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Abstract: Olfactory disorders and their associated complications present a considerable challenge to
an individual’s quality of life and emotional wellbeing. The current range of treatments, including
surgical procedures, pharmacological interventions, and behavioral training, frequently proves
ineffective in restoring olfactory function. The olfactory bulb (OB) is essential for odor processing and
plays a pivotal role in the development of these disorders. Despite the acknowledged significance of
ion channels in sensory functions and related pathologies, their specific involvement in OB remains
unexplored. This review presents an overview of the functions of various ion channel families
in regulating neuronal excitability, synaptic transmission, and the complex processes of olfactory
perception. The objective of this review was to elucidate the role of ion channels in olfactory function,
providing new insights into the diagnosis and treatment of olfactory dysfunction.
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1. Introduction

Correct odor perception is of great consequence for a multitude of aspects of life,
including food intake, safety, hygiene, and social interaction. It has been demonstrated to
positively impact the quality of life, cognitive function, and mental wellbeing. Nevertheless,
olfactory disorders affect approximately 20% of the population, frequently due to aging,
post-viral infections, nasal and sinus conditions, neurodegenerative diseases, and head
injuries [1–4]. The objective of treatment is to address the underlying cause, which may
entail the use of nasal corticosteroids, antibiotics, and surgical intervention for conditions
such as sinusitis or head trauma [1,3]. Olfactory training, which involves daily exposure to
different odors for several months, has been demonstrated to yield only partial recovery
rates, with numerous patients failing to regain their sense of smell [2,3,5].

The olfactory bulb (OB) serves as the primary processing center for the olfactory
system. The olfactory bulb plays a pivotal role in odor encoding, encompassing the identifi-
cation, intensity, and temporal aspects of odors. Furthermore, it is integral to odor learning,
memory, and processing [6–11]. Besides its central role in normal olfactory function, the
OB has also been implicated in various olfactory disorders. Disruption of OB function
may result from several mechanisms, including neuronal infection, inflammation, and
viral effects on axonal integrity. For example, in the context of the ongoing coronavirus
pandemic, the OB may contribute to the development of parosmia, a condition charac-
terized by distorted odor perception, through disrupted axon wiring [12,13]. Congenital
anosmia, defined as the complete loss of sense of smell, can result from hypoplastic or
aplastic OBs. Qualitative olfactory disorders may also involve the OB, potentially due to
neuronal degeneration or regeneration [2,3,14]. A comprehensive understanding of the
mechanisms underlying OB-related olfactory disorders is essential for developing effective
diagnostic and therapeutic approaches.
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Ion channels are important for the processing of sensory information and transmis-
sion of signals in several sensory modalities, including touch, pain, vision, hearing, and
taste [15–17]. These channels regulate cellular excitability, synaptic transmission, and neu-
ronal development, making them crucial targets for drug development. Although system-
atic reviews on ion channel functions exist for other sensory systems, such as the auditory,
visual, and gustatory systems, the specific role of ion channels in olfactory information
processing remains largely unexplored. In the auditory system, transient receptor potential
(TRP) channels, large-conductance K+ channels (BK), and voltage-gated K+ channels (Kv)
7.1 and 7.4 play crucial roles in maintaining K+ cycling and sound transduction [18,19]. In
the retina, Na+, Ca2+, cyclic nucleotide-gated (CNG), and K+ channels shape photorecep-
tor responses by converting photocurrents into voltage changes [20–23]. Similarly, taste
perception depends on specific ion channels in taste receptor cells, including TRPM5 and
otopetrin1 [24].

Mutations in ion channels have been shown to cause the loss or abnormalities of
sensory function. For example, loss-of-function mutations in the SCN9A gene, which
encodes Nav1.7, result in congenital insensitivity to pain and anosmia, while preserving
innocuous sensation [25]. The most common association between mutations in a subunit of
voltage-gated Ca2+ channels 1.4 (Cav1.4) and clinical presentation is incomplete congenital
stationary night blindness and retinal cone dystrophy [21]. Moreover, mutations in KCNQ4,
which encodes Kv7.4, are frequently associated with autosomal dominant nonsyndromic
hearing loss [18]. A comprehensive understanding of the role of ion channels in olfactory
information processing is essential for elucidating the underlying mechanisms of olfactory
disorders and developing targeted therapeutic interventions.

This review emphasizes the underappreciated role of ion channels in the olfactory
system, with a particular emphasis on the OB, which plays a pivotal role in olfactory signal
modulation. The objective of this review was to present a comprehensive summary of
recent advances in the distribution and function of ion channels in various neuronal types
within the OB. The objective of this review is to enhance our understanding of the molecular
mechanisms underlying olfactory information processing. The roles of these mechanisms
in olfactory conduction will be explored, and potential therapeutic targets for olfactory
disorders will be identified. This study provides novel insights into the diagnosis and
treatment of olfactory dysfunction and associated diseases.

2. Neuron Types and Functions in the Olfactory Bulb

The complex distribution and specialized functions of neurons within the OB are es-
sential for their precise role in modulating and transmitting olfactory information [8,9,11].
The OB is subdivided into six principal layers: olfactory sensory neuron (OSN) axon
layer, glomerular layer (GL), external plexiform layer (EPL), mitral cell layer (MCL), in-
ternal plexiform layer (IPL), and granule cell layer (GCL). The principal cell types in the
OB are glutamatergic neurons, including OSNs and mitral/tufted cells (M/TCs), which
are responsible for transmitting olfactory information to higher-level processing centers.
Furthermore, γ-aminobutyric acid (GABA) neurons, including granule cells (GCs) and
select periglomerular cells (PGCs), regulate the balance between excitation and inhibition
of mitral/tufted cells (M/TCs), contributing to odor processing and discrimination. In
the nasal mucosa, OSNs detect chemical odor molecules via their receptors and transmit
these signals via their axons to specialized synapses within the GL, which are organized
according to distinct odor categories. The apical dendrites of M/TCs capture these sig-
nals, which subsequently propagate through their axons to the olfactory cortex. PGCs
play a pivotal role in modulating the excitability of mitral/tufted cell (M/TC) clusters,
maintaining an optimal signal-to-noise ratio, and facilitating accurate odor discrimination
(Figure 1) [9,26,27]. Although short interneurons are widely distributed throughout the
OB, their specific contributions remain poorly understood and are not the primary focus of
this study.
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facilitates the refinement of odor perception intensity and enhances discrimination capa-
bilities. Consequently, the synapses formed by OSNs in the OB represent the initial stages 
of olfactory transmission and are pivotal for accurate odor recognition. 
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The transmission of olfactory information within the OB depends on the involvement 

of various neuronal types and synaptic connections. The primary excitatory projection 
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through a multistep signaling pathway and play a crucial role in odor information pro-
cessing by routing distinct odor signals to various regions of the olfactory cortex. 

Figure 1. Left: Schematic representation of cellular architecture in the OB, from OSNs to M/TC
axons, showing the interconnected cell types and neurotransmitter systems. Right: Primary synaptic
transmission and ion channel function in the OB: 1. OSN terminal axons and M/TC apical dendrites;
2. GC dendrites and M/TC soma; 3. M/TC dendrite and GC dendrite. Abbreviations in the figure
are listed in the table.

2.1. OSNs

OSNs are essential bipolar cells that initiate chemical processing of odors and play
a pivotal role in the olfactory system. The cilia of OSNs are within the nasal mucosa and
contain receptors that facilitate the conversion of diverse chemical odor molecules present
within the nasal cavity into electrical signals [28]. These electrical signals are conveyed
through the cell body and axons of OSNs, ultimately reaching the OB. In the OB, axons
extend into the glomeruli, forming clusters of synaptic connections with the dendrites of
the M/TCs, facilitating efficient signal transmission [11]. These two fundamental structural
characteristics facilitate odor discrimination. First, OSNs express distinct sets of odor
receptors that respond to specific odors. Second, axons from OSNs of the same class form
connections with glomeruli dedicated to particular odor categories [29]. This organization
facilitates the refinement of odor perception intensity and enhances discrimination capabil-
ities. Consequently, the synapses formed by OSNs in the OB represent the initial stages of
olfactory transmission and are pivotal for accurate odor recognition.

2.2. Mitral/Tufted Cells

The transmission of olfactory information within the OB depends on the involvement
of various neuronal types and synaptic connections. The primary excitatory projection
neurons in the OB are MCs and TCs [9]. These neurons possess an apical dendrite that ter-
minates in a dense tuft within the glomerular neuropil, as well as multiple lateral dendrites
extending into the EPL. The cell bodies of MCs are in the deeper MCL, and their axons
extend to specific downstream targets [30]. MC neurons are primarily excited through a
multistep signaling pathway and play a crucial role in odor information processing by
routing distinct odor signals to various regions of the olfactory cortex. Moreover, MCs are
implicated in the encoding of odor identity and intensity in the olfactory cortex through
complementary coding mechanisms [6,7]. They are responsible for integrating sensory
inputs with behavioral states and adapting to changing environments, influencing olfactory
sensitivity and behavior. In addition, TCs are involved in the processing of afferent olfactory
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sensory information in parallel with MCs, which encode complementary aspects of olfac-
tory information. TCs exhibit greater sensitivity, broader tuning, lower response thresholds,
concentration-invariant responses, and earlier responsiveness in the sniff cycle, rendering
them more efficient in distinguishing similar odorants at low concentrations [26,30]. To
discern the types of odors more accurately, external TCs establish an internal olfactory
information connectivity system by extending axons from one glomerulus to GCs below
another glomerulus. This direct connection links the glomerulus innervated by OSNs ex-
pressing the same olfactory receptors, effectively linking the source and neurons processing
olfactory information [6,11].

The representation of odors in the OB depends on several mechanisms. In awake
animals, the firing patterns of M/TCs convey more information about odor identity than
their firing rates do. Phasic M/TCs demonstrate firing patterns synchronized with discrete
phases of sniffing or respiration cycles [7]. This firing pattern is primarily influenced by
local interneurons that provide regulatory feedback, shaping the excitability of M/TCs
before the transmission of olfactory information to the piriform cortex [9,27]. These in-
terneurons are indispensable for integrating sensory inputs with behavioral states and
adapting to changing environments, which affect olfactory sensitivity and behaviors related
to odor processing.

2.3. GCs

Inhibitory interneurons are indispensable elements of OB circuitry. The most prevalent
inhibitory neurons in the OB are GCs, which lack axons but release the neurotransmitter
GABA from their spiny apical dendrites. These dendrites interact with the lateral dendrites
of excitatory M/TCs, regulating their activity in response to olfactory stimuli [9,27,31].
GCs display distinctive characteristics regarding synaptic organization. In contrast to the
conventional unidirectional synaptic configuration, GCs form reciprocal synapses with the
dendrites of other neurons, enabling both cell types to serve as presynaptic and postsynaptic
elements [9,32]. The release of Glu from M/TC dendrites can stimulate postsynaptic GC
dendrites, which subsequently releases GABA to exert inhibitory control over presynaptic
M/TC dendrites, effectively reversing their synaptic roles.

GCs have traditionally been assumed to be involved in the recurrent and lateral
inhibition of M/TCs, contributing to the coding of odor identity, modulating the output of
M/TCs, and influencing olfactory behavior and detection [10]. Dendrodendritic synapses
between M/TC and GC dendrites are of critical importance in this process. The release of
glutamate from M/TC dendrites excites GC dendrites, which then inhibits M/TC dendrites
via the release of GABA. This spatially localized self-inhibition of M/TCs and lateral
inhibition contributes to odor discrimination [9,11,27,32].

2.4. Periglomerular Cells

Another significant category of inhibitory interneurons in the OB is PGCs. These cells
have small cell bodies and limited dendritic branches and release the neurotransmitter
GABA within the GL [9,11]. PGCs receive direct input from OSNs and use GABAB and
D2 receptors to facilitate the presynaptic inhibition of sensory neurons. In addition, they
receive indirect excitatory input from other neurons and provide inhibitory output to
various cells in the GL, contributing to recurrent inhibition of activated M/TCs and odor-
evoked suppression of M/TC firing [33]. PGCs exhibit a selective inhibitory effect on
GCs, underscoring the intricate regulatory mechanisms governing olfactory information
transmission [9].

