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Abstract Channels directly gated by cyclic nucleotides
(CNG channels) are important cellular switches that
mediate influx of Na" and Ca®" in response to increases
in the intracellular concentration of cAMP and cGMP. In
photoreceptors and olfactory receptor neurons, these chan-
nels serve as final targets for cGMP and cAMP signaling
pathways that are initiated by the absorption of photons and
the binding of odorants, respectively. CNG channels have
been also found in other types of neurons and in non-
excitable cells. However, in most of these cells, the
physiological role of CNG channels has yet to be
determined. CNG channels have a complex heteromeric
structure. The properties of individual subunits that assem-
ble in specific stoichiometries to the native channels have
been extensively investigated in heterologous expression
systems. Recently, mutations in human CNG channel genes
leading to inherited diseases (so-called channelopathies)
have been functionally characterized. Moreover, mouse
knockout models were generated to define the role of CNG
channel proteins in vivo. In this review, we will summarize
recent insights into the physiological and pathophysiolog-
ical role of CNG channel proteins that have emerged from
genetic studies in mice and humans.
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Role of CNG Channels in Vision and Olfaction

As the focus of this review is on the role of cyclic
nucleotide-gated (CNG) channels in vision and olfaction,
we will start with a brief outline of the sensory transduction
pathways underlying these processes (for a more detailed
description of visual and olfactory transduction, see [1-3]).

Vision

Vision in vertebrates is conferred by the concerted action of
two phototransduction pathways, the rod and cone photo-
receptor system. Rods are responsible for vision at low light
levels (e.g., twilight), whereas vision at higher light levels
(e.g., daylight) is provided by cones. The cone system also
confers color vision, as cones exist in two (short- and
medium-wave sensitive in most vertebrates) or three variants
(short-, medium-, and long-wave sensitive in humans and
simian primates) with different spectral sensitivities [4, 5]. In
both rods and cones, signal transduction is conferred by the
second messenger cGMP that controls the activity of a
CNG channel present in the plasma membrane of the outer
segments of these cells [3]. In the dark, the CNG channel is
maintained in its open state by a high concentration of
c¢GMP produced by a transmembrane guanylyl cyclase [6, 7].
The resulting influx of Na“ and Ca®" (dark current)
depolarizes the photoreceptor and promotes synaptic gluta-
mate release. Light absorption by visual pigments initiates a
G protein (transducin)-mediated signaling cascade leading to
activation of a ¢GMP phosphodiesterase, hydrolysis of
c¢GMP, and closure of the CNG channel. As a result, the
photoreceptor hyperpolarizes and shuts off synaptic trans-
mission. CNG channels provide the only source for Ca**
influx into rod and cone outer segments [3, 8, 9]. Ca*>* entry



Mol Neurobiol (2007) 35:266-277

267

is balanced by Ca®" extrusion through the activity of a Na'/
Ca*'-K" exchanger [9-12]. Thus, light also decreases the
cellular calcium concentration because it shuts down Ca*"
entry, whereas the Na'/Ca>*—K " exchanger continues to clear
Ca”" from the cytosol [10]. The low Ca®" concentration
contributes to the recovery from light response which is
achieved by several processes including inactivation of
visual pigments and restoration of ¢cGMP levels by the
action of guanylate cyclase, activating proteins on retinal
guanylyl cyclases [1]. In addition, low Ca®" concentration
also adjusts the sensitivity of the transduction machinery, a
process known as light adaptation [13, 14].

Olfaction

Olfactory transduction takes place in the cilia of olfactory
receptor neurons (ORNs). Cilia harbor all molecular
components required for chemoelectrical transduction, and
thus, represent the functional equivalent of the outer
segments of photoreceptors. Binding of an odorant to its
cognate receptor [15] initiates a G protein (Gyyp)-mediated
signaling cascade that leads to activation of a ciliary
adenylyl cyclase [16, 17]. The ensuing rise in the cAMP
level opens the olfactory CNG channel that conducts
mainly Ca*' and little Na' under physiological ionic
conditions [18, 19]. The resulting influx of Ca" slightly
depolarizes the membrane and, at the same time, it activates
a Ca”"-activated C1™ channel also present in the cilia [20—
22]. There is recent evidence that this Ca®"-activated C1~
channel is most probably a member of the bestrophin
family [23] and that gating of the channel involves
calmodulin [24]. The intracellular CI” concentration in
ORNSs is maintained above electrochemical equilibrium by
a Na™—2CI™—K" cotransporter [25, 26]. Thus, activation of
the Cl channel results in Cl* efflux and strong membrane
depolarization and acts as efficient amplifier of the primary
CNG current [20-22]. Like in photoreceptors, Ca** also
serves as negative feedback signal and modulator of signal
transduction [27]. Fast odor adaptation is achieved by
reduction of the sensitivity of the olfactory CNG channel
through a Ca”*’-calmodulin-dependent mechanism [28]. In
addition, Ca”" also exerts an inhibitory effect on the ciliary
adenylyl cyclase [29, 30] and stimulates cAMP hydrolysis
by a Ca*'-calmodulin-dependent ciliary isoform of the
phosphodiesterase (PDE1C2) [31-33]. Both processes may
contribute to adaptation to long odorant exposure. A recent
report shows that odorant molecules itself might also
contribute to adaptation by directly inhibiting the olfactory
CNG channel [34].

