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Ca”*-activated ClI™ currents in the murine vomeronasal
organ enhance neuronal spiking but are dispensable for
male-male aggression
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Ca**-activated Cl~
physiological processes, including sensory transduction in

currents have been observed in many

mammalian olfaction. The olfactory vomeronasal (or Jacob-
son’s) organ (VNO) detects molecular cues originating from ani-
mals of the same species or from predators. It then triggers
innate behaviors such as aggression, mating, or flight. In the
VNO, Ca**-activated Cl~ channels (CaCCs) are thought to
amplify the initial pheromone-evoked receptor potential by
mediating a depolarizing Cl~ efflux. Here, we confirmed the
co-localization of the Ca®>*-activated Cl~ channels anoctamin
1 (Anol, also called TMEM16A) and Ano2 (TMEM16B) in
microvilli of apically and basally located vomeronasal sensory
neurons (VSNs) and their absence in supporting cells of the
VNO. Both channels were expressed as functional isoforms
capable of giving rise to Ca>*-activated Cl~ currents. Although
these currents persisted in the VNOs of mice lacking Ano2, they
were undetectable in olfactory neuron-specific Anol knockout
mice irrespective of the presence of Ano2. The loss of Ca**-
activated Cl~ currents resulted in diminished spontaneous
and drastically reduced pheromone-evoked spiking of VSNs.
Although this indicated an important role of anoctamin chan-
nels in VNO signal amplification, the lack of this amplification
did not alter VNO-dependent male—male territorial aggression
in olfactory Anol/Ano2 double knockout mice. We conclude
that Anol mediates the bulk of Ca®>*-activated Cl~ currents in
the VNO and that Ano2 plays only a minor role. Furthermore,
vomeronasal signal amplification by CaCCs appears to be dis-
pensable for the detection of male-specific pheromones and for
near-normal aggressive behavior in mice.
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In some animals, the vomeronasal organ (VNO)?® plays an
important role in social behaviors such as mating, flight, or
aggression. Its sensory cells, the vomeronasal sensory neurons
(VSNs), detect pheromones that are released by individuals of
the same species or kairomones released by predators and that
prompt animals to either attract or avoid each other (1, 2).
Extensive research on the murine VNO has shown that it is
crucial for various innate social actions. For example, male—
male aggression in mice is almost completely abolished when
the VNO is ablated (3—5) or when its key signaling components
are genetically disrupted (6 —9). Moreover, the Bruce effect, an
innate pregnancy block when pregnant females encounter a
male different from the one they mated with, is diminished in
mice lacking the VNO (10, 11), yet some pheromone-induced
social behaviors do not require a functional VNO (12), possibly
because also other olfactory subsystems may be able to detect
pheromones (1).

VSN are bipolar neurons that possess one unbranched den-
drite that protrudes apically into the vomeronasal lumen. At
their apical ends, they feature a dendritic knob from which
mucus-embedded microvilli emerge. Microvilli and dendritic
knobs are the sites where the VNO receptor potential is gener-
ated. Whereas dendritic knobs of all VSNs are located at the
apical surface of the vomeronasal sensory epithelium (VNE),
their cell bodies are organized in an apical and a basal layer.
Single VSNs express receptors from two large G protein—
coupled receptor families. Cell bodies of vomeronasal receptor
type I-expressing VSNs reside within the apical layer and
express the G protein subunit Ge;,, whereas vomeronasal
receptors type II-positive VSNs are found in the basal layer of
the sensory epithelium and express the G protein subunit Go,
(1). Pheromones bind to microvilli of VSNs and thereby trigger
the dissociation of the respective G protein complex. Their -
and +y-subunits then activate phospholipase C, which converts
phosphatidylinositol 4,5-bisphosphate into diacylglycerol and

3 The abbreviations used are: VNO, vomeronasal organ; CaCC, Ca®*-activated
Cl~ channel; VSN, vomeronasal sensory neuron; VNE, vomeronasal sensory
epithelium; TRPC, transient receptor potential canonical; MOE, main olfac-
tory epithelium; OMP, olfactory marker protein; PSTH, poststimulus time
histogram; BES, N,N-bis[2-hydroxyethyl]-2-aminoethanesulfonic acid.
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Figure 1. Co-localization of Ano1 and Ano2 in vomeronasal sensory neurons. A, 4',6-diamino-2-phenylindole-stained coronal section of the nose showing
the morphology of the murine nasal cavity with MOE, respiratory epithelium (RE), and VNO. Bar, 500 um. B, coronal sections of the VNO immunolabeled for
Ano1 (green) and Ano2 (red, gpAno2_C1-3) at the apical border of the vomeronasal sensory epithelium. Bar, 200 um. The region marked with a dashed square
is magnified in the inset. C, immunostainings of isolated VSNs labeled for Ano1 (red), Ano2 (green, gpAno2_C1-3), and acetylated tubulin (white) at a single
dendriticknob. Bar, 20 wm. The nuclei are colored blue in merged images. D, in situ hybridizations in coronal VNO slices using a probe against Ano1 or Ano2 with
respective sense control hybridizations. Higher magnification images of the sensory and nonsensory epithelium are shown; see white arrows for examples of

single cell bodies. All bars, 100 um.

inositol 1,4,5-triphosphate. Diacylglycerol opens Na'- and
Ca®*-permeable transient receptor potential canonical 2
(TRPC2) channels and thereby depolarize VSNs (13, 14). Sev-
eral lines of evidence using Cl™ -sensitive dyes and perforated
patch clamp suggest a high CI™ concentration inside VSN den-
drites (15—17). Ca®" entering through TRPC2 opens Ca**-ac-
tivated Cl~ channels (CaCCs) (18), resulting in an efflux of
chloride that further depolarizes the cell and may amplify the
initial TRPC2-mediated VSN response (17, 19). The incom-
plete disruption of VNO function observed in TRPC2 knockout
mice suggests an alternative activation pathway that bypasses
TRPC2. It was postulated that it involves inositol 1,4,5-
triphosphate—mediated Ca®" release from intracellular stores
and downstream activation of CaCCs, but this explanation was
questioned recently (20). We and others have shown previously
that the CaCCs anoctamin 1 and 2 (Anol and Ano2, or
TMEM16A and TMEM16B) are co-expressed in the apical bor-
der of the vomeronasal sensory epithelium (21, 22). Although a
constitutive knockout of Anol is postnatally lethal in mice,
likely because of a malformation of the trachea (23), Ano2™ /'~
mice did not show a severe phenotype (22).

