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Abstract

Sensory adaptation is a source of experience-dependent feedback that impacts responses to environmental cues. In the
mammalian main olfactory system (MOS), adaptation influences sensory coding at its earliest processing stages. Sensory
adaptation in the accessory olfactory system (AOS) remains incompletely explored, leaving many aspects of the phenom-
enon unclear. We investigated sensory adaptation in vomeronasal sensory neurons (VSNs) using a combination of in situ
Ca®* imaging and electrophysiology. Parallel studies revealed prominent short-term sensory adaptation in VSNs upon
repeated stimulation with mouse urine and monomolecular bile acid ligands at interstimulus intervals (ISls) less than 30 s. In
such conditions, Ca®" signals and spike rates were often reduced by more than 50%, leading to dramatically reduced
chemosensory sensitivity. Short-term adaptation was reversible over the course of minutes. Population Ca®" imaging
experiments revealed the presence of a slower form of VSN adaptation that accumulated over dozens of stimulus
presentations delivered over tens of minutes. Most VSNs showed strong adaptation, but in a substantial VSN subpopulation
adaptation was diminished or absent. Investigation of same- and opposite-sex urine responses in male and female VSNs
revealed that adaptation to same-sex cues occurred at ISIs up to 180 s, conditions that did not induce adaptation to
opposite-sex cues. This result suggests that VSN sensory adaptation can be modulated by sensory experience. These
studies comprehensively establish the presence of VSN sensory adaptation and provide a foundation for future inquiries into
the molecular and cellular mechanisms of this phenomenon and its impact on mammalian behavior.
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Peripheral sensory adaptation is an initial mechanism for experience-driven feedback in the nervous system. In the
mammalian accessory olfactory system (AOS), which senses many social chemosignals, peripheral adaptation
remains a subject of some debate. We investigated sensory adaptation to natural cues and monomolecular ligands
in acute preparations of the vomeronasal organ, finding evidence for short- and long-term adaptation on repeated
stimulation at defined intervals. We further tested whether adaptation differed to same-sex versus opposite-sex cues,
finding that sensory adaptation was more prominent for same-sex cues in both males and females. These inquiries
Kinto AOS adaptation provide a foundation for future inquiries into this phenomenon. /
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Introduction

Terrestrial mammals detect a wide array of chemosen-
sory cues using distinct olfactory subsystems, the most
prominent of which are the main olfactory system (MOS)
and the accessory olfactory system (AOS). The MOS is
specialized for the detection of volatile ligands that are
able to activate olfactory sensory neurons in the main
olfactory epithelium. In the AOS, social cues, including
pheromones, dissolve in nasal mucus and enter the
vomeronasal organ (VNO) where they activate vomerona-
sal sensory neurons (VSNs). These neurons detect social
chemosignals via activation of G protein-coupled recep-
tors including members of the V1R, V2R, and formyl
peptide receptor families (Dulac and Axel, 1995; Herrada
and Dulac, 1997; Matsunami and Buck, 1997; Ryba and
Tirindelli, 1997; Liberles et al., 2009; Riviere et al., 2009).
Activation of VSNs and downstream brain regions con-
trols the expression of several behaviors and physiologic
phenomena, including territorial aggression, pregnancy
block, and predator avoidance (Wysocki et al., 1982;
Brennan et al., 1990; Stowers et al., 2002; Papes et al.,
2010; Kaur et al., 2014). As such, understanding VSN
physiology is essential for understanding AOS chemosen-
sation and its impacts on mammalian physiology and
behavior.

An important feature of the MOS is its capacity for
sensory adaptation, a process which results in reduced
sensitivity to odorants in their continued presence (for
review, see Menini, 1999; Zufall and Leinders-Zufall,
2000). Though adaptation in olfactory sensory neurons
has been well established and characterized (Kurahashi
and Menini, 1997; Munger et al., 2001; Song et al., 2008;
Stephan et al., 2011), there remains some debate about
the phenomenon in VSNs (Holy et al., 2000; Nodari et al.,
2008; Spehr et al., 2009; Arnson and Holy, 2011). Studies
showing little evidence for adaptation used extracellular
single- and multi-unit action potential recordings from
VSNs (Holy et al., 2000; Nodari et al., 2008; Arnson and
Holy, 2011), while those finding evidence for adaptation
used extracellular field potential recordings and patch
clamp techniques (Spehr et al., 2009). The differing con-
clusions may reflect the different methodologies used
(e.g., multielectrode array recordings vs local field poten-
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tials, etc.), stimulus panels (e.g., dilute urine vs monomo-
lecular steroid ligands) or other unknown variables.

In this study, we present data on VSN sensory adapta-
tion from three individual laboratories using different
physiological approaches, stimuli, and adaptation-testing
paradigms. Each dataset independently presents evi-
dence that most VSNs undergo pronounced sensory ad-
aptation on repeated exposure to the same stimuli over
varying time courses. Short-term adaptation was induced
at interstimulus intervals (ISls) less than ~30 s in most
VSNs. However, a subset of VSNs proved resistant to
adaptation even at short ISls. Hours-long population Ca®*
imaging experiments revealed additional slow VSN adap-
tation that was sensitive to the timing of stimuli but not the
total stimulus exposure or imaging time. Finally, VSN
recordings from male and female mice showed differential
levels of adaptation to same- and opposite-sex urine,
suggesting that long-term sensory exposure increases
the prevalence of short-term VSN adaptation. Cumula-
tively, these results confirm that VSN adaptation occurs
on both short and long time scales, indicating that the
AQS, like the MOS, utilizes sensory adaptation to tune its
physiological responsiveness to chemosensory input over
time.

Materials and Methods

Animals

Animal procedures for confocal Ca®* imaging experi-
ments were approved by local authorities and in compli-
ance with European Union Legislation (Directive 2010/63/
EU) and recommendations by the Federation of European
Laboratory Animal Science Associations (FELASA). Ani-
mal procedures for volumetric Ca®* imaging experiments
were approved by the Institutional Animal Care and Use
Committee at the University of Texas Southwestern Med-
ical Center. Animal procedures for electrophysiological
experiments were handled in accordance with the guide-
lines of the Italian Animal Welfare Act and European Union
guidelines on animal research, under a protocol approved
by the ethics committee of Scuola Internazionale Supe-
riore di Studi Avanzati (SISSA). Confocal Ca®* imaging
experiments were performed in wild-type C57BL/6 mice.
Volumetric Ca®* imaging experiments were performed
with OMpim4ereMomy | knock-in mice (OMP-Cre mice; The
Jackson Laboratory stock #006668) mated to
Gt(ROSA)26Sormo6(CAG-GCalMPes)Hze ) | mice (AI96 mice;
The Jackson Laboratory stock #024106). These mice ex-
press the genetically encoded Ca?* indicator GCaMP6s
in VSNs (OMP-Cre™’-, Ai96™/~ double transgenic mice),
further referred to as OMPxAIi96 mice. Electrophysiologi-
cal experiments were performed in wild-type C57BL/6
mice.

Chemicals, solutions, and stimuli presentation

For confocal Ca?* imaging, the following solutions were
used (300 mOsm, adjusted with glucose; pH 7.3, adjusted
with NaOH): HEPES buffered extracellular solution con-
taining 145 mM NaCl, 5 mM KCI, 1 mM CaCl,, 1 mM
MgCl,, and 10 mM HEPES (S;); oxygenated (95% O,, 5%
CO,) extracellular solution containing 125 mM NaCl, 25

eNeuro.org


mailto:julian.meeks@utsouthwestern.edu
mailto:m.spehr@sensorik.rwth-aachen.de
http://dx.doi.org/10.1523/ENEURO.0223-18.2018
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

eMeuro

mM NaHCO;, 5 mM KCI, 1 mM CaCl,, 1 mM MgSO,, and
5 mM N,N-bis(2-hydroxyethyl)-2-aminoethanesulfonic
acid (S,); and elevated K* solution containing 100 mM
NaCl, 50 mM KCI, 1 mM CaCl,, 1 mM MgCl,, and 10 mM
HEPES (S,). Free Ca®" and Mg®* concentrations were
calculated using WEBMAXC STANDARD (available at
https://web.stanford.edu/~cpatton/webmaxcS.htm). If
not stated otherwise, chemicals were purchased from
Sigma. For sensory stimulation, urine samples from =10
individuals were pooled and immediately frozen (-20°C) as
ready-to-use aliquots. Before experiments, aliquots were
thawed and diluted 1:100 in S, (Spehr et al., 2009). Stimuli
were applied for 10 s from air pressure-driven reservoirs
via an 8-in-1 multi-barrel “perfusion pencil” (Science
Products). Changes in focal superfusion (Veitinger et al.,
2011) were software controlled and synchronized with
data acquisition by TTL input to 12V DC solenoid valves
using a TIB 14S digital output trigger interface (HEKA
Elektronik).

For volumetric Ca®* imaging, cholic acid (CA) and de-
oxycholic acid (DCA) stocks (20 mM) were prepared in
methanol and stored at -20°C. For experiments, bile acid
stocks were further diluted to 10 uM in Ringer’s solution
(8,) containing 115 mM NaCl, 5 mM KCI, 2 mM CacCl,, 2
mM MgCl,, 25 mM NaHCO,3, 10 mM HEPES, and 10 mM
glucose. The final methanol concentration in both bile
acid test stimuli and control Ringer’s saline was 0.5%.
Stimuli were applied for 15 s using an air pressure-driven
reservoir via a 16-in-1 multi-barrel perfusion pencil (Auto-
mate Scientific). Stimulus delivery was synchronized with
image acquisition using custom software (Holekamp
et al., 2008; Turaga and Holy, 2012).

