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Noradrenaline modulates sensory information
in mouse vomeronasal sensory neurons

Cesar Adolfo Sanchez Trivifio,'> Andres Hernandez- Clavijo,"-** Kevin Y. Gonzalez-Velandia,"* Simone Pifferi,>*
and Anna Menini’.¢*

SUMMARY

During the induction of the body’s alert state, the sympathetic system modulates sensory modalities and
fine-tunes peripheral organs for improved stimulus detection. We explored noradrenaline (NA)'s role in
modulating signaling in vomeronasal sensory neurons (VSNs), responsible for detecting pheromones
and other semiochemicals. In current-clamp recordings, NA increased the firing frequency in response
to natural stimuli of responsive VSNs and induced spiking activity in previously unresponsive neurons. Cur-
rent injections into VSNs showed an increase in firing frequency during NA application. Combining tran-
scriptomic analysis, electrophysiology, Ca?* imaging, and a pharmacological approach, we identified
alpha 1 adrenergic receptors as crucial for NA-induced firing frequency increases in VSNs. Inmunohisto-
chemistry revealed catecholaminergic fibers in the vomeronasal sensory epithelium, suggesting localized
NA release near VSNs. This study unveils NA as a key regulator of VSN signaling, shedding light on the
intricate interplay between the sympathetic nervous system and chemosensory processing, advancing
our understanding of sensory modulation.

INTRODUCTION

Sensory systems are modulated by various substances even at the level of peripheral sensory organs.’ Modulatory substances include neu-
rotransmitters, hormones, and neuropeptides that may influence the activity of receptor cells in various sensory systems, including olfactory
sensory neurons (OSNs) of the olfactory epithelium in many vertebrate species.”*

The autonomic nervous system is one of the most relevant regulatory systems in the body, managing the internal environment and
engaging the organism in either a “flight-or-fight” response or in a “rest-and-digest” state, depending on which division of the autonomic
system is more active. The sympathetic system is mainly responsible for inducing an alert state in the body through the release of the
neurotransmitter noradrenaline (NA) and the hormone adrenaline, both activating adrenergic recep‘[ors.‘l‘5 During the induction of the
body's alert state, the sympathetic system also influences several sensory modalities and fine-tunes peripheral organs for improved stim-
ulus reception. For example, in the visual system, NA triggers pupil dilation, controlling the amount of light entering the eye to stimulate
the retina.® In the peripheral auditory system, the sympathetic system controls cochlear blood flow and NA has been shown to protect
outer hair cells against noise-induced damage.”® In taste receptor cells, NA enhances calcium-activated chloride currents, inhibits
outward potassium currents, and increases intracellular calcium concentration contributing to modifications of cells’ excitability.”'® In
the peripheral olfactory system, adrenaline enhances odorant contrast by regulating the sensitivity of OSNs.'"™"* However, little is known
about the potential regulation of the peripheral vomeronasal system, primarily responsible for detecting pheromones and other semio-
chemicals, by the sympathetic system. Some studies showed that the vomeronasal organ (VNO) is functionally innervated by the sympa-
thetic system.'*'¢

The VNO is one of the chemosensory organs used by many mammals to detect chemical stimuli in the environment, a crucial ability that
plays a significant role in survival, communication, and interaction with the external world.!” The VNO is composed of two main regions: a non-
sensory region containing non-sensory epithelium and blood vessels, and a sensory region, the vomeronasal sensory epithelium. These struc-
tures run parallel along the anteroposterior axes, with the lumen space between them filled with mucus and in direct contact with the nasal
cavity.”’w

The VNO non-sensory region is largely composed of venous blood vessels and smooth muscle fibers.">? Its principal function is to pro-
vide the mechanical force necessary for the chemicals dissolved in the mucus to enter into the VNO lumen, a process known as VNO pumping.
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Recent evidence has enhanced our understanding of the pumping mechanism in the VNO, demonstrating the crucial involvement of the sym-
pathetic system.'” This system innervates the intricate smooth muscle fibers and vasculature, inducing repetitive contractions that drive the
pumping action, introducing chemicals into the VNO.">?' The pumping mechanism involves the alternating activation of NA-sensitive muscle
fibers and acetylcholine-activated muscle fibers, which, due to their different orientations within the organ, generate opposing effects on the
volume of the lumen.'”

In the sensory epithelium, vomeronasal sensory neurons (VSNs) detect chemicals that enter the VNO lumen and bind to specific vomer-
onasal receptor proteins at the apical microvilli of the VSNs. Each VSN expresses only one or few members of three families of G protein
coupled vomeronasal receptors: vomeronasal type 1 receptor (V1Rs), vomeronasal type 2 receptors (V2Rs), or formylated peptide receptors
(FPRs) and each receptor binds different ligands. The binding activates a phospholipase C (PLC)-based signaling cascade, leading to mem-
brane depolarization and subsequent firing of action potentials. This firing activity is sent to the accessory olfactory bulb (AOB) in the brain for
further processing, modulating the physiological and behavioral responses of the animal.”%?*%®

Here, to investigate the potential role of NA in modulating signaling in VSNs, we recorded the firing activity of VSNs in acute slices of the
mouse VNO. Surprisingly, we found that not only NA cause an increase in firing frequency in VSNs responsive to a natural stimulus composed
of diluted mouse urine, but also elicits a response in VSNs that did not initially respond to urine, indicating a modulatory effect of NA on VSNs
responsiveness. Moreover, we found that, independently of the transduction mechanism, NA affects the generation of action potential in
VSN, as current injection experiments showed an increase in firing frequency during NA application, in the absence of urine stimuli. Through
transcriptomic analysis of previously published data from the whole VNO single cell RNA-seq data,”” we identified the expression in VSNs of
Adrala, encoding the alpha 1a adrenergic receptor. We obtained a functional validation of the involvement of alpha 1 adrenergic receptors in
the modulatory effect of NA through electrophysiological and calcium imaging experiments, combined with a pharmacological approach.
Our experimental findings establish alpha 1, likely alpha 1a, as the primary adrenergic receptor type activated by NA in VSNs. Furthermore,
by immunohistochemistry, we provide evidence that the sensory epithelium of the VNO is innervated by catecholaminergic fibers indicating
that NA could be released in close proximity to VSNs.