Besides the intrinsic circuitry of the OB, the functions of local interneurons are mod-
ulated by a range of extrinsic factors, including metabolic peptides, neuropeptides, and
hormones. Such extrinsic modulators may also influence olfactory processing and behavior.
In addition, certain modulators, including dopamine, norepinephrine, and acetylcholine,
have been observed to influence the function of ion channels, which play pivotal roles in
developing and regulating the olfactory system [3,34,35].
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3. Expression and Function of Ion Channels in the Olfactory Bulb
3.1. K+ Channels
3.1.1. Voltage-Gated K+ Channels

The vertebrate Kv family, which encompasses 12 members spanning from Kv1 to Kv12,
is classified based on amino acid sequence similarity and is distinguished by the presence of
six transmembrane domains [36]. The expression of the Kv channel subunits varies among
different cell types within the olfactory system. The Kv1.x subfamily, which represents the
largest class of the Kv family, forms heteropolymers within the central nervous system.
Specifically, six Kv1.x subunits (Kv1.1, Kv1.2, Kv1.3, Kv1.4, and Kv1.6) were identified as
being expressed in the OB [37]. The distribution of these subunits varied across different
neuronal substructures within the OB (Table 1).

Table 1. Differential localization and expression of ion channels in the olfactory bulb.

Region mRNA Protein Reference

Glomerular layer
OSN axons Kv3.4 (+++), Cav2.1 (+++), Cav2.2 (+++), Nav1.7 (+++) [37–41]

Periglomerular cells
Kv1.2 (+), Kv1.3 (++), Kv1.4
(++), TASK-1 (+++), TASK-3
(+++), Kv10.1 (±), Kv10.2 (±)

Kv1.3 (++), Kv1.4(++), Kv3.1, Kv4.3 (+++), Kv10.1 (++), Kir2.1
(+++), Kir2.2 (+++), Cav2.1 (++), Cav3.1 (+++), CaV3.3 (+++),
CNGA3 (++), KNa1.1 (+++), KNa1.2 (+++)

[33,37,42–49]

Plexiform layer

TC somata Kv1.1 (+), Kv1.2(+++), Kv1.3
(+++), Kv1.4 (+++)

Kv1.2 (++), Kv1.4 (+++), Kv10.1 (++), Kir2.4 (++), KNa1.1 (++),
CNGA3 (+++) [37,42–44,48,50]

TC dendrites Kv1.1 (+), Kv1.3 (++), Kv1.4 (+++), Kv4.2 (+++), CNGA3 (+++),
TC axons Kv1.2 (+++)

Mitral cell layer

MC somata

Kv1.1 (+), Kv1.2 (+++), Kv1.3
(+++), Kv1.4 (+++), Kv10.1
(++), Kv10.2 (+++), KNa1.1
(+++), KNa1.2 (+)

Kv1.2 (+++), Kv1.4 (+++), Kv10.1 (+++), Kir2.1 (+), Kir2.2 (+),
Kir2.3 (+), Kir2.4 (++), KNa1.1 (++), KNa1.2 (++), Cav3.1 (+),
Cav3.3 (+), CNGA3 (+++) [32,37,42–44,48,50–

54]

MC dendrites
Kv1.1 (+), Kv1.3 (++), Kv1.4 (+++), Kv4.2 (+++), Kir2.3 (++),
Cav1.2 (+++), Cav2.2, Cav3.1 (++), Cav3.3 (+), CNGA3 (+++),
KNa1.1 (++), KNa1.2 (++), KCa2.x

MC axons Kv1.2 (+++)

Granule cell layer

GC somata

Kv1.1 (++), Kv1.3 (+++),
Kv1.4 (+++), Kv1.6 (++),
TASK-1 (++), TASK-3 (++),
TRAAK (+), TREK-1 (+),
TREK-2 (+), TWIK-1 (+),
Kv10.1 (++), Kv10.2 (+++),
KNa1.1 (+++), KNa1.2 (+)

Kv1.6 (few), Kv4.2 (++), Kv4.3 (++), Kv10.1 (++), Kir2.1 (++),
Kir2.3 (+), Kir2.4 (few), Cav3.1 (++), CaV3.3 (++), Nav1.2 (+++) [32,37,40,42,44,45,49,

52,55–58]

GC dendrites
Kv1.1 (++), Kv1.3 (+++), Kv1.4 (+++), Kv4.2 (+++), KCa1.1,
KNa1.1 (++), KNa1.2 (++), Cav3.1 (++). Cav3.3 (++), Nav1.2
(+++)

Relative expression intensities are graded: +++, intense; ++, moderate; +, weak; ±, just above background; few,
few cells are strongly positive.

Among the Kv1.x subunits, Kv1.3 has been extensively studied in the context of OB
(Table 2). In a seminal study, Fadool et al. identified Kv1.3 as a significant contributor to the
discharge of MCs in the OB [51]. Mice lacking Kv1.3 exhibited increased firing frequency
in MCs, along with reduced levels of fasting blood glucose, insulin, and leptin. This physi-
ological alteration results in enhanced olfactory sensitivity and discrimination as well as
improved resistance to obesity [51,59]. Subsequent research has demonstrated that the
deletion of Kv1.3 in early postnatal mice results in an increase in MC numbers [60], synaptic
thinning in OSNs, and disrupted glomerular development. These changes are associated
with increased anxiety and attention deficits owing to increased olfactory sensitivity [61,62].
The involvement of Kv1.3 in obesity is linked to its interactions with several key proteins,
including insulin-dependent glucose transporter 4, insulin receptor kinases, and postsy-
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naptic density protein-95. These interactions influence mitochondrial development and
Kv1.3 phosphorylation in response to insulin [63,64].

It has been established that insulin and glucagon-like peptide-1, with Kv1.3 channel
inhibitors, enhance the discharge of MCs [65,66]. Moreover, the active form of glucose
has been demonstrated to directly activate Kv1.3, affecting the excitability of MCs [67].
Leptin has been demonstrated to suppress MC activity by activating K+ channels that bear
a resemblance to Kv1.3. Nevertheless, further investigations are necessary to substantiate
this relationship [34], and the specific cell-type functions of Kv1.3 in the OB remain incom-
pletely understood. Most current studies have focused on MCs, which has restricted our
understanding of the function of Kv1.3, which is also expressed in PGCs and GCs. Further
research using cell-specific interventions must gain a more comprehensive understanding
of the role of Kv1.3 in the OB function.

Besides the extensively studied Kv1.3 channel, other Kv channel subunits are widely
expressed across different neuronal populations within the OB. Boda et al. observed
elevated levels of Kv3.1 and Kv3.2 during the aging process, with Kv3.1 predominantly
expressed in glomerular pericytes and implicated in rapid intraglomerular inhibition [68].
The Kv3.1 channel may facilitate a reduction in the firing frequency of projection neurons
and an increase in peak time variability [33]. Kv3.4 is strongly expressed in the olfactory
glomerulus, but it primarily colocalizes with OSN axons, and its precise role remains
to be elucidated [37]. Kv1.3 and Kv3.1 serve as delayed rectifier channels, which are
localized in the soma of MCs and PGCs, where they regulate cellular excitability [33,51]. In
contrast, Kv3.4 functions as a rapidly inactivating channel in the presynaptic compartment
of OSNs, where its rapid inactivation properties may modulate action potential intervals
and influence the frequency of synaptic transmission [36,37].

The Kv4.2 subunit has been identified in the soma, lateral dendrites, apical dendrites,
and intercellular junctions of M/TCs, whereas Kv4.3 has been detected in PGCs, deep
short-axon cells, and GCs [42]. It has been demonstrated that brief transient responses
observed in GCs depend on both AMPA receptor-mediated synaptic transmission and
Kv4.3 inactivation [55]. In addition, other Kv channel subunits, including Kv10.1 and
Kv10.2, are also extensively distributed within the OB [43,52]. Nevertheless, further investi-
gation is required to fully understand their specific functions and contributions to olfactory
information processing.

3.1.2. Inward Rectifier K+ Channels

The inward rectifier K+ channel (Kir) family plays a pivotal role in the olfactory system
and comprises four subunits, each featuring two transmembrane segments surrounding a
pore-forming domain. In mammals, this family comprises 15 genes organized into seven
subfamilies ranging from Kir1 to Kir7 [69].

In 1996, Horio et al. identified the prominent expression of Kir2.3 mRNA (also known
as Irk3) across various regions of the olfactory system, including the OB, pre-olfactory
nucleus, olfactory tubercle, and piriform cortex [70]. Subsequent studies have demonstrated
the localization of specific Kir subunits within the OB. Kir2.1 is predominantly expressed
in the GL, Kir2.3 is highly concentrated in the EPL, and Kir2.4 shows moderate levels
in the MCL [44]. The activity of Kir currents in dopaminergic neurons surrounding the
glomeruli is modulated by neurotransmitters that regulate neuronal excitability [71]. Sun
et al. observed that oxytocin enhances adenosine triphosphate (ATP) production, which
activates the K-ATP family (Kir6.1–6.2) in M/TCs. This increase in K-ATP activity results
in a reduction in both spontaneous and odor-evoked neuronal firing, decreasing M/TC
excitability. This improves the signal-to-noise ratio of odor responses and ultimately
promotes the exploration of novel social stimuli [72,73]. In contrast to its effects on M/TCs,
oxytocin has been observed to decrease odor-evoked responses in GCs of awake mice
without altering their excitability. This suggests that oxytocin may distinctly affect M/TCs
and GCs within the OB, which may be influenced by cell-specific expression of K-ATP.
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3.1.3. Two-Pore Domain K+ Channels

The two-pore domain K+ channel (K2P) family comprises 15 mammalian genes.
These channels are distinguished by four transmembrane segments, exhibit slight rec-
tification, and play a crucial role in establishing resting membrane potential, regulating
cellular excitability, and enhancing K+ permeability in cells with specialized K+ trans-
port requirements [74]. K2P channels have been demonstrated to play a pivotal role in a
multitude of sensory functions. For example, in retinal ganglion cells, the K2P channel
TASK-3 plays a significant role in maintaining intrinsic excitability by sensing synaptic
proton release [23]. Similarly, in dorsal root ganglion (DRG) neurons, TASK3, TREK1, and
TREK2 have been identified as regulators of neuronal excitability during pathological pain
states [75–77].

Despite the widespread distribution of the K2P channel family in the OB, their specific
role remains unclear. Six K2P family mRNAs, specifically Kcnk3, Kcnk9, Kcnk2, Kcnk10,
Kcnk1, and Kcnk13, have been identified in OB [45]. The Kcnk3 and Kcnk9 genes exhibited
high expression levels in the GL, whereas all six genes were present in olfactory GCs [45,78].
Adenosine A1 receptors (A1R) are important for the functioning of MCs. Upon binding
to A1R, adenosine hyperpolarizes MCs by activating K2P, which suppresses spontaneous
activity and enhances the signal-to-noise ratio, fine-tuning the input-output relationship of
the sensory system [79]. However, previous studies have primarily used pharmacological
methods to confirm that adenosine-evoked outward currents are mediated by K2P, leaving
specific subtypes largely uncharacterized. Further research must distinguish and identify
K2P subtypes that contribute to these currents. Additional research must elucidate the
functional implications of K2P in the OB, particularly in the context of olfactory behavior
and disease models. Schubert et al. demonstrated that A1R modulates dendrodendritic
inhibition at the synaptic sites of MCs and GCs, affecting olfactory sensory information
processing. Nevertheless, regulation of the A1R pathway does not appear to alleviate
inflammation-induced hyperexcitability of MCs or restore olfactory function. This indi-
cates that the potential protective effects of K2P and A1R signaling might not prevent
hyperexcitability, Ca2+ overload, and neuronal injury during neuroinflammation [80].

3.1.4. Ca2+-Activated and Na+-Activated K+ Channels

Ca2+-activated K+ channels (KCa) are activated by increases in intracellular Ca2+ levels.
BK, also designated as KCa1.1, exhibited a high conductance of approximately 250 pS when
activated in a symmetrical K+ environment at 100 mmol/L. In contrast, small-conductance
K+ channels (SK) exhibit smaller conductance, ranging from 10 to 14 pS. These are further
classified into three subtypes: KCa2.1, KCa2.2, and KCa2.3. SK and BK are involved in
OB. SK is found in MCs but not GCs. Activation of these channels depends on Ca2+ influx
through Cav and N-methyl-D-aspartate (NMDA) auto receptors in dendrites. The blockade
of SK currents has been observed to enhance action potential discharge and induce dendritic
inhibition [53]. In contrast, activation of the N-methyl-D-aspartate receptor (NMDAR) in
GC dendrites mediates short-term inhibition through the influx of calcium ions coupled
with the activity of the BK channel [56]. The distinct subcellular functions of these channels
are closely related to their refined olfactory modulation capabilities, which illustrates the
complex interplay of ion channels in the processing of olfactory information within the
vertebrate OB.

