
Cellular/Molecular

Interplay among cGMP, cAMP, and Ca2� in Living Olfactory
Sensory Neurons In Vitro and In Vivo
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ThemechanismofcGMPproductioninolfactorysensoryneurons(OSNs)ispoorlyunderstood,althoughthismessengertakespart inseveralkey
processes such as adaptation, neuronal development, and long-term cellular responses to odorant stimulation. Many aspects of the regulation of
cGMP in OSNs are still unknown or highly controversial, such as its subcellular heterogeneity, mechanism of coupling to odorant receptors and
downstream targets. Here, we have investigated the dynamics and the intracellular distribution of cGMP in living rat OSNs in culture transfected
with a genetically encoded sensor for cGMP. We demonstrate that OSNs treated with pharmacological stimuli able to activate membrane or
soluble guanylyl cyclase (sGC) presented an increase in cGMP in the entire neuron, from cilia-dendrite to the axon terminus-growth cone. Upon
odorant stimulation, a rise in cGMP was again found in the entire neuron, including the axon terminus, where it is locally synthesized. The
odorant-dependent rise in cGMP is due to sGC activation by nitric oxide (NO) and requires an increase of cAMP. The link between cAMP and NO
synthase appears to be the rise in cytosolic Ca2� concentration elicited by either plasma membrane Ca2� channel activation or Ca2� mobiliza-
tion from stores via the guanine nucleotide exchange factor Epac. Finally, we show that a cGMP rise can elicit both in vitro and in vivo the
phosphorylation of nuclear CREB, suggesting that this signaling pathway may be relevant for both local events (pathfinding, neurotransmitter
release) and more distal processes involving gene expression regulation.

Introduction
Upon activation of the odorant receptor (OR) expressed at the
cilia (Menini, 1999) and the axon terminus (Maritan et al., 2009),
a rise of cAMP and Ca 2� is locally generated. Several studies have
demonstrated that odor exposure promotes the synthesis of an-
other second cyclic messenger, cGMP. Compared with the odor-
induced rise of cAMP, cGMP presented a slow and sustained rise.
This dynamic suggested that cGMP may not be involved in initial
stimulus detection events, but rather may be involved in several
important long-term cellular responses to odor stimulation
(Kroner et al., 1996; Zufall and Leinders-Zufall, 1998).

cGMP is produced by two different enzymes: membrane gua-
nylyl cyclase (mGC) and soluble GC (sGC), both present in ol-
factory sensory neurons (OSNs) (Lucas et al., 2000). Although
the function and the ligands of mGC in OSNs are largely un-
known, at least two types of mGCs have been described in OSNs:
the cilia mGC expressed in most adult OSNs (Moon et al., 1998),

and the mGC-D, expressed by a subset of OSNs that present a
unique signaling transduction pathway (Juilfs et al., 1997;
Leinders-Zufall et al., 2007).

Soluble GCs are heterodimers that are activated by gaseous
messengers: nitric oxide (NO) and carbon monoxide (CO). NO
is produced by nitric oxide synthase (NOS) (Dellacorte et al.,
1995), transiently expressed in OSNs during development and in
regenerating neurons (Roskams et al., 1994; Chen et al., 2003,
2004), while CO is synthesized by the enzyme heme oxygenase
(HO), mostly expressed in adult OSNs (Verma et al., 1993; Boeh-
ning et al., 2003). Many aspects of cGMP generation and signal-
ing remain poorly understood, and the available data are often
contradictory. In particular, whether cGMP is produced only at
the cilia or also in other OSN compartments, the mechanism of
OR coupling to GCs and the downstream target of cGMP remain
unanswered questions. A major obstacle at addressing such ques-
tions has been the use, thus far, only of approaches with modest
spatial and temporal resolution, which allow cGMP average mea-
surement on cell population (radioimmunoassay). Our data,
performed for the first time in single living OSNs in culture,
demonstrate that upon pharmacological and physiological
(odors) stimuli a rise in cGMP is triggered in the entire neuron
from cilia-dendrite to the axon terminus, where it is locally syn-
thesized upon local OR activation.

We found that odor-induced cGMP synthesis is due to sGC
activation via NO and requires an increase in cAMP. The link
between cAMP and sGC activation appears to be a rise of Ca 2�,
due to plasma membrane Ca 2� channel activation and Ca 2�

mobilization from stores. In the latter case, the link between
cAMP rise and Ca 2� mobilization is not the canonical target of
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cAMP, protein kinase A (PKA), but rather the guanine nucleotide
exchange factor Epac. Furthermore, we show that treatment of
OSNs in vitro, and of the axon termini of the OSNs on the bulb in
vivo, with odors or 8Br-cGMP, a membrane-permeable analog of
cGMP, is associated to CREB phosphorylation at the nuclear
level.

Materials and Methods
Primary culture of olfactory sensory neurons
The olfactory epithelium was harvested from embryonic rats (E18 –19) in
ice-cold HBSS (Invitrogen). Tissue was enzymatically dissociated in 5 ml
of 0.125% trypsin at 37°C in a water bath for 15 min. The enzymatic
digestion was stopped by adding 1 ml of fetal bovine serum (FBS). The
dissociated cells were then washed for 3 min three times with 5 ml of
prewarmed HBSS. The cells were pelleted by centrifugation (800 � g for
4 min), and the cell pellet was resuspended in 5 ml of prewarmed culture
medium by gentle pipetting and plated onto 24 mm glass coverslips
coated with poly-L-lysine (Sigma). The cells were maintained in culture
medium (D-Val Mem, 10% FBS, 5% Nu Serum, Penstrep L-glutamine,
100U/ml (Invitrogen), 10 �M Ara C (Sigma), and 25 ng/ml NGF (BD
Biosciences) under standard conditions (Ronnett et al., 1991, Liu et al.,
1998). After 6 –24 h in culture, cells were transiently transfected with the
protien kinase G (PKG)-based sensor for cGMP (Cygnet 2.1) (Honda et
al., 2001) or with the genetically encoded Ca 2� sensor, targeted to the
endoplasmic reticulum lumen, D1ER (Rudolf et al., 2006), with Trans-
fectin (Bio-Rad) transfection reagent, or loaded with 5 �M fura 2-AM
(Invitrogen) at 37°C for 30 – 40 min.

All cells used in this study were clearly identifiable as OSNs by their
characteristic bipolar morphology, having a single thick dendrite with
knob-like swelling and cilia emanating from it, and a thin long axon.
OSNs in culture expressed the specific marker olfactory marker protein
(OMP) (see Fig. 1 A), a marker expressed by mature, functioning OSNs.

After transfection, cells were maintained in culture for an additional
12–15 h before FRET imaging experiments to allow the genetically en-
coded sensors to be expressed. In transfected cells, the fluorescence is
evenly distributed throughout the cytoplasm and is excluded from the
nucleus. The morphology of OSNs transfected with Cygnet 2.1 or with
D1ER appear normal and undistinguishable from nontransfected cells.

cGMP measurements in cultured neurons
FRET imaging experiments were performed on an inverted microscope
Olympus IX 70 with a 60� NA 1.4 oil-immersion objective. The micro-
scope was equipped with an illumination system and CCD camera TILL-
visION v3.3 equipped with the polychrome IV. Excitation was 430 nm.
Emission wavelengths were separated with a dual-emission beam splitter
(Multispec Microimager; Optical Insights) with a 505 nm dichroic filter
and 480 � 15 and 545 � 20 nm emission filters for CFP and YFP,
respectively. All filters and dichroics were from Chroma Technology.
Live images were acquired for 200 –300 ms at 5 s intervals.

