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Abstract:  50 
Sensory adaptation is a source of experience-dependent feedback that impacts responses to environmental cues. In 51 
the mammalian main olfactory system (MOS), adaptation influences sensory coding at its earliest processing 52 
stages. Sensory adaptation in the accessory olfactory system (AOS) remains incompletely explored, leaving many 53 
aspects of the phenomenon unclear. We investigated sensory adaptation in vomeronasal sensory neurons (VSNs) 54 
using a combination of in situ Ca2+ imaging and electrophysiology. Parallel studies revealed prominent short-term 55 
sensory adaptation in VSNs upon repeated stimulation with mouse urine and monomolecular bile acid ligands at 56 
inter-stimulus intervals (ISIs) less than 30 s. In such conditions, Ca2+ signals and spike rates were often reduced 57 
by more than 50%, leading to dramatically reduced chemosensory sensitivity. Short-term adaptation was 58 
reversible over the course of minutes. Population Ca2+ imaging experiments revealed the presence of a slower 59 
form of VSN adaptation that accumulated over dozens of stimulus presentations delivered over tens of minutes. 60 
Most VSNs showed strong adaptation, but in a substantial VSN subpopulation adaptation was diminished or 61 
absent. Investigation of same- and opposite-sex urine responses in male and female VSNs revealed that adaptation 62 
to same-sex cues occurred at ISIs up to 180 s, conditions that did not induce adaptation to opposite-sex cues. This 63 
result suggests that VSN sensory adaptation can be modulated by sensory experience. These studies 64 
comprehensively establish the presence of VSN sensory adaptation and provide a foundation for future inquiries 65 
into the molecular and cellular mechanisms of this phenomenon and its impact on mammalian behavior.  66 
 67 
Significance Statement: 68 
Peripheral sensory adaptation is an initial mechanism for experience-driven feedback in the nervous system. In the 69 
mammalian accessory olfactory system, which senses many social chemosignals, peripheral adaptation remains a 70 
subject of some debate. We investigated sensory adaptation to natural cues and monomolecular ligands in acute 71 
preparations of the vomeronasal organ, finding evidence for short- and long-term adaptation upon repeated 72 
stimulation at defined intervals. We further tested whether adaptation differed to same-sex versus opposite-sex 73 
cues, finding that sensory adaptation was more prominent for same-sex cues in both males and females. These 74 
inquiries into accessory olfactory system adaptation provide a foundation for future inquiries into this 75 
phenomenon. 76 
 77 
Introduction:  78 

Terrestrial mammals detect a wide array of chemosensory cues using distinct olfactory subsystems, the most 79 
prominent of which are the MOS and the AOS. The MOS is specialized for the detection of volatile ligands that 80 
are able to activate olfactory sensory neurons in the main olfactory epithelium. In the AOS, social cues, including 81 
pheromones, dissolve in nasal mucus and enter the vomeronasal organ (VNO) where they activate VSNs. These 82 
neurons detect social chemosignals via activation of G protein-coupled receptors including members of the V1R, 83 
V2R, and formyl peptide receptor families (Dulac and Axel, 1995; Herrada and Dulac, 1997; Matsunami and 84 
Buck, 1997; Ryba and Tirindelli, 1997; Liberles et al., 2009; Riviere et al., 2009). Activation of VSNs and 85 
downstream brain regions controls the expression of several behaviors and physiological phenomena, including 86 
territorial aggression, pregnancy block, and predator avoidance (Wysocki et al., 1982; Brennan et al., 1990; 87 
Stowers et al., 2002; Papes et al., 2010; Kaur et al., 2014). As such, understanding VSN physiology is essential 88 
for understanding AOS chemosensation and its impacts on mammalian physiology and behavior. 89 

An important feature of the MOS is its capacity for sensory adaptation, a process which results in reduced 90 
sensitivity to odorants in their continued presence (reviewed in Menini, 1999; Zufall and Leinders-Zufall, 2000). 91 
Though adaptation in olfactory sensory neurons has been well-established and characterized (Kurahashi and 92 
Menini, 1997; Munger et al., 2001; Song et al., 2008; Stephan et al., 2011), there remains some debate about the 93 
phenomenon in VSNs (Holy et al., 2000; Nodari et al., 2008; Spehr et al., 2009; Arnson and Holy, 2011). Studies 94 
showing little evidence for adaptation utilized extracellular single- and multi-unit action potential recordings from 95 
VSNs (Holy et al., 2000; Nodari et al., 2008; Arnson and Holy, 2011), while those finding evidence for adaptation 96 
utilized extracellular field potential recordings and patch clamp techniques (Spehr et al., 2009). The differing 97 
conclusions may reflect the different methodologies used (e.g., multielectrode array recordings versus local field 98 
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potentials, etc.), stimulus panels (e.g., dilute urine versus monomolecular steroid ligands) or other unknown 99 
variables.  100 

In this study, we present data on VSN sensory adaptation from three individual laboratories using different 101 
physiological approaches, stimuli, and adaptation-testing paradigms. Each dataset independently presents 102 
evidence that most VSNs undergo pronounced sensory adaptation upon repeated exposure to the same stimuli 103 
over varying time courses. Short-term adaptation was induced at ISIs less than ~30 s in most VSNs. However, a 104 
subset of VSNs proved resistant to adaptation even at short ISIs. Hours-long population Ca2+ imaging experiments 105 
revealed additional slow VSN adaptation that was sensitive to the timing of stimuli but not the total stimulus 106 
exposure or imaging time. Finally, VSN recordings from male and female mice showed differential levels of 107 
adaptation to same- and opposite-sex urine, suggesting that long-term sensory exposure increases the prevalence 108 
of short-term VSN adaptation. Cumulatively, these results confirm that VSN adaptation occurs on both short and 109 
long time scales, indicating that the AOS, like the MOS, utilizes sensory adaptation to tune its physiological 110 
responsiveness to chemosensory input over time.   111 
 112 
Methods:  113 
Animals. Animal procedures for confocal Ca2+ imaging experiments were approved by local authorities and in 114 
compliance with European Union Legislation (Directive 2010/63/EU) and recommendations by the Federation of 115 
European Laboratory Animal Science Associations (FELASA). Confocal Ca2+ imaging experiments were 116 
performed in wild-type C57BL/6 mice. Animal procedures for volumetric Ca2+ imaging experiments were 117 
approved by the Institutional Animal Care and Use Committee at the University of Texas Southwestern Medical 118 
Center. Animal procedures for electrophysiological experiments were handled in accordance with the guidelines 119 
of the Italian Animal Welfare Act and European Union guidelines on animal research, under a protocol approved 120 
by the ethics committee of Scuola Internazionale Superiore di Studi Avanzati SISSA. Confocal Ca2+ imaging 121 
experiments were performed in wild-type C57BL/6 mice. Volumetric Ca2+ imaging experiments were performed 122 
with OMPtm4(cre)Mom/J knock-in mice (OMP-Cre mice; Jackson Laboratory Stock #006668) mated to 123 
Gt(ROSA)26Sortm96(CAG-GCaMP6s)Hze/J mice (Ai96 mice; Jackson Laboratory Stock #024106). These mice express the 124 
genetically encoded Ca2+ indicator GCaMP6s in VSNs (OMP-Cre +/-, Ai96 +/- double transgenic mice), further 125 
referred to as OMPxAi96 mice. Electrophysiological experiments were performed in wild-type C57BL/6 mice. 126 
 127 
Chemicals, Solutions and Stimuli Presentation. For confocal Ca2+ imaging, the following solutions were used 128 
(300 mOsm, adjusted with glucose; pH = 7.3, adjusted with NaOH): (S1) 4-(2-Hydroxyethyl)piperazine-1-129 
ethanesulfonic acid (HEPES) buffered extracellular solution containing (in mM) 145 NaCl, 5 KCl, 1 CaCl2, 1 130 
MgCl2, 10 HEPES. (S2) Oxygenated (95% O2, 5% CO2) extracellular solution containing (in mM) 125 NaCl, 25 131 
NaHCO3, 5 KCl, 1 CaCl2, 1 MgSO4, 5 N,N-bis(2-hydroxyethyl)-2-aminoethanesulfonic acid. (S3) Elevated K+ 132 
solution containing (in mM) 100 NaCl, 50 KCl, 1 CaCl2, 1 MgCl2, 10 HEPES. Free Ca2+ and Mg2+ concentrations 133 
were calculated using WEBMAXC STANDARD (available athttp://www.stanford.edu/~cpatton/webmaxcS.htm). 134 
If not stated otherwise, chemicals were purchased from Sigma (Schnelldorf, Germany). For sensory stimulation, 135 
urine samples from ≥10 individuals were pooled and immediately frozen (-20°C) as ready-to-use aliquots. Prior to 136 
experiments, aliquots were thawed and diluted 1 : 100 in S1 (Spehr et al., 2009). Stimuli were applied for 10 s 137 
from air pressure-driven reservoirs via an 8-in-1 multi-barrel ‘perfusion pencil’ (Science Products, Hofheim, 138 
Germany). Changes in focal superfusion (Veitinger et al., 2011) were software-controlled and synchronized with 139 
data acquisition by TTL input to 12V DC solenoid valves using a TIB 14S digital output trigger interface (HEKA 140 
Elektronik, Lambrecht/Pfalz, Germany).  141 

