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Abstract

Previous studies reported that opioids depress breathing by inhibiting respiratory neural networks in the brainstem. The
effects of opioids on sensory inputs regulating breathing are less studied. This study examined the effects of fentanyl and
sufentanil on carotid body neural activity, a crucial sensory regulator of breathing. Both opioids stimulated carotid body
afferent nerve activity and increased glomus cell [Ca?*]; levels. RNA sequencing and immunohistochemistry revealed a high
abundance of « opioid receptors (KORs) in carotid bodies, but no p or § opioid receptors. A KOR agonist, like fentanyl,
stimulated carotid body afferents, while a KOR antagonist blocked carotid body activation by fentanyl and KOR agonist. In
unanesthetized rats, fentanyl initially stimulated breathing, followed by respiratory depression. A KOR agonist stimulated
breathing without respiratory inhibition, and this effect was absent in carotid body-denervated rats. Combining fentanyl
with a KOR agonist attenuated respiratory depression in rats with intact carotid body but not in carotid body-denervated
rats. These findings highlight previously uncharacterized activation of carotid body afferents by fentanyl via KORs as
opposed to depression of brainstem respiratory neurons by p opioid receptors and suggest that KOR agonists might
counteract the central depressive effects of opioids on breathing.
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Introduction

Fentanyl is a widely used opioid in clinics for treating chronic
pain and inducing anesthesia. However, the addictive nature
of fentanyl often leads to abuse and mortality. A major cause
of deaths associated with fentanyl is depression of breath-
ing, known as opioid-induced respiratory depression (OIRD).
High prevalence of fentanyl-related deaths prompted inves-
tigations on assessing the respiratory responses to fentanyl
and other opioids in experimental models and identifying
the site(s) and opioid receptors (ORs) mediating breathing
depression.

Besides humans, opioids produce respiratory depression in
several mammalian species, including cats,? rats,?” and mice.®
Opioid-induced respiratory depression was also reported in
frogs,’” turtles,® snakes,® and lamprey*® demonstrating opioids
depress breathing in mammalian and non-mammalian species
studied thus far.

Brainstem neural networks generate respiratory rhythm.
Given that opioids can cross the blood brain barrier, much atten-
tion has been focused on investigating the effects of opioids on
respiratory rhythm generating neural networks. Three key net-
works related to breathing have been identified in brainstem,
including the pre-Botzinger Complex (preBotC) generating inspi-
ration, the retrotrapezoid/parafacial nucleus (RTN/pFRG) for
activating expiration and CO, sensing, and the post-inspiratory
complex (PiCo) for post-inspiratory activity.!* Descending inputs
from the Kolliker-Fuse/Parabrachial (KF) nuclei in dorsolat-
eral pons influence these 3 networks. With the exception of
RTN/pERG, opioids inhibit the preBotC, PiCO, and the pontine
KF.12_16

W, 8, and k receptors are major ORs identified so far.'’ Tar-
geted genetic deletion of pu-ORs in the preBotC reduces respi-
ratory depression with low but not with high doses of mor-
phine in mice, while deletion of p-ORs in KF neurons reduces
respiratory depression with all doses of morphine.® pu-ORs are
also implicated in opioid-induced breathing depression in lam-
preys'® and snakes.® Conversely, §-ORs are implicated in opioid-
induced breathing depression in turtles.® These studies sug-
gest that pu-ORs play a major role in opioid-induced inhibition
of brainstem respiratory-related neurons, mediating OIRD in
mammals.

Breathing is regulated not only by brainstem neural net-
works but also by chemo- and mechanosensory inputs from the
peripheral nervous system (PNS). In 1982, Willette and Sapru'®
reported that systemic application of morphine sulfate caused
apnea within a second, along with activation of the recurrent
laryngeal nerve, bradycardia, and a biphasic changes in blood
pressure (BP) of decerebrate rats. These effects are mediated by
the activation of vagal sensory C fibers in the lungs.'® Similar
findings were also recently reported by Zhuang et al.’® These
studies suggest that, unlike brainstem neurons, opioids may
activate pulmonary vagal afferents in the PNS.

