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Abstract Localized to the vestibule of the nasal cavity,

neurons of the Grueneberg ganglion (GG) respond to cool

ambient temperatures. The molecular mechanisms under-

lying this thermal response are still elusive. Recently, it has

been suggested that cool temperatures may activate a cyclic

guanosine monophosphate (cGMP) pathway in the GG,

which would be reminiscent of thermosensory neurons in

Caenorhabditis elegans. In search for other elements of

such a cascade, we have found that the cyclic nucleotide-

gated ion channel CNGA3 was strongly expressed in the

GG and that expression of CNGA3 was confined to those

cells that are responsive to coolness. Further experiments

revealed that the response of GG neurons to cool temper-

atures was significantly reduced in CNGA3-deficient mice

compared to wild-type conspecifics. The observation that a

cGMP-activated non-selective cation channel significantly

contributes to the coolness-evoked response in GG neurons

strongly suggests that a cGMP cascade is part of the

transduction process.
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Abbreviations

cGMP Cyclic guanosine monophosphate

CNG Cyclic nucleotide-gated

DAPI 40,6-Diamidino-2-phenylindole

GG Grueneberg ganglion

MOE Main olfactory epithelium

OB Olfactory bulb

OMP Olfactory marker protein

OSNs Olfactory sensory neurons

PCR Polymerase chain reaction

TAAR Trace amine-associated receptor

TRP Transient receptor potential

Introduction

The perception of odorous molecules is mediated by

olfactory sensory neurons (OSNs) located in distinct nasal

compartments, including the main olfactory epithelium

(MOE), the vomeronasal organ and the septal organ

[1–3]. OSNs are generally characterized by the expression

of the olfactory marker protein (OMP) and distinct

olfactory receptor types as well as axonal projections to

defined glomeruli in the olfactory bulb (OB). Recently, it

has been discovered that neuronal cells in the Grueneberg

ganglion (GG) of the anterior nasal region also express

OMP and project their axons to the OB [4–8]. Based on

these findings, along with the expression of olfactory

receptors [9, 10], GG neurons are considered as chemo-

sensory cells. Recent findings, however, indicate that GG

neurons, in addition to a possible chemosensory function

[11], respond to cool ambient temperatures [12]. The

molecular mechanisms underlying the coolness-induced

responses of GG neurons are unknown. In mammals, the
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registration of changes in the ambient temperature by

afferent fibers from the dorsal root ganglion or the tri-

geminal ganglion is supposed to be mediated by transient

receptor potential (TRP) channels, which serve as thermal

sensors [13–16]. Among the various TRP subtypes,

TRPM8 is considered as an essential element for sensing

coolness [17–21]. However, recent studies have shown

that TRPM8 is apparently absent from the GG [22]. The

nematode Caenorhabditis elegans (C. elegans) detects

changes in the environmental temperature via the so-

called AFD neurons; in these cells, the thermal trans-

duction process is mediated by a cyclic guanosine

monophosphate (cGMP) pathway that comprises trans-

membrane guanylyl cyclases and cyclic nucleotide-gated

(CNG) ion channels [23–25]. Recent approaches to

decipher the mechanisms underlying the coolness-induced

responses of the GG have led to the observation that a

distinct transmembrane guanylyl cyclase, the subtype

GC-G, was expressed in the majority of the GG neurons

[22, 26]. Importantly, only those GG cells responded to

coolness that were endowed with GC-G [12, 22]. These

findings point to a possible function of a cGMP cascade

in coolness-evoked signaling in the GG. For cGMP-

mediated pathways leading to an electrical response of the

cell, CNG channels are supposed to play a crucial role

[27]. Therefore, in this study, it was investigated whether

GG neurons express defined CNG channel subtypes and

whether these proteins may be required for coolness-

induced responses.

Materials and methods

Mice

This study was performed on mice of wild-type strain C57/

BL6J purchased from Charles River (Sulzfeld, Germany).

The generation of the CNGA3-deficient mouse strain

(CNGA3-/-) has been described previously [28]. All

experiments comply with the Principles of Animal Care,

publication no. 85-23, revised 1985, of the National Insti-

tutes of Health and with the current laws of Germany.

RNA isolation and cDNA synthesis

Isolation of RNA from the GG and subsequent cDNA

synthesis were carried out as described elsewhere [9]. For

preparation of cDNA from the retina or the MOE, these

tissues were dissected, and total RNA was isolated with the

NucleoSpin RNA II kit (Macherey–Nagel, Dueren, Ger-

many). Mouse genomic DNA was isolated using the

peqGold tissue DNA Mini Kit (Peqlab Biotechnologie,

Erlangen, Germany).