While the vast majority of ORNs use the described
cAMP pathway of signal transduction, a small subset of
neurons seems to utilize ¢cGMP as principal second

messenger [35]. These neurons were shown to contain the
cone-type CNG channel [36], a membrane-bound guanylyl
cyclase [37], and a c¢cGMP-stimulated phosphodiesterase
[38]. In contrast, they lack the components typical of other
ORN s [36, 38]. The “cone-type” ORNs project to a group
of atypical glomeruli in the main olfactory bulb designated
as “necklace” glomeruli [39]. The physiological role of
these ORNs and their contribution to general olfaction
remains to be determined.

A brief Overview on the Structure and Basic Properties
of CNG Channels

CNG channels form a distinct branch within the superfam-
ily of voltage-gated-like channels [40—42]. In mammals, the
CNG channel family comprises six homologous members
which are classified as A subunits (CNGA1-4) and B
subunits (CNGB1 and CNGB3; CNGB2 does not exist). A
and B subunits are also found in the genome of several
invertebrates (e.g., Caenorhabditis elegans and Drosophila
melanogaster), suggesting an early segregation of these two
channel subunits in evolution. Diversity of mammalian
CNG channels is further increased by alternative splicing
(overview in [3]). Importantly, splice variants of CNGB1
containing different cytosolic N termini are specifically
expressed in rod photoreceptors (CNGBla) and ORNs
(CNGBI1b), respectively [43—46]. A and B subunits share
the same principal membrane topology which is character-
ized by six transmembrane domains (S1-S6), a reentrant
pore (P) loop between S5 and S6, and cytosolic N and C
termini (Fig. la). Like the related voltage-gated K*
channels whose crystal structure has been recently solved
[47], CNG channels are tetramers, with the four subunits
arranged around the centrally located pore [48]. The ion-
conducting pore is lined by the P-loops and the S6
segments of the four subunits [49]. Three domains are
involved in the activation process of CNG channels: (1) the
channel gate which is localized in the distal portion of the
S6 segment [50, 51], (2) the cyclic nucleotide-binding
domain (CNBD) in the C terminus [52, 53] and (3) the C-
linker, a domain that allosterically couples cyclic nucleotide-
binding to the channel gate [54-56]. The principal elements
of the gating machinery are also found in HCN channels, the
closest relatives of CNG channels [57-60], and some
voltage-dependent potassium channels including HERG
[61] and KAT1 channels [62].

Although all six CNG channel subunits share significant
sequence homology, only CNGA1, CNGA2, and CNGA3
can be functionally expressed in heterologous cell systems.
However, the biophysical and pharmacological properties
of the respective homomeric channels differ in several
aspects (e.g., single channel current characteristics, affinity
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Fig. 1 a Phylogenetic tree of human CNG channel subunits (left
panel). Membrane topology of CNG channel subunits (right panel).
b Subunit composition and stoichiometry of the CNG channels from
rods (lefi), cones (middle), and olfactory receptor neurons (ORN,
right). 1-6, transmembrane segments 1-6; C Carboxy terminus,
CNBD cyclic nucleotide binding domain, N amino-terminus

for cyclic nucleotides, permeation properties, regulation by
Ca®") from those of native CNG channels (for detailed
review, see [3, 63]). This discrepancy could be solved in
coexpression studies showing that distinct combinations of
A and B subunits generated channels that almost perfectly
matched the functional properties of native channels. This
finding strongly suggested that native CNG channels are
heterotetramers. This hypothesis has been confirmed by
recent biochemical and fluorescence resonance energy
transfer (FRET) studies. Using these methods, the exact
subunit compositions and stoichiometries have been deter-
mined for the channels expressed in rod photoreceptors (3
CNGA1:1 CNGBla) [64-66], cone photoreceptors (2
CNGA3:2 CNGB3) [67], and olfactory neurons (2
CNGA2:1 CNGA4:1 CNGBIb) [68] (Fig. 1b). It should
be noted that the stoichiometry of the cone and olfactory
channel has only been determined in heterologous expres-
sion systems. As knockout studies suggest that subunit
assembly may differ between native and heterologous cells
(see below), it will be necessary to confirm the results in
purified native channels. Moreover, it remains to be
determined whether homomeric CNG channels and CNG
channels with subunit compositions different from those of
photoreceptors and ORNSs exist in other cell types.

