ levels. The Icat(nRP) decreased significantly
in the presence of TEA and Ni2+ (Figure 1a,b). Since Icat
(nRP) was typically rather small, it was scored present
whenever the reversal potential was more negative than

about �5 mV (n = 99 of 179; Figure 1a,b). The frequency
indices were +0.50 � 0.09 in the absence (n = 131) and
�0.66 � 0.13 in the presence of TEA (n = 35).

Within minutes after the beginning of the recordings
a late, large, long-lasting current ILL was observed with
linear, zero-crossing I–V curve (not shown) and very
characteristic slow kinetics that distinguished it from
leak currents (Figure 9a,b). Once activated, the ILL was
very persistent and was not blocked by TEA or Ni2+

(Figure 1a,b). The ILL was not identified before in
hawkmoth ORNs. This current was characterized by a
very distinctive slow activation after depolarization and
a distinctive slow inactivation after hyperpolarization
(Figure 9a,b). The current response to voltage step

F I GURE 5 (a, b) The slowly inactivating potassium current

IK(cGMP+) was characterized by its slow kinetics and its activation

by cGMP (Figure 13). (a) After voltage steps from negative holding

potentials to more positive potentials, a slowly inactivating

outwardly rectified current was observed. The inactivation typically

had a time constant of 1.2–2 s. Whenever this current was

observed, it was associated with current noise that increased with

increasingly depolarizing potentials, but it did not decrease with

inactivation. (b) Shortly before the bath perfusion was switched to

sTTX/TEA, IK(cGMP+) was recorded after stepping the membrane

potential from �50 mV to 0 mV (left panel). About 1 min after

exchanging the bath solution for sTTX/TEA, the current was

almost completely blocked. The transients at the onset of the

voltage steps are due to switching artefacts
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protocols had a characteristic shape and prominent tail
currents. These characteristics were present in 86 of
181 defined observations. The ILL frequently activated
after long depolarization to +50 mV or more and, thus,
was suspected to be voltage- and Ca2+-dependent. If acti-
vated, ILL would pull hawkmoth ORNs’ resting potentials
towards the channel’s reversal potential at 0 mV causing
further elevation of intracellular Ca2+ levels due to depo-
larization and its Ca2+ permeability. The slow kinetics of
ILL apparently required potentials more positive than
about +30 mV for development of its outward current,
and potentials more negative than about �20 mV for its

slow inward current. The ILL did not express any
correlation between the kinetics and the potential value,
once +30 or �20 mV were exceeded, respectively. The
frequency indices of +0.02 � 0.10 in the absence
(n = 134) and +0.55 � 0.24 in the presence of TEA
(n = 33) confirmed that ILL is not TEA-sensitive
(Figures 1a,b and 9b).

The non-specific cation current Icat(PKC?) with a rever-
sal potential at 0 mV was blocked by TEA (Figure 10a–e).
It was typically observed earlier in the experiments than
ILL and I? (see below). The Icat(PKC?) shared all properties
with the phorbol-ester-dependent cation current

F I GURE 6 (a–d) The calcium-activated

potassium current IK(Ca
2+

) was characterized by

a plateau in the I–V relation at positive

potentials. (a) In the beginning of a recording,

only a delayed rectifier IK current was present.

(b) Presumably because mechanical drift had

brought Ca2+ into the cell, a larger current had

activated about 2 min later, which levelled off at

potentials of ≥+80 mV. (c) The differential

current represents an outward rectifier with a

small inward component. The overshoot at

current onset (arrowhead) suggests that the

current present in (a) had partly inactivated.

(d) The I–V curves of the sections indicated in

(a–c). It remains open, whether the reduction of

the current at Vm = 100 mV is a property of IK

(Ca
2+

) or caused by the inactivation of IK.

Likewise, the inward currents at potentials

more negative than �60 mV might be caused by

different channels. Voltage step protocols and

scaling are identical in a–c. D in a–c indicates
the time window of values used for I–V curve

F I GURE 7 (a, b) The fast-activating calcium-dependent nonspecific cation current Icat (Ca
2+

) is characterized by a curved I–V relation.