Historically, Na+-activated K+ channels (KNa) have been classified within the BK chan-
nel family owing to their substantial conductance and structural similarity. However, recent
studies have shown these channels are primarily regulated by fluctuations in cytoplasmic
Na+ and chloride levels in mammals rather than by Ca2+ activation [81]. KNa was observed
to be widely distributed throughout the OB, with Slick/KNa1.2, which exhibited the high-
est expression levels in the plexiform layer, and Slack/KNa1.1 being predominantly found
in the GL. GCs express Slick channels in both somata and processes that extend into the
MCL, facilitating the formation of dendrodendritic synapses [49]. Research has indicated
that Slack, particularly in M/TCs, exhibits substantial delayed outward currents during
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normal olfactory transmission [50]. Moreover, slack plays a crucial role in compensating
for outward currents in MCs lacking Kv1.3, contributing to slow transmembrane action
potential saturation. This compensation may explain the abnormal olfactory phenotype
observed in mice lacking Kv1.3 [82].

3.2. Voltage-Gated Ca2+ Channels

Cav families are classified according to their molecular structure and current charac-
teristics [83]. The α1 subunit of the Ca2+ channel functions as the primary pore-forming
component and acts as a voltage sensor. In contrast, the β subunit interacts with the
cytoplasmic domain of the α1 subunit along with other auxiliary subunits to collectively
regulate channel activity. Studies on neurons have identified several calcium channel
subtypes due to different α1 subunits: Cav1.1-Cav1.4, the molecular counterpart of L-type
Ca2+ channels (LTCCs); Cav2.1, the molecular counterpart of P/Q-type Ca2+ channels
(P/QTCCs); Cav2.2, the molecular counterpart of N-type Ca2+ channels (NTCCs); Cav2.3,
the molecular counterpart of R-type Ca2+ channels (RTCCs); and Cav3.1–3.3, the molecular
counterpart of T-type Ca2+ channels (TTCCs). Among these, P/QTCCs, NTCCs, LTCCs,
and RTCCs are classified as high-voltage-activated channels, whereas TTCCs are classified
as low-voltage-activated channels. These channels are highly expressed in the OB, except
for RTCCs.

3.2.1. LTCCs

In the brain, approximately 90% of LTCCs (Cav1.1-Cav1.4) are Cav1.2, with the re-
maining 10% being Cav1.3. These two subtypes are typically co-expressed within the
same neuron and contribute to modulating postsynaptic firing and Ca2+-dependent sig-
naling pathways involved in regulating gene expression, a process known as excitation-
transcription coupling [84]. Ca2+ currents mediated by Cav1.2 and Cav1.3 are distinguished
by their long-lasting nature and exhibit a distinctive property of slow inactivation and
require substantial depolarization for activation. LTCCs play a role in several processes,
including learning, memory formation, drug addiction, and neuronal development [85].

In the OB, LTCCs have been identified in the apical dendrites of neonatal rat MCs,
where they are involved in synaptic release and interactions with NMDAR. This interaction
facilitates Ca2+-dependent plasticity during the initial stages of odor preference learning,
which is mediated by protein kinase A [54]. Furthermore, the LTCC blockade has been
demonstrated to inhibit the induction of long-term potentiation in primary OB slices,
providing additional evidence for their involvement in this process [86]. In addition,
LTCCs are involved in memory processing in MCs, following the receipt of inputs from the
piriform cortex. LTCCs perform different functions on young adult and aged animals. In
the initial stages of olfactory learning, norepinephrine, acting through β-adrenoceptors,
stimulates cAMP production, which leads to LTCC phosphorylation, enhances Ca2+ influx,
and promotes long-term memory formation [87]. However, in aged organisms, excessive
Ca2+ influx through LTCCs has been linked to reactive oxygen species (ROS) generation and
neuronal death, which may contribute to cognitive decline and memory impairment [88].
Based on these findings, LTCCs may represent a promising target to treat age-related
cognitive and memory-related disorders.

3.2.2. P/QTCCs

P/QTCCs (Cav2.1) have been shown to play a role in the release of neurotransmitters.
P/QTCCs have been observed to exhibit robust labeling in the PGCs of the OB and in a
subset of neurons distributed throughout the deep layers of the entorhinal and piriform
cortices [46]. The Cav2.1 subunit is localized to the presynaptic terminals of OSN axons
in the OB, where it defines a subset of the glomeruli. The localization of Cav2.1 affects
synaptic release, action potential patterns, and the regulation of other Ca2+-dependent
channels, influencing the processing of olfactory signals [38].
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The initial transformation of odor signals occurred at the synaptic glomeruli. Ion
channels, including Nav1.7, Cav2.1, and Cav2.2, are localized to the presynaptic terminals
of OSNs and serve as “switches” for neurotransmitter release in response to olfactory
stimuli. Similarly, the lateral dendrites of M/TCs exhibit a rapid neurotransmitter release
facilitated by Cav2.1 and Cav2.2, which activates a network of GABAergic interneurons,
initiating olfactory modulation. The shared characteristics of Cav2.1 and Cav2.2 at the
presynaptic terminals of OSNs and M/TCs suggest a potential consistency in channel
distribution and function among projection neurons in the OB. This is likely influenced by
chemotactic factors and their differential expression during development [89].

3.2.3. NTCCs

Similarly, NTCCs (Cav2.2) are located in the glomerular neuropils of both primary
and accessory OBs, where they colocalize with OSN axon terminals [90]. NTCCs exhibit
rapid inactivation and require robust depolarization for their activation. Primarily located
in presynaptic membranes, they serve as the initial trigger for the release of neurotransmit-
ters [85]. In mice lacking Cav2.2, the efficacy of excitatory postsynaptic currents (EPSCs) in
M/T cells is enhanced, indicating that the Ca2+ channel subunits at these synapses undergo
compensatory changes. The absence of Cav2.2 has been observed to result in a reduction
in paired-pulse depression at the OSN-M/T cell synapses, with a concomitant decrease
in peak current amplitudes in response to paired stimulation. This has been associated
with alterations in social behaviors, including hyper-aggressiveness [39]. N- and P/Q-
type Ca2+ channels in mitral cell dendrites, which are essential for rapid neurotransmitter
release, are activated upon arrival of an action potential [32,91]. Calcium channels with
disparate voltage-activation characteristics can fulfill disparate functional roles within the
same cellular context. In the OB: High-voltage-activated Ca2+ channels situated at the
dendritic spines of GCs are responsible for generating single action potentials following
Ca2+ influx [91]. In contrast, low-voltage-activated TTCCs are primarily responsible for
regulating subtle Ca2+ transients in the GC dendrites. These TTCC-mediated Ca2+ dynam-
ics assist in maintaining cellular excitability in response to action potentials and facilitate
lateral inhibition by modulating voltage-dependent Ca2+ signaling [57]. The diversity of
Ca2+ channel characteristics and their distribution within a single-cell type enables the
precise modulation of Ca2+ signaling and regulation of specific cellular processes.

3.2.4. TTCCs

TTCCs (Cav3.1–3.3) exhibit rapid inactivation and are readily activated by minimal
depolarization. They are primarily detected in cardiac and smooth muscle cells and are re-
sponsible for the electrical pacemaker activity. In situ hybridization of mouse brain sections
demonstrated substantial levels of TTCCs and CaV3.1–3.3 transcripts in the OB [92,93],
with prominent labeling in the olfactory nerve layer and glomeruli, and moderate levels in
the MCL and GCL [47]. The functional properties of TTCCs, including their low activation
threshold, fast voltage-dependent inactivation, rapid recovery, and slow deactivation [83],
indicate that they may play a role in regulating Ca2+ influx and signaling within the OB,
which is a critical component of olfactory sensory processing and information transmis-
sion [57]. TTCCs play a role in regulating Ca2+ transients in dendrites, particularly in
response to action potentials, and contribute to lateral inhibition by modulating voltage-
dependent Ca2+ dynamics in GCs [47,57].

3.2.5. Ca2+ Modulators

Besides the fundamental role of Ca2+ channels in electrophysiological processes, sev-
eral auxiliary Ca2+ modulators contribute significantly to OB function. The α2-δ-1 subunit
has been identified in the human olfactory system M/TCs, suggesting its involvement in
odorant perception and processing [90]. This subunit plays a crucial role in enhancing Ca2+

channel functionality by facilitating the trafficking of α1 subunits to the cell membrane,
increasing the number of functional channels available [94].
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3.3. Voltage-Gated Na+ Channels

Voltage-gated Na+ channels (Nav) are indispensable for initiating action potentials
in electrically excitable cells. This family of proteins is encoded by genes designated
Nav1.1–Nav1.9 [95]. In both mice and humans, four specific isoforms (Nav1.1, Nav1.2,
Nav1.3, and Nav1.7) are encoded by genes located on chromosome 2 and exhibit substantial
clustering in both species [96]. These Nav isoforms were functionally expressed in the OB.
Adult-born GCs in the OB express voltage-gated sodium channels (Nav) 1.1–1.3, which
are essential for preserving their characteristic morphological traits and neurotransmission.
Urban et al. demonstrated that siRNA-mediated knockdown of Nav1.1–1.3 resulted in a
reduction in dendritic spines and hindered dendritic complexity in GCs [58]. Na+ imag-
ing may indicate a subcellular distribution of Nav channels that are enriched in the MC
axons and GCs apical dendrites: action potential trains generated smaller Na+ signals in
the MC lateral dendrites compared to those in axons; in the GC apical dendrites, action
potential trains induced Na+ transients without detectable single spikes [97]. Moreover,
the Nav1.2 isoform is essential for normal dendritic GABA release and rapid recognition of
similar odors. GCs express Nav1.2 in dendritic spines, and its deletion has been demon-
strated to impair spiking, GABA release, and mitral cell inhibition, resulting in delayed
odor discrimination [40]. Mice with a heterozygous deletion of Nav1.1 display aversion
to novel food and social odors. Treatment with a GABAA receptor-positive allosteric
modulator has been shown to rescue this abnormal social behavior, indicating a connection
with impaired GABAergic neurotransmission [98].

The localization of Nav to dendritic spines is also of great importance for providing
precise temporal feedback inhibition to MCs. The activation of these channels within spines
has been demonstrated to enhance Ca2+ influx and postsynaptic depolarization while
leaving NMDAR signaling unaltered [99]. Moreover, the Nav1.7 isoform has been identified
at the axon terminals of OSNs [41,100]. In contrast to Nav1.5, which is predominantly
expressed in the dendritic knob of nasal mucosal epithelium, Nav1.7 exhibits a markedly
smaller ‘window current’ and decreased spontaneous channel opening during the resting
membrane state, suggesting distinct functional characteristics of Nav channels in the
olfactory system [101]. Mice in which Nav1.7 is conditionally deleted in the OSNs cannot
initiate synaptic signaling from their axon terminals and display deficiencies in odor
perception and related behaviors. These findings underscore the importance of Nav1.7 in
synaptic signaling within the olfactory system [102].

As the sole population of adult-born neurons in the OB, GCs express specific ion
channels. The Na+ channel family, particularly Nav1.1–1.3, plays a vital role in synaptic
differentiation and conduction of GCs, supporting their dendritic development and neural
signaling. As renewable neurons in the mature central nervous system, the development
and chemotactic functions of GCs progressively become dysregulated with age. Dysreg-
ulation can lead to hyposmia or anosmia [2,4,58]. Therefore, Nav1.1–1.3 may serve as an
important target for studies on olfactory aging and related disorders.

3.4. Other Channels
3.4.1. Cyclic Nucleotide-Gated Ion Channels

Cyclic adenosine monophosphate (cAMP) and cyclic guanosine monophosphate
(cGMP) directly activate a class of non-selective channels known as CNG channels. Six genes
encode proteins that form CNG channels. These comprise four alpha subunits (CNGA1–
CNGA4) and two beta subunits (CNGB1 and CNGB3). These CNG ion channels typically
form heterotetrameric complexes, often comprising two or three subunits, and serve as
the primary pathways for Ca2+ influx into cells [103,104]. In the olfactory system, the
activation of olfactory receptors by odorant molecules initiates a cascade of events, in-
cluding activation of the cAMP signaling pathway and CNG channels, which ultimately
results in the depolarization of OSNs in the olfactory epithelium [105]. In addition, research
indicates that cGMP functions as a secondary messenger in the neural networks of the OB,
particularly through the CNGA2 and CNGA3 subunits [48,103,106,107].
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The CNGA3 subunit is predominantly expressed in the principal cells of the OB,
including OSN axons, mitral and tufted cells, and interneurons such as PGCs, short-axon
cells, glial cells, and immature migrating neurons [48]. Both CNGA2 and CNGA3 are
present in the axons of OSNs and contribute to the processing of distinct odor information.
A particular group of glomeruli, designated as “necklace glomeruli”, receives substantial
cholinergic innervation and is innervated by OSNs that express the CNGA3 subunit. These
glomeruli, which remain intact in CNGA2-deficient mice, play a crucial role in mediating
responses to specific odorants [10]. Cyclic nucleotides can bidirectionally modulate synaptic
transmitter release from OSN axons, exhibiting both facilitative and depressive effects at
varying concentrations [108]. This differential modulation may underlie the potential
mechanism by which CNGA2 and CNGA3 discriminate specific odorants. Moreover, the
Ca2+/calmodulin (Ca2+/CaM) complex inhibits CNG channels in OSNs, affecting their
cyclic nucleotide sensitivity and contributing to their sensory adaptation. The subunit
composition of the CNG channel differs between olfactory and retinal rod cells, leading to
disparate Ca2+/CaM-dependent regulatory mechanisms [103].

