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I N T ​R O D ​U C T ​I O N

The olfactory system detects small volatile molecules, 
odorants, which enter the nasal cavity via the inhaled air 
during normal breathing or sniffing. Odorants bind to 
odorant receptors (ORs) located on the cilia of olfac-
tory sensory neurons (OSNs). Each OSN expresses only 
one type of OR from ∼1,000 in the mouse genome. 
Cilia are embedded in the mucus covering the epithe-
lium and are the site of olfactory transduction. Odorant 
molecules, once bound to ORs, activate a G protein–
coupled transduction cascade by activating the olfac-
tory G protein Golf, which in turn activates adenylate 
cyclase III, leading to the production of cAMP and cul-
minating in the opening of two types of ion channels, 
CNG and Ca2+-activated Cl− channels. CNG channels in 
the ciliary membrane of OSNs have been first described 
by Nakamura and Gold (1987), they are directly acti-
vated by cAMP, and they induce a depolarizing influx of 

Na+ and Ca2+ ions (reviewed by Schild and Restrepo, 
1998; Pifferi et al., 2006, 2010; Kleene, 2008).

The presence of a Ca2+-activated Cl− conductance 
was first demonstrated in the cilia of frog OSNs by 
Kleene and Gesteland (1991), which showed that 
a rise in intraciliary Ca2+ concentration directly acti-
vates an anion-selective current in the ciliary mem-
brane. Subsequent studies showed that Ca2+-activated 
Cl− channels are present also in other species, includ-
ing rodents, and that they are activated by Ca2+ entry 
through CNG channels producing a large secondary 
Cl− current (Kleene and Gesteland, 1991; Kleene, 
1993, 1997; Kurahashi and Yau, 1993; Lowe and Gold, 
1993; Firestein and Shepherd, 1995; Zhainazarov and 
Ache, 1995; Reisert et al., 2005; Boccaccio and Menini, 
2007). In electrophysiological recordings from OSNs 
isolated from rats or mice, Ca2+-activated Cl− currents 
(CaCCs) account for up to 90% of the transduction 
current (Lowe and Gold, 1993; Boccaccio and Menini, 
2007). CaCCs are depolarizing currents as a result of 
the active Cl− ions accumulation inside OSNs. This 
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process is mainly mediated by the Na+-K+-2Cl− cotrans-
porter NKCC1, which elevates Cl− inside the cilia up 
to the same range as the Cl− concentration present in 
the embedding mucus (Reuter et al., 1998; Kaneko et 
al., 2004; Reisert et al., 2005; Nickell et al., 2006). Ad-
ditionally, the presence of the excitatory Cl− current 
steepens the dependence of the transduction current 
on the stimulus amplitude, contributing to narrowing 
the neuron’s dynamic range (Lowe and Gold, 1993; 
Boccaccio et al., 2006; Kleene, 2008).

The transduction current elicited by odorants pro-
duces a depolarization leading to generation of action 
potentials (APs) that are conducted to the olfactory bulb 
(OB) along the OSN axon (reviewed by Schild and Re-
strepo, 1998). OSNs not only generate APs after odorant 
activation of the transduction current, but also fire APs 
in the absence of stimulation (O’Connell and Mozell, 
1969; Trotier and MacLeod, 1983; Frings and Linde-
mann, 1991; Reisert and Matthews, 2001; Reisert, 2010). 
What is the origin of basal firing activity in OSNs? OSNs 
are intrinsically noisy as demonstrated by the current 
produced by the addition of the phosphodiesterase in-
hibitor 3-isobutyl-1-methylxanthine (IBMX) and as 
shown by variations in the baseline current in the ab-
sence of odorants (Lowe and Gold, 1995). By investigat-
ing the basal activity of OSNs expressing identified ORs 
in the absence of odorant stimulation, it has been shown 
that spontaneous firing in OSNs is driven by the consti-
tutive activity of the expressed OR. For example, OSNs 
expressing the I7 or the M71 OR have higher rates of 
spontaneous activity than mOR-EG OSNs (Reisert, 2010; 
Connelly et al., 2013). The basal firing activity can be 
suppressed by odorants that function as inverse agonist 
(Reisert, 2010) or by expressing an inactive mutant of 
the I7 OR (Connelly et al., 2013). Therefore, in the ab-
sence of odorants, the origin of spontaneous firing of an 
OSN is the spontaneous activation of its expressed OR. 
It is of interest to note that recent work (Dibattista and 
Reisert, 2016) has demonstrated that olfactory marker 
protein (OMP) controls basal cAMP levels (as well as 
odorant-induced cAMP levels) in an OR-dependent 
manner, ensuring that the expressed OR is the main 
source of noise. Of course, in addition to spontaneous 
activation of ORs, spontaneous activation of ion chan-
nels other than the two transduction ion channels, e.g., 
voltage-gated channels, could contribute to basal firing. 
However, Reisert (2010) showed that spontaneous firing 
in OSNs expressing identified receptors is greatly sup-
pressed by the addition of 300 µM niflumic acid (NFA), 
a well-known blocker of CaCCs (Kleene, 1993; see also 
Fig.  7 A of Dibattista and Reisert, 2016). Importantly, 
these results indicate that olfactory transduction and the 
Cl− current contribute to the basal firing activity of OSNs 
(Reisert, 2010).

A change in spontaneous firing of OSNs expressing 
the same OR may have very important consequences at 

the level of the OB. Indeed, it is well known that not 
only all OSNs expressing the same OR send their axons 
to specific glomeruli in the OB, but also OSN sponta-
neous firing plays a critical role to establish and main-
tain a correct glomerular targeting (Yu et al., 2004; 
Lodovichi and Belluscio, 2012; Nakashima et al., 
2013b,a; Lorenzon et al., 2015; Nishizumi and Sakano, 
2015). Nakashima et al. (2013b) have shown that the 
intrinsic activity of ORs, in the absence of odorants, in-
fluences the targeting of olfactory axon. Indeed, they 
showed that altered basal activity produces different lev-
els of axon guidance molecules whose expression is de-
pendent on the basal cAMP level (Imai et al., 2006; 
Nakashima et al., 2013b).

Interestingly, although CaCCs were first observed in 
the early nineties (Kleene and Gesteland, 1991; Kleene, 
1993; Kurahashi and Yau, 1993; Lowe and Gold, 1993), 
their molecular identity has been elusive for over two 
decades, hindering the possibility to better understand 
the role of CaCCs in the olfactory system. After ruling 
out several possible candidates, the channels expressed 
in OSN cilia responsible for CaCCs were finally identi-
fied as TMEM16B/Anoctamin2 (Pifferi et al., 2009, 
2012; Stephan et al., 2009; Sagheddu et al., 2010; Billig 
et al., 2011), a member of the Tmem16 (Anoctamin) 
gene family (Pedemonte and Galietta, 2014). Disrup-
tion of the TMEM16b (Ano2) gene in mice (Billig et 
al., 2011) completely abolished CaCCs in OSNs. How-
ever, TMEM16B knockout (KO) mice were reported 
not to have any obvious olfactory deficit, leading to the 
conclusion that CaCCs are dispensable for olfaction 
and suggesting that odorant-evoked CNG currents, 
which remain in OSNs of TMEM16B KO mice, are suf-
ficient to encode odorant information and support 
near-normal olfactory function (Billig et al., 2011). As 
this first (and until now only) study on TMEM16B KO 
mice raised serious doubts about a relevant role of 
Ca2+-activated Cl− channels in olfaction (Billig et al., 
2011), we sought to reexamine this question by further 
extending the experimental analysis and comparing 
additional aspects of olfactory function in TMEM16B 
KO versus WT mice.

As the role of TMEM16B in OSN firing has not been 
investigated yet, we measured both spontaneous and 
stimulus-induced firing activity. We found a decrease in 
spontaneous firing activity in randomly chosen OSNs in 
TMEM16B KO compared with WT mice. To reduce the 
variability caused by the expression of different ORs in 
randomly chosen OSNs, we analyzed firing activity of 
OSNs expressing the I7 OR. To identify I7 OSNs, we 
used I7-IRES-tauGFP (Bozza et al., 2002) mice crossed 
with TMEM16B KO mice. In I7 OSNs, we measured a 
reduction of spontaneous firing activity in the absence 
of TMEM16B compared with control mice. Moreover, 
we identified a dramatic change in the firing pattern in 
response to heptanal, a well-known agonist for the I7 OR. 
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This change was manifested as a prolonged odorant re-
sponse and a higher number of APs per response in I7 
OSNs from TMEM16B KO compared with WT mice. 
Axonal targeting of I7 OSNs to the OB was also altered, 
as indicated by the presence of supernumerary I7 glom-
eruli in TMEM16B KO mice. Furthermore, from a be-
havioral point of view, TMEM16B KO mice showed a 
reduction in the ability to use olfactory cues to locate 
previously unknown buried food compared with WT 
mice. Our results demonstrate that the Ca2+-activated 
Cl− channel plays a physiological role in olfaction, show-
ing that it is not simply dispensable for all aspects of ol-
faction, but it is required for certain olfactory-driven 
behaviors. Moreover, in contrast to previous findings 
showing normal axonal targeting of OSNs expressing 
the P2 or M72 ORs (Billig et al., 2011), we find that 
axons of I7-expressing OSNs target an abnormally large 
number of glomeruli in the OB. Importantly, TMEM16B 
had an influence on OSN AP firing rates.