The I–V curve of this current is relatively flat around the reversal potential, getting steeper at large positive and negative potentials. The

negative reversal potential is presumably caused by a contamination with Icat(nRP) (Figure 8). A different slow current, ILL (Figure 9), is most

probably responsible for the prominent tail currents and the slow drifts at very positive and negative potentials. B in (a) indicates the time

window of values used for I–V curve
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described before (Stengl, 1993). In 7 of 25 defined obser-
vations, it was observed, with frequency indices of
�0.43 � 0.20 (n = 21) in the absence and �1.00 � 0.00
(n = 3) in the presence of TEA. Since this current had a
linear I–V relation, it could only be distinguished from
the bulk I? current, when its TEA-block became appar-
ent. Therefore, the Icat(PKC?) was only scored present,
when a linear, zero-crossing current disappeared in
correlation with switching the bath solution to sTTX/
TEA (Figure 10a–e).

3.3 | Currents of unknown origin

A large current (nA range) of so far unknown origin I?
was present in most of the experiments (122 of
143 defined observations). It had a reversal potential of
0 mV, but did not exhibit the slow activation and inacti-
vation kinetics that were typical for ILL. It differed from
Icat(PKC?) by its insensitivity to TEA (Figure 11a–c). Since
we were unable to determine whether this typically large
current was carried by cations or anions, or both, we ter-
med it I?. The frequency index of +0.82 � 0.09 (n = 114)
was even higher in the presence of TEA (+1.43 � 0.11;
n = 21; Figure 1b). Very likely this large current is a com-
pound current, being generated via more than a single
ion channel type. We could not clearly distinguish it from
a pure leak current, because of these properties. How-
ever, as compared with leak currents, it was more stable,
and cells looked still healthy, while cells deteriorated and
granulated very quickly at the end of long recordings
when leaks developed.

F I GURE 8 (a, b) The fast, steady, non-inactivating cation current Icat(nRP) exhibits a very negative reversal potential, which is caused

by its higher conductivity for K+ than for Ca2+. The amplitude of Icat(nRP) was typically relatively small. In the recording shown here, it is

only superimposed by a small component of the Ca2+-dependent cation current Icat(Ca
2+

) causing the slightly curved I–V relation. This

suggests a reversal potential even more negative than �70 mV. In most recordings, this current was observed together with other, zero-

crossing currents that shifted the compound reversal potential to more positive values. Traces in (a) were separated by 12 pA offsets to avoid

overlap. B in (a) indicates the time window of values used for I–V curve

F I GURE 9 (a, b) The late, large, long-lasting linear cation

current ILL was recognized by its slow kinetics, with a reversal

potential around 0 mV, and long-lasting tail currents. (a) When the

membrane potential was switched to depolarizing values, this large

current developed very slowly with a time constant (τ) of up to

several seconds. After switching back to hyperpolarizing potentials,

the ILL inactivated at a time constant that was typically about 1/3rd

of the time constant observed after depolarization. In voltage step

protocols ILL caused characteristic tail currents (Figure 7a). ILL was

typically observed after the membrane potential was held at

potentials more positive than +50 mV for many seconds,

suggesting a Ca2+ dependence. (b) In another recording, prolonged

exposure to TEA reduced, but failed to completely block ILL. After

about 10 min in sTTX/TEA bath solution, the time constants for

both activation and inactivation were shortened
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An inwardly rectified current Iir was present in 51 of
195 defined observations. It was characterized by an I–V
curve with reversal potential around 0 mV or at more
negative potentials. Its inward rectification distinguished
it from I? (Figure 12a,b). Blockers of Iir are currently
unknown. This current had frequency indices of

�0.58 � 0.07 in the absence (n = 144) and �0.10 � 0.17
in the presence of TEA (n = 39), clearly indicating that this
current is not TEA-sensitive. It does not appear to be Ni2+-
sensitive either (Figure 1a,b). It may also be a compound
current originating from more than one ion channel type
and needs to be characterized further in future studies.

F I GURE 1 0 (a–e) The steady cation
current Icat(PKC?) was recognized by its

sensitivity to TEA and its reversal potential of

0 mV. It shared properties with a previously

characterized protein kinase C-dependently

activated cation current (Stengl, 1993). (a) The

current response to a voltage step protocol

applied in saline was linear and zero-crossing.