The CNGB1b subunit, in conjunction with the CNGA2 and CNGA4 subunits, binds
cyclic nucleotides and plays a critical role in the activation of heterotetrameric olfactory
CNG channels. Additionally, the CNGB1b subunit accelerates the deactivation of these
channels, facilitating the rapid termination of odorant signals in OSNs [109].

3.4.2. Acid-Sensing Ion Channels

Acid-sensing ion channels (ASICs) are ligand-gated channels activated by extracellular
protons. To date, six ASIC isoforms have been identified. The ASIC family comprises six
isoforms: ASIC1a, ASIC1b, ASIC2a, ASIC2b, ASIC3, and ASIC4. Among these, ASIC1a,
heteromeric ASIC1a/2a, and ASIC3 were expressed in the M/TCs [110,111]. Furthermore,
ASIC1a is present within the glomeruli of the OB [112]. Activation of these ASICs has been
demonstrated to result in depolarization and increased intracellular Ca2+ levels in vitro.
ASIC1-deficient mice exhibit prolonged latency in locating buried food, augmented sniffing
time in response to acidic odors, and aberrant avoidance behavior toward specific odors
relative to their wild-type counterparts [111]. These findings underscore the importance
of ASICs in olfactory function. Nevertheless, it remains unclear whether these behavioral
abnormalities are mediated by M/TCs, OSNs, and PGCs in the glomeruli, or a combination
of these cell types.

In the central nervous system, ASICs modulate neuronal excitability in response to
changes in extracellular pH [16]. Mice that received intranasal application of zinc gluconate,
an inhibitor of ASIC1a, exhibited a pronounced increase in latency to uncover buried
food. These findings indicate that the olfactory abnormalities observed in ASIC1-deficient
mice may be because of odor receptors on the nasal mucosa rather than the OB itself.
The expression of various ASIC isoforms in different cell types within the OB, coupled
with their roles in modulating neuronal excitability and olfactory behavior, highlights the
significance of ASICs in olfactory information processing. Further research must elucidate
the precise mechanisms by which ASICs contribute to odor perception and discrimination
within the olfactory neural circuits.

Table 2. Function and potential clinical relevance of ion channels in the olfactory bulb.

Channels Function Potential Clinical Relevance

K+ channels

Kv1.3 Reduce firing frequency in MCs [51] Involved in the
OB development [60]

Abnormal olfactory sensitivity and discrimination
in Kv1.3-deficient mice [51,61,62]; glucose
metabolism and obesity [51,59,63–67]; human
polymorphism rs2821557 (T/C) [113]

Kv3.1 Reduce firing frequency and increase peak time
variability of projection neurons [33]
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Table 2. Cont.

Channels Function Potential Clinical Relevance

Kv4.3 Modulate brief transient responses in GCs [55]
Kir2.1 Modulate neuronal excitability in PGCs [71]

K-ATP Decrease M/TC excitability and improve the
signal-to-noise ratio of odor responses [72,73] Novel social exploration [73]

K2P Decrease spontaneous activity in MCs [79] Adenosine-related olfactory processing [79,80]
SK Enhance dendritic inhibition in MCs [53]
BK Mediate short-term inhibition in the GC dendrites [56]
Slick Facilitate the formation of the GC dendrites [49]
Slack Exhibits delayed outward currents in MCs [50] Olfactory sensitivity and discrimination [82]

Ca2+ channels

LTCCs Facilitate Ca2+-dependent plasticity of the MC apical
dendrites [54]

Odor preference learning [54];Long-term memory
formation [86,87]

P/QTCCs Modulate synaptic release in the OSN axons [38]

NTCCs Modulate synaptic release in the OSN axons and GC
dendrites [32,91]

Social behaviors including
hyper-aggressiveness [39]

TTCCs Regulate subtle Ca2+ transients in the GC
dendrites [57]

Na+ channels

Nav1.1–1.3 Preserve morphological traits and neurotransmission
in adult-born GCs [58]

Odor discrimination [40] and response to novel
food and social odors [98]

Nav1.7 Initiate synaptic signaling in the OSN axons [102]
Alteration of olfactory sensitivity in human
rs41268673C>A and rs6746030C>T alleles [114,115]
and mutation (c.3734A>G, p.N1245S) [116]

Other channels

CNGA2
Isolated congenital anosmia in human stop
mutation (c.634C>T, p.R212*) [117] and (c.577C>T,
p.A193*) [118]

CNGA3 Mediate specific odorant processing in the OSN
axons [10]

CNGB1 Facilitate the rapid termination of odorant signals in
OSNs [109]

Diminished or absent olfactory function in seven
human CNGB1 mutations [119]

ASICs Abnormal olfactory sensitivity and discrimination
in ASIC1-deficient mice [111]

4. Genetic Mutations and Dysfunctions of Ion Channels in Odor-Related Disorders

Odor-related disorders can be classified into two broad categories: quantitative and
qualitative disorders [120]. Quantitative disorders are defined as alterations in the capacity
to detect and identify odors. The subdivision of these disorders may be based on the results
of the smell identification tests, which include hypersensitivity, reduction (hyposmia), and
complete loss of smell (anosmia). While most olfactory disorders are acquired, sometimes
individuals are born without a sense of smell, a condition medically defined as congenital
anosmia. In these patients, the OB is typically hypoplastic or aplastic, and the olfactory
sulcus is shallow [121]. In contrast, qualitative olfactory dysfunction is characterized by
distorted or phantom-odor perceptions. Parosmia is defined as a distorted odor perception
in the presence of an odor source, whereas phantosmia is defined as an odor perception in
the absence of an odor. Qualitative olfactory disorders are frequently precipitated by sinus
or upper respiratory tract infections, as well as head trauma [122]. Qualitative olfactory
disorders manifest during periods of neuronal degeneration or regeneration [4]. Phantom
odors have been linked to psychiatric and neurological disorders [14].

The treatment approach for odor-related disorders typically focuses on addressing un-
derlying causes. In cases of sinusitis or head trauma, the recommended treatment approach
typically involves the use of nasal corticosteroids, antibiotics, or surgical interventions [1,3].
Although various therapeutic agents, including theophylline, vitamin A, and α-lipoic acid,
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have been evaluated in clinical trials, olfactory training has been demonstrated to be the
only effective therapeutic intervention. This approach entails deliberate olfactory stimu-
lation through inhalation of various odors on multiple occasions throughout the day, a
practice that has been demonstrated to have a beneficial impact [5].

Further studies of the genetic mutations and ion channel dysfunction associated with
odor-related disorders may yield valuable insights that could lead to clinical improvements.
Mutations in Kv1.3, Nav1.7, CNGA2, and CNGB1 have been identified as potential causes
of a specific type of olfactory disorder. Consequently, therapies aimed at restoring the
normal functions of these ion channels have been explored. This may entail pharmaco-
logical intervention, gene therapy, or other strategies to address the underlying causes
of dysfunction.

4.1. Kv1.3

The olfactory system and its variability play a significant role in the regulation of body
weight [123–125]. This influence is not limited to the quality and quantity of food intake;
it also affects energy and basal metabolism, partly through the activity of the K+ channel,
Kv1.3. This clinical evidence supports the findings of the animal studies. The rs2821557
mutation in the Kv1.3 gene has been associated with alterations in glucose homeostasis and
olfactory sensitivity. Individuals with this mutation exhibit a hyperolfactory phenotype
and a lower body mass index than the general population [113]. The functionally relevant
polymorphism rs2821557 (T/C) in the Kv1.3 gene has been linked to alterations in glycemic
homeostasis and olfactory sensitivity [113,126,127]. The major allele, T, is associated with a
“super-smeller” phenotype, lower plasma glucose levels, and resistance to diet-induced
obesity compared to the minor allele, C. This phenotype is analogous to that observed
in Kv1.3-deficient mice [51]. It is noteworthy that the results also demonstrated a sex-
dependent effect, with heterozygous females exhibiting superior performance compared
with heterozygous males [126]. These findings highlight the intricate relationships among
individual variability in olfactory function, body weight, and metabolic factors. Further
research is necessary to gain a deeper understanding of the underlying mechanisms and
factors contributing to these interconnections. Nevertheless, the targeted inhibition of OB
Kv1.3 function represents a promising avenue to treat obesity and metabolic disorders,
such as diabetes.

Kv1.3 was initially identified in human T cells in 1984, and its blockers have been in-
vestigated as immunomodulators since the mid-1990s. Clofazimine, a representative Kv1.3
inhibitor, has been extensively used in the clinical management of inflammatory dermato-
logical conditions, such as leprosy, and may serve as a model for drug optimization [36,128].
Building on this foundation, drug development efforts have proposed targeting the Kv1.3
channel within the OB as a potential strategy. Gene-targeted deletion of Kv1.3 in mice
improved resistance to diet-induced obesity [59]. In another study on diet-induced obese
mice, the administration of the Kv1.3 inhibitor margatoxin through OB-targeted osmotic
mini-pumps led to a reduction in body weight and an improvement in glucose clearance at
a more rapid rate [129]. While olfactory function was not discussed, this finding suggests
that the targeted inhibition of Kv1.3 in the OB may offer a promising avenue to treat obesity
and related metabolic disorders. Moreover, the channels in M/TCs that exhibit analogous
or antithetical effects to those of Kv1.3, such as K-ATP, K2P, and ASICs, warrant further
investigation in the context of obesity and metabolism. A deeper understanding of the
functions and interactions of these ion channels within the OB may offer valuable insights
into the development of more efficacious therapeutic strategies to address these complex
and prevalent health conditions.

4.2. Nav1.7

Recent studies have elucidated the role of the Na+ channel Nav1.7 in both pain
perception and olfaction. The wild-type haplotype of SCN9A, which encodes Nav1.7,
comprises the rs41268673C>A and rs6746030C>T alleles, and has been associated with
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reduced pain perception and enhanced olfactory acuity [114,115]. Individuals lacking these
alleles exhibited lower pain thresholds and heightened olfactory sensitivity compared to
those with the two-allele genotype.

Abnormalities in pain perception and olfaction were more pronounced in patients with
genetic mutations. Loss-of-function mutations in SCN9A have been associated with con-
genital insensitivity to pain and anosmia [102,130], underscoring the potential of Nav1.7 as
a genetic marker for these clinical conditions. For example, in mice with a conditional
knockout of Nav1.7 OSNs, these neurons generate odor-evoked action potentials but cannot
initiate synaptic signaling at the first synapse of the olfactory system [102]. In contrast, a
50-year-old woman with a heterozygous SCN9A mutation (c.3734A>G, p.N1245S) reported
burning pain in her feet and abdomen along with hypersensitivity to odors. However, the
patient did not respond effectively to treatment with Na+ channel inhibitors [116]. Never-
theless, repeated exposure to pleasant odors, including oranges, peaches, and coffee, has
been shown to stabilize mood and provide short-term pain relief. These findings highlight
the critical role of Nav1.7 in the perception of pain and smell and offer valuable insights for
diagnosing related disorders.

The enhanced olfactory sensitivity observed in this case may have contributed to
the therapeutic response to odor exposure, potentially explaining its effects on mood and
pain relief [116]. This indicates that augmenting the Nav1.7 functionality within the OB
could enhance the efficacy of odor therapy for cognitive and mood disorders. Conversely,
the inhibition of Nav1.7 in the olfactory system could result in a transient impairment of
olfaction, offering a potential method to mask unpleasant odors in specific situations. This
could be beneficial for individuals experiencing hyperemesis gravidarum during pregnancy,
given the heightened olfactory sensitivity that is a hallmark of this condition [131–133].
This approach may have applications for sewage inspectors or cleaners who work in
environments with unpleasant odors. The identification of an Na+ channel subunit as the
causative gene for an inherited form of general anosmia provides new insights into the
molecular mechanisms of olfaction.

