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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 
affer ent nerv e acti vity and incr eased glom us cell [Ca 2 + ] i lev els. RNA sequencing and imm unohistochemistr y r ev ealed a high 

abundance of κ opioid receptors (KORs) in carotid bodies, but no μ or δ opioid receptors. A KOR agonist, like fentanyl, 
stim ulated car otid body affer ents, while a KOR anta gonist b locked car otid body acti v ation b y fentan yl 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 pr eviousl y uncharacterized acti v ation of carotid body afferents by fentanyl via KORs as 
opposed to de pr ession of brainstem r espirator y neur ons by μ opioid r ece ptors and suggest that KOR a gonists might 
counteract the central de pr essi v e effects of opioids on breathing. 
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 entan yl is a widely used opioid in clinics for treating chronic
ain and inducing anesthesia. However, the addicti v e natur e
f fentanyl often leads to abuse and mortality. A major cause
f deaths associated with fentanyl is de pr ession of br eath-

ng, known as opioid-induced r espirator y de pr ession (OIRD).
igh pr ev alence of fentanyl-r elated deaths pr ompted inv es-

igations on assessing the r espirator y r esponses to fentanyl
nd other opioids in experimental models and identifying
he site(s) and opioid r ece ptors (ORs) mediating breathing
e pr ession. 

Besides humans, opioids produce respiratory depression in
everal mammalian species, including cats, 1 rats, 2–5 and mice. 6 

pioid-induced r espirator y de pr ession w as also r e ported in
rogs, 7 turtles, 8 snakes, 9 and lamprey 10 demonstrating opioids
e pr ess br eathing in mammalian and non-mammalian species
tudied thus far. 

Br ainstem neur al netw orks gener ate respir atory rhythm.
i v en that opioids can cross the blood brain barrier, much atten-

ion has been focused on investigating the effects of opioids on
 espirator y rhythm generating neural networks. Three key net-
orks related to breathing have been identified in brainstem,

ncluding the pre-B ̈otzinger Complex (preB ̈otC) generating inspi-
ation, the r etr otrapezoid/parafacial n ucleus (RTN/pFRG) for
cti v ating expiration and CO 2 sensing, and the post-inspiratory
omplex (PiCo) for post-inspiratory activity. 11 Descending inputs
rom the K ̈olliker–Fuse/Par abr ac hial (KF) nuclei in dorsolat-
ral pons influence these 3 networks. With the exception of
TN/pFRG, opioids inhibit the preB ̈otC, PiCO, and the pontine
F. 12–16 

μ, δ, and k r ece ptors ar e major ORs identified so far . 17 Tar -
 eted g enetic deletion of μ-ORs in the pr eB ̈otC r educes r espi-
ator y de pr ession with low but not with high doses of mor-
hine in mice, while deletion of μ-ORs in KF neurons reduces
 espirator y de pr ession with all doses of morphine. 6 μ-ORs are
lso implicated in opioid-induced breathing depression in lam-
reys 10 and snakes. 9 Conv ersel y, δ-ORs are implicated in opioid-

nduced breathing depression in turtles. 8 These studies sug-
est that μ-ORs play a major role in opioid-induced inhibition
f br ainstem respir atory-related neurons, mediating OIRD in
ammals. 
Breathing is regulated not only by brainstem neural net-
orks but also by chemo- and mechanosensory inputs from the
eripheral nervous system (PNS). In 1982, Willette and Sapru 

18 

 e ported that systemic application of morphine sulfate caused
pnea within a second, along with acti v ation of the r ecurr ent
ar yngeal nerv e , br ad ycar dia, and a biphasic changes in blood
r essur e (BP) of decerebrate rats. These effects are mediated by
he acti v ation of v a gal sensor y C fibers in the lungs. 18 Similar
ndings were also recently reported by Zhuang et al. 19 These
tudies suggest that, unlike brainstem neurons, opioids may
cti v ate pulmonar y v a gal affer ents in the PNS. 

Carotid bodies are sensory organs for monitoring arterial
 lood O 2 lev els, and car otid body chemor eflex stim ulate br eath-

ng. 20 Previous studies reported that enkephalins and morphine
nhibit carotid body afferent nerve activity. 21 , 22 However, it is
nknown whether fentanyl also inhibits carotid body neural
ctivity. We hypothesized that fentanyl at doses used clinically
or minor and major surgeries inhibits carotid body afferent neu-
al activity facilitating respiratory depression. Contrary to our
ypothesis, our results showed that fentanyl stimulated carotid
ody afferent neural activity in rats and elevated [Ca 2 + ] i in O 2 -
ensiti v e glom us cells thr ough kappa opioid r ece ptors (KOR).
urthermore, a KOR agonist stimulated breathing and, and when
i v en with fentanyl reduced respiratory depression, and these
ffects were absent in carotid body-denervated (CBD) rats. 