Carotid bodies are sensory organs for monitoring arterial
blood O, levels, and carotid body chemoreflex stimulate breath-
ing.?’ Previous studies reported that enkephalins and morphine
inhibit carotid body afferent nerve activity.?>?> However, it is
unknown whether fentanyl also inhibits carotid body neural
activity. We hypothesized that fentanyl at doses used clinically
for minor and major surgeries inhibits carotid body afferent neu-
ral activity facilitating respiratory depression. Contrary to our
hypothesis, our results showed that fentanyl stimulated carotid
body afferent neural activity in rats and elevated [Ca?*]; in O-
sensitive glomus cells through kappa opioid receptors (KOR).
Furthermore, a KOR agonist stimulated breathing and, and when
given with fentanyl reduced respiratory depression, and these
effects were absent in carotid body-denervated (CBD) rats.

Materials and Methods

Experimental protocols were approved by the Institutional Ani-
mal Care and Use Committee of the University of Chicago (Proto-
col # ACUP 71810, approved on February 22, 2022). Studies were
performed on both male and female adult (age 3-4 months old)
Sprague-Dawley rats.

Preparation of Animals for Acute Experiments

Rats were anesthetized with urethane (1.2 g/kg, i.p. Sigma, USA),
supplemented hourly with 15% of the initial dose. After tracheal
intubation, a femoral artery and vein were cannulated for mea-
suring arterial BP (CWE, Inc., model TA-100) and for intravenous
administration of fluids and drugs. Animals were paralyzed with
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pancuronium bromide (2.5 mg/kg/h, iv, Sigma, #P1918) to pre-
vent spontaneous breathing. Rats were mechanically ventilated
(Kent Scientific, model RoVent) with oxygen-enriched room air.
Rectal temperature was maintained at 38 + 1°C using a heating
pad. At the end of the experiments, animals were euthanized
with an intravenous administration of euthanasia.

In Vivo Measurements of Carotid Body Sensory Activity

Carotid body sensory nerve activity was recorded in anes-
thetized rats as previously described.?* The carotid bifurcation
was isolated, and the carotid sinus nerve was transected at its
junction with the glossopharyngeal nerve. Sensory nerve activ-
ity was recorded using a monopolar platinum-iridium wire elec-
trode, with a reference electrode placed in a nearby neck mus-
cle. Electrical activity was amplified by an AC amplifier (Grass,
P511K) with a bandwidth of 100-3000 Hz and displayed on an
oscilloscope (Tektronix, TDS2012). Action potentials above base-
line noise were converted to standardized pulses using a win-
dow discriminator (WPI, model 121). The output was fed into a
rate meter (CWE, RIC-830) to display integrated neural activity.
Signals from the rate meter, raw action potentials, and BP were
continuously recorded and stored via a data acquisition sys-
tem (Power Lab/8P, AD Instruments) for further analysis. Carotid
body sensory activity was identified by increased nerve activ-
ity in response to hypoxia and decreased activity by hyper-
oxia (100% 0O,). Occluding the common carotid artery for 10 s
caused no change or an increase in sinus nerve activity, indi-
cating the sensory activity originated from the carotid body
rather than carotid baroreceptors. Fentanyl dissolved in saline
(0.3 mL, Sigma, #F-013) was administered through the femoral
vein catheter over a 1 min period.

Ex Vivo Measurements of Carotid Body Sensory Activity

Sensory nerve activity from ex vivo carotid body was recorded as
previously described.?*? Briefly, carotid bodies along with the
sinus nerves were harvested from urethane anesthetized rats,
placed in a recording chamber (volume, 250 ;L), and superfused
with warm physiological saline (35°C) at a rate of 3 mL/min. The
composition of the medium was (mM): NaCl, 125; KCl, 5; CaCl,,
1.8; MgS0y4, 2; NaH,POy4, 1.2; NaHCOs, 25; D-Glucose, 10; Sucrose,
5. The solution was bubbled with 21% 0,/5% CO, balanced room
air, and hypoxic challenges were achieved by switching the per-
fusate to physiological saline equilibrated with 5% 0,/5% CO,
balanced room air. Carotid body sensory nerve responses to fen-
tanyl and/or OR agonists/antagonists were examined by switch-
ing the perfusate to physiological saline containing correspond-
ing compounds for 5 min. To facilitate recording of clearly iden-
tifiable action potentials, the sinus nerve was treated with 0.1%
collagenase for 5 min. Action potentials (1-3 active units) were
recorded from one of the nerve bundles with a suction electrode
(band pass 30 Hz-10 kHz) and stored in a computer via a data
acquisition system (PowerLab/8P), and the sampling rate was set
at 10 kHz. “Single” units were sorted based on the shape, height,
and duration of the individual action potentials using the spike
discrimination module.