4.3. CNG Channels

As previously described, CNG channel subunits, particularly CNGA2 and CNGA3,
play a significant role in odor information processing. Mutations in CNG channel subunits
have been linked to several olfactory disorders. An X-linked stop mutation in CNGA2
(c.634C>T, p.R212*) was identified in two brothers and associated with isolated congenital
anosmia (ICA), a condition characterized by the inability to smell in otherwise healthy
individuals [117]. Magnetic resonance imaging of the brain revealed a reduction in the
size of the OBs and flattening of the olfactory sulci, which underscores the essential role
of CNGA2 in human olfaction. Subsequently, another stop-gain mutation in CNGA2
(c.577C>T, p.A193*) was identified, resulting in ICA in five affected family members within
an Iranian family [118]. Similarly, Cnga2 knockout mice are congenitally anosmic and
exhibit markedly impaired olfactory function [134]. These findings indicate that CNGA2
plays a pivotal role in olfactory bulb development and signal transmission. However,
given the rarity of CNGA2-related olfactory disorders, with a prevalence of only 1 in
10,000 individuals, the significance of CNGA2 for gene therapy in ICA may be somewhat
limited, primarily pertaining to differential diagnosis.

The CNGB1 subunit, which is a component of CNG channels, has been implicated
in both photoreceptors and olfactory signal transduction [104,109,119]. The function of
CNGB1 is contingent upon its co-expression with a principal subunit (A1–A4), which deter-
mines the physical properties of the heteromeric channel, such as ligand sensitivity. This is
important for retinal rod phototransduction and odor-induced signal transduction [135]. In
a study by Issa et al., nine patients with CNGB1-mutation-associated retinitis pigmentosa
were identified, eight of whom exhibited diminished or absent olfactory function [119].
Seven mutations in CNGB1 were identified in patients presenting with hyposmia (n = 5) or
anosmia (n = 3). These observations are consistent with the findings from Cngb1 knock-
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out mice, which demonstrated a reduction in olfactory function [136]. This indicates
that CNGB1 mutations may represent a genetic basis for the comorbidity of retinitis pig-
mentosa and olfactory dysfunction, providing a valuable foundation for the diagnosis of
similar disorders.

Similarly, as observed with mutations in Nav1.7 [25] that result in pain and olfactory
anomalies, CNGB1 mutations lead to the development of comorbid visual and olfactory
impairments. This suggests that ion channels may perform analogous functions across
diverse sensory systems and neurons, indicating that when a specific sensory system is
influenced by genetic factors, such as ion channel mutations, it may concurrently result in
abnormalities in other sensory modalities. These findings provide valuable insights into
clinical diagnosis and treatment strategies that can be used.

The development of olfactory diseases is significantly influenced by environmental
factors and aging [3,4]. Clinical studies suggest that ion channel disorders, such as ICA,
often manifest during childhood due to mutations in CNG channels [118,119]. And con-
cerning the Kv1.3 alleles, many individuals may only become aware of olfactory differences
after undergoing olfactory testing, and the influences of age and lifestyle are not well-
documented [113,126]. To better elucidate the influence of ion channels in the OB under
environmental conditions and aging, further research, including cohort and case–control
studies, are warranted.

5. Conclusions

In the preceding section, we summarized the findings in the literature regarding the
most extensively studied ion channels in M/TCs, GCs, and PGCs within the OB. The current
understanding of ion channels in the olfactory system is largely limited by their expression.
However, there is a significant gap in our knowledge of their functions. Currently, the
primary methods used to investigate the locations and functions of individual ion channels
in OB neurons are RNAscope, immunohistochemistry, and electrophysiological recordings.
Techniques including single-cell RNA sequencing and spatial transcriptomic analysis may
provide further insights into the functional coupling of multiple ion channels in the regula-
tion of OB function. The interactions among ion channels and other signaling molecules
during odor stimulation are of significant importance to olfactory research. For instance,
further investigation of the interplay between NMDAR and channels such as LTCCs, BK,
and Nav in dendrites may provide a more comprehensive understanding of olfactory
processing. Given the potential for ion channels to exhibit similar or diverse molecular
functions across different cellular structures or neural circuits, it is necessary to use condi-
tional gene editing in conjunction with manipulation by optogenetics or chemogenetics to
elucidate the role of individual ion channels within a complex neural circuit.

A significant challenge remains in understanding the contribution of this diversity of
ion channels to olfactory processing. The following questions require further investigation.
What roles do specific combinations of ion channel subunits and their localization play in
shaping the unique responses of OB cells? How do changes in channel function, affected by
genetics and drugs, impact olfactory processing? What are the effects of variations in odor
exposure, metabolic state, or disease conditions on ion channel expression? Developments
of innovative computational and physiological approaches may help to reveal the answers
to these questions. Subsequent investigations at the cellular and circuit levels may offer
significant insights into the mechanisms of signal transmission within the OB, advancing
our understanding of olfactory processes.
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Abbreviations

OB Olfactory bulb
TRP Transient receptor potential
BK Large conductance K+ channels
Kv Voltage-gated K+ channels
CNG Cyclic nucleotide-gated
Cav Voltage-gated Ca2+ channels
OSN Olfactory sensory neuron
GL Glomerular layer
EPL External plexiform layer
MCL Mitral cell layer
IPL Internal plexiform layer
GCL Granule cell layer
M/TC Mitral/tufted cell
GABA γ-aminobutyric acid
GC Granule cell
PGC Periglomerular cell
Ca2+/CaM Ca2+/calmodulin
ICA Isolated congenital anosmia
Kir Inward rectifier K+ channels
ATP Adenosine triphosphate
K-ATP ATP-sensitive K+ channels
K2P Two-pore domain K+ channels
DRG Dorsal root ganglion
A1R Adenosine A1 receptors
KCa Ca2+-activated K+ channels
SK Small conductance K+ channels
NMDAR N-methyl-D-aspartate receptors
KNa Na+-activated K+ channels
P/QTCCs P/Q-type Ca2+ channels
NTCCs N-type Ca2+ channels
LTCCs L-type Ca2+ channels
TTCCs T-type Ca2+ channels
RTCCs R-type Ca2+ channels
Nav Voltage-gated Na+ channels
cAMP Cyclic adenosine monophosphate
cGMP Cyclic guanosine monophosphate
ASICs Acid-sensing ion channels

References
1. Croy, I.; Nordin, S.; Hummel, T. Olfactory disorders and quality of life—An updated review. Chem. Senses 2014, 39, 185–194.

[CrossRef]
2. Fatuzzo, I.; Niccolini, G.F.; Zoccali, F.; Cavalcanti, L.; Bellizzi, M.G.; Riccardi, G.; de Vincentiis, M.; Fiore, M.; Petrella, C.; Minni,

A.; et al. Neurons, nose, and neurodegenerative diseases: Olfactory function and cognitive impairment. Int. J. Mol. Sci. 2023,
24, 2117. [CrossRef]

3. Hummel, T.; Liu, D.T.; Muller, C.A.; Stuck, B.A.; Welge-Lussen, A.; Hahner, A. Olfactory dysfunction: Etiology, diagnosis, and
treatment. Dtsch. Arztebl. Int. 2023, 120, 146–154. [CrossRef]

4. Loughnane, M.; Tischler, V.; Khalid Saifeldeen, R.; Kontaris, E. Aging and olfactory training: A scoping review. Innov. Aging 2024,
8, igae044. [CrossRef]

5. Vance, D.E.; Del Bene, V.A.; Kamath, V.; Frank, J.S.; Billings, R.; Cho, D.Y.; Byun, J.Y.; Jacob, A.; Anderson, J.N.; Visscher, K.;
et al. Does olfactory training improve brain function and cognition? A systematic review. Neuropsychol. Rev. 2024, 34, 155–191.
[CrossRef]

6. Vaaga, C.E.; Westbrook, G.L. Distinct temporal filters in mitral cells and external tufted cells of the olfactory bulb. J. Physiol. 2017,
595, 6349–6362. [CrossRef]

https://doi.org/10.1093/chemse/bjt072
https://doi.org/10.3390/ijms24032117
https://doi.org/10.3238/arztebl.m2022.0411
https://doi.org/10.1093/geroni/igae044
https://doi.org/10.1007/s11065-022-09573-0
https://doi.org/10.1113/JP274608


Int. J. Mol. Sci. 2024, 25, 13259 17 of 21

7. Otazu, G.H.; Chae, H.; Davis, M.B.; Albeanu, D.F. Cortical feedback decorrelates olfactory bulb output in awake mice. Neuron
2015, 86, 1461–1477. [CrossRef]

8. Li, A.; Rao, X.; Zhou, Y.; Restrepo, D. Complex neural representation of odour information in the olfactory bulb. Acta Physiol.
2020, 228, e13333. [CrossRef]

9. Huang, Z.; Tatti, R.; Loeven, A.M.; Landi Conde, D.R.; Fadool, D.A. Modulation of neural microcircuits that control complex
dynamics in olfactory networks. Front. Cell. Neurosci. 2021, 15, 662184. [CrossRef]

10. Mori, K.; Sakano, H. Olfactory circuitry and behavioral decisions. Annu. Rev. Physiol. 2021, 83, 231–256. [CrossRef]
11. Tufo, C.; Poopalasundaram, S.; Dorrego-Rivas, A.; Ford, M.C.; Graham, A.; Grubb, M.S. Development of the mammalian main

olfactory bulb. Development 2022, 149, dev200210. [CrossRef]
12. Butowt, R.; Bilinska, K.; von Bartheld, C.S. Olfactory dysfunction in COVID-19: New insights into the underlying mechanisms.

Trends Neurosci. 2023, 46, 75–90. [CrossRef]
13. Schirinzi, T.; Maftei, D.; Maurizi, R.; Albanese, M.; Simonetta, C.; Bovenzi, R.; Bissacco, J.; Mascioli, D.; Boffa, L.; Di Certo, M.G.;

et al. Post-COVID-19 hyposmia does not exhibit main neurodegeneration markers in the olfactory pathway. Mol. Neurobiol. 2024,
61, 8921–8927. [CrossRef]

14. Marin, C.; Alobid, I.; Fuentes, M.; Lopez-Chacon, M.; Mullol, J. Olfactory dysfunction in mental illness. Curr. Allergy Asthma Rep.
2023, 23, 153–164. [CrossRef]

15. Wang, J.J.; Li, Y. KCNQ potassium channels in sensory system and neural circuits. Acta Pharmacol. Sin. 2016, 37, 25–33. [CrossRef]
16. Carattino, M.D.; Montalbetti, N. Acid-sensing ion channels in sensory signaling. Am. J. Physiol. Renal Physiol. 2020, 318, F531–F543.

[CrossRef]
17. Lukacs, L.; Rennekampff, I.; Tenenhaus, M.; Rennekampff, H.-O. The periodontal ligament, temperature-sensitive ion channels

TRPV1–4, and the mechanosensitive ion channels Piezo1 and 2: A Nobel connection. J. Periodontal. Res. 2023, 58, 687–696.
[CrossRef]

18. Mittal, R.; Aranke, M.; Debs, L.H.; Nguyen, D.; Patel, A.P.; Grati, M.H.; Mittal, J.; Yan, D.; Chapagain, P.; Eshraghi, A.A.; et al.
Indispensable role of ion channels and transporters in the auditory system. J. Cell. Physiol. 2016, 232, 743–758. [CrossRef]

19. Lai, H.; Gao, M.; Yang, H. The potassium channels: Neurobiology and pharmacology of tinnitus. J. Neurosci. Res. 2023, 102, e25281.
[CrossRef]

20. Van Hook, M.J.; Nawy, S.; Thoreson, W.B. Voltage- and calcium-gated ion channels of neurons in the vertebrate retina. Prog. Retin.
Eye Res. 2019, 72, 100760. [CrossRef]

21. Inamdar, S.M.; Lankford, C.K.; Baker, S.A. Photoreceptor ion channels in signaling and disease. Adv. Exp. Med. Biol. 2023, 1415,
269–276. [CrossRef]

22. Rashwan, R.; Hunt, D.M.; Carvalho, L.S. The role of voltage-gated ion channels in visual function and disease in mammalian
photoreceptors. Pflugers Arch. 2021, 473, 1455–1468. [CrossRef]

23. Wen, X.; Liao, P.; Luo, Y.; Yang, L.; Yang, H.; Liu, L.; Jiang, R. Tandem pore domain acid-sensitive K channel 3 (TASK-3) regulates
visual sensitivity in healthy and aging retina. Sci. Adv. 2022, 8, eabn8785. [CrossRef]

24. Xiao, Y.; Zhou, H.; Jiang, L.; Liu, R.; Chen, Q. Epigenetic regulation of ion channels in the sense of taste. Pharmacol. Res. 2021,
172, 105760. [CrossRef]

25. MacDonald, D.I.; Sikandar, S.; Weiss, J.; Pyrski, M.; Luiz, A.P.; Millet, Q.; Emery, E.C.; Mancini, F.; Iannetti, G.D.; Alles, S.R.A.;
et al. A central mechanism of analgesia in mice and humans lacking the sodium channel NaV1.7. Neuron 2021, 109, 1497–1512.
[CrossRef]

26. Hirata, T. Olfactory information processing viewed through mitral and tufted cell-specific channels. Front. Neural Circuits 2024,
18, 1382626. [CrossRef]

27. Egger, V.; Kuner, T. Olfactory bulb granule cells: Specialized to link coactive glomerular columns for percept generation and
discrimination of odors. Cell Tissue Res. 2021, 383, 495–506. [CrossRef]

28. Labarca, P.; Bacigalupo, J. Ion channels from chemosensory olfactory neurons. J. Bioenerg. Biomembr. 1988, 20, 551–569. [CrossRef]
29. Nakashima, A.; Takeuchi, H. Roles of odorant receptors during olfactory glomerular map formation. Genesis 2024, 62, e23610.