Design of oligonucleotide primers

For amplification of sequences encoding distinct CNG sub-

types, the following primers were used: CNGA1: 50-ctacag

cctttattggtctac and 50-tagagactccgtgagctcact; CNGA2:

50-cgtctgttacactttgcccgtatg and 50-ggtgtttatcccatctgataggt;

CNGA3: 50-cggaagtacatttacagtctc and 50-acctcctgttcatct

ggctct; CNGA4: 50-gcatagccaagctgatgatct and 50-gtaagctatc

ttcagtgcgct; CNGB1: 50-tcaggaccacggcctacctgct and 50-gtcc

aatcatcacagagaaagca; CNGB3: 50-gctcctgcttgtcaccattgcgt

and 50-ctggtcttgcagggattgcctga. All oligonucleotide primer

sequences are given according to the code of the Interna-

tional Union of Biochemistry (IUB code). Oligonucleotide

primers were ordered from http://www.biomers.net (Ulm,

Germany).

PCR

Polymerase chain reaction (PCR) amplification was per-

formed as described previously [9]. PCR products were

cloned into pGem-T plasmids (Promega, Madison, WI) and

were subjected to sequence analysis using an ABI PRISM

310 Genetic Analyzer (Applied Biosystems, Foster City,

CA).

Exposure to cool ambient temperatures

Female mice were kept together with their pups in a cage

under a 12-h light/dark cycle (light on at 7:00 a.m.). For

exposure to a given ambient temperature (15, 22 or 30�C),

neonatal pups were transferred (without their mother) to a

cage placed in an incubator (CERTOMAT BS-1, B. Braun

Biotech International, Melsungen, Germany) adjusted to

the desired temperature. The pups were killed directly after

exposure by decapitation.

Tissue preparation

For in situ hybridization, heads of mice were dissected

in 19 PBS (0.85% NaCl, 1.4 mM KH2PO4, 8 mM

Na2HPO4, pH 7.4), embedded in Leica OCT Cryocom-

pound ‘‘tissue freezing medium’’ (Leica Microsystems,

Bensheim, Germany) and quickly frozen on dry ice.

Sections (12–14 lm) were cut on a CM3050S cryostat

(Leica Microsystems, Bensheim, Germany) and adhered

to Polysine slides (Menzel, Braunschweig, Germany). For

immunohistochemistry, heads of mice were prepared

as described above, fixed in 4% paraformaldehyde in

19 PBS for 30 min at 4�C followed by cryoprotection

in 25% sucrose (in 19 PBS) at 4�C overnight. Sections

(12–25 lm) were cut on a CM3050S cryostat (Leica

Microsystems) and adhered to Superfrost Plus microscope

slides (Menzel).
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In situ hybridization

Digoxigenin- and biotin-labeled antisense riboprobes were

generated from partial cDNA clones in pGem-T plasmids

encoding mouse CNGA2 (National Center for Biotech-

nology Information Genbank accession number: NM_007

724.2; nucleotide 1,091–2,311), CNGA3 (BC049145.1;

nucleotide 1,184–2,153), CNGA4 (NM_001033317.3;

nucleotide 627–1,705), GC-G (NM_001081076.1; nucleo-

tide 2,250–3,281), V2r83 (a V2r83-encoding fragment of

2,500 base pairs was amplified from GG cDNA using the

primers 50-atggccagcagacagataag and 50-actgctcacagaagct

gagg), TAAR6 (BC148624.1; nucleotide 209–879), TAA

R7D (BC153148.1; nucleotide 233–900), c-Fos (NM_

010234; nucleotide 160–1,841) or OMP (NM_011010.2;

nucleotide 96–2,062) using the T7/SP6 RNA transcription

system (Roche Diagnostics, Mannheim, Germany) as rec-

ommended by the manufacturer. After fixation in 4%

paraformaldehyde/0.1 M NaHCO3/pH 9.5 for 45 min at

4�C, slices were washed in 19 PBS for 1 min at room tem-

perature, then incubated in 0.2 M HCl for 10 min, in 1%

Triton X-100/19 PBS for 2 min and again washed twice in

19 PBS for 30 s. Finally, sections were incubated in 50%

formamide/59 SSC (0.75 M NaCl, 0.075 M sodium citrate,

pH 7.0) for 10 min. Then tissue was hybridized in hybrid-

ization buffer [50% formamide, 25% H2O, 25% Microarray

Hybridization Solution Version 2.0 (GE Healthcare,

Freiburg, Germany)] containing the probe and incubated in a

humid box (50% formamide) at 65�C overnight.

After slides were washed twice in 0.19 SSC for 30 min

at 65�C, they were treated with 1% blocking reagent

(Roche Diagnostics, Mannheim, Germany) in TBS

(100 mM TRIS, 150 mM NaCl, pH 7.5) with 0.3% Triton

X-100 for 30 min at room temperature and incubated with

an anti-digoxigenin alkaline phosphatase-conjugated anti-

body (Roche Diagnostics) diluted 1:750 in TBS/0.3%

Triton X-100/1% blocking reagent at 37�C for 30 min.

After washing twice in TBS for 15 min, slides were rinsed

in DAP buffer (100 mM TRIS, pH 9.5, 100 mM NaCl,

50 mM MgCl2). Hybridization signals were visualized

using NBT (nitroblue tetrazolium) and BCIP (5-brom-4-

chlor-3-indolyl phosphate) as substrates. Sections were

mounted in Vectamount mounting medium (Vector Labo-

ratories, Burlingame, CA).

