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The mouse vomeronasal organ (VNO) plays a critical role in semiochemical detection and social communication. Vomeronasal stimuli
are typically secreted in various body fluids. Following direct contact with urine deposits or other secretions, a peristaltic vascular pump
mediates fluid entry into the recipient’s VNO. Therefore, while vomeronasal sensory neurons (VSNs) sample various stimulatory semio-
chemicals dissolved in the intraluminal mucus, they might also be affected by the general physicochemical properties of the “solvent.”
Here, we report cycle stage-correlated variations in urinary pH among female mice. Estrus-specific pH decline is observed exclusively in
urine samples from sexually experienced females. Moreover, patch-clamp recordings in acute VNO slices reveal that mouse VSNs reliably
detect extracellular acidosis. Acid-evoked responses share the biophysical and pharmacological hallmarks of the hyperpolarization-
activated current Ih. Mechanistically, VSN acid sensitivity depends on a pH-induced shift in the voltage-dependence of Ih activation that
causes the opening of HCN channels at rest, thereby increasing VSN excitability. Together, our results identify extracellular acidification
as a potent activator of vomeronasal Ih and suggest HCN channel-dependent vomeronasal gain control of social chemosignaling. Our data
thus reveal a potential mechanistic basis for stimulus pH detection in rodent chemosensory communication.
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Introduction
In rodents, the vomeronasal organ (VNO) detects a broad range
of semiochemicals and other social cues. As mediators of het-
erospecific and conspecific communication, these structurally di-
verse chemosignals are typically released in various body fluids
and secretions (Brennan and Kendrick, 2006). While the exact
chemical composition of such fluids is unclear, various secreted
compounds are under endocrine control (Hayashi and Kimura,
1974; Doty, 1986; Pankevich et al., 2004; Kelliher and Wersinger,
2009; Petrulis, 2013). For example, urine—a rich source of
semiochemicals that is frequently used as a “broadband” stimu-
lus for vomeronasal neurons (Holy et al., 2000; Spehr et al., 2002;

Ben-Shaul et al., 2010)—provides an olfactory signature that re-
ports a female’s cycle stage (Lydell and Doty, 1972; Johnston and
Bronson, 1982; He et al., 2008; Haga-Yamanaka et al., 2014) and
consequently sexual receptivity (Davies and Bellamy, 1974; Aron,
1979). While a number of estrus-dependent constituents of fe-
male rodent urine have been described (Andreolini et al., 1987;
Achiraman et al., 2010; Nielsen et al., 2011; Haga-Yamanaka et
al., 2014), estrus-specific regulation of more general physico-
chemical urine properties, such as pH, has not been investigated.

Rodent vomeronasal sensory neurons (VSNs) are among the
most sensitive chemosensors in mammals (Leinders-Zufall et al.,
2000; Ferrero et al., 2013). Along with other factors, their high
input resistance of typically several gigaohms (Liman and Corey,
1996) renders VSNs exquisitely sensitive to stimulation. Thus, at
resting membrane potential, depolarizing currents of only a few
picoamperes generate repetitive action potential (AP) discharge
(Liman and Corey, 1996; Kim et al., 2012). In addition to Hodg-
kin–Huxley type voltage-gated channels, VSNs express several
“nonstandard” ion channels, such as ether-à-go-go-related K�

channels (Hagendorf et al., 2009) and hyperpolarization-activated
cyclic nucleotide-gated (HCN) channels (Dibattista et al., 2008), that
shape the VSN-specific input–output function.

Initially discovered in sinoatrial node cells (Noma and Iri-
sawa, 1976; DiFrancesco, 1981, 1986), HCN channel-mediated
hyperpolarization-activated currents (Ih) have since been de-
scribed in a variety of cardiac cells and neurons (Pape, 1996;
Robinson and Siegelbaum, 2003; Biel et al., 2009). The four
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C.T., A.K., N.G., M. Söchtig, and C.H.E. performed research; A.C., T.A., Y.B.-S., J.S., and M. Spehr analyzed data; A.C.,
Y.B.-S., F.M., J.S., and M. Spehr wrote the paper.

This work was supported by grants from the Volkswagen Foundation (I/83533), the Deutsche Forschungsge-
meinschaft (SP724/7-1), DFG priority program SPP 1392: Integrative Analysis of Olfaction, and the German-Israeli
Foundation for Scientific Research and Development (1-1193-153.13/2012), and by the Excellence Initiative of the
German federal and state governments. M.S. is a Lichtenberg Professor of the Volkswagen Foundation. We thank
Tom Bozza (Northwestern University) for help with behavioral experiments and Susanne Lipartowski (RWTH Aachen
University) for excellent technical assistance.

The authors declare no competing financial interests.
Correspondence should be addressed to Dr. Marc Spehr, RWTH Aachen University, Institute for Biology II/Depart-

ment of Chemosensation, 2 Sammelbau Biologie, Room 1.129, Worringerweg 3, D-52074 Aachen, Germany. E-mail:
m.spehr@sensorik.rwth-aachen.de.

A. Cichy’s present address: Department of Neurobiology, Northwestern University, Evanston, IL 60208.
DOI:10.1523/JNEUROSCI.2593-14.2015

Copyright © 2015 the authors 0270-6474/15/354025-15$15.00/0

The Journal of Neuroscience, March 4, 2015 • 35(9):4025– 4039 • 4025



mammalian HCN isoforms (HCN1–HCN4) serve diverse neuro-
nal functions, from rhythmic oscillatory activity and generation
of intrinsic resonance to dendritic integration and synaptic plas-
ticity (Beaumont and Zucker, 2000; Magee, 2000; Angelo et al.,
2007; Giocomo et al., 2011). This functional diversity results
from an unusual biophysical profile that includes slow voltage-
dependent activation upon hyperpolarization, mixed Na� and
K� permeability, essentially no inactivation, and a small single-
channel conductance (Robinson and Siegelbaum, 2003; Biel et
al., 2009). In addition, modulation by various extracellular and
intracellular factors turns HCN channels into versatile neuronal
integrators of both electrical and biochemical signals.

Here, we report HCN channel-dependent detection of extra-
cellular/environmental acidosis by mouse VSNs. Lowering extra-
cellular pH shifts the voltage-dependence of Ih activation to more
positive potentials and thus increases VSN excitability. By addi-
tionally demonstrating that stage-correlated drops in urinary pH
can signal estrus in sexually experienced females, our data reveal
a mechanism that could contribute to estrus detection in chemo-
sensory communication.

Materials and Methods
Chemicals, solutions, and stimulus presentation. The following solutions
were used: (S1) HEPES-buffered extracellular solution containing (in
mM) 145 NaCl, 5 KCl, 1 CaCl2, 1 MgCl2, and 10 HEPES, with pH 7.3
(adjusted with NaOH) and osmolarity 300 mOsm (adjusted with glu-
cose); (S2) oxygenated (95% O2, 5% CO2) extracellular solution contain-
ing (in mM) 125 NaCl, 25 NaHCO3, 5 KCl, 1 CaCl2, 1 MgSO4, and 5 BES
[ N, N-bis(2-hydroxyethyl)-2-aminoethanesulfonic acid], with pH 7.3
and osmolarity 300 mOsm; (S3) extracellular solution used to set the K �

equilibrium potential (EK
�) to �70 mV, containing (in mM) 141 NaCl, 9

KCl, 1 CaCl2, 1 MgCl2, and 10 HEPES, with pH 7.3 and osmolarity 300
mOsm; (S4) N-methyl-D-glucamine (NMDG)-based “cation-free” ex-
tracellular solution containing (in mM) 141 NMDG, 141 HCl, 9 KCl, and
10 HEPES, with pH 7.3 (adjusted with NMDG/HCl) and osmolarity 300
mOsm; (S5) Na �-free extracellular solution containing (in mM) 141
NMDG, 141 HCl, 9 KCl, 1 CaCl2, 1 MgCl2, and 10 HEPES, with pH 7.3
and osmolarity 300 mOsm; (S6) Ca 2�-free extracellular solution con-
taining (in mM) 145 NaCl, 5 KCl, 5 EGTA, 1.25 MgCl2 (free Mg 2�, 1
mM), and 10 HEPES, with pH 7.3 (NaOH) and osmolarity 300 mOsm;
(S7) elevated K � solution containing (in mM) 100 NaCl, 50 KCl, 1 CaCl2,
1 MgCl2, and 10 HEPES, with pH 7.3 (NaOH) and osmolarity 300
mOsm; and (S8) pipette solution containing (in mM) 143 KCl, 2 KOH, 1
EGTA, 0.3 CaCl2 (free Ca 2�, 110 nM), 10 HEPES, 2 MgATP, and 1
NaGTP, with pH 7.1 (adjusted with KOH) and osmolarity 290 mOsm.
For pH �6 extracellular acidic solutions, HEPES was replaced with 2-(N-
morpholino)ethanesulfonic acid (MES). Free Ca 2� and Mg 2� concen-
trations were calculated using WEBMAXC STANDARD (available at
http://www.stanford.edu/~cpatton/webmaxcS.htm). If not stated other-
wise, chemicals were purchased from Sigma. SB-366791 was purchased
from Enzo Life Science, and ZD7288 was purchased from Abcam. Final
DMSO, ethanol, or methanol concentrations were �0.1%. Stimuli and
pharmacological agents were applied from air-pressure-driven reservoirs
via an eight-in-one multibarrel “perfusion pencil” (Science Products).
Changes in focal superfusion (Veitinger et al., 2011) were software con-
trolled and synchronized with data acquisition by transistor–transistor
logic input to 12 V DC solenoid valves using a TIB 14S digital output
trigger interface (HEKA Elektronik).