For electrophysiological recordings, urine from adult
(more than two months, both sexes) C57BL/6 mice were
filtered separately (0.2-um filter) and frozen at -80°C.
Before use, male and female urines were mixed in a 1:1
ratio and the mixture was diluted 1:50 in extracellular
solution (Sg) containing 120 mM NaCl, 20 mM NaHCOg, 3
mM KCI, 2 mM CaCl,, 1 mM MgSO,, 10 mM HEPES, and
10 mM glucose; pH 7.4. As urine contains urea and
potassium ions, which could potentially cause neurons to
fire by direct membrane depolarization, artificial urine di-
luted 1:50 was used as a control. Artificial urine (Sg)
contained 100 mM NaCl, 40 mM KCI, 20 mM NH,OH, 4
mM CaCl,, 2.5 mM MgCl,, 15 mM NaH,PO,, 20 mM
NaHSO,, 333 mM urea; pH 7.4 (NaOH; Holy et al., 2000).

Tissue preparation

For confocal Ca?* imaging, acute coronal VNO slices of
C57BL/6 mice (including four female and five male mice;
three to nine months), were prepared as previously de-
scribed (Hagendorf et al., 2009; Cichy et al., 2015). Briefly,
mice were sacrificed by brief exposure to CO, followed by
cervical dislocation and decapitation. The lower jaw and
palate were removed. The VNO was dissected, embed-
ded in 4% low-gelling temperature agarose, placed in
ice-cold oxygenated S,, and coronal slices (150 uwm) were
cut on a VT1000S vibrating microtome (Leica Biosys-
tems). Slices were transferred to a submerged, chilled,
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and oxygenated storage chamber with circulating S, until
use.

Volumetric Ca®* imaging experiments were performed
in OMPxAIi96 mice (including three female and four male
mice; 1.5-3 months). Following deep isoflurane anesthe-
sia, VNOs were dissected out and placed into ice-cold
oxygenated S,. Under a dissection microscope (Leica
Microsystems) the vomeronasal pump was surgically re-
moved from the vomeronasal epithelium. The vomerona-
sal epithelium was then adhered to a small piece of
nitrocellulose paper and secured in a recording chamber
using a custom clip.

For electrophysiological recordings, acute coronal
slices of mouse VNO were prepared as previously de-
scribed (Shimazaki et al., 2006; Dibattista et al., 2008). In
brief, the VNO was removed from C57BL/6 mice (includ-
ing three female and three male mice; two to three
months) and transferred to ice-cold Ss. After the capsule
and all cartilaginous tissues were carefully removed, the
two halves of the VNO were isolated from the vomer bone
and embedded in 3% low-melting temperature agarose
once it had cooled to 38°C. On solidification, a vibrating
microtome (Vibratome 1000 Plus Sectioning System,
Warner Instruments) was used to cut coronal slices of
200- to 250-um thickness in ice-cold oxygenated Ss.
Slices were then left to recover for at least 30 min in
ice-cold oxygenated Sg before electrophysiological ex-
periments were initiated.

Confocal Ca?* imaging

For Ca®*-sensitive dye loading, acute coronal VNO
slices were incubated (60 min; 5°C) in circulating S, (stor-
age chamber) containing Cal-520/AM (4.5 uM; Biomol)
and 0.0005% pluronic F-127 (20% solution in DMSOQO;
Thermo Fisher Scientific). After washing five times (S,),
VNO slices were transferred to a recording chamber (Lu-
igs & Neumann) on an upright fixed-stage scanning con-
focal microscope (TCS SP5 DMG6000CFS, Leica
Microsystems) equipped with a 20x/1.0 NA water immer-
sion objective (HCX APO L, Leica Microsystems) and
infrared-optimized differential interference contrast (IR-
DIC) optics. Bath solution (S,) was continuously ex-
changed (~5 ml/min; gravity flow). Cal-520 was excited
using the 488-nm line of an argon laser. Changes in
cytosolic Ca®* were monitored over time at 1.0-Hz frame
rates. Neurons were stimulated at decreasing ISIs of 180,
60, and 30 s.

Volumetric Ca?* imaging

The vomeronasal epithelium was imaged using a cus-
tom objective-coupled planar illumination (OCPI) micro-
scope (Holekamp et al., 2008). In brief, a light sheet was
formed using a lens relay (Tower Optical; Edmund Optics),
within a miniaturized light sheet-forming tube. A custom
fiber optic (OZ Optics) relayed 491-nm laser light (Coher-
ent) and collimated the beam before the miniaturized lens
relay. A custom, tunable coupler was used to orient the
light sheet at 90° relative to a 20X, 0.5 NA objective lens
(Olympus). The adjustable coupler was used to align the
light sheet with the focal plane of the objective. The
objective lens was connected to a piezoelectric positioner

eNeuro.org


https://web.stanford.edu/%7Ecpatton/webmaxcS.htm

eMeuro

(Physik Instrumente, L.P.) to synchronously adjust the
light sheet and focal plane of the objective, resulting in
optical sectioning.

Each image stack consisted of 51 frames, spanning
~700 pum in the lateral direction, 250-400 um in the axial
direction, and ~150 um in depth. Custom software syn-
chronized imaging with a computer-controlled stimulus
delivery device (Automate Scientific). Ringer’s saline (S,)
was continuously applied to the epithelium at a rate of ~2
ml/min. All stimuli were diluted in S, and applied at the
same flow rate through the same port. Three-dimensional
image stacks were acquired once every 3 s, and stimuli
were applied for five consecutive stacks (~15 s) with
varying ISIs. Stimulation patterns are described in Re-
sults.

Loose-patch extracellular recordings

Acute VNO slices were placed in a recording chamber,
continuously perfused with oxygenated Sy and viewed
with an upright microscope (Olympus BX51WI) by IR-DIC
optics with water immersion 20X or 60X objectives. Stim-
uli were delivered through an 8-into-1 multi-barrel perfu-
sion pencil connected to a ValvelLink8.2 pinch valve
perfusion system (Automate Scientific). A 5-s urine pulse
was delivered, followed by a second identical pulse at
interpulse intervals ranging from 5 to 60 s. The time
between each double-pulse experiment was =2 min. To
measure firing activity in intact VSNs, extracellular action
potential-driven capacitive currents were measured in the
on-cell loose-patch configuration (Ferrero et al., 2013;
Lorenzon et al., 2015; Ackels et al., 2016; Pietra et al.,
2016). Patch pipettes (3- to 6-M() resistance), pulled from
borosilicate capillaries (WPI) with a PC-10 puller (Na-
rishige), were filled with extracellular solution. Seal resis-
tances of 40-100 MQ were obtained on the soma of
VSNs. Recordings were made in voltage-clamp mode
with a holding potential of 0 mV using a MultiClamp 700B
amplifier controlled by Clampex 10 via a Digidata 1440
(Molecular Devices). Data were low-pass filtered at 2 kHz
and sampled at 5 kHz. Experiments were performed at
room temperature.

Analysis of confocal imaging data

All data were obtained from independent experiments
performed on at least three days using at least three
different animals. Individual numbers of cells/experiments
are denoted in the figure legends. Unless stated other-
wise, results are presented as means = SEM. Data were
analyzed offline using Leica LAS AF 2.4 (Leica Microsys-
tems), IGOR Pro 7.0 (WaveMetrics), Imaged 1.51n (Wayne
Rasband, National Institutes of Health) and Excel (Mi-
crosoft) software. Statistical analyses were performed us-
ing paired t tests, Dunnett test, or one-way ANOVA with
Tukey’s HSD post hoc test. Tests and corresponding p
values that report statistical significance (=0.05) are indi-
vidually specified in figure legends. In fluorescence imag-
ing experiments, regions of interest (ROIls) were defined to
encompass all depolarization-sensitive (S;) somata per
field of view based on DIC imaging of cell morphology at
rest. Time-lapse fluorescence images were movement
corrected with the StackReg/Rigid Body transformation
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plugin (Thevenaz et al.,, 1998) in ImagedJ. Changes in
relative fluorescence intensity were calculated as AF/F
and measured in arbitrary units. Neurons were classified
as “responsive” when showing stimulus-dependent Ca®*
elevations in somata according to the following three
criteria (Fluegge et al., 2012): (1) exposure to high extra-
cellular K* concentrations (50 mM; S;) induced a robust
Ca®" transient; (2) the peak intensity value of at least one
urine presentation exceeded the average prestimulation
baseline intensity plus three standard deviations for at
least 3 s [Iresp > Ibaseline + 3 X SD(Ibaseline)]; and (3) the
increase in fluorescence intensity was observed within the
time window of stimulus application. Every responsive cell
was visually inspected and neurons showing potentially
unspecific responses (e.g., because of high spontaneous
activity) were excluded.

