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Phosphorylation of Adenylyl Cyclase III at Serine1076 Does
Not Attenuate Olfactory Response in Mice
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Feedback inhibition of adenylyl cyclase III (ACIII) via Ca 2�-induced phosphorylation has long been hypothesized to contribute to
response termination and adaptation of olfactory sensory neurons (OSNs). To directly determine the functional significance of this
feedback mechanism for olfaction in vivo, we genetically mutated serine 1076 of ACIII, the only residue responsible for Ca 2�-induced
phosphorylation and inhibition of ACIII (Wei et al., 1996, 1998), to alanine in mice. Immunohistochemistry and Western blot analysis
showed that the mutation affects neither the cilial localization nor the expression level of ACIII in OSNs. Electroolfactogram analysis
showed no differences in the responses between wild-type and mutant mice to single-pulse odorant stimulations or in several stimulation
paradigms for adaptation. These results suggest that phosphorylation of ACIII on serine 1076 plays a far less important role in olfactory
response attenuation than previously thought.

Introduction
In vertebrates, olfactory sensory neurons (OSNs) in the nose use
a cAMP-mediated signaling pathway to transform odor stimula-
tion into electrical neural signals. Odor exposure leads to activa-
tion of adenylyl cyclase III (ACIII) on OSN cilia (Bakalyar and
Reed, 1990; Wong et al., 2000) and elevation of cilial cAMP levels.
cAMP in turn binds and opens the olfactory cyclic nucleotide-
gated (CNG) cation channel, resulting in influx of Ca 2� and Na�

and subsequent membrane depolarization. Ca 2� then contrib-
utes to further membrane depolarization by triggering efflux of
Cl� through opening the olfactory Ca 2�-activated Cl� channel
ANO2 (Stephan et al., 2009; Billig et al., 2011) (for review, see
Firestein, 2001; Kleene, 2008).

OSNs, like other sensory receptor cells, exhibit reduced sensi-
tivity upon sustained or repeated stimulation—a phenomenon
known as adaptation. Ca 2�, in addition to mediating membrane
depolarization, has been demonstrated to be the key mediator for
OSN adaptation (Kurahashi and Shibuya, 1990; Leinders-Zufall
et al., 1998; Stephan et al., 2012), presumably through negative
regulation of activities of several components in the olfactory
signal transduction pathway (Zufall and Leinders-Zufall, 2000).

One prominent target of the negative feedback by Ca 2� is
ACIII. First, when heterologously expressed in HEK293 cells,

ACIII is inhibited by elevated intracellular Ca 2� levels. This
Ca 2�-induced ACIII inhibition results from phosphorylation by
Ca 2�/calmodulin-dependent protein kinases II (CaMKII) (Way-
man et al., 1995; Wei et al., 1996). A single amino acid, serine 1076,
of ACIII is identified to be the only phosphorylation site respon-
sible for Ca 2�-induced inhibition. Mutating serine 1076 to alanine
abolishes Ca 2�-induced phosphorylation of ACIII as well as the
activity inhibition (Wei et al., 1996). Second, in preparations of
olfactory cilia, elevated Ca 2� levels reduce odorant- or forskolin-
induced cAMP production (Boekhoff et al., 1996), and CaMKII
inhibitors prolong odorant-induced cAMP transients (Wei et al.,
1998). Consistently, odorants induce phosphorylation of ACIII
at serine 1076, and this phosphorylation is blocked by CaMKII
inhibitors (Wei et al., 1998). Finally, in isolated OSNs, electro-
physiological recordings show that CaMKII inhibitors impair ad-
aptation during or following sustained odorant stimulation, but
has little effect on adaptation induced by brief odorant stimula-
tion (Leinders-Zufall et al., 1999). Combined, these observations
have led to a hypothesis that feedback inhibition of ACIII via
Ca 2�-induced phosphorylation by CaMKII serves as a mecha-
nism to attenuate OSN responses, particularly for adaptation
induced by sustained odor stimulations (Wei et al., 1998;
Leinders-Zufall et al., 1999; Zufall and Leinders-Zufall, 2000).
This hypothesis, however, has not been directly tested in vivo.
Whether and to what extent Ca 2�-induced ACIII phosphoryla-
tion may contribute to olfactory response attenuation remains
unknown.