The day of the experiment, coverslips were mounted in an imaging
chamber at room temperature (RT) and maintained in Ringer’s solution
as follows (in mM): 140 NaCl, 5 KCl, 1 CaCl2 2H2O, 1 MgCl2, 10 HEPES,
10 glucose, 1 sodium pyruvate, pH 7.2. Images were acquired using
TILLvisION v3.3 software and then processed off-line using a custom-
made software (Vimmaging made in Mat Lab environment). FRET
changes were measured as changes in the background-subtracted 480/
545 nm fluorescence emission intensities on excitation at 430 nm and
expressed as R/R0, where R is the ratio at time t and R0 is the ratio at
time � 0 s. The time for half-maximal response (t1/2), was evaluated as
the time, after stimulus application, at which half-maximal response was
reached, considering half-maximal response � (R � R0)/2 � R0, and t �
t � t0, where t0 is stimulus application time and t is time at the peak of
the response.

The changes in CFP/YFP ratios reported in all the experiments were al-
ways dependent on an antiparallel behavior of CFP and YFP fluorescence.

At longer times, during the experiments the two wavelengths might
decrease in parallel, probably due to an out of focus artifact and/or
bleaching. The CFP/YFP ratio, however, compensates for this artifact,

and the ratio trace remains practically constant. The ability of the ratio
measurements to compensate for parallel changes in the two wavelengths
is a well known advantage of this approach.

Ca 2� measurements in cultured neurons
Ca 2� imaging experiments were performed on an inverted Olympus IX
70 microscope with a 40� NA 1.3 oil-immersion objective (see above for
details). Changes in intracellular Ca 2� were visualized using 380/15 nm
and 340/15 nm excitation filters and 510/40 nm emission filter, and were
acquired for 100 –200 ms every 5 s. Images were then processed off-line
using ImageJ software (National Institutes of Health). Changes in fluo-
rescence (340/380 nm) was expressed as R/R0, where R is the ratio at time
t and R0 is the ratio at time � 0 s.

cGMP and Ca 2� measurements in the same cultured neurons
After 6 –24 h in culture, cells were transfected with the PKG-based sensor
for cGMP, as above. The day of the imaging experiments, neurons trans-
fected with the PKG-based sensor were loaded with fura-2. FRET exper-
iments were conducted according to the standard protocol (see above).
Changes in intracellular Ca 2� were visualized using a 380/15 nm excita-
tion filter and 480 � 15 and 545 � 20 nm emission filters. Live images
were acquired for 200 –300 ms every 6 s. Images were then processed
off-line using ImageJ (National Institute of Health). To measure FRET
ratios, bleed through of CFP and fura-2 was corrected. To analyze fura-2
fluorescence intensity, fura-2 emission from both channels was summed,
and bleed through from CFP was corrected (Dunn et al., 2009).

Ca 2� measurements with a genetically encoded Ca 2� sensor,
targeted to the endoplasmic reticulum (D1ER) in primary culture
of OSN
FRET imaging experiments were performed on an inverted Olympus IX
70 microscope with a 60� NA 1.4 oil-immersion objective (see above for
details). In this case, FRET changes were measured as changes in the
background-subtracted 545/480 nm fluorescence emission intensities on
excitation at 430 nm. Live images were acquired for 200 –300 ms at 5 s
intervals.

Stimuli on OSN in vitro
Pharmacological stimuli: atrial natriuretic peptide (ANP, 1 �M), activa-
tor of mGCs; S-nitroso-N-acetylpenicillamine (SNAP; 300 �M), an NO
donor that activates sGCs; forskolin (Frsk; 25 �M), generic activator of
adenylyl cyclase (AC); 8 Br-cGMP (50 �M), a membrane-permeable
cGMP analog; 1-methyl-3-isobutylxanthine (IBMX; 250 �M), nonselec-
tive inhibitor of phosphodiesterases (PDEs); zaprinast (250 �M, Alexis),
inhibitor of the cGMP-specific PDE-5; SQ22536 (30 �M; Biomol Inter-
national), inhibitor of AC; LY83583 (10 �M; Calbiochem), inhibitor of
sGC; zinc protoporphyrin IX (ZnPP9) (10 �M Calbiochem), inhibitor of
HO that produces CO; 7 nitroindazole (7-NI) (30 �M; Calbiochem),
inhibitor of NOS that produces NO; H89 (10 �M; Biomol International),
inhibitor of PKA; KT5720 (1 �M, Calbiochem) inhibitor of PKA; Ringer’s
solution with high concentration of KCl (50 mM); 8-CPT-2�-O-Me-
cAMP (30 �M) activator of Epac; U73122 (30 �M) inhibitor of phospho-
lipase C� (PLC�) all from Sigma, unless stated otherwise, were prepared
in stocks and diluted to the final concentration (indicated in brackets) in
the bath.

The odorant stimuli were represented by mixtures of several com-
pounds, including the following: citralva, citronellal, menthone, car-
vone, eugenol, geraniol, acethophenone, hexanal, benzyl alcohol,
heptanoic acid, propionic acid, benzaldehyde, and IBMP (all from
Sigma) prepared as 1 mM stock in Ringer’s solution and diluted to the
final concentration of 1, 50, or 200 �M for each odorant in the bath.
These odor concentrations are well within the range (1 nM–1 mM) of
those used in previous studies (Bozza and Kauer, 1998; Bhandawat et
al., 2005, 2010) on dissociated OSNs. The stimuli baths applied were
carefully and slowly delivered via an application pipette positioned far
away (�3 mm) from the cell to obtain a homogeneous distribution of
the stimulus in the bath, capable of stimulating the entire cells and not
a specific compartment.

Odor stimuli were also focally applied to the growth cone of OSNs in
culture (with no perfusion) by a single-puff pressure ejection (Pneumatic
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pico-pump, WPI) with a glass micropipette (3–5 �m tip diameter, 3 s
puff duration, 5 psi). The micropipette was positioned at 5–10 �m from
the growth cone. Concentration of odors in the micropipette was 1 mM

for each component of the mixture. The volume ejected from the pipette
was very small (5–10 nl) and got diluted in the Ringer’s solution of the
chamber (1 ml). Thus, the concentration of the stimulus focally applied
at the axon terminus-growth cone was much lower than the concentra-
tion of the stimulus present in the pipette, but sufficient to induce OR
activation. The stimulus gets even more diluted as it spreads away from
the site of application. Thus, the spreading of the stimulus to the rest of
the cell did not represent a risk of triggering the cGMP rise in other
compartments. To focally applied stimuli at the axon termini, we modi-
fied the protocol used by Lohof et al. (1992).

The neurons were continuously perfused with normal Ringer’s so-
lution (1.5 ml/min) except during stimulus presentation. Stimuli
were bath applied for 4 –10 s, in Ca 2� imaging experiments, and for
5–7 min in FRET imaging experiments, or for the entire duration of
the experiments.

Stimuli applied in vivo, on the olfactory bulb (OB), had the following
concentrations: 8Br-cGMP, 250 �M; odors, 1 mM; Ly 83583, 250 �M.

Immunostaining
OMP. Cells in culture were fixed in ice-cold methanol 100% for 20
min at RT. Cells were then reacted with goat polyclonal antibodies
specific for OMP (Wako Chemicals) at 1:1000 dilution. The bound
primary antibody was visualized using Cy3-conjugated anti-goat IgG
(Jackson Laboratories).

