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Abstract

Transient receptor potential melastatin 3 (TRPM3) channels contribute to nodose afferent and
brainstem nucleus tractus solitarii (nNTS) activity. Exposure to short, sustained hypoxia (SH) and
chronic intermittent hypoxia (CIH) enhances nTS activity, although the mechanisms are unknown.
We hypothesized TRPM3 may contribute to increased neuronal activity in nTS-projecting nodose
ganglia viscerosensory neurons, and its influence is elevated following hypoxia. Rats were
exposed to either room air (normoxia), 24-hr of 10% O, (SH), or CIH (episodic 6% O, for

10d). A subset of neurons from normoxic rats were exposed to /in vitro incubation for 24-hr in
21% or 1% O,. Intracellular Ca?* of dissociated neurons was monitored via Fura-2 imaging.
Ca?* levels increased upon TRPM3 activation via Pregnenolone sulfate (Preg) or CIM0216. Preg
responses were eliminated by the TRPM3 antagonist ononetin, confirming agonist specificity.
Removal of extracellular Ca2* also eliminated Preg response, further suggesting Ca2* influx via
membrane-bound channels. In neurons isolated from SH-exposed rats, the TRPM3 elevation of
Ca?* was greater than in normoxic-exposed rats. The SH increase was reversed following a
subsequent normoxic exposure. RNAScope demonstrated TRPM3 mRNA was greater after SH
than in Norm ganglia. Incubating dissociated cultures from normoxic rats in 1% O, (24-hr) did
not alter the Preg Ca?* responses compared to their normoxic controls. In contrast to in vivo

SH, 10d CIH did not alter TRPM3 elevation of Ca2*. Altogether, these results demonstrate a
hypoxia-specific increase in TRPM3-mediated calcium influx.
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1. INTRODUCTION

Vagal afferents are critical to a variety of homeostatic functions including the regulation

of heart rate and blood pressure via the arterial baroreflex. Aortic baroreceptors have their
viscerosensory afferent somas within the nodose ganglia where their central projections
terminate and are integrated within the brainstem nucleus tractus solitarii (TS, (Kupari
etal., 2019; Min et al., 2019)). The ionic mechanisms by which these sensory afferents
maintain resting activity and overall cardiovascular homeostasis, as well as afferent elevation
in activity upon a stressor, is not completely understood (Schild et al., 2012). Recent studies
have suggested a role of transient receptor potential (TRP) channels in these activities. TRP
channels are expressed within sensory neurons and the nTS and channel activation elevate
sensory activity and the release of glutamate from their centrally projecting processes (Kline
etal., 2019; Ragozzino et al., 2021). Within the nodose ganglia, TRPV1, TRPAL, TRPM3
and TRPMS8 are expressed or functionally relevant (Hondoh et al., 2010; Jawaid et al., 2022;
Kline et al., 2019; Ragozzino et al., 2021). Recently TRPM3, a member of the melastatin
subfamily of TRP channels, has been shown to increase intracellular calcium and depolarize
nodose sensory neurons, co-express with TRPV1, and elevate glutamate release in the nTS
(Ragozzino et al., 2021).

Exposure to hypoxia (low oxygen) is a systemic stressor observed in a variety of

diseases as well as high altitude ascent. Hypoxia is sensed by the peripheral carotid

body chemoreceptors whose adjacent chemosensory somas lie in the petrosal ganglion and
project to the nTS (Prabhakar et al., 2002). Upon exposure to hypoxia, respiration and
sympathetic activity is elevated, with the latter offsetting the hypoxia-induced vasodilation.
Hypoxia also augments glutamatergic signaling integration in the nTS (Kline et al., 2007;
Matott et al., 2020). Several lines of evidence suggest TRP channels may contribute to

the physiological response to hypoxia. For instance, the carotid body and chemoafferent
soma containing petrosal ganglia express TRPM3 (Shirahata et al., 2015). Nonspecific
block of TRP channels, including TRPM3, attenuates the chemosensory nerve response to
hypoxia (Shirahata et al., 2015). Chronic intermittent hypoxia (CIH), a rodent model of the
hypoxia induced by obstructive sleep apnea, increases TRPV1 protein and afferent-released
glutamate (Kline et al., 2019). In addition, TRPAL is activated by hypoxia and increases
vagal neuronal discharge (Mori et al., 2017), where TRPAL knockout attenuates arousal to
mild hypoxia (Chen et al., 2020). Given the expression of TRP channels in the vagal afferent
arc and their contribution to neuronal activity to hypoxic stimuli, this study investigated

the possible contribution of TRPM3 in afferent activity following two unique hypoxia
exposures, short, 1-day sustained hypoxia and 10-day CIH. We show that TRPM3 activation
elevates intracellular calcium, and this elevation is exaggerated only after sustained hypoxia.

2. MATERIAL and METHODS

2.1 Animals.

All experiments were conducted following the National Institutes of Health Guide for
the Care and Use of Laboratory Animals guidelines and protocols were approved by
the University of Missouri Animal Care and Use Committee. Male Sprague-Dawley rats
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between 3 and 6 weeks were used for all experiments. They were housed in standard rat
cages up until experimentation in a 12:12 hour light-dark cycle room held at 22°C and 40%
humidity and were given ad libitum access to food and water.

