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Olfactory receptor neurons (ORNs) transform scant chemical inputs into significant neural signals. This trans-
formation requires signal amplification. In this issue of Neuron, Ng et al. (2019) identified a mechanism by
which the signals evoked by pheromones are amplified in the ORNs that selectively promote courtship

behavior in Drosophila.

In non-primate males, sensing phero-
mones by chemosensory organs is the
essential first step in eliciting sexual
arousal and attraction. The sensitivity of
chemosensory organs to pheromones is
markedly enhanced in older Drosophila
males, matching periods of increased
reproductive maturity (Lin et al., 2016).
This sensory enhancement would be
also important because a scant quantity
of pheromones is released from females.
Pheromones emitted by Drosophila fe-
males are primarily detected by selected
populations of olfactory receptor neurons
(ORNSs) in males, which transmit the con-
verted chemical information to the higher
brain centers. It is unclear, however,
where and how the enhancement of the
sensory signal occurs and how the age
of male flies contributes to the signal
amplification.

In vertebrates, odorant receptors ex-
pressed in chemosensory olfactory neu-
rons are G-protein-coupled receptors
(GPCRs) (Buck, 1996). Upon odorant
binding, the GPCRs activate the G-pro-
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tein-coupled transduction cascade and
cyclic AMP synthesis that promote
the opening of cyclic nucleotide-gated
(CNG) channels, thereby stimulating
the activity of ORNs. Through the signal
transduction cascade, the response to
ligands is amplified, and the influx of
cations, including calcium, into the
cytoplasm of ORNSs is elevated, thus
generating more substantive neuro-
transmission. On the other hand, olfac-
tory receptors in Drosophila comprise
three families: the 7-transmembrane
odorant receptors (ORs), gustatory re-
ceptors (GRs) (Vosshall and Stocker,
2007), and the P-loop-containing iono-
tropic glutamate receptor (IRs) (Benton
et al., 2009).

While the vertebrate chemosensory
receptor system amplifies the signal
through the GPCR transduction cascade,
it is unclear whether the chemosensory
input is amplified in Drosophila sensory
neurons. The Drosophila 7-transmem-
brane ORs were reported as a ligand-
gated ion channel that is activated directly

by environmental odorants (Sato et al.,
2008; Wicher et al., 2008) but may also
promote signal amplification through the
G-protein signaling cascade and CNG
channels (Wicher et al., 2008). Another
study suggested, however, that ORs
function strictly as an ion channel and
that the synthesis of second messengers
from G-protein signaling may not be
involved (Sato et al., 2008). The structur-
ally related GRs have been shown to
form a ligand-gated ion channel in another
insect species (Sato et al., 2011). The
P-loop-containing IRs also form a
ligand-gated ion channel that confers de-
polarization in ORNs upon its direct bind-
ing to odorants (Benton et al., 2009). The
insect chemosensory receptors that are
ligand-gated ion channels and may not
be coupled to the G-protein cascade
have a limited role in augmenting the
negligible ligand-evoked signal into sub-
stantive neurotransmission. How the sen-
sory signal initiated by the ion channel is
amplified in the insect sensory neurons
has been a mystery. In this issue of
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Neuron, Ng et al. (2019) shed light
on this outstanding question by
providing a mechanism by which
the signal is amplified upon activa-
tion of ORs or IRs in Drosophila ol-
factory system.