Epac, sarcoendoplasmic reticulum Ca2� ATPase, calreticulin. After 48 h
in culture, cells were fixed with 4% paraformaldehyde in 0.1% phosphate
buffer. Cell were then reacted with rabbit polyclonal antibody specific for
EPAC1 (1:100, Abcam), or mouse polyclonal antibody specific for sarco-
endoplasmic reticulum Ca 2� ATPase (SERCA) (1:100; Sigma) or rabbit
polyclonal antibody specific for calreticulin (1:100; Abcam). The bound
primary antibody was visualized using FITC-conjugated anti-goat IgG
(1:500; Sigma), Cy3-conjugated anti-mouse IgG, and DyLight 488-
conjugated anti rabbit IgG (1:500; Jackson Laboratories) respectively.

Phosphorylated CREB in vitro. Primary cultures of OSNs were treated
with 8Br-cGMP (50 �M) and left in standard culture condition for 20 –30
min. Cell were then fixed with 4% paraformaldehyde in 0.1% phosphate
buffer for 20 min at RT. Cells were then reacted with rabbit polyclonal
antibody specific for phosphorylated (P)-CREB (1:2000; Millipore). The
bound primary antibody was then visualized using the ABC kit (Vec-
tastain; Vector Laboratories).

Phosphorylated CREB in vivo. 18 mice (P15-P30) were anesthetized
with Zoletil 100 (a combination of zolazepam and tiletamine, 1:1, 10
mg/kg; Laboratoire Virbac) and Xilor (xilazine 2%, 0.06 ml/kg; Bio98)
and placed in a stereotaxic apparatus. The scalp was resected, and a small
portion of the bone over the two bulbs removed. 8Br-cGMP (250 �M,
n � 4), odor mixture (1 mM, n � 4), or odor mixture (1 mM) in the
presence of the sGC inhibitor LY83583 (250 �M, n � 5) or Ringer’s
solution for controls (n � 5) were locally applied on the bulb with a
pipette. To avoid possible effects due to diffusion of odors applied on the
olfactory bulb, the experiments were performed under a chemical hood,
and the nose of the animal was placed in a funnel connected to the
vacuum for the entire duration of the experiments. After 30 – 40 min,
animals were killed and transcardially perfused with 0.9% saline followed
by 4% paraformaldehyde in 0.1% phosphate buffer. The epithelium was
removed, postfixed overnight in a 4% paraformaldehyde, 0.1% phos-
phate buffer and then cryoprotected in 30% sucrose in PBS for 3 d. The
epithelium was sectioned on the cryostat (20-�m-thick section). Epithe-
lium sections were reacted with rabbit antibody specific for P-CREB
(1:2000; Millipore). The bound primary antibody was visualized with the
ABC kit (Vectastatin; Vector Laboratories).

P-CREB analysis. The signal intensity, background subtracted, of
CREB phosphorylation in the nuclei of OSNs in culture and in olfactory
epithelium coronal sections, was evaluated using ImageJ software.
P-CREB levels were normalized to the P-CREB level present in controls.
Student’s t test, two tailed, not paired, was used to evaluate statistical
significance.

All data are presented as mean � SE. Student’s t tests (two tailed,
paired) was performed to evaluate statistical significance (*p � 0.01 � p
� 0.05; **p � 0.001 � p � 0.01; ***p � 0.001). The number of cells or
animals analyzed is denoted by n.

Results
Physiological health status of isolated OSNs
Since in our study neurons remained in culture for a longer pe-
riod of time (required to express the genetically encoded sensors)
than in most studies on isolated olfactory neurons, we performed
a series of control experiments to evaluate the healthy state of the
OSNs in the time window in which FRET experiments were per-
formed. (1) We carefully checked the morphology of the trans-
fected cells. In particular, the transfected OSNs in culture for 2 d
had the typical bipolar morphology (Figs. 1A–D, 2A) of OSNs
and expressed specific markers of OSNs, such as OMP (Fig.
1A,B), as freshly plated OSNs; no signs of sufferance, such as
membrane blebs, was observed in the vast majority (	90%) of
the OSNs in culture for 2 d. (2) The cultured OSNs, both trans-
fected and nontransfected, had similar functional responses and
did not differ from freshly plated neurons.

Examples of the cytosolic Ca 2� changes elicited by KCl depo-
larization or odors in cells kept in culture for 2 d are presented in
Figure 1. The cells were loaded with the Ca 2� indicator fura-2
and challenged with KCl (50 mM) and odors, at different concen-
trations (1, 50, and 200 �M). OSNs exhibited a fast onset, rapidly
recovering Ca 2� signal in response to KCl depolarization [total n
(ntot) � 13; responsive cells � 90%] (Fig. 1E), as observed in
previous studies (Bozza and Kauer, 1998; Bozza et al., 2002). At
all concentrations tested (1, 50, and 200 �M), well within the
range (1 nM–1 mM) of those used in previous experiments on
isolated OSNs (Bozza and Kauer, 1998; Bhandawat et al., 2005,
2010), odors elicited Ca 2� responses (Fig. 1) indistinguishable
from those obtained in freshly plated neurons.

As expected, due to the partial cross-reactivity of each OR for
different odors (Malnic et al., 1999), the higher odor mix concen-
tration used (200 �M) was able to elicit reliable responses in a
higher number of cells (odor mix 1 �M, ntot � 29, responsive
cells � 6%; odor mix 50 �M, ntot � 30, responsive cells � 16%;
odor mix 200 �M, ntot � 39, responsive cells � 33%).

Due to our experimental conditions (OSNs with unknown
OR specificity and a single cell analyzed in each experiment), we
then decided to use, in all the following experiments that required
odor stimulation, the concentration of 200 �M, a condition that
increases the probability of finding responsive cells.

Odor concentrations in the range of hundreds of micromolar
have also been used in Ca 2� imaging experiments performed on
isolated OSNs expressing specific OR of known ligands (Touhara
et al., 1999; Imai et al., 2006).

Noteworthy, when the odor mix was continuously present in
the bath (at least 8 min) (Fig. 1F) the Ca 2� signal did not return
completely to baseline. When the odor mix was applied for 4 –10
s and then washed away, the Ca 2�signal returned to baseline (Fig.
1G). OSNs nonresponsive to odor mix were subsequently chal-
lenged with KCl (50 mM) to test their viability. A prompt rise in
Ca 2� was observed after KCl stimulation (Fig. 1H). These results
indicate that the absence of response to odors is due to the spec-
ificity of the OR expressed by OSNs and exclude unspecific effects
due to odor mixture application.

Together, these results demonstrate that OSNs in culture for
2 d (i.e., the time window in which FRET imaging experiments
were carried out) are morphologically and functionally indistin-
guishable from freshly plated cells.
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cGMP dynamics in OSNs upon
pharmacological stimulation
Primary cultures of OSNs were transiently
transfected with the PKG-based sensor for
cGMP, Cygnet (Honda et al., 2001) (Fig.
2A). Changes in cGMP levels result in
modification of FRET between the YFP
and CFP moieties genetically fused to
PKG and can be conveniently monitored
by the changes of the CFP/YFP fluores-
cence emission ratio (480/545 nm). A rise
in CFP/YFP ratio reflects an increase in
cGMP. It is noteworthy that Cygnet is a
highly specific indicator of cGMP and is
practically insensitive to cAMP levels (se-
lectivity for cGMP over cAMP is 	100:1)
(Honda et al., 2001). A first series of ex-
periments were performed using drugs
that are known to activate mGCs and
sGCs and/or to inhibit PDEs.