(b) About 2 min later, after the application of

20 mM TEA, a fraction of the current was

blocked. (c–e) The differential current reveals
Icat(PKC?), the TEA-sensitive, linear, zero-

crossing current fraction. Voltage step protocols

and scaling are identical in (a)–(c). Time scale is

identical in (a)–(d). (d) The differential current
at an enlarged amplitude scale. E in (a), (b), and

(d) indicate the time window of values used for

I–V curve. The remainder of the not TEA-

sensitive cation current was presumably I?
(Figure 11)

F I GURE 1 1 (a–c) The large, not TEA-
sensitive linear current I? has a reversal

potential of 0 mV. (a) I? developed during the

course of most of the recordings with a large

current amplitude in response to a step protocol

applied in saline. (b) The current was not

reduced, but further increased in the presence

of TEA, indicating that it is not sensitive to this

blocker. (c) The slightly curved shape of the I–V
curve in the presence of TEA is due to a small

contribution of ILL (Figure 9). Voltage step

protocols and scaling are identical in (a)–(c).
The step protocols were separated by about

2 min. C in (a) and (b) indicates the time

window of values used for I–V curve
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3.4 | Modulation via cyclic nucleotides

When the membrane-permeant cyclic nucleotide deriva-
tives 8-bromo cAMP (8bcAMP; n = 13 cells) or 8-bromo
cGMP (8bcGMP; n = 13 cells) were applied, frequency
indices for each current were compared in the absence
and presence of the cyclic nucleotides at three different
time windows ≤5, ≤10, or ≤20 min after application
(Figure 13a–c). When considering the observations up to
5 min after drug application, 5 of the 11 currents were
significantly affected (Student’s t test vs. no application/
control). The IK(cGMP+) with its characteristically slow
kinetics in current–voltage protocols was activated by
8bcGMP, while the fast activating IK(cGMP�) and the rapid
IK(Ca

2+
) both were inactivated by 8bcGMP. In contrast,

the slow currents IK(cGMP+) and ILL, as well as Icat(PKC?),
were rather inactivated by 8bcAMP (Figure 13a). Except
for the less persistent reduction in the frequency index of
ILL by 8bcAMP, these effects carried on until 20 min after
the application (Figure 13a–c). This suggested that the
effects of the cyclic nucleotide analogues reversed only
slowly or not at all. When observations until 10 min after
the application were considered, Icat(PKC?), which had not
been affected after 5 min, was inactivated now by
8bcGMP, too (Figure 13b). This effect also appears to be
only slowly or not at all reversible. Considering all obser-
vations until 20 min after drug application (Figure 13c),
in addition to the previous results, IK(cGMP+) was also sig-
nificantly activated by 8bcAMP, but much less effectively
than by 8bcGMP. The Icat(nRP) and IK(noTEA) were
inactivated by 8bcGMP, and I? increased in the presence
of both cyclic nucleotides. The latter is especially surpris-
ing, since I? was inactivated rather than activated by the
cyclic nucleotides when only observations up to 5 min
after drug application were considered. Thus, we con-
cluded that I? is a compound current that consists of
more than one ion channel type changing in its composi-
tion during the recording. Very likely I? depends on intra-
cellular Ca2+ levels that could not be completely
controlled.

4 | DISCUSSION

While it is still not understood how insect olfactory
receptor neurons detect odour concentrations over more
than 4 log units, it becomes increasingly apparent that
cyclic nucleotides are involved in this task (Breer &
Shepherd, 1993; Stengl, 2010). Here, we focused on a
general identification of K+ and non-specific cation
currents in hawkmoth antennal olfactory receptor
neurons (ORNs) that are modulated cyclic nucleotide-
dependently during time windows of 5 to 20 min. Since
it is not known which ion channels insect ORNs
express in hawkmoth ORNs, we first distinguished
different currents employing the less invasive perforated
patch technique (G�omez-Puyou & G�omez-Lojero, 1977;
Rae et al., 1991; Walz, 1995). The large diversity of dif-
ferent ionic current compositions and amplitude
between the non-uniform population of ORNs in pri-
mary cell cultures only allowed a qualitative distinction
of current types. Nevertheless, we could form two
general categories of ionic currents that are either typi-
cal for sensitized ORNs with fast kinetics promoting
low intracellular Ca2+ baseline concentrations, or for
adapted ORNs with slow kinetics, promoting elevated
intracellular Ca2+ baseline levels (reviews: Stengl, 2010;
Stengl & Schröder, 2021). Interestingly, our experiments
revealed a consistent pattern of antagonistic actions of
cAMP- and cGMP derivatives on these two categories
of ionic currents. Reminiscent of pull–push mechanisms
of neuromodulation (Huang et al., 2012) cAMP-
activated ionic currents that supported conditions of
sensitization while inactivating currents that supported
conditions of adaptation. In contrast, cGMP opposed
actions of cAMP blocking ion channel types that pro-
moted conditions of sensitization, while activating ion
channel types that promoted conditions of adaptation
(Figure 14).