Animals and tissue preparation. All animal procedures were approved
by local authorities and in compliance with European Union legislation
(Directive 86/609/EEC) and recommendations by the Federation of Eu-
ropean Laboratory Animal Science Associations. Both C57BL/6 mice
(Charles River Laboratories) and mice with a homozygous deletion in the
Trpc2 gene (TRPC2�/� mice; Leypold et al., 2002; kindly provided by T.
Leinders-Zufall and F. Zufall, University of Saarland, Homburg, Ger-
many) were housed in groups of both sexes [room temperature (RT);
12 h light/dark cycle; food and water available ad libitum]. Experiments

used young adults of either sex (79 female and 59 male mice). We did not
observe obvious gender-dependent differences. Mice were killed by brief
exposure to a CO2 atmosphere and decapitation. For in vivo recordings,
sexually naive male BALB/c mice were used (Harlan Laboratories). All in
vivo experiments were performed in compliance with the Hebrew Uni-
versity Animal Care and Use Committee.

Acute coronal VNO slices were prepared as described previously
(Hagendorf et al., 2009; Spehr et al., 2009). Briefly, the lower jaw and
palate were removed. The VNO was dissected, embedded in 4% low-
gelling-temperature agarose, and placed in ice-cold oxygenated S2, and
coronal slices (250 –300 �m) were cut on a VT1000S vibratome (Leica
Biosystems). Slices were transferred to a submerged, chilled, and oxygen-
ated (S2) storage chamber until use. Intact vomeronasal sensory epithelia
for en face confocal Ca 2� recordings from the VNO luminal surface were
prepared as previously described with minor modifications (Rivière et
al., 2009). Briefly, the fur, lower jaw, and upper incisors were removed,
and a sagittal hemisection was performed �2 mm lateral to midline. The
hemisected head was transferred to a 35 mm culture dish, embedded in
agar (10%), and immersed in S2. The cartilaginous capsule surrounding
the VNO was opened laterally, and the cavernous tissue was gently re-
moved to gain access to the luminal surface of the sensory epithelium.
For immunochemistry, the skin, lower jaw, palate, upper incisors, and all
soft tissue at the tip of the nose were removed from the rostral part of a
coronal hemisection of the head.

Electrophysiology. VNO slices were transferred to a recording chamber
(Luigs and Neumann) on an upright fixed-stage video-microscope (DM
LSFA; Leica Microsystems) equipped for infrared-optimized differential
interference contrast (IR-DIC). Neurons were visualized using 10� (HC
PL FL 10�/0.30 numerical aperture (NA)) and 63� (HCX APO L U-V-I
63�/0.90 NA) objectives as well as a cooled CCD camera (DFC360FX;
Leica Microsystems). Slices were continuously superfused with oxygen-
ated S2 (�3 ml/min; gravity flow; RT). Patch pipettes (4 –7 M�) were
pulled from borosilicate glass capillaries (1.50 mm outer diameter, 0.86
mm inner diameter; Science Products) on a PC-10 micropipette puller
(Narishige Instruments), fire polished (MF-830 Microforge; Narishige
Instruments) and filled with S8 solution. An agar bridge (150 mM KCl)
connected the reference electrode and bath solution. An EPC-10 ampli-
fier controlled by Patchmaster 2.53 software (HEKA Elektronik) was
used for data acquisition. We monitored and compensated pipette and
membrane capacitance as well as series resistance. Only neurons exhib-
iting stable access resistances (change �20%) were used for analysis.
Liquid junction potentials were calculated using JPCalcW software
(Barry, 1994) and corrected online. If not stated otherwise, signals were
low-pass filtered (analog three- and four-pole Bessel filters, �3 dB, ad-
justed to one-third to one-fifth of the sampling rate, 5–10 kHz, depend-
ing on protocol). Stimulation artifacts were removed for clarity.
Recordings of low-amplitude proton-dependent currents at constant
holding potentials were low-pass filtered at 0.5 kHz to unmask small VSN
responses (Kim et al., 2012). If not stated otherwise, the holding potential
(Vhold) was �70 mV. All electrophysiological data were recorded at room
temperature.

“Loose-patch” recordings were performed from intact VSN somata to
prevent dialysis of intracellular components. Action potential-driven ca-
pacitive currents were recorded in a loose-seal cell-attached configura-
tion (seal resistance, 30 –150 M�; pipettes filled with S1). Spikes were
analyzed using Igor Pro functions (SpAcAn, written by G. Dugué and C.
Rousseau, Ecole Normale Supérieure, Institut de Biologie de l’ENS,
IBENS, Paris, France) for detection and analysis of spontaneous events
by a threshold detection algorithm. Interstimulus intervals were 55– 60 s.
Neuronal responses (or the lack thereof) were classified according to the
following criteria: (1) discharge was time locked to stimulus presenta-
tion; (2) spike patterns clearly deviated from prior baseline activity (Fre-
quency histograms (1 s bin width) were calculated, and responses were
evaluated according to a �f 	 3 � SD f(baseline) criterion).

Confocal Ca2� imaging. Ca 2�-sensitive dye loading was performed as
described previously (Rivière et al., 2009) with minor modifications.
Briefly, the hemisected head including the laterally opened VNO was
incubated (20 min; 37°C) in S2 containing fluo-4 AM (10 �M) and 0.4%
pluronic acid. After washing twice (S2), the culture dish was mounted on
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the stage of an upright fixed-stage scanning confocal microscope (TCS
SP5 DM6000CFS; Leica Microsystems) equipped with a 20�/1.0 NA
water immersion objective (HCX APO L; Leica Microsystems). The bath
solution (S2) was continuously exchanged (�5 ml/min; gravity flow).
Fluo-4 was excited using the 488 nm line of an argon laser. Changes in
dendritic knob cytosolic Ca 2� were monitored over time at 0.5–1.5 Hz
frame rates.

Urine collection and pH measurement. Urine was collected according to
previously described protocols for mouse micturation over a plastic vial
(Kurien et al., 2004). Application of gentle transabdominal pressure re-
sulted in �30 –70 �l of urine, a quantity sufficient for immediate mea-
surement of urinary pH (Kurien et al., 2004). An InLab Ultra-Micro pH
electrode (Mettler Toledo) was used for pH measurements that were
controlled by parallel readings from pH-indicator strips (Merck). For in
vivo recordings and behavioral assays, urine was collected as described
above from group-housed 10- to 14-week-old female mice (several daily
collections over 2 weeks). Male mouse urine for in vivo recordings was
collected from four individuals from different strains (FVB, BALB/c,
C57BL/6, and Sabra; housed in the Hebrew University’s animal facility)
and diluted 10 times in Ringer’s solution. Samples were pooled and
stored at �80°C until use. For female urine stimulus preparation, urine
was diluted 1:2 (behavioral assay) or 1:10 (in vivo recordings) in MES-
based or HEPES-based solution, respectively (10 mM each, depending on
the target pH) and titrated to the target pH value (NaOH/HCl).

Estrous cycle stage determination. Mouse es-
trous cycle stage was determined by vaginal
smear cytology based on the ratio of polymor-
phonuclear leukocytes and cornified squa-
mous epithelial and nucleated epithelial cells
(Byers et al., 2012; McLean et al., 2012).

Immunohistochemistry. Vomeronasal tissue
was fixed in 4% paraformaldehyde in Ca 2�/
Mg 2�-free phosphate buffer (PB; 0.1 M, pH
7.4, 15–30 min, RT), washed (PB), and subse-
quently cryoprotected in PB containing 10%
sucrose/0.05% NaN3 (24 h, 4°C) and 30% su-
crose/0.05% NaN3 (48 h, 4°C). Samples were
embedded in NEG-50 (Thermo Fisher Scien-
tific), frozen, sectioned at 18 �m on a cryostat
(HM 560 Cryo-Star; Microm), and mounted
on Superfrost Plus slides (Menzel). In some
cases, antigen retrieval was performed by
heating sections (100°C, 3 min) in sodium
citrate buffer (10 mM, pH 6.0), equilibrating
in sodium borate buffer (40 mM, pH 8.0, 5
min, RT), and washing in PB. Next, sections
were incubated in PB (1 h, RT) containing
5% chemiblocker (Millipore), 0.5% Triton
X-100, and 0.05% NaN3 [blocking/staining
solution (Sbs)].