M AT ​E R I ​A L S  A N D  M E T ​H O D S

Animals
Mice were handled in accordance with the guidelines of 
the Italian Animal Welfare Act and European Union 
guidelines on animal research, under a protocol ap-
proved by the ethic committee of SIS​SA or in accor-
dance with methods approved by the Animal Care and 
Use Committees of the Monell Chemical Senses Center 
(conforming to National Institutes of Health guidelines).

In this study we used TMEM16B KO and WT mice 
derived from breeder pairs provided by T. Jentsch 
(Leibniz-Institut für Molekulare Pharmakologie/
Max-Delbrück-Centrum für Molekulare Medizin, Ber-
lin, Germany; Billig et al., 2011). To record from OSNs 
expressing an identified OR and for immunohistologi-
cal experiments, TMEM16B KO mice were crossed with 
I7-IRES-tauGFP, a mouse line in which OSNs expressing 
the I7 OR also expressed GFP (Bozza et al., 2002) with 
control mice obtained from the I7-IRES-tauGFP mouse 
line. The I7-IRES-tauGFP mouse strain was a gift from P. 
Mombaerts (Max Planck Research Unit for Neuroge-
netics, Frankfurt, Germany).

Odor-guided food seeking test
A small piece of food was buried below the surface of 
the cage bedding so that it constituted a purely olfac-
tory cue, and the time taken by a mouse to find the food 
item was recorded. All mice of either sex were main-
tained on a 12:12 light/dark cycle and tested in the 
light phase in the Monell Chemical Senses Center ani-
mal facility where temperature and humidity were kept 
at 23°C and 45%, respectively. Mice were food deprived 
overnight with ad libitum access to water. Every morn-
ing, each mouse was placed in a novel test cage (stan-
dard mouse cage, L * H * W, 24 cm * 12 cm * 15 cm) in 

which an ∼3-g piece of cookie (Oreo; Nabisco) had 
been buried under fresh bedding. The latency of the 
animal to retrieve the cookie was recorded with a stop-
watch and by an experimenter that was blinded to the 
animal’s genotype. Retrieving the cookie was defined as 
digging it up with forepaws, picking it up, and placing it 
in the mouth. We set a 10-min limit within which the 
animals had to find the cookie; after that, the time was 
stopped and the cookie was exposed so that the mouse 
could have access to and eat it. The position of the bur-
ied cookie was randomly changed every day so that the 
animal could not rely on spatial information to find it. 
This was repeated for 5 d. Mice were weighed every 
morning before experiments to monitor their body 
weight. 1.5  g of standard chow (Tekland rodent diet 
8604) was given every day after testing to maintain body 
weight. If a mouse was found to have <80% starting 
body weight, additional food was given to maintain a 
healthy body weight. On the sixth day, the cookie was 
placed on top of the bedding. We repeated this same 
type of experiment with a second set of mice and cheese 
(Cracker Barrel extra sharp cheddar cheese stick; Kraft) 
that had been buried under fresh bedding. If a mouse 
could not find the cheese within 10 min, the test was 
terminated and the latency was recorded as 600 s.

Mice were returned to normal food for 1 wk. After 1 
wk, mice were again food deprived overnight, and the 
following five food items were hidden in the bedding 
over the next 5 d, one food was tested each day: cookie 
(Oreo), peanut (select whole peanuts in shell, 
deshelled), cheese (Cracker Barrel extra sharp cheddar 
cheese stick), chocolate (Hershey’s milk chocolate king 
size), and standard chow. The time the mice took to 
retrieve the food was recorded, and the limit to per-
form the task was 15 min. The second set of mice that 
had previously performed the cheese-seeking task were 
exposed, after a week of rest, to cheese, peanut, cookie, 
chocolate, and standard chow hidden in the bedding 
over the next 5 d; one food was tested each day.

Preparation of dissociated OSNs
Mice (3–5 wk of either sex) were anesthetized with 
CO2 inhalation and decapitated, and the head was he-
misected sagittally along the septum. The olfactory ep-
ithelium was removed, and OSNs were dissociated 
either mechanically for suction pipette recordings 
(Ponissery Saidu et al., 2012) or enzymatically, with a 
papain–cysteine treatment, for uncaging patch-clamp 
experiments (Lagostena and Menini, 2003; Boccaccio 
et al., 2006, 2011).

Patch-clamp experiments and photorelease of 
caged 8-Br-cAMP
Currents were measured from dissociated OSNs with an 
Axopatch 200B patch-clamp amplifier (Axon Instru-
ments) in the whole-cell voltage-clamp mode.
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For flash photolysis, we used a xenon flash-lamp system 
JML-C2 (Rapp OptoElectronic) coupled into the epifluo-
rescence port of the microscope with a quartz light guide 
(Boccaccio et al., 2006, 2011). The spot of light had a 
diameter of ∼15 µm that could cover only the ciliary re-
gion and, in some cases, also part of the dendrite. The 
flash duration was 1.5 ms. We used [6,7-Bis(carboxyme-
thoxy)coumarin-4-yl]methyl-8-bromoadenosine-3′, 5′- 
cyclic monophosphate (BCM​CM-caged 8-Br-cAMP; Boc-
caccio et al., 2006), dissolved in DMSO at 10 mM and 
added to the intracellular solution at a final concentra-
tion of 50 µM. The compound was a gift from V. Hagen 
(Leibniz-Institut für Molekulare Pharmakologie).

Patch pipettes were pulled from borosilicate glass and 
filled with the intracellular solution containing (mM) 
140 KCl, 4 MgCl2, 0.5 EGTA, and 10 HEP​ES, pH 7.4, 
and additionally 50 µM BCM​CM-caged 8-Br-cAMP. Bath 
mammalian Ringer solution contained (mM) 140 NaCl, 
5 KCl, 1 CaCl2, 1 MgCl2, 10 HEP​ES, 10 glucose, and 1 
Na-pyruvate, pH 7.4. All experiments were performed 
at room temperature (20–22°C).

Suction pipette recordings
Recordings from isolated OSNs were made using the 
suction pipette technique as described previously (Lowe 
and Gold, 1991; Ponissery Saidu et al., 2012). In brief, a 
freshly dissociated OSN was gently drawn inside the tip 
of the recording pipette so that its knob and cilia re-
mained exposed to bath and/or stimulus solutions. In 
this recording configuration, the intracellular voltage is 
free to vary and APs are recorded as fast biphasic tran-
sients. The recorded suction current was filtered at DC 
−5,000 Hz (−3 dB, 8-pole Bessel filter) to display the 
fast APs, and the underlying receptor current was iso-
lated by low-pass filtering at 50 Hz (−3 dB, 8-pole Bessel 
filter). The recorded suction current was sampled at 10 
kHz. Currents were recorded with a Warner PC-501A 
patch clamp amplifier, digitized using Power1401 II 
A/D converter and Signal acquisition software (Cam-
bridge Electronic Design).

Solutions and solution exchange in the 
suction experiments
Mammalian Ringer’s solution contained (mM) 140 
NaCl, 5 KCl, 1 MgCl2, 2 CaCl2, 0.01 EDTA, 10 HEP​ES, 
and 10 glucose. The pH was adjusted to 7.5 with NaOH. 
NFA and IBMX were used at concentrations of 300 µM 
and 1 mM, respectively, by dissolving them directly into 
Ringer’s without the use of DMSO.

Fast solution changes and odorant exposures were 
achieved by transferring the tip of the recording pi-
pette containing the OSN across the interface of 
neighboring streams of solutions using the Perfusion 
Fast-Step solution changer (Warner Instrument Cor-
poration). All experiments were performed at mam-
malian body temperature (37°C). Solutions were 

heated just before entering the solution changer by a 
solution heater based on Matthews (1999).

Intact mouse olfactory epithelium preparation
Mice (4–12 wk) were anesthetized with CO2 inhalation 
and decapitated, and the head was immediately trans-
ferred to ice-cold artificial cerebrospinal fluid (ACSF) 
bubbled with 95% O2 and 5% CO2. ACSF contained 
(mM) 120 NaCl, 5 KCl, 1 MgSO4, 1 CaCl2, 25 NaHCO3, 
10 glucose, and 10 HEP​ES, osmolarity before oxygen-
ation was 310 mOsm, pH 7.2. The nasal septum was dis-
sected en bloc, and the bone with the two attached 
epithelia was placed in a recording chamber at room 
temperature (21–24°C) that was continually perfused 
by bubbled ACSF.