RESULTS
Noradrenaline increases the firing frequency of responses to natural stimuli in vomeronasal sensory neurons

To evaluate the NA's potential impact on VSNs during their response to natural stimuli, we performed current-clamp whole-cell recordings
from VSNs in acute murine VNO slices, using diluted mouse urine (1:50) as a natural stimulus. Indeed, urine is often used as a stimulus for VSNs
because itis a rich source of pheromones and ligands that interact with vomeronasal receptors and activate the transduction cascade leading
to action potential generation.”***"*3 \We measured spiking activity induced by diluted urine application in 42% of the viable VSNs (10 out of
24). Subsequently, we applied 50 pM NA and, after 3 min, challenged the same recorded VSNs, whether initially responsive or not, with a
second diluted urine application identical to the first one. We measured that 70% (7 out of 10) of the initially responsive VSNs exhibited
an increased mean spiking frequency when stimulated a second time in the presence of NA and returned to the initial value after 5 min
wash-out (Figures 1A and 1E). Control experiments showed that repetitive urine stimulation in the same time frame (3 and 5 min after the first
stimulation) and in the absence of NA had a stable spiking activity (Figure 1C). Normalization of the firing frequency in the presence of NA to
the value in control for each tested VSN (n = 10) showed an overall increase in the firing frequency induced by NA (Figure 1D). In NA-respond-
ing VSNs (n = 7), the average spiking frequency in response to urine rose from 1.37 + 0.83 Hz under control conditions to 2.48 + 1.30 Hz
during NA application, returning to 1.31 + 0.78 Hz after washout (n = 7; Figures 1A and 1E). Surprisingly, 36% (5 out of 14) initially unresponsive
VSNs showed a clear spiking activity in response to urine when NA was present (Figures 1B and 1F). Importantly, the effect of NA on spiking
activity following urine stimulation was entirely reversible upon washout (Figure 1). These results clearly show that NA can increase VSNs’
responsiveness to their natural ligands.

Noradrenaline increases the firing frequency by activating alpha-1 adrenergic receptors

Changes in firing activity driven by NA during responses to natural stimuli in VSNs could arise from two mechanisms: i) modulation of elements
within the complex and heterogeneous signal transduction cascade, and/or i) modulation of the action potential machinery. To assess if NA's
effect on VSNs could be observed independently of signal transduction activation, we bypassed the transduction cascade by using direct
current injections to activate the action potential machinery in VSNs.

In the first set of experiments, we applied repetitive 3 pA current steps lasting 3's, at 1 min intervals (to prevent adaptation, as previously
described by Sarno et al.,*” under three conditions: control, NA application, and subsequent washout (Figures 2A and 2B). Remarkably, NA
application led to a progressive increase in action potential frequency, which became statistically significant 3 min after applying NA and sub-
sequently decreased during washout (Figures 2A and 2B). Based on these results, subsequent experiments were conducted by applying cur-
rent steps in control conditions, at least 3 min after NA application, and at least 5 min after the beginning of the washout (Figure 2C; see STAR
Methods). In another set of experiments, we expanded the range of current stimulation step amplitudes from O to 6 pA (Figure 2D), increasing
by 1 pA increments. NA significantly increased the frequency of action potentials elicited by current injections ranging from 3 to 6 pA (Fig-
ure 2D). Specifically, using 3 pA current steps, the average firing frequency increased from 2.0 + 1.1 Hz in the control state to 2.8 + 1.4 Hz in
the presence of NA (n = 10), subsequently returning to 1.8 £+ 1.0 Hz after washout (n = 10; Figure 2D). To further analyze the NA effect, we
normalized the firing frequency in the presence of NA to the value in control for each VSN and further confirmed the increase in firing fre-
quency induced by NA in the range of current steps from 3 to 6 pA (Figure 2E). NA had no significant impact on the resting membrane
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Figure 1. Noradrenaline increases urine-induced action potential firing in VSNs

(A and B) Representative whole-cell current-clamp recordings from VSNs stimulated for 5 s with diluted urine (DU, 1:50) in control condition, during the
application of 50 uM NA and after washout. Recordings with NA started 3 min after the application of NA and washout was measured 5 min after removal of
NA. Neuron in (B) responded to urine only during the application of NA. Bars at the bottom indicate the time of urine application.

(C) Control experiments in urine-responsive VSNs in the absence of NA. Scatterplot with the averages & SD of the ratio between firing frequencies measured in
response to urine applications at 3 and 5 min after the first stimulation and the frequency measured during the first stimulation. n = 9 VSNs; p = 0.28 for 2"¢ DU and
p = 0.07 for 3" DU, One sample sign test. The orange dashed line indicates 1.25.

(D) Scatterplot with the averages +SD of normalized firing frequencies during the application of NA and after wash out from experiments as in (A). Also,
neurons unresponsive to NA are included. The dashed line, at 1.25, indicates the threshold set to select a VSN with increased firing frequency with respect to
control. n = 10 VSNs; p = 0.027 for NA and p = 0.69 for wash, One sample t-test.