Primary Cultures of Glomus Cells

Protocols for preparing primary glomus cell cultures are the
same as previously described methods.?® Briefly, carotid bod-
ies were harvested from urethane-anesthetized rats, and glo-
mus cells were dissociated using collagenase P (2 mg/mL),
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DNase I (15 pg/mlL), and BSA (3 mg/mL) at 37°C for 20 min, fol-
lowed by a 15-min incubation in Locke’s buffer with DNase I
(30 pg/mL). Cells were plated on collagen-coated coverslips and
maintained at 37°C in a 7% CO, + 20% O, incubator for 12—
18 h. The growth medium consisted of DMEM/F-12 medium,
supplemented with 1% fetal bovine serum, insulin-transferrin-
selenium (ITS-X), and 1% penicillin-streptomycin-glutamine
mixture.

Measurements of [Ca?*];

[Ca?*]; in glomus cells was measured as described previously.?®
Briefly, glomus cells on a coverslip were incubated in Hanks’ bal-
anced salt solution with 2 pm fura-2 AM and 1 mg/mL BSA for 30
min, then washed in a fura-2-free solution for another 30 min at
37°C. The coverslip was transferred to a chamber for measuring
intracellular calcium concentration [Ca?*];. Background fluores-
cence was collected at 340- and 380-nm wavelengths from an
area devoid of cells. Glomus cells were identified by their char-
acteristic clustering, and individual cells were imaged using a
Leica microscope with a Hamamatsu camera and HC Image soft-
ware. Image pairs (340 nm and 380 nm) were obtained every 2 s
by averaging 16 frames at each wavelength. Data were contin-
uously collected throughout the experiment, and background
fluorescence was subtracted from the cell data at each wave-
length. Fluorescence intensity was calculated by dividing the
340 nm image by the 380 nm image to obtain a ratiometric image.
Ratios were converted to free [Ca?*]; using calibration curves
constructed in vitro with fura-2 (50 uM free acid) in solutions
containing known Ca?* concentrations (0-2000 nm). The record-
ing chamber was continually irrigated with warm physiological
saline (31°C) from gravity-fed reservoirs, with the same com-
position as that used for recording carotid body sensory nerve
activity.

RNA Sequencing of ORs

RNA sequencing was performed as previously described.?”
Carotid bodies were collected from anesthetized rats. Total RNA
was isolated (n = 8 carotid bodies/experiment, n = 3 experi-
ments) using Direct-zol RNA Microprep Kits (Zymo Research,
R2060, Irvine, CA, USA) and submitted to the University of
Chicago Genomics Core Facility (RRID: SCR-019196) for sequenc-
ing. cDNA library construction was carried out with 100 ng of
total RNA input followed by 100 bp paired-end sequencing (using
PolyA + selection) on an Illumina NovaSEQ 6000 platform. The
sequencing data were processed by the University of Chicago’s
CRI Bioinformatics Core. The quality of raw sequencing reads
was assessed with FastQC. Uniquely mapped reads of Oprul,
Oprs1, and Oprk1 were obtained by aligning the FASTQ files to
the rat reference transcriptome (Rnor_6.0.102) using STAR ver-
sion 2.6.1d. Relative gene expression levels were summarized
and expressed as Fragments Per Kilobase of transcript per mil-
lion mapped reads (FPKM). The raw RNA-seq data are accessible
via GEO (GSE #252955).

Immunohistochemistry of ORs

Immunohistochemistry of the carotid body and brainstem was
performed as described previously.?®:%° Briefly, anesthetized rats
(urethane 1.2 g/kg, ip) were perfused transcardially with hep-
arinized PBS (pH 7.4) at a rate of 30 mL/min for 10 min, followed
by PBS-buffered 4% paraformaldehyde (Sigma, #158127) for 30
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min. Carotid bifurcations and brainstems were removed, post-
fixed in 4% paraformaldehyde for 3 and 24 h, respectively, and
cryoprotected in 30% sucrose-PBS at 4°C for 24 h. Frozen tissues
were serially sectioned at a thickness of 8 um (carotid bodies)
or 30 um (brainstems, coronal section) and stored at -80°C. Sec-
tions were treated with PBS containing 10% normal goat serum
and 0.2% Triton X-100 for 30 min and then incubated with pri-
mary antibodies in PBS containing 1% normal goat serum and
0.05% Triton X-100 at 4°C for 24 h, followed by 3 washes with
PBS containing 0.05% Triton X-100. Sections were then incu-
bated with a secondary antibody at room temperature for 1 h,
followed by 5 washes with PBS containing 0.05% Triton X-100.
Sections were mounted in Vectashield with DAPI (Vector Labo-
ratories, #H-1200) and visualized using an all-in-one fluorescent
microscope (BZ-X810; Keyence Corp. of America, Itasca, IL). The
anatomical location of the preBotC was identified based on an
adult brain atlas.?