For volumetric Ca2+ imaging, cholic acid (CA) and deoxycholic acid (DCA) stocks (20 mM) were prepared in 142 
methanol and stored at -20°C. For experiments, bile acid stocks were further diluted to 10μM in Ringer’s solution 143 
(S4) containing (in mM): 115 NaCl, 5 KCl, 2 CaCl2, 2 MgCl2, 25 NaHCO3, 10 HEPES and 10 glucose. The final 144 
methanol concentration in both bile acid test stimuli and control Ringer’s saline was 0.5%. Stimuli were applied 145 
for 15 s using an air pressure-driven reservoir via a 16-in-1 multi-barrel ‘perfusion pencil’ (Automate Scientific, 146 
Berkeley, CA, USA). Stimulus delivery was synchronized with image acquisition using custom software 147 
(Holekamp et al., 2008; Turaga and Holy, 2012).  148 

For electrophysiological recordings, urine from adult (>2 months, both sexes) C57BL/6 mice were filtered 149 
separately (0.2μm filter) and frozen at -80°C. Before use, male and female urines were mixed in a 1:1 ratio and 150 
the mixture was diluted 1:50 in extracellular solution (S5) containing (in mM): 120 NaCl, 20 NaHCO3, 3 KCl, 2 151 
CaCl2, 1 MgSO4, 10 HEPES, 10 glucose; pH=7.4. As urine contains urea and potassium ions, which could 152 
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potentially cause neurons to fire by direct membrane depolarization, artificial urine diluted 1:50 was used as a 153 
control. Artificial urine (S6) contained (in mM): 100 NaCl, 40 KCl, 20 NH4OH, 4 CaCl2, 2.5 MgCl2, 15 NaH2PO4, 154 
20 NaHSO4, 333 urea; pH = 7.4 (NaOH) (Holy et al., 2000).  155 
 156 
Tissue Preparation. For confocal Ca2+ imaging, acute coronal VNO slices of C57BL/6 mice (including 4 female 157 
and 5 male mice;  3-9 months), were prepared as previously described (Hagendorf et al., 2009; Cichy et al., 2015). 158 
Briefly, mice were sacrificed by brief exposure to CO2 followed by cervical dislocation and decapitation. The 159 
lower jaw and palate were removed. The VNO was dissected, embedded in 4% low-gelling temperature agarose, 160 
placed in ice-cold oxygenated S2, and coronal slices (150 μm) were cut on a VT1000S vibrating microtome (Leica 161 
Biosystems, Nussloch, Germany). Slices were transferred to a submerged, chilled, and oxygenated storage 162 
chamber with circulating S2 until use. 163 

Volumetric Ca2+ imaging experiments were performed in OMPxAi96 mice (including 3 female and 4 male 164 
mice; 1.5-3 months). Following deep isoflurane anesthesia, VNOs were dissected out and placed into ice-cold 165 
oxygenated S4. Under a dissection microscope (Leica Microsystems, Buffalo Grove, IL, USA) the vomeronasal 166 
pump was surgically removed from the vomeronasal epithelium. The vomeronasal epithelium was then adhered to 167 
a small piece of nitrocellulose paper and secured in a recording chamber using a custom clip.  168 

For electrophysiological recordings, acute coronal slices of mouse VNO were prepared as previously 169 
described (Shimazaki et al., 2006; Dibattista et al., 2008). In brief, the VNO was removed from C57BL/6 mice 170 
(including 3 female and 3 male mice; 2-3 months) and transferred to ice-cold S5. After the capsule and all 171 
cartilaginous tissues were carefully removed, the two halves of the VNO were isolated from the vomer bone and 172 
embedded in 3% low-melting temperature agarose once it had cooled to 38°C. Upon solidification, a vibrating 173 
microtome (Vibratome 1000 Plus Sectioning System, Warner Instruments, Hamden, CT, USA) was used to cut 174 
coronal slices of 200-250 μm thickness in ice-cold oxygenated S5. Slices were then left to recover for at least 30 175 
min in ice-cold oxygenated S5 before electrophysiological experiments were initiated. 176 
 177 
Confocal Ca2+ Imaging. For Ca2+-sensitive dye loading, acute coronal VNO slices were incubated (60 min; 5°C) 178 
in circulating S2 (storage chamber) containing CAL520/AM (4.5 μM; Biomol, Hamburg, Germany) and 0.0005 % 179 
pluronic F-127 (20% solution in DMSO; Thermo Fisher Scientific, Schwerte, Germany). After washing five times 180 
(S2), VNO slices were transferred to a recording chamber (Luigs & Neumann, Ratingen, Germany) on an upright 181 
fixed-stage scanning confocal microscope (TCS SP5 DM6000CFS, Leica Microsystems) equipped with a 20x / 182 
1.0 NA water immersion objective (HCX APO L, Leica Microsystems) and infrared-optimized differential 183 
interference contrast (IR-DIC) optics. Bath solution (S2) was continuously exchanged (~5 ml / min; gravity flow). 184 
CAL520 was excited using the 488 nm line of an argon laser. Changes in cytosolic Ca2+ were monitored over time 185 
at 1.0 Hz frame rates. Neurons were stimulated at decreasing inter-stimulus intervals of 180s, 60s, and 30s.   186 
 187 
Volumetric Ca2+ Imaging. The vomeronasal epithelium was imaged using a custom objective-coupled planar 188 
illumination (OCPI) microscope (Holekamp et al., 2008). In brief, a light sheet was formed using a lens relay 189 
(Tower Optical, Boynton Beach, FL, USA ; Edmund Optics, Barrington, NJ, USA), within a miniaturized light 190 
sheet-forming tube. A custom fiber optic (OZ Optics, Ottawa, Ontario, Canada) relayed 491 nm laser light 191 
(Coherent, Santa Clara, CA, USA) and collimated the beam prior to the miniaturized lens relay. A custom, 192 
tunable coupler was used to orient the light sheet at 90 degrees relative to a 20x, 0.5 NA objective lens (Olympus, 193 
Waltham, MA, USA). The adjustable coupler was used to align the light sheet with the focal plane of the 194 
objective. The objective lens was connected to a piezoelectric positioner (Physik Instrumente, L.P., Auburn, MA, 195 
USA) to synchronously adjust the light sheet and focal plane of the objective, resulting in optical sectioning.  196 