CNG channels characterized so far share some common
features. All pass Na" and K, but do not discriminate
between them. Calcium is also permeable, but at the same
time, acts as a voltage-dependent blocker of monovalent
cation permeability [19, 69]. Moreover, CNG channels do

not desensitize or inactivate when exposed to cyclic
nucleotides. They are, however, subject to feedback
regulation, particularly via Ca?"-calmodulin-mediated
mechanisms [70]. CNG channels reveal a higher sensitivity
for cGMP than for cAMP. However, the extent of ligand
discrimination varies significantly between the individual
CNG channel types. Photoreceptor channels strongly
discriminate between cGMP and cAMP [71], whereas the
olfactory channel is almost equally sensitive to both ligands
[72].

The CNGAI, CNGA2, and CNGA3 subunits are
expressed in rod photoreceptors, ORNs, and cone photo-
receptors, respectively. Because these three subunits were
able to form functional homomeric channels in heterolo-
gous systems, they were considered as the principal
subunits of the native channels. By contrast, the CNGA4
as well as the two B subunits were designated as “modulatory”
subunits because they were obviously not required for
principal channel formation but rather affected some
biophysical properties of the respective channels. Recent
genetic studies have modified this notion and shed new light
on the physiological role of A and B subunits in vivo. In the
next section, we will summarize the results of these studies.
We will focus on vision and olfaction but will also shortly
discuss other physiological systems CNG channels were
found to be involved in.

Channelopathies and Knockout Models of the Rod
Photoreceptor CNG Channel

CNGAI

Mutations in the CNGA1 gene have been found in patients
suffering from retinitis pigmentosa (RP) [73]. RP comprises
a genetically diverse group of progressive degenerative
diseases effecting the photoreceptors of the retina [74]. The
most common symptoms of RP include night blindness,
progressive concentric reduction of the visual field, an
abnormal accumulation of pigmentation in the retina [75].
In most cases, RP finally leads to legal blindness. At the
cellular level, the disease is characterized by a primary
impairment or total loss of rod function and structure
followed by a secondary degeneration of the cones. So far,
RP has been mapped to >30 genes (http://www.sph.uth.tmc.
edu/Retnet) encoding proteins involved in the visual
transduction pathway (e.g., thodopsin) or required for the
maintenance of rod architecture (e.g., peripherin). Muta-
tions in CNGAL lead to an autosomal recessive form of RP
that accounts for about 1% of cases of RP [73]. Three of the
five mutant alleles identified are null mutants (E76Stop,
K139Stop, and deletion of most or all of the CNGAI1
transcription units) because they would encode proteins that
are lacking essential channel domains. The remaining two


http://www.sph.uth.tmc.edu/Retnet
http://www.sph.uth.tmc.edu/Retnet

Mol Neurobiol (2007) 35:266-277

269

other alleles (S316F and R654DStop) encode channels that
fail to reach the plasma membrane in heterologous
expression systems. Data of Mallouk et al. [76] in Xenopus
oocytes suggest that the KLKQDStop sequence present at
the C terminus of the R654DStop mutant represents an ER
retention signal that effectively prevents CNGAI targeting
to the plasma membrane. Based on experiments in the same
system, Trudeau and Zagotta [77] proposed an alternative
model. These authors claimed that truncation of the last 32
amino acids in the R654DStop mutant exposes a normally
buried region from the CNGBla N-terminal domain
harboring a retention signal, and, as a consequence,
prevents membrane expression of the heteromeric channel.

To date, mice lacking the CNGAI1 subunit are not
available. However, transgenic mice revealing an about
50% reduction of CNGAI1 transcript levels due to the
overexpression of a CNGA1 antisense mRNA have been
produced [78]. These mice show some histological features
reminiscent of RP (e.g., reduced number of photoreceptors,
apoptotic death of retinal cells). However, electroretino-
grams (ERGs) of these mice have not been reported so far.
Thus, it remains an open issue to which extent the down-
regulation of CNGAI1 affects rod- and cone-mediated
vision. Moreover, it cannot be excluded that the over-
expression of the antisense mRNA exerts non-specific
effects (e.g., toxic effects caused by suppression of other
mRNAs) that may affect the phenotype.

