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INTRODUCTION

The ‘sweet smell of success’ greeted Richard Axel and Linda B. 
Buck who were awarded the 2004 Nobel Prize in Physiology for 
their outstanding discovery of olfactory receptor proteins that led 
to a better understanding of the olfactory pathway. The ability to 
detect and respond in an adaptive manner to chemical signals 
serves as the primary window to the sensory world. In Humans, 
the sense of smell serves mostly aesthetic functions but in many 
other animal species, olfaction serves as a primal sense of continu-
ance. These animals depend heavily on their sense of smell to de-
tect food, predators or other dangers and to communicate social 
information. Olfaction also plays a role in mate selection, mother–
infant recognition and signaling between members within a group.

The olfactory system and the brain perceive the external envi-
ronment through their ability to process large amounts of odor 
signals and translate them into a wide spectrum of responsible be-
haviors. Volatile chemicals act as stimulants in olfaction binding 
to receptor proteins expressed on the surface of olfactory receptor 
neurons (ORNs). ORNs are bipolar neurons with a single dendrite 
end harboring into the epithelium from which cilia protrude into 
the nasal mucosa. This ensures that ORNs are in direct contact with 
the external environment through the ciliary machinery. Within 
the compact cilia of the olfactory sensory neurons (OSNs) a cas-
cade of enzymatic activity converts the binding of an odorant mol-
ecule to the receptor into an electrical signal that can activate OSNs 
(Fig. 1). 

In this review, we will discuss about the elucidation of intracel-
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Over the last decades, piles of data have been accumulated to understand the olfactory 
sensation in every aspect, ranging from the intracellular signaling to cognitive perception. 
This review focuses on the ion conduction through multiple ion channels expressed in ol-
factory sensory neurons (OSNs) to describe how odorant binding to olfactory receptors is 
transduced into an electrical signal. Olfactory signal transduction and the generation of 
the depolarizing receptor current occur in the cilia, where the unique extraciliary environ-
ment of the nasal mucosa assists in the neuronal activation. Upon contacting with odor-
ants, OSNs dissociate G protein-coupled receptors, initiating a signal transduction pathway 
that leads to firing of action potential. This signaling pathway has a unique, two step orga-
nization: a cAMP-gated Ca2+ (CNG) channel and a Ca2+-activated Cl– channel (CACC), both 
of which contribute to signal amplification. This transduction mechanism requires an out-
ward-directed driving force of Cl– established by active accumulation of Cl– within the lu-
men of the sensory cilia. To permit Cl– accumulation, OSNs avoid the expression of the ‘Chlo-
ride Sensor: WNK3’, that functions as the main Cl– exclusion co-transporter in neurons of 
the central nervous system (CNS). Cl– accumulation provides OSNs with the driving force 
for the depolarization, increasing the excitatory response magnitude. This is an interesting 
adaptation because of the fact that the olfactory cilia reside in the mucus, outside the body, 
where the concentrations of ions are not as well regulated as they are in normal interstitial 
compartments.
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lular Cl- environment and the molecular identity of various com-
ponents that take part in the signal transduction cascade in OSN. 
Emphasis is placed on the system’s complex and dynamic nature 
including its unique transduction pathway that initiates a sequence 
of molecular events leading to sensory transduction, impulse ini-
tiation, and the transmission of sensory information to the brain.

INDIVIDUAL SIGNALING MOLECULES IN OLFACTORY 
SENSORY NEURON

1.	� Odorant Receptors and cyclic adenosine monophosphate (cAMP) 

formation

The perception of smell begins with the activation of odorant 
receptors (OR) in the olfactory sensory neurons. The OR family 
has one of the largest gene pool with around 900 genes in humans 
and 1,500 in mouse. ORs are thus one of the largest known gene 
families in the human and mouse genomes, representing 3–5% of 
all genes. These receptors belong to the superfamily of G protein-
coupled receptors and consist of seven hydrophobic membrane-
spanning regions. However, they differ in their amino acid sequence 
in the transmembrane domain III, IV, and V, which suggest that 

these parts are responsible for the discrimination of odorant spe-
cies [1]. In the mouse olfactory epithelium, there are about 1,000 
genes encoding different types of odorant receptors. Each OSN 
expresses only one type of odorant receptor gene in its ciliary mem-
brane. A single OR responds to many types of odorants and adi-
tionally, a single type of odorant can stimulate several types of ORs 
[2]. The binding of the odorant to the receptor changes the confor-
mation of its plasma membrane receptors. The activated receptors 
catalyzes the exchange of guanosine 5-diphosphate (GDP) for gua-
nosine 5-triphosphate (GTP) on multiple trimeric G proteins caus-
ing the dissociation of Gαolf from Gβ and γ [3]. Each Gαolf in turn 
activates adenyl cyclase type III that converts adenosine triphos-
phate (ATP) into Cyclic Adenosine Monophosphate (cAMP). cAMP 
plays an important role in olfaction as a second messenger and me-
diates signal transduction for a wide variety of odorants [4,5] (Fig. 1). 