Each image stack consisted of 51 frames, spanning ~700 μm in the lateral direction, 250-400 μm in the axial 197 
direction, and ~150 μm in depth. Custom software synchronized imaging with a computer-controlled stimulus 198 
delivery device (Automate Scientific). Ringer’s saline (S4) was continuously applied to the epithelium at a rate of 199 
~2 ml/min. All stimuli were diluted in S4 and applied at the same flow rate through the same port. 3-dimensional 200 
image stacks were acquired once every 3 seconds, and stimuli were applied for 5 consecutive stacks (~15s) with 201 
varying ISIs. Stimulation patterns are described in Results.  202 
 203 
Loose-Patch Extracellular Recordings. Acute VNO slices were placed in a recording chamber, continuously 204 
perfused with oxygenated S5 and viewed with an upright microscope (Olympus BX51WI, Milan, Italy) by IR-DIC 205 
optics with water immersion 20X or 60X objectives. Stimuli were delivered through an 8-into-1 multi-barrel 206 
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perfusion pencil connected to a ValveLink8.2 pinch valve perfusion system (Automate Scientific, Berkley, CA, 207 
USA). A 5 s urine pulse was delivered, followed by a second identical pulse at inter-pulse intervals ranging from 208 
5 to 60 s. The time between each double-pulse experiment was ≥2 min. To measure firing activity in intact VSNs, 209 
extracellular action potential-driven capacitive currents were measured in the on-cell loose-patch configuration 210 
(Ferrero et al., 2013; Lorenzon et al., 2015; Ackels et al., 2016; Pietra et al., 2016). Patch pipettes (3–6 MΩ 211 
resistance), pulled from borosilicate capillaries (WPI, Friedberg, Germany) with a PC-10 puller (Narishige, 212 
Tokyo, Japan), were filled with extracellular solution. Seal resistances of 40-100 MΩ were obtained on the soma 213 
of VSNs. Recordings were made in voltage-clamp mode with a holding potential of 0 mV using a MultiClamp 214 
700B amplifier controlled by Clampex 10 via a Digidata 1440 (Molecular Devices, San Jose, CA, USA). Data 215 
were low-pass filtered at 2 kHz and sampled at 5 kHz. Experiments were performed at room temperature. 216 
 217 
Analysis of Confocal Imaging Data. All data were obtained from independent experiments performed on at least 218 
three days using at least three different animals. Individual numbers of cells / experiments are denoted in the 219 
figure legends. Unless stated otherwise, results are presented as means ± SEM. Data were analyzed offline using 220 
Leica LAS AF 2.4 (Leica Microsystems), IGOR Pro 7.0 (WaveMetrics, Lake Oswego, OR), ImageJ 1.51n 221 
(Wayne Rasband, National Institutes of Health, USA) and Excel (Microsoft, Seattle, WA) software. Statistical 222 
analyses were performed using paired t-tests, Dunnett test, or one-way ANOVA with Tukey’s HSD post hoc test. 223 
Tests and corresponding p-values that report statistical significance (≤ 0.05) are individually specified in figure 224 
legends. In fluorescence imaging experiments, regions of interest were defined to encompass all depolarization-225 
sensitive (S3) somata per field of view based on DIC imaging of cell morphology at rest. Time-lapse fluorescence 226 
images were movement corrected with the StackReg/Rigid Body transformation plugin (Thevenaz et al., 1998) in 227 
ImageJ. Changes in relative fluorescence intensity were calculated as ΔF/F and measured in arbitrary units. 228 
Neurons were classified as ‘responsive’ when showing stimulus-dependent Ca2+ elevations in somata according to 229 
the following three criteria (Fluegge et al., 2012): a) exposure to high extracellular K+ concentrations (50 mM; S3) 230 
induced a robust Ca2+ transient, b) the peak intensity value of at least one urine presentation exceeded the average 231 
prestimulation baseline intensity plus three standard deviations for at least 3s (Iresp > Ibaseline + 3 x SD(Ibaseline)); c) 232 
the increase in fluorescence intensity was observed within the time window of stimulus application. Every 233 
responsive cell was visually inspected and neurons showing potentially unspecific responses (e.g., because of high 234 
spontaneous activity) were excluded.  235 
 236 
Analysis of Volumetric Ca2+ Imaging Data. All data analysis was performed in MATLAB using custom 237 
software similar to (Turaga and Holy, 2012; Hammen et al., 2014). In brief, image stacks were registered using a 238 
two-stage algorithm, essentially a rigid translation followed by a nonrigid warping. Custom MATLAB software 239 
calculated the relative change in GCamP6s intensity (ΔF/F) for every image voxel by subtracting the mean voxel 240 
intensity in 3 consecutive pre-stimulus stacks from the mean voxel intensity in 3 stacks during the stimulus 241 
delivery, then dividing the resulting value by the pre-stimulus intensity. ΔF/F “maps” for each stimulus were used 242 
to identify well-registered VSNs that reliably responded to stimulation. In some cases in which residual “drift” 243 
was apparent post-registration, regions of interest (ROIs) were realigned with the somata at regular time intervals 244 
to avoid false negative responses. Following volumetric ROI selection the mean voxel intensity for each ROI was 245 
calculated for every image stack in the experiment (~1500 stacks), generating an nROIs x nStacks matrix of 246 
fluorescence intensity. This intensity matrix was used to calculate ΔF/F for every ROI and every stimulus 247 
application.  248 

Slow, inter-block VSN adaptation was calculated by normalizing ΔF/F on the first trials of each stimulus in 249 
each block to the maximal ΔF/F response across all trials (see Figs. 3C and 4D). Fast, intra-block VSN adaptation 250 
was calculated using the following formula: 251 

 

Where  is the ΔF/F response of the third trial ( ) of block  and  is the ΔF/F 252 
response of the first trial ( ) of block . The 0.1 offset to the denominator is added to avoid divide by zero errors. 253 
All data points with error bars reflect mean ± SEM. 254 

Discriminability (d’) of “CA-only” and “DCA-only” VSN populations across blocks/trials was calculated 255 
similarly to (Davison and Katz, 2007):  256 
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where  represents the mean within-cell normalized ΔF/F responses to 10 μM 257 
DCA on block  and trial . The term  is the standard deviation of within-cell 258 
normalized in normalized ΔF/F responses to 10 μM DCA on block  and trial .  259 