aterials and Methods 

xperimental protocols were approved by the Institutional Ani-
al Care and Use Committee of the Uni v ersity of Chica go (Pr oto-

ol # ACUP 71810, appr ov ed on February 22, 2022). Studies were
erformed on both male and female adult (age 3-4 months old)
prague-Da wle y rats. 

repar a tion of Animals for Acute Experiments 

ats were anesthetized with urethane (1.2 g/kg, i.p. Sigma, USA),
upplemented hourly with 15% of the initial dose. After tr ac heal
ntubation, a femoral artery and vein were cannulated for mea-
uring arterial BP (CWE, Inc., model TA-100) and for intravenous
dministration of fluids and drugs. Animals were paralyzed with
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ancur onium br omide (2.5 mg/kg/h, i v, Sigma, #P1918) to pre- 
ent spontaneous breathing. Rats were mechanically ventilated 

Kent Scientific, model RoVent) with oxygen-enriched room air. 
ectal temperatur e w as maintained at 38 ± 1 ◦C using a heating 
ad. At the end of the experiments, animals were euthanized 

ith an intravenous administration of euthanasia. 

n Vivo Measurements of Carotid Body Sensory Activity 

arotid body sensory nerve activity was recorded in anes- 
hetized rats as pr eviousl y described. 23 The carotid bifurcation 

as isolated, and the carotid sinus nerve was transected at its 
unction with the glossophar yngeal nerv e. Sensor y nerv e acti v- 
ty was recorded using a monopolar platinum-iridium wire elec- 
rode, with a reference electrode placed in a nearby neck mus- 
le. Electrical activity was amplified by an AC amplifier (Grass, 
511K) with a bandwidth of 100–3000 Hz and displayed on an 

scilloscope (Tektronix, TDS2012). Action potentials a bov e base- 
ine noise wer e conv erted to standardized pulses using a win- 
ow discriminator (WPI, model 121). The output was fed into a 
ate meter (CWE, RIC-830) to display inte gr ated neur al activity. 
ignals from the rate meter, raw action potentials, and BP were 
ontin uousl y r ecorded and stor ed via a data acquisition sys- 
em (Power Lab/8P, AD Instruments) for further analysis. Carotid 

ody sensory activity was identified by increased nerve activ- 
ty in response to hypoxia and decreased activity by hyper- 
xia (100% O 2 ). Occluding the common car otid arter y for 10 s 
aused no change or an increase in sinus nerve activity, indi- 
ating the sensory activity originated from the carotid body 
ather than carotid baroreceptors. F entan yl dissolved in saline 
0.3 mL, Sigma, #F-013) was administered through the femoral 
ein catheter over a 1 min period. 

x Vivo Measurements of Carotid Body Sensory Activity 

ensor y nerv e acti vity fr om ex vivo car otid body w as r ecorded as
r eviousl y described. 24 , 25 Briefly, carotid bodies along with the 
in us nerv es wer e harv ested fr om ur ethane anesthetized rats, 
laced in a recording c hamber (volume , 250 μL), and superfused 

ith warm physiological saline (35 ◦C) at a rate of 3 mL/min. The 
omposition of the medium was (mM): NaCl, 125; KCl, 5; CaCl 2 , 
.8; MgSO 4 , 2; NaH 2 PO 4 , 1.2; NaHCO 3 , 25; D-Glucose, 10; Sucrose, 
. The solution was bubbled with 21% O 2 /5% CO 2 balanced room 

ir, and hypoxic challenges wer e achiev ed by switching the per- 
usate to physiological saline equilibrated with 5% O 2 /5% CO 2 

alanced room air. Carotid body sensory nerve responses to fen- 
anyl and/or OR a gonists/anta gonists wer e examined by switch- 
ng the perfusate to physiological saline containing correspond- 
ng compounds for 5 min. To facilitate recording of clearly iden- 
ifia b le action potentials, the sin us nerv e w as tr eated with 0.1%
ollagenase for 5 min. Action potentials (1–3 active units) were 
 ecorded fr om one of the nerve bundles with a suction electrode 
band pass 30 Hz–10 kHz) and stored in a computer via a data 
cquisition system (PowerLab/8P), and the sampling rate was set 
t 10 kHz. “Single” units were sorted based on the shape, height, 
nd duration of the individual action potentials using the spike 
iscrimination module. 

rimary Cultures of Glomus Cells 

r otocols for pr e paring primar y glom us cell cultur es ar e the
ame as pr eviousl y described methods. 26 Briefly, car otid bod- 
es were harvested from urethane-anesthetized rats, and glo- 

us cells were dissociated using collagenase P (2 mg/mL), 
Nase I (15 μg/mL), and BSA (3 mg/mL) at 37 ◦C for 20 min, fol-
owed by a 15-min incubation in Locke’s buffer with DNase I 
30 μg/mL). Cells were plated on collagen-coated coverslips and 

aintained at 37 ◦C in a 7% CO 2 + 20% O 2 incubator for 12–
8 h. The growth medium consisted of DMEM/F-12 medium, 
upplemented with 1% fetal bovine serum, insulin-transferrin- 
elenium (ITS-X), and 1% penicillin-str e ptomycin-glutamine 
ixture. 