For double-label fluorescent in situ hybridization

experiments, fixation, hybridization, washing and blocking

were carried out as described above. However, a different

hybridization buffer (50% formamide, 29 SSC, 10%

dextran sulphate, 0.2 mg/ml yeast t-RNA, 0.2 mg/ml son-

icated herring sperm DNA) was used, and sections were

simultaneously hybridized with digoxigenin- and biotin-

labeled probes. To visualize the probes, sections were

incubated for 60 min in TBS/0.3% Triton X-100/1%

blocking reagent supplemented with anti-digoxigenin

Fig. 1 Identification of CNG channel subunits expressed in the GG

by PCR experiments. In PCR approaches with specific primer pairs

matching to the coding sequence of CNG channel subtypes CNGA1,

CNGA2, CNGA3, CNGA4, CNGB1 and CNGB3, no amplicons of

the expected molecular size were obtained from GG cDNA of

several-day-old postnatal animals for CNGA1, CNGB1 and CNGB3.

In control experiments, using the same primers, such PCR products

were easily amplified from genomic DNA (gD) or cDNA of the MOE

or retina (Re), respectively (PCR reactions without template are

indicated by ‘‘W’’). With primers for CNGA2, CNGA3 or CNGA4

(arrowhead), PCR products of the predicted size were obtained from

GG cDNA
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alkaline phosphatase-conjugated antibody (1:500, Roche)

and streptavidin-horseradish peroxidase (1:100; TSA

Fluorescein System, Perkin Elmer Life Sciences, Boston,

MA) at 37�C followed by incubation with HNPP/Fast Red

TR solution (HNPP Fluorescent Detection Set, Roche

Diagnostics) for 30 min at room temperature. After wash-

ing the sections three times for 5 min each with TBS/

0.05% Tween 20, biotin-labeled probes were subsequently

visualized using the TSA Fluorescein System (Perkin

Elmer Life Sciences). After washing the sections again

three times for 5 min each with TBS/0.05% Tween 20,

they were counterstained with 40,6-diamidino-2-pheny-

lindole (DAPI, 1 lg/ml in TBS) for 3 min at room

temperature and briefly rinsed with H2O. Finally, sections

were mounted in 66% glycerol/19 PBS.

Immunohistochemistry

Immunohistochemistry was performed as described pre-

viously [9]. To monitor localization of CNGA3, a specific

polyclonal antibody (AbmCG3; [28]) generated in rabbit

was used at a dilution of 1:500. Secondary detection was

carried out by using appropriate secondary antibodies

coupled to Alexa dyes (Invitrogen, Carlsbad, CA).

Counterstaining was performed for 3 min with propidium

iodide (1 lg/ml in 19 PBS). Finally, sections were rinsed

with H2O and subsequently mounted in 66% glycerol/19

PBS.

Microscopy and photography

Sections were photographed using a Zeiss Axiophot (Carl

Zeiss MicroImaging, Göttingen, Germany). Fluorescence

was examined with a SensiCam CCD camera (PCO, Kel-

heim, Germany) and the Zeiss Axiovision imaging system

(Zeiss) with appropriate filter sets.

Results

As an initial step to assess whether GG neurons express

CNG channels, PCR experiments were performed. Out of

the six known mammalian CNG subtypes (CNGA1

through CNGA4, CNGB1 and CNGB3), only the principal

Fig. 2 Expression of CNGA3

in numerous GG cells. a–f In

situ hybridization experiments

with antisense probes specific

for CNGA4 (a, b), CNGA2

(c, d) or CNGA3 (e, f) on

coronal sections through the GG

of pups. b, d and f Show higher
magnifications of the boxed
areas in a, c and e. These

experiments revealed that

CNGA4 is absent from the GG,

whereas CNGA2 is weakly

expressed by a subset of cells in

the GG (arrow in d). CNGA3,

however, is strongly expressed

in numerous GG cells. Scale
bars a, c, e = 200 lm;

b, d, f = 50 lm
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subunits CNGA1, CNGA2 and CNGA3 form functional

channels on their own [29]. In PCR approaches with primer

pairs specific for coding sequences of these three subunits,

amplicons of the expected size were amplified from mouse

genomic DNA (CNGA1 and CNGA3) or MOE cDNA

(CNGA2) in control experiments (Fig. 1). Using cDNA

from the GG of neonatal mice as template, no amplicon

was obtained for CNGA1, but appropriate PCR products

were amplified for CNGA2 and CNGA3 (Fig. 1). For

CNGA2, however, amplification was rather weak.

Regarding the modulatory CNG subunits (CNGA4,

CNGB1, CNGB3), PCR approaches with specific primers

gave no amplification for CNGB1 and CNGB3 from GG

cDNA; a faint amplification was observed for CNGA4

(Fig. 1). In control PCR experiments, fragments of the

expected size were amplified for CNGB1 and CNGB3 from

cDNA of the MOE or the retina, respectively (Fig. 1).