Primary antibodies [polyclonal rabbit anti-
HCN2� (Harzheim et al., 2008), monoclonal
rat anti-HCN4 (PG2-1A4; Mataruga et al.,
2007), and monoclonal mouse anti-villin
(0258; Immunotech)] were diluted in Sbs, and
sections were incubated overnight at RT with
primary antibody solutions in a humidified
chamber. After washing in PB, sections were
incubated in Sbs (1 h, RT, without NaN3) con-
taining secondary antibodies (Alexa Fluor 488
goat anti-rabbit IgG, A11034, Invitrogen;
Alexa Fluor 488 goat anti-rat IgG, A11006, In-
vitrogen; and donkey anti-mouse IgG–Cy3,
715-165-150, Dianova). Excess antibodies
were removed by washing (PB), and sections
were coverslipped with Aqua Polymount
(Polysciences). Fluorescent images were taken
using a confocal laser-scanning microscope
(TCS SP5 II; Leica Microsystems) equipped
with a 63�/1.4 NA oil-immersion objective.

Antibody concentration, laser intensity, and filter settings (525 
 15 nm,
Alexa 488; 615 
 35 nm, Cy3) were carefully controlled. Sequential scan-
ning mode was used to rule out detection channel cross talk. Control
experiments without primary antibodies were performed in parallel with
each procedure. Target specificity of the primary HCN channel antibod-
ies was confirmed by Western blot analysis of membrane preparations
from Flp-In 293 cells (Invitrogen) expressing HCN2, HCN4, or no re-
combinant protein (data not shown). Digital images were uniformly
adjusted for brightness and contrast using Adobe Photoshop CS3 (Adobe
Systems).

In vivo recordings. Electrophysiological recordings of accessory olfac-
tory bulb (AOB) neurons were performed as described previously in
detail (Ben-Shaul et al., 2010). Briefly, mice were anesthetized with 100
mg/kg ketamine and 10 mg/kg xylazine. A tracheotomy was made using
a polyethylene tube to allow breathing during VNO flushing; a cuff elec-
trode was placed on the sympathetic nerve trunk with the carotid serving
as a scaffold. Incisions were closed, and the mouse was placed in a
custom-built stereotaxic apparatus where anesthesia was maintained
throughout the entire experiment with 0.5–1% isoflurane in O2. A cra-
niotomy was performed immediately rostral to the rhinal sinus, the dura
was removed around the penetration site, and electrophysiological
probes were advanced into the AOB using an electronic micromanipu-
lator (MP-285; Sutter Instruments). All recordings were made with 32-

Figure 1. Cycle-dependent changes in mouse urinary pH. A, Average pH measured in urine samples from sexually naive and
sexually experienced males (7.32 
 0.11 vs 6.96 
 0.1) as well as sexually naive and sexually experienced females (6.94 
 0.16
vs 6.27 
 0.1, respectively). Data are plotted as mean 
 SEM. Numbers of experiments are indicated above bars. Urinary pH was
significantly reduced in samples from sexually experienced females (one-way ANOVA with Tukey’s HSD post hoc test; *1p � 0.001).
Inset, Scatter dot plot of individual pH measurements from experienced females (248 samples, 26 animals, 10 consecutive days).
Red bars indicate mean 
 SD (6.29 
 0.75). B, Average urinary pH in experienced females during the four stages of the mouse
estrous cycle. The pie chart indicates approximate stage duration. Numbers of individual measurements are indicated above bars.
Results (6.16 
 0.1, proestrus; 6.11 
 0.07, estrus; 6.32 
 0.11, metestrus; 6.43 
 0.07, diestrus) represent means 
 SEM.
Samples taken from six animals over 30 consecutive days (* 2p � 0.01, one-way ANOVA with Tukey’s HSD post hoc test). Inset,
Maximum cycle-dependent pH differences in individual mice during estrus and diestrus, respectively. In all animals, pH values
differ by at least one logarithmic unit (�pH range, 1.0 –1.7). C, Representative time course of “pH cyclicity.” Over 3 weeks, urinary
pH is determined on a daily basis (black). Corresponding cycle stages are superimposed (red). D, Average urinary pH in sexually
naive female mice (n � 4; 30 consecutive days) during proestrus (6.92 
 0.15), estrus (6.84 
 0.11), metestrus (6.87 
 0.16),
and diestrus (7.07 
 0.09). Numbers of individual measurements are indicated above bars. Data represent means 
 SEM. No
significant differences were observed (one-way ANOVA).
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channel probes (NeuroNexus Technologies). During each trial, 2 �l of
stimulus solution was placed directly in the nostril (in one session, 6 �l
were used). After 20 s, a square-wave stimulation train (duration, 1.6 s;
current, 
120 �A; frequency, 30 Hz) was applied through the sympa-
thetic nerve cuff electrode to induce VNO pumping and, accordingly,
stimulus entry to the VNO lumen. Following each stimulus presentation,
Ringer’s solution (1–2 ml) was flushed from the nostril and through the
nasopalatine duct to cleanse both the VNO and nasal cavity. This cleans-
ing procedure lasted 40 s and included sympathetic trunk stimulation to
facilitate stimulus elimination from the VNO lumen.

Using an RZ2 processor, PZ2 preamplifier, and two RA16CH head-
stage amplifiers (Tucker-Davis Technologies), neuronal activity was
sampled at 25 kHz and bandpass filtered at 0.3–5 kHz. Custom Matlab
(MathWorks) programs were used to extract spike waveforms. Spikes
were sorted automatically according to their projections on two principle
components using KlustaKwik (Harris et al., 2000) and then manually
verified and adjusted using the Klusters program (Hazan et al., 2006).

Two-choice assay. For behavioral tests, animals were maintained on a
reverse 12 h light/dark cycle (food and water available ad libitum). Both
urine collection and behavioral testing were performed under low-
intensity red light during the nocturnal phase. Urine was collected as
described above. To maintain cycling, male soiled bedding was added
daily to the females’ cages.

Eleven sexually experienced male mice (13–16 weeks) were used in
behavioral assays. On consecutive days, each assay consisted of a han-
dling period (2 d), habituation trials (2 d), and experimental trials (3 d).
Habituation trials were identical to experimental trials, except that no
stimuli were presented. For experimental trials, subjects were placed in a
clean autoclaved 300 � 180 � 240 mm cage and allowed to habituate for
3 min. Next, two 35 mm dishes, each containing 100 �l of stimulus
solution, were simultaneously positioned in the cage. Mice were allowed
to freely investigate during 5 min trials that were digitally recorded by a
CCD camera (stc-tb33usb-as; Sensor Technologies America). Each
mouse was tested once per condition: (1) water versus water; (2) urine
with pH 5 (MES) versus urine with pH 7 (HEPES); and (3) urine with pH
6.5 (MES) versus urine with pH 6.5 (HEPES). To exclude directional
bias, each stimulus was presented on both sides of the cage (50% left/50%
right).

Based on a nose-point/tail-base tracking algorithm implemented in
EthoVision XT10 video tracking software (Noldus Information Technol-
ogy), animal position was automatically tracked on a frame-by-frame
basis. Correct body-point positions were verified by studying the video/
body point overlay in slow motion (1/2 or 1/4 speed). Falsely tracked
points were manually corrected. Areas corresponding to each dish were

Figure 2. Urinary pH constitutes a chemosensory signaling parameter. A, B, Two-choice
assay reveals male place preference for acidic female urine. A, Experimental setup (top left) and
accumulated heat maps depicting the count of tracked nose points (normalized to the overall
maximum value). Top left, Single video frame illustrating assay design. Dishes used for stimulus
presentation on either side of the cage are marked as areas of interest (green and black circles).