easurements of [Ca 

2 + ] i 

Ca 2 + ] i in glomus cells was measured as described previously. 26 

riefly, glomus cells on a coverslip were incubated in Hanks’ bal- 
nced salt solution with 2 μm fura-2 AM and 1 mg/mL BSA for 30
in, then washed in a fura-2-free solution for another 30 min at 

7 ◦C. The coverslip was transferred to a chamber for measuring 
ntracellular calcium concentration [Ca 2 + ] i . Background fluores- 
ence was collected at 340- and 380-nm w av elengths fr om an
r ea dev oid of cells. Glom us cells wer e identified by their char-
cteristic clustering, and individual cells were imaged using a 
eica microscope with a Hamamatsu camera and HC Image soft- 
 ar e. Ima ge pairs (340 nm and 380 nm) wer e obtained ev er y 2 s
 y a v era ging 16 fr ames at eac h w av elength. Data wer e contin-
ousl y collected thr oughout the experiment, and background 

uor escence w as subtracted fr om the cell data at each w av e-
ength. Fluorescence intensity was calculated by dividing the 
40 nm image by the 380 nm image to obtain a ratiometric image.
atios were converted to free [Ca 2 + ] i using calibration curves 
onstructed in vitro with fura-2 (50 μm free acid) in solutions 
ontaining known Ca 2 + concentrations (0–2000 n m ). The record- 
ng chamber was continually irrigated with warm physiological 
aline (31 ◦C) from gravity-fed reservoirs, with the same com- 
osition as that used for r ecording car otid body sensor y nerv e
ctivity. 

NA Sequencing of ORs 

NA sequencing was performed as pr eviousl y described. 27 

arotid bodies were collected from anesthetized rats. Total RNA 

as isolated ( n = 8 carotid bodies/experiment, n = 3 experi- 
ents) using Direct-zol RNA Microprep Kits (Zymo Resear c h, 

2060, Irvine, CA, USA) and submitted to the Uni v ersity of 
hicago Genomics Core Facility ( RRID: SCR 019196) for sequenc- 

ng. cDN A libr ar y construction w as carried out with 100 ng of
otal RNA input followed by 100 bp paired-end sequencing (using 
olyA + selection) on an Illumina NovaSEQ 6000 platform. The 
equencing data wer e pr ocessed by the Uni v ersity of Chica go’s
RI Bioinformatics Core. The quality of raw sequencing reads 
as assessed with FastQC. Uniquely mapped reads of Opr μ1 , 
pr δ1 , and Opr κ1 were obtained by aligning the FASTQ files to

he rat r efer ence transcriptome (Rnor 6.0.102) using STAR v er- 
ion 2.6.1d. Relati v e gene expr ession lev els wer e summarized
nd expressed as F r agments Per Kilobase of transcript per mil- 
ion mapped reads (FPKM). The r aw RN A-seq data are accessible 
ia GEO (GSE #252955). 

mm unohistoc hemistry of ORs 

mm unohistochemistr y of the carotid body and brainstem was 
erformed as described pr eviousl y. 28 , 26 Briefly, anesthetized rats 

urethane 1.2 g/kg, ip) were perfused transcardially with hep- 
rinized PBS (pH 7.4) at a rate of 30 mL/min for 10 min, followed
y PBS-buffered 4% paraformaldehyde (Sigma, #158127) for 30 

https://scicrunch.org/resolver/RRID:
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in. Carotid bifurcations and brainstems wer e r emov ed, post-
xed in 4% paraformaldehyde for 3 and 24 h, r especti v el y, and
r yopr otected in 30% sucrose–PBS at 4 ◦C for 24 h. Frozen tissues
er e seriall y sectioned at a thickness of 8 μm (carotid bodies)
r 30 μm (brainstems, coronal section) and stored at –80 ◦C. Sec-
ions wer e tr eated with PBS containing 10% normal goat serum
nd 0.2% Triton X-100 for 30 min and then incubated with pri-
ary antibodies in PBS containing 1% normal goat serum and

.05% Triton X-100 at 4 ◦C for 24 h, followed by 3 washes with
BS containing 0.05% Triton X-100. Sections were then incu-
ated with a secondary antibody at r oom temperatur e for 1 h,
ollowed by 5 washes with PBS containing 0.05% Triton X-100.
ections were mounted in Vectashield with DAPI (Vector Labo-
atories, #H-1200) and visualized using an all-in-one fluorescent

icr oscope (BZ-X810; K eyence Corp. of America, Itasca, IL). The
natomical location of the pr eB ̈otC w as identified based on an
dult brain atlas. 29 