To directly assess the contributions of Ca 2�-induced phos-
phorylation of ACIII to olfactory response, we generated a mouse
strain carrying a modified version of ACIII, in which the key
serine 1076 phosphorylation site is mutated to alanine. Electro-
physiological analysis revealed no differences in the response
properties between wild-type and mutant mice to single-pulse
stimulations and in several adaptation paradigms. These results
suggest that phosphorylation of ACIII at serine 1076 is not neces-
sary for olfactory adaptation to occur.
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Materials and Methods
For all experiments, mice were handled and killed with methods ap-
proved by the Animal Care and Use Committees of Johns Hopkins Uni-
versity (JHU).

Gene targeting. In the mouse, Adcy3 gene is located on chromosome 12
and encodes ACIII protein of 1145 aa. Adcy3 consists of 22 exons, and the
coding sequence for the CaMKII phosphorylation site, serine 1076, is in
exon 21. Homologous recombination with the targeting vector intro-
duced a T3G point mutation in Adcy3 exon 21 and inserted a self-
excising neomysin (neo) selection cassette (Bunting et al., 1999) 81 base
pairs downstream of exon 21 splice donor in intron 21–22. The T3G
mutation changes codon 1076 from TCC, encoding serine, to GCC, en-
coding alanine. The targeting vector was constructed from DNA frag-
ments amplified by high-fidelity PCR from 129/Sv mouse genomic DNA
followed by PCR-based site-directed mutagenesis, and was then linear-
ized and electroporated into mouse ES cells (MC1 clone; JHU Transgenic
Facility). Homologous recombination events were screened by PCR of
genomic DNA with primer pairs that span the homologous arms. Injec-
tion of modified ES cells into C57BL/6 blastocysts to generate chimeric
offspring was performed at JHU Transgenic Facility. Chimeric males
were mated to C57BL/6 females to obtain germline transmission. The
neo cassette was removed via cre-mediated excision in the male germline
of chimeric mice to leave a single LoxP site in intron 21–22.

Immunohistochemistry. Anesthetized mice were perfused transcardi-
ally with 1� PBS followed by 4% (w/v) paraformaldehyde. Olfactory
tissues were dissected and postfixed for 2 h at 4°C followed by cryopro-

tection in 30% (w/v) sucrose overnight at 4°C. Cryosections were cut 14
�m thick and stored at �80°C. Tissue sections were incubated overnight
at 4°C with primary antibodies in 1� PBS containing 0.1% (v/v) Triton
X-100 and 1% (v/v) normal donkey serum. After washing, the sections were
incubated with secondary antibodies conjugated to Alexa-488, -546, or -647
(Invitrogen) and imaged by confocal microscopy (LSM 510 Meta; Zeiss).
Primary antibodies were used at the following dilutions: anti-PDE1C2 (pro-
vided by J. Beavo, University of Washington, Seattle, WA), 1:500; anti-
PDE4A (provided by J. Cherry, Boston University, Boston, MA), 1:200; anti-
CNGB1 (Song et al., 2008), 1:200; anti-ACIII (SC-588; Santa Cruz
Biotechnology), 1:200; anti-OMP (provided by F. Margolis, University of
Maryland, Baltimore, MD), 1:1000; anti-Gap43 (MAB347; Millipore),
1:500; and anti-acetylated tubulin (T7451; Sigma), 1:500.