Analysis of volumetric Ca?* imaging data

All data analysis was performed in MATLAB using cus-
tom software similar to (Turaga and Holy, 2012; Hammen
et al., 2014). In brief, image stacks were registered using
a two-stage algorithm, essentially a rigid translation fol-
lowed by a nonrigid warping. Custom MATLAB software
calculated the relative change in GCamP®6s intensity
(AF/F) for every image voxel by subtracting the mean
voxel intensity in three consecutive prestimulus stacks
from the mean voxel intensity in three stacks during the
stimulus delivery, then dividing the resulting value by the
prestimulus intensity. AF/F “maps” for each stimulus were
used to identify well-registered VSNs that reliably re-
sponded to stimulation. In some cases in which residual
“drift” was apparent post-registration, ROIs were re-
aligned with the somata at regular time intervals to avoid
false negative responses. Following volumetric ROI selec-
tion, the mean voxel intensity for each ROl was calculated
for every image stack in the experiment (~1500 stacks),
generating an nROIs X nStacks matrix of fluorescence
intensity. This intensity matrix was used to calculate AF/F
for every ROI and every stimulus application.

Slow, interblock VSN adaptation was calculated by
normalizing AF/F on the first trials of each stimulus in each
block to the maximal AF/F response across all trials. Fast,
intrablock VSN adaptation was calculated using the fol-
lowing formula:

/ _ AF/Pews = (AF/P o
intrab> (AF/F)wbi> + 0.1

Where (AF/F)w, 1> is the AF/F response of the third trial
(t3) of blockb and (AF/F)w, > is the AF/F response of the
first trial ({1) of blockb. The 0.1 offset to the denominator
is added to avoid divide by zero errors. All data points with
error bars reflect mean = SEM.

Discriminability (d’) of “CA-only” and DCA-only VSN
populations across blocks/trials was calculated similarly
to (Davison and Katz, 2007):

d’(b,t) =
Imean(AF/F) woca-ony> .o — mean(AF/F) cca-ony> b
\/Std(AF/F)(DCAon/y)(b,t)2 + Std(AF/F) cca-ony> b2
2
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where mean(AF/F)woca-onyb, > represents the mean
within-cell normalized AF/F responses to 10 uM DCA on
block b and trial t. The term std(AF/F)woca-ony), v is the
standard deviation of within-cell normalized in normalized
AF/F responses to 10 uM DCA on block b and trial t.

Analysis of electrophysiological data

IgorPro 6.7 software (WaveMetrics) and Clampfit (Mo-
lecular Devices) were used for data analysis and figure
preparation. Data are presented as mean = SEM. Be-
cause most of the data were not normally distributed
(Shapiro-Wilk test), statistical significance was deter-
mined using Friedman’s test followed by Tukey—Nemenyi
test; p < 0.05 was considered statistically significant. For
spike detection, recordings were filtered offline with a
high-pass filter at 2 Hz to eliminate slow changes in the
baseline. Individual spikes were identified by a self-written
threshold detection procedure and confirmed by shape
inspection. The spontaneous firing activity of each VSN
was evaluated before urine application. A VSN was con-
sidered responsive to urine if (1) the average spike fre-
quency during the urine pulse was higher than the
average spontaneous spike frequency plus two standard
deviations, and (2) it was not responsive to artificial urine.

Results

VSNs demonstrate short-term adaptation to
repeated presentations of mouse urine

As sensory adaptation in the VNO is still subject to
debate, we first asked whether repeated sensory stimu-
lation of VSNs resulted in robust repetitive responses or,
by contrast, if VSNs revealed signs of sensory adaptation
on repeated stimulus exposure. With the goal of resolving
previous discrepancies, we designed experiments that
allowed us to investigate VSN adaptation at the individual
cell and population levels. We loaded VSNs in acute
coronal VNO slices from wild-type C57BL/6J mice with
the Ca®*-sensitive dye Cal-520/AM. We then performed
time-lapse confocal Ca?* imaging while stimulating repet-
itively with diluted urine samples pooled from either male
or female conspecifics of the same C57BL/6J strain (n =
6; Fig. 1A). We monitored Ca?* concentrations in the
somata of all neurons that showed robust transient ele-
vations in cytosolic Ca®" on depolarization (exposure to
increased extracellular K*). In each experiment, focal
stimulus application was repeated four times at decreas-
ing ISIs of 180, 60, and 30 s.

From a total of 259 urine-sensitive VSNs from both male
and female mice, we observed a substantially reduced
Ca?" response in 227 neurons (87.6%) when signal am-
plitudes evoked by the fourth stimulation were compared
to the initial urine exposure (Fig. 1C). Notably, the remain-
ing 32 VSNs (12.4%) did not reveal any reduction in
sensitivity. On average, small but significant amplitude
reductions were observed at 180-s ISI (85.7 = 2.2%;
one-way ANOVA, F = 31.99, Fc = 2.61, p = 0, Tukey’s
HSD p = 0.0055). On shorter ISIs of 60 and 30 s, we
observed more pronounced mean amplitude reductions
t0 67.5 = 1.9% (Tukey’s HSD, p = 6.18 X 107 "% and 53.8
+ 1.4% (Tukey’s HSD, p = 2.46 X 107 '), respectively.
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The 32 VSNs that did not show signs of adaptation in this
stimulation paradigm showed average Ca®* signal ampli-
tudes in response to the last stimulation that were statis-
tically indifferent as compared to the initial signal (121.0 =
4.6%; one-way ANOVA, F = 0.97, Fc = 2.67, p = 0.407).
Notably, a fifth stimulation after an additional 180-s ISI
induced a significantly higher mean response amplitude
(71.8 + 2.3%; paired t test, p = 9.15 X 107 '%) as com-
pared to the fourth stimulation (Fig. 1D), indicating that
short-term VSN adaptation is at least partially reversible
over the time course of minutes.

In a smaller set of VSNs, we compared Ca?" signal
amplitudes evoked by diluted male and female urine. In
these experiments, a stimulation-free period of 21.5 min
was between the last male stimulus application and the
next exposure to female urine. In those 27 VSNs that
responded to both male and female stimuli, initial ca®"
signal amplitudes in response to female urine were sta-
tistically indistinguishable (110.7 = 10.4%; paired t test, p
= 0.78) from Ca®" transients evoked the initial exposure
to male stimuli (Fig. 1D). Combined, these data reveal the
presence of pronounced short-term adaptation at the
population and individual cell levels, especially for short
ISIs, but also indicate that VSNs can retain stimulus sen-
sitivity over long experimental time courses. This latter
finding is consistent with previous studies that found no
appreciable adaptation during long experiments involving
sparse stimulation with monomolecular sulfated steroid
ligands (Nodari et al., 2008; Arnson and Holy, 2011).

VSNs demonstrate long-term and short-term
adaptation to monomolecular ligands

Urine contains many AOS ligands, raising the possibility
that the variability of VSN adaptation may, at least in part,
reflect the activation of VSNs expressing many receptors
(i.e., different VSN “types”). Therefore, we next examined
VSN adaptation to monomolecular ligands. Specifically,
we investigated VSN adaptation to the bile acids CA and
DCA, two natural AOS ligands found in feces (Doyle et al.,
2016). To test VSN adaptation to these monomolecular
bile acids, we used volumetric VSN Ca®" imaging via
OCPI microscopy (Holekamp et al., 2008). We imaged the
intact VNO epithelium in OMPxAi96 mice, which express
the genetically encoded calcium indicator GCaMP6s in
VSNs (Li et al., 2004; Madisen et al., 2015; Fig. 2A). Using
a computer-controlled fast stimulation device we stimu-
lated the VNO epithelium with DCA and CA, one at a time,
with an “accelerating” protocol in which ISIs were sys-
tematically decreased from 180 to 15 s in blocks of three
trials per ligand (Fig. 2B). At the transition between blocks,
the ISI for the upcoming block was used (e.g., between
the 180- and 150-s block in the accelerating protocol the
ISI was 150 s). Using this approach, we were able to track
individual VSNs within volumetric ROls for 1500 or more
image stacks (>4500 s; Fig. 2C-H). Consistent with pre-
vious studies in the accessory olfactory bulb (Doyle et al.,
2016), we observed differential tuning to CA and DCA at
10 uM (Fig. 2E-H). In the accelerating protocol, we ob-
served a steady decline in VSN response intensity (AF/F)
to each monomolecular ligand across blocks.
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Figure 1. The majority of mouse VSNs display sensory adaptation on repeated stimulation with diluted urine. A, Loading of sensory
neurons in acute VNO slices with a synthetic Ca®" indicator. Top, Low-magnification DIC (left) and epi-fluorescence image (right) of
a VNO section bulk-loaded with Cal-520/AM. Bottom, High-magnification images of a region of the sensory epithelium (white box in
top image). Confocal DIC (left) and fluorescence (middle) images are merged (right) to show dye loading of sensory neurons. B,
Representative original recordings of cytosolic Ca?" signals in different VSN somata in response to diluted urine (1:100; 10 s) and
elevated extracellular potassium (K*; 50 mM; 10 s). The integrated relative fluorescence intensities (AF/F) in user-defined ROls are
displayed in arbitrary units and viewed as a function of time. Neurons are stimulated at decreasing ISl of 180 s (1 —2), 60 s (2 — 3),
and 30 s (3 — 4). Black traces represent VSNs that undergo sensory adaptation of variable degree. Red trace shows a neuron that
displays no adaptation. C, left, Scatter dot plot depicting relative Ca®" signal amplitudes recorded from a total of 259 VSNs in
response to stimulation 4 [data points show signal strength as percentage of the initial response amplitude (1)]. Data are categorized
as indicative of adaptation (<95%; gray; n = 227) or the lack thereof (=95%; white; n = 32). Data points marked by different red
symbols correspond to original recordings shown in B. Solid horizontal line and gray shadow indicate mean =+ SD of adapting VSNs.
Right, Box plots illustrating the Ca®* signal amplitudes evoked by stimulations 2 (180 s ISl), 3 (60 s ISl), and 4 (30 s ISI). Data are
shown as percentage of the response to initial stimulation (1). Median values (horizontal lines), the interquartile ranges (height of the
box), and the minimum and maximum values (whiskers) are plotted. Circles depict values that were >1.5 times the interquartile range
from the lower or upper quartile. White box (right) corresponds to the VSNs categorized as not adapting. D, top, Original recording
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from a representative VSN consecutively challenged with male (black trace) and female (purple trace) urine. Interval between
recordings 26 min. Fluorescence intensity (AF/F) is plotted as a function of time. Stimulation paradigm as in B. Bottom, Box plot (left;
n = 27) quantifying and comparing the Ca2" signal amplitudes evoked by the initial stimulations with diluted male and female urine,
respectively. Note that sensitivity is fully restored after 26 min. Middle/right, Original traces and box plot quantification illustrating initial
responses (black traces), responses to stimulation 4 (30 s ISI; red traces and box), and responses to a fifth stimulation after an
additional 180 s recovery period (green traces and box). Asterisk (*) indicates statistical significance, p < 0.01 (one-way ANOVA in
C; paired t-test in D). BV, blood vessel; DL, dendritic layer; KL, knob layer; L, lumen; SE, sensory epithelium; SL, soma layer; VNO,