4

Markers on the mouse denote multiple software-defined body points (nose, center, tail base)
used for automated (and manually verified/corrected) tracking. Other images show pseudo-
color heat maps of normalized nose-point distribution under three different experimental con-
ditions: urine/pH 5 (MES-buffered) versus urine/pH 7 (HEPES-buffered) (top right), water versus
water (bottom left), and urine/pH 6.5 (MES-buffered) versus urine/pH 6.5 (HEPES-buffered)
(bottom right). B, Behavioral assay quantification. The bar graph shows the average cumulative
duration (mean 
 SEM) that an animal’s nose point was detected within each area of interest.
The asterisk denotes statistical significance; p � 0.001 (paired-sample t test). C–E, Stimulus-
induced firing rate changes of three individual representative AOB units. Left, Bar charts depict-
ing average changes in spike frequency (mean 
 SEM; across all repeated presentations of the
same stimulus) in response to female urine at five different pH values (5.0 –7.0) and male urine,
respectively. Black bars indicate firing rate changes that are statistically significant (see Mate-
rials and Methods). Gray bars correspond to rate variations that were not statistically significant
from prestimulation baseline activity. The inset in C shows a schematic of the experimental in
vivo preparation. Right, Raster displays of unit activity in response to three of the six stimuli. For
each unit, discharge in response to male urine, neutral female urine (pH 7.0), and either of four
acidic female urine stimuli is shown. Within each panel, each row indicates spike times during a
single stimulus presentation. Per panel, all five rows display responses to the same stimulus.
Time 0 indicates sympathetic nerve stimulation (C, D) or stimulus application to the nostril (E).
F, Percentage of significant stimulation-induced responses ( p �0.05; Kruskal–Wallis one-way
ANOVA) for female urine at different pHs and for male urine. Units included in this analysis were
those responding to at least one of the female stimuli (n � 133).
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defined as regions of interest, and the cumulative time that nose points
were detected inside these regions was calculated. All analyses were per-
formed blind.

Data analysis. All data were obtained from independent experiments
performed on at least 3 d using at least three different animals. Individual
numbers of cells and experiments (n) are denoted in the figure legends. If
not stated otherwise, results are presented as means 
 SEM. Ca 2� imag-
ing and electrophysiological data from VSNs were analyzed off-line using
FitMaster 2.20 (HEKA Elektronik), LAS MM AF 1.8 (Leica Microsys-
tems), IGOR Pro 6.3 (WaveMetrics), and Excel (Microsoft) software.
Activation curves were fitted by the Hill equation to calculate the mem-
brane potential of half-maximal activation (V1/2) and slope factor (k).

Current activation time constants (�) were calculated by fitting individ-
ual traces to monoexponential functions: I(t) � I1 [exp (�t/�)] � I0.
Linear correlation of two parameters was analyzed by calculating the
Pearson correlation coefficient using IGOR Pro’s linear correlation pro-
cedure. Statistical analyses were performed using paired or unpaired t
tests (as dictated by experimental design) or one-way ANOVA with
Tukey’s HSD post hoc test. Tests and corresponding p values that report
statistical significance (�0.05) are specified individually in figure
legends.

For in vivo recordings from the AOB, each of the stimuli were pre-
sented five times in a pseudorandom interleaved order (in a minority of
cases, four or six repeats of each stimulus were done). A unit’s response/

Figure 3. Extracellular acidification stimulates VSNs. A, IR-DIC photomicrograph showing part of the sensory neuroepithelium of an acute coronal VNO section (250 �m). The patch pipette (P),
lamina propria (LP), somata layer (SL), dendritic layer (DL), microvillar layer (ML), and lumen (L) are indicated. The patch pipette targets a VSN in the most basal layer of the sensory epithelium. B,
Bar chart illustrating the response type distribution when VSNs are challenged with an increased extracellular proton concentration (pH 4). Most neurons display a gradually developing H �-induced
current, either exclusively (sustained only; 72.5%) or preceded by a transient instantaneous current (transient � sustained; 22.5%). Inset, Representative recordings illustrating the two most
common response types (Vhold ��70 mV). The arrow indicates transient current, and the asterisks (B, C) mark “off”/rebound currents. C, Representative original traces depicting nondesensitizing
responses to prolonged extracellular acidification. Frequently, mild acidification (pH 6) triggers continuous action potential discharge (top; n � 9), whereas more pronounced changes (pH 4) induce
transient high-frequency firing followed by a lasting plateau potential (middle; n � 25). Consequently, the underlying H �-dependent currents show no signs of desensitization (bottom; n � 58;
Vhold � �70 mV). D, E, Highly reproducible responses to repeated stimulation. D, Repetitive exposure to acidic pH (ISI, 30 s) triggers robust signals recorded in current-clamp (pH 6; top) and
voltage-clamp (pH 4; bottom) modes. E, Quantification of data shown in D. Bar chart depicting normalized response amplitudes (n � 12; current density and depolarization, respectively; mean 

SEM). F–H, Dose–response relationship for acidic stimuli �pH 4.0. F, Representative membrane potential changes (top) and whole-cell inward currents (bottom) recorded from the same VSN
challenged with increasing proton concentrations (pH 6.5–pH 4.0). G, Quantification of data shown in F. Both maximum depolarization and current amplitude are plotted as functions of proton
concentration. Data indicate mean 
 SEM (n � 12). H, Dose-dependent increase in VSN response frequency. Bar chart shows the percentage of responding cells depending on stimulus strength (pH
6.5–pH 4.0) and recording mode (voltage/current clamp). The number of cells tested under each condition is indicated above individual bars. nd, Not determined.
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firing rate change to a given stimulus presentation was defined by calcu-
lating the mean peristimulus spiking rate (averaged over a 40 s period
following stimulus delivery and over four to six repeated presentations of
the same stimuli) and subtracting the average activity over a 10 s baseline
period preceding stimulus presentation. Response significance (for a
given unit–stimulus pair) was determined using a one-way nonparamet-

ric ANOVA with a p value of �0.05, implemented with the Matlab
Kruskal–Wallis function. The test compared the set of poststimulation
spiking rates to the set of all prestimulation spiking rates across all stim-
uli. The effect of acidity on neuronal responses to female urine was also
tested using a one-way nonparametric ANOVA ( p � 0.05, Kruskal–
Wallis function). Specifically, the comparison included all single trial

Figure 4. Subtle changes in extracellular pH induce vomeronasal responses under physiological conditions. A–D, Luminal acidification is sufficient to stimulate VSNs. A, Merged macroscopic
bright-field and fluorescence image of the hemisected rostral head of an OMP-GFP mouse illustrating the en face confocal Ca 2�-imaging approach. The schematic depicts the position of the
perfusion pencil and microscope objective. The white box delimits a region of the sensory epithelium shown at a higher magnification in B. MOE, Main olfactory epithelium. B, Three-dimensional
reconstruction of a confocal z-stack scan of the VNO dendritic knob surface (epithelial area shown in A). Note that individual knobs are readily discernible. C, Top, Representative original recording
of cytosolic Ca 2� signals in a VSN dendritic knob in response to acidic solutions (pH 6, pH 4). Bottom, Average trace from 17 individual knobs stimulated with decreasing pH values (6.75, 6.5, 6.0,
and 4.0) and elevated extracellular potassium (K �; 100 mM). The integrated relative fluorescence intensities in user-defined regions of interest are displayed in arbitrary units and viewed as a
function of time. D, Bar graph showing the percentage of proton-sensitive VSNs. Data are normalized to the proportion of neurons responding to K �-mediated membrane depolarization. While
threshold Ca 2� signals are observed upon relatively mild acidification (pH 6.75), the percentage of pH-sensitive neurons increases dose dependently. Numbers of individual VSN knobs are indicated
above bars (n�35–173; 14 animals). Note that dendritic Ca 2� elevations in response to both the acidic solution (pH 6) and K �-dependent depolarization are abolished after Cd 2� incubation (200
�M; 4 min; n�17; 5 animals). E–G, pH-dependent AP discharge recorded in a loose-seal cell-attached configuration, a recording mode that keeps the intracellular milieu intact and does not perturb
VSN input resistance and resting potential. E, Original representative recordings from a single neuron challenged successively with elevated K � (50 mM) and increasing extracellular proton
concentrations (pH 6.75–pH 6.0). Horizontal black bars indicate stimulation (K �, 1 s; pH, 5 s). Inset (right), Bar chart depicting response rate versus proton concentration. Data are normalized to the
K �-sensitive VSN population. F, Spike raster plot of 40 VSNs stimulated as in E. Stimulus exposure is indicated by the horizontal blue bars and gray columnar shading. G, Peristimulus time histogram
(PSTH) illustrating K �-/pH-dependent changes in spike frequency over time. Individual data points in a given PSTH depict the average firing rates of all tested VSNs (means 
 SEM; 1 s bin width;
n � 40). Stimulus-evoked mean firing rates up to 6.2 
 0.9 Hz were recorded (pH 6.0).
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responses (as defined above) to female urine at different pH values. The
null hypothesis was that responses to all pH values originate from the
same underlying distribution.

In patch-clamp whole-cell recordings, VSNs were judged as respon-
sive if (1) membrane depolarization or current deflections exceeded a
critical value calculated as the average prestimulation baseline plus twice
its standard deviation, and (2) if the response was observed during pro-
ton application.