As shown in Figure 2B, ANP (1 �M),
an agent known to activate mGCs in most,
if not all, cell types, induced a rise in CFP/
YFP ratio, as expected for an increase in
cGMP. The increase in cGMP was ob-
served in the entire OSN, from cilia-
dendrite to axon terminus-growth cone.
The rise of cGMP began with no apprecia-
ble lag phase between stimulus applica-
tion and the onset of the cGMP rise, and
remained sustained for the entire dura-
tion of the experiment (at least 8 min)
(Fig. 2B). The time to reach half-maximal
response (t1/2) was faster at the cilia-
dendrite and at the axon terminus-growth
cone than at the soma level (n � 6, t1/2:
cilia-dendrite � 1.1 � 0.2 min, soma �
1.5 � 0.1 min, axon terminus-growth cone �
0.85 � 0.2 min; t test t1/2: cilia dendrite-soma,
*p�0.02; axon terminus-growth cone-soma,
**p � 0.005; cilia dendrite-axon terminus-
growth cone, p � 0.19).

When the OSNs were treated with NO
donors, capable of activating the sGCs,
such as SNAP (300 �M), a prompt rise in
cGMP was observed again in the entire
neuron, from cilia-dendrite to the axon
terminus-growth cone (Fig. 2C). Also, in
this case no latency was observed between
stimulus application and the onset of the
response. A variable lag time was observed
if lower SNAP concentrations were used (data not shown). The
time to reach half-maximal response was not statistically differ-
ent in the compartments analyzed (n � 6, t1/2: cilia-dendrite �
1.6 � 0.3 min; soma � 1.8 � 0.4 min; axon terminus-growth
cone � 1.6 � 0.3 min).

In a variety of cell types (including OSNs), cAMP is produced
in resting cells in the absence of external stimuli, due to the con-
stitutive activity of ACs. To determine whether this is the case also
for cGMP, OSNs were treated with zaprinast (250 �M), an inhib-
itor of PDE5 (that specifically hydrolyzes cGMP) or IBMX (250
�M), a nonspecific PDE inhibitor (Lugnier, 2006). As shown in
Figure 2D, no cGMP increase could be detected in OSNs upon

application of zaprinast, although all cells responded to ANP
applied subsequently (n � 4) with the same kinetics observed for
ANP, used as first stimulus (Fig. 2B), faster at the cilia-dendrite
and at the axon terminus-growth cone than at the soma (t test t1/2

cilia dendrite-soma, *p � 0.02; axon terminus-growth cone
soma, *p � 0.04; cilia dendrite-axon terminus-growth cone, p �
0.4). IBMX, instead, caused a substantial, slow rise in cGMP in
the entire neuron (Fig. 2E) (n � 4, t1/2: cilia-dendrite � 2.5 � 0.4
min; soma � 3 � 0.6 min; axon terminus-growth cone � 2.5 �
0.5 min). It is noteworthy that the cGMP increases elicited by the
above-mentioned drugs have been observed in the majority
(	90%) of the neurons tested.

Figure 1. Ca 2� dynamics in OSN in culture. A, Example of an OSN immunopositive for OMP. B, Higher magnification of the cilia
indicated in the square in A. C, Example of an OSN loaded with fura-2. D, Higher magnification of the cilia emanating from the knob,
indicated in the square in C. Arrows, Axon terminus-growth cone; arrowheads, cilia-dendrite. Scale bar, 20 �m. E–H, Normalized
fluorescence ratio changes (340/380 nm) in OSN loaded with fura-2 and challenged with KCl (50 mM), bath applied (E); odor
mixture at 1, 50, 200 �M, bath applied (F ); odor mixture at 1, 50, 200 �M, bath applied for 4 –10 s (G); example of a nonresponsive
neuron to the odor mixture (200 �M, bath applied for 4 –10 s), but responsive to KCl (50 mM) bath applied for 4 –10 s (H ). Primary
culture of OSNs were used in all experiments.
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cGMP dynamics in OSNs upon physiological stimuli (odors)
We then investigated the spatial distribution and the temporal
dynamics of cGMP in OSNs upon physiological stimulation (i.e.,
odors). Upon application of odor mixtures (1, 50, and 200 �M)
(Fig. 3A–C, bath applied) a slow and sustained rise in cGMP in
the entire neuron was observed. The higher concentration (200
�M) elicited cGMP responses very similar, in terms of kinetics, to
those observed with the lower odor concentrations. At all the
concentrations tested, the time for half-maximal response (t1/2)
was slightly, but significantly, faster at the cilia-dendrite and at
the axon terminus-growth cone than at the soma (Fig. 3A–C). As
expected, given the specificity of the OR expressed by each OSN,
only a fraction of the neurons tested responded at the odor con-
centrations used. The higher concentration (200 �M) elicited
Ca 2� responses in a higher number of cells (1 �M, ntot � 62,
responsive cells � 5%; 50 �M, ntot � 50, responsive cells � 12%;
200 �M, ntot � 67, responsive cells � 30%). We then decided to
use, in all the experiments that required odor stimulation, the
concentration of 200 �M, a condition that increases the probabil-
ity of finding responsive cells.

In a few cells, a variable lag phase (0.5– 4 min) was observed
between stimulus application and the onset of the response. The
cGMP signal remained sustained for the entire duration of the
experiment (at least 10 min, during which the stimulus, odor
mixture, was present in the bath). However, the cGMP increase
was reversible upon removal of the stimulus (bath applied for 5–7
min; n � 6) (Fig. 3D). Finally, the odor mixture was locally ap-
plied with a pipette directed to the axon terminus-growth cone
(odor concentration in the pipette, 1 mM). Under these condi-
tions, a rise in cGMP was observed exclusively at the axon
terminus-growth cone (n � 4) (Fig. 3E) (t1/2 � 1.5 � 0.2 min),
and no appreciable changes in signal were detected in the other
compartments.

In a number of neurons (n � 5), we measured in the same cells
the cGMP dynamics and the cytosolic Ca 2� response (using the
fluorescent indicator fura-2). One example is presented in Figure
3, F and G. For technical reasons, only the 380 nm component of
the fura-2 indicator is reported (Fig. 3G). A decrease in the 380
nm component, as shown in Figure 3G, corresponds to an in-
crease in the concentration of Ca 2� in the cell. With no excep-
tion, when a rise in cGMP was observed a rise in Ca 2� was also
detected; and vice versa, no rise of Ca 2� was observed in cells not
responding to odors with a cGMP rise.

Nonspecific effects of odors on Ca 2� and or cGMP levels were
excluded because (1) the odor mix was without effect on the
majority of OSNs tested (�70%), though the nonresponsive neu-
rons presented a normal rise in Ca 2� (Fig. 1H) or cGMP when
subsequently tested with KCl (Fig. 3H); and (2) upon odor stim-
ulation, no Ca 2� or cGMP rise could be observed in HEK cells
expressing the cGMP probe (Fig. 3I) and/or loaded with a fluo-
rescent Ca 2� indicator (fura-2; data not shown).

Molecular mechanism underpinning cGMP increase
The question then arises as to the molecular mechanism under-
pinning the cGMP rise upon odor treatment. Given that the
OSNs express both soluble and membrane-bound GCs, we first
investigated which enzyme is activated upon OR stimulation.

We analyzed the ability of the inhibitor LY83583 to block sGC
activity in living OSNs. Figure 4A shows that the rise of cGMP
upon sGC stimulation by the NO donor SNAP was abolished by
the sGC inhibitor LY83583 (Fig. 4A) (n � 10). However, the
same neuron presented a prompt cGMP response when subse-
quently stimulated with SNAP alone, after washing away the in-
hibitor (Fig. 4B). To assess the role of sGC in the cGMP rise upon
odor stimulation, OSNs were treated with odors in the presence
of the inhibitor LY83583. In this condition, no cGMP increase
was detected in the entire OSN (Fig. 4C). However, a rise in
cGMP, in the same neuron, was observed after washing away the
inhibitor and the subsequent application of odors (Fig. 4D).