2. Cyclic nucleotide-gated channels

Olfactory cilia contains the major components of olfactory sig-
nal transduction including high levels of Cyclic Nucleotide-Gated 
Channels (CNG).These channels play a significant role in mediat-
ing chemoelectrical energy conversion in olfactory cilia. The infor-

Fig. 1. Graphical representation of anion-based signal amplification in OSN cilia. OR, odorant receptor; CNG, cyclic nucleotide-gated channel; 
CaM, calmodulin; PDE, phosphodiesterase. CACC, Ca2+-activated Cl− channel; NKCC1, Na+/K+/2Cl− cotransporter; OSR1, oxidative stress-respon-
sive kinase-1; SPAK, STE20/SPS1-related proline/alanine-rich kinase; WNK1 and WNK4, with no lysine (K) kinases.



http://www.e-hmr.org      139

Nayab Pervez, et al.  •  Molecular Interaction of Olfactory Signal Amplification HMR

Hanyang Med Rev 2014;34:137-142

mation about the odorant molecules is first transmitted as chemi-
cal information and then the CNG channel convert it into an elec-
trical signal by the activation of ion channels across the plasma 
membrane. These channels consists of four subunits containing 
two CNGA2, one CNGA4, and one CNGB1b [6]. Each subunit has 
six transmembrane domains (S1-S6) and a pore region between S5 
and S6 domains. A cyclic nucleotide binding site is present near 
the C-terminal at the cytoplasmic side in each subunit [7]. CNG 
channels are permeable to monovalent ions, such as Na+ and K+, 
and also to Ca2+ (Fig. 1). 

3. The Olfactory Calcium-Activated Chloride Channels

Historically, the olfactory transduction was regarded as a system 
that worked similarly to the vertebrate phototransduction in a sense 
that it involved the activation of G protein-coupled receptors that 
triggered an electrical response by generating a current through 
CNG channels. This view was altered when Kleene and Gesteland 
reported the presence of Ca2+-activated Cl– conductance in olfac-
tory cilia. This Ca2+-activated Cl– current was then found to be 
part of the odorant-induced current in amphibian [8,9] and mam-
malian [10] OSNs. This finding provided an explanation for the 
observation that the olfactory response persisted even in the ab-
sence of external Na+ [11,12]. Apparently, olfactory cilia did not 
contain Ca2+ stores because application of pharmacological agents 
that caused Ca2+ release from intracellular stores failed to elicit a 
ciliary Ca2+ transient current [13]. Additionally, Ca2+ signaling in 
olfactory receptor cells is regulated separately in the cilia and in 
the cell body, which allows the generation of compartmentalized 
Ca2+ transient current [14]. This eliminates the cell body as a source 
of Ca2+ in the cilia and shows that ciliary Ca2+ is regulated exclusive-
ly by the CNG channel. Odor stimulation opens the CNG chan-
nels and increases the ciliary Ca2+ concentration [15] and this pri-
mary Ca2+ signal generates an additional secondary Cl– current 
that is excitatory under physiological conditions [9,16]. Thus, gen-
eration of the receptor response of OSNs is thought to involve the 
sequential activation of two currents: a primary cationic inward 
current through CNG channels, which is activated by cAMP and 
is mainly carried by Na+ and Ca2+, and a secondary Cl– inward cur-
rent through Ca2+-activated Cl channels (CACC) that is triggered 
by the influx of Ca2+ (Fig. 1).

Recently, the molecular identity of the Ca2+-activated Cl− chan-
nels was discovered independently by three research teams [17-19]. 
Studies on gene expression in the olfactory system support the con-

cept that TMEM16B (ANO2) represents the only Anoctamin at 
the plasma membrane of OSNs [17]. Ano2 tops a list of genes high-
ly enriched in OSNs over other cells of the Main Olfactory Epithe-
lium [20], and it is the only Anoctamin consistently identified in 
high amounts in mass spectrometric screens in olfactory mem-
branes [21,22]. No such enrichment was shown for the other Anoc-
tamins while Ano1, Ano6, Ano8, and Ano10 are known to be ex-
pressed in the MOE [21,23].