 260 
Analysis of Electrophysiological Data. IgorPro 6.7 software (WaveMetrics, Lake Oswego, OR, USA) and 261 
Clampfit (Molecular Devices, San Jose, CA, USA) were used for data analysis and figure preparation. Data are 262 
presented as mean ± SEM. Because most of the data were not normally distributed (Shapiro–Wilk test), statistical 263 
significance was determined using Friedman’s test followed by Tukey-Nemenyi test. P-values of <0.05 were 264 
considered statistically significant. For spike detection, recordings were filtered offline with a high-pass filter at 2 265 
Hz to eliminate slow changes in the baseline. Individual spikes were identified by a self-written threshold 266 
detection procedure and confirmed by shape inspection. The spontaneous firing activity of each VSN was 267 
evaluated before urine application. A VSN was considered responsive to urine if: 1) the average spike frequency 268 
during the urine pulse was higher than the average spontaneous spike frequency plus two standard deviations, and 269 
2) it was not responsive to artificial urine. 270 
 271 
 272 
Results: 273 
VSNs demonstrate short-term adaptation to repeated presentations of mouse urine. 274 

As sensory adaptation in the VNO is still subject to debate, we first asked whether repeated sensory 275 
stimulation of VSNs resulted in robust repetitive responses or, by contrast, if VSNs revealed signs of sensory 276 
adaptation upon repeated stimulus exposure. With the goal of resolving previous discrepancies, we designed 277 
experiments that allowed us to investigate VSN adaptation at the individual cell and population levels. We loaded 278 
VSNs in acute coronal VNO slices from wild-type C57BL/6J mice with the Ca2+-sensitive dye CAL520/AM. We 279 
then performed time-lapse confocal Ca2+ imaging while stimulating repetitively with diluted urine samples pooled 280 
from either male or female conspecifics of the same C57BL/6J strain (n = 6; Fig. 1A). We monitored Ca2+ 281 
concentrations in the somata of all neurons that showed robust transient elevations in cytosolic Ca2+ upon 282 
depolarization (exposure to increased extracellular K+). In each experiment, focal stimulus application was 283 
repeated four times at decreasing ISIs of 180 s, 60 s and 30 s. 284 

From a total of 259 urine-sensitive VSNs from both male and female mice, we observed a substantially 285 
reduced Ca2+ response in 227 neurons (87.6%) when signal amplitudes evoked by the fourth stimulation were 286 
compared to the initial urine exposure (Fig. 1C). Notably, the remaining 32 VSNs (12.4%) did not reveal any 287 
reduction in sensitivity. On average, small but significant amplitude reductions were observed at 180 s ISI (85.7% 288 
± 2.2%; one-way ANOVA, F = 31.99, Fc = 2.61, p = 0, Tukey’s HSD p = 0.0055). Upon shorter ISIs of 60 s and 289 
30 s, we observed more pronounced mean amplitude reductions to 67.5% ± 1.9% (Tukey’s HSD, p = 6.18 x 10-10) 290 
and 53.8% ± 1.4% (Tukey’s HSD, p = 2.46 x 10-12), respectively. The 32 VSNs that did not show signs of 291 
adaptation in this stimulation paradigm showed average Ca2+ signal amplitudes in response to the last stimulation 292 
that were statistically indifferent as compared to the initial signal (121.0% ± 4.6%; one-way ANOVA, F = 0.97, 293 
Fc = 2.67, p = 0.407). Notably, a fifth stimulation after an additional 180 s ISI induced a significantly higher mean 294 
response amplitude (71.8% ± 2.3%; paired t-test, p = 9.15 x 10-13) as compared to the fourth stimulation (Fig. 1D), 295 
indicating that short-term VSN adaptation is at least partially reversible over the time course of minutes.  296 

In a smaller set of VSNs, we compared Ca2+ signal amplitudes evoked by diluted male and female urine. In 297 
these experiments, a stimulation-free period of 21.5 min was between the last male stimulus application and the 298 
next exposure to female urine. In those 27 VSNs that responded to both male and female stimuli, initial Ca2+ 299 
signal amplitudes in response to female urine were statistically indistinguishable (110.7% ± 10.4%; paired t-test, p 300 
= 0.78) from Ca2+ transients evoked the initial exposure to male stimuli (Fig. 1D). Combined, these data reveal the 301 
presence of pronounced short-term adaptation at the population and individual cell levels, especially for short 302 
ISIs, but also indicate that VSNs can retain stimulus sensitivity over long experimental time courses. This latter 303 
finding is consistent with previous studies that found no appreciable adaptation during long experiments involving 304 
sparse stimulation with monomolecular sulfated steroid ligands (Nodari et al., 2008; Arnson and Holy, 2011).  305 
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 306 
VSNs demonstrate long-term and short-term adaptation to monomolecular ligands.  307 

Urine contains many AOS ligands, raising the possibility that the variability of VSN adaptation may, at least 308 
in part, reflect the activation of VSNs expressing many receptors (i.e., different VSN “types”). Therefore, we next 309 
examined VSN adaptation to monomolecular ligands. Specifically, we investigated VSN adaptation to the bile 310 
acids cholic acid (CA) and deoxycholic acid (DCA), two natural AOS ligands found in feces (Doyle et al., 2016). 311 
To test VSN adaptation to these monomolecular bile acids, we utilized volumetric VSN Ca2+ imaging via 312 
objective-coupled planar illumination (OCPI) microscopy (Holekamp et al., 2008). We imaged the intact VNO 313 
epithelium in OMPxAi96 mice, which express the genetically encoded calcium indicator GCaMP6s in VSNs (Li 314 
et al., 2004; Madisen et al., 2015) (Figure 2A). Using a computer-controlled fast stimulation device we stimulated 315 
the VNO epithelium with DCA and CA, one at a time, with an “accelerating” protocol in which ISIs were 316 
systematically decreased from 180 s to 15 s in blocks of 3 trials per ligand (see Fig. 2B). At the transition between 317 
blocks the ISI for the upcoming block was used (e.g. between the 180 s and 150 s block in the accelerating 318 
protocol the ISI was 150 s). Using this approach we were able to track individual VSNs within volumetric ROIs 319 
for 1500 or more image stacks (> 4,500 s; Fig. 2C-H). Consistent with previous studies in the accessory olfactory 320 
bulb (Doyle et al., 2016), we observed differential tuning to CA and DCA at 10 μM (Fig. 2E-H). In the 321 
accelerating protocol, we observed a steady decline in VSN response intensity (ΔF/F) to each monomolecular 322 
ligand across blocks.  323 

We next investigated whether the apparent accumulation of sensory adaptation was modulated by sensory 324 
responsiveness to CA and DCA at the 10 μM concentration. We took advantage of the observation that subsets of 325 
VSNs are selective for 10 μM DCA (“DCA-only”), selective for 10 μM CA (“CA-only”), or nonselectively 326 
activated by both stimuli (“CA+DCA”) (Fig. 2E-H; Fig. 3A) to independently evaluate adaptation in each 327 
functionally-defined subset. We assigned each VSN to one of three clusters based on their pattern of 328 
responsiveness across the initial 2 blocks of stimulation (including 6 trials of each monomolecular bile acid at 10 329 
μM; Fig. 3A). Pooling across “accelerating” experiments, we identified 486 ROIs that reliably responded to 330 
stimulation across the initial two blocks. Of these ROIs, 135 (27.8%) were selectively activated by 10 μM DCA, 331 
136 (28.0%) were selectively activated by 10 μM CA, and 215 (44.2%) were activated by both 10 μM DCA and 332 
10 μM CA (Fig. 3A). We observed no difference in the rate of slow, cumulative sensory adaptation across these 333 
clusters (Fig. 3B-C), despite the fact that VSNs in the “CA+DCA” cluster were active on every trial whereas each 334 
of the selective clusters were only activated in half of the trials in each block. In the initial blocks, the 335 
discriminability index, which quantifies the separation in a population of responses (Davison and Katz, 2007), 336 
showed a high degree of discriminability between VSNs in the “DCA-only” and “CA-only” clusters (Fig. 3D). 337 
The net effect of the slow, cumulative sensory adaptation in the accelerating ISI protocol was a steady decrease in 338 
the discriminability index between these initially well-separated clusters. By the time the shortest inter-trial 339 
intervals were tested (Block 7), the discriminability between these clusters was effectively abolished (Fig. 3D). 340 
Importantly, our ability to evaluate faster adaptation (e.g., that seen at the shortest ISIs in Fig. 1) with this 341 
paradigm was limited by the apparent slow adaptation.  342 