To investigate potential expression of CNGA2, CNGA3

and CNGA4 in the GG in more detail, in situ hybridization

experiments were conducted with antisense riboprobes

specific for these CNG subunits. Using probes for CNGA2

or CNGA4, no cells (CNGA4; Fig. 2a, b) or only a few of

them (CNGA2; Fig. 2c, d) were labeled; in the latter case,

labeling was weak. The same probes intensely stained cells

in the MOE (supplemental Fig. 1), which are known to

express CNGA2 and CNGA4 [30–32]. Thus, these results

of in situ hybridization experiments revealed that CNGA2

and CNGA4 are not significantly expressed in the GG. In

contrast, hybridizing sections through the GG with an

antisense probe for CNGA3 led to numerous signals

(Fig. 2e, f), indicating that many GG cells express CNGA3.

The specificity of these signals was confirmed by control

experiments in which the corresponding sense probe did

not label cells in the GG (supplemental Fig. 2).

To analyze whether CNGA3 is expressed by OMP-

positive neurons in the GG, double-labeling experiments

were conducted. By two-color in situ hybridization, it was

found that CNGA3 is expressed in a large subset of OMP-

positive GG neurons (Fig. 3). OMP-positive GG cells can

be subdivided into two distinct subpopulations: one is

characterized by the expression of receptor V2r83 and is

activated by coolness, whereas the other expresses mem-

bers of the trace amine-associated receptor (TAAR) family

and apparently does not respond to cool ambient temper-

atures [10, 12]. In this regard, double-staining in situ

hybridization experiments revealed that CNGA3 is

expressed by V2r83-positive GG neurons (Fig. 4a–c). This

finding is in line with the observation that the number of

V2r83-expressing GG neurons in newborn mouse pups

(approximately 653 cells per individual [10]) is almost

identical to the number of CNGA3-positive cells in the

GG (about 666 cells per individual; as determined by in

situ hybridization experiments with a CNGA3-specific

antisense probe in which the number of labeled cells in

three animals was counted). By contrast, GG cells

expressing the two most abundant TAAR subtypes

(TAAR6 and TAAR7; [10]) lack co-expression of CNGA3

(Fig. 4d–f). It has been shown recently that V2r83-positive

GG cells also express the transmembrane guanylyl cyclase

G (GC-G) and the cGMP-dependent phosphodiesterase 2A

(PDE2A; [22]). These findings suggest that CNGA3 is

co-expressed with these two cGMP-associated signaling

elements. In fact, double-staining in situ hybridization

experiments demonstrated that CNGA3 is expressed in a

Fig. 3 CNGA3 is expressed in a large subpopulation of OMP-

positive GG neurons. a–c Two-color in situ hybridization on a coronal

section through the GG from an early postnatal stage using antisense

RNA probes for CNGA3 (a, red) and OMP (b, green). The overlay (c)

demonstrates expression of CNGA3 in the overwhelming majority of

OMP-positive GG neurons. The section was counterstained with

DAPI (blue). Scale bar = 50 lm
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substantial number of GC-G-positive GG neurons (Fig. 5).

Thus, it can be concluded that CNGA3 is expressed in

coolness-sensitive GG cells, which are endowed with a

cGMP-mediated signaling cascade.

To visualize the subcellular localization of the CNGA3

protein in GG neurons, immunohistochemical approaches

with a CNGA3-specific antibody were conducted. In these

experiments, it was found that the somata of numerous GG

cells were intensely stained (Fig. 6a, b). In CNGA3-deficient

(CNGA3-/-) mice, no labeled cells were detectable in the

GG (supplemental Fig. 3b), confirming the specificity of the

staining in Fig. 6a, b. On sagittal sections (Fig. 6c, d), it

became evident that the CNGA3 protein is localized to the

somata and the axonal processes of GG neurons.

Monitoring the expression of the activity-dependent

gene c-Fos, it was recently found that GG neurons respond

to cool ambient temperatures (22�C or below) [12]. To

approach the question whether the CNGA3 channel may be

involved in mediating coolness-induced responses of GG

neurons, we set out to compare the GG of wild-type and

CNGA3-deficient mice concerning their responsiveness to

cool ambient temperatures. In control experiments, it was

verified that the GG of CNGA3-/- mice expresses sig-

naling elements characteristic of coolness-responding GG

cells (OMP, V2r83 and GC-G) to a similar extent as the

GG of wild-type (CNGA3?/?) animals (supplemental

Fig. 4). Next, neonatal pups were exposed to a warm

ambient temperature (30�C) for 2 h, and the GG was

subsequently analyzed for c-Fos expression by in situ

hybridization. As documented in Fig. 7a–d, no hybridiza-

tion signals were observed in either wild-type or CNGA3-

deficient mice. When the same experiment was conducted

at a cool ambient temperature (22�C), significant differ-

ences were noticed between CNGA3?/? and CNGA3-/-

animals: in the GG of CNGA3?/? individuals, a larger

number of intensely stained c-Fos-positive cells (about 569

cells per individual; as determined by counting the number

of labeled cells in three animals) were detectable, indicat-

ing activation of these cells by coolness (Fig. 7e, f). By

contrast, in the GG of CNGA3-/- mice, labeling was

Fig. 4 Expression of CNGA3

in a receptor-specific subset of

GG neurons. a–c Double-

labeling in situ hybridization on

a coronal section through the

GG of an early postnatal mouse

with antisense riboprobes for

CNGA3 (a, green) and V2r83

(b, red). The merged image (c)