vomeronasal organ.

We next investigated whether the apparent accumula-
tion of sensory adaptation was modulated by sensory
responsiveness to CA and DCA at the 10 uM concentra-
tion. We took advantage of the observation that subsets
of VSNs are selective for 10 uM DCA (DCA-only), selec-
tive for 10 uM CA (CA-only), or nonselectively activated
by both stimuli (“‘CA+DCA”; Figs. 2E-H, 3A ) to indepen-
dently evaluate adaptation in each functionally-defined
subset. We assigned each VSN to one of three clusters
based on their pattern of responsiveness across the initial
two blocks of stimulation (including six trials of each
monomolecular bile acid at 10 uM; Fig. 3A). Pooling
across accelerating experiments, we identified 486 ROls
that reliably responded to stimulation across the initial two
blocks. Of these ROls, 135 (27.8%) were selectively acti-
vated by 10 uM DCA, 136 (28.0%) were selectively acti-
vated by 10 uM CA, and 215 (44.2%) were activated by
both 10 uM DCA and 10 uM CA (Fig. 3A). We observed no
difference in the rate of slow, cumulative sensory adap-
tation across these clusters (Fig. 3B,C), despite the fact
that VSNs in the CA+DCA cluster were active on every
trial whereas each of the selective clusters were only
activated in half of the trials in each block. In the initial
blocks, the discriminability index, which quantifies the
separation in a population of responses (Davison and
Katz, 2007), showed a high degree of discriminability
between VSNs in the DCA-only and CA-only clusters (Fig.
3D). The net effect of the slow, cumulative sensory adap-
tation in the accelerating ISI protocol was a steady de-
crease in the discriminability index between these initially
well-separated clusters. By the time the shortest intertrial
intervals were tested (block 7), the discriminability be-
tween these clusters was effectively abolished (Fig. 3D).
Importantly, our ability to evaluate faster adaptation (e.g.,
that seen at the shortest ISIs in Fig. 1) with this paradigm
was limited by the apparent slow adaptation.

The observed pattern of slow, cumulative adaptation
suggested that VSNs may experience sensory adaptation
on a time course much longer than investigated in previ-
ous studies. However, this slow adaptation may have
instead arisen, in part or in whole, because of technical
confounds, for example GCaMP6s photobleaching, VSN
phototoxicity, or slow tissue deterioration in the tissue
imaging chamber. To determine if these latter confounds
contributed to (or caused) slow adaptation, we designed a
“decelerating” IS| protocol that matched the total time of
ligand exposure, stimulation, the specific ISls used, and
the total exposure to light sheet illumination. We accom-
plished this by simply flipping the order of ISI blocks,
starting with the 15-s ISI block and increasing the ISIs

July/August 2018, 5(4) e0223-18.2018

until the 180-s block (Fig. 4A). Here, in the absence of
slow adaptation, we readily observed strong adaptation of
AF/F responses at the initial 15-s ISI block (Fig. 4B). This
fast adaptation was strong enough to degrade cluster
assignments including this block, so we clustered VSN
responses into DCA-only, CA-only, and CA+DCA cate-
gories based on the response patterns during blocks 3
and 4 of the decelerating stimulus paradigm (DCA-only:
103/336, 30.6%; CA-only: 116/336, 34.6%; CA+DCA:
117/336, 34.8%). Evaluating the sensory adaptation pat-
terns in the decelerating profile revealed the presence of
strong sensory adaptation at the fastest ISls (Fig. 4C,D),
consistent with the adaptation seen at fast time scales in
response to mouse urine (Fig. 1). Importantly, VSNs in the
decelerating ISI protocol showed no evidence of the slow,
cumulative adaptation seen in the accelerating paradigm.
Discriminability between the DCA-only and CA-only pop-
ulations in the decelerating protocol showed degradation
only in the blocks showing fast adaptation (15-s ISI block)
and remained high as ISls extended toward the 180-s
block (Fig. 4E). These results indicate that the slow, cu-
mulative adaptation observed in the accelerating ISI pro-
tocol does not arise due to photobleaching, phototoxicity,
or tissue degradation, but is instead a result of the re-
peated stimulus exposure and steadily decreasing ISls.

VSNs demonstrate short-term spike frequency
adaptation to mouse urine

Adaptation in VSN intracellular Ca®" signals may or
may not directly relate to spiking activity. To determine if
adaptation was also observable in VSN spike frequency
(i.e., neuronal output), we performed electrophysiological
recordings in the on-cell loose-patch configuration from
individual VSNs in acute VNO slices (Fig. 5A). Figure 5B
shows representative responses to the sequence of stim-
uli used to identify urine-responsive VSNs. A short pulse
of high KCI (25 mM) was initially delivered to determine
VSN viability. If the neuron showed spike activity in re-
sponse to high KCI, we tested the response to diluted
urine (1:50) and then to artificial urine (1:50). As VSNs
often show spontaneous bursting activity (Holy et al.,
2000; Arnson and Holy, 2011), each stimulus was re-
peated at least three times (Fig. 5C,D) to avoid false
positive responses. The representative neuron shown in
Figure 5 clearly responded to high KCI and urine with an
increase in firing frequency, but it did not show any
change in spike activity during artificial urine presentation,
indicating that the firing increase to urine presentation
was not caused by changes in ion concentration. From a
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Figure 2. Evaluatlng sensory adaptatlon to monomolecular AOS ligands with population VSN Ca?* imaging. A, VNO imaging setup
using OCPI (light sheet) microscopy, which enables volumetric imaging of thousands of VSNs in the intact vomeronasal epithelium.
B, Experimental design for accelerating protocol of stimulus acquisition. Two monomolecular ligands, DCA and CA, were applied in
blocks of six trials (three each for DCA and CA) with the noted recovery periods within each block. C, D, Example images taken from
a single frame of a 51-frame z-stack showing the responses of VSNs to repeated stimulation with 10 uM DCA in “Block 1” (180 s
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recovery, C) and “Block 5” (60 s recovery, D). Arrowheads mark the position of a DCA-responsive cell. Scale bar: 100 um. Symbols
refer to derivative images in E-G and traces shown in H. E-G, Normalized change in fluorescence (AF/F) of VSNs on trial 1 of 3 (left)
and trial 3 of 3 (right) in Block 1 (180 s recovery, E), Block 5 (60 s recovery, F), and Block 7 (15 s recovery, G). Arrowheads mark the
same cell as in C, D. H, Across-trial responses of a DCA-selective cell (top, same as the cell shown in C-G), a DCA- and

CA-responsive cell (middle), and a CA-selective cell (bottom). Symbols refer to the responses noted in C-G.

total of 37 VSNs, 18 (48.6%) clearly responded to urine
and not to artificial urine.

Once we established that a given VSN responded to
urine, we proceeded to evaluate the properties of adap-
tation in response to two repetitive urine pulses separated
by ISIs ranging from 5 to 60 s. The recovery time between
each repetitive stimulus was at least 2 min. Figure 6A
shows recordings from a neuron (black traces) displaying
a strong decrease in spike frequency to the second urine
stimulus applied after 5 or 10 s compared to the spike
frequency in response to the first urine stimulus. Spike
frequency adaptation steadily diminished as ISls in-
creased to 20 and 60 s. Some neurons, represented by
the neurons highlighted in pink in Figure 6A, showed a
moderate reduction in spike activity only at the 5-s ISI. To
compare the adaptation profile from different neurons, we
normalized the average spike frequency in response to
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the second urine pulse to the value in response to the first
urine pulse (Fig. 6B,C). From a total of 18 urine-responsive
VSNs, we could complete the adaptation protocol in 14
VSNs. A quantitative characterization of the urine re-
sponses in these neurons shows that spike frequency was
significantly different when the second pulse was applied
after 5 or 10 s, whereas frequency was not significantly
different after 20 or 60 s (Tukey—Nemenyi test after Fried-
man test F = 34.8, p = 1.3 X 1077). Thus, short-term
spike frequency adaptation for most VSNs mirrors the
time course seen by Ca®* imaging experiments.