Mouse nose coronal slice preparation
Coronal slices were prepared from olfactory epithelia of 
mouse pups (P0–P4). Mice were directly decapitated, 
and the nose was dissected en bloc and glued into a small 
hole in a cube of boiled carrot. A vibratome was used to 
cut coronal slices of 300-µm thickness. During the cut-
ting, the tissue was completely submerged in ACSF con-
tinually oxygenated and kept near 0°C. After sectioning, 
coronal slices were allowed to recover for at least 30 min 
in ACSF continually oxygenated and kept near 0°C.

Loose-patch extracellular recordings
Dendritic knobs of individual OSNs in the olfactory ep-
ithelium were visualized using an upright microscope 
(BX51WI; Olympus) equipped with infrared differen-
tial contrast optics, a camera (DFK 72BUC02; Imaging 
Source) and a 40× water-immersion objective with an 
additional 2× auxiliary lens.

Extracellular recordings from dendritic knobs of 
OSNs in the intact olfactory epithelium were obtained 
in the loose-patch configuration with seal resistances of 
20–40 MΩ (Nunemaker et al., 2003; Delay and Re-
strepo, 2004) in both coronal slices and intact olfactory 
epithelia preparations. Pipette solution was ACSF, as the 
bath solution, and the recordings were made in volt-
age-clamp mode with a holding potential of 0 mV. Data 
were low-pass filtered at 1 kHz and sampled at 5 kHz.

The experiments were performed at room tempera-
ture (21–24°C) using a MultiClamp 700B amplifier con-
trolled by Clampex 9.2 via a Digidata 1322A (Molecular 
Devices). Patch pipettes were pulled from borosilicate 
capillaries (WPI) with a Narishige PC-10 puller and had 
resistances of 5–10 MΩ. OSNs expressing the I7 OR 
were stimulated by adding 500 µM heptanal to ACSF, 
one of the main ligands of I7 receptor (Krautwurst et 
al., 1998; Hall et al., 2004). Heptanal was dissolved at 
100 mM in DMSO and stored at −20°C.

IBMX was prepared in a 20 mM stock solution con-
taining 5% DMSO and diluted to the final concentra-
tion of 100 µM before use.
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The stimulus, either odorant or IBMX, was delivered 
through a pipette by pressure ejection (10–15 psi) using 
a Picospritzer II (Parker). Stimulation delivering was vi-
sually controlled by adding fluorescein to the odorant 
solution. The stimulation intensity was modulated 
changing the puff duration. The stimulation pipette 
was placed at least 20 µm from the recorded OSN to 
avoid any mechanical response (Grosmaitre et al., 2007).

Data analysis of loose-patch extracellular recordings
Spontaneous firing activity was characterized from 
mean and instantaneous firing frequencies evaluated in 
a time window of 2–5 min. Mean spontaneous firing fre-
quency was calculated as the number of spikes divided 
by the duration of the recording, and the instantaneous 
firing frequency as the inverse of the interspike interval 
(ISI) between consecutive spikes (second to first, third 
to second, and so forth). Sometimes very high-fre-
quency spontaneous firing activity followed by complete 
silencing of the recorded OSN showed clear evidence 
of neural damage or loss of cell integrity; such units 
were routinely discarded. For spike detection, the raw 
data were filtered 2–1,000 Hz.

Odorant-evoked firing activity was detected on top of 
the spontaneous background activity using an estab-
lished protocol for OSN response analysis (Rospars et 
al., 2003; Savigner et al., 2009; Lorenzon et al., 2015). In 
brief, neuronal spiking activity was defined as a pre-
sumptive response to odorant when, within 1.25 s after 
stimulus presentation, at least three consecutive spikes 
presented an instantaneous frequency (IF; 1/ISI) 
higher than the mean IF plus 1.5 Hz in the 30 s before 
stimulation (IF > avgIF + 1.5 Hz). If a presumptive re-
sponse was detected, its instantaneous firing frequency 
distribution was compared using the Mann-Whitney U 
test with the instantaneous firing frequency distribution 
occurring before stimulation. When the two distribu-
tions were found significantly different at a level of 1%, 
the presumptive response was considered a true re-
sponse, otherwise it was discarded.

Strong stimulations often produced a marked incre-
ment in firing frequency correlated with a progressive 
decrease of the AP amplitude. We defined a response as 
saturating when it was composed by APs that decreased 
their amplitude up to baseline, producing a silencing 
period that sometimes was followed by a high-frequency 
burst. During the rebound burst, the amplitude of APs 
increased and the frequency progressively decreased  
toward the spontaneous firing activity level (similarly to 
Rospars et al. [2003] and Savigner et al. [2009]).

To construct the normalized cumulative response 
(peristimulus time histogram [PSTH]), we summed sin-
gle responses obtained from several cells stimulated 
with an identical stimulus. We optimized the bin size by 
calculating a cost function, according to Shimazaki and 
Shinomoto (2007). To analyze the difference between 

PSTHs from KO and WT cells, we applied the statistical 
procedure reported by Dörrscheidt (1981), with the 
null hypothesis that the two PSTHs derive from the 
same group of neurons and they consequently have the 
same firing rate.

The firing rate of the odorant-evoked response was es-
timated as an ISI of the first four spikes (Rospars et al., 
2003). Moreover, the response intensity was visualized 
by a cumulative spike distribution histogram normal-
ized by the number of responses, and it was quantified 
measuring the total number of spikes in the response 
and its duration. For saturating responses, the response 
duration referred to the time between the first and last 
spike recognized as part of the response, including the 
silent period and the firing rebound.

Data in Figs. 5, 6, 7, and 8 are presented as mean 
value and boxplots in which the inner square represents 
the mean, lines represent the median, upper and lower 
box boundaries represent the 25th and 75th percentile, 
and upper and lower whiskers represent the 5th and 
95th percentiles. Spontaneous and evoked firing fre-
quency data were not in all cases normally distributed 
(Kolmogorov-Smirnov test or Shapiro-Wilkinson test), 
and statistical significance was determined using 
Mann-Whitney U test. P-values <0.05 were considered 
statistically significant.

Perforated patch recordings
Perforated patch clamp recordings were performed on 
the dendritic knobs of OSNs from the epithelia attached 
to the septal bone (Ma et al., 1999; Jarriault and 
Grosmaitre, 2015).

Patch pipettes (9–18 MΩ) included 160 µM nystatin 
and were filled with the following solution (mM): 70 
KCl, 53 KOH, 30 methane sulfonic acid, 5 EGTA, 10 
HEP​ES, and 70 sucrose; osmolarity 300 mOsM; pH 7.2. 
The tip of the pipette was first filled with a nystatin-free 
solution. The solution containing the antibiotic to fill 
the patch pipettes was changed every 2 h, stored on ice, 
and protected from light. The measured junction po-
tential was ∼7.5 mV and was corrected offline.

OB histochemistry
Mice (2–4 mo old) were sacrificed by cervical disloca-
tion and decapitated, the head was immediately trans-
ferred to ice-cold ACSF solution, and the OBs were 
extracted. The fresh tissue was left overnight in a solu-
tion of 4% of paraformaldehyde (PFA) diluted in PBS. 
After the fixation, it was placed in 30% (wt/vol) sucrose 
and left overnight at 4°C for cryoprotection. 16-µm-
thick sagittal sections were cut on a cryostat and stored 
at −20°C. Tissue sections washed in 0.1% (vol/vol) 
Tween 20 in PBS 30 min and rinsed with water. OB sec-
tions were incubated for 30 min with 4′-6-Diamidi-
no-2-phenylindole (DAPI; 0.1 µg/ml) to reveal cell 
nuclei. Tissue sections were then washed and mounted 



A role for TMEM16B in olfaction | Pietra et al.298

with Vectashield (Vector Laboratories). Images were 
taken with an SP2 confocal microscope (Leica Microsys-
tems) at a resolution of 1,024 × 1,024 pixels. Contrast 
and brightness of the images in Fig. 9 were manipulated 
with ImageJ software (National Institutes of Health) for 
the purpose of display only. Sectioning, staining, and 
glomerular counting were performed by an experi-
menter who was blinded to the genotype of the mice.

Chemicals
All compounds and chemicals were obtained from Sig-
ma-Aldrich, unless otherwise stated.

R E S ​U LT S

TMEM16B KO mice display altered olfactory ability in 
finding buried food
We used an odor-guided food-seeking test where mice 
have to use their olfactory ability to locate a food item 
buried under the bedding chips in the cage. We ran 
the test for a consecutive 5 d. On the first day of test-
ing, when mice were naive with respect to the food 
item and its odor (a piece of Oreo cookie), we ob-
served that close to a fourth of TMEM16B KO mice (3 
out of 13) failed to locate the food within the 10-min 

test time, whereas none of the WT exceeded 10 min. 
On average, KO mice were significantly slower in lo-
cating the cookie (Fig. 1 A; Mann-Whitney U test, P < 
0.05). During the following 4 d of testing, both WT 
and KO mice began to locate the food faster, and in 
the end, KO mice could perform the task as quickly as 
WT. TMEM16B KO mice did not show any gross 
motor, metabolic, or motivational deficits as they per-
formed equally well as WT mice when the food was 
presented visually on top of the bedding and not bur-
ied underneath it (Fig. 1 A).