(E and F) Scatterplots with averages + SD of the firing frequencies from experiments as in (A) and (B) respectively. (E) n = 7 VSNs responsive to NA; p = 0.00917
(Control-NA), p = 1 (control-wash) t-test with Bonferroni's correction after ANOVA for repeated measurements p = 0.0007. (F) n = 5 VSNs initially unresponsive to
urine; p = 0.026 (Control-NA), p = 1 (control-wash) Demsar test after Friedman test p = 0.0087.

potential measured at zero-current injection (RMP), indicating that NA does not modulate the resting ionic conductances (—72 £ 4 mV in
control, =69 + 5mV in the presence of NA, —69 + 5 mV after washout (n = 10; Figure 2F). Although some VSNs exhibited a large depolar-
ization during NA application, there was no correlation between the change in firing frequency induced by NA at 3 pA current injection and
the change of RMP (r? = 0.38, p =0.076, n=10).

Overall, 67% of VSNs (18 out of 27) tested with 3 pA current injection displayed reversible increases in firing frequency during NA
application.

These results collectively demonstrate that NA exerts a direct effect on action potential generation in VSNs, producing a firing frequency
increase.

To assess which adrenergic receptors mediate the effect of NA, we examined the transcriptional profile of adrenergic receptors in mature
VSNs (Figures 3A and 3B) analyzing previously published scRNA-seq data from the VNO.?? After filtering (see STAR Methods) 14,851 single
cells were kept in the dataset to be analyzed. Such cells were separated into 11 clusters and were annotated following the same nomenclature

and marker genes used by Katreddi et al.?” A cluster containing 2,327 cells and expressing Omp transcript was annotated as mature VSNs
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Figure 2. Noradrenaline increases spike frequency in response to current injections in VSNs

(A) Representative whole-cell current-clamp recordings from a VSN repetitively stimulated with 3 pA current steps for 3 s at 1 min intervals in control, during the
application of 50 uM NA, and during washout. Steps at the top indicate the time of current injections.

(B) Scatterplot with the averages +SD of normalized firing frequencies of each stimulation with respect to the first stimulation as a function of time from
experiments as in (A). n =7 VSNs; p = 0.01, p = 0.02, p = 0.0005, p = 0.0006, p = 0.0006 for 3, 4, 5, and 6 min after NA application, Demsar test after
Friedman test p = 1.73*10-6.

(C) Representative current-clamp recordings from VSNs stimulated with 3 pA current steps for 3 s in control, during the application of 50 uM NA and after
washout. Recordings with NA started 3 min after the application of NA and washout was measured 5 min after removal of NA.

(D) Averages +SD of firing frequencies as a function of current injection amplitude in the indicated conditions. n = 10 VSNs; for 1 pA, p = 0.426 (C-NA), p = 1
(C-wash); for 2 pA, p = 0.082 (C-NA), p = 1 (C-wash); for 3 pA, p = 0.004 (C-NA), p = 0.51 (C-wash); for 4 pA, p < 0.001 (C-NA), p = 1 (C-wash); for 5 pA, p = 0.012
(C-NA), p = 0.127 (C-wash); for 6 pA, p = 0.032 (C-NA), p = 1 (C-wash), paired t test with Bonferroni correction after mixed model two-way ANOVA p < 0.001.
(E) Scatterplot with the averages =+ SD of normalized firing frequencies (spike frequency in the presence of NA/control spike frequency) as a function of current
injected between 3 and 6 pA from experiments in (D). n = 10 VSNs; p = 0.006 for 3 pA, p = 0.006 for 4 pA, p = 0.003 for 5pA, p = 0.003 for 6 pA, One sample
sign test.

(F) Scatterplot with the averages £ SD of the resting membrane potentials (RMP) in the indicated conditions. n = 10 VSNs, p = 0.06 Friedman test.

(mVSN). We found that Adraa, the transcript for alpha 1a adrenergic receptors, was the most abundant among adrenergic receptor tran-
scripts in mVSNs (Figure 3B), indicating that alpha 1a is likely to be the main receptor type activated by NA in VSNs.

To investigate the involvement of alpha 1 receptors in the response to NA, we measured the effects of selective alpha 1 receptor agonists
and antagonists on VSN excitability (Figure 4). Methoxamine (50 uM), a selective agonist of alpha 1 receptors,” * increased the firing fre-
quency, indicating that the activation of alpha 1 receptors produces an enhancement of VSNs excitability (Figures 4A-4C), without modifying
the resting membrane potential (Figure 4D). In addition, there was no correlation between the change in firing frequency induced by methox-
amine at 3 pA current injection and the change of RMP (> = 0.47, p = 0.13, n = 6). By using prazosin (2.5 uM), a selective antagonist of alpha 1
receptors,’*** application of 50 uM NA failed to increase firing frequency elicited by current injections and did not affect the resting mem-
brane potential (n = 5-6; Figures 4E-4H).

In summary, these findings show that NA modulates VSN firing frequency by acting on alpha-1 adrenergic receptors.

Noradrenaline induces intracellular Ca2* increase

It is well established that the binding of agonists to alpha-1 adrenergic receptors leads to an increase in cytosolic Ca?*. This occurs through
the activation of G4 proteins that stimulate PLC that, in turn, hydrolyzes phosphatidylinositol 4,5-bisphosphate (PIP,) into inositol 1,4,5-tri-
sphosphate (IP3) and diacylglycerol (DAG). The binding of IP3 to receptors on the endoplasmic reticulum triggers Ca®* release into the
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Figure 3. Expression of adrenergic receptors in VSNs

(A) Visualization of the clustering results from the whole VNO scRNA-seq data produced in Katreddi et al.*” on a Uniform Manifold Approximation and Projection
(UMAP) plot. The cell type annotation of each cluster is noted on the color key legend and labels. SMC: smooth muscle cell, OEC: olfactory ensheathing cell.
(B) Heatmap showing expression levels™ of the transcripts of adrenergic receptors in mature VSNss.

cytoplasm.**®1° To investigate whether the stimulation of VSNs with NA produces a rise in intracellular Ca®*, which could potentially
contribute to the molecular mechanisms that produce a higher firing frequency, we conducted Ca?* imaging experiments on dissociated
mouse VSNs loaded with the Ca?* indicator Fluo4-AM.