Short-term VSN adaptation to mouse urine is host
and stimulus specific

Ca®* imaging and action potential measurements both
revealed the presence of a subset of non-adapting VSNs
that are sensitive to components of mouse urine. We
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Figure 3. VSN responses to monomolecular bile acid ligands in the accelerating intertrial interval paradigm. A, Clustering of VSN
responses to 10 uM bile acids reveals three populations: those that respond to DCA-only, CA and DCA (CA + DCA), and CA-only.
Each column represents AF/F for a single VSN across six trials of each stimulus (all trials from blocks 1 and 2). Includes responses
from 486 VSNs across four tissues (four animals). Two experiments presented DCA first and two presented CA first. B, Normalized
response patterns of clustered VSNs across all blocks/trials. Shown are VSNs from two experiments in which DCA was presented
first. Each row is a VSN and each column a single trial. Blocks are noted by vertical ticks. C, Adaptation across and within each
stimulus block, arranged by cluster. Box plots indicate the median (dark line) and 25-75% interquartile range of the per-VSN
normalized response magnitude of the first trial (1) of each block. Solid black lines/symbols indicate the degree of intrablock
adaptation ([t3-t1]/[t1+offset]). D, Reduction in cluster discriminability (d’) resulting from inter- and intratrial adaptation.
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Figure 4. VSN responses to monomolecular bile acid ligands in the decelerating intertrial interval paradigm. A, Stimulus delivery
design. B, Example AF/F images showing the responses of VSNs to repeated stimulation with 10 uM DCA and 10 uM CA in “Block
1”7 (15 s recovery, left) and “Block 7” (180 s recovery, right). White and red arrowheads mark VSNs in the CA+DCA and CA-only
clusters, respectively. C, Normalized AF/F responses of clustered VSNs across blocks/trials. Shown are VSNs from three experiments
in which DCA was presented first. Note that cross-adaptation is largely restricted to the CA+DCA cluster. D, Interblock and intrablock
adaptation, arranged by cluster. E, In stark contrast to the accelerating protocol (gray line), discriminability between the DCA-only and
CA-only clusters in the decelerating protocol (black line) remained high except in trials separated by 15 s.

hypothesized that VSN adaptation may be (1) dependent
on the sex of the animal, (2) the stimulus used, or (3) both.
To investigate these questions, we used repeated sensory
VSN stimulation in acute Cal-520/AM-loaded VNO slices
(Fig. 1A) from wild-type C57BL/6J mice. We analyzed
Ca?" signal amplitudes evoked by either male or female
urine in neurons from male and female mice. These anal-
yses produced several new findings. First, independent of
the stimulus-recipient combination, we observed signifi-
cantly reduced response amplitudes on the third (60-s ISI)
and fourth stimulus (30-s ISI) exposure (Fig. 7). Average
signal amplitudes were 54.3 = 2.6% and 50.5 = 3.4% in
female VSNs stimulated with female urine, 69.2 = 4.8%
and 63.7 £ 3.3% in female VSNs stimulated with male
urine, 71.2 = 3.2% and 48.9 = 2.2% in male VSNs
stimulated with female urine, and 70.6 = 3.4% and 53.6 =
2.5% in male VSNs stimulated with male urine, respec-
tively. Second, adaptation occurs at longer ISIs when
VSNs are challenged with same-sex stimuli. At an ISI of
180 s, stimuli that originate from individuals of the same
sex (i.e., male VSNs-male urine and female VSNs-female
urine) trigger significant adaptation (female-female: 77.2
+ 3.5%; male-male: 77.2 = 4.4%), whereas average re-
sponses to stimuli that originate from the opposite sex
(i.e., male VSNs-female urine and female VSNs-male
urine) are essentially unchanged (male-female: 102.2 +
4.0%; female-male: 86.6 = 3.9%). Third, at an ISI of 60 s,
we observed stronger sensory adaptation when female
VSNs were exposed to female urine (54.3 = 26%), com-
pared to the other three stimulus-recipient combinations.
Finally, relief from adaptation differed according to the

July/August 2018, 5(4) e0223-18.2018

stimulus-recipient combination. Notably, response recov-
ery is fast when female VSNs are challenged with male
urine. A fifth stimulation after an additional ISI of 180 s
triggered an average response of 94.74 = 6.0%. The
same period of time did not allow full recovery of sensi-
tivity in the other three stimulus-recipient combinations
(female-female: 67.3 = 4.3%; male-male: 69.9 = 3.9%;
male-female: 59.8 = 3.2%). Cumulatively, these results
suggest that the heterogeneity in VSN adaptation to uri-
nary cues. Moreover, these data suggest that fast VSN
adaptation depends on both the sex of the animal and the
cues being sensed.

Discussion

Short-term VSN adaptation has a time course of
seconds and is reversible

Sensory adaptation is a cross-modal phenomenon with
important consequences for perception and behavior (for
review, see Torre et al.,, 1995). In the MOS, adaptation
begins in the sensory periphery at the level of individual
olfactory sensory neurons (for review, see Pifferi et al.,
2006). In the AOS, studies of sensory adaptation in VSNs
have come to opposing conclusions. Differences in phys-
iologic methods, experimental preparations, and stimulus
timing could account for these differences. For example,
extracellular single unit recordings from intact VNO epi-
thelial preparations showed only mild within-stimulus
spike rate adaptation during constant stimulation for 10 s
(Holy et al., 2000; Nodari et al., 2008; Arnson and Holy,
2011). Randomized, interleaved stimulation in such exper-
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Figure 5. Electrophysiological recordings of evoked firing activity from individual VSNs. A, Schematic representation of a VNO coronal
slice and a patch pipette in preparation for electrophysiological recordings from a VSN. B, Representative recordings in the on-cell
loose-patch configuration from a single VSN showing the firing activity in response to high K* solution (top), diluted urine (1:50;
middle), or diluted artificial urine (1:50; bottom). Time of stimulus presentation is indicated by the top bars. C, Raster plots of firing
activity from the same VSN in B. The recovery time between individual stimuli was at least 2 min. D, Heat map showing the average
spike frequency of the traces in C in bins of 1 s. The firing frequency increased in response to urine, or to high K* solution as a positive

control, but not in response to artificial urine.

iments reduced the chances of repeated stimulation with
the same odorant in rapid succession. Such protocols
have proven beneficial to inquiries into VSN tuning but are
not deliberately designed to investigate the presence or
absence of short-term VSN adaptation across stimulus
presentations.

The data presented here, collected across three inde-
pendent approaches using different but comparable ex-
perimental procedures and stimulus timing protocols,
support the conclusion that short-term VSN adaptation
occurs over time scales of tens of seconds. This short-
term adaptation was observed in response to both natural
stimuli (mouse urine) and monomolecular bile acid li-
gands, and with both somatic Ca®" and spike frequency
measurements. These results are not incompatible with
previous observations that VSNs are spontaneously ac-
tive, show bursting behavior in spontaneous and stimu-
lated conditions, or that rate adaptation is mild during
individual stimulus trials (Holy et al., 2000; Nodari et al.,
2008; Arnson and Holy, 2011). These findings do, on the
other hand, unambiguously show that short-term adapta-
tion occurs when VSNs are stimulated repeatedly for 5 s
or longer with ISIs <30 s.

Short-term VSN sensory adaptation was reversible over
the time course of minutes. This was seen in VNO slices
when Ca®* signal adaptation to a brief accelerating ISIs
was reversed after a = 3 min recovery period (Fig. 1). In

July/August 2018, 5(4) e0223-18.2018

intact VNO epithelia, fast VSN adaptation steadily de-
creased when ISls were gradually lengthened (decelerat-
ing ISI protocol; Fig. 4). Finally, VSN somatic spike rate
adaptation was not observed when paired-pulse trials
were separated by 2 min. We conclude that, whereas
short-term VSN adaptation is severe at ISls <30 s, these
effects are reversible over the time course of minutes.

Population Ca®?* imaging experiments using monomo-
lecular ligands revealed cross-desensitization in VSNs
that were sensitive to both of the bile acid ligands
(CA+DCA VSNSs; Figs. 3, 4). In the absence of a recovery
period >30 s, CA+DCA neurons that had adapted to DCA
showed minimal initial responses to CA (Fig. 4). These
data have important implications for the design of exper-
iments aimed at assessing VSN tuning. For example,
exposure to a panel of strong AOS ligands, even when
using randomized, interleaved block designs (Nodari
et al., 2008; Meeks et al., 2010; Turaga and Holy, 2012;
Hammen et al., 2014; Xu et al., 2016), with ISIs <30 s may
introduce stimulus “order effects,” increasing the likeli-
hood of false negative (Type Il) errors.