Carotid body sections were treated with a primary antibody
against tyrosine hydroxylase (TH) and another against an anti-
opioid receptor antibody (MOR-1, DOR-1, or KOR-1), while brain-
stem sections were treated with an anti-Neurokinin-1 recep-
tor (NK1R) antibody and another against an anti-opioid recep-
tor antibody (MOR-1 or KOR-1). The primary antibodies used
were rabbit anti-TH antibody (Pel-Freez Biologicals; #P40101-0;
dilution 1:1000), mouse anti-TH antibody (Sigma, #T1299, dilu-
tion 1:1000), guinea pig anti-NK1R antibody (Millipore, AB15810,
dilution 1:500), rabbit anti-NK1R antibody (Novus Biologicals,
NB300-119B, dilution 1:250), mouse anti-KOR-1 antibody (Santa
Cruz, sc-374479; dilution 1:200), mouse anti-MOR-1 antibody
(Santa Cruz, sc-515933; dilution 1:200, for carotid bodies), rab-
bit anti-MOR-1 antibody (Sigma, ZRB2031, dilution 1:500, for
brainstems), and rabbit anti-DOR-1 antibody (Abcam, ab176324;
dilution 1:200). The secondary antibody (dilution 1:250) used
for detecting binding of TH or NK1R was either Alexa Fluor
488-conjugated goat anti-mouse IgG (Thermo Fisher Scien-
tific, A11029) or goat anti-rabbit IgG (Thermo Fisher Scien-
tific, A11034), and for detecting binding of ORs was Alexa
Fluor 555-conjugated goat anti-mouse IgG (Thermo Fisher Sci-
entific, A21424), goat anti-guinea pig IgG (Thermo Fisher Scien-
tific, A21435), or goat anti-rabbit IgG (Thermo Fisher Scientific,
A21429).

Jugular Vein Catheter and Temperature Microchip
Implantation

Rats were anesthetized with isoflurane (4% induction, 1.5%
maintenance). A polyurethane venous catheter (Instech Labora-
tories) filled with 0.9% saline was implanted into the right exter-
nal jugular vein under aseptic conditions for administering fen-
tanyl and/or KOR agonist. The catheter was tunneled subcuta-
neously and exteriorized at the nape of the neck. A temperature
microchip (UCT-2112, Unified Information Devices) was injected
subcutaneously into the midback, and body temperature was
monitored using an RFID reader (URH-300HP, Unified Informa-
tion Devices) during experiments.

Carotid Body Denervation

The carotid artery bifurcation area was exposed through a mid-
line incision of approximately 1 cm at the anterior neck in rats
under isoflurane anesthesia. The carotid sinus nerve was iden-
tified where it joins the glossopharyngeal nerve and was cut.
Sham-operated rats served as controls.

Breathing Measurements in Conscious Rats

Rats with jugular vein implant, sham, and CBD rats were allowed
from surgical recovery for 7 days. Breathing was monitored in
these rats without anesthesia with whole body plethysmogra-
phy (Buxco, DSI, St. Paul, MN) as described previously.3%3! Res-
piratory variables (breathing rate, tidal volume, and minute ven-
tilation) and duration of apnea were measured. Sighs, sniffs,
and movement-induced changes in breathing variables were
excluded from the analysis. Rats were acclimated to the plethys-
mograph chamber for 1 h. All measurements were made
between 9:00 aM and 12:00 pM at ambient temperature (~25°C)
to exclude influence from circadian variation. Three groups of
experiments were performed: Group 1: Breathing response to
fentanyl in sham and CBD rats (n = 7 each). Baseline breath-
ing was monitored for 5 min, and then 0.3 mL of vehicle (saline)
was administered through the jugular venous catheter over 1
min, and breathing was monitored continuously for 30 min.
The protocol was repeated with fentanyl (10 pg/kg in 0.3 mL
saline, Sigma, #F-013). Group 2: Breathing response to «-OR ago-
nist (U-50488, Tocris Biosciences, #0495) in sham and CBD rats
(n= 6 each). Group 3: Effect of k-OR agonist (U-50488) on fentanyl-
induced breathing depression (n = 6 rats). Day 1—breathing
response to fentanyl alone, Day 2—breathing response to com-
bined administration of «-OR agonist with fentanyl was moni-
tored for 45 min.