It is known that sGCs are activated by gaseous ligands, NO, or
CO according to the stage of development of the OSNs. NO is
thought to be active only during development and in regenerat-
ing axons, while CO is active in adult OSNs (Roskams et al.,
1994). Odor treatment in the presence of ZnPP9 (Fig. 4E), an
inhibitor of HO, which synthesizes CO, caused a cGMP increase
that was indistinguishable from that of controls (odors without
ZnPP9). Again, the time to reach half-maximal concentration
was faster at cilia-dendrite and axon terminus-growth cone than
at the soma level (n � 7, t1/2: cilia-dendrite � 2.9 � 0.7 min;
soma � 3.4 � 0.6 min; axon terminus growth cone � 2.9 � 0.5
min; t test t1/2: cilia dendrite-soma, *p � 0.03; axon terminus-
growth cone-soma, *p � 0.04; cilia dendrite-axon terminus-
growth cone, p � 0.9). On the contrary, OSNs treated with odors

Figure 2. cGMP dynamics in OSN upon pharmacological stimuli. A, Example of an OSN trans-
fected with the sensor for cGMP. The fluorescence is distributed throughout the cytoplasm with
the exclusion of the nucleus. Arrow, Axon terminus-growth cone; arrowhead, cilia-dendrite.
Scale bar, 20 �m. B–E, Normalized kinetics of fluorescence emission intensities (480/545 nm)
recorded in cilia-dendrite, soma, and axon terminus-growth cone in OSNs transfected with the
PKG-based sensor for cGMP and challenged with different stimuli, all bath applied via an appli-
cation pipette positioned far away (�3 mm) from the cell, to obtain a homogeneous distribu-
tion of the stimuli in the bath. B–E, ANP (1 �M) activator of mGC (B); SNAP (300 �M) NO donor,
which activates sGC (C); zaprinast (250 �M), inhibitor of the cGMP-specific PDE-5 and subse-
quently with ANP (1 �M) (D); and IBMX (250 �M), nonselective inhibitor of PDEs (E). Neurons
challenged only by Ringer’s solution with or without the solvent (negative controls), did not
present changes in fluorescence ratio, here and in all the subsequent treatments (data not
shown). The regions of interest were drawn on the distal portion of the axon (axon terminus-
growth cone), on the soma, and on the distal part of the dendrite (cilia-dendrite). Other condi-
tions as in Materials and Methods. Blue line, CFP/YFP in cilia-dendrite; pink line, CFP/YFP in
soma; green line, CFP/YFP in axon terminus-growth cone. Primary cultures of OSNs were used in
all experiments.
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in the presence of 7-NI, an inhibitor of
NOS, did not show any rise in cGMP level
(Fig. 4F). The same neurons, after wash-
ing away the inhibitor, presented a posi-
tive response to the odor mixture applied
subsequently (Fig. 4G) (n � 5).

The next question is to determine the
mechanism coupling sGC to OR activa-
tion. The obvious candidate appears
cAMP, which is synthesized upon odorant
binding to their receptors. OSNs were
thus treated with odors in the presence of
the AC blocker SQ22536 (SQ22536 was
incubated for 15 min before odor applica-
tion). Under these conditions, odor treat-
ment was unable to induce a cGMP rise.
However, these same neurons, not respon-
sive to odor in the presence of SQ22536,
presented a prompt rise in cGMP after
washing away the inhibitor and subsequent
application of odors (n � 5) (Fig. 5A,B). To
confirm that the cGMP increases are caus-
ally dependent on the cAMP rise, the
OSNs transfected with the sensor for
cGMP were treated with forskolin, a ge-
neric AC activator. After treatment with
forskolin, an increase in cGMP was ob-
served in all neurons (Fig. 5C) (n � 5, t1/2:
cilia-dendrite � 1.7 � 0.2 min; soma �
2 � 0.4 min; axon terminus-growth
cone � 1.7 � 0.4 min). Unlike the case of
odors when only a fraction of the neurons
tested responded with a cGMP rise, the
vast majority (	90%) of the OSNs tested
responded to forskolin.

The final and most important mecha-
nistic question is to determine how cAMP
can activate sGC activity. We first consid-
ered the possibility that the link between
cAMP and sGC was PKA, the principal
target of cAMP. However, OSNs treated
with the odor mixture in the presence of a
PKA inhibitor, H89 or KT5720, presented
a rise in cGMP as in controls (i.e., neurons
treated with odors only) (Fig. 5D) (n �
10, t1/2: cilia-dendrite � 2.9 � 0.5 min;
soma � 3.4 � 0.5 min; axon terminus
growth cone � 2.7 � 0.5 min; t test t1/2:
cilia dendrite-soma, *p � 0.04; axon
terminus-growth cone-soma, **p �
0.006; cilia dendrite-axon terminus-
growth cone, p � 0.3). The other potential
target of cAMP is Epac, directly activated
by cAMP (Bos, 2003). Epac exists as two
isoforms, Epac 1 and Epac 2, whose expression is developmen-
tally regulated. Epac 1 is expressed in embryonic and in early
neonatal ages in the brain, spinal cord, and DRG, while Epac 2 is
expressed in adulthood (Murray and Shewan, 2008). Since we are
studying developing neurons, we checked the expression of Epac
1 in a primary culture of OSNs. Figure 5E shows that Epac 1 is
homogeneously expressed in the entire OSN, including the axon
terminus. Given that no selective inhibitor of Epac is commer-
cially available, we treated OSNs with 8-CPT-2�-O-Me-cAMP, a

selective and potent activator of Epac with no effect on PKA
(Enserink et al., 2002). In addition, 8-CPT-2�-O-Me-cAMP is
also known to be totally ineffective on cAMP-dependent ion
channels (Bos, 2003). OSNs treated with this Epac activator pre-
sented a prompt rise in cGMP in the entire neuron (Fig. 5F) (n �
8, t1/2: cilia-dendrite � 2.4 � 0.3 min; soma � 2.8 � 0.4 min;
axon terminus-growth cone � 2.1 � 0.4 min). Also in this case, as
for the other pharmacological agents, the vast majority (	90%)
of the tested neurons responded to the Epac activator.

Figure 3. cGMP dynamics in OSNs upon physiological stimuli (odors). Conditions as in Figure 2. A–D, Examples of the cGMP
kinetics in OSNs treated with different concentrations of odors, bath applied: odors, 1 �M, n�3, t1/2 cilia-dendrite�3�0.3 min,
soma � 4.2 � 0.3 min, axon terminus-growth cone � 2.9 � 0.2 min; t test t1/2 cilia-dendrite-soma *p � 0.04, axon terminus
growth cone-soma *p � 0.02, cilia dendrite-axon terminus growth cone p � 0.8 (A); odors, 50 �M, n � 6, t1/2, cilia-dendrite �
2.7 � 0.5 min, soma � 3.1 � 0.5 min, axon terminus-growth cone � 2.4 � 0.5 min, t test t1/2 cilia dendrite-soma *p � 0.03,
axon terminus growth cone-soma *p � 0.02, cilia dendrite-axon terminus growth cone p � 0.4 (B); odors, 200 �M, n � 20, t1/2