In addition to these technical considerations, these
demonstrations of short-term VSN adaptation have cell
physiologic implications. In line with previous observa-
tions (Spehr et al., 2009), adaptation of sensory responses
provides a powerful mechanism for feedback regulation
of vomeronasal sensitivity. One underlying mechanism is
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Figure 6. Spike frequency adaptation to repeated mouse urine stimulation of VSNs. A, Representative loose-patch recordings from
two individual VSNs in response to double-pulse stimulations with diluted urine (1:50). A 5 s urine pulse was delivered, followed by
a second identical pulse with ISls ranging from 5 to 60 s. The recovery time between each double-pulse experiment was at least 2
min. In black, a urine-responsive VSN did not fire in response to a second pulse of urine after 5 s, showed a reduced firing frequency
to the second urine pulse at 10 s ISI, and a recovery at 60 s ISI. In pink, another VSN showing a smaller reduction in firing frequency
at 5- and 10-s ISIs compared to the previous VSN. B, Heat map of normalized mean firing frequency from double-pulse urine
stimulations at different ISls for 14 VSNs. The mean frequency during the second urine pulse was normalized to the mean frequency
evoked by the first pulse. VSNs shown in A are indicated by black and green circles. C, Box and scatter plots of the normalized
frequency at different ISIs. Each dot represents an individual VSN at a given ISI. In the box plot horizontal lines represent the median,
lower and upper box boundaries represent the first and third quartile, respectively, and upper and lower whiskers represent the 5th

and 95th percentile. Statistics: Tukey—-Nemenyi test after Friedman test: *p < 0.01.

likely based on Ca®"/calmodulin-dependent feedback in-
hibition of primary VSN transduction channel(s) (Spehr
et al., 2009). This model bears striking similarity to well-
established sensory neuron adaptation in the MOS (Kura-
hashi and Menini, 1997; Munger et al., 2001; Song et al.,
2008; Stephan et al., 2011). In canonical olfactory neu-
rons, Ca®*/calmodulin-mediated shifts in CNG channel
sensitivity effectively extend the dynamic range of signal
detection. Similar gain control might be of particular phys-
iologic importance in VSNs since these neurons are ex-
tremely sensitive to stimulation, with few picoamperes of
depolarizing current being sufficient to elicit repetitive

July/August 2018, 5(4) e0223-18.2018

action potential discharge (Liman and Corey, 1996;
Shimazaki et al., 2006; Hagendorf et al., 2009).

Long-term VSN adaptation occurs over the course
of tens of minutes and is stimulus timing dependent
Activation of VSNs is thought to be intrinsically slow
due to the hydrophobicity of many AOS ligands and their
need to be physically transported from the nasal cavity
into the VNO lumen via vomeronasal mucus (Meredith and
O’Connell, 1979). As such, natural sampling by the VNO
may or may not normally induce the same short-term VSN
adaptation revealed by these experiments. The long ex-
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Figure 7. Susceptibility to sensory adaptation is a sex-specific function of the stimulus-recipient combination. A, Representative
original recordings of cytosolic Ca?" signals from individual VSN somata in Cal-520/AM-loaded acute VNO slices. The integrated
relative fluorescence intensities (AF/F) in user-defined ROIs are displayed in arbitrary units and viewed as a function of time. Ca®*
transients are evoked by diluted urine (1:100; 10 s) and elevated extracellular potassium (K*; 50 mM; 10 s). Temporal stimulation
paradigm as in Figure 1. Trace colors indicate specific stimulus-recipient combinations: male VNO/female urine (dark gray), male
VNO/male urine (purple), female VNO/male urine (light gray), female VNO/female urine (light red). B, Box plots of Ca®" signal
amplitudes (normalized to the initial response) evoked by the 2nd, 3rd, and 4th exposure to urine. Colors denote stimulus-recipient
combination as in A: male VNO/female urine (dark gray; n = 60), male VNO/male urine (purple; n = 46), female VNO/male urine (light
gray, n = 42), female VNO/female urine (light red, n = 79). Note that more pronounced sensory adaptation is apparently evoked by

same sex (male-male; female-female) stimulation. Asterisks (+) indicate statistical significance, p < 0.05 (Dunnett test).

perimental durations of the population VSN Ca®* imaging
studies revealed an additional mode of cumulative VSN
adaptation with a much slower time course. This slow,
cumulative adaptation was prominent in the accelerating
ISI protocol (Figs. 2, 3). When ISIs were gradually reduced
over the course of 90 min, there was often little adaptation
within a stimulus block but substantial adaptation across
blocks. Eventually, the cumulative adaptation resulted in
near-complete elimination of stimulus-driven GCaMP6s
Ca?" signals.

This slow adaptation seems to be linked to the specific
ISI order, rather than being a simple consequence of
repeated ligand exposure, photobleaching, or phototox-
icity, because this type of adaptation was minimal in the
decelerating ISI protocol. It is possible that accelerating
ISI experiments preferentially caused phototoxicity, but
this seems unlikely given that all experiments used the
same imaging conditions (illumination power, acquisition
rate, total imaging duration). Moreover, if phototoxicity
were a function of stimulation (GCaMP6s brightness), one
might expect the time course of slow adaptation to be
greater in CA+DCA VSNs, which were stimulated twice
as frequently as other VSN types, but this was not found
to be the case (Fig. 3). It is important to note that slow
adaptation was only observed via GCaMP6s Ca®* imag-
ing in response to monomolecular bile acid ligands; it may
be that adaptation is less prominent (or absent) in other
experimental conditions.

Despite these caveats, the time course of slow adap-
tation more closely matches mouse behavioral paradigms
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that involve regular physical interaction with other animals
and/or their social odors over the same time scale. In
social settings, mice sporadically but continuously sam-
ple environmental ligands and each other, which is likely
to “pulse” the VNO with AOS chemosignals (Luo et al.,
2003). If the same complement of environmental ligands is
continuously detected (for example, when a mouse is
introduced into the cage or habitat of another mouse),
slow adaptation may gradually reduce VSN sensitivity to
AOS ligands.

VSN adaptation is non-uniform and is more
pronounced for same sex than for opposite-sex
cues

Most VSNs demonstrated short-term adaptation to uri-
nary cues, but a substantial minority of these neurons
failed to adapt (Figs. 1, 6, 7). This reveals the presence of
short-term-adaptation-resistant  subsets of  urine-
responsive VSNs. Constituents of male and female mouse
urine activate partially-overlapping sets of AOS neurons
(Holy et al., 2000; He et al., 2008; Hendrickson et al.,
2008; Ben-Shaul et al., 2010; Tolokh et al., 2013); the
heterogeneity in VSN adaptation to urine may partially
reflect the activation of VSNs expressing different recep-
tors with different sensitivities to urinary cues. Moreover,
recent studies suggest that long-term environmental ex-
posure to AOS steroid ligands can selectively modify VSN
sensitivity (Xu et al., 2016), and others identified sex-
specific modulation of VSN sensitivity to urinary proteins
(Dey et al., 2015). All these data show that VSN tuning can
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be modulated by chemosensory experience and host-
specific factors (e.g., internal hormonal state), but it was
not clear whether such phenomena extended to the types
of shorter-term adaptation explored here.

In contrast to the confocal Ca®* imaging and electro-
physiological experiments, volumetric GCaMP6s imaging
experiments did not identify substantial VSN populations
that were resistant to short-term adaptation. An important
difference between these groups of experiments is that
confocal Ca®* imaging and electrophysiological experi-
ments each used dilute mouse urine as sensory stimuli,
whereas volumetric GCaMP6s Ca?* imaging experiments
used monomolecular bile acid ligands at 10 uM. The lack
of a non-adapting population in volumetric imaging ex-
periments may, at least in part, reflect the strong concen-
tration of the bile acid ligands used. However, it is also
possible that prior environmental sensory experience (i.e.,
to cues continuously present in the housing environment)
may also be a factor. The two bile acids used, CA and
DCA, happen to be common fecal components that are
found at high levels in both male and female mouse feces
(Doyle et al., 2016).

Further supporting the hypothesis that adaptation is
modulated by prior chemosensory experience are the
confocal Ca®" imaging results, which revealed that VSN
adaptation at intermediate I1SIs was seen for same-sex
urine but not opposite-sex urine (Fig. 7). Since mice were
housed in same-sex cages, male VNOs would have only
been exposed to male urine in the weeks before experi-
ments; vice versa for females. Therefore, these data sug-
gest that VSNs’ capacity for adaptation may depend on
recent exposure to urinary cues. Urinary AOS ligands
include, but are not limited to, sulfated steroids (Nodari
et al.,, 2008), major urinary proteins (MUPs; Chamero
et al., 2007) and major histocompatibility complex (MHC)
peptide ligands (Leinders-Zufall et al., 2004), so it remains
unclear whether the capacity to adaptation depends on
molecular classes or cognate VSN chemoreceptors.

Overall, these data provide extensive evidence for VSN
adaptation to natural ligand blends and monomolecular
ligands on physiologically relevant time scales. Together,
these studies provide a framework for future work inves-
tigating the molecular and cellular underpinnings of vome-
ronasal sensory adaptation and its impacts on AOS-
mediated behavior.

References

Ackels T, Drose DR, Spehr M (2016) In-depth physiological analysis
of defined cell populations in acute tissue slices of the mouse
vomeronasal organ. J Vis Exp 10.