To distinguish viable VSNs from other cells and exclude non-viable neurons, we used a depolarizing high K* solution and selectively
analyzed only VSNs responding to high K* with a Ca®* increase. Application of 50 uM NA for 20 s did not significantly increase fluorescence
while with 100 uM NA stimulation a notable increase in fluorescence was observed in several viable dissociated VSNs. This rise in fluorescence
persisted across three consecutive NA stimulations at an interstimulus interval of 3 min (n = 18; Figures 5A and 5B). Overall, 52% of VSNs
(48 out of 93) exhibited an increase in intracellular Ca®* concentration in response to NA stimulation. To evaluate if the rise in fluorescence
was mediated by alpha 1 receptors, we applied the antagonist prazosin (2.5 uM), which effectively blocked the Ca®* increase induced by NA in
dissociated VSNs (Figures 5C and 5D). Furthermore, we explored whether the alpha 1 agonist methoxamine (50 uM) could induce intracellular
Ca”* increases in dissociated VSNs similar to NA. Our findings revealed that dissociated VSNs responded to methoxamine with an elevation
in intracellular Ca®* concentration (Figures 5E and 5F).

These results collectively demonstrate that NA induces Ca®* increases in VSNs through the activation of alpha-1 receptors.

We reasoned that, if the increase in firing frequency induced by NA in current-clamp whole-cell recordings is indeed caused by an intra-
cellular Ca?* increase, then reducing the Ca?* increase by dialyzing the cytosol of VSNs with an intracellular solution containing the rapid Ca®*
chelator BAPTA, should decrease, or abolish, the effect of NA on VSNs. Thus, we recorded from VSNs in VNO acute slices and measured the
effect of NA on firing frequencies induced by current steps by using BAPTA instead of EGTA as a Ca®* chelator inside the patch pipette. We
found that, when the rapid Ca®* chelator BAPTA was used in the patch pipette, NA failed to significantly increase the firing frequency elicited
by current injections (Figures 5G-5I).

Taken together, these results suggest that a Ca®* increase induced after the activation of alpha 1 receptors by NA may be involved in the in-
crease of firing frequency in VSN, although additional experiments are required to establish whether this is the general mechanism of NA effect.

Sympathetic nerve fibers in the vomeronasal sensory epithelium

To investigate if NA could be released in the direct proximity of VSNs, we investigated if the sensory epithelium in the VNO is innervated by
catecholaminergic fibers. Indeed, previous studies showed a functional innervation of the VNO by the sympathetic system in mice and ham-
sters''® and a recent work found that the release of NA by sympathetic fibers controls the contraction of smooth muscles in the non-sensory
epithelium responsible for VNO pumping playing a pivotal role in the stimulus intake.”” We labeled coronal and horizontal cryosections of
adult VNOs with antibodies targeting tyrosine hydroxylase (TH). In both sectioning planes, coronal or horizontal, a comprehensive
morphology of the VNO can be observed, including: the non-sensory epithelium characterized by a large blood vessel; the sensory epithe-
lium, and the lumen, a mucus-filled cavity separating the two epithelia (Figure 6). Consistent with the findings of Hamacher et al.,'” a dense
network of TH positive nerve fibers was observed in the non-sensory epithelium of the VNO (Figures 6B, 6C and 6C,). Importantly, we iden-
tified TH positive nerve fibers also innervating the basal region of the vomeronasal sensory epithelium (Figures 6B, 6C and 6C,; arrows). The
presence of catecholaminergic innervation within the sensory epithelium implies a potential for a localized and precise release of NA in close
proximity to VSNs. These results show that catecholaminergic fibers of the sympathetic system innervate both the sensory and non-sensory
epithelia of the mouse VNO.

iScience 27, 110872, October 18, 2024 5
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Figure 4. Noradrenaline increases the spike frequency of VSNs through alpha-1 adrenergic receptors

(A) Representative current-clamp recordings from a VSN stimulated with 3 pA current steps for 3 s in control, during the application of 50 pM methoxamine (MT)
and after washout. Recordings with methoxamine started 3 min after its application and washout was measured 5 min after removal.

(B) Average =+ SD of firing frequency as a function of current injection in the indicated conditions (n = 7 VSNs; for 1 pA, p = 0.038 (C-MT), p = 1 (C-wash); for 2 pA,
p =0.059 (C-MT), p = 0.887 (C-wash); for 3pA, p = 0.032 (C-MT), p = 0.247 (C-wash); for 4 pA, p = 0.012 (C-MT), p = 0.227 (C-wash); for 5 pA, p = 0.609 (C-MT), p =
0.1 (C-wash); for 6 pA, p = 0.306 (C-MT), p = 1 (C-wash), paired t test with Bonferroni correction after mixed model two-way ANOVA p = 0.002).

(C) Scatterplot with the averages & SD of normalized firing frequencies (spike frequency in the presence of MT/control spike frequency) as a function of current
injected between 3 and 6 pA from experiments in (B). n = 7 VSNs; p = 0.03 for 3 pA, p = 0.03 for 4 pA, One sample sign test.

(D) Scatterplot with the average +SD of the resting membrane potential (RMP) in the indicated conditions. n = 7 VSNs; p = 0.094 ANOVA for repeated
measurements.

(E) Representative current-clamp recordings from a VSN stimulated with 3 pA current steps for 3 s in control, after the application of 50 pM NA and 2.5 uM
prazosin (Pra) and after washout. NA and prazosin were applied for 3 min and washout was measured 5 min after removal.