demonstrates expression of

CNGA3 by V2r83-positive GG

neurons. d–f In situ

hybridization with probes for

CNGA3 (d, green), TAAR6 and

TAAR7 (e, red) revealed

absence of CNGA3 from

TAAR-positive GG neurons (f).
Sections were counterstained

with DAPI (blue). Scale
bars = 50 lm
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comparatively faint or even absent (Fig. 7g, h); i.e., com-

pared to wild-type animals, only a few cells were c-Fos-

positive (if there were stained cells at all in CNGA3-/-

mice). Moreover, in many cases, even in these cells,

labeling was weak. As for 22�C, also at 15�C, clear dif-

ferences regarding the c-Fos expression in the GG were

observed between wild-type and CNGA3-/- mice (sup-

plemental Fig. 5). When heterozygous (CNGA3?/-) pups

were exposed to cool temperatures (22�C), c-Fos signals

were similar to those in wild-type conspecifics (supple-

mental Fig. 6). Thus, in summary, these findings suggest

that the cyclic nucleotide-gated ion channel CNGA3 sig-

nificantly contributes to the generation of coolness-induced

responses in GG neurons.

Discussion

Recent experimental evidence indicates that neuronal cells

in the GG are responsive to chemical [11] as well as

thermal stimuli [12]. The molecular mechanisms underly-

ing this sensory capacity are unknown. Regarding the

response to cool temperatures, it is interesting to note that

GG neurons lack expression of the coolness-sensitive ion

channel TRPM8 [22], which is considered to render nerve

fibers of the somatosensory system responsive to coolness

[19–21]. Therefore, it was proposed that the responsiveness

of GG neurons to coolness may be due to an alternative

pathway, possibly mediated by the second messenger

cGMP [22]. Such a mechanism would be reminiscent of

thermosensory signaling in the nematode C. elegans, which

involves transmembrane guanylyl cyclases and CNG

channels [23–25, 33]. This concept received support from

the finding that a distinct transmembrane guanylyl cyclase

(subtype GC-G) and the phosphodiesterase PDE2A are

expressed in those GG neurons that respond to coolness

[22]. In the present study, it was found that the cGMP-

activated CNG subunit CNGA3 is expressed in numerous

GG neurons. Apart from a weak expression of CNGA2, no

further CNG subunits were found to be expressed in the

GG. Vertebrate CNG channels are supposed to function as

hetero-oligomers of cyclic nucleotide-activated subunits

(CNGA1, CNGA2 or CNGA3) with modulatory subunits

(CNGA4, CNGB1 or CNGB3) [29, 34]. Thus, the obser-

vation that the majority of GG neurons seems to express

CNGA3 only raises the question whether a homomeric

CNGA3 channel may operate in GG cells. Interestingly, in

heterologous expression systems, it has been observed

previously that CNGA3 forms functional channels in the

absence of other CNG subunits [35, 36]. The specific

expression in only the coolness-sensitive and V2r83-posi-

tive GG neurons (Fig. 4) suggests that CNGA3 might play

a role in coolness-evoked signaling in these cells. The

finding that coolness-induced c-Fos expression was sig-

nificantly reduced in CNGA3-knockout mice compared to

wild-type conspecifics strongly indicates that CNGA3 is a

crucial element in the mechanism mediating the responses

of GG neurons to cool temperatures. Such a thermosensory

pathway involving cGMP-gated ion channels would be

indeed reminiscent of neurons in C. elegans, in which

thermosensation is mediated by a cGMP cascade encom-

passing CNG channels [23–25, 33]. Hence, a pathway

related to the thermosensory signaling cascade of C. ele-

gans might operate in coolness-sensitive GG cells. Since

responses of thermosensory neurons in mammals are gen-

erally supposed to be accomplished via temperature-

sensitive TRP channels [14–16], the present finding that

CNGA3 contributes to coolness-induced signaling may

point to an alternative, cGMP-dependent transduction

Fig. 5 Co-expression of CNGA3 and GC-G in the GG of pups. a–c
Double fluorescent in situ hybridization with antisense probes for

CNGA3 (a, red) and GC-G (b, green) reveals co-expression of these

two signaling elements in GG neurons (merged image in c). The

section was counterstained with DAPI (blue). Scale bar = 50 lm
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cascade for thermal responses in mammals. Furthermore,

because activation of CNG channels is known to cause an

influx of cations, consequently leading to a depolarization

of the plasma membrane [29], it can be assumed that in GG

neurons, coolness evokes receptor potentials conceivably

eliciting the generation of action potentials that might be

conveyed to the brain via axonal processes of GG cells.