2.2 Neuronal experimental groups.

The influence of TRPM3 on Ca2* influx was tested on nodose neurons after one of the
following experimental conditions. Control cells consisted of isolated neurons from naive
rats. /n vitro hypoxia exposure included neurons that were initially dissociated from naive
rats. The influence of TRPM3 on Ca2" influence was studied in this group to eliminate

the potential influence of neuronal and/or humoral activity that may occur during in vivo
hypoxia. For each culture half the plates were incubated for 24-hr in a 21% O,, 5% CO»
atmosphere (24-hr in vitro normoxia), whereas the other half were exposed for 24-hr in 1%
Oy, 5% CO (24-hr in vitro hypoxia). In vivo hypoxia exposure cells consisted of neurons
dissociated from rats exposed to 24hr of SH (10% O5) or 10d of CIH as detailed below. A
comparable normoxic exposure (24 hr or 10d) were used as in vivo controls. To examine the
potential reversibility of SH exposure, cells were isolated from rats exposed to 10% O for
24-hr followed by 21% O, for 24-hr (48-hr hypoxia-normoxia). Control cells consisted of
neurons isolated from rats exposed to 21% O, for 48-hr (48-Ar normoxia).

2.3 Invitro and in vivo sustained and chronic intermittent hypoxic exposure.

In vitro hypoxic exposure occurred in neurons dissociated from naive rats. Following cell
isolation and plating, petri dishes containing nodose neurons were placed in a humidified
hypoxic incubator chamber (Stem Cell Technologies) flushed with either 21% O,, 5% CO»,
(normoxia) or 1% O,, 5% CO, (hypoxia). The hypoxic incubator chamber was then placed
in a standard incubator (37° C, 21% O,, 5% CO,) for 24-hr.

In vivo hypoxic exposure consisted of placing unrestrained naive rats housed in standard
rat cages within a commercially available hypoxic system (BioSpherix, Redfield, NY).
Sustained hypoxia (SH) consisted of reducing environmental oxygen to 10% O, via infusion
of nitrogen. SH exposure was 24 hrs for 1 day (Matott et al., 2020). CIH exposure consisted
of alternating cycles of 21% and 6% oxygen (~ 45s), 10 episodes/hr, 8 hr/day between
9am-5pm; during the animals’ normal inactive period. Between 5pm and 9am animals
were maintained at room air (Kline et al., 2009; Kline et al., 2007; Kline et al., 2019).
Inspired oxygen levels were maintained via a feedback system and addition of pure oxygen
or nitrogen. Normoxic animals consisted of rats housed in standard rat cages placed in

the hypoxic chamber but only exposed to 21% O,. Ambient oxygen, carbon dioxide,
temperature, and humidity levels were continuously monitored.

2.4 Visceral neuron dissociation and culture.

Following normoxic or hypoxic exposure, rats were anesthetized with isoflurane and
decapitated. As previously (Dantzler et al., 2020; Kline et al., 2009), the left and right
nodose ganglia were isolated, removed, placed in ice cold DMEM-F12 (Dulbecco’s
Modified Eagle Medium/Nutrient Mixture F-12; Gibco cat# 11320-033) and minced with
microdissection scissors. The tissue was then removed from DMEM-F12 and placed in

a 10 mL Hanks Balanced Salt Solution (Gibco cat# 14175-095) containing Collagenase
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Type 2 (335 U/mL; Worthington Biochemical Corporation cat# LS004176) and Dispase
(Neutral Protease AOF; 0.5 U/mL; Worthington Biochemical Corporation cat# LS02109)
and left in a shaking water bath for 3 intervals of 15 minutes, with a gentle trituration

with a glass pipette between the intervals. A final, thorough trituration then occurred in 10
mL of DMEM-F12-based growth media containing DNase with MgCl, (Thermo Scientific
cat# EN0521), and Bovine Serum Albumin (BSA; Sigma-Aldrich cat# A4378). The cell
suspension was filtered through a 70 pM cell strainer (Greiner Bio-One cat# 542170) and
spun down through a 4% BSA/DMEM-F12 solution (500 RPM, 23 degrees, 5 mins) to form
a pellet. The pellet was resuspended and dispersed in 100 pL of DMEM-F12-containing
growth medium. The dissociated neurons were plated onto 15 mm coverslips coated with
PDL/Laminin (Neuvitro cat# GG -15-Laminin) and left in an incubator (37°C, 5% CO», 1.5
hr) to promote their adherence to the coverslip, after which they were flooded with 1 mL
DMEM-F12 media.