Western blotting. Olfactory epithelium (OE) was dissected and ho-
mogenized in 2� Laemmli buffer and stored at �80°C. Tissue ho-
mogenates were subjected to SDS-PAGE and then transferred onto
PVDF membrane. Membranes were incubated with blocking buffer
(5% [w/v] nonfat dry milk in TBST [20 mM Tris, 150 mM NaCl, and
0.1% (v/v) Tween-20]) for 1 h at room temperature and then incubated
overnight at 4°C with primary antibodies at respective dilutions in block-
ing buffer. Membranes were then washed with TBST followed by incu-
bation with secondary antibodies conjugated to HRP in blocking buffer
for 1 h at room temperature. The blot was visualized with ECL Plus
reagent with detection on a Typhoon 9410 Variable Mode Imager (GE
Life Sciences). Band density was quantified using ImageJ (NIH). Primary
antibodies were used at the following dilutions: anti-PDE1C, 1:5000;

Figure 1. Generation of ACIII S1076A mice. A, Illustration of the genetic targeting strategy. Left, Wild-type ACIII protein structure (top), partial Adcy3 gene structure with open boxes representing exons
(middle), and the targeting construct (bottom). The orange boxes in the targeting construct and in the genomic DNA (right) represents the modified exon 21 containing codon mutation from serine 1076 to
alanine. The amino acid sequence coded by exon 21 with the CaMKII consensus sequence RMES in red and the serine 1076 in a larger font, is shown and its location in ACIII protein is indicated. Right, The
corresponding modified ACIII protein and gene structure. B, Top, PCR-based genotyping of wild-type and ACIII S1076A homozygous littermates. Bottom, Sequencing confirms the T-to-G base pair substitution in
ACIII S1076A mice, changing the codon of serine (TCC) to that of alanine (GCC). C, Immunostaining on sections of OE for ACIII, CNGB1b, and PDE1C. Sections were counterstained with DAPI (blue) to label cell nuclei.
C, Cilial layer; S, supporting cell layer; O, OSN layer; B, basal lamina; L, lamina propria. D, Top, Western blots for ACIII and�-tubulin (�-tub) on total OE proteins. Bottom, Quantification of Western blotting. Values
are normalized to �-tubulin staining and shown in arbitrary units. ACIII is detected at similar levels in wild-type and ACIII S1076A mice. Each datum point represents an individual mouse. Error bars are 95% CI.
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anti-PDE4A, 1:5000; anti-CNGB1, 1:2000; anti-ACIII, 1:1000; anti-� tu-
bulin (T8203; Sigma), 1:10,000.

Electroolfactogram. Electroolfactogram (EOG) recording was performed
as previously described (Cygnar et al., 2010). The mouse was killed by CO2

asphyxiation and decapitated. The head was cut sagittally to expose the me-
dial surface of the olfactory turbinates. The recording electrode, a Ag-AgCl
wire in a capillary glass pipette filled with Ringer solution (in mM: 135 NaCl,
5 KCl, 1 CaCl2, 1.5 MgCl2, 10 HEPES, pH 7.4) containing 0.5% agarose, was
placed on the surface of the OE and connected to a differential amplifier
(DP-301; Warner Instruments). EOG signals were recorded from the surface

of turbinate IIB and acquired and analyzed with
AxoGraph software (Molecular Devices) on a
Macintosh computer. The signals were filtered
DC–1 kHz and recorded at a sampling rate of 2
kHz. The recorded signals were low-pass filtered
at 25 Hz during analysis. Odorant solutions were
prepared as 0.5 M stocks in dimethyl sulfoxide
and were then diluted with water to the concen-
tration for EOG recording. Vapor-phase odorant
stimuli were generated by placing 5 ml of odorant
solution in a sealed 60 ml glass bottle. This vapor
is delivered by a Picospritzer (Parker Hannifin) as
a pulse injected into a continuous stream of hu-
midified air flowing over the tissue sample. All
EOG recordings were conducted at room tem-
perature and in mice older than 6 weeks.

Statistical analysis. All statistical significance
was determined by unpaired t test.

Results
Generation of ACIII S1076A mice
To eliminate Ca2�-induced phosphoryla-
tion of ACIII in OSNs, we generated a
mouse strain, ACIIIS1076A, in which the
codon for serine1076 (TCC) of the Adcy3
gene was mutated to a codon for alanine
(GCC) via homologous recombination
(Fig. 1A). A self-excising neomycin selec-
tion cassette (Bunting et al., 1999) was in-
serted downstream of exon 21 to allow for
selection of homologous recombination
events in the embryonic stem cells. The neo-
mycin cassette is removed via cre-mediated
recombination in the male germline, leav-
ing a single loxP site in intron 21–22 and
allowing minimal disruption of the adcy3
gene. The T3G mutation in the genomic
DNA was confirmed in mice homozygous
for the targeted allele by sequencing of a
PCR product spanning the mutated exon
and the remaining loxP site (Fig. 1B).