While the perforated patch clamp recordings in the
non-uniform population of ORNs did not allow for a
detailed characterization of specific ion channel types,

F I GURE 1 2 (a, b) In response to some

voltage step protocols the inwardly rectified

current component Iir was observed. The

decisive criterion for the presence of Iir is the

slight inward rectification at only negative

potentials and its lack of TEA-dependent

inhibition (Figure 1). B in (a) indicates the time

window of values used for I–V curve
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F I GURE 1 3 (a–c) Various currents were influenced by cyclic nucleotides. (a–c) The presence or absence of a current or current
component was scored in the range of �1 to +2 during or around each voltage step protocol. The frequency indices for individual conditions

were computed by averaging the scores. The frequency indices were compared including all step protocols that were applied until 5 (a),

10 (b), and 20 (c) min after drug application. Drugs were added for 20 min; then, they were washed out after each recording before the next

drugs were applied. If effects were irreversible, the recordings of the cells in this culture were stopped and the cultures were discarded.

Number of observations (n) is given in each figure. Data are means � SEM. See Table 3 for the abbreviations of the currents. 8bcAMP:

8-bromo cAMP, 8bcGMP: 8-bromo cGMP, ★: p < 0.05, ★★: p < 0.01, Student’s t test (drug application versus control)
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or an identification of the different sets of ion channel
types expressed in one ORN, nevertheless, it was accom-
plished to add two K+ currents (IK(noTEA), IK(cGMP+)),
two non-specific cation currents (Icat(nRP), ILL), and two
compound currents (I?, Iir) to the catalogue of ion
channels expressed in hawkmoth ORNs (Table 3). As
basis for future specific molecular analysis of insect
ORN function, first, the different ionic currents dis-
cerned in hawkmoth ORNs were hypothetically
assigned to different potassium (K+) channel or non-
specific cation channel families, considering the respec-
tive compartments where these channel types might be
expressed in the olfactory sensillum. Furthermore, this
study generated a testable hypothesis of second messen-
ger modulation of olfactory transduction with the poten-
tial to conjoin inconsistent data/interpretations of insect
odour transduction.

4.1 | Potassium currents of
hawkmoth ORNs

According to their transmembrane (TM) topology, differ-
ent K+ channel families can be distinguished (reviews:
Seino, 1999; Miller, 2000; Wicher et al., 2001) that control
resting potentials next to repolarization of action poten-
tials (APs) and, thus, frequency and kinetics of odour
encoding (Voglis & Tavernarakis, 2006). The relatively
large outward K+ currents of hawkmoth ORNs included
at least five different types of K+ currents that we
hypothetically assigned to ion channel classes and to
expression in the different compartments of the sensilla
for future molecular characterization and localization
(Figures 1 and 13; Table 3). Most common were the del-
ayed rectifier IK currents, which were not cyclic
nucleotide-sensitive, generated by �30 pS voltage-gated

F I GURE 1 4 Hypothesis of second messenger-dependent olfactory sensitization and adaptation. Circadian rhythms in cAMP

concentrations peak at night during the activity phase of nocturnal moths, in antiphase to cGMP levels (Schendzielorz et al., 2012).