Analysis of the Data and Statistical Measures

Carotid body sensory activity (single units) was averaged for 2
min prior to and during the entire period of compound applica-
tion and expressed as impulses per second (Hz) unless otherwise
stated. At least 2-3 single units were analyzed in each carotid
body in a given experiment. All data were normalized to baseline
and presented as individual data points along with mean + SEM
and were plotted using GraphPad Prism (version 8). Statistical
analysis began with testing assumptions of normal distribution
(Shapiro-Wilk test) and equal variances (Levene’s median test).
If both assumptions were satisfied, a paired t-test or t-test was
performed. Otherwise, the Wilcoxon signed-rank test or Mann-
Whitney rank sum test was applied. The effect of different doses
of fentanyl on carotid body sensory activity ex vivo was analyzed
using one-way repeated measures ANOVA on ranks followed by
Dunn’s test. The excitatory effect of fentanyl on breathing was
analyzed using 2-way ANOVA with repeated measures followed
by the Holm-Sidak test. All statistical analyses were performed
using SigmaPlot (version 11), and P-values < .05 were considered
significant.

Results

Fentanyl Stimulates Carotid Body Afferent Nerve
Activity

The effect of intravenous fentanyl on carotid body sensory nerve
activity was examined in urethane-anesthetized, mechanically
ventilated rats. Arterial BP and carotid body afferent nerve activ-
ity were recorded. Two doses of fentanyl (10 and 100 pg/kg)
equivalent to human doses of 1.6 and 16.1 ug/kg, respectively,
were tested. A dosage of 2 ug/kg is recommended for minor
surgery, while 2-20 pg/kg is recommended for major surgery.>?
Examples illustrating the carotid body sensory nerve and BP
responses to 2 doses of fentanyl are shown in Figure 1A. Both
doses stimulated the carotid body activity (Figure 1A and B;
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Figure 1. Fentanyl stimulates carotid body (CB) afferent neural activity. (A) Examples of in vivo carotid body afferent and blood pressure (BP) responses to 2 doses of
fentanyl in anesthetized rats. (B-C) Individual and mean + SEM of carotid body afferent nerve activity (presented as fentanyl-vehicle baseline carotid body afferent
firing rate, A Hz, B) and mean BP (MBP, fentanyl-baseline BP, A mmHg, C) responses to fentanyl from 5 rats. (D) Examples of ex vivo carotid body afferent nerve response
to fentanyl. (E) Mean =+ SEM of dose-response of ex vivo carotid body afferent nerve firing rate (% of vehicle baseline) to fentanyl from 10 carotid bodies from 5 rats. (F)
Examples of carotid body afferent nerve activation by fentanyl in the absence or presence of naloxone. (G) Mean + SEM and individual data of responses to fentanyl
in the absence or presence of naloxone from 19 afferents from 7 carotid bodies. Shaded areas in (A), (D), and (F) and horizontal bar in F indicate the duration of drug
application. %, and ns denotes P < .05 and P > .05, respectively, in (E), one-way repeated measures ANOVA on ranks followed by the Dunn’s test. x, s, and s+ denote

P < .05, .01, and .001, respectively, in (B), (C), and (G), paired t-test.

P < .05). While low dose of fentanyl (10 ug/kg) increased BP,
high dose (100 pg/kg) decreased BP (Figure 1A and C; P < .001
compared to low dose). A decrease in BP by itself can stimulate
the carotid body.?° To avoid confounding influence of BP, carotid
body activity was examined in an ex vivo superfused carotid body
preparation. The effects of 0.01-10 uM fentanyl were tested on
ex vivo carotid bodies. The concentration of 1 uM fentanyl in rats
is equivalent to a human dose of 3.8 ug/kg (assuming a blood
volume of about 21 mL in 300 g rat). Fentanyl increased ex vivo
carotid body sensory nerve activity in a dose-dependent manner
(Figure 1D and E).

To assess whether carotid body activation by fentanyl
involves ORs, the response to 1 uM fentanyl was determined in
the absence or presence of 10 um naloxone, a pan-OR antagonist.
Naloxone blocked carotid body activation by fentanyl (Figure 1F
and G), indicating participation of ORs.