The observed pattern of slow, cumulative adaptation suggested that VSNs may experience sensory adaptation 343 
on a time course much longer than investigated in previous studies. However, this slow adaptation may have 344 
instead arisen, in part or in whole, because of technical confounds, for example GCaMP6s photobleaching, VSN 345 
phototoxicity, or slow tissue deterioration in the tissue imaging chamber. To determine whether these latter 346 
confounds contributed to (or caused) slow adaptation, we designed a “decelerating” ISI protocol that matched the 347 
total time of ligand exposure, stimulation, the specific ISIs used, and the total exposure to light sheet illumination. 348 
We accomplished this by simply flipping the order of ISI blocks, starting with the 15 s ISI block and increasing 349 
the ISIs until the 180 s block (Figure 4A). Here, in the absence of slow adaptation, we readily observed strong 350 
adaptation of ΔF/F responses at the initial 15 s ISI block (Fig. 4B). This fast adaptation was strong enough to 351 
degrade cluster assignments including this block, so we clustered VSN responses into DCA-only, CA-only, and 352 
CA+DCA categories based on the response patterns during blocks 3 and 4 of the decelerating stimulus paradigm 353 
(DCA-only: 103/336, 30.6%; CA-only: 116/336, 34.6%; CA+DCA: 117/336, 34.8%). Evaluating the sensory 354 
adaptation patterns in the decelerating profile revealed the presence of strong sensory adaptation at the fastest ISIs 355 
(Fig. 4C-D), consistent with the adaptation seen at fast time scales in response to mouse urine (Fig. 1). 356 
Importantly, VSNs in the decelerating ISI protocol showed no evidence of the slow, cumulative adaptation seen in 357 
the accelerating paradigm. Discriminability between the “DCA-only” and “CA-only” populations in the 358 
decelerating protocol showed degradation only in the blocks showing fast adaptation (15 s ISI block), and 359 
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remained high as ISIs extended towards the 180 s block (Fig. 4E). These results indicate that the slow, cumulative 360 
adaptation observed in the accelerating ISI protocol does not arise due to photobleaching, phototoxicity, or tissue 361 
degradation, but is instead a result of the repeated stimulus exposure and steadily decreasing inter-stimulus 362 
intervals. 363 
 364 
VSNs demonstrate short-term spike frequency adaptation to mouse urine. 365 

Adaptation in VSN intracellular Ca2+ signals may or may not directly relate to spiking activity. To determine 366 
whether adaptation was also observable in VSN spike frequency (i.e., neuronal output), we performed 367 
electrophysiological recordings in the on-cell loose-patch configuration from individual VSNs in acute VNO 368 
slices (Fig. 5A). Figure 5B shows representative responses to the sequence of stimuli used to identify urine-369 
responsive VSNs. A short pulse of high KCl (25 mM) was initially delivered to determine VSN viability. If the 370 
neuron showed spike activity in response to high KCl, we tested the response to diluted urine (1:50) and then to 371 
artificial urine (1:50). As VSNs often show spontaneous bursting activity (Holy et al., 2000; Arnson and Holy, 372 
2011), each stimulus was repeated at least three times (Fig. 5C-D) to avoid false positive responses. The 373 
representative neuron shown in Figure 5 clearly responded to high KCl and urine with an increase in firing 374 
frequency, but it did not show any change in spike activity during artificial urine presentation, indicating that the 375 
firing increase to urine presentation was not caused by changes in ion concentration. From a total of 37 VSNs, 18 376 
(48.6%) clearly responded to urine and not to artificial urine.    377 

Once we established that a given VSN responded to urine, we proceeded to evaluate the properties of 378 
adaptation in response to two repetitive urine pulses separated by ISIs ranging from 5 to 60 seconds. The recovery 379 
time between each repetitive stimulus was at least 2 min. Figure 6A shows recordings from a neuron (black 380 
traces) displaying a strong decrease in spike frequency to the second urine stimulus applied after 5 or 10 s 381 
compared to the spike frequency in response to the first urine stimulus. Spike frequency adaptation steadily 382 
diminished as ISIs increased to 20 and 60 s. Some neurons, represented by the neurons highlighted in pink in 383 
Figure 6A, showed a moderate reduction in spike activity only at the 5 s ISI.  To compare the adaptation profile 384 
from different neurons, we normalized the average spike frequency in response to the second urine pulse to the 385 
value in response to the first urine pulse (Fig. 6B-C).  From a total of 18 urine-responsive VSNs, we could 386 
complete the adaptation protocol in 14 VSNs. A quantitative characterization of the urine responses in these 387 
neurons shows that spike frequency was significantly different when the second pulse was applied after 5 or 10 s, 388 
whereas frequency was not significantly different after 20 or 60 s (Tukey-Nemenyi test after Friedman test F = 389 
34.8, p = 1.3 10-7). Thus, short-term spike frequency adaptation for most VSNs mirrors the time course seen by 390 
Ca2+ imaging experiments.  391 
 392 
Short-term VSN adaptation to mouse urine is host and stimulus-specific. 393 

Ca2+ imaging and action potential measurements both revealed the presence of a subset of non-adapting VSNs 394 
that are sensitive to components of mouse urine. We hypothesized that VSN adaptation may be (A) dependent on 395 
the sex of the animal, (B) the stimulus used or (C) both. To investigate these questions, we used repeated sensory 396 
VSN stimulation in acute CAL520/AM-loaded VNO slices (Fig. 1A) from wild-type C57BL/6J mice. We 397 
analyzed Ca2+ signal amplitudes evoked by either male or female urine in neurons from male and female mice. 398 
These analyses produced several new findings: First, independent of the stimulus–recipient combination, we 399 
observed significantly reduced response amplitudes upon the third (60 s ISI) and fourth stimulus (30 s ISI) 400 
exposure (Fig. 7). Average signal amplitudes were 54.3% ± 2.6% and 50.5% ± 3.4% in female VSNs stimulated 401 
with female urine, 69.2% ± 4.8% and 63.7% ± 3.3% in female VSNs stimulated with male urine, 71.2 % ± 3.2 % 402 
and 48.9% ± 2.2% in male VSNs stimulated with female urine, and 70.6% ± 3.4% and 53.6% ± 2.5% in male 403 
VSNs stimulated with male urine, respectively. Second, adaptation occurs at longer ISIs when VSNs are 404 
challenged with same-sex stimuli. At an ISI of 180 s, stimuli that originate from individuals of the same sex (i.e., 405 
male VSNs – male urine & female VSNs – female urine) trigger significant adaptation (female – female: 77.2% ± 406 
3.5%; male –male: 77.2% ± 4.4%), whereas average responses to stimuli that originate from the opposite sex (i.e., 407 
male VSNs – female urine & female VSNs – male urine) are essentially unchanged (male – female: 102.2% ± 408 
4.0%; female – male: 86.6% ± 3.9%). Third, at an ISI of 60 s, we observed stronger sensory adaptation when 409 
female VSNs were exposed to female urine (54.3% ± 26%), compared to the other three stimulus–recipient 410 
combinations. Finally, relief from adaptation differed according to the stimulus–recipient combination. Notably, 411 
response recovery is fast when female VSNs are challenged with male urine. A fifth stimulation after an 412 
additional ISI of 180 s triggered an average response of 94.74% ± 6.0%. The same period of time did not allow 413 
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full recovery of sensitivity in the other three stimulus–recipient combinations (female – female:  67.3% ± 4.3%; 414 
male –male: 69.9% ± 3.9%; male – female:  59.8% ± 3.2%). Cumulatively, these results suggest that the 415 
heterogeneity in VSN adaptation to urinary cues. Moreover, these data suggest that fast VSN adaptation depends 416 
on both the sex of the animal and the cues being sensed. 417 
 418 
Discussion:  419 
Short-term VSN adaptation has a time course of seconds and is reversible 420 