Here we confirm the co-expression and co-localization of
Anol and Ano2 in the microvilli of murine VSNs. Surprisingly,
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Anol carries the bulk of Ca® " -activated C1~ currents (I c,) in
VSNs, whereas Ano2 apparently plays only a minor role. Dis-
ruption of both channels in mouse VSNs resulted in diminished
spontaneous and pheromone-evoked action potential firing.
The loss of CaCCs, however, did not result in altered phero-
mone-induced territorial aggressiveness in male mice.

Results
Expression of Ano1 and Ano2 in the vomeronasal organ

Immunolabeling of paraffin sections of the mouse nose (Fig.
1A) showed that Anol and Ano2 co-localize close to the den-
dritic knob of VSNs and line the apical side of the sensory epi-
thelium (Fig. 1B), in agreement with previous results (21, 22).
Immunostaining of isolated VSNs consistently showed co-
expression of both proteins. No cells expressing only one of
these channels were detected (Fig. 1C). Co-staining for ezrin,
a protein expressed on microvilli of VNO-supporting cells
(24), showed a dotted intermittent expression pattern at the
apical border of the sensory epithelium that neither co-lo-
calized with Anol nor with Ano2 (Fig. S1, A and B). Con-
versely, villin, which is also present in microvilli of VSN,
co-localized with Anol (not shown) and Ano2 (Fig. S1C).
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Figure 2. Splice isoforms of Ano1 and Ano2 in the VNO. A and B, RT-PCR on VNO tissue probing different Ano7 (A) or Ano2 (B) isoforms. The white numbers
indicate target exons of forward (fwd) and reverse (rev) primers hybridizing to the spliced-together exons. Schematic drawings of the respective transcript
variants are shown below, exon-spanning forward primers are indicated as red arrows, and variants that were not detected in the VNO are faded. Transcripts of
the ubiquitously expressed enzyme glyceraldehyde-3-phosphate dehydrogenase (GAPDH) were amplified as positive control.

Hence, the expression of either channel is restricted to
microvilli of VSNs.

Because in VSNs the subcellular localization of either chan-
nel is almost completely restricted to microvilli, immunohisto-
chemistry is ill suited to examine whether these channels are
differentially expressed in apical or basal VSNs. We therefore
addressed this issue by in situ hybridization that detects Anol
and Ano2 transcripts in the cell bodies of VSNs. Hybridization
of coronal VNO cryosections showed an even distribution of
Anol and Ano2 mRNAs across both layers of the VNO sensory
epithelium (Fig. 1D). Anol-positive cells were also detected in
the nonsensory epithelium, which agrees with the localization
of Anol-expressing mucus-secreting glandular cells and vascu-
lar smooth muscle cells in the VNO (1). Negative controls using
sense RNA probes for Anol or Ano2 gave no staining (Fig. 1D).

Both Anol and Ano2 display various splice variants that dif-
fer in their biophysical properties (25-36). To determine which
splice variants are present in the VNO, we performed RT-PCR
on VNO tissue using primers that span exon boundaries and
therefore hybridize only to spliced-together exons (see exon
labels in Fig. 2). This analysis revealed that vomeronasal tran-
scripts of Anol included exon 14 (Fig. 2A4). Murine Ano2 mRNA
was previously analyzed in tissue from the eye and the main
olfactory epithelium (MOE) (26, 36). Although an Ano2 iso-
form including exon 1a and exon 2 was found in the retina (later
termed isoform A), in the MOE Ano2 is predominantly tran-
scribed using an alternative start site at exon 1b while skipping
exon la-2 (termed isoform B). A nonfunctional variant of
isoform B that lacks exon 4 (termed isoform BA4; Fig. 2B) is
also expressed in the MOE (25). While our RT-PCR experi-
ments revealed no expression of the retinal Ano2 isoform A
in the VNO, Ano2 isoform B was present with and without
exon 4. No Ano2 isoform containing exon 14 could be
detected (Fig. 2B). Control experiments showed the expres-
sion of Ano2 isoform A in the eye and a lack of Ano2 in the
liver (Fig. S2A). Sequencing of cDNAs from the VNO con-
firmed the existence of an exon 4-containing Ano2 mRNA.
Additionally, a sequence overlap in the chromatogram
revealed the co-expression of a variant lacking this alterna-
tively spliced exon (Fig. S2B).

Disruption of Ano1 and Ano2 in olfactory epithelia

To investigate the functional roles of CaCCs in the VNO, we
generated mouse lines in which Anol, Ano2, or both are absent
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from VSNs. Because constitutive deletion of Anol in mice is
postnatally lethal, likely because of malformation of the trachea
(23), we disrupted Anol specifically in mature olfactory neu-
rons of the various olfactory subsystems. Floxed Ano1 mice (38)
were crossed to mice expressing Cre recombinase under the
promotor of the olfactory marker protein (OMP) (39) to yield
olfactory-specific Anol knockout mice (subsequently called
AAno1°"). As expected, Anol immunoreactivity was absent
from the apical part of the sensory epithelium in the VNO of
AAno1°" mice, whereas Ano2 expression was not affected (Fig.
3A). Western blots of N-deglycosylated VNO lysates confirmed
that Ano2 expression levels were unchanged in the VNO of
AAno1°" (Fig. 3B).