2.5 Fura-2 Ca?* imaging.

2.6 Drugs.

As previously (Milanick et al., 2019; Ostrowski et al., 2017), cells were loaded (30 min)
with 1 uM Fura-2 AM calcium indicator (Invitrogen cat# F1221) in 1 mL of DMEM-F12
media with 0.01% Pluronic F-127 (Sigma cat# P2443). Following a 10 min wash in
extracellular solution (ECS; 136 mM NaCl, 5.4 mM KCI, 1 mM MgCl, + 6 H,0, 0.33
mM NaH,PO,4, 10 mM Hepes, 10 mM D-Glucose, 2 mM CaCl, + 2 H,0), coverslips were
placed in a superfusion chamber on an Olympus 1X71 microscope. All imaging protocols
were carried out in ECS with the exception of the 0 mM Ca?* solution, in which calcium
was replaced with Mg2™* to a final concentration of 2.8 mM. Fura-2 was excited at 340

and 380 nm (Till Photometrics) while emission was monitored at 520 nm via a 20X water
objective and Retiga Exi CCD camera. Hardware control occurred using pManager 2.0
software. Image J was used to determine the ratio between 340 and 380 nm for every given
cell and these values were inputted into Excel spreadsheets for further analyses.

The concentrations of TRPM3 agonists Pregnenolone sulfate sodium salt (Tocris cat# 5376)
and CIM 0216 (Tocris cat# 5521), and the TRPM3 antagonist Ononetin (Tocris cat# 5143),
were based on previous studies (Held et al., 2015; Ragozzino et al., 2021; Straub et al.,
2013). TRPM3 agonists and antagonists were initially dissolved in DMSO and subsequently
diluted in ECS recording solution. Control (vehicle) experiments consisted of comparable
volumes of DMSO alone added to ECS. As shown in the representative timeline (Figure
1A), following a 2 min period in ECS to establish baseline fluorescence, and agonists were
applied (~60s) followed by another 300s (5 min) washout and subsequent ~60s agonist
repeat. In antagonist blocking studies, ECS was applied for 120s to establish baseline
fluorescence after which agonist was applied as above. After washout (240s), ononetin alone
was applied for 60s followed by the addition of agonist in the presence of antagonist for an
additional 75s (Figure 2A).

2.7 RNAScope.

RNAScope tests were performed using the RNAscope Multiplex Fluorescent Reagent
Kit v2 (ACD biotechne Cat# 323100), and the corresponding protocols provided by the
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manufacturer. Briefly, rat nodose ganglia were collected and fixed in 4% paraformaldehyde
(PFA) for 24 hours at 4 °C. Ganglia were subsequently transferred to 10%, 20% and 30%
sucrose in PBS (4 °C) prior to freezing in Optimal Cutting Temperature (OCT) material on
dry ice. Tissue was then cut into 17 um sections using a cryostat (Leica), mounted on Super
Frost Plus slides (Fisher Scientific cat# 12-550-15) and air dried. Following a PBS wash (5
mins), tissue was baked onto the slide (30 mins, 60 °C), immersed in 4% PFA (15 mins,

4 °C), and dehydrated in successive 50%, 70% and 100% ethanol. Slides were incubated

in RNAscope Hydrogen Peroxide (10 min, 22 °C), and then rinsed 2X in dH»0. Following
target retrieval, a probe for TRPM3 mRNA (cat# 1000951-C1), or positive and negative
control probes, were applied to the slides, which were then placed in the HybEZ Il Oven

(2 hrs, 40 °C), followed by a final rinse in Wash Buffer. Slides were stored overnight in 5X
Saline Sodium Citrate (22 °C). The next day slides were washed in 1X Wash Buffer for 2
min. RNAscope Multiplex FL v2 Amp 1 and Amp 2 were added to the slides individually
and baked in the HybEZ Oven (30 mins, 40° C) whereas Multiplex FL v2 Amp 3 was added
to the slides and baked for 15 min at 40°C. RNAscope Multiplex v2 HRP-C1 followed by
Opal 520 was used to identify trom3 mRNA. HRP-C2 with Opal 570 and HRP-C3 with
Opal 690 were used for the positive and negative control slides. DAPI was added to cover
the slides followed by addition ProLong Gold Antifade reagent (Invitrogen cat# P36930).
The slides were dried overnight in the dark. Image stacks at 0.5 pm traversing the depth

of the ganglia sections were acquired using an Olympus fluorescent microscope at 20X
magnification. FI1JI ImageJ was used to acquire Z-projection of mean and max intensity

of images, and Cell Profiler 4.2.5 was used to detect and quantify the mRNA throughout
the entire ganglia. The average number of frpm3transcripts per animal were normalized to
tissue area.

2.8 RT-PCR.

Rats underwent 24-hr normoxia, 24-hr SH, 10-day normoxia or 10d CIH as

described in previously, and nodose were extracted and frozen until used. mMRNA

was isolated via RNAqueous Total RNA Isolation Kit (Invitrogen cat# AM1931),

after which cDNA was generated from 100 ng mRNA via SuperScript 11 First-

Strand Synthesis SuperMix (Invitrogen cat# 18080-400). Real time PCR occurred

via trom3and gapdh primers (TRPM3 Fw CACGTGCAGCCAGATGTTAC, TRPM3
Rv GAACTCCAAGCTGAGAATTGAAG, GAPDH Fw TGCCCCCATGTTTGTGATG,
GAPDH Rv GCTGACAATCTTGAGGGAGTTGT (0.5 uM) and 1 pL of cDNA using
PowerUp SYBR Green Master Mix (Applied Biosystems cat# A25741) in an Eppendorf
Smartcycler (Eppendorf). As a negative control, a series of PCR occurred with no primer
or template. trpm3 mRNA was normalized to gadph using the 228CT method (Livak et al.,
2001).