cilia-dendrite�2.2�0.3 min; soma�2.4�0.4 min; axon terminus-growth cone�2�0.3 min; t test t1/2 cilia dendrite-soma
*p � 0.03; axon terminus growth cone-soma *p � 0.02, cilia dendrite-axon terminus growth cone p � 0.3 (C); and odors, 200
�M, bath applied for 5–7 min and then washed away (D); and cGMP rise in response to odors (1 mM in the pipette) locally applied
with a glass pipette directed to the axon terminus (E). F, G, Examples of cGMP dynamics (FRET, 480/545 nm) (F ) and calcium
dynamics (fura-2, 380 nm component) (G) in the same neuron, transfected with the sensor for cGMP and loaded with fura-2,
treated with odors (200 �M, bath applied). H, Example of cGMP dynamics in an OSN not responsive to odors (200 �M, bath
applied), but responsive to KCl (50 mM) subsequently bath applied. I, example of cGMP dynamics in a HEK cell, not expressing OR
(used as controls), treated with odors (200 �M, bath applied). Primary cultures of OSNs were used in all experiments. Solid lines
represent the cGMP dynamics (A–F, H ); dotted lines denote Ca 2� dynamics (G). Blue line, Cilia-dendrite; pink line, soma; green
line, axon terminus-growth cone; red line, cGMP kinetics in HEK cell (I ).
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Given that NOS is known to be activated by Ca 2�-
calmodulin, the simplest explanation for the above results is
that NO production (and thus sGC activation) would be de-
pendent on cAMP-triggered Ca 2� increases [through cyclic
nucleotide-gated (CNG) channels and other mechanisms; see
below]. Indeed, a Ca 2� increase, as induced by depolarizing the
neurons with KCl (50 mM), resulted in a clear increase in cGMP
in the OSN (Fig. 5G) (n � 4, t1/2: cilia-dendrite � 2.6 � 0.4 min;
soma � 2.9 � 0.3 min; axon terminus-growth cone � 2.5 � 0.3
min).

We next challenged the OSNs with odors while bathed in a
Ca 2�-free Ringer’s solution (supplemented with 1 mM EGTA), a
condition that prevents any influx of Ca 2� from the medium. In
these conditions, however, a clear rise in cGMP was still observed,
indicating that odors may also cause the release of Ca 2� from
intracellular stores. Time to reach half-maximal concentration
(t1/2) was longer, although not significantly, with respect to that
observed in OSNs in normal Ringer’s solution (Fig. 5H ) (n �
12, t1/2: cilia-dendrite � 3.2 � 0.6 min; soma � 3.7 � 0.7 min;
axon terminus-growth cone � 3.1 � 0.6 min; t test t1/2: cilia
dendrite-soma, *p � 0.01; axon terminus-growth cone-soma,
**p � 0.005; cilia dendrite-axon terminus-growth cone, p � 0.4).
Furthermore, the number of responsive neurons in Ca 2�-free
solution was slightly lower (22 vs 30%) than in normal Ringer’s
solution.

These results suggested that the release of Ca 2� from intracel-
lular stores is sufficient, in most cells, to activate NOS and thus to
cause a rise of cGMP.

How could Epac activation induce
Ca 2� mobilization from stores? One
likely possibility is via the production of
IP3. Indeed, among the targets of Epac
there is PLC�, whose activation results in
diacylglycerol and IP3 formation and sub-
sequent release of Ca 2� from stores
(Schmidt et al., 2001; Bos, 2003). To test
this possibility, OSNs were loaded with
the fluorescent Ca 2� indicator fura-2 and
then challenged with forskolin (25 �M)
(Fig. 6A) (n � 11), with the Epac activator
8-CPT-2�-O-Me-cAMP (30 �M) (Fig. 6B)
(n � 10), or with odors (n � 3, data not
shown) while bathed in a Ca 2�-free Ring-
er’s solution (supplemented with 1 mM

EGTA). As shown in the Figure 6, a slow
and sustained rise in cytosolic Ca 2� was
observed under these conditions. In a few
cells, a lag phase between the application
of the stimulus and the onset of the re-
sponse was observed.

The most important IP3-sensitive
Ca 2� store in nonmuscle cells is the en-
doplasmic reticulum (ER). To evaluate
the ER distribution in the OSNs, the
cells were immunostained with anti-
bodies against two canonical markers of
the organelle, SERCA and calreticulin
(Rizzuto and Pozzan, 2006). As shown
in Figure 6, C and D, both antibodies
decorated a delicate reticular structure
in dendrite, soma, and axon.

To directly evaluate the release of Ca 2�

from the ER, primary cultures of OSNs
were transiently transfected with a genetically encoded Ca 2� sen-
sor, targeted to the ER lumen, D1ER (Rudolf et al., 2006). OSN
transfected with D1ER (Fig. 6E) presented a clear diffuse fluores-
cence in dendrite, soma, and axon resembling the labeling ob-
served in OSNs immunostained with antibodies against SERCA
and calreticulin (Fig. 6C,D). Changes in [Ca 2�]ER result in mod-
ification of FRET in D1ER and can be conveniently monitored by
the changes of the YFP/CFP fluorescence emission ratio (545/480
nm). A drop in [Ca 2�]ER is associated to a reduction of the
YFP/CFP fluorescence emission ratio (545/480 nm). As shown in
Figure 6F, OSNs transfected with D1ER and challenged, in nor-
mal Ca 2�-containing medium, with the Epac activator (30 �M,
n � 6) presented a slow and sustained drop in [Ca 2�]ER (corre-
sponding to Ca 2� release from stores) in dendrite, soma, and
axon terminus. When OSNs, transfected with D1ER, were treated
with odors (200 �M), again a slow and prolonged reduction in
[Ca 2�]ER signal was observed in the entire OSN (Fig. 6G) (n �
8). When the same experiments were performed in Ca 2�-free
Ringer’s solution supplemented with EGTA (1 mM), the
[Ca 2�]ER drop was similar or larger to the one observed in
Ca 2�-containing medium.

Most important from a mechanistic point of view, the Ca2� re-
lease from the ER was abolished when responsive neurons were sub-
sequently rechallenged with odors in the presence of the inhibitor of
PLC�, U73122 (30 �M, incubated for 15 min before odor applica-
tion; n � 6) (Fig. 6H). To exclude the possibility that the lack of
response to odors in the presence of the inhibitor of PLC� was due to
desensitization of the OR after the first stimulation, the odor mix was

Figure 4. Molecular mechanism of GC activation. Conditions as in Figure 2. A, B, Examples of cGMP dynamics in the same OSN
treated with the NO donor SNAP (300 �M, able to activate sGC) along with the sGC inhibitor LY83583 (10 �M) (A), and with SNAP
after washing away the inhibitor LY83583 (B). C, D, The same OSN treated with odors (200 �M) in the presence of sGC inhibitor
LY83583 (10 �M) (C), and with odors only (200 �M) after washing away the inhibitor LY83583 (D). E, An OSN treated with odors
(200 �M) in the presence of HO inhibitor ZnPP9 (10 �M). F, G, the same OSN treated with odors (200 �M) in the presence of NOS
inhibitor 7-NI (30 �M) (F ), and with odors only (200 �M) after washing away the inhibitor 7-NI (G). Stimuli were all bath applied.
Blue line, Cilia-dendrite; pink line, soma; green line, axon terminus-growth cone. Primary cultures of OSNs were used in all
experiments.
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first applied in the presence of the inhibitor and subsequently after
washing away the inhibitor. No release of Ca2� was ever detected in
the presence of the inhibitor, whereas it was observed upon removal
of the blocker (data not shown).