Furthermore, brief odour stimuli at very low concentrations only transiently increase intracellular Ca2+ concentrations while very strong or

long odour stimuli cause sustained rises in the intracellular Ca2+ concentration. At low intracellular Ca2+ concentrations, Ca2+-dependent

adenylyl cyclases are activated, while guanylyl cyclases are inactivated. At elevated intracellular Ca2+ concentrations, Ca2+ activates protein

kinase C (PKC) and blocks adenylyl cyclases, while favouring activation of guanylyl cyclases. There is a sliding modulation of antagonistic

cation channels via the respective second messenger levels: Ca2+, cAMP, cGMP, and the respective kinases: PKC, PKA, and PKG, allowing

for odour responses at odorant concentrations spanning more than 4 log units. Not included are the currents that are activated by PKC.

These PKC-dependent currents are opened when the currents in the middle column are closed via rising concentrations of Ca2+, and before

the cGMP-dependent currents open via rises in intracellular cGMP levels. ICa
2+

(cAMP) Ca
2+ current that is activated via cAMP in presence of

protein kinase C antagonists (Krannich & Stengl, 2008). Icat
+
(cAMP) less Ca

2+ permeable non-specific cation current opened via cAMP

(Krannich & Stengl, 2008); Icat
+
(cGMP) more Ca2+ permeable non-specific cation current opened via cGMP (Krannich & Stengl, 2008)
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K+ channels (Zufall, Stengl, et al., 1991). Based on their
slow, sustained kinetics, they belong to the 6TM K+

channel families related to Shab and Shaw (Covarrubias
et al., 1991). The transient, fast outward rectifier A-type
12–18 pS K+ channel of hawkmoths (Zufall, Stengl,
et al., 1991) most likely belongs to shaker- and shal-like
6TM channels, too (Covarrubias et al., 1991; Martıńez-
Padr�on, M., & Ferrús, A., 1997; Ryglewski & Duch, 2009;
Wei et al., 1990; Wicher et al., 2001). The IK(A) could not
be distinguished from the other voltage-dependent out-
ward currents in this study, because activation of IK(A)
requires other voltage step protocols (Zufall, Stengl,
et al., 1991). The voltage-dependent K+ currents opened
at all levels of intracellular Ca2+ and are most likely
located in the axon of ORNs.

The TEA-insensitive potassium current IK(noTEA) is
either a new current or is possibly generated via opening
of the 40 pS, Zn3+-sensitive ion channel observed before
(Dolzer et al., 2008). Since IK(noTEA) was not affected by
cAMP, apparently reduced in the presence of cGMP and
more often observed in the presence of protein kinase C
activation, it may be active at intermediate levels of intra-
cellular Ca2+. The IK(noTEA) is possibly present in the
somatic and axonic compartments. It remains to be exam-
ined whether IK(noTEA) belongs to 4TM K+ channels.

Potassium currents that are gated by rises in intracel-
lular Ca2+ (IK(Ca

2+
)) are associated with synaptic

plasticity (review: Voglis & Tavernarakis, 2006). Small-
conductance ISK (Ca

2+
) do not depend on voltage, while

large conductance IBK (Ca
2+

) depend on both voltage and
Ca2+. Both types contribute to the after-hyperpolarization
of APs, controlling neuronal excitability, also via
quenching postsynaptic potentials (Faber et al., 2005).
The fast hawkmoth IK(Ca

2+
) is generated via the 66-pS

Ca2+-dependently activated K+ channel (Zufall, Stengl,
et al., 1991) and was shown for the first time to decrease
in the presence of 8bcGMP, but not of 8bcAMP. It acti-
vated after pheromone stimulation (Stengl et al., 1992)
and may be present in the dendrite and soma compart-
ment, controlling amplitude and kinetics of the graded
sensillum potential. If present in the axonal compart-
ment, it would control the kinetics of the AP response.

The fast IK(cGMP�) is generated via 30-pS K+ channels
that were inhibited most strongly by ATP, by cGMP, and
to a lesser extent also by cAMP (Zufall, Stengl, et al.,
1991). They were activated also after pheromone applica-
tion (Stengl et al., 1992). Thus, ion channels underlying
IK(cGMP�) are likely located in the ciliary and/or possibly
also in the dendritic/somatic compartment. Their activa-
tion in the dendritic/somatic compartment would hyper-
polarize the membrane and counteract any depolarizing
receptor potentials. However, if they occur in the cilia,
they could depolarize ORNs due to the high potassium

concentration in the sensillum lymph (Kaissling &
Thorson, 1980). The IK(cGMP�) shares properties with cur-
rents by M-type KCNQ channels that are G-protein
coupled, depend on changes in Ca2+ levels, and/or
phosphatidylinositol 4,5-bisphosphate levels (Carver &
Shapiro, 2019; Gamper et al., 2003; Tuosto et al., 2015).
They also belong to the 6TM-family of ion channels
found in mammals and insects alike (reviews: Wicher
et al., 2001; Brown & Passmore, 2009).