Carotid body sections were treated with a primary antibody
 gainst tyr osine hydr oxylase (TH) and another a gainst an anti-
pioid r ece ptor antibody (MOR-1, DOR-1, or KOR-1), while brain-
tem sections were treated with an anti-Neurokinin-1 recep-
or (NK1R) antibody and another against an anti-opioid recep-
or antibody (MOR-1 or KOR-1). The primary antibodies used
 ere r abbit anti-TH antibod y (P el-Freez Biologicals; #P40101-0;
ilution 1:1000), mouse anti-TH antibody (Sigma, #T1299, dilu-
ion 1:1000), guinea pig anti-NK1R antibody (Millipore, AB15810,
ilution 1:500), rabbit anti-NK1R antibod y (No vus Biologicals,
B300-119B, dilution 1:250), mouse anti-KOR-1 antibody (Santa
ruz, sc-374479; dilution 1:200), mouse anti-MOR-1 antibody

Santa Cruz, sc-515933; dilution 1:200, for carotid bodies), rab-
it anti-MOR-1 antibody (Sigma, ZRB2031, dilution 1:500, for
rainstems), and rabbit anti-DOR-1 antibody (Abcam, ab176324; 
ilution 1:200). The secondary antibody (dilution 1:250) used
or detecting binding of TH or NK1R was either Alexa Fluor
88-conjugated goat anti-mouse IgG (Thermo Fisher Scien-
ific, A11029) or goat anti-rabbit IgG (Thermo Fisher Scien-
ific, A11034), and for detecting binding of ORs was Alexa
luor 555-conjugated goat anti-mouse IgG (Thermo Fisher Sci-
ntific, A21424), goat anti-guinea pig IgG (Thermo Fisher Scien-
ific, A21435), or goat anti-rabbit IgG (Thermo Fisher Scientific,
21429). 

ugular Vein Catheter and Temperature Microchip 

mplantation 

ats were anesthetized with isoflurane (4% induction, 1.5%
aintenance). A pol yur ethane v enous catheter (Instech La bora-

ories) filled with 0.9% saline was implanted into the right exter-
al jugular vein under aseptic conditions for administering fen-

anyl and/or KOR agonist. The catheter was tunneled subcuta-
eously and exteriorized at the nape of the neck. A temperature
icrochip (UCT-2112, Unified Information Devices) was injected

ubcutaneously into the midback, and body temperature was
onitored using an RFID reader (URH-300HP, Unified Informa-

ion Devices) during experiments. 

arotid Body Denerv a tion 

he carotid artery bifurcation area was exposed through a mid-
ine incision of appr oximatel y 1 cm at the anterior neck in rats
nder isoflurane anesthesia. The carotid sinus nerve was iden-
ified where it joins the glossopharyngeal nerve and was cut.
ham-oper ated r ats serv ed as contr ols. 
reathing Measurements in Conscious Rats 

ats with jugular vein implant, sham, and CBD rats were allowed
rom surgical recovery for 7 days. Breathing was monitored in
hese rats without anesthesia with whole body plethysmogra-
hy (Buxco, DSI, St. Paul, MN) as described pr eviousl y. 30 , 31 Res-
irator y v aria b les (br eathing r ate , tidal volume , and min ute v en-
ilation) and duration of apnea were measured. Sighs, sniffs,
nd movement-induced changes in breathing variables were
xcluded from the analysis. Rats were acclimated to the plethys-
ogr aph c hamber for 1 h. All measur ements wer e made

etween 9:00 am and 12:00 pm at ambient temperature ( ∼25 ◦C)
o exclude influence fr om circadian v ariation. Thr ee gr oups of
xperiments were performed: Group 1 : Br eathing r esponse to
entanyl in sham and CBD rats ( n = 7 each). Baseline breath-
ng was monitored for 5 min, and then 0.3 mL of vehicle (saline)
 as administer ed thr ough the jugular v enous catheter ov er 1
in, and breathing was monitored continuously for 30 min.

he pr otocol w as r e peated with fentanyl (10 μg/kg in 0.3 mL
aline, Sigma, #F-013). Group 2 : Breathing response to κ-OR ago-
ist (U-50488, Tocris Biosciences, #0495) in sham and CBD rats
 n = 6 each). Group 3 : Effect of κ-OR agonist (U-50488) on fentanyl-
nduced br eathing de pr ession ( n = 6 rats). Day 1—breathing
esponse to fentanyl alone, Day 2—breathing response to com-
ined administration of κ-OR agonist with fentanyl was moni-
ored for 45 min. 