Opioid Receptors in the Carotid Body

Naloxone primarily targets u-ORs but can also affect § and
« receptors.’” Given the limited information of ORs in the
rat carotid body, RNA sequencing was used to analyze genes
encoding ORs. x-OR mRNA was abundant, while u- and §- OR
mRNAs were undetectable (Figure 2A). Immunocytochemistry
confirmed these findings: p- and §- OR-like immunoreactivities
were not detected, whereas many glomus cells were positive for
«-ORs, indicated by co-localization with TH, a marker of these
cells (Figure 2B).20:33

Validation of Antibodies

Antibodies were validated not only by omitting the primary anti-
body but also with immunohistochemistry of OR expression
in brainstem neurons of the same rats used for carotid body
immunocytochemistry. k- and p-OR-like immunoreactivity was

assessed in the preBotC. PreBotC neurons were identified with
neurokinin-1 (NK-1)-like immunoreactivity, a marker of preBotC
neurons (Figure 2C).3%3> k-OR-like immunoreactivity was not
detected in the preBotC, whereas pu-OR-like immunoreactivity
was observed in nerve fibers adjacent to preB6tC neurons (Figure
2C).343> However, k-OR-like immunoreactivity was detected in
neurons of the nucleus raphe obscurus, another brainstem area
(Figure S1).

The roles of p- and k-ORs were further assessed by monitor-
ing carotid body afferent nerve responses to DAMGO ([D-Ala2,
N-MePhe4, Gly-ol]-enkephalin), a highly selective x-OR agonist,
and U-50488H, a selective k-OR agonist. While 10 um DAMGO
had no effect, 1 um U-50488H stimulated carotid afferent nerve
activity (Figure 2D-E), indicating low abundance of p-OR and a
high abundance of k-OR in the carotid body.

KOR Antagonist Blocks Carotid Body Activation by
Fentanyl

We studied the effect of the KOR antagonist aticaprant on
carotid body afferent nerve responses to fentanyl and a KOR ago-
nist U-50488H. Aticaprant at 100 nm effectively blocked carotid
body activation by both fentanyl and U-50488H (1 um each)
(P < .001; Figure 3A-D).

Sufentanil, A Fentanyl Analogue Activates Carotid Body

Sufentanil, a fentanyl derivative, is another widely used opi-
oid analgesic. To determine if carotid body activation is selec-
tive to fentanyl, carotid body afferent nerve responses to sufen-
tanil were analyzed. While vehicle has no effect (Figure 4A; left
panel), sufentanil at 50 and 100 nM stimulated carotid body neu-
ral activity (Figure 4A and B). The activation magnitude with
100 nM sufentanil was comparable to 1 um fentanyl (100 nm
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by fentanyl in the absence or presence of aticaprant (a KOR antagonist). (B) Mean + SEM and individual data of responses to fentanyl in the absence or presence of
aticaprant from 13 afferent fibers from 6 carotid bodies. (C) Examples of carotid body afferent nerve activation by a KOR agonist (U-50488H) in the absence or presence
of aticaprant. (D) Mean + SEM and individual data of responses to U-50488H in the absence or presence of aticaprant from 16 afferents from 7 carotid bodies. Data in
(B) and (D) represents drug-vehicle baseline afferent nerve activity (carotid body response, AHz). Shaded areas and horizontal bars in (A) and (C) indicate the duration

of drug application. s+ indicates P < .001, paired t-test.

sufentanil = +98.7 £ 7.7% vs 1 uM fentanyl = +93.2 + 10.5%;
P = .173) indicating greater potency of sufentanil than fen-
tanyl. Additionally, 100 nm aticaprant, a KOR antagonist, blocked
carotid body nerve activation by sufentanil (Figure 4C and D).

Glomus Cell Responses to Fentanyl and Sufentanil

Carotid body afferent nerve activation requires [Ca?*]; elevation
in glomus cells. Therefore, glomus [Ca?*]; responses to fentanyl
and sufentanil were determined. Both fentanyl (1 um) and sufen-
tanil (100 nm) elevated [Ca%*]; in glomus cells, and this response
was completely blocked by the aticaprant (100 nm), a KOR antag-
onist (Figure 5A-D).