The ACIIIS1076A mice are viable and
have no overt developmental or behavioral
abnormalities. Cryosectioning and immu-
nostaining analysis showed that the OE of
ACIIIS1076A mice has no differences from
that of wild-type mice in gross morphology,
and that ACIII and other olfactory signal
transduction components, including the
CNG channel subunit CNGB1b and phos-
phodiesterase 1C (PDE1C), are all located at
the cilial layer of the OE in ACIIIS1076A mice,
similar to wild-type mice (Fig. 1C). Western
blotting against ACIII on OE extracts
showed that the amount of ACIII protein in
the ACIIIS1076A OE is comparable to that in

the wild-type mice (Fig. 1D). We conclude that the mutation intro-
duced into Adcy3 does not affect the expression and localization of
the mutant protein.

Responses to single odorant pulses are comparable in wild-
type and ACIII S1076A mice
To assess the responses to odor in ACIII S1076A mice, we per-
formed EOG analysis (Scott and Scott-Johnson, 2002; Cygnar et
al., 2010). All EOG recordings were performed using both amyl

Figure 2. EOG analysis of OSN response to single odorant pulses. A–D, EOG analysis to a single 100 ms pulse of amyl acetate. A,
Dose–response relations of EOG peak amplitude from wild-type (n � 5) and ACIII S1076A (n � 4) mice. Concentrations on the x-axis are
those of the liquid solution. Data points are linked with straight lines. B, Averaged EOG traces to 10 �4

M amyl acetate (wild-type, n � 8;
ACIII S1076A, n�8). Responses are normalized with the peak giving the unit for comparison of response kinetics. C, Time-to-peak, defined
as the time from the initiation of odorant pulse to the response peak. D, Termination time constants, determined by a single exponential fit
to the decay phase of the EOG trace. E, F, EOG analysis to a 10 s pulse of amyl acetate. Data are taken from the recording of the first response
in the paired sustained pulse experiments shown in Figure 3. E, Averaged EOG traces to 10 �4

M amyl acetate (wild-type, n�7; ACIII S1076A,
n � 7). Responses are normalized with the peak given the unit for comparison of the amplitude reduction over the course of the stimula-
tion.F,Amplitudereductionduringstimulation,presentedasthepercentageoftheamplitudeat10stothepeak.Wild-typeandACIII S1076A

mice show comparable amplitude reduction during the stimulation. All error bars are 95% CI.
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acetate and heptaldehyde as stimulating odorants, and the results
were similar for both odorants. For simplicity, we present only
the recordings using amyl acetate.

We first recorded the OSN response to brief (100 ms) odorant
pulses. ACIIIS1076A OSNs showed similar response amplitude to
wild-type OSNs across a range of odorant concentrations (Fig. 2A).
The response of ACIIIS1076A OSNs to amyl acetate at 10�2

M, a near
saturating concentration for EOG, was 19.9 � 1.9 mV (n � 5 mice,
range is 95% CI), which is comparable to the wild-type response of

18.9 � 2.8 mV (n � 4 mice, 95% CI). ACIIIS1076A OSNs also showed
no differences compared with wild-type in response kinetics to sin-
gle 100 ms pulses of odorants (Fig. 2B–D). The time-to-peak of the
EOG signal for amyl acetate at 10�4

M, a near EC50 concentration of
the dose–response relation, was 366 � 18 ms (n � 8 mice, 95% CI)
for ACIIIS1076A mice compared with 364 � 21 ms (n � 8 mice, 95%
CI) for wild-type mice. Thus, phosphorylation of ACIII on ser-
ine1076 is not a determinant for the sensitivity and kinetics of OSN
responses to short odorant pulses.