Sensory adaptation is a cross-modal phenomenon with important consequences for perception and behavior 421 
(reviewed in Torre et al., 1995). In the MOS, adaptation begins in the sensory periphery at the level of individual 422 
olfactory sensory neurons (reviewed in Pifferi et al., 2006). In the AOS, studies of sensory adaptation in VSNs 423 
have come to opposing conclusions. Differences in physiological methods, experimental preparations, and 424 
stimulus timing could account for these differences. For example, extracellular single unit recordings from intact 425 
VNO epithelial preparations showed only mild within-stimulus spike rate adaptation during constant stimulation 426 
for 10 s (Holy et al., 2000; Nodari et al., 2008; Arnson and Holy, 2011). Randomized, interleaved stimulation in 427 
such experiments reduced the chances of repeated stimulation with the same odorant in rapid succession. Such 428 
protocols have proven beneficial to inquiries into VSN tuning, but are not deliberately designed to investigate the 429 
presence or absence of short-term VSN adaptation across stimulus presentations.  430 

The data presented here, collected across three independent approaches using different but comparable 431 
experimental procedures and stimulus timing protocols, support the conclusion that short-term VSN adaptation 432 
occurs over time scales of tens of seconds. This short-term adaptation was observed in response to both natural 433 
stimuli (mouse urine) and monomolecular bile acid ligands, and with both somatic Ca2+ and spike frequency 434 
measurements. These results are not incompatible with previous observations that VSNs are spontaneously active, 435 
show bursting behavior in spontaneous and stimulated conditions, or that rate adaptation is mild during individual 436 
stimulus trials (Holy et al., 2000; Nodari et al., 2008; Arnson and Holy, 2011). These findings do, on the other 437 
hand, unambiguously show that short-term adaptation occurs when VSNs are stimulated repeatedly for 5 s or 438 
longer with ISIs less than 30 s. 439 

Short-term VSN sensory adaptation was reversible over the time course of minutes. This was seen in VNO 440 
slices when Ca2+ signal adaptation to a brief accelerating ISIs was reversed after a ≥3 minute recovery period (Fig. 441 
1). In intact VNO epithelia, fast VSN adaptation steadily decreased when ISIs were gradually lengthened 442 
(decelerating ISI protocol; Fig. 4). Finally, VSN somatic spike rate adaptation was not observed when paired-443 
pulse trials were separated by 2 minutes. We conclude that, whereas short-term VSN adaptation is severe at ISIs 444 
less than 30 s, these effects are reversible over the time course of minutes.  445 

Population Ca2+ imaging experiments utilizing monomolecular ligands revealed cross-desensitization in VSNs 446 
that were sensitive to both of the bile acid ligands (“CA+DCA” VSNs; Figs. 3-4).  In the absence of a recovery 447 
period greater than 30 s, CA+DCA neurons that had adapted to DCA showed minimal initial responses to CA 448 
(Fig. 4). These data have important implications for the design of experiments aimed at assessing VSN tuning. 449 
For example, exposure to a panel of strong AOS ligands – even when using randomized, interleaved block 450 
designs (Nodari et al., 2008; Meeks et al., 2010; Turaga and Holy, 2012; Hammen et al., 2014; Xu et al., 2016) – 451 
with inter-stimulus intervals less than 30 s may introduce stimulus “order effects,” increasing the likelihood of 452 
false negative (Type II) errors. 453 

In addition to these technical considerations, these demonstrations of short-term VSN adaptation have cell 454 
physiological implications. In line with previous observations (Spehr et al., 2009), adaptation of sensory 455 
responses provides a powerful mechanism for feedback regulation of vomeronasal sensitivity. One underlying 456 
mechanism is likely based on Ca2+/calmodulin-dependent feedback inhibition of primary VSN transduction 457 
channel(s) (Spehr et al., 2009). This model bears striking similarity to well-established sensory neuron adaptation 458 
in the MOS (Kurahashi and Menini, 1997; Munger et al., 2001; Song et al., 2008; Stephan et al., 2011). In 459 
canonical olfactory neurons, Ca2+/calmodulin-mediated shifts in CNG channel sensitivity effectively extend the 460 
dynamic range of signal detection. Similar gain control might be of particular physiological importance in VSNs 461 
since these neurons are extremely sensitive to stimulation, with few picoamperes of depolarizing current being 462 
sufficient to elicit repetitive action potential discharge (Liman and Corey, 1996; Shimazaki et al., 2006; 463 
Hagendorf et al., 2009). 464 
 465 
Long-term VSN adaptation occurs over the course of tens of minutes and is stimulus timing-dependent 466 
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Activation of VSNs is thought to be intrinsically slow due to the hydrophobicity of many AOS ligands and 467 
their need to be physically transported from the nasal cavity into the VNO lumen via vomeronasal mucus 468 
(Meredith and O'Connell, 1979). As such, natural sampling by the VNO may or may not normally induce the 469 
same short-term VSN adaptation revealed by these experiments. The long experimental durations of the 470 
population VSN Ca2+ imaging studies revealed an additional mode of cumulative VSN adaptation with a much 471 
slower time course. This slow, cumulative adaptation was prominent in the accelerating ISI protocol (Figs. 2-3). 472 
When ISIs were gradually reduced over the course of 90 minutes, there was often little adaptation within a 473 
stimulus block but substantial adaptation across blocks. Eventually, the cumulative adaptation resulted in near-474 
complete elimination of stimulus-driven GCaMP6s Ca2+ signals.  475 

This slow adaptation seems to be linked to the specific ISI order, rather than being a simple consequence of 476 
repeated ligand exposure, photobleaching, or phototoxicity, because this type of adaptation was minimal in the 477 
decelerating ISI protocol. It is possible that accelerating ISI experiments preferentially caused phototoxicity, but 478 
this seems unlikely given that all experiments utilized the same imaging conditions (illumination power, 479 
acquisition rate, total imaging duration). Moreover, if phototoxicity were a function of stimulation (GCaMP6s 480 
brightness), one might expect the time course of slow adaptation to be greater in “CA+DCA” VSNs, which were 481 
stimulated twice as frequently as other VSN types, but this was not found to be the case (Fig. 3). It is important to 482 
note that slow adaptation was only observed via GCaMP6s Ca2+ imaging in response to monomolecular bile acid 483 
ligands; it may be that adaptation is less prominent (or absent) in other experimental conditions. 484 