The functional relevance of coolness-induced responses

in GG neurons is so far elusive. Based on the observation

that GG neurons project their axons to so-called ‘‘neck-

lace’’ glomeruli in the OB and due to the finding that the

number of GG cells peaks in perinatal stages, it has been

proposed that the GG could be involved in mother/child

interactions [4, 7, 10]. Interestingly, in pups, coolness-

evoked responses of the GG were only observed in the

absence of the dam, when pups are exposed to cool

ambient temperatures [12]. Therefore, it is conceivable that

the coolness-induced responses of the GG provide an

alerting signal for pups, indicating the absence of their

mother. Such a signal could make the pups search or call

for their mother. However, in CNGA3-deficient pups, in

which coolness-induced responses of the GG are dimin-

ished, we have not made any spontaneous observations

regarding aberrant pup or maternal behavior (our unpub-

lished observations). In addition, in a previous study [28], it

was found that CNGA3-/- mice were normal in their

appearance and body weight and that there was no signif-

icant difference in mortality between wild-type and

knockout animals, indicating that suckling and thriving of

pups, which are dependent on close mother/child interac-

tions, are similar in wild-type and CNGA3-deficient mice.

Concerning a potential function of thermosensory signaling

in the GG, it has been speculated recently that coolness-

induced responses in the GG of pups might be associated

with the so-called ‘‘huddling’’ behavior, which allows pups

to minimize heat loss because of physical contact with

littermates [12]. However, in preliminary experiments, it

was found that similar to wild-type conspecifics, also

CNGA3-deficient pups clearly huddle (our unpublished

observations). Thus, further studies are required for a better

understanding of the functional implications of coolness-

induced responses in the GG.

In C. elegans, CNG channels are expressed in distinct

sensory neuron types, including the so-called AWC neu-

rons [23, 24, 33, 37]. Interestingly, these neurons not only

respond to temperature but also to chemical stimuli, and

both chemo- and thermosensation rely on cGMP signaling

via CNG channels [23, 24, 33]. Based on the analogy to

AWC neurons, it is tempting to speculate that cGMP-

associated signaling proteins in GG neurons might not only

be involved in coolness-evoked responses but also con-

tribute to chemosensory signaling. Importantly, in this

Fig. 6 The CNGA3 protein is localized to the soma and the axon of

GG neurons. a Immunohistochemical staining with a CNGA3-specific

antibody on a coronal section through the GG of a CNGA3?/? pup.

b High magnification image of the boxed area in a. The soma of GG

neurons is clearly stained. c–d Using the anti-CNGA3 antibody for

immunostaining on sagittal sections [caudal (C) is to the right and

dorsal (D) to the top] through the GG of wild-type animals, in

addition to the soma, the CNGA3 protein was also found in axonal

processes of GG neurons (arrows in d). The boxed area in c is shown

at a higher magnification in d. Sections were counterstained with

propidium iodide (red, a–c). Scale bars a = 200 lm; b, d = 50 lm;

c = 100 lm
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regard, CNGA3 is crucial for chemoresponsiveness of

another cell type in the nose of mice, the so-called GC-D

neurons [38–40]. Thus, the signaling elements contributing

to chemosensation in GC-D neurons (CNGA3 and the

transmembrane guanylyl cyclase GC-D) [39, 40] are clo-

sely related or even identical to cGMP-associated proteins

(GC-G and CNGA3) in GG neurons ([22, 26], this study).

Moreover, both GC-D neurons and GG neurons express the

cGMP-dependent phosphodiesterase PDE2A [22, 26, 41].

Accordingly, CNGA3 could also contribute to the recently

described chemosensory signaling of GG neurons [11].

By immunohistochemistry, during the course of the

present study, the CNGA3 protein was observed to be

localized to distinct compartments of GG neurons,

including the soma and the axon. This observation is

consistent with previous findings that have demonstrated

that in GC-D neurons of the MOE, CNGA3-specific

immunostaining was not confined to apical sensory com-

partments but was also found throughout the cell body [38].

Since CNG channels are known transmembrane proteins

[27, 29, 34], it can be assumed that at least a substantial

portion of the CNGA3 protein in GG neurons is localized

to the cell membrane. Thus, there might be different

fractions of the CNGA3 protein in the soma of GG neu-

rons: a membranous and a cytoplasmic fraction; thereby,

the cytoplasmic one could represent freshly synthesized

protein on its way to the cell membrane or the axon,

whereas the membranous fraction is presumably involved

in the conductance of electrical currents. Concerning the

presence of CNGA3 in GG axons, a further potential

function of this protein in GG neurons has to be envisioned.

In this context, in addition to their principal function as

transducers of photoreception, chemo- and thermosensa-

tion [24, 27, 29, 33, 34], it has been suggested that CNG

Fig. 7 Attenuation of coolness-

induced responses in the GG of

CNGA3-deficient mice. a–h In

situ hybridization experiments

with an antisense probe for

c-Fos on coronal sections

through the GG of wild-type

(left panel) or CNGA3-deficient

(right panel) pups exposed to a

warm (30�C; a–d) or a cool

(22�C; e–h) ambient

temperature for 2 h. b, d, f and

h Show higher magnifications
of the boxed areas in a, c, e and

g. At 30�C (a–d), no c-Fos

expression was detectable in the

GG of both wild-type (a, b) and

CNGA3-/- (c, d) individuals.