Taken together, the genetic data imply that photo-
receptors degenerate in response to the absence (or down-
regulation) of functional CNG channels in outer segments.
The molecular pathways leading to the initiation of cell
death in CNGA1-deficient rods are unknown. One possible
mechanism refers to the “equivalent-light” hypothesis [79].
According to this hypothesis, the absence of functional
CNG channels is equivalent to the permanent closure of
channels occurring under continuous bright light condi-

Table 1 Overview on diseases associated with CNG channels

tions. Continuous exposure of experimental animals to light
has been shown to result in photoreceptor degeneration
[80—82]. It is unclear, however, how constitutive activation
of phototransduction leads to retinal degeneration. Low Ca”*"
levels resulting from the loss of Ca®" influx through CNG
channels as well as toxicity induced by reactive oxygen
species may play a role in this process [79-81, 83].

CNGBla

The CNGBI gene locus consists of at least 33 exons en-
coding several splice variants [84]. Rods express a 240-kD
isoform (CNGBI1a) containing a long cytosolic N terminus
that is also translated as a separate cytosolic protein
(glutamic acid-rich protein, GARP) [43, 44, 85]. Shorter
variants of the subunit lacking the GARP-part are present in
the native olfactory CNG channel (CNGB1b) [45, 46] and
have been identified in sperm cells and other tissues [86,
87]. A CNGBI-deficient mouse model covering all poten-
tial CNGBI1 splice variants was generated by deleting exon
26 which encodes the pore-forming region and the S6
segment [88]. These mice show an impairment of both
vision and olfaction. In this section, we will focus on the
retinal phenotype.

CNGBI1-deficient mice show a slow-progressing degen-
eration of the retina caused by apoptotic death and
concurred by retinal gliosis. The degeneration primarily
affects rod photoreceptors and is detectable in these cells as
early as postnatal day 15 (P15). Cones are quite unaffected
up to an age of 6 months, but start to degenerate
subsequently. At the age of about 1 year, the retina of
CNGB/-deficient animals is essentially devoid of both rods
and cones. The principal structure of the inner retina is
unaffected by the deletion of CNGBI. However, rod
bipolar cells and horizontal cells reveal some morpholog-
ical alterations (e.g., sprouting extensions, retraction of

Type Subunit Animal model Human disease
Rod CNGALI CNGAL1 antisense expressing mice: retinal degeneration [78] Retinitis pigmentosa [73]
channel CNGBla CNGBI-deficient mice: impaired rod function and retinal Retinitis pigmentosa [89]
degeneration [88]
Cone CNGA3 CNGA3-deficient mice: loss of cone function [109], cone Achromatopsia [90, 97, 99, 101], progressive
channel degeneration [112, 113] cone dystrophy [97, 98, 100]
CNGB3 Canine models (null-deletion or missense mutation): cone Achromatopsia [91, 92, 99, 101, 121],
degeneration [123] progressive cone dystrophy [151]
Olfactory CNGA2 CNGA2-deficient mice: impaired olfaction [126—129, 132], -
channel impaired hippocampal LTP [141]
CNGA4 CNGA4-deficient mice: impaired odor adaptation [142], -
impaired olfaction [143]
CNGBI1b CNGBI1-deficient mice: impaired odor adaptation and impaired -

olfaction [149]
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processes, misplacement of cell bodies). CNGB1-deficient
mice show no detectable rod-mediated responses in ERGs,
whereas up to 6 months of age, cone responses are normal.
Later on, the cone responses also decrease, and at the age of
12 months, knockout mice are legally blind. In agreement
with the ERG measurements, the vast majority of isolated
rod photoreceptors of young mice (P17) fails to respond to
light. Only in a few cells can a tiny dark current be
detected. The severe retinal phenotype of CNGB1-deficient
mice was unexpected given that CNGB1 was considered to
be a modulatory subunit that is not needed for principal
channel formation. This conundrum could be solved by
Western blots and immunohistochemistry showing that in
CNGB-deficient mice, only trace amounts of the CNGA1
subunit are present on the rod outer segment. Thus, in contrast
to Xenopus oocytes or HEK293 cells, rod photoreceptors are
not capable of producing substantial amounts of the
homomeric CNGA1 channel and/or cannot target homomeric
channels to the rod outer segment. The mechanism of cell
death may be analogous to that discussed above for CNGA1-
channelopathies. It is not known why photoreceptors unlike
Xenopus oocytes or HEK293 cells cannot efficiently target
homomeric CNGA1 channels to the plasma membrane. In
any case, it is tempting to speculate that the requirement of
CNGBI1 for targeting CNGAI1 to the outer segment may
have evolved to ensure that only heteromeric channels reach
the outer segment membrane.