Arnson HA, Holy TE (2011) Chemosensory burst coding by mouse
vomeronasal sensory neurons. J Neurophysiol 106:409-420.
CrossRef Medline

Ben-Shaul Y, Katz LC, Mooney R, Dulac C (2010) In vivo vomerona-
sal stimulation reveals sensory encoding of conspecific and al-
lospecific cues by the mouse accessory olfactory bulb. Proc Natl
Acad Sci USA 107:5172-5177. CrossRef Medline

Brennan P, Kaba H, Keverne EB (1990) Olfactory recognition: a
simple memory system. Science 250:1223-1226. Medline

Chamero P, Marton TF, Logan DW, Flanagan K, Cruz JR, Saghat-
elian A, Cravatt BF, Stowers L (2007) Identification of protein

July/August 2018, 5(4) e0223-18.2018

New Research 14 of 15

pheromones that promote aggressive behaviour. Nature 450:899—
902. CrossRef Medline

Cichy A, Ackels T, Tsitoura C, Kahan A, Gronloh N, Sochtig M,
Engelhardt CH, Ben-Shaul Y, Muller F, Spehr J, Spehr M (2015)
Extracellular pH regulates excitability of vomeronasal sensory neu-
rons. J Neurosci 35:4025-4039. CrossRef

Davison IG, Katz LC (2007) Sparse and selective odor coding by
mitral/tufted neurons in the main olfactory bulb. J Neurosci 27:
2091-2101. CrossRef Medline

Dey S, Chamero P, Pru JK, Chien MS, Ibarra-Soria X, Spencer KR,
Logan DW, Matsunami H, Peluso JJ, Stowers L (2015) Cyclic
regulation of sensory perception by a female hormone alters be-
havior. Cell 161:1334-1344. CrossRef Medline

Dibattista M, Mazzatenta A, Grassi F, Tirindelli R, Menini A (2008)
Hyperpolarization-activated cyclic nucleotide-gated channels in
mouse vomeronasal sensory neurons. J Neurophysiol 100:576-
586. CrossRef Medline

Doyle WI, Dinser JA, Cansler HL, Zhang X, Dinh DD, Browder NS,
Riddington IM, Meeks JP (2016) Faecal bile acids are natural
ligands of the mouse accessory olfactory system. Nat Commun
7:11936. CrossRef Medline

Dulac C, Axel R (1995) A novel family of genes encoding putative
pheromone receptors in mammals. Cell 83:195-206. Medline

Ferrero DM, Moeller LM, Osakada T, Horio N, Li Q, Roy DS, Cichy A,
Spehr M, Touhara K, Liberles SD (2013) A juvenile mouse phero-
mone inhibits sexual behaviour through the vomeronasal system.
Nature 502:368-371. CrossRef Medline

Fluegge D, Moeller LM, Cichy A, Gorin M, Weth A, Veitinger S,
Cainarca S, Lohmer S, Corazza S, Neuhaus EM, Baumgartner W,
Spehr J, Spehr M (2012) Mitochondrial Ca(2+) mobilization is a
key element in olfactory signaling. Nat Neurosci 15:754-762.
CrossRef Medline

Hagendorf S, Fluegge D, Engelhardt C, Spehr M (2009) Homeostatic
control of sensory output in basal vomeronasal neurons: activity-
dependent expression of ether-a-go-go-related gene potassium
channels. J Neurosci 29:206-221. CrossRef

Hammen GF, Turaga D, Holy TE, Meeks JP (2014) Functional orga-
nization of glomerular maps in the mouse accessory olfactory
bulb. Nat Neurosci 17:953-961. CrossRef Medline

He J, Ma L, Kim S, Nakai J, Yu CR (2008) Encoding gender and
individual information in the mouse vomeronasal organ. Science
320:535-538. CrossRef Medline

Hendrickson RC, Krauthamer S, Essenberg JM, Holy TE (2008)
Inhibition shapes sex selectivity in the mouse accessory olfactory
bulb. J Neurosci 28:12523-12534. CrossRef Medline

Herrada G, Dulac C (1997) A novel family of putative pheromone
receptors in mammals with a topographically organized and sex-
ually dimorphic distribution. Cell 90:763-773. Medline

Holekamp TF, Turaga D, Holy TE (2008) Fast three-dimensional
fluorescence imaging of activity in neural populations by objective-
coupled planar illumination microscopy. Neuron 57:661-672.
CrossRef Medline

Holy TE, Dulac C, Meister M (2000) Responses of vomeronasal
neurons to natural stimuli. Science 289:1569-1572. Medline

Kaur AW, Ackels T, Kuo TH, Cichy A, Dey S, Hays C, Kateri M, Logan
DW, Marton TF, Spehr M, Stowers L (2014) Murine pheromone
proteins constitute a context-dependent combinatorial code gov-
erning multiple social behaviors. Cell 157:676-688. CrossRef
Medline

Kurahashi T, Menini A (1997) Mechanism of odorant adaptation in the
olfactory receptor cell. Nature 385:725-729. CrossRef Medline

Leinders-Zufall T, Brennan P, Widmayer P, S PC, Maul-Pavicic A,
Jéger M, Li XH, Breer H, Zufall F, Boehm T (2004) MHC class |
peptides as chemosensory signals in the vomeronasal organ.
Science 306:1033-1037. CrossRef Medline

Li J, Ishii T, Feinstein P, Mombaerts P (2004) Odorant receptor gene
choice is reset by nuclear transfer from mouse olfactory sensory
neurons. Nature 428:393-399. CrossRef Medline

Liberles SD, Horowitz LF, Kuang D, Contos JJ, Wilson KL, Siltberg-
Liberles J, Liberles DA, Buck LB (2009) Formyl peptide receptors

eNeuro.org


http://dx.doi.org/10.1152/jn.00108.2011
http://www.ncbi.nlm.nih.gov/pubmed/21525370
http://dx.doi.org/10.1073/pnas.0915147107
http://www.ncbi.nlm.nih.gov/pubmed/20194746
http://www.ncbi.nlm.nih.gov/pubmed/2147078
http://dx.doi.org/10.1038/nature05997
http://www.ncbi.nlm.nih.gov/pubmed/18064011
http://dx.doi.org/10.1523/JNEUROSCI.2593-14.2015
http://dx.doi.org/10.1523/JNEUROSCI.3779-06.2007
http://www.ncbi.nlm.nih.gov/pubmed/17314304
http://dx.doi.org/10.1016/j.cell.2015.04.052
http://www.ncbi.nlm.nih.gov/pubmed/26046438
http://dx.doi.org/10.1152/jn.90263.2008
http://www.ncbi.nlm.nih.gov/pubmed/18509074
http://dx.doi.org/10.1038/ncomms11936
http://www.ncbi.nlm.nih.gov/pubmed/27324439
http://www.ncbi.nlm.nih.gov/pubmed/7585937
http://dx.doi.org/10.1038/nature12579
http://www.ncbi.nlm.nih.gov/pubmed/24089208
http://dx.doi.org/10.1038/nn.3074
http://www.ncbi.nlm.nih.gov/pubmed/22446879
http://dx.doi.org/10.1523/JNEUROSCI.3656-08.2009
http://dx.doi.org/10.1038/nn.3738
http://www.ncbi.nlm.nih.gov/pubmed/24880215
http://dx.doi.org/10.1126/science.1154476
http://www.ncbi.nlm.nih.gov/pubmed/18436787
http://dx.doi.org/10.1523/JNEUROSCI.2715-08.2008
http://www.ncbi.nlm.nih.gov/pubmed/19020044
http://www.ncbi.nlm.nih.gov/pubmed/9288755
http://dx.doi.org/10.1016/j.neuron.2008.01.011
http://www.ncbi.nlm.nih.gov/pubmed/18341987
http://www.ncbi.nlm.nih.gov/pubmed/10968796
http://dx.doi.org/10.1016/j.cell.2014.02.025
http://www.ncbi.nlm.nih.gov/pubmed/24766811
http://dx.doi.org/10.1038/385725a0
http://www.ncbi.nlm.nih.gov/pubmed/9034189
http://dx.doi.org/10.1126/science.1102818
http://www.ncbi.nlm.nih.gov/pubmed/15528444
http://dx.doi.org/10.1038/nature02433
http://www.ncbi.nlm.nih.gov/pubmed/15042081

leuro

are candidate chemosensory receptors in the vomeronasal organ.
Proc Natl Acad Sci USA 106:9842-9847. CrossRef Medline

Liman ER, Corey DP (1996) Electrophysiological characterization of
chemosensory neurons from the mouse vomeronasal organ. J
Neurosci 16:4625-4637. Medline

Lorenzon P, Redolfi N, Podolsky MJ, Zamparo |, Franchi SA, Pietra
G, Boccaccio A, Menini A, Murthy VN, Lodovichi C (2015) Circuit
formation and function in the olfactory bulb of mice with reduced
spontaneous afferent activity. J Neurosci 35:146-160. CrossRef

Luo M, Fee MS, Katz LC (2003) Encoding pheromonal signals in the
accessory olfactory bulb of behaving mice. Science 299:1196-
1201. CrossRef Medline

Madisen L, Garner AR, Shimaoka D, Chuong AS, Klapoetke NC, Li L,
van der Bourg A, Niino Y, Egolf L, Monetti C, Gu H, Mills M, Cheng
A, Tasic B, Nguyen TN, Sunkin SM, Benucci A, Nagy A, Miyawaki
A, Helmchen F, et al. (2015) Transgenic mice for intersectional
targeting of neural sensors and effectors with high specificity and
performance. Neuron 85:942-958. CrossRef Medline

Matsunami H, Buck LB (1997) A multigene family encoding a diverse
array of putative pheromone receptors in mammals. Cell 90:775-
784. Medline