To directly evaluate the role of Ca 2� release from stores, via
PLC�, in cGMP synthesis, OSNs transfected with the sensor for
cGMP, Cygnet (while bathed in Ca 2�-free Ringer’s solution, sup-
plemented with EGTA 1 mM) were treated with odors in the
presence of the inhibitor of PLC�. Under these conditions, no rise
of cGMP could be detected. However, after washing away the
inhibitor, the same neurons presented a clear rise in cGMP (n �
5) (Fig. 6 I–J).

cGMP action at the nuclear level
cGMP can exert its action locally at the cilia-dendrite and at the
axon terminus where it is produced, but, since it is involved in
long-term response to odors, it may also act at the nuclear level,
regulating gene expression (e.g., via P-CREB). To test this hy-
pothesis, we treated OSNs with 8Br-cGMP (bath applied), a

membrane-permeable analog of cGMP, and we looked for
P-CREB at the nuclear level (n � 4 cultures). Upon treatment
with 8Br-cGMP, OSNs presented an increased immunopositive
labeling for P-CREB in the nuclei (Fig. 7A–C) (P-CREB level,
controls vs treated, t test, ***p � 0.001).

The question then arises as to the physiological significance of
these findings in vivo. To assess whether the cGMP produced
upon activation of the OR at the axon terminus can exert its
action not only locally, but also at the nuclear level, 8Br-cGMP

Figure 5. Molecular mechanism underpinning cGMP rise. Conditions as in Figure 2. A, B,
Examples of the spatiotemporal dynamics of cGMP in the same OSN treated with odors (200
�M) in presence of AC inhibitor SQ22536 (30 �M) (A) and with odors only (200 �M) after
washing away the inhibitor SQ22356 (B). C, D, OSNs treated with Frsk (25 �M), AC activator (C),
and odors (200 �M) in the presence of the PKA inhibitor H89 (10 �M) (D). E, Example of an OSN
immunopositive for Epac1. The immunofluorescence is present in the entire neuron. Scale bar,
20 �m. F–H, Examples of cGMP dynamics in OSNs treated with Epac activator 8-CPT-2�-O-Me-
cAMP (30 �M) (F ), KCl (50 mM) (G), and odors (200 �M), in a Ca 2�-free Ringer’s solution (H).
Stimuli were all bath applied. Blue line, Cilia-dendrite; pink line, soma; green line, axon
terminus-growth cone. Primary cultures of OSNs were used in all experiments.

Figure 6. Mobilization of Ca 2� from stores and cGMP synthesis. A, B, Normalized fluores-
cence ratio changes (340/380 nm) in OSNs loaded with fura-2 and challenged with Frsk (25 �M)
AC activator (A) and Epac activator 8-CPT-2�-O-Me-cAMP (30 �M) (B). C, D, Example of OSNs
immunopositive for two canonical ER markers: calreticulin (C) and SERCA (D). E, Example of an
OSN transiently transfected with the genetically encoded Ca 2� sensor, targeted to the ER
lumen D1ER. F–H, Ca 2� dynamics in OSNs transiently transfected with D1ER and treated with:
Epac activator 8-CPT-2�-O-Me-cAMP (30 �M) (F ). G, H, The same neuron, treated with odors
(200 �M) (G) and with odors in the presence of the PLC� inhibitor U73122 (30 �M) (H ). I, J,
cGMP dynamics in the same OSN transiently transfected with the sensor for cGMP, Cygnet, and
challenged with odors (200 �M) in the presence of the PLC� inhibitor U73122 (30 �M) (I) and
with odors (200 �M) only, and after washing away the inhibitor (J ). Stimuli were all bath
applied. In A, B, I, and J, OSNs were bathed in Ca 2�-free Ringer’s solution. Blue line, Dendrite;
pink line, soma; green line, axon terminus. Scale bar, 20 �m. Primary culture of OSNs were used
in all experiments.
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was applied to the olfactory bulbs in vivo. We found that within
30 – 40 min from 8Br-cGMP application it was possible to detect
a large increase in P-CREB in the nuclei of OSNs, in a small dorsal
portion (14%), only in few slices of the epithelium, approxi-
mately corresponding to the dorsal portion (20%) of the OB
bathed with 8Br-cGMP (Fig. 7D–H) (n � 4 mice, P-CREB level,
controls vs 8Br-cGMP, t test, ***p � 0.001). Finally, and most
relevant, local odor application on the bulbs was followed by the
presence of P-CREB in the OSN nuclei within 30 – 40 min (Fig.
7I) (n � 4 mice, P-CREB level, controls vs odors, t test, *p �

0.02). However, when odors were app-
lied on the bulbs in presence of the sGC
inhibitor LY83583 (n � 5 mice), we could
still reveal the presence of P-CREB in the
nuclei, as shown in Figure 7, J and K
(P-CREB level, controls vs odors �
LY83583, t test, *p � 0.03; P-CREB level,
odors vs odors � LY83583, p � 0.8). To-
gether, these results indicate that a rise in
cGMP is sufficient, but not necessary, to
induce phosphorylation of CREB at the
nuclear level.

Discussion
In this study, we analyzed the spatial and
temporal kinetics of cGMP in living OSNs
transfected with a genetically encoded
sensor for cGMP, and we found that upon
pharmacological and physiological stim-
uli a rise in cGMP is observed in the entire
OSN.

Upon stimulation with ANP, an acti-
vator of mGCs, or SNAP, a NO donor ca-
pable of activating sGCs, a prompt and
sustained increase in cGMP, with no lag
phase between stimulus application and
the starting point of the response, was ob-
served in the entire neuron. The time to
reach half-maximal response was faster at
the axon terminus-growth cone and at the
cilia-dendrite than at the soma, only in
neurons treated with ANP. These results
are likely to reflect the different distribu-
tion of the two forms of guanylyl cyclases.

The lack of zaprinast effect on cGMP
under basal conditions suggests that, al-
though the drug is a potent inhibitor of
cGMP-PDE, other PDEs (i.e., PDE 1 and
2) play a role in the hydrolysis of cGMP.
This can also explain the lack of a larger
response to ANP added subsequently to
zaprinast. Alternatively, or in addition, it
may indicate that the basal activity of the
GCs is very low. As to the effect of IBMX
on cGMP level, this most likely depends
on the cAMP rise induced by the drug
(Maritan et al., 2009), followed by a rise in
Ca 2� and NOS activation (see below).

The results with zaprinast are in con-
trast with those obtained in previous stud-
ies (Moon et al., 1998, 2005). The reason
for this discrepancy is presently unclear,
and it is likely due to the different prepa-
rations and/or to the different techniques

used (radioimmunoassay in tissue extracts).
When OSNs were challenged with a mixture of odorants, a

slow and sustained increase in cGMP in the entire neuron was
observed. The time to reach half-maximal concentration (t1/2)
was faster at the cilia-dendrite and at the axon terminus-growth
cone than at the soma level. This latter observation demonstrates
that in the axon terminus-growth cone the cGMP rise does not
derive from diffusion of cGMP produced at the cilia-dendrite
level. This conclusion was confirmed by local stimulation of the

Figure 7. Phosphorylation of CREB in OSNs. A, B, Primary culture of OSNs immunostained with an antibody against P-CREB in
controls (i.e., OSNs treated with Ringer’s solution) (A) and after treatment with the membrane-permeable cGMP analog 8Br-cGMP
(50 �M) (B). C, Summary of the experiments performed in A and B, normalized P-CREB level (***p�0.001). D, F, Coronal sections
of the olfactory epithelium immunostained with an antibody against P-CREB after application of Ringer’s solution (controls) (D)
and 8-BrcGMP (250 �M) (F ) at the axon terminus of the OSNs in the olfactory bulb in vivo. Asterisks signify the portion of the
epithelium with increased P-CREB levels. Scale bars: D, F, 500 �m; E, G, higher magnification (20�) of the epithelium indicated
in the squares in D and F, respectively. H, Summary of experiments in D–G (normalized P-CREB level, ***p � 0.001). I, J, Portions
of coronal sections of the olfactory epithelium immunostained with an antibody against P-CREB, after odors (1 mM) (I ) and odors
(1 mM) in the presence of the sGC inhibitor LY83583 (250 �M) were applied at the axon terminus of the OSNs in the olfactory bulb
in vivo. K, Summary of experiments performed in I and J, normalized P-CREB level, controls versus odors, *p �0.02; controls versus
odors � LY83583, *p � 0.03; odors versus odors � LY83583, p � 0.8. A.U, Arbitrary units. Scale bar, 50 �m.
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OR at the axon terminus-growth cone with odors focally applied
with a pipette. In this case, the cGMP increase was detected solely
at the axon terminus-growth cone.