Despite these caveats, the time course of slow adaptation more closely matches mouse behavioral paradigms 485 
that involve regular physical interaction with other animals and/or their social odors over the same time scale. In 486 
social settings, mice sporadically but continuously sample environmental ligands and each other, which is likely 487 
to “pulse” the VNO with AOS chemosignals (Luo et al., 2003). If the same complement of environmental ligands 488 
is continuously detected (for example, when a mouse is introduced into the cage or habitat of another mouse), 489 
slow adaptation may gradually reduce VSN sensitivity to AOS ligands.  490 
 491 
VSN adaptation is non-uniform and is more pronounced for same sex than for opposite-sex cues 492 

Most VSNs demonstrated short-term adaptation to urinary cues, but a substantial minority of these neurons 493 
failed to adapt (Figs. 1, 6-7). This reveals the presence of short-term-adaptation-resistant subsets of urine-494 
responsive VSNs. Constituents of male and female mouse urine activate partially-overlapping sets of AOS 495 
neurons (Holy et al., 2000; He et al., 2008; Hendrickson et al., 2008; Ben-Shaul et al., 2010; Tolokh et al., 2013); 496 
the heterogeneity in VSN adaptation to urine may partially reflect the activation of VSNs expressing different 497 
receptors with different sensitivities to urinary cues. Moreover, recent studies suggest that long-term 498 
environmental exposure to AOS steroid ligands can selectively modify VSN sensitivity (Xu et al., 2016), and 499 
others identified sex-specific modulation of VSN sensitivity to urinary proteins (Dey et al., 2015). All these data 500 
show that VSN tuning can be modulated by chemosensory experience and host-specific factors (e.g., internal 501 
hormonal state), but it was not clear whether such phenomena extended to the types of shorter-term adaptation 502 
explored here. 503 

In contrast to the confocal Ca2+ imaging and electrophysiological experiments, volumetric GCaMP6s imaging 504 
experiments did not identify substantial VSN populations that were resistant to short-term adaptation. An 505 
important difference between these groups of experiments is that confocal Ca2+ imaging and electrophysiological 506 
experiments each utilized dilute mouse urine as sensory stimuli, whereas volumetric GCaMP6s Ca2+ imaging 507 
experiments used monomolecular bile acid ligands at 10 μM. The lack of a non-adapting population in volumetric 508 
imaging experiments may, at least in part, reflect the strong concentration of the bile acid ligands used. However, 509 
it is also possible that prior environmental sensory experience (i.e. to cues continuously present in the housing 510 
environment) may also be a factor. The two bile acids utilized, CA and DCA, happen to be common fecal 511 
components that are found at high levels in both male and female mouse feces (Doyle et al., 2016).  512 

Further supporting the hypothesis that adaptation is modulated by prior chemosensory experience are the 513 
confocal Ca2+ imaging results, which revealed that VSN adaptation at intermediate ISIs was seen for same-sex 514 
urine but not opposite-sex urine (Fig. 7). Since mice were housed in same-sex cages, male VNOs would have only 515 
been exposed to male urine in the weeks prior to experiments; vice versa for females. Therefore, these data 516 
suggest that VSNs’ capacity for adaptation may depend on recent exposure to urinary cues. Urinary AOS ligands 517 
include, but are not limited to, sulfated steroids (Nodari et al., 2008), major urinary proteins (MUPs; Chamero et 518 
al., 2007) and major histocompatibility complex (MHC) peptide ligands (Leinders-Zufall et al., 2004), so it 519 
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remains unclear whether the capacity to adaptation depends on molecular classes or cognate VSN 520 
chemoreceptors.  521 

Overall, these data provide extensive evidence for VSN adaptation to natural ligand blends and 522 
monomolecular ligands on physiologically relevant time scales. Together, these studies provide a framework for 523 
future work investigating the molecular and cellular underpinnings of vomeronasal sensory adaptation and its 524 
impacts on AOS-mediated behavior. 525 

 526 

Figure Legends: 527 

Figure 1. The majority of mouse VSNs display sensory adaptation upon repeated stimulation with diluted urine. 528 
(A) Loading of sensory neurons in acute VNO slices with a synthetic Ca2+ indicator. Top: Low-magnification 529 
differential interference contrast (DIC; left) and epi-fluorescence image (right) of a VNO section bulk-loaded with 530 
Cal-520/AM. Bottom: High-magnification images of a region of the sensory epithelium (white box in top image). 531 
Confocal DIC (left) and fluorescence (middle) images are merged (right) to show dye loading of sensory neurons. 532 
(B) Representative original recordings of cytosolic Ca2+ signals in different VSN somata in response to diluted 533 
urine (1:100; 10 s) and elevated extracellular potassium (K+; 50 mM; 10 s). The integrated relative fluorescence 534 
intensities (ΔF/F) in user-defined regions of interest are displayed in arbitrary units and viewed as a function of 535 
time. Neurons are stimulated at decreasing ISI of 180 s (1  2), 60 s (2  3), and 30 s (3  4). Black traces 536 
represent VSNs that undergo sensory adaptation of variable degree. Red trace shows a neuron that displays no 537 
adaptation. (C) Left: Scatter dot plot depicting relative Ca2+ signal amplitudes recorded from a total of 259 VSNs 538 
in response to stimulation 4 (data points show signal strength as percentage of the initial response amplitude (1)). 539 
Data are categorized as indicative of adaptation (<95%; grey; n = 227) or the lack thereof (≥95%; white; n = 32). 540 
Data points marked by different red symbols correspond to original recordings shown in B. Solid horizontal line 541 
and grey shadow indicate mean ± SD of adapting VSNs. Right: Box plots illustrating the Ca2+ signal amplitudes 542 
evoked by stimulations 2 (180 s ISI), 3 (60 s ISI), and 4 (30 s ISI). Data are shown as percentage of the response 543 
to initial stimulation (1). Median values (horizontal lines), the interquartile ranges (height of the box), and the 544 
minimum and maximum values (whiskers) are plotted. Circles depict values that were more than 1.5 times the 545 
interquartile range from the lower or upper quartile. White box (right) corresponds to the VSNs categorized as not 546 
adapting. (D) Top: Original recording from a representative VSN consecutively challenged with male (black 547 
trace) and female (purple trace) urine. Interval between recordings 26 min.  Fluorescence intensity (ΔF/F) is 548 
plotted as a function of time. Stimulation paradigm as in B. Bottom: Box plot (left; n = 27) quantifying and 549 
comparing the Ca2+ signal amplitudes evoked by the initial stimulations with diluted male and female urine, 550 
respectively. Note that sensitivity is fully restored after 26 min. Middle / right: Original traces and box plot 551 
quantification illustrating initial responses (black traces), responses to stimulation 4 (30 s ISI; red traces and box), 552 
and responses to a fifth stimulation after an additional 180 s recovery period (green traces and box). Asterisk (*) 553 
indicates statistical significance, p-value < 0.01 (one-way ANOVA in C; paired t-test in D). BV, blood vessel; 554 
DL, dendritic layer; KL, knob layer; L, lumen; SE, sensory epithelium; SL, soma layer; VNO, vomeronasal organ. 555 