2.9 Analysis and Statistics.

The magnitude of Ca2* response to drugs was determined using ImageJ and Microsoft Excel
software. Within each agonist period, the peak 340/380 ratio was measured and reported as
the change from the preceding baseline (AF) and plotted as (AF/F) with changes presented as
originating from “1”. Using the normalized data, the number and magnitude of increase of
responding neurons (i.e., responders) was determined by the number of neurons whose AF/F
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increased greater than its equivalent mean vehicle response. Graphpad Prism v9 software
was used to determine normality and statistical significance, which was set at p < 0.05.

The differences between drug or groups were determined via Mann-Whitney, Wilcoxon

or Kruskal-Wallis with Dunn’s tests as denoted in the text. Analysis for RNAScope and
RT-PCR was performed in Excel, with the latter frpm3 expression normalized to normoxia
(plotted 1) and examined by t-test. All data shown are mean + SEM and individual neurons.

3. RESULTS

3.1 Activation of TRPM3 channels elevate intracellular calcium.

TRPMS3 channels have been shown to be expressed and active in cultured nodose neurons
using Fura-2 Ca2* imaging and the application of pregnenolone sulfate (Preg) (Ragozzino
et al., 2021). To confirm the activity of TRPM3 channels in our neuronal cultures, Preg was
perfused onto the neurons while monitoring 340/380 fluorescence ratio for each cell (Fig
1A, top). Examination of fluorescence over time in the absence of Preg served as a time
control (i.e., vehicle (Meh), Fig 1A, bottom). As shown in the representative neurons (Fig
1B-D), application of 30 and 100 uM Preg reversibly increased intracellular Ca2*.

To quantify the magnitude of Preg-induced Ca?* elevation, we compared the responses to
Preg to those of its vehicle. Across our sample, vehicle alone applied twice in succession

did not increase Ca?* compared to their preceding baselines (Fig 1E, Veh-1, 1.015 + 0.006
and Veh-2, 1.025 + 0.008). Conversely, application of Preg elevated Ca2* from Bsl; those
neurons that responded to Preg greater than Veh alone were categorized as “responders”.
Compared to Veh, Preg significantly elevated Ca2* (Fig 1F, p < 0.05 vs Veh, Mann-Whitney
test). However, between both concentrations, the increase in Ca2* was similar (Fig 1F, 30 vs.
100 uM, p > 0.05, Wilcoxon test), as well as the proportion of responders (51% vs 55%).

Pregnenolone sulfate may have off-target effects (Adamusova et al., 2013). To further
confirm Preg specificity as well as TRPM3-induced Ca2* elevation, we performed two
additional protocols. First, we examined the ability of the TRPM3 blocker ononetin (Straub
et al., 2013) to prevent Preg-induced influx (timeline shown in Fig 2A). As shown in

the representative cells in Fig 2B, Preg (50 uM, a dose chosen due to the similar Ca2*
responses with 30 and 100 uM) reversibly elevated Ca2* compared to Veh (p < 0.05,
Mann-Whitney test). Following Preg-washout, application of ononetin alone (20 uM, 60s)
did not alter Ca2* (340/380 ratio in ECS, 0.1762 + 0.0167 vs. ONO, 0.1757 + 0.0167, n=
46, p > 0.05, Wilcoxon matched-pairs signed rank test). However, ononetin eliminated the
response to subsequent Preg. Quantitative data illustrating the reduction in Preg-mediated
Ca?* increases by TRPM3 block is shown in Fig 2C (p < 0.05 vs previously applied 50 uM
Preg, Wilcoxon matched-pairs signed rank test). Second, we examined the Ca2* response to
the unique TRPM3 agonist, CIM 0216 (10, 20, and 50 uM, 60s). CIM 0216 at 20 and 50
UM significantly increased Ca?* compared to vehicle and this was concentration dependent
(Kruskal-Wallis test with Dunn’s multiple comparison test, Fig 2D). The elevation of Ca2*
by CIM 0216 at 50 uM similar to that of 30 uM Preg (p > 0.05, Mann Whitney test, Fig 2E),
suggesting maximal activation under both agonists. Taken together, these data confirm the
existence of TRPM3 in visceral sensory somas and their influence on Ca2* elevation.
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3.2 Pregnenolone sulfate increases Ca2* signaling through membrane bound TRPM3
channels.