The total loss of CNG channel expression explains why
the retinal phenotype of CNGBI-deficent mice is so
reminiscent of that found in RP patients with null mutations
in the CNGA1 gene. Interestingly, RP patients have been
recently identified who carry a point mutation in the CNBD
of CNGBI [89]. So far, the functional consequences of this
mutation, G993V, which involves a highly conserved
residue in the CNG channel family, have not been
determined in expression systems. Importantly, it is not
known whether the mutant protein is targeted to the plasma
membrane of rod outer segments. If the mutant protein is
not targeted, the disease mechanism in CNGB]1-deficient
mice would be equivalent to the one leading to human
CNGBI-related RP. Alternatively, if the mutant CNGBI is
produced and assembled with CNGAL, it might impair the
c¢GMP-dependent activation of the channel.

Channelopathies and Knockout Models of the Cone
Photoreceptor CNG Channel

CNGA3

Mutations in the CNGA3 subunit cause achromatopsia
(total colorblindness or rod monochromacy) [90]. CNGB3
(see below) and GNAT2 (encodes cone-specific transducin
alpha subunit) have been identified as additional achroma-

topsia genes [91-94]. Achromatopsia is a rare autosomal
recessive disorder (incidence about 1 in 30,000) in which
functional cones are absent from the retina [95]. Affected
individuals show a total loss of color discrimination,
photophobia, nystagmus, and poor visual acuity. Electro-
retinography reveals absent photopic (cone) responses and
normal scotopic (rod) responses. Individuals with incom-
plete achromatopsia retain some color vision [96]. About
50 mutations have been identified in the CNGA3 gene of
patients suffering from achromatopsia [97—103]. Most of
the mutations are amino acid substitutions compared to a
few stop-codon mutations and deletions or insertions. The
effect of several mutations on channel function was
examined in heterologous expression systems. CNGA3
subunits carrying mutations in the S1 region (Y181C,
N182Y, L186F, and C191Y) fail to be targeted to the
plasma membrane, indicating that the folding and/or
subunit assembly was disturbed in these mutants [104].
Recently, a Japanese patient with congenital achromatopsia
was found to carry a point mutation within the carboxy-
terminal leucine zipper (CLZ) domain (L633P) [105],
which is important for proper heteromeric assembly of
CNG channels [106]. Profoundly impaired channel target-
ing may also explain the loss of function induced by several
other mutations. Alternatively, mutations may alter the
biophysical properties of the channels. For example, the
N471S and R563H mutants were found to have an
increased ¢cGMP affinity, which may prevent complete
closure of the channels in response to light stimulation
[107]. Consequently, these “gain-of-function” mutations
may lead to a sustained and potentially toxic elevation of
intracellular Ca®" levels in cone outer segments. Another
example of a mutation that leads to a channel with altered
biophysical properties has been recently reported by
Trankner et al. [108]. The authors investigated a mutation
in the pore region of CNGA3 (T369S) that is linked to
incomplete achromatopsia. When coexpressed with the
CNGB3 subunit, this mutant induced robust currents.
However, the channel revealed a lower efficacy of Ca*"
blockage at physiological membrane potentials which
tentatively would lead to a lower signal-to-noise ratio of
the light response, and hence, explain the lower light
sensitivity observed in the patients.