Ano1/2 olfactory double knockout mice (A(Ano1°¥/Ano2))
were obtained by crossing AAnol°" mice to constitutive
Ano2~'~ (AAno2) mice. We have described AAno2 mice pre-
viously (22). VNO tissue lysates from WT, AAno1°", AAno2, or
A(Ano1°"/Ano2) animals were analyzed by Western blotting. A
sharp band corresponding to a nonglycosylated shortened
Anol protein (lacking the ~6 kDa large part encoded by the
floxed exon (38)) appeared in VNO lysates from AAno1° and
A(Ano1°%/Ano2) mice, but not in those from WT and AAno2
animals (Fig. 3C). The remaining upper Anol band in AAno1°"
lysates likely stems from nonneuronal glandular or vascular
smooth muscle cells which do not express OMP. A broad band
corresponding to glycosylated Ano2 was detected in lysates
from WT and AAno1°" animals but was absent in AAno2 and
A(Ano1°/Ano2) lysates (Fig. 3C). Absence of the respective
proteins was also seen when staining coronal paraffin sections
of the nose from WT and A(Anol°f/Ano2) mice. Whereas
Anol and Ano2 immunoreactivity was detected in WT mice
and co-localized with villin at the microvillar endings of VSN,
it was absent in A(Ano1°/Ano2) animals (Fig. 3D). The anti-
body for Anol showed some unspecific staining in VSN cell
bodies that persisted in the AAno1°", Expression and localiza-
tion of villin was not changed in A(Ano1°"/Ano2) VNOs, indi-
cating that microvilli of VSN dendritic knobs are intact. More-
over, gross morphological differences concerning the size,
shape, and integrity of the VNO layers, as well as changed
expression of VNO marker proteins such as ezrin, TRPC2, Ga,,
and phosphodiesterase type 4A (PDE4A) could not be observed
in A(Ano1°/Ano2) animals (Fig. 3D and Fig. S3C).
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Figure 3. Olfactory double knockout of Ano1 and Ano2. A, coronal VNO sections immunolabeled for Ano2 (green, gpAno2_C1-3) and Ano1 (red) of WT and
AAno1° animals. Bar, 50 um. The region marked by the dashed square in A is magnified in the inset. Nuclei are colored blue in merged images. B, Western
blotting for Ano2 (rbAno2_C1-2) of N-deglycosylated complete VNO lysates; genotypes are indicated. An arrow indicates the expected height of deglycosy-
lated Ano2. Protein load was 20-30 ug per lane. G, immunoblots of complete VNO tissue lysates probing Ano1 and Ano2 (rbAno2_N3-3). Genotypes are
indicated above. Arrows indicate the expected height of the respective protein (glycosylated Ano1: ~130 kDa, glycosylated Ano2: ~200 kDa) and its truncated
unglycosylated version (truncated Ano1: ~111 kDa). Protein load: 40 g per lane. D, coronal VNO sections immunolabeled for Ano1 (green) and Ano2 (red,
gpAno2_C1-3) of WT and A(Ano1°/Ano2) animals. Microvilli were stained with villin (white). The animals were 59 weeks old. Bars, 250 um. Nuclei are colored

blue in merged images.

Ca’*-activated CI~ currents in the VNO

Ca®*-activated Cl~ currents of VSNs were examined in
acute slices of the VNO by patching somata in the whole-
cell voltage clamp configuration. Recordings with 1.5 um free
[Ca®*] in the pipette revealed robust outwardly rectifying
steady-state [y, (with 94.8 + 159 pA/pF at +120 mV
(mean * S.E.)) that exhibited slow voltage-dependent activa-
tion at positive potentials in most cells (Fig. 4, A and B). As
expected, these currents were absent in A(Ano1°'/Ano2) VSNs
(Fig. 4A), even when pipette [Ca®>"] was increased to 13 um (Fig.
4B). Surprisingly, also VSNs deficient in only Anol lacked

SASBMB

Icyca) (Fig. 4, A and C), whereas AAno2 VSNs showed currents
with amplitude, rectification and kinetics comparable with
those of WT cells (Fig. 4, A and D, and Fig. S4). Similar results
were found when analyzing I, tail currents (Fig. S4). These
results indicate that Anol carries the bulk of I, in sensory
neurons of the VNO.

Stimulus-evoked spiking in VSNs

To assess the hypothesis that CaCCs amplify the initial
TRPC2-mediated inward current (2, 17, 19), we compared
spontaneous and stimulus-evoked spiking in VSNs of WT and

J. Biol. Chem. (2018) 293(26) 10392-10403 10395
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Figure 4. Steady-state Ca>*-activated CI~ currents in vomeronasal sensory neurons. Steady-state Ca® " -activated Cl~ currents of VSNsin acute slices from
the VNO recorded in the whole-cell voltage clamp configuration are shown. Free intracellular Ca®" concentrations in the patch pipette are indicated. A,
example current traces at different voltage steps (=100 to 120 mV in steps of 20 mV); genotypes are indicated. B-D, current density-voltage plots of
Ca®*-activated Cl~ currents measured in different genotypes with either 0, 1.5, or 13 um free Ca™ in the patch pipette. The data from WT VSNs is plotted as
reference. Numbers in parentheses indicate the number of measured cells. Mean current densities at respective voltage steps + S.E. (for clarity, shown only in

positive direction).

A(Ano1°/Ano2) animals in the loose-patch configuration. In
WT mice 35 of 123 cells (28.5%, 13 mice) showed spontaneous
spiking within the baseline observation period of 35 s. However,
only 15 of 106 VSNs lacking Anol and Ano2 (14.2%, 10 mice)
showed spontaneous action potential firing (Fig. 54, left panel).
Next, we examined stimulus-evoked spiking by applying
diluted urine of male mice (pooled from 7 male mice, 1:200 in
bath solution) to the microvilli of some of the measured VSNs.
In WT animals, 20 of 82 VSNs (24.4%) showed an increase in
the action potential firing rate upon urine application. In con-
trast, only 7 of 90 A(Ano1°/Ano2) VSNs (7.8%) responded to
the stimulus (Fig. 54, right panel). Representative original spike
registrations of stimulated WT and A(Anol°‘/Ano2) VSNs
that displayed at least one action potential are presented in a
raster plot over time in Fig. 5B (upper panels). Poststimulus
time histograms (PSTHs) of all stimulated cells show a mild but
clear increase in spiking upon urine stimulation in WT, but not
in CaCC-deficient VSNs (Fig. 5B, lower panels). Firing frequen-
cies of all measured cells before and during the stimulation
period were calculated showing that loss of CaCCs resulted in a
drastic decrease of pheromone-induced VSN activation (Fig.