4.	� Role of Calmodulin in Gating Control in Olfactory Calcium-Activated 

Chloride Channels

A number of studies have shown that calmodulin (CaM) drives 
regulatory feedback mechanisms that control several key steps of 
the transduction pathway. During odor detection, CaM is trigger-
ed by Ca2+ influx and it reduces ciliary cAMP levels through acti-
vation of phosphodiesterase [24] and by inhibition of adenylyl cy-
clase (AC III), which is a substrate for the CaM-dependent protein 
kinase CaMK II [25]. Moreover, CaM deactivates the cAMP-gated 
channel to its ligand and in this way promotes channel closure and 
rapid adaptation [26]. CaM serves an important link between the 
two transduction channels by coupling a depolarizing Cl– current 
to the odor-induced Ca2+ signal. The transduction model illustrates 
the dual effect of Ca-CaM. The inhibitory effects of Ca-CaM re-
strict the activity of the cAMP-gated channels to a short time peri-
od. The transient Ca2+ influx causes a prolonged elevation of the 
ciliary Ca2+ concentration and opens multiple Cl– channels, as 
there are eight times more Cl– channels in the ciliary membrane 
than cation channels. As a result, the initial small Ca2+ influx trig-
gers a much larger Cl– efflux and generates an excitatory receptor 
current with Cl– as the main charge carrier. Thus, the presence of 
this anion-based signal amplification in OSNs [27] points to the 
evolutionary adaptation of the cells that have to convert small Ca2+ 
signals into sizeable depolarizations. In this case, Cl– accumulation 
provides the driving force for a depolarizing Cl– current that is trig-
gered by a Ca2+ signal. CaM plays an important role in this ampli-
fication mechanism, as it coordinates both its excitatory and inhi-
bitory processes (Fig. 1).

5.	� Role of NKCC1 in signal amplification strategy of olfactory sensory 

cilia

The performance of the olfactory system is highly remarkable 
because of its odorant detection efficiency and its ability to discrim-
inate between chemically similar odors. However, the olfactory 
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system has to cope with low sensitivity of the receptors that puts 
serious pressure on the ciliary transduction machinery. Since the 
production of the second messenger cAMP is limited due to the 
low efficiency of the initial transduction step, a different process is 
required in downstream of the transduction cascade. To solve this 
dilemma sensory cilia of OSN have designed a unique alternative 
mechanism, that is the accumulation of chloride ions at rest and 
liberation of a chloride current upon odor detection. This chloride 
current amplifies the initial neuronal activation (Fig. 1).

Cl– accumulation in ORNs are mediated by the Na+/K+/2Cl– co-
transporter, NKCC1 [28,29]. Accordingly, research has shown that 
genetic knockout of NKCC1 following suppression of Cl– accumu-
lation or Cl– efflux, significantly inhibited the sensory response of 
ORNs [28,30,31]. Expression of NKCC1 can be found in the ciliary 
layer of the olfactory epithelium. It seems that other kinases sup-
port the normal function of NKCC1 such as SPAK (“STE20/SPS1-
related proline/alanine-rich kinase”) and OSR1 (“oxidative stress-
responsive kinase-1”) [32], as well as WNK1 and WNK4 [WNK =  

“with no lysine (K) kinase”] [33]. NKCC1 serves as a substrate for 
the two protein kinases SPAK and OSR1 [32]. These kinases are in 
turn activated by the protein kinases WNK1 and WNK4 [33]. Thus, 
WNK1 and WNK4 participate indirectly in the control of NKCC1. 
Recent studies have showed that WNK1 and WNK4 phosphory-
late OSR1 and SPAK [34-36] promote phosphorylation and activa-
tion of NKCC1. All four kinases, SPAK, OSR1, WNK1, and WNK4 
are present in ORN cilia and are required for maximal activation 
of the transporter. The five proteins form a supramolecular com-
plex: SPAK and OSR1 bind toNKCC1 [37], whereasWNK1 and-
WNK4 bind to SPAK/OSR1 [35,36]. It is interesting to note that 
the kinase WNK3 is not expressed in ORNs. WNK3 shows the 
highest expression in the brain, and it is thought to act as a Cl– sen-
sor involved in protecting cells from excessive Cl– accumulation 
[37-39]. The absence of WNK3 from ORNs all points to the fact 
that these neurons are at dispense with means for intracellular Cl– 
reduction and thus instead optimize Cl– accumulation (Fig. 1).