[CrossRef]
30. Nguyen, U.P.; Imamura, F. Regional differences in mitral cell development in mouse olfactory bulb. J. Comp. Neurol. 2019, 527,

2233–2244. [CrossRef]
31. Imai, T. Construction of functional neuronal circuitry in the olfactory bulb. Semin. Cell Dev. Biol. 2014, 35, 180–188. [CrossRef]
32. Isaacson, J.S.; Strowbridge, B.W. Olfactory reciprocal synapses: Dendritic signaling in the CNS. Neuron 1998, 20, 749–761.

[CrossRef]
33. Najac, M.; Sanz Diez, A.; Kumar, A.; Benito, N.; Charpak, S.; De Saint Jan, D. Intraglomerular lateral inhibition promotes spike

timing variability in principal neurons of the olfactory bulb. J. Neurosci. 2015, 35, 4319–4331. [CrossRef]
34. Sun, C.; Tang, K.; Wu, J.; Xu, H.; Zhang, W.; Cao, T.; Zhou, Y.; Yu, T.; Li, A. Leptin modulates olfactory discrimination and neural

activity in the olfactory bulb. Acta Physiol. 2019, 227, e13319. [CrossRef]
35. Liu, S.; Plachez, C.; Shao, Z.; Puche, A.; Shipley, M.T. Olfactory bulb short axon cell release of GABA and dopamine produces a

temporally biphasic inhibition-excitation response in external tufted cells. J. Neurosci. 2013, 33, 2916–2926. [CrossRef]
36. Wulff, H.; Castle, N.A.; Pardo, L.A. Voltage-gated potassium channels as therapeutic targets. Nat. Rev. Drug Discov. 2009, 8,

982–1001. [CrossRef]

https://doi.org/10.1016/j.neuron.2015.05.023
https://doi.org/10.1111/apha.13333
https://doi.org/10.3389/fncel.2021.662184
https://doi.org/10.1146/annurev-physiol-031820-092824
https://doi.org/10.1242/dev.200210
https://doi.org/10.1016/j.tins.2022.11.003
https://doi.org/10.1007/s12035-024-04157-w
https://doi.org/10.1007/s11882-023-01068-z
https://doi.org/10.1038/aps.2015.131
https://doi.org/10.1152/ajprenal.00546.2019
https://doi.org/10.1111/jre.13137
https://doi.org/10.1002/jcp.25631
https://doi.org/10.1002/jnr.25281
https://doi.org/10.1016/j.preteyeres.2019.05.001
https://doi.org/10.1007/978-3-031-27681-1_39
https://doi.org/10.1007/s00424-021-02595-2
https://doi.org/10.1126/sciadv.abn8785
https://doi.org/10.1016/j.phrs.2021.105760
https://doi.org/10.1016/j.neuron.2021.03.012
https://doi.org/10.3389/fncir.2024.1382626
https://doi.org/10.1007/s00441-020-03402-7
https://doi.org/10.1007/BF00768919
https://doi.org/10.1002/dvg.23610
https://doi.org/10.1002/cne.24683
https://doi.org/10.1016/j.semcdb.2014.07.012
https://doi.org/10.1016/S0896-6273(00)81013-2
https://doi.org/10.1523/JNEUROSCI.2181-14.2015
https://doi.org/10.1111/apha.13319
https://doi.org/10.1523/JNEUROSCI.3607-12.2013
https://doi.org/10.1038/nrd2983


Int. J. Mol. Sci. 2024, 25, 13259 18 of 21

37. Veh, R.W.; Lichtinghagen, R.; Sewing, S.; Wunder, F.; Grumbach, I.M.; Pongs, O. Immunohistochemical localization of five
members of the Kv1 channel subunits: Contrasting subcellular locations and neuron-specific co-localizations in rat brain. Eur. J.
Neurosci. 1995, 7, 2189–2205. [CrossRef]

38. Pyrski, M.; Tusty, M.; Eckstein, E.; Oboti, L.; Rodriguez-Gil, D.J.; Greer, C.A.; Zufall, F. P/Q type calcium channel Cav2.1 defines a
unique subset of glomeruli in the mouse olfactory bulb. Front. Cell. Neurosci. 2018, 12, 295. [CrossRef]

39. Weiss, J.; Pyrski, M.; Weissgerber, P.; Zufall, F. Altered synaptic transmission at olfactory and vomeronasal nerve terminals in
mice lacking N-type calcium channel Cav2.2. Eur. J. Neurosci. 2014, 40, 3422–3435. [CrossRef]

40. Nunes, D.; Kuner, T. Axonal sodium channel NaV1.2 drives granule cell dendritic GABA release and rapid odor discrimination.
PLOS Biol. 2018, 16, e2003816. [CrossRef]

41. Ahn, H.-S.; Black, J.A.; Zhao, P.; Tyrrell, L.; Waxman, S.G.; Dib-Hajj, S.D. Nav1.7 is the Predominant Sodium Channel in Rodent
Olfactory Sensory Neurons. Mol. Pain 2011, 7, 1744–8069. [CrossRef]

42. Kollo, M.; Holderith, N.; Antal, M.; Nusser, Z. Unique clustering of A-type potassium channels on different cell types of the main
olfactory bulb. Eur. J. Neurosci. 2008, 27, 1686–1699. [CrossRef]

43. Martin, S.; Lino de Oliveira, C.; Mello de Queiroz, F.; Pardo, L.A.; Stühmer, W.; Del Bel, E. Eag1 potassium channel immunohisto-
chemistry in the CNS of adult rat and selected regions of human brain. Neuroscience 2008, 155, 833–844. [CrossRef]

44. Prüss, H.; Derst, C.; Lommel, R.; Veh, R.W. Differential distribution of individual subunits of strongly inwardly rectifying
potassium channels (Kir2 family) in rat brain. Mol. Brain Res. 2005, 139, 63–79. [CrossRef]

45. Talley, E.M.; Solórzano, G.; Lei, Q.; Kim, D.; Bayliss, D.A. CNS Distribution of members of the two-pore-domain (KCNK)
potassium channel family. J. Neurosci. 2001, 21, 7491–7505. [CrossRef]

46. Hillman, D.; Chen, S.; Aung, T.T.; Cherksey, B.; Sugimori, M.; Llinas, R.R. Localization of P-type calcium channels in the central
nervous system. Proc. Natl. Acad. Sci. USA 1991, 88, 7076–7080. [CrossRef]

47. Yunker, A.M.; Sharp, A.H.; Sundarraj, S.; Ranganathan, V.; Copeland, T.D.; McEnery, M.W. Immunological characterization
of T-type voltage-dependent calcium channel CaV3.1 (alpha 1G) and CaV3.3 (alpha 1I) isoforms reveal differences in their
localization, expression, and neural development. Neuroscience 2003, 117, 321–335. [CrossRef]

48. Gutièrrez-Mecinas, M.; Blasco-Ibáñez, J.M.; Nàcher, J.; Varea, E.; Martínez-Guijarro, F.J.; Crespo, C. Distribution of the A3 subunit
of the cyclic nucleotide–gated ion channels in the main olfactory bulb of the rat. Neuroscience 2008, 153, 1164–1176. [CrossRef]

49. Rizzi, S.; Knaus, H.G.; Schwarzer, C. Differential distribution of the sodium-activated potassium channels slick and slack in
mouse brain. J. Comp. Neurol. 2015, 524, 2093–2116. [CrossRef]

50. Budelli, G.; Hage, T.A.; Wei, A.; Rojas, P.; Ivy Jong, Y.-J.; O'Malley, K.; Salkoff, L. Na+-activated K+ channels express a large
delayed outward current in neurons during normal physiology. Nat. Neurosci. 2009, 12, 745–750. [CrossRef]

51. Fadool, D.A.; Tucker, K.; Perkins, R.; Fasciani, G.; Thompson, R.N.; Parsons, A.D.; Overton, J.M.; Koni, P.A.; Flavell, R.A.;
Kaczmarek, L.K. Kv1.3 channel gene-targeted deletion produces "Super-Smeller Mice" with altered glomeruli, interacting
scaffolding proteins, and biophysics. Neuron 2004, 41, 389–404. [CrossRef]

52. Ludwig, J.; Weseloh, R.; Karschin, C.; Liu, Q.; Netzer, R.; Engeland, B.; Stansfeld, C.; Pongs, O. Cloning and functional expression
of rat eag2, a new member of the ether-à-go-go family of potassium channels and comparison of its distribution with that of eag1.
Mol. Cell. Neurosci. 2000, 16, 59–70. [CrossRef]

53. Maher, B.J.; Westbrook, G.L. SK channel regulation of dendritic excitability and dendrodendritic inhibition in the olfactory bulb.
J. Neurophysiol. 2005, 94, 3743–3750. [CrossRef]

54. Jerome, D.; Hou, Q.; Yuan, Q. Interaction of NMDA receptors and L-type calcium channels during early odor preference learning
in rats. Eur. J. Neurosci. 2012, 36, 3134–3141. [CrossRef]

55. Schoppa, N.E. AMPA/Kainate receptors drive rapid output and precise synchrony in olfactory bulb granule cells. J. Neurosci.
2006, 26, 12996–13006. [CrossRef]

56. Isaacson, J.S.; Murphy, G.J. Glutamate-mediated extrasynaptic inhibition: Direct coupling of NMDA receptors to Ca(2+)-activated
K+ channels. Neuron 2001, 31, 1027–1034. [CrossRef]

57. Egger, V.; Svoboda, K.; Mainen, Z.F. Mechanisms of lateral inhibition in the olfactory bulb: Efficiency and modulation of
spike-evoked calcium influx into granule cells. J. Neurosci. 2003, 23, 7551–7558. [CrossRef]

58. Dahlen, J.E.; Jimenez, D.A.; Gerkin, R.C.; Urban, N.N. Morphological analysis of activity-reduced adult-born neurons in the
mouse olfactory bulb. Front. Neurosci. 2011, 5, 66. [CrossRef]

59. Tucker, K.; Overton, J.M.; Fadool, D.A. Diet-Induced Obesity Resistance of Kv1.3−/− Mice is Olfactory Bulb Dependent.
J. Neuroendocrinol. 2012, 24, 1087–1095. [CrossRef]

60. Johnson, M.C.; Biju, K.C.; Hoffman, J.; Fadool, D.A. Odor enrichment sculpts the abundance of olfactory bulb mitral cells. Neurosci.
Lett. 2013, 541, 173–178. [CrossRef]

61. Biju, K.C.; Marks, D.R.; Mast, T.G.; Fadool, D.A. Deletion of voltage-gated channel affects glomerular refinement and odorant
receptor expression in the mouse olfactory system. J. Comp. Neurol. 2008, 506, 161–179. [CrossRef]

62. Huang, Z.; Hoffman, C.A.; Chelette, B.M.; Thiebaud, N.; Fadool, D.A. Elevated anxiety and impaired attention in super-smeller,
Kv1.3 knockout mice. Front. Behav. Neurosci. 2018, 12, 49. [CrossRef]