Breathing Responses to Fentanyl and KOR Agonist

Carotid body afferent activation stimulates breathing.?® We
explored whether carotid body activation by fentanyl and
KOR agonist stimulate breathing. Breathing was monitored in
unanesthetized rats with intact carotid bodies and in rats that
underwent carotid body denervation (CBD) 7 days prior. Sham-
operated rats served as controls. Catheters were implanted in
the jugular vein under isoflurane anesthesia for administering
either fentanyl or a KOR agonist.

Breathing responses to 10 ugm/kg fentanyl (human equiv-
alent dose for minor surgery) were assessed in both sham-
operated and CBD rats, as this dose activated carotid body in
anesthetized rats (see Figure 1A).
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Sham-operated rats showed no change in breathing with
vehicle (saline) (Figure 6A, top panel). Fentanyl elicited an initial
brief stimulation of breathing, followed by respiratory depres-
sion (Figure 6A, middle panel). The initial stimulation lasted 15-
30 s, which was primarily due to increased respiratory rate
(Figure 6C-E). The breathing depression lasted 102 + 14 s. In
contrast, CBD rats experienced dramatic breathing depression
with apnea, without initial stimulation (Figure 6A, bottom panel).
In CBD rats, the onset of breathing depression by fentanyl was
faster, and the duration was longer compared to sham-operated
controls (Figure 6F and G).

IV administration of a KOR agonist (U-50488; 30 pugm/kg, iv)
stimulated breathing without respiratory depression (Figure 6B,
top panel). This breathing stimulation was primarily due to an
increased respiratory rate rather than tidal volume (Figure 6B,
top panel, and 6H and I). In contrast, the KOR agonist did not

stimulate breathing in carotid body-denervated rats (Figure 6B,
bottom panel, Figure 6H and I).

KOR Agonist Reduces Fentanyl-Evoked Respiratory
Depression

We then examined whether KOR agonist reduces fentanyl-
induced respiratory depression. This possibility was assessed
with systemic administration (iv) of fentanyl (30 pgm/kg) com-
bined with KOR agonist (30 pugm/kg). We chose 30 pugm/kg fen-
tanyl, as it is the human equivalent dose used for major surgery
and produced severe respiratory depression with apnea in pre-
liminary experiments. Administration of 30 pgm/kg fentanyl
alone caused robust respiratory depression with apnea (Figure
7A, top panel). Administration of the same dose of fentanyl along
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depression (OIRD). Contrary to the hypothesis, fentanyl and
its analogue sufentanil stimulated carotid body afferent nerve

with a KOR agonist dramatically reduced fentanyl-induced res-
piratory depression (Figure 7A, middle panel, and Figure 7B). This

reduced respiratory depression with KOR agonist was absent
in carotid body-denervated rats (Figure 7A, bottom panel, and
Figure 7B).

Discussion

Present study tested the hypothesis that fentanyl inhibits
carotid body afferent nerve activity facilitating respiratory

activity and increased intracellular calcium concentration
([Ca?*];) in glomus cells via KORs. In unanesthetized rats,
fentanyl initially stimulated breathing, followed by respira-
tory depression. Carotid body-denervated rats experienced only
severe respiratory depression (apnea) with fentanyl. A KOR ago-
nist stimulated breathing and, when combined with fentanyl,
markedly reduced OIRD, and this effect was absent in carotid
body-denervated rats. These findings highlight a previously
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uncharacterized role of KOR in mitigating OIRD through carotid
body activation.

Earlier studies®™?? suggested that opiates inhibit carotid
body afferent nerve activity, prompting us to hypothesize that
fentanyl also inhibits the carotid body neural activity. Contrary
to our hypothesis, fentanyl stimulated the carotid body afferent
nerve activity in anesthetized rats, with effects associated with
changes in BP (Figure 1). While carotid body activation by fen-
tanyl might be secondary to BP changes, this is unlikely because
fentanyl stimulated neural activity in ex vivo superfused carotid
bodies in a dose-dependent manner, independent of BP. Sufen-
tanil, a fentanyl analogue, also activated the carotid body at
nanomolar concentrations, compared to micromolar concentra-
tions of fentanyl, findings consistent with sufentanil being 5-15
times more potent than fentanyl.3¢:3” These results demonstrate
that fentanyl and sufentanil activate carotid body afferents, sim-
ilar to activation of pulmonary vagal C fiber afferents by mor-
phine sulfate as reported earlier.'®