(F) Average +SD of firing frequency as a function of current injection in the indicated conditions. n = 5 VSNs; p = 0.4 mixed model two-way ANOVA.

(G) Scatterplot with the averages =+ SD of normalized firing frequencies (spike frequency in the presence of NA + Pra/control spike frequency) as a function of
current injected between 3 and 6 pA from experiments in (E). n = 5 VSNs; p > 0.05 One sample sign test.

(H) Scatterplot with the average +SD of the resting membrane potentials (RMP) in the indicated conditions. n = 6 VSNs; p = 0.56 ANOVA for repeated
measurements.

DISCUSSION

In this study, we demonstrate that NA increases VSN action potential firing through the activation of alpha 1 adrenergic receptors, leading to
an increase in intracellular Ca®* concentration. Furthermore, through the analysis of available single-cell transcriptomic data, we show that
mature VSNs predominantly express alpha 1a adrenergic receptors. In addition, we show that catecholaminergic fibers innervate the sensory
epithelium, indicating that NA could be released near VSNs.

In current-clamp whole-cell recordings, we measured spiking activity in response to natural stimuli in mouse diluted urine, which contains a
rich blend of pheromones, in 42% of the viable VSNs. This percentage is in agreement with electrophysiological experiments from several
laboratories that have demonstrated that approximately 30-50% of VSNs respond to urine blends??>*'=*

NA caused an increase in the firing frequency in 70% of the neurons responding to urine and the frequency returned to the initial value after
the washout of NA, showing that the increase was reversible. Surprisingly, also 36% of the initially unresponsive neurons fired action potentials
in response to urine when NA was present and returned to be unresponsive after NA washout, providing an additional clear demonstration
that NA modulates responses to natural stimuli by increasing the responsiveness of VSNs. A similar threshold shift induced by other com-
pounds has also been described in OSNs. For example, in amphibians, cannabinoids have been shown to lower the firing threshold of
OSNs, thus enhancing their responsiveness.*>*® Moreover, neuropeptide Y and gonadotropin-releasing hormone modulate the sensitivity
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Figure 5. Alpha 1 adrenergic receptor activation increases intracellular calcium in VSNs

(A, C, and E) Representative recordings of cytosolic Ca®* signals from VSNs in response to: (A) three repetitive stimulations with 100 uM NA (20 s); (C) stimulations
with 100 uM NA (20 s) in control, during the application of 2.5 M prazosin and after its washout; (E) Stimulations with 100 pM NA (20 s) or 50 uM methoxamine (MT,
20 s). The interval between stimulations was 3 min.

(B, D, and F) Scatterplot with average +SD of normalized changes in fluorescence intensity following stimulations as indicated in (A, C, E) respectively. All data
were normalized to the peak value obtained from the first stimulation. (B) n = 18 VSNs; p = 0.805 Friedman test. (D) n = 12VSNs; p = 5.3 x 10~¢ (Con-Pra), p = 0.082
(Con-wash) Demsar test after Friedman test p = 1.5 x 1075, (F) n = 16 VSNs; p = 0.144 Friedman test.

(G) Representative whole-cell current-clamp recordings from a VSN in a VNO coronal slice repetitively stimulated with 3 pA current steps for 3 s at 1 min intervals
in control, during the application of 50 uM NA and after washout. The intracellular solution contained the rapid Ca®" chelator BAPTA (10 mM). Recordings with NA
started 3 min after its application and washout was measured 5 min after removal.

(H) Average + SD of firing frequencies as a function of current injection in the indicated conditions (n = 7 VSNs; p = 0.994 mixed model two-way ANOVA).

(I) Scatterplot with the averages +SD of normalized firing frequencies (spike frequency in the presence of NA/control spike frequency) as a function of current
injected between 3 and 6 pA from experiments in (H). n = 7 VSNs; p > 0.05 One sample sign test.
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Figure 6. Catecholaminergic fibers innervate the VNO sensory epithelium

(A) Schematic representation of the VNO and the tissue distribution after coronal or horizontal sectioning.

(B and C) Immunostaining against tyrosine hydroxylase (TH) enzyme (green) on coronal (B) and horizontal (C) sections of the VNO. White squares in C denote the
zoomed in areas for the non-sensory epithelium (C,) and sensory epithelium (Cp). White arrows indicate the presence of TH-positive fibers in the basal zone of the
sensory epithelium. Note the high innervation by TH-positive fibers on the non-sensory epithelium. Nuclei were stained with DAPI (magenta). BV: blood vessel;
SE: sensory epithelium; NSE: non-sensory epithelium; L: lumen.

of OSNs in amphibians.”*® These findings, along with our data, demonstrate that the regulation of peripheral chemosensory neurons by
internally released substances occurs in various systems.

As the binding of ligands to vomeronasal receptors first activates transduction cascades that may lead to action potential firing, NA
modulation of the responses may occur at various stages during the transduction cascade and/or on ion channels producing action potentials.
To bypass the transduction cascade and therefore the activation of specific vomeronasal receptors, we performed current-clamp experiments
by using current steps. In these experimental conditions, NA caused a reversible increase in firing frequency in 67% of neurons (tested with
3 pA current steps). Although we cannot exclude the possibility that NA produces effects on components of the transduction cascade, these
results demonstrate that NA affects the generation of action potentials causing an increase in firing frequency. The modulation of the trans-
duction cascade could be relevant to increasing the receptor potential above the threshold in VSNs that respond to natural stimuli only after
NA application. In this scenario, the NA intracellular signaling could induce post-translational modifications of receptors, G proteins, or ion
channels such as TRPC2, TMEM16A, or TMEM16B increasing their sensitivity.