 556 

Figure 2. Evaluating sensory adaptation to monomolecular AOS ligands with population VSN Ca2+ imaging. (A) 557 
VNO imaging setup using OCPI (light sheet) microscopy, which enables volumetric imaging of thousands of 558 
VSNs in the intact vomeronasal epithelium. (B) Experimental design for “accelerating” protocol of stimulus 559 
acquisition. Two monomolecular ligands, deoxycholic acid (DCA) and cholic acid (CA) were applied in blocks of 560 
6 trials (3 each for DCA and CA) with the noted recovery periods within each block. (C-D) Example images 561 
taken from a single frame of a 51-frame z-stack showing the responses of VSNs to repeated stimulation with 10 562 
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μM DCA in “Block 1” (180 s recovery, C) and “Block 5” (60 s recovery, D). Arrowheads mark the position of a 563 
DCA-responsive cell. Scale bar 100 μm. Symbols refer to derivative images in E-G and traces shown in H. (E-G) 564 
Normalized change in fluorescence (ΔF/F) of VSNs on Trial 1 of 3 (left) and Trial 3 of 3 (right) in Block 1 (180 s 565 
recovery, E), Block 5 (60 s recovery, F), and Block 7 (15 s recovery, G). Arrowheads mark the same cell as in C, 566 
D. (H) Across-trial responses of a DCA-selective cell (top, same as the cell shown in C-G), a DCA- and CA-567 
responsive cell (middle), and a CA-selective cell (bottom). Symbols refer to the responses noted in C-G. 568 

 569 

Figure 3. VSN responses to monomolecular bile acid ligands in the “accelerating” inter-trial interval paradigm. 570 
(A) Clustering of VSN responses to 10 μM bile acids reveals 3 populations: those that respond to DCA-only, CA 571 
and DCA (CA + DCA), and CA-only. Each column represents ΔF/F for a single VSN across 6 trials of each 572 
stimulus (all trials from Blocks 1 and 2). Includes responses from 486 VSNs across 4 tissues (4 animals). Two 573 
experiments presented DCA first and two presented CA first. (B) Normalized response patterns of clustered VSNs 574 
across all blocks/trials. Shown are VSNs from 2 experiments in which DCA was presented first. Each row is a 575 
VSN and each column a single trial. Blocks are noted by vertical ticks. (C) Adaptation across and within each 576 
stimulus block, arranged by cluster. Box plots indicate the median (dark line) and 25-75% interquartile range of 577 
the per-VSN normalized response magnitude of the first trial (t1) of each block. Solid black lines/symbols 578 
indicate the degree of intra-block adaptation ([t3-t1]/[t1+offset]). (D) Reduction in cluster discriminability (d’) 579 
resulting from inter- and intra-trial adaptation. 580 

 581 

Figure 4. VSN responses to monomolecular bile acid ligands in the “decelerating” inter-trial interval paradigm. 582 
(A) Stimulus delivery design. (B) Example ΔF/F images showing the responses of VSNs to repeated stimulation 583 
with 10 μM DCA and 10 μM CA in “Block 1” (15 s recovery, left) and “Block 7” (180 s recovery, right). White 584 
and red arrowheads mark VSNs in the “CA+DCA” and “CA-only” clusters, respectively. (C) Normalized ΔF/F 585 
responses of clustered VSNs across blocks/trials. Shown are VSNs from 3 experiments in which DCA was 586 
presented first. Note that cross-adaptation is largely restricted to the CA+DCA cluster. (D) Inter-block and intra-587 
block adaptation, arranged by cluster. (E) In stark contrast to the accelerating protocol (gray line), discriminability 588 
between the DCA-only and CA-only clusters in the decelerating protocol (black line) remained high except in 589 
trials separated by 15 s.  590 

 591 

Figure 5. Electrophysiological recordings of evoked firing activity from individual VSNs. (A) Schematic 592 
representation of a VNO coronal slice and a patch pipette in preparation for electrophysiological recordings from 593 
a VSN. (B) Representative recordings in the on-cell loose-patch configuration from a single VSN showing the 594 
firing activity in response to high K+ solution (top), diluted urine (1:50; middle), or diluted artificial urine (1:50; 595 
bottom). Time of stimulus presentation is indicated by the top bars. (C) Raster plots of firing activity from the 596 
same VSN in B. The recovery time between individual stimuli was at least 2 minutes. (D) Heat map showing the 597 
average spike frequency of the traces in C in bins of 1 second. The firing frequency increased in response to urine, 598 
or to high K+ solution as a positive control, but not in response to artificial urine. 599 

 600 

Figure 6. Spike frequency adaptation to repeated mouse urine stimulation of VSNs. (A) Representative loose-601 
patch recordings from two individual VSNs in response to double-pulse stimulations with diluted urine (1:50). A 602 
5 s urine pulse was delivered, followed by a second identical pulse with ISIs ranging from 5 to 60 s. The recovery 603 
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time between each double-pulse experiment was at least 2 minutes.  In black, a urine-responsive VSN did not fire 604 
in response to a second pulse of urine after 5 s, showed a reduced firing frequency to the second urine pulse at 10 605 
s ISI, and a recovery at 60 s ISI. In pink, another VSN showing a smaller reduction in firing frequency at 5 and 10 606 
s ISIs compared to the previous VSN. (B) Heat map of normalized mean firing frequency from double-pulse urine 607 
stimulations at different ISIs for 14 VSNs. The mean frequency during the second urine pulse was normalized to 608 
the mean frequency evoked by the first pulse. VSNs shown in A are indicated by black and green circles. (C) Box 609 
and scatter plots of the normalized frequency at different ISIs. Each dot represents an individual VSN at a given 610 
ISI. In the box plot horizontal lines represent the median, lower and upper box boundaries represent the first and 611 
third quartile respectively and upper and lower whiskers represent the 5th and 95th percentile. Statistics: Tukey-612 
Nemenyi test after Friedmann test: * p-value < 0.01.  613 

 614 

Figure 7. Susceptibility to sensory adaptation is a sex-specific function of the stimulus-recipient combination. (A) 615 
Representative original recordings of cytosolic Ca2+ signals from individual VSN somata in Cal-520/AM-loaded 616 
acute VNO slices. The integrated relative fluorescence intensities (ΔF/F) in user-defined regions of interest are 617 
displayed in arbitrary units and viewed as a function of time. Ca2+ transients are evoked by diluted urine (1:100; 618 
10 s) and elevated extracellular potassium (K+; 50 mM; 10 s). Temporal stimulation paradigm as in Fig. 1. Trace 619 
colors indicate specific stimulus-recipient combinations: male VNO / female urine (dark grey), male VNO / male 620 
urine (purple), female VNO / male urine (light grey), female VNO / female urine (light red). (B) Box plots of Ca2+ 621 
signal amplitudes (normalized to the initial response) evoked by the 2nd, 3rd, and 4th exposure to urine. Colors 622 
denote stimulus-recipient combination as in A: male VNO / female urine (dark grey; n = 60), male VNO / male 623 
urine (purple; n = 46), female VNO / male urine (light grey, n = 42), female VNO / female urine (light red, n = 624 
79). Note that more pronounced sensory adaptation is apparently evoked by same sex (male-male; female-female) 625 
stimulation. Asterisks (*) indicate statistical significance, p-value < 0.05 (Dunnett test). 626 
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