In fluorescence imaging experiments, regions of interest were defined
to encompass 30 randomly chosen single knob regions per field of view
based on dye-loaded cell morphology at rest. Changes in relative fluores-
cence intensity were measured in arbitrary units. An increase in fluores-
cence intensity was judged as a stimulus-dependent response if the
following two criteria were both fulfilled (Rivière et al., 2009; Fluegge et
al., 2012): (1) the peak intensity value exceeded the average prestimula-
tion baseline intensity plus two standard deviations [Iresp 	 Ibaseline �
2 � SD(Ibaseline)]; (2) the increase in fluorescence intensity was observed
during stimulus application.

Results
Urinary pH varies with estrous cycle
Mouse urine and other bodily secretions are highly complex
aqueous biofluids that contain hundreds of potentially bioactive
constituents (Novotny, 2003; Röck et al., 2006; Ferrero and
Liberles, 2010; Sturm et al., 2013). As the local physicochemical
environment exerts profound effects on such compounds (Berg
et al., 2010), we analyzed the free proton concentration in fresh
urine samples from four cohorts of adult C57BL/6 mice catego-
rized by both gender and sexual experience. Surprisingly, we
found a significantly reduced urinary pH in samples from expe-
rienced females (Fig. 1A). Individual values, however, were not
normally distributed and varied considerably (Fig. 1A, inset).
Therefore, we measured urinary proton concentration as a func-
tion of the estrous cycle (Fig. 1B). Our results revealed a signifi-
cantly reduced pH in urine samples from experienced females in
estrus versus diestrus. This “pH cyclicity” was not only apparent
from the sample average, but became also manifest in consecutive
measurements from individual animals (Fig. 1C), which revealed
cycle-dependent pH differences in individual mice that spanned
at least one logarithmic unit (Fig. 1B, inset). Notably, no cycle
dependence was observed when sexually inexperienced females
were tested (Fig. 1D). Together, these data reveal an estrus-
dependent drop in urinary pH among sexually experienced fe-
male mice.

Urinary pH constitutes a chemosensory signaling parameter
As a major source of semiochemicals, physicochemical changes
in urine could directly affect its signaling properties. Therefore,
we next asked whether mice can discriminate neutral from acidic
urine and, if so, whether this sensory information might entail
any meaning. In a two-choice preference assay (Pankevich et al.,
2004), male mice spent significantly more time freely investigat-
ing the more acidic of two pooled female urine samples (pH 5 vs
pH 7; n � 11; Fig. 2A,B). This effect was independent of stimulus
location (left vs right side of the cage) and the buffer used (HEPES
vs MES). These behavioral results indicate that the free urinary
proton concentration is not only detectable, but also changes the
preference of male mice to urine stimuli.

We next asked whether urinary pH variation in the range
observed during estrus cycle fluctuations is detectable by the
vomeronasal system in vivo. To address this question, we mea-
sured neuronal responses in the mouse AOB upon exposure to a
series of five female urine samples that were chemically identical
except for proton concentration (pH 7.0 –5.0) and to male urine

Figure 5. Addressing the mechanistic basis of vomeronasal proton sensitivity. A, B,
Representative original recordings of acid-induced currents (pH 4; Vhold � �70 mV)
under control conditions and during pharmacological treatment (preincubation, �120 s).
No obvious changes are detected in presence of either amiloride (100 �M; A) or capsaz-
epine (10 �M; B). C, Representative acid-evoked currents (pH 4; Vhold � �70 mV) under
control conditions (EK

� � �86 mV) and at a set K � equilibrium potential (EK
� � Vhold).

Eliminating the driving force on K � does not alter pH sensitivity. D, Original recordings of
acid-induced responses in VSNs from both wild-type animals (left) and mice with homozy-
gous deletions of the trpc2 gene (TRPC2 �/�; right). E, Bar graph (mean 
 SEM) quan-
titatively summarizing the experimental results exemplified in A–D [additionally
including data obtained using the TRPV1 inhibitor SB-366791 (10 �M; 90 
 10%)].
Neither experimental condition nor animal genotype causes significant differences in
response current density (one-way ANOVA). Data are normalized to results obtained from
the same neurons before pharmacological treatment (amiloride, 90 
 8%; capsazepine,
83 
 13%) or a different sample of neurons comparable in size (Vhold � EK

�, n � 17,
87 
 12%; TRPC2�/�, n � 23, 72 
 11%). The number of cells tested under each
condition is indicated above individual bars. The dashed line denotes 100%. F–H,
Acidification-dependent membrane depolarization and AP discharge under control con-
ditions and during pharmacological treatment. F, G, Representative original recordings of
acid-induced depolarizations and superimposed spikes (pH 6; drug preincubation, �120
s) in the absence and presence of either amiloride (100 �M; F) or capsazepine (10 �M; G).
H, Bar chart (mean 
 SEM) describing the quantitative analysis of experiments exempli-
fied in F and G (including additional data obtained using SB-366791, 10 �M).
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(pH not controlled). In these experi-
ments, each of the different stimuli was
presented repeatedly (four to six trials per
stimulus) in a pseudorandom interleaved
order. For each unit–stimulus pair, re-
sponses were quantified as the average
rate change following stimulus delivery to
the vomeronasal organ. Of 156 units (in-
cluding both single and multiunit activ-
ity) that responded to at least one
stimulus, 133 showed a significant re-
sponse to one or more female urine sam-
ples. A subset of these units (14 of 133,
10.5%) displayed a differential response as
a function of pH (p � 0.05, one-way non-
parametric ANOVA). Across the popula-
tion of AOB units sampled, urine stimuli at
all tested pH values elicited responses. Re-
sponse patterns were generally more
prone to higher pH values (Fig. 2C,F), yet
several other patterns, including non-
monotonic response profiles, were ob-
served as well (Fig. 2D,E). Using the
binomial distribution, the probability to
observe 14 or more such units under the null hypothesis of no pH
modulation is 0.007. Thus, these results demonstrate that, in a
physiological setting, small stimulus volumes (�2 �l), inevitably
diluted in the VNO lumen, can convey information about uri-
nary pH through the vomeronasal system.

Extracellular acidification stimulates vomeronasal neurons
Vomeronasal response modulation by urine of different pHs
could either be indirect (e.g., by altering ligand conformation or
charge) or represent a direct effect of proton concentration on
VSN activity. To address the latter, we next asked whether VSNs
are sensitive to the environmental proton concentration ([H�]e).
Using whole-cell patch-clamp recordings from visually identified
neurons in acute VNO slices (Fig. 3A), we recorded a slowly
developing sustained inward current during extracellular acidifi-
cation in the vast majority of VSNs (Fig. 3B; 97/102 neurons;
Vhold � �70 mV), regardless of their apical or basal epithelial
distribution. Frequently, stimulus removal prompted a small
“off”/rebound current (Fig. 3B,C, asterisks). In few cases
(�25%), we also observed a transient instantaneous current (Fig.
3B, arrowhead). Prolonged (Fig. 3C) as well as repeated (D,E)
exposure to acidic pH triggered robust responses in both
voltage- and current-clamp mode without signs of desensiti-
zation. Sensitivity to extracellular acidification was dose de-
pendent (Fig. 3F–H), with a threshold [H�]e of �300 nM (pH
6.5) and no apparent saturation within the concentration range
tested (pH � 4.0). These data show that essentially all VSNs
respond to extracellular acidification with a gradually developing
nondesensitizing inward current that dose-dependently depolar-
izes the membrane to subthreshold or suprathreshold potentials.

Focal acidification at the intact epithelial surface triggers
VSN responses
For changes in luminal proton concentration to affect VSNs in
vivo, protons must readily cross the vomeronasal paracellular
barrier, or, alternatively, the molecular machinery that consti-
tutes the VSN “pH detector” must be localized to the microvillar
layer. To investigate whether luminal acidification is sufficient to
stimulate VSNs, we used a previously established en face imaging

technique (Rivière et al., 2009). This method allows monitoring
of cytosolic Ca 2� signals in single neurons at the VNO sensory
surface without disruption of epithelial integrity (Fig. 4A,B). Se-
quential luminal exposure to acidic (pH 6 and pH 4) and depo-
larizing (elevated K�) solutions induced robust Ca 2� responses
in the majority of neurons (Fig. 4C, top, D). Moreover, relatively
mild acidification (pH 6.75) was sufficient to trigger Ca 2� signals
in a subset of cells (17.1%; Fig. 4C, bottom, D). All stimulus-
dependent Ca 2� responses, however, were abolished after
Cd 2� preincubation (Fig. 4D), suggesting that gating of
voltage-dependent Ca 2� channels is required for acid-evoked
VSN Ca 2� elevations. Together, these results suggest that, in
the intact neuroepithelium, vomeronasal mucus acidification
is sufficient to activate VSNs.