We investigated the expression of adrenergic receptors in VSNs with several approaches: by analyzing publicly available VNO single-cell
RNA-seq data”’ and by performing electrophysiological and Ca®*-imaging experiments combined with pharmacological compounds.
Single-cell transcriptomic data revealed that mature VSNs predominantly express Adrala, encoding the alpha 1a adrenergic receptor.
From a functional point of view, although we could not validate the involvement of alpha 1a, because selective agonists or antagonists
are unknown, we used selective compounds for alpha 1 receptors: the agonist methoxamine and the antagonist prazosin.*” Methoxamine
mimicked the increase in firing frequency in current-clamp experiments measured with NA stimulation and prazosin blocked such increase,
confirming the activation by NA of alpha 1 receptors in VSNs. Since it is well known that alpha 1 receptor activation leads to an increase in
cytosolic Ca?**%1% we provided a further demonstration of the activation of alpha 1 receptors in VSNs by NA by performing Ca®* imaging
experiments on dissociated cells from the VNO. Indeed, stimulation with NA caused a clear increase in intracellular Ca’* concentration in 52%
of the tested VSNs that was mimicked by the selective alpha 1 agonist methoxamine and blocked by the selective antagonist prazosin.

Is the NA-induced increase in intracellular Ca?* involved in the higher VSN excitability? In current-clamp experiments, when we reduced
the increase in intracellular Ca* using the fast Ca®* chelator BAPTA in the intracellular solution, we did not measure any increase in firing
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frequency induced by NA, indicating that a Ca?* increase may be involved in the higher VSN excitability. However, additional experiments are
needed to fully understand the role of intracellular Ca®* in NA-mediating signaling. In particular, it will be important to clarify if the intracellular
Ca®* rise is due to entry from the extracellular side and/or from release from internal stores.

Itis of interest to note that in the peripheral olfactory system, adrenaline plays a role in enhancing odorant contrast by regulating the sensi-
tivity of OSNs. Indeed, " demonstrated that adrenaline modulates action potential firing and induces a negative shift in the activation curve of
voltage-gated Na™ channels in sensory neurons of the main olfactory epithelium. Their study showed the involvement of beta-adrenergic re-
ceptors in the soma of OSNs. Upon binding to their agonists, these receptors trigger the synthesis of cAMP, leading to the subsequent acti-
vation of protein kinase A, which in turn could modulate voltage-gated Na* channels in OSNss. Interestingly, catecholamines enhance stimulus
responses in both OSNs and VSNs by using distinct pathways: beta-adrenergic receptors in OSNs and alphal adrenergic receptors in VSNs.

Where is NA released within the vomeronasal sensory epithelium? While it is conceivable that there may be a systemic release of NA during
states of arousal in the animal, there is also evidence indicating that the sympathetic system innervates the mouse and hamster VNOs.'*""¢ A
recent study by Hamacher et al.’® reported the abundant presence of catecholaminergic fibers in the non-sensory epithelium of the mouse
VNO and demonstrated that adrenergic stimulation controls the pumping activity of the VNO, contributing to the regulation of pheromone
concentration reaching the organ. Here, we showed that catecholaminergic fibers not only innervate the non-sensory epithelium but also the
basal region of the sensory epithelium of the VNO. This sympathetic innervation within the sensory epithelium suggests the possibility of a
localized release of NA in close proximity to VSNs. Moreover, the shared innervation of both sensory and non-sensory epithelia, suggests the
potential for synchronized release of NA within the VNO, thereby coordinating the uptake of stimuli with higher excitability of VSNs thus
improving the detection of pheromones or other semiochemicals. However, it is important to note that the basal region of the sensory epithe-
lium is composed of basal cells, smooth muscle cells (SMCs), blood vessels, and axon bundles from VSNs, among other cell types, and any of
these could be the direct target of catecholaminergicfibers in the sensory epithelium. A detailed synaptic labeling of catecholaminergic fibers
in the VNO would provide a better understanding of the main targets of NA in the sensory epithelium.

The overall action of NA in the control of vomeronasal signaling also depends on its modulation of the AOB, where signals from VSNs
undergo further processing.®?’ NA is released within the AOB from fibers originating in the locus coeruleus.”’ Several studies have demon-
strated that NA induces concentration-dependent changes between the excitation and inhibition of mitral and granule cells through the acti-
vation of alpha 1 and alpha 2 adrenergic receptors ultimately resulting in a dual effect of NA on mitral cells’ activity.”>~>¢ Furthermore, Doyle
and Meeks”? revealed the modulation of mitral cell activity is not uniform but is selective for the stimuli present during NA release, suggesting
that different mitral cells respond distinctively to NA stimulation. However, a better understanding of NA's role in the modulation of AOB
requires the physiological stimulation of noradrenergic fibers that could be obtained for example by using optogenetic tools.

In summary, our data provide evidence that NA can be released near VSNs and increase the spiking frequency of VSNs through the
activation of alpha 1a adrenergic receptors, leading to a cytosolic increase in Ca®* levels. This study shows that NA is a crucial regulator
of VSN signaling and provides a foundation for future work investigating molecular aspects underlying NA modulation and interactions
between the sympathetic nervous system and chemosensory processing.