50).

10396 J. Biol. Chem. (2018) 293(26) 10392-10403

CaCCs in VNO-dependent behavior

Because of the marked effect of CaCC ablation on VSN spik-
ing, we asked whether CaCC-mediated signal amplification is
of physiological relevance in behaving animals. We assessed
male—male territorial aggression, an innate, VNO-dependent
behavior in rodents (3—-5), by a classical resident—intruder assay
(Fig. 6). The number of attacks against an intruder did not sig-
nificantly differ between WT (9.5 = 12.4 attacks, mean = S.D.)
and A(Anol°"/Ano2) residents (15.9 * 16.0 attacks); neither
did the summated duration of the attacks (WT: 32.6 = 47.1 s,
A(Ano1°/Ano2): 62.4 = 65.5 s) nor the average duration of a
single attack (WT: 3.3 = 2.1 s, A(Anol1°/Ano2): 3.9 * 1.6 s).
Moreover, mice lacking CaCCs did not take longer to identify
the intruder as indicated by similar values for latency of the first
attack (WT: 347 * 181 s, A(Ano1°/Ano2): 284 * 221 s) and
the sniffing time before the first attack (WT: 80.2 £ 35.5 s,
A(Anol°%/Ano2): 67.7 * 54.1 s). Neither total time of investi-
gative sniffing was altered in A(Anol1°/Ano2) (140 = 98 s)
compared with WT mice (132 * 61 s). We neither observed
differences between A(Anol°f/Ano2) and WT in the time
course of aggressive or investigative behavior (Fig. 6B).
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Figure 5. Stimulus-evoked spiking of vomeronasal sensory neurons. A, graphical representation of spontaneously firing cellsamong all recorded VSNs (left
panel) and cells responsive to the urine stimulus among all stimulated VSNs (right panel); genotypes are indicated. B, raster plots (upper panels) and PSTHs (lower
panels) of spiking in WT and A(Ano1°'/Ano2) VSNs upon stimulation with urine (1:200, indicated in light gray). Raster plot of WT does not show all recorded cells
for clarity; PSTHs include data of all cells. C, VSN firing frequency before (filled circles, 0-10 s) and upon stimulation with diluted urine (1:200, white squares,
10-25 s). Only data from VSNs that displayed at least one action potential during the recording period are shown (WT: 20 of 82 cells, A(Ano1 °f/Ano2): 7 of 90
cells). Connected data points were recorded from the same VSN. The cells that showed increased firing are indicated in black; others are in gray. Increase is

significant in WT (p < 0.0005) but insignificant in A(Ano1 °f/Ano2). Paired samples t test was used. ns, p > 0.05 (not significant); ™, p < 0.01.

Discussion
Ano1 and Ano2 co-localization in microvilli of VSNs

Using immunohistochemical labeling with knockout-con-
troled antibodies (22, 40), we showed that Anol and Ano2 are
lining the apical part of the vomeronasal epithelium and are
co-expressed on microvilli of isolated VSNs. This finding agrees
with Dibattista et al. (21) who demonstrated that Anol and
Ano2 are co-expressed in single isolated VSNs of either layer.
We extended these studies by showing an even distribution of
both Anol and Ano2 mRNA across the different layers of the
VNO using in situ hybridization.

These data do not rule out an additional expression in sup-
porting sustentacular cells of the VNE as suggested previously
(15). However, such an expression is excluded for Anol because
neuronal-specific OMP-Cre-mediated Anol knockout com-
pletely abolished Anol immunoreactivity of VNO microvilli.
The situation is less clear for Ano2, which was knocked out
constitutively. However, Ano2 did not co-localize with ezrin, a
marker protein of microvilli of supporting cells (24). Moreover,
a presence of Ano2 in supporting cells would be unexpected
because to date murine Ano2 was exclusively found in neuronal
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cells (22, 26,41-44). Hence Anol and Ano2 are co-expressed in
microvilli of apical and basal VSNs without evidence for a pref-
erential expression in one of these layers.

Ca’*-activated CI~ currents in VSNs

Based on the measurement of only a small number of cells,
our laboratory previously reported the absence of /-, in
most, but not all, VSNs of AAno2 animals (22). Recordings of
steady-state Ca" -activated Cl~ currents in the present work
were performed in acute slices of the VNO to preserve the
native environment of VSNs as much as possible. Unlike in our
previous report (22), we now patched cells at their somata and
not at dendritic knobs to obtain a larger number of stable
recordings. Currents were elicited with 1.5 uMm free [Ca®>"] in
the pipette to activate both Anol and Ano2, which differ in
their Ca®>* sensitivity (EC,, for activation of 0.4—0.6 um and
1-3 um Ca?™, respectively (27, 36, 45, 46)). Their biophysical
properties such as outward rectification and deactivation upon
repolarization matched those of heterologously co-expressed
Anol and Ano2. However, deactivation was faster and slower
compared with heterologously expressed Anol and Ano2,
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Figure 6. Pheromone-evoked male-male territorial aggression. Male territorial aggressive behavior assessed in a resident-intruder experiment with male
residents of indicated genotypes (WT: turquoise, n = 17 mice; A(Ano1 °f/Ano2): red, n = 17 mice). A, scatter plots of single experiments showing the number of
male-male attacks, the total duration of attacks, the average time per attack, the latency of the first attack, the sniffing time before the first attack, and the total
time of investigative sniffing. Bars indicate means = S.D., Mann-Whitney test of significance. ns, p > 0.05 (not significant). B, the time course of the resident’s
aggressive behavior (upper panel) and investigative sniffing behavior (lower panel) is represented in histograms indicating the fraction of mice showing the

respective behavior at a given time point.

respectively (data not shown). This apparent discrepancy may
result from difficulties of fitting exponentials to the small
endogenous I, currents. The disappearance of I, in
A(Ano1°/Ano2) mice unambiguously demonstrates that
native Ca®"-activated Cl~ currents of the VNO are medi-
tated by Anol, Ano2, or both.