Meeks JP, Arnson HA, Holy TE (2010) Representation and transfor-
mation of sensory information in the mouse accessory olfactory
system. Nat Neurosci 13:723-730. CrossRef Medline

Menini A (1999) Calcium signalling and regulation in olfactory neu-
rons. Curr Opin Neurobiol 9:419-426. CrossRef Medline

Meredith M, O’Connell RJ (1979) Efferent control of stimulus access to the
hamster vomeronasal organ. J Physiol 286:301-316. Medline

Munger SD, Lane AP, Zhong H, Leinders-Zufall T, Yau KW, Zufall F,
Reed RR (2001) Central role of the CNGA4 channel subunit in
Ca2 +-calmodulin-dependent odor adaptation. Science 294:2172-
2175. CrossRef Medline

Nodari F, Hsu FF, Fu X, Holekamp TF, Kao LF, Turk J, Holy TE (2008)
Sulfated steroids as natural ligands of mouse pheromone-sensing
neurons. J Neurosci 28:6407-6418. CrossRef Medline

Papes F, Logan DW, Stowers L (2010) The vomeronasal organ
mediates interspecies defensive behaviors through detection of
protein pheromone homologs. Cell 692-703. CrossRef

Pietra G, Dibattista M, Menini A, Reisert J, Boccaccio A (2016) The
Ca2+-activated ClI- channel TMEM16B regulates action potential
firing and axonal targeting in olfactory sensory neurons. J Gen
Physiol 148:293-311. CrossRef Medline

Pifferi S, Boccaccio A, Menini A (2006) Cyclic nucleotide-gated ion
channels in sensory transduction. FEBS Lett 580:2853-2859.
CrossRef Medline

Riviere S, Challet L, Fluegge D, Spehr M, Rodriguez | (2009) Formyl
peptide receptor-like proteins are a novel family of vomeronasal
chemosensors. Nature 459:574-577. CrossRef Medline

July/August 2018, 5(4) e0223-18.2018

New Research 15 of 15

Ryba NJ, Tirindelli R (1997) A new multigene family of putative
pheromone receptors. Neuron 19:371-379. Medline

Shimazaki R, Boccaccio A, Mazzatenta A, Pinato G, Migliore M,
Menini A (2006) Electrophysiological properties and modeling of
murine vomeronasal sensory neurons in acute slice preparations.
Chem Senses 31:425-435. CrossRef Medline

Song Y, Cygnar KD, Sagdullaev B, Valley M, Hirsh S, Stephan A,
Reisert J, Zhao H (2008) Olfactory CNG channel desensitization by
Ca2+/CaM via the B1b subunit affects response termination but
not sensitivity to recurring stimulation. Neuron 58:374-386. Cross-
Ref

Spehr J, Hagendorf S, Weiss J, Spehr M, Leinders-Zufall T, Zufall F
(2009) Ca2+ -calmodulin feedback mediates sensory adaptation
and inhibits pheromone-sensitive ion channels in the vomeronasal
organ. J Neurosci 29:2125-2135. CrossRef Medline

Stephan AB, Tobochnik S, Dibattista M, Wall CM, Reisert J, Zhao H
(2011) The Na(+)/Ca(2+) exchanger NCKX4 governs termination
and adaptation of the mammalian olfactory response. Nat Neuro-
sci 15:131-137. CrossRef Medline

Stowers L, Holy TE, Meister M, Dulac C, Koentges G (2002) Loss of
sex discrimination and male-male aggression in mice deficient for
TRP2. Science 295:1493-1500. CrossRef Medline

Thevenaz P, Ruttimann UE, Unser M (1998) A pyramid approach to
subpixel registration based on intensity. IEEE Trans Image Pro-
cess. 7:27-41. CrossRef

Tolokh II, Fu X, Holy TE (2013) Reliable sex and strain discrimination
in the mouse vomeronasal organ and accessory olfactory bulb. J
Neurosci 33:13903-13913. [CrossRef][CrossRef

Torre V, Ashmore JF, Lamb TD, Menini A (1995) Transduction and
adaptation in sensory receptor cells. J Neurosci 15:7757-7768.
Medline

Turaga D, Holy TE (2012) Organization of vomeronasal sensory
coding revealed by fast volumetric calcium imaging. J Neurosci
32:1612-1621. CrossRef Medline

Veitinger S, Veitinger T, Cainarca S, Fluegge D, Engelhardt CH,
Lohmer S, Hatt H, Corazza S, Spehr J, Neuhaus EM, Spehr M
(2011) Purinergic signalling mobilizes mitochondrial Ca™" in mouse
Sertoli cells. J Physiol 589:5033-5055. CrossRef Medline

Wysocki CJ, Nyby J, Whitney G, Beauchamp GK, Katz Y (1982) The
vomeronasal organ: primary role in mouse chemosensory gender
recognition. Physiol Behav 29:315-327. Medline

Xu PS, Lee D, Holy TE (2016) Experience-dependent plasticity drives
individual differences in pheromone-sensing neurons. Neuron 91:
878-892. CrossRef Medline

Zufall F, Leinders-Zufall T (2000) The cellular and molecular basis of
odor adaptation. Chem Senses 25:473-481. Medline

eNeuro.org


http://dx.doi.org/10.1073/pnas.0904464106
http://www.ncbi.nlm.nih.gov/pubmed/19497865
http://www.ncbi.nlm.nih.gov/pubmed/8764651
http://dx.doi.org/10.1523/JNEUROSCI.0613-14.2015
http://dx.doi.org/10.1126/science.1082133
http://www.ncbi.nlm.nih.gov/pubmed/12595684
http://dx.doi.org/10.1016/j.neuron.2015.02.022
http://www.ncbi.nlm.nih.gov/pubmed/25741722
http://www.ncbi.nlm.nih.gov/pubmed/9288756
http://dx.doi.org/10.1038/nn.2546
http://www.ncbi.nlm.nih.gov/pubmed/20453853
http://dx.doi.org/10.1016/S0959-4388(99)80063-4
http://www.ncbi.nlm.nih.gov/pubmed/10448159
http://www.ncbi.nlm.nih.gov/pubmed/439028
http://dx.doi.org/10.1126/science.1063224
http://www.ncbi.nlm.nih.gov/pubmed/11739959
http://dx.doi.org/10.1523/JNEUROSCI.1425-08.2008
http://www.ncbi.nlm.nih.gov/pubmed/18562612
http://dx.doi.org/10.1016/j.cell.2010.03.037
http://dx.doi.org/10.1085/jgp.201611622
http://www.ncbi.nlm.nih.gov/pubmed/27619419
http://dx.doi.org/10.1016/j.febslet.2006.03.086
http://www.ncbi.nlm.nih.gov/pubmed/16631748
http://dx.doi.org/10.1038/nature08029
http://www.ncbi.nlm.nih.gov/pubmed/19387439
http://www.ncbi.nlm.nih.gov/pubmed/9292726
http://dx.doi.org/10.1093/chemse/bjj047
http://www.ncbi.nlm.nih.gov/pubmed/16547196
http://dx.doi.org/10.1016/j.neuron.2008.02.029
http://dx.doi.org/10.1016/j.neuron.2008.02.029
http://dx.doi.org/10.1523/JNEUROSCI.5416-08.2009
http://www.ncbi.nlm.nih.gov/pubmed/19228965
http://dx.doi.org/10.1038/nn.2943
http://www.ncbi.nlm.nih.gov/pubmed/22057188
http://dx.doi.org/10.1126/science.1069259
http://www.ncbi.nlm.nih.gov/pubmed/11823606
http://dx.doi.org/10.1109/83.650848
http://dx.doi.org/10.1523/JNEUROSCI.0037-13.2013
http://www.ncbi.nlm.nih.gov/pubmed/8613717
http://dx.doi.org/10.1523/JNEUROSCI.5339-11.2012
http://www.ncbi.nlm.nih.gov/pubmed/22302803
http://dx.doi.org/10.1113/jphysiol.2011.216309
http://www.ncbi.nlm.nih.gov/pubmed/21859825
http://www.ncbi.nlm.nih.gov/pubmed/7146137
http://dx.doi.org/10.1016/j.neuron.2016.07.034
http://www.ncbi.nlm.nih.gov/pubmed/27537487
http://www.ncbi.nlm.nih.gov/pubmed/10944513

	Sensory Adaptation to Chemical Cues by Vomeronasal Sensory Neurons
	Introduction
	Materials and Methods
	Animals
	Chemicals, solutions, and stimuli presentation
	Tissue preparation
	Confocal Ca2+ imaging
	Volumetric Ca2+ imaging
	Loose-patch extracellular recordings
	Analysis of confocal imaging data
	Analysis of volumetric Ca2+ imaging data
	Analysis of electrophysiological data

	Results
	VSNs demonstrate short-term adaptation to repeated presentations of mouse urine
	VSNs demonstrate long-term and short-term adaptation to monomolecular ligands
	VSNs demonstrate short-term spike frequency adaptation to mouse urine
	Short-term VSN adaptation to mouse urine is host and stimulus specific

	Discussion
	Short-term VSN adaptation has a time course of seconds and is reversible
	Long-term VSN adaptation occurs over the course of tens of minutes and is stimulus timing dependent
	VSN adaptation is non-uniform and is more pronounced for same sex than for opposite-sex cues


	References