Because the differences between TMEM16B KO and 
WT mice were prominent on the very first day of the 
experiment, we hypothesized that KO mice may not 
be able to reliably recognize new odors. We tested this 
hypothesis by giving the animals a week of rest and re-
covery and after the eighth day of testing exposed 
them daily to new sources of odors (and new kind of 
food). On the first day of this second set of experi-
ments, mice were challenged to retrieve the same 
known kind of cookie used in the first set, and both 
WT and KO performed equally (Fig.  1  B). This sug-
gests that mice retained the effect of the previous ses-
sions of experiments and the identity of the odor. 
Over the following 2 d, peanut or cheese was buried, 
and TMEM16B KO mice displayed greater latencies in 
locating the source of the odor. Indeed, in both cases, 
KO mice were around twofold slower than WT. These 
results confirm that, even when the task was already 
known, KO mice did not locate the food as fast as WT 
when exposed to new food odors (Fig. 1 B; Mann-Whit-
ney U test, peanut 0.001 < P < 0.01 and cheese P < 
0.001). When challenged to find chocolate (Fig. 1 B), 
both strains performed equally fast, even though we 
observed a tendency for the KO to perform slower 
than the WT. Possibly a “floor” effect occurred, dimin-
ishing the difference between WT and KO mice. It is 
also possible that mice used cocoa, which is also pres-
ent in the cookie, to locate the source of odor, thus 
making chocolate not an entirely new odor. The last 
day of the experiment mice had to locate a familiar 
source of odor (and food), their standard chow, and 
differences between WT and KO vanished. Also, with a 
new and naive set of mice we repeated the same type 
of experiments, but this time we used cheese as the 
food item to be found for the first consecutive 5 d. 
Again, KO mice were significantly slower to locate the 
cheese on the first 2 d but were equally fast for the re-
maining 3 d. After 1 wk of rest, we tested the new co-
hort of mice for their ability to locate new sources of 
odor. Now WT and KO mice could locate the cheese 
equally fast, but KO mice performed significantly 
slower on the now new cookie odor. Altogether, these 
experiments suggest that TMEM16B KO have deficits 
in recognizing or locating the source of some odors 
that are novel to them.

Figure 1.  Behavioral deficits in TMEM16B KO mice. (A) WT 
and KO mice had to locate an Oreo cookie buried in the bed-
ding of their cage. Experiments were performed once a day 
over 5 d, and on the sixth day the cookie was placed on top of 
the bedding. (B) After 1 wk on normal diet, the same mice were 
exposed to a series of odors that were known (Oreo and chow) 
or novel (peanut, cheese, or chocolate) to them. Mann-Whitney 
U test: *, P < 0.05; **, P < 0.01; ***, P < 0.001. Mean ± SEM 
from 11 WT and 13 KO mice.
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CaCCs are absent in OSNs from TMEM16B KO mice
Given the olfactory deficits we observed, we focused on 
comparing the electrophysiological properties of OSNs 
in the absence and in the presence of TMEM16B. First, 
similar to experiments previously reported for OSNs in 
tissue slices (Billig et al., 2011), we investigated Cl− cur-
rents in OSNs isolated from WT and TMEM16B KO 
mice using flash photolysis of caged 8-Br-cAMP com-
bined with patch-clamp recordings, a technique we 
used extensively to characterize transduction currents 
in isolated OSNs (Boccaccio et al., 2006; Boccaccio and 
Menini, 2007). We used caged 8-Br-cAMP instead of 
caged cAMP because 8-Br-cAMP is a potent agonist of 
the olfactory CNG channel and therefore permits a 
more robust activation of the transduction cascade. We 
measured the whole-cell patch-clamp current evoked by 
photorelease of 8-Br-cAMP inside the cilia knob region 
of OSNs at various holding potentials (Fig. 2). At 50 mV, 
the current is mainly caused by the cationic efflux 
through CNG channels directly activated by 8-Br-cAMP. 
As little Ca2+ enters the cilia at 50 mV, only a small or 
negligible Cl− current and/or Ca2+-activated K+ currents 
were activated. In contrast, at −50 mV, the influx of Ca2+ 
through CNG channels activated a large secondary 
CaCC (Fig. 2 A). Previous work has shown that the sec-
ondary large current at −50 mV was blocked by NFA, 
indicating that it was a CaCC (see Fig. 6 in Boccaccio 
and Menini, 2007). OSNs from TMEM16B KO did not 
show the secondary large component at −50 mV, 
whereas they retained a similar outward current ampli-
tude at 50 mV (Fig. 2 A). Indeed, mean values for cur-
rent amplitudes in WT and KO neurons were 
significantly different at −50 mV (Mann-Whitney U test, 
0.01 < P < 0.05) but not at 50 mV (Fig. 2 B). Thus, we 
confirmed that CaCCs are absent in isolated OSNs from 
TMEM16B KO mice as previously shown by flash pho-
tolysis of caged Ca2+ and caged 8-Br-cAMP (Billig et al., 
2011). As stated previously (Billig et al., 2011), the small 
residual current in KO OSNs at −50 mV was likely 
caused by CNG cationic currents, further demonstrat-
ing that in isolated OSNs the transduction current is 
largely carried by CaCCs through TMEM16B channels 
(Billig et al., 2011).

We also investigated the contribution of CaCCs to 
stimulus-induced responses using the suction pipette 
technique in isolated OSNs (Fig.  3). We stimulated 
OSNs with the phosphodiesterase inhibitor IBMX, a 
feasible alternative to odorant stimulation, as OSNs can 
have a high intrinsic activity (Reisert et al., 2007). Cur-
rents elicited by 1  mM IBMX (1-s application) were 
greatly reduced by application of the Cl− current 
blocker NFA (300 µM) in WT OSNs (Fig. 3, A, C, and 
D). In OSNs from TMEM16B KO mice, IBMX applica-
tion produced a significantly smaller current in KO 
compared with WT mice (Fig. 3, B and C). This small 
current could not be further reduced by the application 
of NFA (Fig. 3, B–D), a result consistent with the pres-
ence of a residual CNG current.

IBMX-evoked firing in OSNs
The OSN transduction current evoked by a stimulus 
(e.g., IBMX or odorants) produces a depolarization 
that elicits APs, which are sent to the OB along the OSN 
axon. Up to now, AP firing of TMEM16B KO OSNs has 
not been investigated.

We compared resting potential and input resistance 
of OSNs from TMEM16B WT and KO mice with nystat-
in-perforated patch experiments recorded from the 
dendritic knobs from OSNs located in the septal olfac-
tory epithelium from adult mice. The mean resting po-
tential, evaluated in current clamp at I = 0, was −77.5 ± 
3.4 mV (mean ± SEM, n = 14) for WT and −79.1 ± 5.0 
(mean ± SEM, n = 9) for KO mice (unpaired t test, P = 
0.78). The input resistance was 3.8 ± 0.99 GΩ and 3.1 ± 
0.57 GΩ (mean ± SEM, n = 5), respectively, for WT and 
KO mice (unpaired t test, P = 0.52). Input resistance was 
calculated as the ratio between the membrane potential 
change and the injected hyperpolarizing current.

In a first set of experiments, we compared AP firing in 
isolated OSNs from WT and KO mice stimulated by 1-s 
application of 1 mM IBMX using suction electrode re-
cordings. In this recording configuration, both trans-
duction current and APs, which are generated as the 
voltage is free to vary, can be simultaneously recorded 
using a large bandwidth filter setting (see Materials and 
methods). In WT OSNs, we recorded AP firing during 

Figure 2.  Transduction current elicited by 8-Br-cAMP 
photorelease recorded in isolated olfactory neurons. 
(A) Representative whole cell response to photorelease 
of 8-Br-cAMP at a holding potential of −50 mV and 50 
mV for WT and KO OSNs. The arrows indicate the time 
of application of UV light flashes. (B) Summary of the 
mean maximal current ± SD. n = 5 from 4 WT mice;  
n = 3 from 2 KO mice; Mann-Whitney U test: *, P < 0.05.



A role for TMEM16B in olfaction | Pietra et al.300

the early rising phase of the IBMX-stimulated transduc-
tion current (Fig.  4  A). Surprisingly, TMEM16B KO 
OSNs fired APs during the entire IBMX transduction 
current (Fig.  4 B). On average, the number of spikes 
was significantly higher, and the spike train duration 
(measured as the time from the first to the last spike of 
the train to occur) was significantly longer in TMEM16B 
KO compared with WT mice (Fig. 4, A and B [insets], C, 
and D). Other parameters, such as the delay of the first 
AP (Fig. 4 E) and the maximal firing frequency (Fig. 4 F) 
were not significantly different in KO and WT mice. 
These results show that the lack of CaCCs altered the 

firing behavior in response to IBMX by increasing the 
number of spikes and prolonging the duration of the 
spike train in isolated OSNs from TMEM16B KO mice.