Conditional knockout of Ano1 abolished Ca®"-activated C1~
currents in VSNs, whereas disruption of Ano2 only insignifi-
cantly reduced them. Consistent with these results, a lack of
Icy(cay in isolated VSNs from conditional Anol knockout mice
has been reported previously (47). Taken together, this indi-
cates that Anol might be responsible for the bulk of native
Icy(cay in VSN Still, the lack of I, in Anol knockout VSNs
comes as a surprise because we and others clearly showed that
the CaCC Ano2 is co-expressed with Anol in WT VSNs (21, 22,
24) and that its expression is unchanged in AAnol° VNOs
(this work). Moreover, immunostaining did not reveal major
differences of Ano2 expression between the VNO and the MOE
(22).

A possible explanation for this unexpected finding might be
that in our experiments, microvillar [Ca®>*] did not reach the
levels that are required to activate Ano2, which has a ~4-fold
higher EC;, for Ca®>" compared with the more Ca®"-sensitive
Anol (27, 36, 45, 46). This hypothesis is supported by our find-
ing that the current—voltage relationship of /o, did not show
the typical change from outward rectification to ohmic behav-
ior (22, 46, 48, 49) upon increasing pipette [Ca**] to 13 um.
Likewise, recordings performed by Amjad et al. (47) with 2 mm
Ca®" in the pipette did not show a complete linearization of the
current-voltage relationship. Cytosolic calcium in dendritic
knobs and microvilli may not reach the levels present in the
pipette because of diffusional constraints, extensive cytosolic
Ca>" buffering or efficient Ca>" extrusion (50).
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Others suspected that Ano2 might be expressed as the non-
functional isoform BA4 in the VNO (47). Although we found
Ano2 BA4 transcripts in the VNO, we also detected mRNA that
included exon 4 and thus encodes functional Ano2 channels.
We found no evidence for the recently proposed scenario (15)
in which functional isoforms of Ano2 are only expressed in
supporting cells because we did not detect Ano2 in those cells.
Because we cannot exclude that Ano2 mediates minor chloride
currents in VSNs, we investigated the physiological role of
CaCCs in the VNO using mice lacking both Anol and Ano2 in
VSNs (A(Ano1°/Ano2) mice).

CaCCs in vomeronasal signaling amplification

Since their first description in the early 1990s, Ca®"-acti-
vated Cl~ currents were postulated to have an important role in
amplifying olfactory signals in the MOE (51). We and others
showed that Ano2 is responsible for a large part of the odorant-
evoked olfactory current and enhances the initial CNG-depen-
dent depolarization (22). Likewise, CaCCs in VSNs might
enhance the depolarization that is initially mediated by TRPC2.
Consistent with this idea, we have now shown that lack of
CaCCs results in less spontaneous and drastically diminished
stimulus-evoked spiking of VSNs. This finding agrees with
experiments that used pharmacological blocking of CI™ chan-
nels by niflumic acid or SITS in WT and Trpc2 '~ VSNs (19).
Reduced spontaneous firing was also reported for Ano2 '~
olfactory sensory neurons of the MOE (52), where spontaneous
spiking is likely initiated by basally active olfactory receptors
(53, 54). Likewise, basally active vomeronasal receptors may
mediate the commonly observed spontaneous firing of VSNs
(19, 55-59), and a lack of CaCCs may lead to a less efficient
conversion of basal activity into action potentials.

SASBMB

8T0Z ‘S2 /(|n[‘ Uo UIZIpB N 8N 0N N WnAueD-Yonigqpea-xe N B /6.!0'Z)q [MMM//dllL{ wio.j papeojumod


http://www.jbc.org/

Ca**-activated CI~ currents in the vomeronasal organ

CaCC-mediated amplification is dispensable for male
aggression

Surgical ablation of the VNO (3-5) and constitutive disrup-
tion of Trpc2 (6, 7) almost completely suppresses aggressive-
ness in males. However, reports of reduced VNE thickness in
Trpc2~ '~ mice (7, 19) hint at previously unknown role of
TRPC2 in the development or maintenance of the VNO. Simi-
larly, mice deficient for the G proteins Ge, and Gey, display
structural differences of the VNE and reduced aggression in the
resident—intruder assay (8, 9). Here we showed that loss of both
Anol and Ano2 resulted in neither a reduced level nor an
altered time course of male—male territorial aggression in
A(Ano1°/Ano2) mice. This suggests either that the depolar-
ization caused by Trpc2 channels suffices for these aggres-
sive behaviors or that the structural changes in the VNE
observed in Trpc2~’~ mice (7, 19) play an important role in
the abrogation of aggressiveness. Another reason for the dis-
crepancy between the apparent effect of CaCC loss in our
electrophysiological measurements and no impact on the
aggressive behavior could be the compensatory action of
depolarizing K* currents (60) or other pheromone-sensing
olfactory subsystems (1). We conclude that CaCCs are
unnecessary for the correct development of the VNO and
that CaCC-mediated amplification of VSN signaling is dis-
pensable for the detection of male-specific pheromones,
which elicits rivaling aggressiveness.

In summary, our work shows that Ca®>"-activated CI~ cur-
rents in VSNs are almost exclusively mediated by Anol
(TMEM16A), although VSNs express significant levels of Ano2
(TMEM16B). Although these Cl™ currents enhance the spon-
taneous and urine-evoked spontaneous action potential firing
of VSN, supporting their postulated role in amplifying olfac-
tory signals, we could not detect corresponding behavioral def-
icits. These results resemble those we have obtained with Ano2
in the MOE (22). Whereas Ano2 currents strongly amplified
the depolarizing currents in olfactory sensory neurons, no
olfactory deficits could be detected in highly sensitive auto-
mated tests (22). Later work reported differences in identifying
novel odors (52, 61, 62). However, because these differences
between WT and Ano2~ '~ mice disappeared with repeated tri-
als (52, 61), effects of the central nervous system cannot be
excluded. In the future, more specialized or sensitive behavioral
tests may reveal a physiological role of anoctamins in vomero-
nasal neurons.