Functionally, our data confirm TRPM3 channels are present on the membrane of nodose
neurons. TRP channels may also influence intracellular Ca2* via other mechanisms
including from intracellular stores (Islam, 2020). To confirm the former, Preg was applied to
cells bathed in a solution lacking extracellular Ca2* (0 mM, 60s). The addition of Preg in a
0 mM Ca?* solution ablated the increase in intracellular Ca2*. Comparing the 30 and 100
UM Preg response in normal 2 mM Ca2* to those in 0 mM Ca?* confirmed a significantly
attenuated response (p < 0.05, Mann-Whitney test, Fig 2F). These data indicate activation of
TRPM3 induces Ca?* influx through membrane-bound channels.

3.3 Acutein vivo sustained hypoxia enhances TRPM3 Ca?* response, which is reversible
following recovery.

Exposure to acute sustained hypoxia (SH, 10% O) induces cardiorespiratory plasticity
including enhanced peripheral reflex sensitivity and nTS activity (Matott et al., 2020).
Hypoxia also contributes to or is associated with altered TRP channels (Kline et al., 2019).
To examine if acute /7 vivo SH altered TRPM3 function, we subjected rats to either room
air (21% O») or 10% inspired O, for 24hr followed by neuronal examination as Fig 1 and
2. Vehicle was again without effect on Ca2* following /n vivo hypoxia or normoxia (not
shown). As quantified in Fig 3A, Preg (30 pM) increased intracellular Ca%* to a greater
extent after /n vivo 24-hr hypoxia compared to /n vivo 24-hr Norm exposure (p < 0.05,
Kruskal-Wallis with Dunn’s test). The greater increase in Ca2* after hypoxia occurred
despite the similar number of cells that respond to Preg in Norm and hypoxia (43% vs. 40%,
respectively).

The magnitude by which /nvivo SH exposure irreversibly altered TRPM3 function was
next examined. To test the potential reversibility of exaggerated Ca2* responses to TRPM3
activation after /n vivo SH, rats were exposed to 24-hr SH followed by 24-hr normoxic
exposure. As a time control, another group of rats was exposed to persistent 48-hr normoxia.
Following neuronal dissociation, 30 UM Preg was applied as Figure 1. Preg increased
intracellular Ca?* the same degree after 24-hr SH + 24-hr Norm (n= 61) as their 48-hr Norm
controls (n= 45, p > 0.05, Kruskal-Wallis with Dunn’s test, Fig 3A). Importantly, responses
to TRPM3 activation after 24-hr SH was greater than that of 48-hr Norm and 24-hr SH +
24-hr Norm (p < 0.05 vs 24-hr SH alone, Fig 3A), demonstrating reversibility of effects.

3.4 Invitro hypoxia does not elevate TRPM3 responses.

In vivo hypoxia results in cardiorespiratory adjustments due to neuronal activity and hypoxic
exposure. We sought to determine if acute sustained /n vitro hypoxia alters TRPM3-induced
Ca?* responses to Preg (30 pM), independent of the (neuro)physiological effects. Here,
following isolation of neurons from naive rodents, cultures were exposed to either 24-hr

of 1% O, or as a control 21% O, (i.e., Norm). As above, cells were exposed to either

Preg or vehicle with the latter responses again serving to set the threshold for consideration
of a Preg-response. As quantified in Figure 3B, although the number, or distribution, of
neurons that responded to Preg tended to be greater after /n vitro SH (p = 0.07, Kolmogorov-
Smirnov test), the overall magnitude was similar in extent to /7 vitro Norm (p = 0.14,
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Mann Whitney). The number of responders was also similar (Norm, 59% vs hypoxia, 56%).
Together, these data suggest that reduced oxygen tension alone does not increase TRPM3
function in nodose neurons.

3.5 Chronic intermittent hypoxic exposure does not elevate TRPM3 Ca?* response.

To examine if the pattern of hypoxic exposure is critical for TRPM3-altered function
(Prabhakar et al., 2002), we examined neurons following /7 vivo chronic intermittent
hypoxia (CIH), which mimics episodic breathing in a variety of conditions. We have shown
that CIH alters TRPV1 expression and function to contribute to altered afferent signaling
(Kline et al., 2019). In the present study, rats were exposed to 10 days CIH during their
inactive period as per our previous studies (Kline et al., 2009; Kline et al., 2007; Kline et al.,
2019). Neuronal dissociation and Preg application occurred the following day, a time frame
within which nTS synaptic alterations persist after CIH. In contrast to SH, the magnitude of
Preg-induced calcium influx was similar between Norm and CIH (p = 0.17, Mann-Whitney
test, Fig 3C) exposed neurons.

3.6 Trpm3 mRNA expression increases after hypoxia.

The expression of frpm3 mRNA following SH was examined via RNAScope. As shown in
Fig 4A, trom3was expressed in neurons throughout the normoxic and SH nodose ganglion.
Quantifying expression demonstrated a significant elevation of mMRNA transcript after SH
(n=3 each, p < 0.05, Fig 4B). RT-PCR analysis demonstrated that SH tended to elevate
trpm3 expression relative to their normoxic controls (SH, Fig 4C, n=5-6 ea, p = 0.086).
Exposure to CIH also significantly elevated TRPM3 mRNA compared to their matched
normoxic controls (Fig 4D, n=4 ea, p < 0.05).