Naloxone blocked carotid body activation by fentanyl, indi-
cating involvement of OR(s). Naloxone binds to p opioid recep-
tors (MORs) with high affinity, but depending on concentration,
it can also block other ORs.'7:3 RNA sequencing and immuno-
histochemistry showed undetectable levels of 1 and § but a
high abundance of « ORs in glomus cells, as evidenced by co-
localization with TH. Although MORs were not evident in the
carotid body, MOR-like immunoreactivity was observed in the
preBotC consistent with an earlier report.3®> mRNA encoding
KORs was reported in DBX-positive preBotC in neonatal mice.*
We were unable to detect KOR-like immunoreactivity in the
preBotC, but it was evident in raphe neurons. This suggests the

antibodies used in this study adequately recognize MORs and
KORs in rat tissues. The discrepancy between our results and
Hayes et al.>® may be due to age and species variations, as we
used adult rats, unlike the neonatal mice used by Hayes et al.>
or differences in mRNA translation to KOR protein. Furthermore,
DAMGQO, a selective MOR agonist had no effect, whereas a KOR
agonist stimulated carotid body afferent activity similarly to fen-
tanyl, consistent with RNA sequencing and immunohistochem-
istry data.

Cytosolic [Ca?*]; elevation in glomus cells is essential for
carotid body activation. Fentanyl and sufentanil elevated [Ca?*];
in glomus cells and aticaprant, a KOR antagonist completely
blocked the Ca?" response to both fentanyl and sufentanil,
indicating KORs mediate this response. These findings, along
with the blockade of carotid body activation by KOR antagonist,
demonstrate that KORs are the primary ORs mediating carotid
body activation by fentanyl and its analogue sufentanil. ORs are
G protein-coupled receptors, generally coupled to Gi or Go pro-
teins, and inhibit [Ca?*]; elevation.® However, «-OR activation
was reported to increase [Ca®*]i by interacting with Geq in cell
lines.**#? Further studies are needed to establish the mecha-
nism(s) underlying Ca?* elevation by fentanyl and sufentanil.

Fentanyl initially stimulates breathing albeit briefly, followed
by respiratory depression. In contrast, carotid body-denervated
rats show only severe respiratory depression with apnea with-
out initial breathing stimulation. These findings are reminiscent
of breathing stimulation by morphine.** The following obser-
vations demonstrate that the initial respiratory stimulation is
mediated by the carotid body: (1) CBD rats exhibit absence of
breathing stimulation by fentanyl and (2) fentanyl stimulate
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carotid body afferent nerve activity. Given that fentanyl crosses
the blood-brain barrier, respiratory depression is likely due to
its central depressive action on brainstem neurons. Fentanyl-
induced respiratory depression causes hypoxemia and elevate
arterial CO, levels, which are “physiological” activators of the
carotid body afferents. The effects of fentanyl and/or sufentanil
on the carotid body response to hypoxia and CO, remain to
be investigated. Nonetheless, the severe respiratory depression
with apnea observed in carotid body-denervated rats, compared
to the modest inhibition of breathing with intact carotid bodies,
suggests that fentanyl’s activation of carotid body afferents may
counteract its central inhibitory action.

A KOR agonist stimulated breathing in unanesthetized rats
but did not depress breathing like fentanyl. Carotid body medi-
ates breathing stimulation by KOR agonist, as indicated by (1)
KOR agonist activated carotid body afferents and (2) breathing
stimulation by KOR agonist is absent in CBD rats. KOR agonist
also stimulates breathing in turtles.** However, unlike rats, KOR
agonist stimulates breathing in turtles primarily by increasing
tidal volume.

An intriguing finding of this study is that a KOR agonist
nearly blocked respiratory depression by fentanyl in unanes-
thetized rats. This effect is due to the activation of the carotid
body, as indicated by (a) the absence of protective effects KOR
agonist on fentanyl-induced breathing depression in carotid
body-denervated rats, and (b) activation of carotid body afferent
nerve activity by KOR agonist. Although KOR agonists may affect
body temperature,*>% this effect is unlikely to accounts in the
present study because body temperature remained unchanged
with KOR agonist in unanesthetized rats (Figure 6B). These find-
ings suggest that activating the carotid body with a KOR ago-
nist might offer a therapeutic intervention for mitigating OIRD
without compromising analgesic properties of fentanyl, as KOR
agonists do not affect analgesia.#’ While these indicate poten-
tial therapeutic application of KOR agonist in mitigating OIRD
with fentanyl doses used clinically, it remains to be established
whether KOR agonists can block OIRD with higher doses of
fentanyl.
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