Experimental procedures
Mice

Animal care and experiments conformed to German animal
protection laws and were approved by the Berlin authorities
(LaGeSo). Conditional olfactory-specific Anol knockout mice
(Ano1"'°x, OMP-Cre*'~; AAno1°") were generated by cross-
ing floxed Anol mice (38) with mice expressing Cre recombi-
nase under the endogenous promotor for the OMP (39) in
knock-in mice. To avoid a loss of OMP expression, this locus
was kept heterozygous (OMP-Cre™’”). A(Ano1°/Ano2) mice
lacking both Ano1l and Ano2 in olfactory neurons (Ano 1'%,
Ano2~'~, OMP-Cre"’'~) were generated by crossing condi-
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tional AAno1° mice with constitutive Ano2 '~ mice (22). All
mice were back-crossed with C57BL/6 to minimize genetic
variations among litters.

Tissue lysate preparation, deglycosylation, and
immunoblotting

VNO, MOE, or lung tissue was dissected, minced, and soni-
cated in lysis buffer (150 mm NaCl, 20 mm HEPES, 5 mMm EDTA,
1x Roche Complete® protease inhibitor mixture, 1% SDS, pH
7.4) as described (22). For deglycosylation VNO lysates were
supplemented with 5% 3-mercaptoethanol and preincubated at
55 °C for 15 min. After the addition of N-glycosidase F (Roche)
and Complete® protease inhibitor in deglycosylation buffer (50
mm HEPES, pH 7.4, 10 mm EDTA, 0.5% Nonidet P-40), the
lysates were incubated at 37 °C for 4 h. Total protein concen-
tration of lysates was determined using a microplate reader
(ASYS HITECH GmbH) and the Pierce BCA protein assay kit
(Pierce). Proteins were separated on SDS-polyacrylamide gels
and transferred on polyvinylidene difluoride or nitrocellulose
membranes. Primary antibodies were incubated at 4 °C for
24 h with following dilutions: rbAno2_N3-3 rabbit polyclonal
(1:1000 (22)); rbAno2_C1-2 rabbit polyclonal (1:500 (22)); anti-
TMEMI16A (Anol) rabbit polyclonal (1:100, ab53212, Abcam,
its specificity had been shown using Anol '~ tissue (40));
anti-villin mouse monoclonal (1:1000, SM1373P, antibodies-
online.com); anti—a-tubulin mouse monoclonal (1:2000,
clone B-5-1-2, T5168, Sigma—Aldrich). Chemiluminescence of
horseradish peroxidase coupled secondary antibodies (Chemi-
con) and SuperSignal West Pico/Femto ECL (Pierce) was
detected with a Chemi-Smart 5000 CCD camera system
(PeqLab) and the ChemiCapt 5000 software (PeqLab).

Immunohistochemistry

Tissue preparation and immunohistochemical staining was
performed as described previously (22). To isolate VSN, the
dissected VNO was digested with collagenase A at a final
enzyme concentration of 1 mg/ml for 10 min at room temper-
ature and then for 15 min at 37 °C. After centrifugation the cells
were resuspended in Ringer’s solution and transferred to a poly-
L-lysine/concanavalin A, type V-coated coverslip and kept for
at least 1 h at 4 °C. Antibodies were used at the following dilu-
tions: gpAno2_C1-3 guinea pig polyclonal (1:100 (22)); anti-
TMEMI16A (Anol) rabbit polyclonal (1:100, ab53212, Abcam);
anti-acetylated tubulin mouse monoclonal (1:1000, clone
6-11B-1, T7451, Sigma—Aldrich); anti-ezrin mouse monoclo-
nal (1:250, GTX24069, GeneTex); anti-villin mouse monoclo-
nal (1:2000, SM1373P, antibodies-online.com); anti-Ga, rabbit
polyclonal (1:100, Sc-387, Santa Cruz); and anti-PDE4A rabbit
polyclonal (1:200, ab14607, Abcam). Detection was carried out
using secondary antibodies coupled to Alexa fluorophores
(Invitrogen). The nuclei were stained with 4,6-diamidino-2-
phenylindole (1:5000). All confocal images were taken with a
Zeiss LSM 510 META or LSM 880 laser scanning microscope
using ZEN software (Zeiss) and a Plan-Apochromat 63X/1.40
Oil DIC M27 or EC Plan-Neofluar 10X/0.3 M27 objective
(Zeiss).
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In situ hybridization

The protocol for in situ hybridization was adapted and mod-
ified from previous protocols (63, 64). Briefly, mice were sacri-
ficed by CO, intoxication and decapitated. The complete VNO
inside the bony capsule was removed and further dissected in
ice-cold PBS treated with 0.1% (v/v) diethylpyrocarbonate. The
soft VNO tissue was immediately embedded in TissueTek
O.C.T. compound (Sakura), and 16-um cryosections were cut.
Digoxigenin-labeled in situ hybridization was performed as
described previously (37). The following primers were used for
synthesis of RNA hybridization probes from murine cDNA:
Anol, CCACAGCCCGTGCCAGTCAC (forward) and GCCG-
ACCAACAAACCGGCCT (reverse); and Ano2, TTACCAAA-
ATCGAGGTTCCG (forward) and AACCTCCTGGTCGAA-
CTGTG (reverse).