4. DISCUSSION

In the present study, we confirmed TRPM3 is localized and functional within the rat nodose
ganglia. When activated these channels increase intracellular Ca2* via transmembrane
influx. We further demonstrate SH exposure increases the Ca2* response to TRPM3
activation and this augmentation occurred following in vivo, but not in vitro, sustained
hypoxia exposure. The hypoxia-induced elevation in response to TRPM3 activation is
reversible following return to normoxia. By contrast, CIH did not alter CaZ* responses to
TRPMS3 activation. Taken together, these studies provide a potential role of TRPM3 in the
hypoxia-induced altered vagal reflex sensitivity.

TRP channels are expressed within peripheral viscero- and chemosensory afferents, their
central nTS processes, and are functionally relevant. For instance, members of the vanilloid
family TRPV1-4 (Fenwick et al., 2014; Gu et al., 2005; Okano et al., 2006; Sasaki et al.,
2013; Wu et al., 2016; Yamamoto et al., 2007; Zhang et al., 2004) and ankyrin family
TRPAL (Brierley et al., 2009; Choi et al., 2011; Hondoh et al., 2010; Sun et al., 2020; Zhao
et al., 2010) have been localized to ganglia neurons. TRPAL participates in enhancing nTS
discharge in response to lung irritants (Mutoh et al., 2013) and increases nTS synaptic
activity via their presynaptic contribution (Feng et al., 2019). Members of the TRPC
(canonical) family are found within the carotid body and its innervating petrosal ganglia
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neurons (Buniel et al., 2003). Of the TRPM (melastatin) family, TRPM3, 7 & 8 are found

in the carotid body (Shin et al., 2019) and petrosal ganglia neurons (Hondoh et al., 2010;
Hossain et al., 2018; Nassenstein et al., 2008; Yajima et al., 2019; Yu et al., 2015; Zhang et
al., 2004; Zhao et al., 2010). Relevant to the present study, TRPM3 has also been localized
within nodose ganglion neurons. TRPM3 increases in expression during development (Staaf
et al., 2010). In the juvenile rat, TRPM3 mRNA and protein are expressed in 24 —76%
(Jawaid et al., 2022; Ragozzino et al., 2021) of nodose neurons. Confocal analysis further
suggests that of those 24% of cells that have high expression of TRPM3, localization

is below or near the surface of the membrane (Jawaid et al., 2022). Our studies using
RNAScope analysis confirm robust mRNA of TRPM3 in the nodose ganglia, yet whether its
MRNA expression represents high or low protein requires further analysis.

Our results further confirm the functional relevance of TRPM3 in vagal neurons. Bath
application of the TRPM3 agonist pregnenolone reversibly increased intracellular Ca2* via
transmembrane influx, consistent with previous studies in the nodose (Ragozzino et al.,
2021) and other sensory neurons (Thiel et al., 2017). While pregnenolone is a prototypic
TRPMS3 agonist, it may possess off-target effects (Thiel et al., 2017). To confirm the
activation of TRPM3 channels by pregnenolone, we applied the specific TRPM3 channel
blocker ononetin along with pregnenolone and noted ablation of the response. In addition,
pregnenolone had no effect on calcium influx in TRPM3 knockout mice (Ragozzino et al.,
2021). Last, the use of an additional TRPM3-specific agonist (CIM 0216) mimicked the
Ca?* increase caused by pregnenolone. Overall, activation of TRPM3 increased Ca2* in a
large proportion, but not all, of the neurons studied confirming that not all vagal afferent
express functional TRPM3. Alternatively, those neurons that express TRPM3 yet do not
functionally increase Ca?* upon their activation may represent those neurons that express
splice variants that have less Ca2* permeability (Thiel et al., 2017).

Exposure to hypoxia is a common stressor that results in and is associated with elevated
chemoreflex and altered autonomic function. In this study, we examined the potential

role for TRPM3 in vagal afferent responses following sustained and intermittent hypoxia.
Exposure to acute sustained hypoxia (SH) decreases baroreflex control of heart rate and
induces tachycardia, effects mediated in part through the vagus. We and others have shown
that one day of SH enhances nTS glutamatergic synaptic transmission within the nTS via
presynaptic mechanisms (Accorsi-Mendonca et al., 2015; Accorsi-Mendonca et al., 2019;
Matott et al., 2020), which may be due, in part, to sensitization of the central afferent
synapses (Flor et al., 2018). Given the importance of TRPM3 to elevate nTS glutamatergic
neurotransmission (Ragozzino et al., 2021), we sought to examine the elevation of Ca2*
following activation of these channels in sensory somas. Following 24-hr of SH exposure
(10% O»), activation of TRPM3 channels increased Ca?* significantly more than their
normoxic controls. However, the number of responders remained constant between the

SH and their normoxic control group. Importantly, these enhanced Ca2* responses readily
reversed following an additional 24-hr of normoxic exposure. While we did not evaluate
TRPMS3 protein expression, mRNA expression was elevated by SH when examined via
RNAScope. Although our RT-PCR analysis of SH versus Norm mRNA did not reach
statistical significance, the results were consistent with that of RNAScope. The increase

in mMRNA when measured by RT-PCR may be limited by differences in ganglia isolation
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or cDNA generation, compared to the direct binding of RNAScope in tissue. Overall, the
augmented Ca2* responses may suggest increased conduction through the TRPM3 channel
as well as a potential increase in expression after hypoxia.