Limitations of the study

In our study, several questions remain unanswered. Determining whether NA selectively influences specific subsets of VSNs (e.g., VIR, V2R, or
FPR-expressing VSNs), and/or the detection of particular classes of signal molecules (e.g., high or low molecular weight molecules) would
yield valuable insights, also related to heterogeneous responses in AOB mitral cells, Doyle and Meeks.”” Furthermore, confirming whether
the same nerve fibers innervate both sensory and non-sensory epithelia would support the hypothesis of coordinated stimulus uptake and
VSN sensitivity regulation driven by NA. Investigating the precise temporal and spatial dynamics of NA on VSNs, would require the use of
genetic tools for stimulating neurotransmitter release in the intact tissue, thus avoiding artifacts associated with an external perfusion system
stimulation.
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Other
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Katreddi et al.”’
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Animals and ethical approval

Mice were handled according to the guidelines of the Italian Animal Welfare Act (Decreto legislativo 26/2014) and European Union guidelines
on animal research (2010/63) under a protocol approved by SISSA’s Animal Care Committee and the Italian Ministry of Health. Mice had free
access to water and food. Every effort was made to reduce the number of animals used. C57BL/6 mice of both sexes (age range, 2-3 months)
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were anesthetized by transferring to a cage (height/width/length, 8 X 10 X 12 cm), and 100% CO, was slowly injected into the cage until the
animal stopped breathing and no longer displayed pedal reflex (near 3 min; gas flow rate, ~20% of chamber volume/min).

METHOD DETAILS
Electrophysiological recordings from VSNs in acute VNO slices

Acute slices of mouse VNO were prepared as previously described.?”?* %2> The VNO was removed and transferred to ice-cold artificial
cerebrospinal fluid (ACSF). The capsule and all cartilaginous tissues were removed using fine forceps obtaining the two clean halves of
the VNO. Each half was embedded in 3% agarose (A7002, Sigma-Aldrich) prepared in ACSF, once the agar had cooled to 37°C. Upon solid-
ification, the agarose block was fixed in a glass Petri dish filled by ice-cold oxygenated ACSF solution and sliced with a vibratome (Vibratome
1000 Plus Sectioning System, Vibratome Company) at 200 pm. Slices were then left to recover for over 30 min before electrophysiological
experiments were initiated.

Slices were viewed with an upright microscope (Olympus BX51WI) using infrared differential contrast optics with water immersion 20X or
60X objectives. The slice was attached to the base of the recording chamber using a home-made U-shaped silver wire and VSNs could be
distinguished based on their morphology. Patch pipettes, pulled from borosilicate capillaries (WPI) with a PC-10 puller (Narishige), had a resis-
tance ranging from 3 to 6 MQ. Electrophysiological recordings were made using a Multiclamp 700B amplifier controlled by Clampex 10 via a
Digidata 1440 (Molecular Devices). Data were low-pass filtered at 2 kHz and sampled at 10 kHz. Experiments were performed at room tem-
perature (20-25°C). The recording chamber was continuously perfused by gravity flow with oxygenated (95% O2 and 5% CO2) ACSF.

For current-clamp recordings, the intracellular solution filling the patch pipette contained the following (in mM): 80 K-gluconate, 60 KCl, 2
Mg-ATP, 10 HEPES, and 1 EGTA, adjusted to pH 7.2 with KOH. For some experiments, 1 mM EGTA was replaced with 10 mM BAPTA. An
extracellular high K* solution, prepared from ACSF by replacing 25 mM NaCl with KCl, was used to test the viability of neurons. Urine was
collected from both sexes of C57BL/6-BALB/c mice, filtered with a 0.2 pm filter, and frozen at —80°C for no more than 2 months to maintain
the integrity of pheromones. Before use, male and female urine samples were mixed in a 1:1 ratio, and the mixture was diluted to 1:50 in ACSF,
pH7.4.

A VSN was considered viable if a current injection of 3 pA elicited action potentials.

Stimuli were delivered through an 8-into-1 multibarrel perfusion pencil connected to a Valvelink8.2 pinch valve perfusion system
(AutoMate Scientific). Adrenergic agonists or antagonists were applied for 3 min before starting recordings and washout was measured
5 min after removal of compounds with perfusion with ACSF, unless otherwise indicated.

Igor Pro 6.7/8 software (WaveMetrics, Lake Oswego, OR, USA) was used for data analysis.

Calcium imaging from dissociated VSNs

d.7"%57 The whole VNOs were carefully dissected

VSNs were dissociated using enzymatic and mechanical treatments as previously describe
and cut into 5 coronal sections under a stereoscopic microscope (Olympus SZ60) in artificial cerebrospinal fluid (ACSF) solution containing
(in mM): 120 NaCl, 20 NaHCO3, 5 KCl, 2 CaCly, 1 MgSQO,, 10 HEPES, and 10 glucose, pH 7.4. VNO sections were incubated with collagenase
11 (1 mg/mlin PBS) for 25 minutes at 37°C, then transferred to a stop solution containing ACSF with 5% FBS. Subsequently, mechanical disso-
ciation was performed using fire-polished glass pipettes in ACSF solution containing the Ca?* indicator Fluo-4 AM (5 uM; Thermo Fisher Sci-
entific), 0.001% pluronic F-127 (20% solution in DMSO; Thermo Fisher Scientific), and 5% FBS. Dissociated cells were plated for 1-4 hours at
4°C in dishes (FluoroDishTM; World Precision Instruments) coated with concanavalin-A (5 mg/ml) and then washed with ACSF.

Ca”*-imaging experiments were performed using an epifluorescence inverted microscope with a mercury fluorescence lamp U-RF-T (IX70;
Olympus). A dish containing dissociated cells was placed on the stage of the microscope and continuously perfused by gravity flow with
oxygenated (95% O, and 5% CO,) ACSF. The microscope was equipped with a Filter Block U-MWIB2 (Excitation filter EX 460-90, Dichromatic
mirror DM 505, Emission filter EM 510IF) and a 40X (0.75 NA) objective (UPlanFL; Olympus). An ORCA-Flash4.0 V3 Digital CMOS camera
(C13440-22CU, Hamamatsu) was used with the sotware HCImage Live (Hamamatsu). Data were acquired at 5 Hz with 512 x 512 pixel reso-
lution. Changes in fluorescence signals were measured from specific regions of interest (ROls) delineated around single neurons using ImageJ
1.51 s (National Institute of Health). Data were normalized and plotted as fluorescence changes: AF/Fq = (F(t) - Fo)/Fo, where Fq is the average
fluorescence intensity before the initial stimulus application and F(t) is the fluorescence amplitude at time t. Subsequent analysis and gener-
ation of figures were conducted employing IgorPro 6.3.7.2 (Wavemetrics). A neuron was considered responsive if it satisfied the following
criteria: (a) high K* stimulation (25 mM) induced a Ca’" transient, and (b) after the stimulus, AF/Fowas higher than the mean intensity measured
during the prestimulus (15 s), plus three standard deviations for at least 5 s. In some experiments, the reduction of fluorescence signal due to
photobleaching was mathematically corrected using the exponential decay observed in non-responding cells.