RT-PCR

The mice were sacrificed by CO, intoxication and decapi-
tated. The complete VNO inside the bony capsule was removed
and further dissected in ice-cold diethylpyrocarbonate-treated
PBS. Extreme care was taken to exclude the contamination of
the VNO with parts of the surrounding MOE. The soft VNO
tissue was frozen in liquid nitrogen before further processing
with small scissors. Tissue samples of eye and liver were imme-
diately transferred to a ceramic potter embedded into dry ice
and ground. Subsequent RNA isolation was performed with the
RNeasy mini kit (Qiagen) according to the manufacturer’s pro-
tocol. 1 ug of purified RNA was used for cDNA transcription
with Superscript II reverse transcriptase and random primers
(Invitrogen). A parallel reaction without transcriptase (referred
to as —RT in this work) was performed and used as a negative
control for all RT-PCRs. Following a 30-min RNase H (Roche)
digestion at 37 °C, a 25-ul PCR (hybridization temperature:
60 °C, elongation time: 30's, cycle number: 30) was set up with 1
wl of the cDNA template, 0.2 uMm of each primer, and 0.6 ul of
OptiTaq polymerase (Roboklon). DNA bands were separated
on a 2% agarose gel and visualized by ethidium bromide. Exon
spanning primers were designed to exclude an amplification of
remaining genomic DNA in the sample (Table S1). Flanking
primers are indicated with the respective exons they span sep-
arated by an arrow (e.g. 2 — 3) in Fig. 2 and Fig. S2.

Electrophysiological measurements

6—25-week-old mice were sacrificed by CO, intoxication
and decapitated. The complete VNO inside the bony capsule
was removed and further dissected in ice-cold oxygenated Rin-
ger’s (140 mm NaCl, 5 mm KCl, 10 mm glucose, 1 mm sodium
pyruvate, 10 mm HEPES, pH 7.4, 2 mm CaCl,, 1 mm MgCl,;
osmolality adjusted to 320 mOsm/kg with glucose; used for all
whole cell current measurements) or S1 solution (125 mm
NaCl, 25 mm NaHCO;, 5 mm BES, pH 7.3, 5 mm KCI, 1 mm
CaCl,, 1 mm MgSO,; osmolality adjusted to 320 mOsm/kg with
glucose; used for all spiking measurements) under a stereo
microscope. The dissected soft VNO tissue was embedded into
4% low melting agarose in Ringer’s or S1 solution and cut into
150 -200-um-thick slices with a Leica VT1200S vibratome.
The slices remained in cold oxygenated Ringer’s or S1 solution
for at least 1 h until used for the experiment. Patch pipettes
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were pulled from borosilicate glass (Hilgenberg) by a DMZ-
Universal Puller (Zeitz Instruments) with a typical resistance of
3-5 M(). The cells were visually selected using an upright light
microscope (Olympus BX50W1I) and a 40X water immersion
objective. For whole-cell measurements, pipettes were filled
with a solution containing 100 mm CsMSF, 40 mm CsCl, 10 mm
HEPES (pH 7.2), 5 mm EGTA, 4 mMm Na,-ATP, and 1 mm
MgClL,. Free Ca®>" concentrations of 0, 1.5, and 13 um were
calculated according to the Maxchelator program and set with
a 1 M CaCl, stock solution. A G() seal was established at the
soma of the VSN for steady-state voltage clamp measurements
of Ca®" -activated Cl~ currents. During recordings, tissue slices
were superfused with oxygenated Ringer’s solution, supplied
with 10 mMm tetraetylammonium to block potassium currents.
Steady-state chloride currents were measured in the whole-cell
configuration with a MultiClamp 700B amplifier, Digidata 1440
digitizer, and pClamp 10 software (Molecular Devices) at a
sampling frequency of 10 kHz and with 6 kHz low-pass filtering.
The membrane was clamped to potentials between —100 and
+120 mV in steps of 20 mV for 750 ms following a 250-ms
repolarization step to —100 mV. Between test protocols, the
cell was held at —30 mV for up to 30 min. Morphological integ-
rity of all VSNs was assessed by including Alexa Fluor 488 dye
(Invitrogen) in the pipette solution and visual inspection of the
fluorescence. Loose patch measurements on VSN somata were
done to record spiking events in acute VNO slices. Bath and
pipette contained S1 solution oxygenated with carbogen (95%
0,,5% CO,). Seal resistances were between 30 and 80 m{). After
baseline recording at 0 pA for 35 s, the VSN’s microvilli were
stimulated by a 15-s application of diluted urine (1:200 pooled
urine from sexually naive C57BL/6 male mice in bath solution)
containing Alexa Fluor 488 dye (Invitrogen) for visualization.
The application pipette was placed ~20-50 wm away from the
dendritic knob and connected to a pressure application system
(Toohey Instruments) triggered by pClamp 10 software
(Molecular Devices). Electrophysiological data were analyzed
with pClamp 10 (Molecular Devices), Matlab 2012b (Math-
works), and self-written scripts in R. Poststimulus time histo-
grams were calculated with a self-written script in R. Spiking
frequency was calculated by dividing the number of spiking
events (detected through a threshold-based event search with
pClamp 10) by the time of the prestimulation (0—10 s) or stim-
ulation period (10-25 s), respectively. To exclude contamina-
tion of tail current densities by fast capacitive current tran-
sients, an exponential curve was fitted to the tail current, and
the initial current density at time point 0 after the depolariza-
tion step was extrapolated for each recorded current trace. The
Ca®*-dependent component of this tail current was extracted
by subtracting the mean current density obtained with 0 um
free Ca®" in the respective genotype. To obtain the deactivation
time constants 7, tail currents were fitted to a monoexponential
term (f(t) = e~ ”" + c where t indicates time, 7 indicates deacti-
vation constant, and ¢ indicates constant) using pClamp 10.
Monoexponential curves were fitted to the tail currents
because they were too small to reliably obtain time constants
from bi-exponential fits. Graphs and statistics analysis were
made with Prism 5 (GraphPad).
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Resident-intruder aggression test