In vivo hypoxia elevates neuronal and humoral/neuropeptide activity (Chen et al., 2007;
Goraca, 2004; Kelestimur et al., 1997; Ruyle et al., 2018; Stegner et al., 1984) that may
influence TRPM3 function via the influence of one or more second messengers (Thiel et
al., 2017). To minimize the potential influence of neuronal and humoral activity in our
interpretation, we examined Ca2* responses following in vitro hypoxia. To do so, following
their dissociation, nodose neurons were placed in a sealed chamber containing 1% O,-5%
COs or 21% 0,-5% CO, (normoxic controls). TRPM3 activation tended to but did not
statistically enhance the Ca2* response, or their distribution, after /n vitro hypoxic exposure
compared to their normoxic controls. Although we set the oxygen concentration to 1%,

a common level for /n vitro hypoxic exposure studies (Wu et al., 2011) including those
examining TRP channels (Parpaite et al., 2016), we do not know the partial pressure of
oxygen (pO2) within the media nor whether it remained consistent for the entirety of
exposure (Pavlacky et al., 2020). It may also be more hypoxic than that during /n vivo
exposure. It is likely that pO, within the ganglia tissue is considerably lower than the
inspired 10% O, due to tissue metabolism. For instance, while the pO, within the nodose
is unknown, the mean pO, of the rat dorsal root ganglia is ~36 torr while inspiring room
air (Zochodne et al., 1991), and likely even lower under hypoxic conditions. Thus, shorter
or longer in vitro SH may have greater effects. Nevertheless, our data showing exposure
to /n vivo, but not /n vitro, sustained hypoxia augments TRPM3-mediated calcium influx
suggested the increase in function may be due to neuronal activity-dependent changes that
occur in hypoxia.

In contrast to sustained hypoxia, TRPM3 function was not altered following 10 days of
CIH that mimics the brief (~ 45s) hypoxic episodes observed during sleep apnea. We had
hypothesized CIH would elevate TRPM3 expression and/or function given its contribution
to nTS signaling (Ragozzino et al., 2021) and the CIH elevation of spontaneous glutamate
release due in part to increased TRPV1 function (Kline et al., 2019). TRPM3 continued

to influence nodose activity in ~ 50% of neurons, yet the magnitude of response was not
altered compared to normoxic rats. These data further indicate that the pattern of in vivo
neuronal activity or hypoxic exposure is critical to the influence on TRPM3 on Ca2* influx.
In particular, we demonstrate the increased TRPM3 function following SH is reversed after
a 24-hr return to normal oxygen levels. Given that we monitored TRPM3-mediated Ca2*
elevation ~ 12 hrs after the last hypoxic bout during the CIH exposure, any functional
increase may have quickly reversed. The prolonged resting period between the last hypoxic
bout and recording may also contribute to the discrepancy between the trom3 mRNA
elevation in CIH yet lack of functional effects. Interestingly, a similar time course does

not reverse many of the CIH-induced changes in synaptic neurotransmission at the sensory
afferent-nTS synapse (Kline et al., 2009; Kline et al., 2007; Kline et al., 2019).

Sustained hypoxia may directly influence TRPM3 channel activity as it does for other
members of the TRP family. For instance, overnight exposure to hypoxia sensitizes TRPV1
in HEK293T cells and rat sensory neurons, increasing inward current amplitude in response
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to capsaicin (Kim et al., 2012; Ristoiu et al., 2011), and TRPAL1 and TRPM7 have been
suggested to be O, sensors (Mori et al., 2017). Such elevation in current may be due, in
part to changes in redox state or activation of hypoxia-inducible factor (HIF) to elevate
signaling cascades (Hatano et al., 2021; Nagarajan et al., 2017). In addition, elevation of
transcription factors such as cFos and AP-1 in response to hypoxia (Premkumar et al.,
2000) and/or TRPM3 activation (Thiel et al., 2017), may influence expression or function
of one or more crucial proteins. Hypoxia may also alter G-protein-coupled receptors. For
instance, activation of GB-y subunits reduce TRPM3 activity whereas phosphoinositide
phosphoinositol 4,5-biphosphate (P1(4,5)P2) enhances its activity (Vriens et al., 2018). It is
tempting to speculate that an altered balance between these systems may enhance TRPM3
function, in addition to expression, following SH.