In a second set of experiments, we recorded from 
OSNs in situ by using an intact olfactory epithelium 
preparation instead of dissociated OSNs. In this prepa-
ration, OSNs still retain a large portion of their axons 
and are surrounded by a more physiological environ-
ment, including supporting cells. We recorded re-
sponses to IBMX using the loose-patch configuration 
from the dendritic knobs of OSNs. Fig. 5 A shows repre-
sentative responses to a 50-ms puff of 100 µM IBMX of 

Figure 3.  Transduction current recorded with the suction pipette technique from isolated OSNs. (A and B) Single-cell suction 
electrode recordings from a dissociated WT (A) and KO (B) OSN stimulated with a 1-s pulse of 1 mM IBMX in Ringer’s solution and 
in the presence or absence of 300 µM NFA, a Cl− channel blocker. (C and D) Suction peak currents measured in control, in the pres-
ence of NFA and after washout (C) and ratio of the response in the presence and absence of NFA (D). Mean ± SEM, n = 6 for WT 
and KO. Unpaired t test: **, P < 0.01.

Figure 4.  Evoked activity recorded 
with the suction pipette technique in 
OSNs from WT and KO mice. (A and 
B) Single-cell suction electrode record-
ings from a dissociated WT (A) and KO 
(B) OSN stimulated with a 1-s pulse of 
1 mM IBMX. Insets show responses on 
an expanded time scale. The recording 
bandwidth was 0–5,000 Hz to display 
APs. (C–F) Differences in the response 
were quantified for the number of 
spikes (C), the duration of the train of 
elicited spikes (D), the delay of the first 
spike (E), and maximal firing frequency 
(F). Mean ± SEM; number of experi-
ments is indicated in parentheses. Un-
paired t test: *, 0.01 < P < 0.05.
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two OSNs from WT mice. The IBMX responses of both 
OSNs consisted of an initial burst of APs of rapidly de-
clining amplitude followed by a silent period (Fig. 5 A, 
bottom traces). The amplitude of the spikes progres-
sively recovered after the silent time or spikes reap-
peared at full magnitude (Fig. 5 A, traces at the top) as 
previously described (Trotier, 1994, 1998; Du-
champ-Viret et al., 2000; Reisert and Matthews, 2001; 
Savigner et al., 2009; Connelly et al., 2013; Lorenzon et 
al., 2015). Overall, the responses to IBMX of OSNs from 
KO mice had broadly similar properties to WT OSNs, 
with a spike burst, silent period, and spike reappear-
ance, as illustrated by two representative KO OSNs 
(Fig. 5 B). The comparison between the cumulative re-

sponses normalized to the number of neurons (multi-
cell PSTH; Fig.  5  E) shows the presence of a second 
broad peak in KO OSNs, indicating an increase in firing 
activity compared with WT OSNs. The asterisks in 
Fig. 5 E represent the bins with significantly higher fir-
ing rates in KO with respect to WT OSNs (analysis ac-
cording to Dörrscheidt [1981]).

To quantitatively characterize the responses, we calcu-
lated the ISI of the first four spikes (Fig. 5 F), the total 
number of spikes in the response (Fig. 5 G), and the 
response duration (Fig. 5 H). Although the PSTH distri-
bution differed between KO and WT mice, these param-
eters were not significantly different, probably because 
of the high variability observed in this preparation.

Figure 5.  Evoked activity in WT and KO 
OSNs. (A and B) Representative responses 
to 100 µM IBMX stimulation (50 ms) for two 
different OSNs from WT (A) and KO mice (B). 
Data represent loose-patch recordings from 
dendritic knobs of OSNs located in the sep-
tum. The bottom panels show the regions en-
closed by the dashed boxes on an expanded 
time scale. Broken red lines represent the 
onset of IBMX stimulation, and the red bars 
in the bottom panels its duration. (C and D) 
Raster plots on an enlarged time scale for the 
same cells shown in A and B. (E) Averaged re-
sponses to IBMX as in A and B, normalized 
to the number of neurons (n = 9 from 7 WT 
mice, n = 15 from 8 KO mice; bin 300 ms). 
The broken red line represents the onset of 
stimulation, and data belong to WT and KO 
PSTH distributions. *, 0.01 < P < 0.05; and **, 
P < 0.01. (F–H) Scatter and boxplots of ISI of 
the first four spikes (F; 47 ± 21 ms in WT, 47 ± 
21 ms in KO), of the total number of spikes (G; 
14 ± 13 spike/response in WT, 21 ± 18 spike/
response in KO), and of the response duration 
(H; 1.1 ± 1.8 s in WT, 1.5 ± 1.4 s in KO; mean ± 
SD). In the box plots the squares represent the 
mean, lines represent the median, upper and 
lower box boundaries represent the 25th and 
75th percentile, and upper and lower whiskers 
represent the 5th and 95th percentiles. Data 
were not statistically different (one-tail t test 
for data in F; Mann-Whitney U test, one tail, 
P > 0.05 for data in G and H). The number of 
experiments is indicated in parentheses.
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Altogether, our results show that both isolated and in 
situ OSNs from TMEM16B KO mice are able to fire APs 
in response to a stimulus, although displayed an altered 
evoked firing pattern. In particular, isolated OSNs from 
KO mice responded to IBMX with an increased number 
of APs and a spike train that lasted longer compared 
with WT OSNs. The spike train distribution recorded 
from OSNs in situ differed between KO and WT mice, 
with a higher firing activity of the former group.

Heptanal-induced firing in I7 OSNs
The effectiveness of the IBMX stimulus has large varia-
tions among OSNs expressing different ORs (Reisert, 
2010), potentially masking differences among evoked 
activity in OSNs from WT and KO mice. Therefore, we 

analyzed in detail the odorant-induced firing activity of 
OSNs that express the I7 OR by crossing I7-IRES-tauGFP 
(Bozza et al., 2002) with TMEM16B KO mice. Because 
the mouse I7 gene is expressed mostly in the ventrolat-
eral zone of the olfactory epithelium, we increased the 
probability of recording from an I7 OSN using a coro-
nal slice preparation from P0–P4 mice, which includes 
the epithelium attached to the turbinates where I7 
OSNs are highly present. Responses to the I7 ligand 
heptanal (Zhao et al., 1998; Bozza et al., 2002) were re-
corded from the dendritic knobs of OSNs with the 
loose-patch configuration. The stimulation consisted of 
a 50-ms puff of 500 µM heptanal, a stimulus evoking a 
robust response in I7 OSNs. Fig. 6 (A and B) shows the 
responses of two representative OSNs for each WT and 

Figure 6.  Evoked activity in OSNs in I7-GFP 
WT and KO mice for TMEM16B. (A and B) 
Representative recordings of responses to 
a puff of 50 ms of 500 µM heptanal for two 
different OSNs from WT (A) and KO mice (B). 
The bottom panels show the regions enclosed 
by the dashed boxes on an expanded time 
scale. Broken red lines represent the onset 
of heptanal stimulation, and the red bars in 
the bottom panels its duration. (C and D) Ras-
ter plots on an enlarged time scale for the 
same cells shown in A and B. (E) Averaged 
responses to the same odorant puff as A and 
B, normalized to the number of neurons (n = 
13 from 7 WT mice, n = 9 from 5 KO mice; 
bin 300 ms). The broken red line represents 
the onset of stimulation, and data belong to 
WT and KO PSTH distributions. *, 0.01 < P < 
0.05; and **, P < 0.01. (F–H) Scatter plot of ISI 
of the first four spikes (F; 23 ± 13 ms in WT, 
20 ± 11 ms in KO; mean ± SD; Mann-Whitney 
U test, one tail: P > 0.05), of the total number 
of spikes (G; 12 ± 10 spike/response in WT, 
70 ± 57 spike/response in KO; Mann-Whitney 
U test, one tail: **, P < 0.01), and of the re-
sponse duration (H; 2.3 ± 1.3 s in WT, 8.1 ± 
7.0  s in KO; Mann-Whitney U test, one tail: 
**, P < 0.01). In the box plots the squares rep-
resent the mean, lines represent the median, 
upper and lower box boundaries represent 
the 25th and 75th percentile, and upper and 
lower whiskers represent the 5th and 95th 
percentiles. The number of experiments is in-
dicated in parentheses.
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KO mice. In the WT, responses to heptanal were similar 
to those recorded with IBMX (Fig.  5, A and B), i.e., 
characterized by a short burst of spikes of reducing am-
plitude, a period of silence, and a rebound of spikes of 
increasing amplitude (Fig. 6, A and B), as previously de-
scribed (Tan et al., 2010; Connelly et al., 2013). How-
ever, KO OSNs showed longer rebound periods, which 
added to the overall duration of the response (see Ma-
terials and methods) compared with WT OSNs (Fig. 6, 
A–D). A quantitative characterization of the heptanal 
responses showed that ISI of the first four spikes did not 
significantly differ in WT and KO mice (Fig.  6  F), 
whereas the overall number of spikes and response du-
rations were significantly different (12 ± 10, spike/re-
sponse and 2.3 ± 1.3  s for WT, and 70 ± 57 spike/
response and 8.1 ± 7 s for KO, mean ± SD, Mann-Whit-
ney U test, one tail, P < 0.01). Thus, I7 OSNs from KO 
mice showed a prolonged response to heptanal stimula-
tion with a higher number of spikes in the response 
compared with I7 OSNs from WT mice. The difference 
between WT and KO I7 OSNs is also highlighted by the 
cumulative response normalized to the number of neu-
rons (PSTH, Fig. 6 E): the initial peak of activity is fol-
lowed by a broader one of similar amplitude that is 
reflecting a prolonged and more intense firing activity 
in KO with respect to WT I7 OSNs (as quantified in 
Fig. 6, G and H). The asterisks in the Fig. 6 E represent 
bins with significantly higher firing rates in KO with re-
spect to WT OSNs (analysis according to Dörrscheidt 
[1981]). It is worth noting that a similar effect, with an 
initial peak of activity followed by a broader one, al-
though smaller in amplitude, has been described in 
Fig. 5 E for IBMX-evoked responses from in situ OSNs.