nalysis of the Data and Statistical Measures 

arotid body sensory activity (single units) was averaged for 2
in prior to and during the entire period of compound applica-

ion and expressed as impulses per second (Hz) unless otherwise
tated. At least 2-3 single units were analyzed in each carotid
ody in a gi v en experiment. All data were normalized to baseline
nd presented as individual data points along with mean ± SEM
nd were plotted using GraphPad Prism (version 8). Statistical
nalysis began with testing assumptions of normal distribution
Shapiro–Wilk test) and equal variances (Levene’s median test).
f both assumptions were satisfied, a paired t -test or t -test was
erformed. Otherwise, the Wilcoxon signed-rank test or Mann–
hitney rank sum test was applied. The effect of different doses

f fentanyl on carotid body sensory activity ex vivo was analyzed
sing one-way repeated measures ANOVA on ranks followed by
unn’s test. The excitatory effect of fentanyl on breathing was
nal yzed using 2-w ay ANOVA with r e peated measur es followed
y the Holm–Sidak test. All statistical analyses were performed
sing SigmaPlot (version 11), and P- values < .05 were considered
ignificant. 

esults 

entan yl Stimula tes Carotid Body Afferent Nerve 
ctivity 

he effect of intravenous fentanyl on carotid body sensory nerve
cti vity w as examined in ur ethane-anesthetized, mechanicall y
entilated rats. Arterial BP and carotid body afferent nerve activ-
ty were recorded. Two doses of fentanyl (10 and 100 μg/kg)
qui v alent to human doses of 1.6 and 16.1 μg/kg, r especti v el y,
ere tested. A dosage of 2 μg/kg is recommended for minor

urgery, while 2–20 μg/kg is recommended for major surgery. 32 

Examples illustrating the carotid body sensory nerve and BP
esponses to 2 doses of fentanyl are shown in Figure 1 A. Both
oses stimulated the carotid body activity ( Figure 1 A and B;
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F igure 1. F entan yl stim ulates car otid body (CB) affer ent neural acti vity. (A) Examples of in vivo carotid body afferent and b lood pr essur e (BP) r esponses 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 r ate , � Hz, B) and mean BP (MBP , fentanyl-baseline BP , � mmHg, C) r esponses to fentanyl fr om 5 rats. (D) Examples of ex vivo car otid body affer ent nerv e r esponse 
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, r especti v el y, in (E), one-way repeated measures ANOVA on ranks followed by the Dunn’s test. ∗, ∗∗, and ∗∗∗ denote 

P < .05, .01, and .001, r especti v el y, in (B), (C), and (G), paired t -test. 
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 < .05). While low dose of fentanyl (10 μg/kg) increased BP, 
igh dose (100 μg/kg) decreased BP ( Figure 1 A and C; P < .001
ompared to low dose). A decrease in BP by itself can stimulate 
he carotid body. 20 To avoid confounding influence of BP, carotid 

ody acti vity w as e xamined in an ex viv o superfused carotid body
r e paration. The effects of 0.01–10 μm fentanyl were tested on 

x vivo carotid bodies. The concentration of 1 μm fentanyl in rats 
s equi v alent to a human dose of 3.8 μg/kg (assuming a blood 

olume of about 21 mL in 300 g rat). F entan yl increased ex vivo
ar otid body sensor y nerv e acti vity in a dose-dependent manner 
 Figure 1 D and E). 

To assess whether carotid body activation by fentanyl 
nv olv es ORs, the response to 1 μm fentanyl was determined in 

he absence or presence of 10 μm naloxone, a pan-OR antagonist. 
aloxone b locked car otid body acti v ation b y fentan yl ( Figure 1 F
nd G), indicating participation of ORs. 

pioid Receptors in the Carotid Body 

aloxone primarily targets μ-ORs but can also affect δ and 

r ece ptors. 17 Gi v en the limited information of ORs in the 
at carotid body, RNA sequencing was used to analyze genes 
ncoding ORs. κ-OR mRNA w as a bundant, while μ- and δ- OR 

RN As w er e undetecta b le ( Figur e 2 A). Imm unocytochemistr y
onfirmed these findings: μ- and δ- OR-like imm unor eacti vities 
ere not detected, whereas many glomus cells were positive for 

-ORs, indicated by co-localization with TH, a marker of these 
ells ( Figure 2 B). 20 , 33 

alidation of Antibodies 

ntibodies were validated not only by omitting the primary anti- 
ody but also with imm unohistochemistr y of OR expression 

n brainstem neurons of the same rats used for carotid body 
mm unocytochemistr y. k- and μ-OR-like imm unor eacti vity w as 
ssessed in the preB ̈otC. PreB ̈otC neurons were identified with 

eurokinin-1 (NK-1)-like immunoreactivity, a marker of preB ̈otC 

eur ons ( Figur e 2 C). 34 , 35 k-OR-like imm unor eacti vity w as not
etected in the pr eB ̈otC, wher eas μ-OR-like imm unor eacti vity
 as observ ed in nerv e fibers adjacent to pr eB ̈otC neur ons ( Figur e
 C). 34 , 35 However, k-OR-like immunoreactivity was detected in 

eurons of the nucleus raphe obscurus, another brainstem area 
 Figure S1 ). 