CNGA3-deficient mice display the principal hallmarks
of achromatopsia described above [109]. As the only
exception, deletion of CNGA3 has no obvious effect on
visual acuity [110]. This finding may be explained by the
fact that mice lack the cone-enriched macula that confers
high-acuity vision in humans [111]. CNGA3-deficient mice
reveal a complete loss of cone function. By contrast, the rod
photoreceptor system remains fully intact (structurally and
functionally) over the whole life span of the animals.
CNGA3-deficient cones show a delayed postnatal migration
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behavior, form irregular synapses, and reveal a progressive
degeneration [112, 113]. In addition, the postsynaptic
partners (e.g., cone bipolar cells) react to the missing cone
input and form ectopic synapses with rods [114]. Interest-
ingly, dorsal cones expressing medium-wave sensitive
opsin survive significantly longer (up to 22 months) than
ventral cones expressing mostly short-wave sensitive opsin
(less than 3 months). The reason for this difference remains
to be determined. A comparable asymmetrical pattern of
cone loss was observed in the retina of mice lacking the
guanylyl cyclase E (GC-E) [115]. CNGA3-deficient cones
fail to transport opsins into outer segments, downregulate
various proteins of the phototransduction cascade and
induce apoptotic death [113]. As discussed above for
CNGA1/B1-deficient rods, cones of CNGA3-deficent mice
may degenerate as a result of the non-functional visual
cascade. Alternatively, the CNG channel may serve as an
important structural protein in outer segments. Although
proteins binding to the cone channel have not yet been
identified, it is reasonable to assume that the cone channel
like the related rod CNG channel [116-118] is part of a
highly structured protein complex. Thus, the loss of
CNGA3 would lead to a structural alteration of cone outer
segments. The accumulation of opsins in the inner seg-
ments and somata may result from the failure of these
proteins to be targeted into these irregular outer segments.
Given the high expression levels of opsins, the mislocaliza-
tion and accumulation of these proteins could well induce
cellular stress and apoptosis. Misrouting and accumulation
of proteins has been found frequently in degenerative
processes in neurons [119].

The CNGA3 subunit has been identified in a number of
tissues different from retina, including a subpopulation of
ORN:Ss of the olfactory epithelium, sperm, kidney, and brain
(for overview [3]). CNGA3-deficient mice reveal normal
fertility, indicating that CNGA3 is not essential for sperm
function [109].

CNGB3

A missense mutation in the CNGB3 gene (S435F) was
identified in color-blind individuals originating from the
Pingelap Atoll of Micronesia [92]. In this small island,
achromatopsia is very frequent and affects nearly 10% of
the native population [120]. Additional mutations of the
CNGB3 gene have been identified in other patients with
achromatopsia, most of which lead to truncated proteins
[91, 92,99, 102, 103, 105, 121, 122]. Overall, mutations in
the CNGB3 gene account for about 50% of all cases of
achromatopsia [121]. A missense mutation in exon 6 of the
CNGB3 gene (D262N corresponding to human D267N)
and a CNGB3 null-deletion were also identified in two
canine inbred strains with cone degeneration [123].

Several disease-associated mutations have been func-
tionally characterized in Xenopus oocytes [122, 124] or
HEK293 cells [125]. Interestingly, some mutations resulted
in an increase in apparent affinity for cAMP/cGMP, e.g.,
the S435F mutation. CNGA3/CNGB3g435Fr heteromeric
channels exhibited a fourfold increase in cAMP affinity
and a twofold increase in apparent affinity for cGMP. In
addition, the mutant channel had a slightly higher open
probability in the presence of saturating cyclic nucleotide
concentration than wild-type channels. It is unclear whether
these subtle effects can account for the severe clinical
phenotype of the patients. Alternatively, it is possible that
the mutation prevents correct protein folding and/or
assembly with the CNGA3 subunit in vivo. The finding
that null mutations of CNGB3 gene induce achromatopsia
strongly suggests that the CNGA3 subunit (like the
CNGA1 subunit) is not able to form homomeric channels
in vivo.

Knockout Models of the Olfactory CNG Channel
CNGA2

Unlike all other CNG channel genes, the CNGA2 gene is
localized on the X chromosome. So far, mutations of this
gene have not been identified in humans. However, four
different CNGA2-deficient mouse lines have been generat-
ed to define the physiological role of this subunit [126—
129]. CNGA2-deficient mice display elevated neonatal
lethality due to their inefficiency to find their mother’s
nipples to suckle milk. Indeed, initial electroolfactogram
(EOG) recordings showed that the mice exhibit no
detectable responses to odorants [126]. Moreover, in
perforated patch experiments, ORNs of CNGA2-deficient
mice did not respond to odors or activators of the cAMP
system (IBMX/forskolin) [130]. Together, these findings
indicate that olfaction is conferred by a cAMP/CNGA2-
mediated signaling pathway. In addition, the results
strongly argue against a major contribution of other
signaling cascades which have been suggested in the past
(e.g., IP3-mediated olfaction; [131]). More recent studies
confirmed this principal conclusion, but also uncovered that
CNGAZ2-deficient mice are not totally anosmic. Zhao and
Reed [129] found very small but reproducible EOG
responses to a variety of odorants in CNGA2-deficient
mice. In behavioral tests, CNGA2-deficient mice could
detect and discriminate several odorants, including 2-
heptanone and 2,5-dimethylpyrazine [132]. The molecular
components conferring this residual olfaction remain to be
determined. Pharmacological blockers suggest that the
respective signaling pathway(s) are cAMP-independent.
There is evidence that a small subgroup of ORNs projecting
to the so-called necklace glomeruli could be involved in
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non-cAMP-mediated olfaction [132]. These neurons do not
express CNGA2, but rather express the CNGA3 channel
and several other components that support a cGMP-
signaling pathway [36-38].