In conclusion, TRPM3 channels are expressed in the nodose ganglion and increase calcium-
influx following hypoxia. The increase in TRPM3 function was hypoxic specific and
reversed by 24 hours of normal oxygen levels following the removal of the hypoxic
stimulus. These results may suggest TRPM3 channels contribute to reflex function.
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HIGHLIGHTS
. Activation of TRPM3 channels in nodose neurons increases intracellular
calcium
. In vivo short-sustained hypoxia (1d, 10% O,) reversibly increases TRPM3

calcium responses

. By contrast, in vivo 10-day intermittent hypoxia did not alter TRPM3

responses

. Hypoxia increases trpm3 mRNA transcripts
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Figure 1. TRPM3 activation increases intracellular ca?*.
(A) TRPM3 agonist Pregnenolone (Preg) was applied to neurons twice at two different

concentrations (60s ea.) with a wash in extracellular solution (ECS) occurring in between
(300s). Vehicle experiments using an identical timeline were performed to examine Ca2*
changes over time. (B) Brightfield image showing acute isolated neurons. C) Fluorescence
(520 nm) of neurons shown in B excited under 340 (red) and 380 (green) nm fluorescence.
Shown is the overlay. Note increase in red fluorescence from Bsl after Preg is applied,
indicating elevation of intracellular calcium. Insets in B,C show magnified view of
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individual cell. (D) Cells shown in C demonstrating a robust response to 30 and 100 pM
Preg (orange highlight). B-C, Scale bar is 25 uM. (E, F) Ratio of 340/380 fluorescence
during vehicle (E) and Preg (F) in relation to the immediate baseline prior to their
application (%AF/F). “1” and dashed line denotes lack of change from baseline. Vehicle
(E, n=48) alone did not increase Ca?*, whereas Preg (F) at 30 and 100 pM (n=36 and 39,
respectively) increased CaZ* from their baseline which is similar between concentrations.
p > 0.05, 30 vs 100 uM Preg, Wilcoxon matched-pairs signed rank test; #, p < 0.05 vs
respective Veh, Mann-Whitney test.
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Figure 2. Confirmation of TRPM3 function in nodose neurons.
(A, B) Protocol timeline and representative examples. Preg (50 pM) was applied to neurons,

demonstrating an increase in Ca2*. After its wash-out, TRPM3 blocker Ononetin (Ono) was
applied, followed by Preg in the presence of Ono. Note the reduction in TRPM3-mediated
increase. Elevated K (50 mM, 10s) was applied to confirm the cells remained responsive
after the Ono-mediated reduction in Ca2*. (C) Quantitative data. Preg response is eliminated
by Ono. n=33; #, p < 0.05 vs Veh, Mann Whitney test; *, p < 0.05 vs Preg alone, Wilcoxon
test. (D) As an additional test, the TRPM3 agonist, CIM0216, was applied at increasing
concentrations with an intermittent washout. Neurons demonstrated an elevation of Ca2*
with CIM0216. n=41; #, p < 0.05, CIM0216 vs Veh; *, p < 0.05, 20 and 50 vs 10 pM;
Kruskal-Wallis test with Dunn’s multiple comparison test. (E) CIM0216 and Preg produce
similar magnitudes of response, p > 0.05, Mann Whitney test. (F) To examine the necessity
for extracellular Ca%* in the TRPM3-mediated increase in intracellular Ca%*, Preg was
applied in the absence of extracellular Ca2* (balanced via an increase in Mg2*). Preg at 30
and 100 pM in 0 mM calcium solution does not elicit elevation of Ca2* (* p < 0.05 vs 2 mM
Preg, #, p < 0.05 vs Veh, Mann-Whitney test). 0 mM Ca?*, n= 52; 2 mM Ca 2*, n=71.
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Figure 3. In vivo sustained hypoxia elevates TRPM3-mediated calcium influx.
(A) Protocol as described in Fig 1A. Preg (30 uM) increased intracellular calcium

concentrations more in /1 vivo 24hr SH cells than in /n vivo 24hr Norm (N) cells. Adding a
period of 24hr normoxia after initial hypoxia (24hr SH + 24hr N) eliminated this increase,
demonstrating reversal of TRPM3 enhancement. *, p < 0.05, 24h SH vs 24h N; $, p < 0.05,
24h SH vs 48h N and 24h SH+ 24h N, Kruskal-Wallis with Dunn’s test. (B) /n vitro 24hr SH
did not alter Preg responses compared to in-vitro 24hr Norm. p > 0.05, Mann-Whitney test,
although it tended to increase the number (or distribution) of cells that responded to a high
degree (p = 0.07, Kolgorov-Smirnov test) (C) 10d Norm and 10d CIH had equal responses to
Preg; n= 36, Norm; n=19, CIH; #, p < 0.05 vs Bsl, p > 0.05 Norm vs CIH, Mann-Whitney
test.
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Figure 4. Hypoxia elevates TRPM3 mRNA.
(A). RNAScope demonstrating &rpm3 mRNA expression (red) in the rat nodose ganglion

(max projection), and the elevation of signal after SH. Also shown is overlay with DAPI.
Scale, 100 um. Inset shows elevation of #rpm3after SH. Scale, 25 pm. (B). Quantification of
RNAScope frpm3 mRNA signal in Norm and SH ganglia (n=3 ea). Signal was normalized to
tissue size and each “n” represents the average of 2-3 individual sections. (C, D). RT-PCR of
trom3normalized to that of gaaph after SH (C, n=5,6) or CIH (D, n=4 ea). unpaired t-test.
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