Stimuli were delivered through an 8-into-1 multibarrel perfusion pencil connected to a Valvelink8.2 pinch valve perfusion system
(AutoMate Scientific). Adrenergic agonists were applied for 20 s followed by 3 min washout with ACSF. Prazosin was applied for 5 min fol-
lowed by 3-5 min washout with ACSF.

Single-cell RNA sequencing data analysis

Single-cell RNA sequencing (scRNA-seq) dataset was downloaded from NCBI GEO: GSE190330 and was related to the study by Katreddi
et al.”” Data consist of single cell 3' RNAseq of dissociated VNO cells from 5 male C57BL/6J mice at postnatal day 60. 10X Genomics
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Chromium platform and lllumina Novaseq 4000 technology was used for sequencing. The data was analysed in R version 4.1.2 using the
Seurat R package version 4.1.0, a widely used toolkit for quality control, analysis and exploration of single cell RNA sequencing data. The
procedures described in Katreddi et al.,* with minimal modifications were used for analysing this dataset. Cells that expressed >7000 genes,
<700 genes, or >10% mitochondrial genes were not included in analysis. After filtering, data from 14,851 cells were included for clustering and
analysis. We used SCtransform() function as normalization method. With FindVariableFeatures() function we selected the top 2,000 highly var-
iable genes across the population to perform principal component analysis using RunPCA(), FindNeighbors(), FindClusters() and RunUMAP()
Seurat functions. The first 30 principal components were used for cell clustering, which was visualized using UMAP. We identified cell types
based on known gene expression as previously shown.””

Immunohistochemistry

VNO tissue was dissected and immediately fixed in Glyoxal 9% + acetic acid 8% solution in PBS overnight at 4°C.°° For cryoprotection tissue
was equilibrated overnight in 30% (w/v) sucrose in PBS at 4°C. Then, the tissue was embedded in Tissue Freezing Medium (Leica Biosystems)
and immediately frozen at -80°C. 20 pm coronal sections and 50 um horizontal sections were cut on a Leica CM3050 cryostat (Leica Bio-
systems), mounted on Superfrost Plus slides (Menzel, Braunschweig, Germany), and stored at -20°C. To remove the cryostat embedding me-
dium from tissue, the slices were incubated for 15 min with PBS, then incubated in blocking solution (5% normal donkey serum, 0.2% Triton
X-100 in PBS) for 90 min and finally overnight at 4°C in primary antibody anti-Tyrosine Hydroxylase Vio® R667-conjugated 1:500 (Miltenyi Bio-
tec, cat # 130-131-157). After removal of the excess of primary antibody with PBS washes, sections were incubated with DAPI (5 pg/ml) for
30 min at RT for nuclear staining. Excess of DAPI was washed and the sections were mounted in Fluoromount-G Mounting Medium
(ThermoFisher, cat # 00-4958-02) Immunofluorescence was visualized with a confocal laser scanning microscope (Leica Microsystems, TCS
SP5 DM6000 CFS). Images were acquired using LAS-X acquisition software (Leica Microsystems) at 1024 x 1024 pixels resolution and analyzed
with ImageJ software (National Institute of Health, USA). The maximum projections of 5 um optical slices were displayed. Control experi-
ments, excluding primary antibodies, were performed for each immunolocalization.

Chemicals

All chemicals were obtained from Sigma-Aldrich unless otherwise specified. NA and methoxamine were prepared as 100 mM stock solutions
in distilled water, while prazosin was prepared as 1 mM stock solution in methanol and diluted to the final concentrations in ACSF.

QUANTIFICATION AND STATISTICAL ANALYSIS

Igor Pro 6.3/8 software (WaveMetrics, Lake Oswego, OR, USA) was used for data analysis and figure preparation. Averaged data from indi-
vidual experiments in different VSNs are presented as mean + standard deviation (SD) along with the number of VSNs (n). The firing fre-
quency induced by urine was calculated by the ratio between the number of spikes after urine application and the time of urine application.
None of the VSNs had spontaneous spiking activity.

A VSNs was considered to have an increased firing frequency after application of NA or other compounds if satisfied the following con-
ditions: (a) the firing frequency in the presence of the compound was >25% of that measured in control conditions (Figures 1C and 1D) and
(b) after wash out the firing frequency returned below 25% of the control value. For the calculation of frequency ratios, we only used data for
current injections of at least 3 pA to exclude recordings with no action potentials at lower levels of current injection.

Statistical significance was determined through the following tests. The Shapiro-Wilk test was employed to verify data normality (per-
formed by R). For normally distributed data, repeated measures ANOVA followed by a paired t-test with Bonferroni correction (performed
by Igor Pro) or mixed model two- way ANOVA followed by paired t test with Bonferroni correction (performed by GraphPad). In the case of not
normally distributed data, statistical significance was assessed using Friedman's test followed by Demsar’s test. The P values associated to
Demsar test were calculated using the algorithm in R developed by Eisinga et al.°' P values of <0.05 were considered statistically significant. In
the Figures, * indicates P<0.05, ** P<0.001, *** P<0.0001.
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