In contrast to IK(cGMP�), the newly discovered IK(cGMP

+) has much slower kinetics and was activated by cGMP.
The IK(cGMP+) current may be generated by slow 70-pS
channels that were blocked by Cs�, TEA, and Ni2+, while
being activated by protein kinase C activators and cGMP
(Dolzer et al., 2008). In contrast to IK(cGMP+), the cyclic
nucleotide-gated channels described in Antheraea poly-
phemus (Zufall & Hatt, 1991) and Heliothis virescens
(Krieger et al., 1999) generate a current with linear I–V
relation, as cyclic nucleotide-gated (CNG)-type non-
specific cation channels do. Therefore, they differ from IK
(cGMP+). We hypothesize that IK(cGMP+) is based on
channels from the ether-�a-go-go (EAG) channel family
found in Manduca antennae (Bauer & Schwarz, 2001;
Keyser et al., 2003; Stansfeld et al., 1996; Wicher
et al., 2001). They are structurally related to Shaker, but
also to the CNG channels (Brüggemann et al., 1993;
Burton et al., 2020; Chen et al., 2000). Furthermore, IK
(cGMP+) expressed slow inactivation when the membrane
potential was stepped from negative holding potential to
more positive values, characteristic for currents generated
by EAG-type channels (Keyser et al., 2003; Ludwig
et al., 1994; Robertson et al., 1996). In summary, consis-
tent with the hypothesis that cGMP rises promote adapta-
tion while preventing sensitization, fast K+ channels
such as IK(cGMP�) and IK(Ca

2+
) were blocked by cGMP,

while the slowest K+ channel type IK(cGMP+) found in
ORNs was activated by cGMP.

4.2 | Non-specific second messenger-
dependent cation currents of ORNs

The many non-specific cation currents observed in
hawkmoth ORNs were distinguished by their kinetics,
reversal potentials, and cyclic nucleotide-dependence
(Table 3). The respective ion channel families underlying
these currents are not known, but it is likely that the
cAMP- or cGMP-dependently activated cation currents
characterized before in more detail (Krannich &
Stengl, 2008) belong to the CNG type ion channel family
(James & Zagotta, 2018) or to different transient receptor
potential (TRP) ion channel families (Chen et al., 2020).
In contrast to Ca2+-dependent cation channels described
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in cilia of ORNs from Antheraea (Zufall, Hatt, &
Keil, 1991), we found no significant cyclic nucleotide-
dependence in the hawkmoth Icat(Ca

2+
). It was observed

as second inward component after pheromone applica-
tion and was transiently activated and, within seconds,
blocked via rises in intracellular Ca2+ (Stengl, 1993,
1994). Thus, it appears to activate under conditions of
short- to medium-term adaptation, when intracellular
Ca2+ levels are elevated over seconds.

The newly observed late, large, long-lasting slow
current (ILL) appears to be a compound current consisting
of more than one type of current, mostly carrying cations,
but possibly also containing a chloride current compo-
nent. The ILL was characterized by slow activation after
depolarization and slow inactivation after hyperpolariza-
tion, and by a linear, zero-crossing I–V curve. Like for IK
(cGMP+), the slow kinetics suggested that ILL might be a
member of the Shab, Shal, or Shaker or of the Eag or Eag-
related channels, controlled by cAMP and by voltage
(Brüggemann et al., 1993). Thus, ILL might also contribute
to the stabilization of the resting potential at more
depolarized potentials that allow for activation of voltage-
dependent Ca2+ channels (Bauer & Schwarz, 2001;
Hille, 2001). It would activate under conditions of adapta-
tion and would be kept inactivated under conditions of
sensitization. Alternatively, ILL is at least partially based
on the olfactory receptor–coreceptor (Orco) ion channel.
This hypothesis needs to be tested further with respective
Orco agonists and antagonists (Stengl & Funk, 2013).