Besides its key role in olfactory transduction, CNGA?2 is
required for normal development of the olfactory epitheli-
um and olfactory bulb [127]. In comparison to wild-type
mice, CNGA2 knockouts display a thinner olfactory
epithelium and show lower expression of an olfactory
marker protein. Moreover, the olfactory bulb is smaller in
size, and tyrosine hydroxylase expression is reduced in
most periglomerular neurons of the main olfactory bulb, but
is retained in necklace glomeruli.

In the olfactory system, sensory neurons expressing a
given odorant receptor (OR) project with precision to a pair
of spatially invariant glomeruli within the olfactory bulb
[133, 134]. Gene-targeting experiments indicate that odor-
ant receptors are required for precise targeting [135]. In
contrast, the olfactory CNG channel, and hence, odorant-
induced electrical activity, does not seem to be required for
proper axon guidance [128, 136]. However, this paradigm
may not hold true for all subtypes of ORNSs. It was reported
that CNGAZ2-deficient ORNs expressing the M72 OR
projected to four to six instead of two glomeruli in the
wild-type mouse, suggesting that at least, in M72 OR
neurons, CNGA2 may be important for correct axon
targeting [128]. In addition, CNGA2 knockout mice fail
to mate or fight, suggesting a broad and essential role of
CNGAZ2-mediated olfaction in regulating these behaviors
[137].

As CNGA2 is expressed only in the main olfactory
epithelium (MOE), but not in the vomeronasal organ, this
suggests a broad and essential role for the MOE in
regulating these behaviors.

The olfactory CNG channel was identified in murine
hippocampus, suggesting a role of this protein in memory
formation [138—140]. In support of this hypothesis, hippo-
campal long-term potentiation (LTP) evoked by a theta
burst stimulation protocol was reduced in CNGA2-deficient
mice [141]. By contrast, several measures of basal synaptic
activity as well as LTP induced by high-frequency
stimulation seemed to be similar in wild-type and knockout
mice. Behavioral tests to determine the memory perfor-
mance of CNGA2-deficient mice have not been reported so
far, leaving open whether or not the observed alterations of
hippocampal LTP are physiologically relevant.

CNGA4

Mice deficient for the CNGA4 subunit are fertile and show
no obvious morphological differences with respect to wild-
type mice [142, 143]. Moreover, the olfactory epithelium
and the olfactory bulb are normally developed in these

mice. Maximal EOG responses induced by IBMX, an
inhibitor of the phosphodiesterase, are comparable in both
genotypes. However, the dose response curves are shifted
to about threefold higher IBMX concentrations in the
CNGA4-deficient mice, suggesting that the mutant CNG
channel is less sensitive to cAMP. Indeed, the apparent
cAMP affinity of the CNG channel as determined from
excised patch recordings is about tenfold lower in the
knockouts than in wild-type mice. Thus, CNGA4 is clearly
required to confer high cAMP affinity to the olfactory
channel. CNGA4-deficient mice also show a defect in odor
adaptation [142, 143]. The decay time of the EOG in
response to an odorant stimulus is profoundly slower in
knockouts than in wild-type mice. Moreover, in paired-
pulse stimulations, both EOG responses are identical in the
knockout mice, whereas the second EOG is always smaller
(due to adaptation) in the wild-type animals. Electrophysio-
logical recordings in excised patches from ORNs clarified
why CNGA4 is needed for odor adaptation. The recordings
revealed that in the absence of CNGA4, the kinetics of Ca’'-
calmodulin-dependent inhibition are profoundly slower than
in its presence. Thus, CNGAA4 is required for fast feedback
inhibition of channel activity by Ca®"-calmodulin. The result
also suggested the Ca®"-calmodulin binding site identified in
the CNGA2 subunit [144] is probably not involved in Ca**-
calmodulin-mediated inhibition in vivo. Further analysis of
Ca**-calmodulin binding sites of the olfactory CNG subunits
confirmed this notion by demonstrating that apocalmodulin
is preassociated with an 1Q motif [145] present in the C-
linker of CNGA4 [146]. The authors also showed that
another 1Q motif present in the N terminus of the CNGB1b
subunit is necessary for inhibition. It was speculated that one
apocalmodulin molecule binds to both sides, thereby cross-
linking the CNGA4 and the CNGB1b subunit. If Ca*" flows
through the channel pore, it interacts with the preassociated
apocalmodulin and induces a conformational change in the
channel that decreases its cAMP sensitivity. As a conse-
quence, the CNG channel closes, and the olfactory trans-
duction pathway is switched off. Phosphoinositides were
also implicated in the inhibition of the odorant response
[147]. A possible mechanism for this inhibitory effect was
recently discovered [148]. According to Brady et al. [148],
phosphatidylinositol-3,4,5-trisphosphate (PIP3) inhibits the
olfactory CNG channel by interacting with the previously
identified “silent” Ca*'-calmodulin binding site of the
CNGA2 subunit [146].