Male aggression was assessed by performing the resident—
intruder assay as described previously (8) with slight modifica-
tions. Male resident mice were single-housed for 7 days prior to
the test. During that time, the bedding of the cage was not
changed to allow habituation of the mouse in the home cage.
On the test day, a castrated male mouse (intruder) was put into
the home cage. To ensure a standard stimulus consistent
among all single encounters, the intruder was marked with 50
pl of pooled urine collected previously from adult, sexually
naive C57BL/6 male mice. During the encounter of 10 min, all
behavior was recorder with a digital camera. In the following
blinded post hoc video analysis using BORIS software (v2.981,
University of Torino) and a self-written script in R, following
parameters were measured: latency to the first attack (in sec-
onds), number of single attacks, total duration of aggressive
behavior (in seconds), average duration of single attacks (in
seconds), total time of investigative sniffing behavior (in sec-
onds), and sniffing behavior before the first attack (in seconds).
The following actions of the resident against the intruder were
counted as attacks: biting, tail flicking, chasing, keeping
down. Graphs and statistics analysis (Mann—Whitney test of
significance) were made with Prism 5 (GraphPad). Tested res-
ident mice were A(Anol1°/Ano2) animals (AnoI'°/'°%, OMP-
Cre™'~, Ano2~'7) at an age of 8 —22 weeks. The animals were
sexually naive and were group-housed before their isolation. As
control, age-matched male mice from the same strain but with
either a homozygous WT allele (An02"'™) or a heterozygous
allele (Ano2"'~) for Ano2 and no expression of the Cre recom-
binase (OMP-Cre '~) were used. All resident mice were
homozygous for the floxed Anol allele (Ano1"*/"°¥). Intruder
mice were castrated C57BL/6 mice obtained from Charles
River Laboratories at an age of 8 —10 weeks.
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Figure S 1: Colocalization of Anol and Ano2 with markers for microvilli

A-B, coronal VNO sections immunolabeled for ezrin (green) shows staining at the apical border of the sensory
epithelium which does not colocalize with Anol (red) or Ano2 (red, gpAno2_C1-3). Dashed region is magnified. C,

S1



villin (green) colocalizes with Ano2 (red, gpAno2_C1-3). Dashed region is magnified. Bars: 100 pum (magnified
images: 50 pm). Nuclei are colored blue in merged images.
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Figure S 2: Splice isoforms of Anol and Ano2 in the VNO

A, RT-PCR on VNO tissue probing different Ano1 or Ano2 isoforms in VNO, eye and liver tissue, target exons of forward
(fwd) and reverse (rev) primers are indicated, the lower part labelled with “-RT” indicates the control RT-PCR
without reverse transcriptase. B, Ano2 sequencing chromatogram of cDNA from the VNO, sequence corresponding to
exon 4 is indicated in light grey. An overlapping chromatogram sequence corresponding to exon 5 is magnified in the
inset.
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Figure S 3: Olfactory double knock-out of Anol and Ano2

A, Western blot for Ano1l of lysates from different tissues and genotypes, protein load per lane: 40 ug (VNO), 20 pg
(MOE), 50 pg (lung), tubulin was used as loading control. B, Western blot for Ano1 of N-deglycosylated complete VNO
lysates (upper blot) and for villin, tubulin and PDE4A, genotypes are indicated, protein load per lane: 20-40 pg.
Arrows indicate the band of the respective proteins. C, coronal VNO sections immunolabeled for vomeronasal key
proteins villin (green) ezrin (red), Goo (green), TRPC2 (green) and PDE4A (green) in wild-type and A(Ano1°f/Ano2)
mice. Ano2 (red, gpAno2_C1-3) was costained as reference. Bar: 40 pm. Nuclei are colored blue in merged images.
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Figure S 4: Ca**-activated CI tail currents

A, example wild-type voltage clamp current trace demonstrating the tail current curve fit (red dashed line) at the
beginning of the -100 mV repolarization step, voltage clamp protocol is shown below. B, Ca?*-dependent current
density extrapolated from exponential fits of laca) tail currents of wild-type, AAnol1°f, AAno2 and A(Ano1°f/Ano2)
VSNs. Mean current density after the respective preceding voltage step + SEM, Two-way ANOVA with Bonferroni
post-test. ns: P >0.05 (not significant, WT vs. AAno2), **: P <0.01 (WT vs. AAnol°lf), **** P<0.0001 (WT vs.
AAno1°¥). C, Deactivation time constants t from mono-exponential fits of Icica tail currents. Mean of deactivation time
constant T at respective preceding voltage steps + SEM. Measured cells: 19 WT, 13 AAnol°f, 11 AAno2, 8
A(Ano1°¥/Ano2). Free intracellular Ca2* concentration: 1.5 pM.

Table S1: Primers for RT-PCR

Gene Label  Primer sequence (5°—3’) PCR product Remarks*

Ano1 +14 GGAGGAGGAGGAAGCTGTCAAGGAT 496 bp exon 13—14—15 to 1819,
CCGACCAACAAACCGGCCTT targeting isoform 1 including exon 14

Ano1 A4 CTTCGAGGAGGAGGAGGATCATCC 490 bp exon 13—15 to 18«19,
CCGACCAACAAACCGGCCTT targeting isoform 2 excluding exon 14

Ano2 A AGTTCCCGAGACCGTTCTGTCATC 488 bp exon 2—3to 5,
CTGAACTTCTTTGCGATGCTGCCT targeting isoform A

Ano2 B CCAGAACACCTGCCAGTCATCAATAA 485 bp exon 1b—3 to 5,
CTGAACTTCTTTGCGATGCTGCCT targeting isoform B

Ano2 +4 CCCCACCAAGAARRATGTACGAG 233 bp exon 4—5to 67,
GAATCTCGTGTACAATGCGGCT targeting isoform including exon 4

Ano2 JAY: GGAGAAGGACTTGGAGATGTACGAG 236 bp exon 3—5to 67,
GAATCTCGTGTACAATGCGGCT targeting isoform excluding exon 4

Ano2 +14 GGAAGAAGAACGTTCCCAGGAA 523 bp exon 13—14—15 to 18«19,
TCTGCCCACARACCTCCCCT targeting isoform including exon 14

Ano2 A4 GGGATCGAAGAGGAAGAAGAACA 522 bp exon 13—15 to 18«19,
TCTGCCCACAAACCTCCCCT targeting isoform excluding exon 14

GAPDH GAPDH ACAGCAACAGGGTGGTGGAC ca. 250 bp targets ubiquitous glyceraldehyde 3-phosphate
TTTGAGGGTGCAGCGAACTT dehydrogenase as positive control

# exon spanning primers were designed to exclude an amplification of remaining genomic DNA in the sample, flanking primers are

indicated with the respective exons they span separated by an arrow (e.g. 2—3)
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