Figure 3. EOG analysis of OSN response to adaptation stimulation paradigms. A–D, EOG analysis to paired sustained (10 s followed by 5 s) odorant pulses with 2 s interpulse interval. A, Averaged
EOG traces to 10 �4

M amyl acetate (wild-type, n � 7; ACIII S1076A, n � 7). Responses are normalized with the peak giving the unit for comparison of amplitude reduction. The areas in dashed boxes
is replotted in C to show the activation phase. B, Ratios of the second peak amplitude to the first. Because the response to the first odorant pulse had not decayed to baseline at the time the second
pulse was given, the recorded second response reflected a sum of the residual first response and the net response to the second pulse. The net peak amplitude of the second response was determined
by first fitting a trace to the decay phase of the first response and subsequently subtracting the value of this trace at the peak time of the second response from the recorded second peak amplitude.
Wild-type and ACIII S1076A mice show comparable reduction in the peak amplitude of the second response. C, Expanded EOG traces to 10 �4

M amyl acetate, showing the activation phase. All
responses are normalized to the unit for comparison of activation kinetics. D, Changes in activation kinetics due to adaptation, calculated by subtraction of time-to-peaks between the second
response and the first response. Wild-type and ACIII S1076A mice show similarly lengthened time-to-peak in the second response. E, F, EOG analysis to a train of 30 100 ms odorant pulses with 0.5 s
interpulse interval. E, Averaged EOG traces to 10 �4

M amyl acetate (wild-type, n � 7; ACIII S1076A, n � 7). Responses are normalized with the peak giving the unit for comparison of amplitude
reduction and response kinetics. Responses to the first three pulses are expanded in inset. F, Ratios of the second, third, and 30th peak amplitude to the first. The net response amplitude to a given
pulse is calculated by subtracting the residual response of the previous pulse from the recorded response, similarly as in B. To each given pulse from the second through the 30th, wild-type and
ACIII S1076A mice show comparable amplitude ratio to the first. All error bars are 95% CI.
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We then examined the response to a sustained (10 s) pulse of
odorant. CaMKII inhibitors attenuate desensitization during
sustained (8 s) odorant stimulation in newt OSNs (Leinders-
Zufall et al., 1999); however, ACIII S1076A OSNs showed similar
desensitization to wild-type OSNs as measured by the percent of
reduction in response over the duration of the stimulation (Fig.
2E,F). For amyl acetate at 10�4

M, the amplitude of EOG signal at
the end of the stimulation reduced to 55% of the peak value in
ACIII S1076A mice compared with 53% in wild-type mice. We con-
clude that phosphorylation of ACIII on serine 1076 is not required
for desensitization during sustained odorant stimulation.

ACIII S1076A mice show no adaptation defects in brief or
sustained paired-pulse stimulation paradigms
To assess the ability of ACIIIS1076A OSNs to adapt to odorant stim-
ulation, we recorded EOG using several adaptation stimulation par-
adigms. Because CaMKII inhibitors impair adaptation following
sustained (8 s) but not brief odorant pulses (Leinders-Zufall et al.,
1999), we first examined responses to paired sustained odorant
pulses (Fig. 3A). In this paired-pulse paradigm, the OE was subject to
a 10 s odorant pulse followed by a 5 s pulse of the same concentration
after a 2 s interpulse interval. Adaptation induced by the first sus-
tained odorant pulse manifests in the response to the second pulse
as both amplitude reduction and activation kinetics slowing
down. In ACIII S1076A mice, the EOG signal of the second pulse
displayed an amplitude reduction comparable to that of wild-
type mice (Fig. 3A,B) in all odorant concentrations tested. Sim-
ilarly, slowed activation kinetics, quantified as the lengthening of
the time-to-peak, in ACIII S1076A mice is comparable to that of
wild-type mice (Fig. 3C,D). We further examined adaptation
during a train of brief odorant pulses, a stimulation paradigm
resembling the pattern of breathing. The OE was subject to a train
of 100 ms pulses (30 total) with a 0.5 s interpulse interval between
each pulse (Fig. 3E). ACIII S1076A OSNs showed a response pat-
tern indistinguishable to that of wild-type OSNs in all odorant
concentrations tested (Fig. 3E,F). Together, these data suggest
that phosphorylation of ACIII on serine 1076 is not required for
proper adaptation induced by either brief or sustained odorant
stimulations.