63. Kovach, C.P.; Al Koborssy, D.; Huang, Z.; Chelette, B.M.; Fadool, J.M.; Fadool, D.A. Mitochondrial ultrastructure and glucose
signaling pathways attributed to the Kv1.3 ion channel. Front. Physiol. 2016, 7, 178. [CrossRef]

https://doi.org/10.1111/j.1460-9568.1995.tb00641.x
https://doi.org/10.3389/fncel.2018.00295
https://doi.org/10.1111/ejn.12713
https://doi.org/10.1371/journal.pbio.2003816
https://doi.org/10.1186/1744-8069-7-32
https://doi.org/10.1111/j.1460-9568.2008.06141.x
https://doi.org/10.1016/j.neuroscience.2008.05.019
https://doi.org/10.1016/j.molbrainres.2005.05.006
https://doi.org/10.1523/JNEUROSCI.21-19-07491.2001
https://doi.org/10.1073/pnas.88.16.7076
https://doi.org/10.1016/S0306-4522(02)00936-3
https://doi.org/10.1016/j.neuroscience.2008.03.012
https://doi.org/10.1002/cne.23934
https://doi.org/10.1038/nn.2313
https://doi.org/10.1016/S0896-6273(03)00844-4
https://doi.org/10.1006/mcne.2000.0851
https://doi.org/10.1152/jn.00797.2005
https://doi.org/10.1111/j.1460-9568.2012.08210.x
https://doi.org/10.1523/JNEUROSCI.3503-06.2006
https://doi.org/10.1016/S0896-6273(01)00428-7
https://doi.org/10.1523/JNEUROSCI.23-20-07551.2003
https://doi.org/10.3389/fnins.2011.00066
https://doi.org/10.1111/j.1365-2826.2012.02314.x
https://doi.org/10.1016/j.neulet.2013.02.027
https://doi.org/10.1002/cne.21540
https://doi.org/10.3389/fnbeh.2018.00049
https://doi.org/10.3389/fphys.2016.00178


Int. J. Mol. Sci. 2024, 25, 13259 19 of 21

64. Marks, D.R.; Fadool, D.A. Post-synaptic density perturbs insulin-induced Kv1.3 channel modulation via a clustering mechanism
involving the SH3domain. J. Neurochem. 2007, 103, 1608–1627. [CrossRef]

65. Fadool, D.A.; Tucker, K.; Pedarzani, P. Mitral cells of the olfactory bulb perform metabolic sensing and are disrupted by obesity at
the level of the Kv1.3 ion channel. PLoS ONE 2011, 6, e24921. [CrossRef]

66. Thiebaud, N.; Llewellyn-Smith, I.J.; Gribble, F.; Reimann, F.; Trapp, S.; Fadool, D.A. The incretin hormone glucagon-like peptide
1 increases mitral cell excitability by decreasing conductance of a voltage-dependent potassium channel. J. Physiol. 2016, 594,
2607–2628. [CrossRef]

67. Tucker, K.; Cho, S.; Thiebaud, N.; Henderson, M.X.; Fadool, D.A. Glucose sensitivity of mouse olfactory bulb neurons is conveyed
by a voltage-gated potassium channel. J. Physiol. 2013, 591, 2541–2561. [CrossRef]

68. Boda, E.; Hoxha, E.; Pini, A.; Montarolo, F.; Tempia, F. Brain expression of Kv3 subunits during development, adulthood and
aging and in a murine model of Alzheimer’s disease. J. Mol. Neurosci. 2011, 46, 606–615. [CrossRef]

69. Hibino, H.; Inanobe, A.; Furutani, K.; Murakami, S.; Findlay, I.; Kurachi, Y. Inwardly rectifying potassium channels: Their
structure, function, and physiological roles. Physiol. Rev. 2010, 90, 291–366. [CrossRef]

70. Horio, Y.; Morishige, K.; Takahashi, N.; Kurachi, Y. Differential distribution of classical inwardly rectifying potassium channel
mRNAs in the brain: Comparison of IRK2 with IRK1 and IRK3. FEBS Lett. 1996, 379, 239–243. [CrossRef]

71. Borin, M.; Fogli Iseppe, A.; Pignatelli, A.; Belluzzi, O. Inward rectifier potassium (Kir) current in dopaminergic periglomerular
neurons of the mouse olfactory bulb. Front. Cell. Neurosci. 2014, 8, 223. [CrossRef]

72. Sun, C.; Yin, Z.; Li, B.Z.; Du, H.; Tang, K.; Liu, P.; Hang Pun, S.; Lei, T.C.; Li, A. Oxytocin modulates neural processing of
mitral/tufted cells in the olfactory bulb. Acta Physiol. 2021, 231, e13626. [CrossRef]

73. Simoes de Souza, F.M.; Restrepo, D. Unraveling the role of oxytocin in social behaviours mediated by the olfactory system. Acta
Physiol. 2021, 232, e13669. [CrossRef]

74. Enyedi, P.; Czirjak, G. Molecular background of leak K+ currents: Two-pore domain potassium channels. Physiol. Rev. 2010, 90,
559–605. [CrossRef]

75. Sun, W.; Yang, F.; Wang, Y.; Yang, Y.; Du, R.; Wang, X.L.; Luo, Z.X.; Wu, J.J.; Chen, J. Sortilin-mediated inhibition of TREK1/2
channels in primary sensory neurons promotes prediabetic neuropathic pain. Adv. Sci. 2024, 11, 2310295. [CrossRef]

76. Liao, P.; Qiu, Y.; Mo, Y.; Fu, J.; Song, Z.; Huang, L.; Bai, S.; Wang, Y.; Zhu, J.J.; Tian, F.; et al. Selective activation of TWIK-related
acid-sensitive K(+) 3 subunit-containing channels is analgesic in rodent models. Sci. Transl. Med. 2019, 11, eaaw8434. [CrossRef]

77. Qiu, Y.; Huang, L.; Fu, J.; Han, C.; Fang, J.; Liao, P.; Chen, Z.; Mo, Y.; Sun, P.; Liao, D.; et al. TREK channel family activator
with a well-defined structure-activation relationship for pain and neurogenic inflammation. J. Med. Chem. 2020, 63, 3665–3677.
[CrossRef]

78. Reyes, R.; Lauritzen, I.; Lesage, F.; Ettaiche, M.; Fosset, M.; Lazdunski, M. Immunolocalization of the arachidonic acid and
mechanosensitive baseline TRAAK potassium channel in the nervous system. Neuroscience 1999, 95, 893–901. [CrossRef]

79. Rotermund, N.; Winandy, S.; Fischer, T.; Schulz, K.; Fregin, T.; Alstedt, N.; Buchta, M.; Bartels, J.; Carlström, M.; Lohr, C.; et al.
Adenosine A1 receptor activates background potassium channels and modulates information processing in olfactory bulb mitral
cells. J. Physiol. 2018, 596, 717–733. [CrossRef]

80. Schubert, C.; Schulz, K.; Träger, S.; Plath, A.-L.; Omriouate, A.; Rosenkranz, S.C.; Morellini, F.; Friese, M.A.; Hirnet, D. Neuronal
adenosine A1 receptor is critical for olfactory function but unable to attenuate olfactory dysfunction in neuroinflammation. Front.
Cell. Neurosci. 2022, 16, 912030. [CrossRef]

81. Kaczmarek, L.K.; Aldrich, R.W.; Chandy, K.G.; Grissmer, S.; Wei, A.D.; Wulff, H. International Union of Basic and Clinical
Pharmacology. C. nomenclature and properties of calcium-activated and sodium-activated potassium channels. Pharmacol. Rev.
2017, 69, 1–11. [CrossRef]

82. Lu, S.; Das, P.; Fadool, D.A.; Kaczmarek, L.K. The slack sodium-activated potassium channel provides a major outward current in
olfactory neurons of Kv1.3−/− super-smeller mice. J. Neurophysiol. 2010, 103, 3311–3319. [CrossRef]

83. Dolphin, A.C. G protein modulation of voltage-gated calcium channels. Pharmacol. Rev. 2003, 55, 607–627. [CrossRef]
84. Ma, H.; Cohen, S.; Li, B.; Tsien, R.W. Exploring the dominant role of Cav1 channels in signalling to the nucleus. Biosci. Rep. 2012,

33, e00009. [CrossRef]
85. Zamponi, G.W.; Striessnig, J.; Koschak, A.; Dolphin, A.C. The physiology, pathology, and pharmacology of voltage-gated calcium

channels and their future therapeutic potential. Pharmacol. Rev. 2015, 67, 821–870. [CrossRef]
86. Zhang, J.J.; Okutani, F.; Huang, G.Z.; Taniguchi, M.; Murata, Y.; Kaba, H. Common properties between synaptic plasticity in the

main olfactory bulb and olfactory learning in young rats. Neuroscience 2010, 170, 259–267. [CrossRef]
87. Ghosh, A.; Carew, S.J.; Chen, X.; Yuan, Q. The role of L-type calcium channels in olfactory learning and its modulation by

norepinephrine. Front. Cell. Neurosci. 2017, 11, 394. [CrossRef]
88. Lee, C.J.; Lee, S.H.; Kang, B.S.; Park, M.K.; Yang, H.W.; Woo, S.Y.; Park, S.W.; Kim, D.Y.; Jeong, H.H.; Yang, W.I.; et al. Effects

of L-type voltage-gated calcium channel (LTCC) inhibition on hippocampal neuronal death after pilocarpine-induced seizure.
Antioxidants 2024, 13, 389. [CrossRef]

89. Müller, C.S.; Haupt, A.; Bildl, W.; Schindler, J.; Knaus, H.-G.; Meissner, M.; Rammner, B.; Striessnig, J.; Flockerzi, V.; Fakler, B.;
et al. Quantitative proteomics of the Cav2 channel nano-environments in the mammalian brain. Proc. Natl. Acad. Sci. USA 2010,
107, 14950–14957. [CrossRef]

https://doi.org/10.1111/j.1471-4159.2007.04870.x
https://doi.org/10.1371/journal.pone.0024921
https://doi.org/10.1113/JP272322
https://doi.org/10.1113/jphysiol.2013.254086
https://doi.org/10.1007/s12031-011-9648-6
https://doi.org/10.1152/physrev.00021.2009
https://doi.org/10.1016/0014-5793(95)01519-1
https://doi.org/10.3389/fncel.2014.00223
https://doi.org/10.1111/apha.13626
https://doi.org/10.1111/apha.13669
https://doi.org/10.1152/physrev.00029.2009
https://doi.org/10.1002/advs.202310295
https://doi.org/10.1126/scitranslmed.aaw8434
https://doi.org/10.1021/acs.jmedchem.9b02163
https://doi.org/10.1016/S0306-4522(99)00484-4
https://doi.org/10.1113/JP275503
https://doi.org/10.3389/fncel.2022.912030
https://doi.org/10.1124/pr.116.012864
https://doi.org/10.1152/jn.00607.2009
https://doi.org/10.1124/pr.55.4.3
https://doi.org/10.1042/BSR20120099
https://doi.org/10.1124/pr.114.009654
https://doi.org/10.1016/j.neuroscience.2010.06.002
https://doi.org/10.3389/fncel.2017.00394
https://doi.org/10.3390/antiox13040389
https://doi.org/10.1073/pnas.1005940107


Int. J. Mol. Sci. 2024, 25, 13259 20 of 21

90. Taylor, C.P.; Garrido, R. Immunostaining of rat brain, spinal cord, sensory neurons and skeletal muscle for calcium channel
alpha2-delta (alpha2-delta) type 1 protein. Neuroscience 2008, 155, 510–521. [CrossRef]

91. Halabisky, B.; Friedman, D.; Radojicic, M.; Strowbridge, B.W. Calcium influx through NMDA receptors directly evokes GABA
release in olfactory bulb granule cells. J. Neurosci. 2000, 20, 5124–5134. [CrossRef]

92. Klugbauer, N.; Marais, E.; Lacinova, L.; Hofmann, F. A T-type calcium channel from mouse brain. Pflugers Arch. 1999, 437,
710–715. [CrossRef]

93. Talley, E.M.; Cribbs, L.L.; Lee, J.H.; Daud, A.; Perez-Reyes, E.; Bayliss, D.A. Differential distribution of three members of a gene
family encoding low voltage-activated (T-type) calcium channels. J. Neurosci. 1999, 19, 1895–1911. [CrossRef]

94. Cantí, C.; Nieto-Rostro, M.; Foucault, I.; Heblich, F.; Wratten, J.; Richards, M.W.; Hendrich, J.; Douglas, L.; Page, K.M.; Davies,
A.; et al. The metal-ion-dependent adhesion site in the Von Willebrand factor-A domain of α2-δ subunits is key to trafficking
voltage-gated Ca2+ channels. Proc. Natl. Acad. Sci. USA 2005, 102, 11230–11235. [CrossRef]

95. Goldin, A.L. Resurgence of sodium channel research. Annu. Rev. Physiol. 2001, 63, 871–894. [CrossRef]
96. Bennett, D.L.; Clark, A.J.; Huang, J.; Waxman, S.G.; Dib-Hajj, S.D. The role of voltage-gated sodium channels in pain signaling.