In summary, by taking advantage of recordings from 
OSNs expressing the I7 OR, we showed that the lack of 
CaCCs altered the firing behavior in response to hep-
tanal by increasing the number of spikes and prolong-
ing the duration of the response in isolated OSNs from 
TMEM16B KO with respect to WT.

Spontaneous firing activity in OSNs
Different OSNs have different levels of basal firing ac-
tivity, depending on the spontaneous activation of the 
expressed OR that is driving basal transduction activity 
(Reisert, 2010; Connelly et al., 2013). Because CaCCs 
contribute to basal transduction currents as previously 
demonstrated using the Cl− channel blocker NFA 
(Reisert, 2010), we investigated whether the lack of 
TMEM16B has an effect on the spontaneous spiking ac-
tivity of OSNs. Spontaneous activity was recorded with 
on-cell loose-patch recordings from dendritic knobs of 
OSNs in the intact olfactory epithelium. OSNs showed 
a wide range of spontaneous firing rates as illustrated 
by representative recordings of three different WT and 
KO OSNs and by the corresponding raster plots (Fig. 7, 
A and B). In WT mice, the pattern of OSNs’ spike activ-

Figure 7.  Spontaneous activity in OSNs in WT and KO mice. 
(A and B) Loose-patch recordings (A; 60-s recordings) and raster 
plots (B) of the spontaneous activity in three WT OSNs (top) and 
three KO OSNs (bottom). (C and E) Cumulative plot of sponta-
neous mean (C) and instantaneous (E) firing frequency, bin of 
0.1 Hz, in control (black lines) and TMEM16B KO mice (blue 
lines). Mann-Whitney U test, one-tail: P > 0.05 for C; *, 0.01 < 
P < 0.05 for E. (D and F) Box and scatter plots of spontaneous 
mean (D) and instantaneous (F) firing activity in OSNs in WT 
and KO mice. In the box plots, the inner squares represents the 
mean, lines represent the median, upper and lower box bound-
aries represent the 25th and 75th percentile, and upper and 
lower whiskers represent the 5th and 95th percentiles. (G) ISI 
distribution histogram (bin = 5 ms) normalized to the number of 
recorded neurons in WT (black line, n = 106 from 47 mice) and 
KO mice (blue line, n = 52 from 22 mice).
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ity was highly variable and confirmed previous studies 
(Reisert, 2010; Connelly et al., 2013; Lorenzon et al., 
2015). A comparison among OSNs from WT and KO 
mice showed that the mean firing frequency for each 
neuron, calculated over 2–5-min recording, ranged 
from 0.0087 to 9.582 in WT and from 0 to 7.22 spikes/s 
in KO, with mean values of 1.79 ± 1.98 and 1.93 ± 1.93 
spikes/s, respectively (mean ± SD; Fig. 7 D). The cumu-
lative distribution of firing frequencies did not reveal 
any difference between WT and KO OSNs (Fig.  7  C; 
Mann-Whitney U test, one tail, not statistically differ-
ent). To further investigate the pattern of firing activity, 
we analyzed the instantaneous firing frequency, calcu-
lated as the inverse of the ISI between consecutive spikes. 
The mean instantaneous firing frequencies were 10.85 ± 
5.28 and 8.57 ± 5.22 spikes/s (mean ± SD), respectively, 
in WT and KO mice (Fig. 7 F). The cumulative distri-
bution showed a shift of the instantaneous firing fre-
quency to lower frequencies for KO compared with WT 
OSNs (Fig. 7 E; statistically significant, Mann-Whitney U 
test, one tail, P = 0.0102). Fig. 7 G shows the distribution 
of ISIs normalized to the number of recorded neurons. 
The peak of the KO distribution was slightly shifted to 
the right compared with WT, reflecting the lower IF for 
KO compared with WT. Despite the observed variability 
in spontaneous firing pattern, we found an indication 
that instantaneous firing frequencies may be reduced 
in KO OSNs. The large variability most likely originated 
from the fact that we recorded from randomly picked 
OSNs expressing a wide variety of ORs with different 
basal activities, as better shown in experiments obtained 
from the identified I7 OR (Fig. 8).

Spontaneous firing activity of I7 OSNs decreases in 
TMEM16B KO mice
To restrict OSN variability, we analyzed spontaneous fir-
ing activity of OSNs that express the I7 OR, crossing I7-
IRES-tauGFP (Bozza et al., 2002) with TMEM16B KO 
mice (same mice used for heptanal-induced responses in 
Fig.  6). Spontaneous activity was recorded with on-cell 
loose-patch recordings from dendritic knobs of OSNs in 
coronal slices from P0–P4 mice. Although expressing the 
same I7 OR, these OSNs also showed some variability in 
spike activity, as shown by three different WT OSNs in 
Fig. 8 A, and in agreement with previous studies (Reisert, 
2010; Connelly et al., 2013). The mean firing activity of 
OSNs was significantly lower in KO compared with WT 
mice (Mann-Whitney U test, one tail, P < 0.01), as shown 

Figure 8.  Spontaneous activity in OSNs from I7-GFP WT and 
KO mice for TMEM16B. (A and B) Loose-patch recordings (A; 
60-s recordings) and raster plots (B) of the spontaneous firing 
activity from three WT OSNs (top) and three KO mice (bottom). 
(C and E) Cumulative plot of spontaneous mean (C) and instan-
taneous (E) firing frequency, bin of 0.1 Hz, in control (black lines) 
and TMEM16B KO mice (blue lines). Mann-Whitney U test, one-
tail: **, P < 0.01 in C; and ***, P < 0.001 in E. (D and F) Box 
and scatter plots of spontaneous mean (D) and instantaneous 
(F) firing activity in OSNs in WT and KO mice. In the box plots, 

the inner squares represent the mean, lines represent the me-
dian, upper and lower box boundaries represent the 25th and 
75th percentile, and upper and lower whiskers represent the 
5th and 95th percentiles. (G) ISI distribution histogram (bin = 5 
ms) normalized to the number of recorded neurons in control 
(black line, n = 34 from 19 mice) and KO mice (blue line, n = 
22 from 9 mice).
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by the cumulative distributions (Fig. 8 C) and by the scat-
ter plot (Fig.  8  D; mean value ± SD, WT 3.19 ± 1.90 
spikes/s, KO 1.68 ± 1.40 spikes/s). Additionally, the IF 
showed a significant reduction in KO compared with WT 
OSNs (Fig. 8, E and F; mean value ± SD, WT 10.2 ± 3.64 
spikes/s, KO 4.05 ± 2.28 spikes/s, Mann-Whitney U test, 
one tail, P < 0.001). The plot of the distribution of ISIs 
normalized to the number of recorded neurons reveals 
that brief ISIs were missing in TMEM16B KO neurons 
compared with WT and that their distribution was shifted 
to longer ISIs (Fig. 8 G).

The above data clearly show that, despite the high 
variability, the spontaneous firing is significantly re-
duced in I7 OR–expressing neurons lacking TMEM16B.

Axonal convergence of I7 OSNs is modified in 
TMEM16B KO mice
Our electrophysiological data show a reduced sponta-
neous activity in I7-expressing OSNs in TMEM16B KO 
compared with WT mice. It is well known that sponta-
neous OSN spiking activity is required for correct tar-
geting of OSN axons to their glomeruli in the OB and 
for the establishment and maintenance of the olfactory 
sensory map (Lodovichi and Belluscio, 2012). For ex-
ample, recent publications showed that overexpression 
of the inward rectifying potassium channel (Kir2.1) in 
OSNs diminishes the excitability of OSNs and indeed 
severely disrupts the formation of the glomerular map 
(Yu et al., 2004; Lorenzon et al., 2015).