While the faster cation current Icat(PKC?) resembled
the slower ILL in its reduction via 8bcAMP, it was
observed less frequently than ILL 10 min after 8bcGMP
application. Thus, both currents appear to be generated
via different ion channel families. Its inactivation
by 8bcGMP contradicts the assumption that the
PKC-dependent cation channels found in Antheraea
polyphemus underlie Icat(PKC?) (Zufall & Hatt, 1991).
However, due to its TEA sensitivity, kinetics, and reversal
potential, it very likely is identical to the PKC-dependent
cation current Icat

+
(PKC) described in whole cell patch

clamp recordings in M. sexta (Stengl, 1993). Its activation
by PKC via a prolonged rise in intracellular Ca2+ concen-
trations is likely. Thus, Icat(PKC?) would be generated
by an ion channel that was activated pheromone-
dependently via longer rises of intracellular Ca2+ levels
under conditions of short- to medium-term adaptation. It
would activate in sequence after Icat(Ca

2+
) (Figure 14).

Also, the large, linear, zero-crossing compound currents
I? and Iir were most likely generated by more than one
ion channel type, due to Ca2+-influx during long-
duration recordings. Future experiments need to identify
the underlying ion channels. In summary, consistent
with our hypothesis that cGMP supports conditions of

adaptation the fast current Icat(nRP) that pulls the mem-
brane potential towards its negative reversal potential,
maintaining low intracellular Ca2+ levels was closed by
8bcGMP, while slow currents with about 0 mV reversal
potentials such as ILL and Icat(PKC?) were closed by cAMP
derivatives.

4.3 | Pheromone transduction in
hawkmoths relies on more than one
transduction cascade

In contrast to odour transduction cascades suggested
for Drosophila (reviews: Nakagawa & Vosshall, 2009;
Wicher, 2015, 2018), there is no evidence for ionotropic
transduction via an Orco-dependent receptor-ion channel
complex in hawkmoth pheromone transduction (Nolte
et al., 2013, 2016). Instead, data are provided for at least
two different second messenger cascades depending on
strength and duration of pheromone stimuli in insect
ORNs (Breer et al., 1990; Ziegelberger et al., 1990;
Boekhoff et al., 1993; Stengl et al., 2001; Wicher et al.,
2017; reviews: Stengl, 2010; Stengl & Funk, 2013). At high
pheromone concentrations, receptor-type guanylyl cyclases
are activated, while at lower pheromone concentrations,
insect ORs activate a phospholipase C-dependent cascade
which results in opening of IP3/DAG-dependent Ca2+

channels that generate a transient Ca2+ influx (review:
Stengl, 2010; Stengl & Funk, 2013). This rapid rise in Ca2+

levels triggers gating of a cascade of Ca2+-dependent ion
channels in ORNs of intact trichoid sensilla, which then
further shape changes in intracellular Ca2+ levels (Stengl
et al., 1992; Stengl, 1993, 1994; Gawalek & Stengl, 2018;
reviews: Stengl, 2010, 2017; Stengl & Schröder, 2021).
Thus, consistent with our current study, amplitude and
duration of intracellular Ca2+ levels together with respec-
tive intracellular cyclic nucleotide levels determine which
ion channels are available or not for transduction of arriv-
ing odour stimuli (Dolzer et al., 2008; Stengl, 1993, 1994;
Stengl, 2010). Consequently, there appears to be not one
single odour transduction cascade, but there are different
odour transduction cascades, depending on previous and
present odour stimulus strength and duration, as well as
on time of day (Stengl, 2010), which could explain
contradicting results obtained for odour/pheromone trans-
duction in even the same insect species (Nakagawa &
Vosshall, 2009; Stengl, 2010; Stengl & Schröder, 2021;
Wicher, 2018; Wicher & Miazzi, 2021). Future studies need
to test whether this is a general scheme not only for
olfaction (Figure 14) but also for synaptic scaling, adjusting
signal detection with pull–push mechanisms based on
antagonistic control of Ca2+ and cyclic nucleotide-
dependent ion channels (Huang et al., 2012).
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