OLFACTORY SIGNAL TRANSDUCTION

Olfactory signaling is triggered when odors partition from the 
air into the olfactory mucus and bind to ORs in the membrane of 
olfactory cilia. Each OSN expresses one out of hundreds of distinct 
ORs that in vertebrates form the largest family of G protein-cou-
pled receptors (GPCRs) and comprise approximately 250-1,200 

functional OR genes [40]. Binding of an odorant to an OR is trans-
duced into an electrical signal via the sequential activation of three 
major signaling proteins. ORs trigger activation of the olfactory G 
protein (Golf), an olfactory isoform of the stimulatory Gs protein 
[41], which in turn activates the MOE-specific [3] adenyl cyclase 
type III (ACIII) leading to the production of cAMP. The intracel-
lular rise in cAMP levels then opens cyclic nucleotide-gated (CNG) 
cation channels that allow for influx of Na+ and Ca2+ from the mu-
cus into the ciliary lumen thereby depolarizing the ciliary mem-
brane. An additional crucial amplification step follows the initial 
depolarization by CNG channels: the influx of Ca2+ activates cal-
cium activated chloride channels (CACC) that mediate a second-
ary depolarizing Cl– efflux, which accounts for the majority of the 
receptor current (Fig. 1). The transduction current carried by these 
olfactory ion channels induces slow and graded receptor potentials 
which summate at the soma and, upon reaching the threshold lev-
el, eventually trigger action potentials and neuronal activity.

Olfactory signal transduction has been intensively studied and 
its importance for olfaction has been clearly established with knock-
out studies. In OSNs from mice lacking Golf [42], ACIII [43,44] or 
the α-subunit of the CNG channel CNGA2 [4,45], receptor poten-
tials in response to odorants were virtually abolished in electro ol-
factogram (EOG) measurements. These knockout mice showed 
major deficits in olfactory behavioral tasks and different odor-guid-
ed behaviors were impaired. This included the lack of suckling be-
havior, which manifests in high postnatal death rates due to the 
inability to feed, and deficits in sexual and aggressive behavior that 
have been reported for CNGA2 and ACIII knockout mice [4,44,45]. 
The lack of olfactory input in these mice was also reflected in re-
duced expression of activity-dependent markers in the olfactory 
bulb [46,47].

SIGNAL TERMINATION AND ADAPTATION IN 
OLFACTORY SIGNALLING

Olfactory signal termination and adaptation ensures high olfac-
tory sensitivity during continuous or repetitive odor stimulation 
and allows for odor detection in the presence of background odors. 
Studies on the underlying molecular mechanisms at the level of 
signal transduction in the cilia have revealed a major role of Ca2+. 
Ca2+ entering through CNG channels acts on different elements of 
the odor transduction cascade. First, the CNG channels themselves 
are subject to feedback inhibition by CaM [48], a mechanism that 
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primarily functions to terminate OSN responses [49] (Fig. 1). Sec-
ond, Ca2+ leads to activation of CaM-dependent protein kinase II 
(CaMKII), which is thought to shape activation kinetics since its 
inhibition results in changes of the latter (Fig. 1). Third, Ca2+ ex-
trusion mechanisms play a crucial role in signal termination and 
adaptation. The activity of sodium-dependent Ca2+ exchangers 
[50,51], ATP-dependent Ca2+ pumps [52,53], and the potassium-de-
pendent Na+/Ca2+ exchan ger [54] have been implicated in the pro-
cess (Fig. 1). The olfactory response is also shaped by cAMP re-
moval by phosphodiesterase (PDE). PD E1C and PDE4A have been 
detected in OSNs and when both these enzymes are lacking, re-
sponse termination is slowed [55] (Fig. 1). 

SUMMARY AND FUTURE PERSPECTIVES

A review of the literature on olfactory transduction, during the 
last decade, shows tremendous progress in this field. Previous in-
tractable questions about signal transduction in ORN’s have been 
answered which has provided new findings relevant for understand-
ing transduction mechanisms in other types of neurons and sen-
sory receptor cells. However, despite these remarkable findings, 
one cannot deny the fact that there is still much left to be discov-
ered. The olfactory system is ripe with opportunities for the imag-
inative investigator. We still have little knowledge about how in-
formation from each olfactory subsystem is integrated within the 
higher center of the brain. Of particular interest is to determine 
how olfactory information can be integrated with taste, and soma-
tosensory system, all of which can impact perception. Although 
humans have developed a complex olfactory world, they lack some 
subsystems present in rodents e.g., the Accessory Olfactory Sys-
tem. A complete understanding of the human olfactory subsys-
tems is needed if we are to uncover the full extent of the human 
chemosensory world. Recent astounding development in stem cell 
research and technical advance in imaging could open our eyes in 
observing the detailed structure of insertion of each component in 
the olfactory epithelium and immaculate expression pattern of the 
responsible ion channels. With these technological advances we 
can come a step closer to the clear picture of olfactory perception.
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