The roles of μ- and k-ORs were further assessed by monitor- 
ng carotid body afferent nerve responses to DAMGO ([D-Ala2, 
-MePhe4, Gl y-ol]-enke phalin), a highl y selecti v e μ-OR a gonist,
nd U-50488H, a selecti v e k-OR a gonist. While 10 μm DAMGO
ad no effect, 1 μm U-50488H stimulated carotid afferent nerve 
cti vity ( Figur e 2 D-E), indicating low a bundance of μ-OR and a
igh abundance of k-OR in the carotid body. 

OR Antagonist Blocks Carotid Body Activ a tion b y 

entanyl 

e studied the effect of the KOR antagonist aticaprant on 

arotid body afferent nerve responses to fentanyl and a KOR ago- 
ist U-50488H. Aticaprant at 100 n m effecti v el y b locked car otid
ody acti v ation b y both fentan yl and U-50488H (1 μm each)
 P < .001; Figure 3 A–D). 

ufentanil, A Fentanyl Analogue Activates Carotid Body 

ufentanil, a fentanyl deri v ati v e, is another widely used opi-
id analgesic. To determine if carotid body activation is selec- 
i v e to fentanyl, carotid body afferent nerve responses to sufen- 
anil were analyzed. While vehicle has no effect ( Figure 4 A; left
anel ), sufentanil at 50 and 100 n m stimulated carotid body neu-
al activity ( Figure 4 A and B). The acti v ation ma gnitude with
00 n m sufentanil was comparable to 1 μm fentanyl (100 n m
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Figure 2. Opioid r ece ptors in the rat car otid body. (A) mRNA abundance of Opr μ, δ, and k . Shown are mean ± SEM and individual data from 3 experiments ( n = 8 carotid 
bodies/experiment, from 12 r ats). (B) Immunohistoc hemistry of μ, δ, and k in carotid body sections. Tyrosine hydroxylase (TH) immunoreactivity was determined as 

a marker of glomus cells. Magnified images of square boxes in the right panel. (C) k and μ like imm unor eacti vities in the pr eB ̈otC neur ons identified by neurokinin-1 
like imm unor eacti vity. (D) Examples of carotid body affer ent nerv e r esponses (car otid body firing r ate , Hz) to DMAGO and U-50488H, a k-opioid r ece ptor a gonist. (E) 
Car otid body affer ent nerv e r esponse pr esented as mean ± SEM and indi vidual data fr om n = 13 and 22 indi vidual car otid body affer ents fr om 6 and 8 carotid bodies, 

r especti v el y. Shaded areas in (D) indicate duration of drug application. ∗∗∗ denotes P < .001, t -test. 

Figure 3. A KOR antagonist blocks fentanyl- and KOR agonist-evoked carotid body afferent nerve activation. (A) Examples of carotid body afferent nerve activation 
b y fentan yl in the a bsence or pr esence of aticaprant (a KOR anta gonist). (B) Mean ± SEM and indi vidual data of r esponses to fentanyl in the a bsence or pr esence 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 affer ents fr om 7 car otid bodies. Data in 
(B) and (D) r e pr esents drug-v ehicle baseline affer ent nerv e acti vity (car otid body r esponse, � Hz). Shaded ar eas and horizontal bars in (A) and (C) indicate the duration 
of drug application. ∗∗∗ indicates P < .001, paired t -test. 
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ufentanil = + 98.7 ± 7.7% vs 1 μm fentanyl = + 93.2 ± 10.5%;
 = .173) indicating greater potency of sufentanil than fen-
anyl. Additionally, 100 n m aticaprant, a KOR antagonist, blocked
arotid body nerve activation by sufentanil ( Figure 4 C and D). 

lomus Cell Responses to Fentanyl and Sufentanil 

ar otid body affer ent nerv e acti v ation r equir es [Ca 2 + ] i elev ation
n glomus cells. Therefore, glomus [Ca 2 + ] i responses to fentanyl
nd sufentanil were determined. Both fentanyl (1 μm ) and sufen-
anil (100 n m ) elevated [Ca 2 + ] i in glomus cells, and this response
 as completel y b loc ked by the aticapr ant (100 n m ), a KOR antag-
nist ( Figure 5 A–D). 
reathing Responses to Fentanyl and KOR Agonist 

ar otid body affer ent acti v ation stim ulates br eathing. 20 We
xplor ed whether car otid body acti v ation b y fentan yl and
OR a gonist stim ulate br eathing. Br eathing w as monitor ed in
nanesthetized rats with intact carotid bodies and in rats that
nderwent carotid body denervation (CBD) 7 days prior. Sham-
per ated r ats serv ed as contr ols. Catheters wer e implanted in
he jugular vein under isoflurane anesthesia for administering
ither fentanyl or a KOR agonist. 