Physiol. Rev. 2019, 99, 1079–1151. [CrossRef]
97. Ona-Jodar, T.; Gerkau, N.J.; Sara Aghvami, S.; Rose, C.R.; Egger, V. Two-Photon Na+ Imaging Reports Somatically Evoked Action

Potentials in Rat Olfactory Bulb Mitral and Granule Cell Neurites. Front. Cell. Neurosci. 2017, 11, 50. [CrossRef]
98. Han, S.; Tai, C.; Westenbroek, R.E.; Yu, F.H.; Cheah, C.S.; Potter, G.B.; Rubenstein, J.L.; Scheuer, T.; de la Iglesia, H.O.; Catterall,

W.A. Autistic-like behaviour in Scn1a+/− mice and rescue by enhanced GABA-mediated neurotransmission. Nature 2012, 489,
385–390. [CrossRef]

99. Bywalez, W.G.; Patirniche, D.; Rupprecht, V.; Stemmler, M.; Herz, A.V.; Palfi, D.; Rozsa, B.; Egger, V. Local postsynaptic
voltage-gated sodium channel activation in dendritic spines of olfactory bulb granule cells. Neuron 2015, 85, 590–601. [CrossRef]

100. Bolz, F.; Kasper, S.; Bufe, B.; Zufall, F.; Pyrski, M. Organization and plasticity of sodium channel expression in the mouse olfactory
and vomeronasal epithelia. Front. Neuroanat. 2017, 11, 28. [CrossRef]

101. Dionne, V.E. Spontaneously active NaV1.5 sodium channels may underlie odor sensitivity. J. Neurophysiol. 2016, 116, 776–783.
[CrossRef]

102. Weiss, J.; Pyrski, M.; Jacobi, E.; Bufe, B.; Willnecker, V.; Schick, B.; Zizzari, P.; Gossage, S.J.; Greer, C.A.; Leinders-Zufall, T.; et al.
Loss-of-function mutations in sodium channel Nav1.7 cause anosmia. Nature 2011, 472, 186–190. [CrossRef]

103. Liu, M.; Chen, T.Y.; Ahamed, B.; Li, J.; Yau, K.W. Calcium-calmodulin modulation of the olfactory cyclic nucleotide-gated cation
channel. Science 1994, 266, 1348–1354. [CrossRef]

104. Zheng, J.; Zagotta, W.N. Stoichiometry and assembly of olfactory cyclic nucleotide-gated channels. Neuron 2004, 42, 411–421.
[CrossRef]

105. Al-Saigh, N.N.; Harb, A.A.; Abdalla, S. Receptors involved in COVID-19-related anosmia: An update on the pathophysiology
and the mechanistic aspects. Int. J. Mol. Sci. 2024, 25, 8527. [CrossRef]

106. Kim, H.; Kim, H.; Nguyen, L.T.; Ha, T.; Lim, S.; Kim, K.; Kim, S.H.; Han, K.; Hyeon, S.J.; Ryu, H.; et al. Amplification of olfactory
signals by Anoctamin 9 is important for mammalian olfaction. Prog. Neurobiol. 2022, 219, 102369. [CrossRef]

107. Lin, W.; Arellano, J.; Slotnick, B.; Restrepo, D. Odors detected by mice deficient in cyclic nucleotide-gated channel subunit A2
stimulate the main olfactory system. J. Neurosci. 2004, 24, 3703–3710. [CrossRef]

108. Murphy, G.J.; Isaacson, J.S. Presynaptic Cyclic Nucleotide-Gated Ion Channels Modulate Neurotransmission in the Mammalian
Olfactory Bulb. Neuron 2003, 37, 639–647. [CrossRef]

109. Nache, V.; Wongsamitkul, N.; Kusch, J.; Zimmer, T.; Schwede, F.; Benndorf, K. Deciphering the function of the CNGB1b subunit
in olfactory CNG channels. Sci. Rep. 2016, 6, 29378. [CrossRef]

110. Li, M.-H.; Liu, S.Q.; Inoue, K.; Lan, J.; Simon, R.P.; Xiong, Z.-G. Acid-sensing ion channels in mouse olfactory bulb M/T neurons.
J. Gen. Physiol. 2014, 143, 719–731. [CrossRef]

111. Vann, K.T.; Xiong, Z.-G. Acid-sensing ion channel 1 contributes to normal olfactory function. Behav. Brain Res. 2018, 337, 246–251.
[CrossRef]

112. Wemmie, J.A.; Askwith, C.C.; Lamani, E.; Cassell, M.D.; Freeman, J.H., Jr.; Welsh, M.J. Acid-sensing ion channel 1 is localized in
brain regions with high synaptic density and contributes to fear conditioning. J. Neurosci. 2003, 23, 5496–5502. [CrossRef]

113. Guthoff, M.; Tschritter, O.; Berg, D.; Liepelt, I.; Schulte, C.; Machicao, F.; Haering, H.-U.; Fritsche, A. Effect of genetic variation in
Kv1.3 on olfactory function. Diabetes Metab. Res. Rev. 2009, 25, 523–527. [CrossRef]

114. Costigan, M.; Heimann, D.; Lötsch, J.; Hummel, T.; Doehring, A.; Oertel, B.G. Linkage between increased nociception and
olfaction via a SCN9A haplotype. PLoS ONE 2013, 8, e68654. [CrossRef]

115. Zufall, F.; Pyrski, M.; Weiss, J.; Leinders-Zufall, T. Link between pain and olfaction in an inherited sodium channelopathy.
Arch. Neurol. 2012, 69, 1119–1123. [CrossRef]

116. Haehner, A.; Hummel, T.; Heinritz, W.; Krueger, S.; Meinhardt, M.; Whitcroft, K.L.; Sabatowski, R.; Gossrau, G. Mutation in
Nav1.7 causes high olfactory sensitivity. Eur. J. Pain 2018, 22, 1767–1773. [CrossRef]

117. Karstensen, H.G.; Mang, Y.; Fark, T.; Hummel, T.; Tommerup, N. The first mutation in CNGA2 in two brothers with anosmia.
Clin. Genet. 2015, 88, 293–296. [CrossRef]

118. Sailani, M.R.; Jingga, I.; MirMazlomi, S.H.; Bitarafan, F.; Bernstein, J.A.; Snyder, M.P.; Garshasbi, M. Isolated congenital anosmia
and CNGA2 mutation. Sci. Rep. 2017, 7, 2667. [CrossRef]

https://doi.org/10.1016/j.neuroscience.2008.05.053
https://doi.org/10.1523/JNEUROSCI.20-13-05124.2000
https://doi.org/10.1007/s004240050836
https://doi.org/10.1523/JNEUROSCI.19-06-01895.1999
https://doi.org/10.1073/pnas.0504183102
https://doi.org/10.1146/annurev.physiol.63.1.871
https://doi.org/10.1152/physrev.00052.2017
https://doi.org/10.3389/fncel.2017.00050
https://doi.org/10.1038/nature11356
https://doi.org/10.1016/j.neuron.2014.12.051
https://doi.org/10.3389/fnana.2017.00028
https://doi.org/10.1152/jn.00114.2016
https://doi.org/10.1038/nature09975
https://doi.org/10.1126/science.266.5189.1348
https://doi.org/10.1016/S0896-6273(04)00253-3
https://doi.org/10.3390/ijms25158527
https://doi.org/10.1016/j.pneurobio.2022.102369
https://doi.org/10.1523/JNEUROSCI.0188-04.2004
https://doi.org/10.1016/S0896-6273(03)00057-6
https://doi.org/10.1038/srep29378
https://doi.org/10.1085/jgp.201310990
https://doi.org/10.1016/j.bbr.2017.09.014
https://doi.org/10.1523/JNEUROSCI.23-13-05496.2003
https://doi.org/10.1002/dmrr.979
https://doi.org/10.1371/journal.pone.0068654
https://doi.org/10.1001/archneurol.2012.21
https://doi.org/10.1002/ejp.1272
https://doi.org/10.1111/cge.12491
https://doi.org/10.1038/s41598-017-02947-y


Int. J. Mol. Sci. 2024, 25, 13259 21 of 21

119. Charbel Issa, P.; Reuter, P.; Kühlewein, L.; Birtel, J.; Gliem, M.; Tropitzsch, A.; Whitcroft, K.L.; Bolz, H.J.; Ishihara, K.; MacLaren,
R.E.; et al. Olfactory dysfunction in patients with CNGB1-associated retinitis pigmentosa. JAMA Ophthalmol. 2018, 136, 761–769.
[CrossRef]

120. Whitcroft, K.L.; Altundag, A.; Balungwe, P.; Boscolo-Rizzo, P.; Douglas, R.; Enecilla, M.L.B.; Fjaeldstad, A.W.; Fornazieri, M.A.;
Frasnelli, J.; Gane, S.; et al. Position paper on olfactory dysfunction: 2023. Rhinology 2023, 61, 1–108. [CrossRef]

121. Abolmaali, N.D.; Hietschold, V.; Vogl, T.J.; Huttenbrink, K.B.; Hummel, T. MR evaluation in patients with isolated anosmia since
birth or early childhood. AJNR Am. J. Neuroradiol. 2002, 23, 157–164. [PubMed]

122. Dekeyser, A.; Huart, C.; Hummel, T.; Hox, V. Olfactory loss in rhinosinusitis: Mechanisms of loss and recovery. Int. J. Mol. Sci.
2024, 25, 4460. [CrossRef] [PubMed]

123. Lee, D.H.; Song, J. Impaired olfactory system in metabolic imbalance-related neuropathology. Life Sci. 2024, 355, 122967.
[CrossRef] [PubMed]

124. Jovanovic, P.; Riera, C.E. Olfactory system and energy metabolism: A two-way street. Trends Endocrinol. Metabol. 2022, 33, 281–291.
[CrossRef]

125. Faour, M.; Magnan, C.; Gurden, H.; Martin, C. Olfaction in the context of obesity and diabetes: Insights from animal models to
humans. Neuropharmacology 2022, 206, 108923. [CrossRef]

126. Melis, M.; Tomassini Barbarossa, I.; Crnjar, R.; Sollai, G. Olfactory sensitivity is associated with body mass index and polymor-
phism in the voltage-gated potassium channels Kv1.3. Nutrients 2022, 14, 4986. [CrossRef]

127. Tucker, K.; Cavallin, M.A.; Jean-Baptiste, P.; Biju, K.C.; Overton, J.M.; Pedarzani, P.; Fadool, D.A. The olfactory bulb: A metabolic
sensor of brain insulin and glucose concentrations via a voltage-gated potassium channel. In Sensory and Metabolic Control of
Energy Balance; Results and Problems in Cell Differentiation; Springer: Berlin/Heidelberg, Germany, 2011; pp. 147–157.

128. González, C.; Baez-Nieto, D.; Valencia, I.; Oyarzún, I.; Rojas, P.; Naranjo, D.; Latorre, R. K+ channels: Function-structural overview.
Compr. Physiol. 2012, 2, 2087–2149.

129. Schwartz, A.B.; Kapur, A.; Huang, Z.; Anangi, R.; Spear, J.M.; Stagg, S.; Fardone, E.; Dekan, Z.; Rosenberg, J.T.; Grant, S.C.; et al.
Olfactory bulb-targeted quantum dot (QD) bioconjugate and Kv1.3 blocking peptide improve metabolic health in obese male
mice. J. Neurochem. 2020, 157, 1876–1896. [CrossRef]

130. Cox, J.J.; Reimann, F.; Nicholas, A.K.; Thornton, G.; Roberts, E.; Springell, K.; Karbani, G.; Jafri, H.; Mannan, J.; Raashid, Y.; et al.
An SCN9A channelopathy causes congenital inability to experience pain. Nature 2006, 444, 894–898. [CrossRef]

131. Erick, M. Hyperolfaction and hyperemesis gravidarum—What is the relationship. Nutr. Rev. 1995, 53, 289–295. [CrossRef]
132. Matsuda, K.I.; Takahashi, T.; Morishita, S.; Tanaka, M. Histological analysis of neuronal changes in the olfactory cortex during

pregnancy. Heliyon 2024, 10, e26780. [CrossRef] [PubMed]
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