Ng et al. (2019) focused on
the courtship-promoting ORNSs.
Or47b+ ORNs mediates the detec-
tion of the aphrodisiac pheromone
that elicits courtship behavior (Lin
etal., 2016). Or47b+ ORNs become
more sensitive to the pheromone in
older males who hold advantages in
copulation over younger males (Lin
etal., 2016). Another courtship-pro-
moting ORN they examined was
the IR84a+ ORN, which mediates
the detection of food odorants that
also stimulate courtship behavior (Gros-
jean et al, 2011). Intriguingly, the
glomeruli in the antennal lobe (AL) inner-
vated by axonal projections of Or47b+
and Ir84a+ ORNs are located next to
each other. Interestingly, the second-or-
der projection neurons (PNs) that are syn-
aptically coupled to these ORNs innervate
the region that is highly overlapped with
the pheromone-processing area in a
higher brain center (Grosjean et al,
2011). Both populations of these ORNs
express the channel called Pick-pocket
25 (PPK25) (Starostina et al., 2012).
PPK25 channel is a member of the degen-
erin/epithelial sodium channel family
(DEG/ENaC), which is highly conserved
from C. elegans to humans. Ng et al.
(2019) hypothesized that the expression
of ppk25 in these populations of
ORNs expressing Or47b and IR84a may
contribute to the pheromone detection
and courtship behavior. But how?
A stroke of genius emerged from an
idea that PPK25 channel might be
involved in signal amplification in
these pheromone-detecting olfactory
neurons of older males.

First, Ng et al. (2019) investigated
whether PPK25 is important for medi-
ating the function of Or47b receptor in
these neurons by carrying out single
sensillum recordings of Or47b+ ORNSs.
They observed changes in spike fre-
quency in response to the application of
palmitoleic acid, which is associated
with the aphrodisiac pheromone (Lin
et al., 2016). The authors knew that the
stimulated activity of OR47b+ ORNs
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Figure 1. PPK25 Mediates Signal Amplification in Both
Or47b+ and Ir84a+ ORNs
Expression levels of ppk25 in the glomeruli in the antennal lobe
innervated by Or47b+ and Ir84a+ ORNSs are higher in 7-day-old
male than in 2-day-old male Drosophila. Juvenile hormone
leads to the elevation in ppk25 expression, which results in
signal amplification in these ORNSs.

was further magnified when flies became
older (Lin et al., 2016). By contrast, older
ppk25 mutant males did not exhibit the
magnified response. Ng et al. (2019)
next sought to determine whether
ppk25 is required in Or47b+ ORNSs for
mediating courtship behavior. A knock-
down of ppk25 in Or47b+ ORNSs resulted
in an impairment in the courtship compe-
tition and a delay in the copulation initia-
tion time. To determine a possible mech-
anism by which ppk25 contributes to the
courtship behavior displayed more
intensely by older males, the authors
asked whether the expression levels of
ppk25 might be altered in older versus
younger males. Using gRT-PCR, they
demonstrated that mRNA levels of
ppk25 in 7-day-old males were signifi-
cantly higher than those in 2-day-old
males. Ng et al. (2019) next sought to
identify the factor that contributes to the
increase in ppk25 expression in Ord7b+
ORNSs. In the previous study, a prolonged
exposure of young males to juvenile hor-
mone-like compound, methoprene, was
shown to enhance the odor-evoked ac-
tivity of Or47b+ neurons (Lin et al,
2016). Indeed, the authors observed
that the treatment of young male flies
with methoprene led to a significant in-
crease in ppk25 expression (Ng
et al., 2019).

How would the PPK25 channel be able
to amplify the neural signal in Or47b+
neurons? Ng et al. (2019) gained an
insight into this by studying the structure
of PPK25. The DEG/ENaC channel family
to which PPK25 belongs is a two-trans-
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membrane channel that contains
an extracellular loop and two cyto-
plasmic domains. The authors
found that the sequence in the
N-terminal intracellular domain of
PPK25 contains a calmodulin-bind-
ing motif (CBM). To determine
whether the CBM in PPK25 channel
is important for signal amplification,
they introduced mutations in the
CBM and measured the response
to palmitoleic acid in Ord47b+
ORNs of flies harboring the muta-
tions. Ng et al. (2019) found through
single-sensillum  recordings  of
Or47b+ ORNs that the mutations in
CBM, but not in other residues in
ppk25, resulted in attenuated re-
sponses to the odor. This suggests
that the signal amplification in Or47b+
ORNSs requires the direct interaction be-
tween calcium ion and the CBM in
PPK25 channel. Another population of
olfactory neurons that the authors inves-
tigated was Ir84a+ ORNSs, which promote
courtship and also express PPK25 in
these neurons (Starostina et al., 2012).
Similar to Or47b+ ORNSs, the neural
signal was amplified in Ir84a+ ORNSs.
This signal amplification was also depen-
dent on the functional CBM in PPK25
channel. While these ORNs express two
different types of olfactory receptors
(ORs and IRs), the mechanism by which
the signal is amplified appears identical
(Ng et al., 2019).