Discussion
Adaptation is a common feature of sensory transduction and
allows sensory receptor cells to code a wide dynamic range of
sensory stimuli by resetting the stimulation–response relation-
ship. Understanding the mechanisms underlying adaptation is a
ubiquitous and long-term goal in the study of all sensory systems.
In this study, we took a molecular genetics approach to test a
long-standing hypothesis concerning molecular mechanisms for
olfactory adaptation. By mutating the previously reported phos-
phorylation site of ACIII in mice, we found that feedback inhibi-
tion of ACIII via Ca 2�-induced phosphorylation on serine 1076 is
not necessary for OSNs to undergo adaptation.

Thus far, three Ca 2�-dependent negative-feedback mecha-
nisms have been proposed for OSN adaptation. First, Ca 2� via
calmodulin (CaM) may feedback to the CNG channel, desensi-
tizing the CNG channel to cAMP (Chen and Yau, 1994; Kura-
hashi and Menini, 1997). Second, Ca 2� via CaM may enhance
the catalytic activity of PDE1C (Yan et al., 1995), which is en-
riched in OSN cilia, leading to increased cAMP degradation.
Thirdly, Ca 2� may inhibit ACIII activity by stimulating CaMKII-
mediated ACIII phosphorylation (Wei et al., 1998; Leinders-
Zufall et al., 1999), decreasing cAMP synthesis. The role of CNG
channel desensitization was previously shown to be unnecessary

for OSN adaptation (Song et al., 2008). In the case of PDE1C
(Cygnar and Zhao, 2009), the pde1c knock-out mice show atten-
uated adaptation, but with reduced response amplitude at rest.
Such phenotype leaves the precise role of PDE1C in adaptation
unclear. In this study, we tested feedback inhibition of ACIII via
Ca 2�-induced phosphorylation. Previous studies demonstrated
that serine 1076 is the only residue responsible for Ca 2�-induced
phosphorylation and inhibition of ACIII (Wei et al., 1996). We
found that mice carrying a mutation of serine 1076 of ACIII to
alanine do not show any defects in OSN responses when analyzed
with EOG recordings, suggesting that feedback inhibition of
ACIII via Ca 2�-induced phosphorylation on serine 1076 is not
necessary for OSN adaptation. The lack of adaptation defect
could result from compensation from other feedback mecha-
nisms, or this ACIII-dependent mechanism might not be in-
volved in OSN adaptation. Nonetheless, these observations
suggest that the mechanisms underlying OSN adaptation could
be more complex than previously acknowledged. Future investi-
gations into the integration of the above proposed mechanisms as
well as identification of novel Ca 2� feedback targets should pro-
vide new insight into how OSN adaptation occurs.

It has become apparent that, in vertebrate olfactory transduc-
tion, cAMP is used as a trigger for Ca 2�-mediated processes. It is
Ca 2� that in turn dictates the amplitude and kinetics, especially
pertaining to termination (Stephan et al., 2012), of the electrical
response. As cAMP and Ca 2� are common second messengers,
which operate in many cell types, knowledge gained from study-
ing olfactory transduction could provide insight into how these
two second messenger systems interact to determine the input-
output relationship of relevant cellular processes in cell types.

In addition to its well defined role in mediating olfactory
transduction in OSN cilia, ACIII has been implicated to function
at OSN axonal terminals for proper development of axonal pro-
jections (Col et al., 2007; Zou et al., 2007). ACIII is also expressed
in several other cells and tissues (Horner et al., 2003; Livera et al.,
2005; Bishop et al., 2007; Pluznick et al., 2009). For example,
ACIII is localized in the cilia throughout many regions of the
brain (Bishop et al., 2007). However, the physiological function
of ACIII in those cells and tissues is still largely unknown. We
showed in this study that ACIII phosphorylation is not required
for response adaptation in OSNs. It would be interesting to in-
vestigate the physiological relevance of Ca 2�-induced ACIII
phosphorylation in other ACIII-expressing cells and tissues as
well.
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