As to the rise of cGMP at the soma upon odor stimulation, the
kinetics of the cGMP signal we observed seems consistent with
the diffusion of cGMP from other compartments, although we
cannot exclude, in OSNs in vitro, a low expression of the OR at the
soma. Alternatively, or in addition, the Ca 2� increase coupled to
odor-OR activation at the cilia-dendrite and at the axon
terminus-growth cone, may diffuse and cause NOS activation
and cGMP production directly at the soma.

The main question addressed here is the mechanism underly-
ing the cGMP generation in the OSN, a problem investigated
previously by various groups with contradictory conclusions. We
found that odors give rise to the cGMP increase by sGC activation
via NO. Due to the temporal pattern of expression, it has been
suggested that NO-cGMP (Roskams et al., 1994; Kafitz et al.,
2000; Chen et al., 2004) plays a role during development and in
regeneration while CO-cGMP is involved in the setting of long-
term odor response in adult OSNs (Verma et al., 1993; Ingi and
Ronnett, 1995). The local synthesis of cGMP that we found in
developing axons is consistent with this hypothesis. In partic-
ular, the odor-dependent cGMP increases were completely
inhibited by NOS blockade and totally insensitive to HO inhi-
bition. It needs stressing that OSNs are constantly regenerat-
ing in vivo, and accordingly there is always a subpopulation of
developing neurons.

The synthesis of cGMP at the axon terminus is of relevance
since in other systems it has been shown that the cAMP/cGMP
ratio is critical in directing the axon in its navigation (Nishiyama
et al., 2003). In addition, Murphy and Isaacson (2003), on the
basis of indirect evidence, suggested that cGMP and cAMP can
modulate synaptic transmission between OSNs and postsynaptic
cells; thus, they hypothesized that these two cyclic nucleotides
could contribute to axon pathfinding.

As to the coupling between OR and NOS/sGC, some evidence
supports the idea that cAMP and Ca 2� play essential roles, in
particular the following: (1) a cAMP increase is a prerequisite for
odor-dependent cGMP synthesis, since, in the presence of AC
inhibitors, odors were unable to increase cGMP; and (2) phar-
macological increases in cAMP, as induced by either forskolin or
IBMX, result in clear increases in cGMP. Furthermore, we dem-
onstrate that the link between cAMP and NOS/sGC is repre-
sented by a cytoplasmic Ca 2� increase, generated by plasma
membrane Ca 2� channel activation and Ca 2� released from
stores controlled by the cAMP-binding protein Epac. This
scheme is consistent with the well known Ca 2�-calmodulin de-
pendency of neuronal NOS (Breer and Shepherd, 1993), with the
activation of Ca 2� influx through CNG channels by cAMP, and
with the finding that a rise in cytosolic Ca 2�, elicited solely by K�

depolarization, results in an increase in cGMP.
The link between Ca 2� and cGMP via the NOS-sGC activa-

tion is further supported by the parallel dynamics of the two
signals, as clearly shown in the FRET and fura-2 experiments (Fig.
3). Indeed, the sustained cGMP signal reflects the sustained Ca 2�

signal, suggesting a prolonged Ca 2�-dependent activation of
NOS-sGC. After washing away the stimulus, both the Ca 2� and
cGMP signals were reversible (Figs. 1, 3).

The contribution of the Ca 2� release from stores in OSN sig-
naling is still controversial, and different results have been ob-
tained in different preparations (Zufall et al., 2000; Otsuguro et

al., 2005). Here we found that cAMP, produced upon forskolin or
odor administration in Ca 2�-free medium, can induce an in-
crease in cytosolic Ca 2�. This Ca 2� signal is due to Ca 2� release
from the ER, as we directly demonstrated in OSNs transfected
with a genetically encoded Ca 2� sensor specifically targeted to
the ER lumen (Fig. 6F,G). Furthermore, we show that the link
between cAMP-Epac activation and the release of Ca 2� from the
ER is represented by PLC�, as demonstrated by the absence of
Ca 2� release in OSNs treated with odors in the presence of the
inhibitors of the latter enzyme (Fig. 6H).

cGMP has always been associated with long-term responses,
such as odor adaptation (Zufall and Leinders-Zufall, 1997, 1998),
neuronal development and regeneration (Roskams et al., 1994;
Chen et al., 2003), and olfactory imprinting (Dittman et al.,
1997). In these long-term processes, cGMP may also be involved
in regulating gene expression (i.e., via CREB phosphorylation).
Here we show that 8 Br-cGMP induces phosphorylation of CREB
in OSNs not only in vitro (Moon et al., 1999), but also in vivo,
when the cGMP analog is applied to the OB. Phosphorylation of
CREB, due to 8Br-cGMP is likely due to (1) cytosolic Ca 2� rise,
due to cGMP activation of CNG channels at the axon terminus
(Murphy and Isaacson, 2003), and (2) PKG activation and trans-
location into the nucleus (Gudi et al., 1997). Interestingly, we also
demonstrated that odors applied on the OB in live animals can
induce P-CREB in the nuclei of OSNs. However, in this latter
case, the phosphorylation of CREB did not depend critically on
cGMP production, since P-CREB formation in the nuclei of
OSNs was still observed upon odor treatment in the presence of
the sGC inhibitor LY83583. These results can be explained by the
presence of several mechanisms potentially involved in phos-
phorylation of CREB, upon OR activation at the glomeruli level.
The increases of cAMP and Ca 2�, through CNG channels and
through voltage-operated Ca 2� channels, result in a rise of nu-
clear Ca 2� that can be followed by phosphorylation of CREB by
CaM kinases. Ca 2� may also diffuse from the synapse to the cell
body through a regenerative mechanism (i.e., Ca 2�-induced
Ca 2� release) (Rizzuto and Pozzan, 2006). Furthermore, in a
previous article (Maritan et al., 2009), we found that focal appli-
cation of odors at the axon terminus in cultured neurons was
followed by nuclear translocation of the catalytic subunit of PKA,
which can in turn induce CREB phosphorylation. Thus, diffusion
of the catalytic subunit of PKA could be another possibility. The
different scenarios presented here suggest that both PKA and
Ca 2� are likely to be involved in the phosphorylation of CREB.

Together, the present data suggest that cGMP, although not
involved in initial stimulus detection events, due to the slow ki-
netics, could play numerous functions in OSNs in the settings of
long-term cellular responses coupled to OR activation. On the
one hand, the local production of cGMP at the axon terminus-
growth cone may be of relevance in axon targeting/transmitter
release, and, on the other hand, by activating CREB phosphory-
lation at the nuclear level, it could regulate expression of genes
independently, or in synergy, with cAMP and Ca 2� (Imai and
Sakano, 2007). Therefore, we suggest that not only the OR-
derived signal, cAMP (Imai et al., 2006), but also cGMP could
play a key role in axon targeting acting both locally and at the
nuclear level. In this scenario, the presence of Epac in the signal-
ing pathway leading to cGMP synthesis appears particularly rel-
evant, since in other systems it has been shown that Epac is
involved, along with cyclic nucleotides, in neurite outgrowth and
turning (Murray et al., 2009).
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