Finally, Ng et al. (2019) asked whether
ppk25 is required in other ppk25-ex-
pressing neurons for signal amplification.
The authors found that ppk25 is also ex-
pressed in gustatory receptor neurons
(GRNs) located in the foreleg that
respond to the aphrodisiac pheromone,
thereby stimulating the courtship
behavior in male flies (Starostina et al.,
2012). Recordings of tarsal sensilla that
contain PPK25+ neurons in older males
demonstrated a discrete neuronal
response to a pheromone, 7,11-heptaco-
sadiene, but the mutations in the CBM of
ppk25 blunted the amplified response,
similar to the results from olfactory
Or47b+ and IR84a+ neurons (Ng et al.,
2019). Together, PPK25 appears to
mediate a more generalized role in signal
amplification regardless of the sensory
neuron types expressing ORs, GRs,
or IRs.
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The study by Ng et al. (2019) revealed a
mechanism by which the signal elicited by
pheromone is amplified in the ORNs that
promote courtship behavior (see Figure
1). The mechanism involves PPK25, a
member of DEG/ENaC channels that
plays a key role in signal amplification
and transduction. The CBM in PPK25
channel directly interacts with calmodulin
during the rise of the intracellular calcium
level, which is spurred by the activation of
a ligand-gated OR, eventually generating
signal amplification. Interestingly, the
CBM is also found in other species,
including mouse and human, and the
DEG/ENaC channels are expressed in
different types of sensory neurons that
mediate mechanosensation, baro-recep-
tion, proprioception, nociception, and
taste reception. This work will provide a
foundation for understanding signal
amplification in other neuron types.
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In this issue of Neuron, Kanda et al. (2019) find that the two-pore domain potassium channels TRAAK and
TREK?1 drive axonal action potential repolarization for high-speed and high-frequency nervous impulses in

mammalian myelinated nerves.

An action potential (AP) corresponds to a
fast modification of the membrane poten-
tial, which rapidly rises and then falls,
driven in the soma by the sequential acti-
vation of the voltage-dependent Na* and
the voltage-dependent K* channels. In
neurons, the main function of the AP is
cell-to-cell communication by its propa-
gation along the axon toward synaptic
boutons. In non-myelinated axon, the AP
travels by regenerating itself (Hodgkin,
1937). The AP induces a sufficient depo-
larization of the neighbor region inducing
the activation of the voltage-dependent
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Na* channels allowing AP regeneration.
This AP propagation has a maximum
speed of ~1 m/s. Fast AP propagation re-
quires myelin sheaths. Myelin is a multila-
mellar membrane that enwraps the axon
in segments separated by intervals known
as nodes of Ranvier (NRs). Myelin pre-
sents a high electrical resistance that
prevents the AP conduction along the
myelinated segments. However, the
current carried at near distance, through
the axon cable properties, generates a
sufficient depolarization at subsequent
NRs allowing AP regeneration. This prop-

agation, known as saltatory conduction,
allows a propagation of the AP over
100 m/s.

Since Hodgkin and Huxley estab-
lished the first ionic conductances of
the AP in giant squid axon, AP genera-
tion and transmission in the nervous
system has been a subject of contin-
uous study. Nevertheless, 80 years after
their experiments, the molecular identity
of the channels underlying AP propaga-
tion and regeneration at the NRs in
mammals is still a matter of conjecture.
Whereas some research suggests that
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