Upon exposure to 22�C, strong

c-Fos expression was observed

in the GG of wild-type pups

(e, f), whereas c-Fos expression

was hardly detectable in the GG

of CNGA3-deficient individuals

(g, h). The data shown in

a–h are representative of four

independent experiments. For

each of these four independent

experiments, a ‘‘novel’’ litter

was used. From each of these

litters, one to three animals were

used for each temperature

tested. Scale bars
a, c, e, g = 200 lm;

b, d, f, h = 50 lm
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channels also influence axonal pathfinding. For example,

the convergence pattern of axonal projections onto

glomeruli in the murine OB is markedly altered in OSNs of

the MOE which are deficient for the CNG subtype CNGA2

[42, 43]. Similarly, in C. elegans, mutants of CNG chan-

nels showed disrupted axonal projections of distinct

sensory neuron types [23, 44]. Thus, CNGA3 might be also

involved in axonal outgrowth and/or guidance of GG

neurons. In this context, it was recently reported that

Semaphorin proteins, which act as axonal growth cone

guidance molecules, affect growth cone repulsion in a

CNG-dependent manner via the Semaphorin receptor

Neuropilin in Xenopus spinal neurons [45]. Interestingly,

GG neurons are not only endowed with CNGA3 (this

study), but also co-express the Neuropilin subtype Neu-

ropilin-2 [4]. Therefore, the remarkable presence of

CNGA3 protein in axons of GG neurons supports the

notion that CNGA3 might be involved in axonal outgrowth

and/or pathfinding of GG axons. Most recently, in this

regard, it has been reported that an antibody for CNGA3

labels ‘‘unusual whip-like’’ structures in the GG that are

closely adjacent to GG neurons [26]. The nature of these

stained structures is yet unclear; nevertheless, it can be

speculated that they represent proximal segments of axons/

axon bundles and/or other processes originating from GG

neurons.
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11. Brechbühl J, Klaey M, Broillet MC (2008) Grueneberg ganglion

cells mediate alarm pheromone detection in mice. Science

321:1092–1095

12. Mamasuew K, Breer H, Fleischer J (2008) Grueneberg ganglion

neurons respond to cool ambient temperatures. Eur J Neurosci

28:1775–1785

13. Hensel H (1981) Thermoreception and temperature regulation.

Monogr Physiol Soc 38:1–321

14. Patapoutian A, Peier AM, Story GM, Viswanath V (2003)

ThermoTRP channels and beyond: mechanisms of temperature

sensation. Nat Rev Neurosci 4:529–539

15. Tominaga M, Caterina MJ (2004) Thermosensation and pain.

J Neurobiol 61:3–12

16. Wang H, Woolf CJ (2005) Pain TRPs. Neuron 46:9–12

17. McKemy DD, Neuhausser WM, Julius D (2002) Identification of

a cold receptor reveals a general role for TRP channels in ther-

mosensation. Nature 416:52–58

18. Peier AM, Moqrich A, Hergarden AC, Reeve AJ, Andersson DA,

Story GM, Earley TJ, Dragoni I, McIntyre P, Bevan S, Pata-

poutian A (2002) A TRP channel that senses cold stimuli and

menthol. Cell 108:705–715

19. Bautista DM, Siemens J, Glazer JM, Tsuruda PR, Basbaum AI,

Stucky CL, Jordt SE, Julius D (2007) The menthol receptor

TRPM8 is the principal detector of environmental cold. Nature

448:204–208

20. Colburn RW, Lubin ML, Stone DJ Jr, Wang Y, Lawrence D,

D’Andrea MR, Brandt MR, Liu Y, Flores CM, Qin N (2007)