CNGBI1b

RP patients carrying the G993V mutation in the CNGBI1
gene were reported to show no olfactory impairment [89].
In contrast, CNGB1-deficient mice that lack both the retinal
CNGBIla and the olfactory CNGBI1b subunit reveal a
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profound olfactory phenotype [149]. As reported for
CNGAZ2-deficient mice, CNGB1 knockouts show an
increased postnatal mortality and delayed body weight gain
that is most probably due to a deficit in locating their
mother’s nipples to suckle milk. The knockout mice have a
decreased olfactory performance, and their EOG responses
display a reduced maximal amplitude and decelerated onset
and recovery kinetics compared to wild-type mice [149].
Moreover, fast odor adaptation is impaired, confirming that
CNGBI is absolutely necessary for Ca**-calmodulin-
dependent inhibition. Interestingly, the levels of CNGA2
and CNGAA4 protein are dramatically reduced in the cilia of
CNGB1-deficient mice. In contrast, other ciliary proteins
(e.g., adenylyl cyclase III) are normally expressed. Further
analysis of these mice showed that CNGA2/CNGA4-
containing channels are assembled and also inserted into
the plasma membrane of the knobs, but do not localize to
the cilia. Experiments with MG-132, a specific protea-
some inhibitor, suggest that these channels are degraded
by the action of the proteasome [149]. A recent study
analyzed the ciliary targeting of CNG channels in Madin—
Darby canine kidney (MDCK) epithelial cells [150]. By
overexpressing wild-type and mutated olfactory CNG
channel subunits in these cells, a RVXP-motif in the C
terminus of CNGB1b was identified that is necessary, but
not sufficient, for ciliary targeting of CNGA2 [150].
Interestingly, the same report found that CNGA4 was not
needed for ciliary CNG channel targeting in MDCK cells.
In contrast, analysis of CNGA4 '~ mice revealed a ciliary
targeting defect similar to that present in CNGBI
knockout mice [149]. Thus, unlike MDCK cells, native
ORNs require both CNGA4 and CNGBI1b for normal
ciliary targeting of CNGA2.

Conclusion

The use of gene ablation combined with the analysis of
mutations linked to human channelopathies allowed
tremendous progress towards the identification of func-
tional roles of CNG channel subunits in vivo (Table 1). A
major insight coming from these studies was that in
olfactory neurons and photoreceptors, only heteromeric
CNG channels with the correct subunit composition are
targeted to outer segments and cilia, respectively. By
contrast, homomeric channels and, probably, also hetero-
meric channels, containing mutations (as found in the vast
majority of CNG channelopathies) are degraded and fail to
be expressed at substantial levels. Interestingly, heterolo-
gous cell systems such as Xenopus oocytes or HEK293
cells do not contain such a “quality control system”, as
they express homo- and heteromeric channels equally
well. The biophysical and functional properties of CNG

channels are perfectly tailored to the specific requirements
of rods, cones, and ORNSs. Electrophysiological measure-
ments indicate that even small alterations in the sequence
of CNG channels, let alone alterations in the subunit
composition, can have severe effects on the efficiency and
acuity of sensory transduction. Given the high evolution-
ary pressure put on the maintenance of vision and
olfaction, it is tempting to speculate that the quality
control system has been vital for the survival of species.
Future studies need to address the molecular determinants
underlying the quality control system in sensory cells.
Moreover, the molecular pathways linking the loss or
dysfunction of CNG channels with the induction of
apoptosis are by and large unknown. Finally, it will be
interesting to see whether or not the loss of a CNG
channel subunit can be functionally rescued, e.g., by viral
or non-viral gene transfer. Patients suffering from RP and
other degenerative diseases of the retina resulting from the
loss of gene function would strongly profit from the
availability of such therapeutic approaches.
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