Br eathing r esponses to 10 μgm/kg fentanyl (human equiv-
lent dose for minor surgery) were assessed in both sham-
per ated and CBD r ats, as this dose acti v ated car otid body in
nesthetized rats (see Figure 1 A). 
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Figure 4. Sufentanil, a fentanyl analogue, stimulates carotid body afferent nerve activity. (A) Examples of ex vivo carotid body responses to vehicle (0.02% methanol) 

and 2 concentrations of sufentanil. (B) Mean ± SEM and individual data of carotid body afferent nerve activation by vehicle (13 afferent fibers from 6 carotid bodies) 
and 2 concentrations of sufentanil in 15 afferents from 6 carotid bodies. (C) Examples of carotid body afferent nerve activation by sufentanil in the absence or presence 
of aticaprant. (D) Mean ± SEM and individual data of responses to sufentanil in the absence or presence of aticaprant in 16 affer ents fr om 7 car otid bodies. Data in (B) 
and (D) r e pr esent drug-v ehicle baseline affer ent nerv e acti vity (car otid body r esponse, � Hz). Shaded ar eas in (A) and (C) and horizontal bar in (C) indicate the duration 

of drug application. (B) ∗ indicates P < .05 one-way ANOVA on ranks followed by Dunn’s test and D ∗∗∗ indicates P < .001, paired t -test. 

Figure 5. Glomus cell Ca 2 + response to fentanyl and sufentanil. (A) Examples of glomus cell Ca 2 + response to fentanyl in the presence of vehicle or aticaprant. (B) 

Mean ± SEM and individual data of Ca 2 + response to fentanyl in the presence of vehicle or aticaprant in 17 cells from 12 carotid bodies. (C) Examples of glomus cell 
[Ca 2 + ] i response to sufentanil with vehicle or aticaprant. (D) Mean ± SEM and individual data of Ca 2 + response to sufentanil in the presence of vehicle or aticaprant 
in 15 glomus cells from 6 rats. Data in (B) and (D) r e pr esent drug-baseline Ca 2 + . Horizontal bars in (A) and (C) indicate duration of drug application. ∗∗ and ∗∗∗ denote 

P < .01 and .001, r especti v el y. Wilcoxon signed-rank test in (B), paired t- test in (D). 
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Sham-oper ated r ats show ed no c hange in breathing with 

ehicle (saline) ( Figure 6 A, top panel ). F entan yl elicited an initial
rief stimulation of breathing, followed by r espirator y de pr es- 
ion ( Figure 6 A, middle panel ). The initial stimulation lasted 15– 
0 s, which was primarily due to increased respiratory rate 
 Figure 6 C–E). The breathing depression lasted 102 ± 14 s. In 

ontr ast, CBD r ats experienced dr amatic br eathing de pr ession 

ith apnea, without initial stim ulation ( Figur e 6 A, bottom panel ). 
n CBD rats, the onset of br eathing de pr ession b y fentan yl was
aster, and the duration was longer compared to sham-operated 

ontr ols ( Figur e 6 F and G). 
IV administration of a KOR agonist (U-50488; 30 μgm/kg, iv) 

tim ulated br eathing without r espirator y de pr ession ( Figur e 6 B,
op panel ). This breathing stimulation was primarily due to an 

ncr eased r espirator y rate rather than tidal v olume ( Figur e 6 B,
op panel , and 6H and I). In contrast, the KOR agonist did not 
tim ulate br eathing in car otid body-denerv ated r ats ( F igure 6 B,
ottom panel , Figure 6 H and I). 

OR Agonist Reduces Fentanyl-Evoked Respiratory 

epression 

e then examined whether KOR a gonist r educes fentanyl- 
nduced r espirator y de pr ession. This possibility w as assessed 

ith systemic administration (iv) of fentanyl (30 μgm/kg) com- 
ined with KOR agonist (30 μgm/kg). We chose 30 μgm/kg fen- 
anyl, as it is the human equi v alent dose used for major surgery
nd pr oduced sev er e r espirator y de pr ession with apnea in pr e-
iminary experiments. Administration of 30 μgm/kg fentanyl 
lone caused robust respiratory depression with apnea ( Figure 
 A, top panel ). Administration of the same dose of fentanyl along
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Figure 6. Breathing response to fentanyl and KOR agonist in unanesthetized rats. (A) Examples of br eathing r esponses to iv administration of vehicle (saline, top panel ) or 

fentanyl in sham operated (SHAM) ( middle panel ) and CBD ( bottom panel ) rats. (B) Examples of breathing responses to a KOR agonist (U-50488H) in sham operated (SHAM, 
top panel ) and car otid body-denerv ated (CBD, bottom panel ) rats. Arrows indicate duration of drug application. Shaded area in A r e pr esents initial brief stim ulation of 
breathing b y fentan yl. b/min in B r e pr esents br eaths per min and BT body temper ature . (C - E) Mean ± SEM and indi vidual data of r espirator y rate (RR, C) tidal v olume 
( V T , D) and minute ventilation ( V E , E) during initial breathing stimulation with iv administration of fentanyl or vehicle in 7 unanesthetized rats. ∗ and ∗∗∗ denote P < .05 