Next, we asked whether extracellular acidification evokes VSN
firing at physiological/unperturbed resting membrane potentials.
We therefore recorded neuronal activity in a loose-seal cell-attached
configuration upon exposure to relatively mild acidification (pH
6.75 to pH 6.0) or elevated K� (Fig. 4E–G). Spike recordings
from 40 VSNs revealed dose-dependent recruitment of pH-
sensitive neurons (Fig. 4E, inset) that responded to increasing
extracellular proton concentrations with time-locked trains of
action potentials (Fig. 4F,G). These data indicate that intact
VSNs can generate substantial output when challenged with rel-
atively subtle changes in extracellular pH.

Classical acid-responsive ion channels are dispensable for
vomeronasal proton sensitivity
We next sought to determine which molecular mechanism(s)
underlie acid sensitivity in VSNs. Directly gated by extracellular
protons, both acid-sensing ion channels (ASICs) and transient
receptor potential vanilloid 1 (TRPV1) channels are prototypical
neuronal pH sensors (Holzer, 2009). However, neither amiloride, a
nonselective ASIC antagonist (Waldmann et al., 1997), nor capsaz-
epine or SB-366791, two specific TRPV1 inhibitors (Szallasi et al.,
2007), affected VSN inward currents or membrane depolariza-
tion in response to acidic pH (Fig. 5A,B,E–H). In addition to
direct channel opening, extracellular acidification can also en-
hance neuronal excitability by inhibition of constitutively active
K2P background channels (Duprat et al., 1997; Lesage and Laz-

Figure 6. Biophysical properties of proton-mediated signals. A, Representative original traces of acid-evoked whole-cell cur-
rents recorded under control conditions versus in a modified ionic environment. Extracellular Na � and/or Ca 2� was replaced by
the largely impermeable cation NMDG � (preincubation, �120 s). B, Bar chart (mean 
 SEM) quantitatively summarizing the
results exemplified in A. Data are normalized to current densities recorded from the same neurons before cation exchange. The
dashed line denotes 100%. Numbers of experiments are indicated above individual bars. The asterisk denotes statistical signifi-
cance; p�0.003 (paired-sample t test). While selective replacement of Ca 2� did not change pH-dependent currents (109
9%),
substitution of Na �, either alone (19 
 6%) or together with Ca 2� (28 
 7%), strongly reduced acid-evoked signals. C, Original
recording illustrating the time course of acid-evoked currents. Activation kinetics are well fit by a single exponential function (red
curve).
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dunski, 2000). However, when modifying the extracellular solu-
tion to set the K� equilibrium potential to �70 mV (S3; Vhold �
EK

�), pH-dependent currents remained unchanged (Fig. 5C,E).
Moreover, recordings from mice deficient for the VNO-specific
TRP channel subunit TRPC2 (Leypold et al., 2002; Stowers et al.,
2002) also revealed no significant differences in acid-evoked re-
sponses (Fig. 5D,E). Together, these data demonstrate that neither
TRPC2 nor “classical” proton-sensitive ion channels mediate VSN
responses to acidic pH.

A biophysical “fingerprint” of acid-evoked VSN responses
Since initial pharmacological and genotypic profiling did not
reveal the mechanistic basis of vomeronasal proton sensitivity,

we next focused on the ionic composition of acid-evoked cur-
rents. Isosmotic replacement of extracellular Na � and Ca 2�

with the large organic cation NMDG (NMDG �; Vhold � EK)
demonstrated the cationic nature of the current (Fig. 6 A, B).
Moreover, selective substitution of either Na � or Ca 2� re-
vealed that, when VSNs were clamped at EK, proton-induced
currents were largely carried by Na� (Fig. 6 A, B). We addition-
ally calculated an average activation time constant (�act) of
3.5 
 0.6 s from monoexponential fits to the slow rising phase
of the pH4-induced negative current (Fig. 6C; Vhold � �70
mV; n � 10). Our results thus show that acid-evoked currents
in VSNs are, at EK, largely carried by Na � and develop slowly
over several seconds.

Figure 7. Vomeronasal HCN channels are modulated by extracellular protons. A, Ih recorded from a representative VSN (whole-cell voltage clamp). The cell was held at �50 mV and
hyperpolarized for 1.5 s in steps of 5 mV from �50 to �140 mV before stepping back to �90 mV for 300 ms. Traces represent recordings under control conditions (pH 7.3; left) and in the presence
of the specific HCN channel antagonist ZD7288 (100 �M; middle). When data recorded during drug treatment are digitally subtracted from control recordings, the ZD7288-sensitive current becomes
apparent (right). Inset, Pulse protocol for HCN channel activation. B, Normalized Ih activation curve. Steady-state current amplitudes are measured upon stepping back to �90 mV (asterisk in A) and
plotted as a function of prepulse hyperpolarization. The solid black line represents a sigmoidal fit to the data points (mean 
 SEM; V0.5 � �108.8 
 0.3 mV; slope constant, 11.3 
 0.3). The
numbers of neurons analyzed under control conditions (black) as well as during treatment (red) are shown in parentheses. Inset, Expanded view of steady-state currents shown in A (dashed red
rectangles) under control conditions and in the presence of ZD7288, respectively. C, D, Ih activation at different extracellular pH values. C, Hyperpolarization-evoked currents under acidic conditions
(pH 5; left), in the presence of ZD7288 (100 �M; middle) and after off-line subtraction (right). D, Normalized Ih activation curves at different extracellular proton concentrations. Solid lines represent
sigmoidal fits to the data points (mean 
 SEM). Note that acidification shifts activation curves toward more positive potentials. The numbers of neurons analyzed are shown in parentheses. The
dashed horizontal gray line marks an arbitrary threshold of 5% current activation. E, F, Effect of extracellular acidification on Ih activation threshold (5%; E) and half-maximal activation (V0.5; F). Data
are derived from individual activation curve fits and presented as means 
 SEM. The numbers of neurons analyzed are shown adjacent to each data point. Orange dots indicate results from
ZD7288-sensitive currents obtained by off-line subtraction. Note that pharmacological isolation of Ih suggests an even stronger impact of extracellular pH. G, Semilogarithmic plot of Ih activation
time constants versus hyperpolarizing membrane potential. Average �act values (
SEM) are derived from monoexponential fits (inset) to ZD7288-sensitive current traces under control conditions
(pH 7.3; black; n � 3) and during acidification (pH 5; orange; n � 8). An estimate for �act under acidic conditions (pH 5) at rest (�70 mV) can be obtained by linear extrapolation (dashed orange
lines). H, Representative Ih current–voltage relationship. ZD7288-sensitive plateau currents (arrowhead in A) are plotted against a hyperpolarizing step pulse. Erev is calculated by linear regression
of data points corresponding to full activation (red dots; derived from individual activation curves).
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Extracellular acidification modulates vomeronasal Ih

The above properties are hallmarks of hyperpolarization-
activated currents (Robinson and Siegelbaum, 2003; Biel et al.,
2009). Therefore, we investigated vomeronasal Ih (Dibattista et
al., 2008) and its potential modulation by extracellular acidifica-
tion. Hyperpolarizing voltage steps elicited slowly developing
inward currents (Fig. 7A) sensitive to the bradycardic agent
ZD7288, a specific and isoform-nonselective blocker of HCN
channels (BoSmith et al., 1993; Harris and Constanti, 1995; Gas-
parini and DiFrancesco, 1997) that binds to the channel’s S6-
helix with high affinity and very slow off kinetics resulting in an
almost irreversible block (Postea and Biel, 2011). Steady-state
activation curves derived from control tail current recordings
showed a sigmoidal dependence on hyperpolarizing voltage (Fig.
7B). Together, these data confirm the presence of Ih in rodent
VSNs (Dibattista et al., 2008).

Next, we analyzed Ih activation at different acidic [H�]e (Fig.
7C–F; Stevens et al., 2001). With increasing acidification, nor-
malized current activation curves shift toward more positive po-
tentials (Fig. 7D). Over approximately three pH units, this effect
manifests as a �29 mV depolarizing shift in Ih activation thresh-
old (Fig. 7E) and a �32 mV change in half-maximal (V0.5) acti-
vation (Fig. 7F). Moreover, we observed a pH-dependent
acceleration of current activation (Fig. 7G). When plotted on a
semilogarithmic scale, linear extrapolation predicts an activation
time constant of �2.3 s at �70 mV (n � 8), a value similar to the
average �act derived from acid-evoked currents in VSNs (Fig. 6C).
In addition, we obtained Erev estimates for vomeronasal Ih from
linear fits to those data points in individual current–voltage plots
that correspond to saturated activation curve values (Erev �
�32.8 
 8.4 mV; n � 7; Fig. 7H). Together, these results strongly

suggest that mouse vomeronasal HCN channels respond to ex-
tracellular acidification with a substantial depolarizing shift of
the activation voltage dependence and kinetics.