To investigate whether the altered spiking behavior in 
I7 OSNs from TMEM16B KO mice affects the fidelity of 

axonal targeting, we analyzed axonal innervation into 
glomeruli in the OB by comparing results from sagittal 
sections of WT and TMEM16B KO OBs. Fig. 9 A shows 
images of consecutive sagittal sections of a single I7 
glomerulus from a WT I7-IRES-tauGFP mouse (Fig. 9 A, 
top row) and multiple glomeruli in an I7-IRES-tauGFP 
TMEM16B KO mouse (Fig.  9  A, bottom row). In WT 
mice, typically one single I7 glomerulus was observed for 
each side of the OB, whereas in TMEM16B KO mice 
multiple I7 glomeruli were observed in consecutive sag-
ittal sections (see Fig. 9 A, where up to five glomeruli are 
visible). In WT, we identified a mean of four I7 glomer-
uli per mouse in the ventral side of the OB (one lateral 
and one medial per bulb, Fig.  9  B). In KO mice, the 
mean number of I7 glomeruli almost doubled com-
pared with WT (Fig. 9 B). The supernumerary glomeruli 
in TMEM16B KO were evenly scattered in the ventral 
area of both lateral and medial locations. In addition, 
some I7 OSN axons innervated additional glomeruli 
(heterogeneous glomeruli) with a trend toward more 
glomeruli in TMEM16B KO compared with WT mice, 
even though this difference did not reach statistical sig-
nificance (Fig. 9 C).

In conclusion, our results show that TMEM16B con-
tributes to the glomerular formation and refinement of 
I7-expressing OSNs in the OB.

D I S ​C U S ​S I O N

The involvement of CaCCs in odor transduction has 
been described in the early nineties (Kleene and 

Figure 9.  The number of I7-GFP glomeruli increased in TMEM16B KO mice. (A) The top row shows a series of three consecutive 
sagittal sections, where a single I7-GFP glomerulus (pointed by the arrows) is present in a WT mouse. The bottom row shows a 
series of consecutive sections from a KO mouse, where several glomeruli were observed (arrows). (B) Bar plot representing the total 
number of glomeruli per animal that significantly increased in the KO (8 ± 1, seven mice) compared with WT (4.8 ± 0.5, seven mice); 
unpaired t test: *, P = 0.015. (C) Bar plot representing the number of heterogeneous glomeruli in WT (black bar, 3.4 ± 3, seven mice) 
and in KO mice (blue bar, 5 ± 1.4, seven mice). Data are shown as mean ± SEM.
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Gesteland, 1991; Kleene, 1993, 1997; Kurahashi and 
Yau, 1993; Lowe and Gold, 1993). In rodents, CaCCs 
constitute up to 90% (Lowe and Gold, 1993; Boccac-
cio and Menini, 2007) of the transduction current and 
Cl− channels may be eight times more numerous than 
CNG channels in olfactory cilia (Reisert et al., 2003). 
The cooperative nature of the current activation by 
Ca2+ significantly contributes to set the dynamic range 
of OSNs (Lowe and Gold, 1993; Boccaccio et al., 
2006). Despite its proposed importance to OSN physi-
ology, the molecular identity of the Ca2+-activated Cl− 
channel has been identified as TMEM16B/
Anoctamin2 channel only in 2009 (Pifferi et al., 2009; 
Stephan et al., 2009; Sagheddu et al., 2010). A loss of 
function approach unequivocally demonstrated that 
indeed the olfactory Cl− channel was TMEM16B, but 
intriguingly it was reported to be dispensable for 
near-normal olfactory function (Billig et al., 2011). 
This raises the question of what the purpose of such 
densely expressed TMEM16B channels in the cilia 
of OSNs might be.

Odor-guided food-finding ability
An essential behavior for animal survival is the capabil-
ity to find food, and olfaction plays a very important 
role in food location. We addressed a possible olfacto-
ry-driven behavioral deficit in TMEM16B KO mice by 
using an odor-guided food-seeking test, which has been 
largely used to test olfactory acuity in mice (Stephan et 
al., 2012; Li et al., 2013). The test does not rely on any 
specific mouse training, e.g., learning of an oper-
ant-conditioning task, but instead mice have to rely on 
their naive sense of smell to locate the odor source of 
food. When confronted with novel odors, TMEM16B 
KO required longer times to locate the food compared 
with WT mice, whereas for odors already known to the 
mice, e.g., retesting with the same food, they per-
formed equally well. KO mice required longer times to 
find novel foods even when they performed equally 
well on known odors, suggesting that the observed dif-
ference between WT and KO is not a simple lack of 
motivation, deficit in locomotion, or inability to per-
form the task. It is tempting to speculate that the ob-
served glomerular mistargeting and/or altered AP 
firing in TMEM16B KO mice may be the underlying 
causes for the observed olfactory-driven behavioral 
deficit, an issue that future experiments will have to ad-
dress. Particularly interesting may be the apparent co-
nundrum between the decreased ability to recognize 
new odors and increased firing. It is worth noticing 
that an increase in AP firing does not necessarily mean 
a better olfactory coding capability because it may re-
sult in a failure to synchronize the breathing cycle with 
the sniffing cycle (Ghatpande and Reisert, 2011; Dibat-
tista and Reisert, 2016). Billig et al. (2011) did not ob-
serve behavioral deficits in an odor-guided operant 

conditioning task in apparent contradiction to our 
findings here. This difference might originate in the 
different behavioral test used. Operant conditioning 
requires extensive training, repeated exposure to an 
odor, and often averaging over many trials. Given that 
TMEM16B KO mice only showed deficits on the first 
few exposures to new odors, such a behavioral deficit 
might be difficult to investigate using such an ap-
proach. Another interesting difference is the odor 
source used in the two approaches.

The operant conditioning task required the mouse to 
smell monomolecular odorants, whereas in our task 
mice were challenged to smell a complex mixture of 
multiple odorants, which has been shown to activate a 
denser glomerular response (Vincis et al., 2012). More-
over, it has been recently shown that the hedonic value 
of an odor object is topographically encoded along the 
anteroposterior axis of the ventral side of OB (Kermen 
et al., 2016), adding further evidence to the idea odor 
recognition requires a well-organized glomerular map 
(Kobayakawa et al., 2007; Dewan et al., 2013), where 
perturbations, e.g., an increase in targeted glomeruli as 
we report, can prove detrimental.

TMEM16B channel is responsible for the generation of 
CaCCs in OSN cilia and controls evoked firing in OSNs
In agreement with a previous study (Billig et al., 2011), 
we confirmed here that CaCCs were absent in isolated 
OSNs from TMEM16B KO mice (Figs. 2 and 3), further 
supporting the notion that the CaCC is the major con-
tributor to the transduction current in isolated OSNs. 
Moreover, we showed that NFA, a blocker of the CaCC, 
did not further block the remaining ciliary current in 
KO OSNs using the suction electrode technique. In-
deed, as with the suction electrode technique only the 
cilia and dendritic knob of an OSN are exposed to the 
solution exchange (and hence to the blocker), we could 
exclude that NFA might have had unspecific effects on 
other channels expressed in the dendrite or soma of 
OSNs. Thus, we confirm that TMEM16B is responsible 
for CaCCs in OSN cilia.

Importantly, AP firing along OSN axons transfers in-
formation about odors to the OB. Here, we first investi-
gated the ability of TMEM16B KO OSNs to generate 
APs in response to a stimulus, an aspect that was not 
addressed in the previous paper by Billig et al. (2011) 
and that we measured with various recording methods 
and configurations. After establishing that the resting 
membrane potential and the input resistance are not 
significantly different in OSNs from TMEM16B WT and 
KO mice, we compared AP firing in OSNs from WT and 
KO mice using suction electrode recordings from iso-
lated OSNs (Fig. 4). Despite the strong reduction of the 
transduction current in isolated TMEM16B KO OSNs, 
on average, we measured longer trains and a higher 
number of APs in response to the phosphodiesterase 
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inhibitor IBMX compared with WT OSNs (Fig. 4), sug-
gesting that TMEM16B contributes to shorten IB-
MX-evoked firing activity.

We also extended our experiments to OSNs recorded 
in situ (Fig. 5) in the intact olfactory epithelium, a situ-
ation more closely resembling the physiological OSN 
conditions. The cumulative distribution of the evoked 
responses indicated an increase in firing activity in KO 
with respect to WT mice (IBMX in Fig. 5 E and heptanal 
in Fig. 6 E). The contribution of CaCC was more evi-
dent in the heptanal responses of OSNs expressing the 
I7 OR, probably because of lower intrinsic variability, as 
in this case we recorded from a defined set of OSNs 
expressing one known OR.