Attenuated cold sensitivity in TRPM8 null mice. Neuron 54:379–

386

21. Dhaka A, Murray AN, Mathur J, Earley TJ, Petrus MJ,

Patapoutian A (2007) TRPM8 is required for cold sensation in

mice. Neuron 54:371–378

22. Fleischer J, Mamasuew K, Breer H (2009) Expression of cGMP

signaling elements in the Grueneberg ganglion. Histochem Cell

Biol 131:75–88

23. Coburn CM, Bargmann CI (1996) A putative cyclic nucleotide-

gated channel is required for sensory development and function in

C. elegans. Neuron 17:695–706

24. Komatsu H, Mori I, Rhee JS, Akaike N, Ohshima Y (1996)

Mutations in a cyclic nucleotide-gated channel lead to abnormal

thermosensation and chemosensation in C. elegans. Neuron

17:707–718

25. Inada H, Ito H, Satterlee J, Sengupta P, Matsumoto K, Mori I

(2006) Identification of guanylyl cyclases that function in ther-

mosensory neurons of Caenorhabditis elegans. Genetics

172:2239–2252

26. Liu CY, Fraser SE, Koos DS (2009) Grueneberg ganglion

olfactory subsystem employs a cGMP signaling pathway. J Comp

Neurol 516:36–48

27. Kaupp UB, Seifert R (2002) Cyclic nucleotide-gated ion chan-

nels. Physiol Rev 82:769–824

28. Biel M, Seeliger M, Pfeifer A, Kohler K, Gerstner A, Ludwig A,

Jaissle G, Fauser S, Zrenner E, Hofmann F (1999) Selective loss

of cone function in mice lacking the cyclic nucleotide-gated

channel CNG3. Proc Natl Acad Sci USA 96:7553–7557

29. Biel M (2009) Cyclic nucleotide-regulated cation channels. J Biol

Chem 284:9017–9021

30. Dhallan RS, Yau KW, Schrader KA, Reed RR (1990) Primary

structure and functional expression of a cyclic nucleotide-acti-

vated channel from olfactory neurons. Nature 347:184–187

31. Ludwig J, Margalit T, Eismann E, Lancet D, Kaupp UB (1990)

Primary structure of cAMP-gated channel from bovine olfactory

epithelium. FEBS Lett 270:24–29

1868 K. Mamasuew et al.



32. Liman ER, Buck LB (1994) A second subunit of the olfactory

cyclic nucleotide-gated channel confers high sensitivity to cAMP.

Neuron 13:611–621

33. Kuhara A, Okumura M, Kimata T, Tanizawa Y, Takano R,

Kimura KD, Inada H, Matsumoto K, Mori I (2008) Temperature

sensing by an olfactory neuron in a circuit controlling behavior of

C. elegans. Science 320:803–807

34. Pifferi S, Boccaccio A, Menini A (2006) Cyclic nucleotide-gated

ion channels in sensory transduction. FEBS Lett 580:2853–2859

35. Bönigk W, Altenhofen W, Müller F, Dose A, Illing M, Molday

RS, Kaupp UB (1993) Rod and cone photoreceptor cells express

distinct genes for cGMP-gated channels. Neuron 10:865–877

36. Weyand I, Godde M, Frings S, Weiner J, Müller F, Altenhofen

W, Hatt H, Kaupp UB (1994) Cloning and functional expression

of a cyclic-nucleotide-gated channel from mammalian sperm.

Nature 368:859–863

37. Cho SW, Choi KY, Park CS (2004) A new putative cyclic

nucleotide-gated channel gene, cng-3, is critical for thermotol-

erance in Caenorhabditis elegans. Biochem Biophys Res

Commun 325:525–531

38. Meyer MR, Angele A, Kremmer E, Kaupp UB, Muller F (2000)

A cGMP-signaling pathway in a subset of olfactory sensory

neurons. Proc Natl Acad Sci USA 97:10595–10600

39. Hu J, Zhong C, Ding C, Chi Q, Walz A, Mombaerts P,

Matsunami H, Luo M (2007) Detection of near-atmospheric

concentrations of CO2 by an olfactory subsystem in the mouse.

Science 317:953–957

40. Leinders-Zufall T, Cockerham RE, Michalakis S, Biel M,

Garbers DL, Reed RR, Zufall F, Munger SD (2007) Contribution

of the receptor guanylyl cyclase GC-D to chemosensory function

in the olfactory epithelium. Proc Natl Acad Sci USA 104:14507–

14512

41. Juilfs DM, Fülle HJ, Zhao AZ, Houslay MD, Garbers DL, Beavo

JA (1997) A subset of olfactory neurons that selectively express

cGMP-stimulated phosphodiesterase (PDE2) and guanylyl

cyclase-D define a unique olfactory signal transduction pathway.

Proc Natl Acad Sci USA 94:3388–3395

42. Zheng C, Feinstein P, Bozza T, Rodriguez I, Mombaerts P (2000)

Peripheral olfactory projections are differentially affected in mice

deficient in a cyclic nucleotide-gated channel subunit. Neuron

26:81–91

43. Serizawa S, Miyamichi K, Takeuchi H, Yamagishi Y, Suzuki M,

Sakano H (2006) A neuronal identity code for the odorant

receptor-specific and activity-dependent axon sorting. Cell

127:1057–1069

44. Coburn CM, Mori I, Ohshima Y, Bargmann CI (1998) A cyclic

nucleotide-gated channel inhibits sensory axon outgrowth in

larval and adult Caenorhabditis elegans: a distinct pathway for

maintenance of sensory axon structure. Development 125:249–

258

45. Togashi K, von Schimmelmann MJ, Nishiyama M, Lim CS,

Yoshida N, Yun B, Molday RS, Goshima Y, Hong K (2008)

Cyclic GMP-gated CNG channels function in Sema3A-induced

growth cone repulsion. Neuron 58:694–707

CNGA3 in the Grueneberg ganglion 1869


	The cyclic nucleotide-gated ion channel CNGA3 contributes  to coolness-induced responses of Grueneberg ganglion neurons
	Abstract
	Introduction
	Materials and methods
	Mice
	RNA isolation and cDNA synthesis
	Design of oligonucleotide primers
	PCR
	Exposure to cool ambient temperatures
	Tissue preparation
	In situ hybridization
	Immunohistochemistry
	Microscopy and photography

	Results
	Discussion
	Acknowledgment
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