Ih expression typically manifests as a rebound depolarization
(sag) at hyperpolarized potentials (Robinson and Siegelbaum,
2003). In current-clamp recordings, we thus measured the
hyperpolarization-evoked sag potential in VSNs under control
conditions and during extracellular acidification (Fig. 8A–C).
Plotting the sag potential amplitude (Vsag) as a function of peak
hyperpolarization reveals a pH-induced shift in the voltage de-
pendence of sag amplitude toward more positive potentials (Fig.
8D). In conclusion, the above results identify extracellular acidi-
fication as a potent activator of vomeronasal Ih.

Subcellular distribution of vomeronasal HCN channels
Previous work has reported transcription of two HCN channel
genes, HCN2 and HCN4, in the mouse VNO (Dibattista et al.,
2008), whereas transcripts for isoforms 1 and 3 were not detected.
Our own previous large-scale gene expression profiling study
(Hagendorf et al., 2009) confirmed these findings. However, the
(sub)cellular vomeronasal distribution of either channel has not
been described. Double immunostaining of coronal VNO cryo-
sections against either HCN2 or HCN4 and the microvillar
marker villin (Revenu et al., 2012) revealed prominent expression
of HCN2 in the microvillar layer of the sensory neuroepithelium
(Fig. 9A,B). HCN4, however, showed a broader epithelial distri-
bution (Fig. 9C,D). Notably, strong immunosignals for both
HCN2 and HCN4 were also detected in VSN axon bundles within
the lamina propria (Fig. 9A,C). These data suggest that either
HCN2 or HCN4 channels, or both, mediate hyperpolarization-
evoked vomeronasal Ih currents and, consequently, Ih-dependent
responses to extracellular acidification.

Acid-evoked responses depend on HCN channel modulation
If VSN responses to extracellular acidification are indeed medi-
ated by pH-sensitive vomeronasal HCN channels, acid-evoked
signals should be (1) blocked by ZD7288 and (2) correlated in
magnitude to the pH-dependent shift in Ih activation. To test
whether these assumptions are met by acid-evoked VSN signals,
we recorded VSN currents across a hyperpolarized voltage range
(�60 to �120 mV) at neutral (7.3) and acidic (4.0) pHs, respec-
tively (Fig. 10A). Digital off-line subtraction unmasked the acid-
sensitive current and its voltage dependence (Fig. 10B). The
resulting currents closely followed a model I–V relationship de-
rived from subtraction of the average activation curves at pH 7.3
(control) and pH 4.0 (Figs. 7D, 10B, inset). Next, we recorded
VSN responses to an acidic solution (pH 4; Vhold � �70 mV)
in the absence and presence of ZD7288 (Fig. 10C,D). The drug
considerably reduced acid-evoked currents. Moreover, action
potential discharge triggered by extracellular acidification was
substantially reduced, if not abolished, by ZD7288 (Fig. 10E–H).
Drug treatment, however, did not affect general discharge capac-
ity when VSN firing was induced by current injection (Fig. 10I).
Finally, when pH 5-dependent membrane depolarization in in-
dividual VSNs is plotted as a function of each neuron’s Ih activa-
tion threshold, correlation of both parameters becomes apparent
(Fig. 10J). Together, these results strongly suggest that pH-
dependent modulation of HCN channel activation underlies
VSN sensitivity to extracellular acidification.

Discussion
Rodent urine is a rich source of semiochemicals. As such, it rep-
resents a repository of conspecific chemosignals that promote

Figure 8. Hyperpolarization-evoked sag potentials vary with [H �]e. A–C, Example
membrane-voltage traces highlighting the effects of acidosis (pH 5) and ZD7288 on
hyperpolarization-evoked sag potentials (Vsag). Responses to hyperpolarizing current injections
(0 to �24 pA, �4 pA increments) show the voltage-dependence of Vsag amplitude. For quan-
tification, Vsag is determined as the voltage difference between the peak hyperpolarization and
the steady-state membrane potential (filled and open triangles, respectively; B). D, Vsag ampli-
tude versus peak hyperpolarization (10 mV bins). Data represent the means 
 SEM (control/pH
7.3, n � 11; pH 5, n � 11; pH 7.3 � ZD7288, n � 7). Note that, under acidic conditions, Vsag is
significantly larger at hyperpolarizations ranging from �80 to �110 mV (unpaired t test;
*1p � 0.0014; *2p � 0.0003; *3p � 0.0003). Moreover, no sag is observed in presence of
ZD7288.
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social behavior. Among these signals are cues that report a fe-
male’s cycle stage (Lydell and Doty, 1972; Johnston and Bronson,
1982; He et al., 2008; Achiraman et al., 2010; Nielsen et al., 2011;
Haga-Yamanaka et al., 2014) and consequently sexual receptivity
(Davies and Bellamy, 1974; Aron, 1979). Here, we report estrus-
specific drops in mouse urinary pH. This cycle-dependent mod-
ification is observed exclusively in sexually experienced females.
Behavioral analysis and in vivo recordings from AOB neurons
reveal that urinary pH constitutes a chemosensory signaling pa-
rameter that can be, at least in part, detected by the vomeronasal
system. A focused electrophysiological study of VNO sensory
neurons in acute tissue slices indicates their direct sensitivity to
extracellular acidosis. Essentially all VSNs respond to extracellu-
lar acidification with a slowly developing nondesensitizing
inward current that drives dose-dependent membrane depolar-
ization. We show that even relatively mild vomeronasal mucus
acidification (pH � 6.75) is sufficient to activate VSNs, and we
observe that acid-evoked currents share the hallmarks of Ih. Ac-
cordingly, we identify extracellular acidification as a potent acti-
vator of vomeronasal Ih and suggest that modulation of either
HCN2 or HCN4 channels, or both, causes VSN acid sensitivity.
The underlying mechanism is a pH-induced shift in the voltage-
dependence of Ih activation that opens HCN channels at rest,
thereby promoting an increase in VSN excitability.

For mice fed on a standard rodent diet, wild-type mouse uri-
nary pH between 6.1 and 7.5 has been reported (Finberg et al.,
2005; Cheval et al., 2006; Kovacikova et al., 2006; Reisinger et al.,
2009; Izumi et al., 2011). Few of these studies, however, outlined
gender-specific results (Cheval et al., 2006; Reisinger et al., 2009),
and none distinguished between female cycle stages. In general,
systemic acid– base balance and, consequently, urinary net acid
excretion are controlled by renal mechanisms that either acidify
urine or buffer protons. A major regulator of acidification is the

vacuolar-type H�-ATPase (Finberg et al.,
2005). This potent mediator of H� secre-
tion is expressed in apical membranes of
type A intercalated cells of the collecting
duct. Interestingly, H�-ATPase plasma
membrane expression is under tight
endocrine control with 17-�-estradiol
promoting membrane incorporation of
H�-ATPase containing vesicles (Hofmeis-
ter et al., 2012). Since, in mice, 17-�-
estradiol levels increase on the preovulatory
day, remain elevated during estrus, but de-
crease during metestrus (Walmer et al.,
1992; Caligioni, 2009), an estrogen-
dependent increase in renal H�-ATPase ac-
tivity could explain the drop in urinary pH
we observed during estrus.

Vomeronasal Ih expression has been
reported previously in both frog and
mouse VSNs (Liman and Corey, 1996;
Trotier and Døving, 1996), and a small,
though significant, contribution to setting
the VSN resting membrane potential has
been proposed (Dibattista et al., 2008).
Our data confirm and extend these studies
by demonstrating that extracellular acidi-
fication substantially shifts the voltage de-
pendence of vomeronasal Ih activation,
thereby promoting an increase in VSN
excitability. Based on transcriptome pro-

filing (Dibattista et al., 2008; Hagendorf et al., 2009), immuno-
histochemistry, and functional Ih characterization, we conclude
that homomeric or heteromeric assembly of two of the four HCN
channel isoforms—HCN2 and HCN4 — underlies vomeronasal
Ih. Half-maximal activation at approximately �110 mV as well as
activation time constants of �200 ms at �140 mV and �1.5 s at
�100 mV, respectively, are well in line with results obtained from
heterologous expression of isoforms 2 and 4 (Craven and Zagotta,
2006; Biel et al., 2009). Extracellular acidification shifts the threshold
voltage of Ih activation to values less than or equal to �60 mV.
Based on extracellular spike recordings, this shift is sufficient
to cause VSN depolarization under physiological conditions.
The hyperpolarization-activated currents recorded in VSNs
are rather small. However, given their extraordinarily high
input resistance (Liman and Corey, 1996; Shimazaki et al.,
2006), Ih amplitudes of only a few picoamperes will depolarize
these neurons.