How does TMEM16B regulate firing duration and 
number of spikes? APs are generated during the rising 
phase of the receptor current and display a progressive 
loss of amplitude during the spike train down to zero 
levels at which APs firing is absent (Reisert and Mat-
thews, 2001; Savigner et al., 2009), leading to a shorten-
ing of the spike train. This spike disappearance 
originates from progressive inactivation of voltage-gated 
Na+ and Ca2+ channels during prolonged and strong de-
polarization (Trotier, 1994). The lack of a substantial 
transduction current, as observed in isolated TMEM16B 
KO OSNs (Fig.  3), likely affects the depolarization of 
OSNs, causing a reduced or slower inactivation of volt-
age-gated channels, allowing for more spikes to be gen-
erated over a longer time window. Thus, although the 
presence of CNG currents is necessary and sufficient to 
generate APs in response to a stimulus, CaCCs contrib-
ute to regulating firing duration and number of spikes.

TMEM16B increases the spontaneous 
firing rate in OSNs
It is well established that spontaneous activity in OSNs 
significantly contributes to the development and physi-
ology of the olfactory system (Nakashima et al., 2013b; 
Lorenzon et al., 2015). Moreover, different ORs have 
various basal activities (Reisert, 2010), which stimulate 
the signal transduction cascade to drive basal cAMP 
fluctuations, opening of CNG channels followed by 
TMEM16B channels, and AP generation. Here, the 
availability of TMEM16B KO mice gave us the possibility 
to directly investigate how the absence of CaCCs affects 
the spontaneous activity in OSNs. On average, OSNs ex-
pressing random ORs showed a mild decrease in the 
instantaneous firing frequency in TMEM16B KO com-
pared with WT mice (Fig. 7 E). Interestingly, OSNs ex-
pressing the I7 OR, a receptor known to have a relatively 
high spontaneous activity (as shown by Reisert [2010] 
in dissociated OSNs and by Connelly et al. [2013] from 
in situ OSNs in the intact olfactory epithelia), showed a 
strong reduction of both instantaneous and mean firing 
frequencies in the absence of TMEM16B (Fig. 8, C and 
E). Thus, CaCCs contribute to the spontaneous firing 

activity of I7 OSNs by amplifying the current through 
CNG channels, which itself is driven by baseline cAMP 
fluctuations. It is likely that OSNs expressing ORs with a 
basal activity lower than that of I7 would not be affected 
by the lack of TMEM16B as much as the I7 OR. Indeed, 
OSNs expressing random ORs did not show a reduced 
mean firing activity (Fig. 7 C), but only a decrease in the 
instantaneous firing frequency (Fig. 7 E).

The mean and instantaneous firing frequencies we 
recorded from I7-expressing OSNs from newborn 
mice strongly resembled the values obtained from 
adult mice shown in Fig. 1 (B and D) of Connelly et al. 
(2013). Although our recordings from neurons ex-
pressing a random OR are obtained from adult ani-
mals, the above observation makes it unlikely that the 
difference observed is caused by animals’ age rather 
than by the expressed OR.

Thus, the small activation of CaCCs likely occurring 
in basal conditions contributes to neurons’ depolariza-
tion and supports spontaneous spike generation.

Proper glomerular formation in the OB requires the 
presence of TMEM16B
Axons from OSNs expressing the same OR coalesce to-
gether in the OB where they typically form one laterally 
and one medially located glomerulus in each bulb. The 
process of glomerular formation and refinement is 
highly dependent by the OR type an OSN expresses 
(Nakashima et al., 2013b; Nishizumi and Sakano, 2015). 
On top of activity-independent mechanisms, neuronal 
activity is important for circuitry formation in visual and 
auditory systems (Huberman et al., 2008; Wang et al., 
2015) as well as in the olfactory system (Yu et al., 2004; 
Lodovichi and Belluscio, 2012; Nakashima et al., 2013b; 
Lorenzon et al., 2015), where it is involved in segrega-
tion of axons into glomerular structures (see Nishizumi 
and Sakano [2015] for review).

Hitherto glomerular targeting in TMEM16B KO 
mice has been investigated for the P2 and M72 ORs 
(Billig et al., 2011), and no apparent lack of axonal 
coalescence into glomeruli was observed, whereas the 
number of innervated glomeruli in WT and KO ani-
mals remained unclear. Here, we investigated axonal 
targeting for the I7 OR and demonstrated that nearly 
twice as many glomeruli were formed in TMEM16B 
KO compared with WT mice (Fig. 9). This indicates 
that TMEM16B plays a relevant role for glomerular 
targeting of OSNs expressing the I7 OR. Further-
more, TMEM16B may be necessary for proper glo-
merular targeting of some, but not all ORs, possibly 
by regulating basal and/or odorant-induced activity. 
This is consistent with previous observations where in 
the same genetically modified animal models differ-
ent ORs showed different glomerular targeting or 
mistargeting phenotypes (Zheng et al., 2000; Yu et al., 
2004; Mobley et al., 2010; Lorenzon et al., 2015). In-
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terestingly, OSNs of Kir2.1 knock-in mice have a re-
duced spontaneous firing activity compared with WT 
and also show some supernumerary glomeruli (Lo-
renzon et al., 2015), similarly to what we observed in 
TMEM16B KO mice.

By combining different recording methods and con-
figurations, we found that the Ca2+-activated Cl− chan-
nel TMEM16B modulates olfactory function in 
unexpected ways by reducing and shortening stimu-
lus-induced firing, but increasing spontaneous firing 
activity. The extent by which CaCCs affect firing may 
depend on the OR that an OSN expresses. Also, exper-
iments on I7 expressing OSNs were performed in P0–
P4 mice, and one might argue that these neurons do 
not represent an OSN in an adult animal. But even at 
this young age, all the elements of signal transduction 
cascade are in place (Maurya and Menini, 2014), and 
OSNs are considered mature OSNs based on their OMP 
expression. In addition, it seems that there is not a clear 
difference in odorant sensitivity between OSNs at differ-
ent ages (Lam and Mombaerts, 2013), and NFA, a 
blocker of CaCCs, suppresses basal activity in I7-express-
ing OSNs obtained from adult mice (Reisert, 2010), 
mirroring the reduced basal activity we observed here 
in TMEM16B KO OSNs.

Thus, TMEM16B would have a dual role in the con-
trol of firing activity in OSN. Indeed, although random 
activation of TMEM16B Cl− channels in the cilia, caused 
by spontaneous small cAMP fluctuations, facilitates 
small depolarizations that lead to AP generation at a 
low frequency, strong activation, after odorant stimula-
tion, likely induces a strong depolarization that appears 
to inhibit spiking, most likely because of Na+ channel 
inactivation during prolonged depolarization. In the 
absence of TMEM16B, the total depolarization would 
be likely smaller, reducing Na+ channel inactivation. 
Further experiments will be necessary to investigate 
these hypotheses.

Additionally, TMEM16B ensures correct glomerular 
targeting of I7 receptor–expressing OSNs. In 
TMEM16B KO mice, the impaired ability of forming a 
proper glomerular map along with the altered AP fir-
ing in response to odorants may contribute to the ol-
factory-driven impairment in food-finding behavior 
that we observed, thus making the CaCCs relevant for 
the OSN physiology and for the functioning of the ol-
factory system as a whole.

From single-cell physiology to behavior
A striking finding of our work is that OSNs in the ab-
sence of TMEM16B altered their firing in response to 
a stimulus. In particular, the spike number and spike 
train duration increased in TMEM16B KO OSNs, thus 
indicating that CaCCs are important in controlling AP 
firing. In OSNs, odorant concentration could be en-
coded by the number of spikes generated and the spike 

train duration (Reisert and Matthews, 1999; Rospars 
et al., 2003), which our results showed to be controlled 
by TMEM16B. An altered number of spikes after odor-
ant stimulation may alter the optimal dynamic range 
of an OSN, thus resulting in a disruption of the glo-
merular map activation beyond the increased number 
of targeted glomeruli we observed because it has been 
reported that increasing odorant concentration in-
creases glomerular recruitment (Wachowiak and 
Cohen, 2001; Bozza et al., 2004; Vincis et al., 2012). 
Different odorant concentrations that are represented 
in the activation of the glomerular map could be per-
ceived with different intensity (reviewed by Mainland 
et al., 2014). In addition, because the glomerular pro-
jections of ORs (most likely preferentially those with 
higher spontaneous activity) are controlled by 
TMEM16B, a large change in spatial map could poten-
tially confuse odor intensity and quality codes, as it 
happened in our case when TMEM16B mice could not 
perform the behavioral task as efficiently as the WT. 
Also, an increased spike train duration will make it 
more difficult for OSN firing to stay entrained to the 
breathing and sniffing frequency with which a mouse 
samples its environment, leading to potential ambiguity 
over which sniff cycle elicited which spike train.
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