In general, HCN channels are modulated by a variety of phys-
iological factors and pathways (Biel et al., 2009). Among those are
a number of molecules previously implicated in vomeronasal
signaling (Tirindelli et al., 2009) such as phosphatidylinositol-
4,5-bisphosphate (Pian et al., 2006) and arachidonic acid (Fogle et
al., 2007), as well as cytosolic protons (Munsch and Pape, 1999).
HCN channel modulation by extracellular protons, however, has so
far only been described for isoforms 1 and 4 in taste cells of the rat
vallate papilla (Stevens et al., 2001). For recombinant HCN1 chan-
nels, the same study reported that strong acidification (pH 3.9) ac-
celerates channel kinetics and shifts both V0.5 and the activation
threshold by up to 35 and 50 mV, respectively (Stevens et al., 2001).
Our results thus add to the notion that proton sensitivity might be a
general feature of HCN channels in a variety of tissues.

The prototypic neuronal acid detectors are ASICs and the
polymodal nocisensor TRPV1 (Holzer, 2009). While our results

Figure 9. Expression of HCN2 and HCN4 in the VNO sensory epithelium. A–D, Confocal laser-scanning microscopic images of the
vomeronasal neuroepithelium. A, B, Double immunofluorescence labeling for HCN2 (green) and villin (red) and nuclear staining
with ToPro (blue). B, High-magnification single optical section images from the boxed area in A. Note the colabeling of HCN2 and
villin in the merged image (right). C, Confocal images showing the VNO sensory epithelium stained with an antibody against HCN4
(green). Nuclear staining with ToPro (blue) is also shown. D, High-magnification merged optical sections from the boxed area in C.
AB, Axon bundles; SCL, sustentacular cell layer; ML, microvillar layer; L, lumen.
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exclude a predominant role of these channels in driving the slow,
sustained acid-evoked current observed in essentially all VSNs,
we cannot rule out a more specialized function restricted, for
example, to the VSN population that also displays a transient
response component. Furthermore, we cannot exclude proton-
dependent modulation of other VSN ion channels such as
TRPC2. Although not statistically significant, we observed re-
duced acid-evoked currents in TRPC2�/� mice. Moreover, it is
tempting to speculate that the small rebound current observed
upon washout of the acidic solution can be attributed to open
channel block removal. Similar effects of extracellular protons
have been described for purinergic receptors (Stoop and Quayle,
1998) and voltage-gated Ca 2� channels (Pietrobon et al., 1989).

For changes in luminal pH to affect vomeronasal HCN chan-
nels in vivo, either paracellular proton permeability in the neuro-
epithelium must be substantial or the channels must be targeted
to the microvillar layer. The generally small Ih amplitude re-
corded in VSNs suggests a rather low channel density. Yet, im-
munocytochemistry localizes HCN2 and HCN4 to VSNs and
indicates some colocalization of HCN2 with a microvillar
marker. In addition, en face Ca 2� imaging of the intact VNO
epithelial surface demonstrates that transient luminal acidifica-
tion indeed activates VSNs with threshold responses triggered by
relatively mild acidification (pH 6.75). These findings, however,
do not rule out that, depending on the claudin composition of the
vomeronasal tight junction barrier (Günzel and Yu, 2013), para-
cellular proton permeability could add considerably to VSN
stimulation. In particular, claudin-2 would decrease the overall
epithelial resistance and render the VNO neuroepithelium rather
“leaky.” However, freeze-fracture studies of rodent vomeronasal
epithelia have revealed extensive tight junctional complexes (Mi-
ragall et al., 1979; Miragall and Mendoza, 1982; Mendoza and
Breipohl, 1983).

The in vivo effects of pH variation on AOB neurons are not a
simple mirror image of the direct acid-dependent changes in
VSN excitability that result from Ih modulation. Urinary acidifi-
cation mediated neither general activation nor broad silencing of
AOB activity, but rather subtle response pattern modulations.
Although we did observe cases in which decreasing urine pH
elicited stronger responses, such monotonic linearity was rather
the exception than the rule. Already, at the VSN level, several
complementary mechanisms could underlie vomeronasal sensi-
tivity to stimulus pH. Aside from a direct effect on Ih, acidic
stimulus conditions are likely to change ligand properties as well.
Moreover, changes in luminal pH could affect the extracellular

Figure 10. Acid-evoked VSN responses are mediated by HCN channels. A, Original voltage
ramp recordings from a representative VSN. Traces represent currents across a hyperpolarized
voltage range (inset; �120 to �60 mV; ramp duration, 100 ms) recorded under control (pH
7.3, gray) and acidic conditions (pH 4, black). B, Acid-sensitive current (black) revealed by
off-line subtraction of traces shown in A. Superimposed is a model I–V curve (orange) derived
from subtraction of Ih activation curve fits (inset; pH 7.3 to pH 4.0). Ctr, Control. C, Representa-
tive recordings of pH 4-induced VSN responses. ZD7288 treatment (100 �M; preincubation,
�400 s) strongly reduced current amplitude. D, Quantification of data shown in C. Data points
correspond to peak current measurements in the absence (black) and presence (red) of ZD7288,
respectively. Data from individual VSNs are connected by black lines. When normalized to con-
trol responses, average current densities are significantly reduced (39 
 10%; n � 10). The asterisk
(*1) denotes statistical significance; p � 0.018 (paired-sample t test). E–H, Acid-evoked

4

firing is diminished by HCN channel inhibition. E, Membrane voltage deflections and action
potential discharge elicited by acidic solution (pH 6) in the absence and presence of ZD7288 (100
�M; preincubation, �400 s). F, Quantification of data shown in E. The action potential counts
before and after HCN channel block are compared. The numbers of neurons corresponding to
each data point are shown in parentheses. The asterisk (*2) denotes statistical significance; p �
0.019 (paired-sample t test). G, Representative original recordings (loose-seal cell-attached
configuration) of action potential firing, or the lack thereof, from a single neuron in response to
mild acidification (pH 6.75) in the absence (top) and presence (bottom) of ZD7288 (100 �M;
preincubation, �400 s). H, Spike frequency quantification of discharge data obtained from
VSNs exposed to variable levels of acidification (pH 6.75 to pH 6.0; mean 
 SEM). VSN numbers
corresponding to each pair of data points are shown in parentheses. The asterisks (*3-4) denote
statistical significance (paired-sample t test); *3p � 0.02 (pH 6.0); *4p � 0.03 (pH 6.25). I, Plot
of mean firing rate versus stationary current input (f–I curve) in the absence (black) and pres-
ence (red) of ZD7288 (n � 4). Data represent mean 
 SEM. J, Scatter plot depicting the
relationship between Ih activation thresholds (i.e., 5% current activation) and amplitudes of
evoked depolarizations (inset) under acidic conditions (pH 5). Linear regression indicates cor-
relation of the parameters (Pearson’s correlation coefficient, r � 0.576; n � 28 cells).
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domains of primary signal transduction proteins and thus alter
their physiological function(s). Future studies will aim to pin-
point the individual contribution of each mechanism.

Notably, the VNO and the AOB represent distinct stages of
information detection/processing within the accessory olfactory
pathway, and the principles of sensory input transformation
from VNO to AOB appear highly complex (Meeks et al., 2010;
Tolokh et al., 2013). As one of only two processing stages that
separate vomeronasal input from hypothalamic output (Halp-
ern, 1987), the AOB subserves complex aspects of neural coding.
For representation of sex-selective cues in particular, (lateral)
inhibition appears to play a widespread role in AOB processing
(Hendrickson et al., 2008). Moreover, the potentially heterotypic
glomerular organization of VSN-to-mitral cell connectivity
(Wagner et al., 2006) provides an anatomical substrate for both
response selectivity (Luo et al., 2003) and hierarchical integration
of socially relevant cues (Meeks et al., 2010; Haga-Yamanaka et
al., 2014).

What is the physiological function of vomeronasal proton
sensitivity? As behavioral analysis and in vivo AOB recordings
demonstrate, stimulus pH emerges as a novel dimension in
vomeronasal system function. However, in an in vivo setting,
acidification does not simply activate, but instead seems to play a
modulatory role. Indeed, a scenario of “linear dependence” be-
tween the neural representations of a multidimensional stimulus
such as urine and a unidimensional factor such as pH would
entail a dramatic loss of information-coding space. Adding a di-
mension (acidity) that is informative on its own (endocrine
state), however, will increase coding capacity. Another intriguing
possibility is that pH sensitivity might not only play a role in
sensing external, but also in detecting internal conditions. For
example, systemic acidification during estrus could change
vomeronasal mucus pH and thus alter “intrinsic” VNO excitabil-
ity during the estrus cycle. While it is impossible to specify the
luminal proton concentration effectively acting on VSNs in a
physiologically relevant context, stimulus dilution by the vome-
ronasal mucus will most likely result in mild acidification and,
consequently, subthreshold effects of Ih activation. For a stimulus
such as female urine, however, the estrus-dependent drop in pH
could readily result in a general subthreshold increase in VSN
excitability, and thus raise the “alert level” of the recipient.
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