and P < .001, r especti v el y; ns, denotes P > .05. Two-way ANOVA with repeated measures followed by the Holm–Sidak test. (F-G) Mean ± SEM and individual data of 
onset (F) and duration (G) of r espirator y de pr ession b y fentan yl in sham and CBD rats ( n = 7 r ats eac h). ∗∗ and ∗∗∗ denote P < .01 and .001, r especti v el y. Mann–Whitney 
rank sum test in F and t -test in G. (H-I). Mean ± SEM and individual data of r espirator y rate (RR, H) and tidal volume ( V T , I) in response to KOR agonist in sham and 
CBD rats ( n = 6 rats each). ∗∗ and ns denote P < .01 and P > .05, r especti v el y, t -test. 

w  

p  

r  

i  

F

D

P  

c  

d  

i  

a  

(  

f  

t  

s  

n  

m  

b  
ith a KOR agonist dramatically reduced fentanyl-induced res-
irator y de pr ession ( Figur e 7 A, middle panel , and Figure 7 B). This
 educed r espirator y de pr ession with KOR a gonist w as a bsent
n car otid body-denerv ated r ats ( F igure 7 A, bottom panel , and
igure 7 B). 

iscussion 

resent study tested the hypothesis that fentanyl inhibits
ar otid body affer ent nerv e acti vity facilitating r espirator y
e pr ession (OIRD). Contrary to the hypothesis, fentanyl and
ts analogue sufentanil stim ulated car otid body affer ent nerv e
ctivity and increased intracellular calcium concentration
[Ca 2 + ] i ) in glomus cells via KORs. In unanesthetized rats,
entanyl initially stimulated breathing, followed by respira-
or y de pr ession. Car otid body-denerv ated rats experienced onl y
ev er e r espirator y de pr ession (apnea) with fentanyl. A KOR a go-
ist stim ulated br eathing and, when combined with fentanyl,
arkedl y r educed OIRD, and this effect w as a bsent in car otid

ody-denervated rats. These findings highlight a previously
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Figure 7. A KOR agonist reduces breathing depression by fentanyl in intact carotid body but not in carotid body-denervated unanesthetized rats. (A) Examples of breath- 
ing responses to iv administration of fentanyl alone ( top panel ) and fentanyl + KOR agonist (U-50488H) in sham operated ( middle panel ) and carotid body-denervated 

(CBD) ( bottom panel ) rats. Arrows indicate duration of drug application. (B) Mean ± SEM and individual data of duration of apnea induced by fentanyl alone or in the 
presence of KOR agonist in sham and CBD rats ( n = 6 each). ∗ Indicate P < .05. One-way ANOVA on rank followed by Tukey test. 
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nc har acterized role of KOR in mitigating OIRD through carotid 

ody acti v ation. 
Earlier studies 21 , 22 suggested that opiates inhibit carotid 

ody afferent nerve activity, prompting us to hypothesize that 
entanyl also inhibits the carotid body neural activity. Contrary 
o our hypothesis, fentanyl stimulated the carotid body afferent 
erv e acti vity in anesthetized rats, with effects associated with 

 hanges in BP ( F igure 1 ). While carotid body acti v ation by fen-
anyl might be secondary to BP changes, this is unlikely because 
entanyl stimulated neural activity in ex vivo superfused carotid 

odies in a dose-dependent manner, independent of BP. Sufen- 
anil, a fentanyl analogue, also acti v ated the carotid body at 
anomolar concentrations, compared to micromolar concentra- 
ions of fentanyl, findings consistent with sufentanil being 5–15 
imes more potent than fentanyl. 36 , 37 These results demonstrate 
hat fentanyl and sufentanil acti v ate car otid body afferents, sim- 
lar to acti v ation of pulmonar y v a gal C fiber affer ents by mor-
hine sulfate as r e ported earlier. 18 

Naloxone b locked car otid body acti v ation b y fentan yl, indi- 
ating inv olv ement of OR(s). Naloxone binds to μ opioid r ece p- 
ors (MORs) with high affinity, but depending on concentration, 
t can also block other ORs. 17 , 38 RNA sequencing and immuno- 
istoc hemistry show ed undetectable levels of μ and δ but a 
igh abundance of κ ORs in glomus cells, as evidenced by co- 

ocalization with TH. Although MORs were not evident in the 
arotid body, MOR-like immunoreactivity was observed in the 
reB ̈otC consistent with an earlier report. 35 mRNA encoding 
ORs w as r e ported in DBX-positi v e pr eB ̈otC in neonatal mice. 39 

e wer e una b le to detect KOR-like imm unor eacti vity in the
reB ̈otC, but it was evident in raphe neurons. This suggests the 
ntibodies used in this study adequatel y r ecognize MORs and 

ORs in rat tissues. The discr e pancy between our results and 

ayes et al. 39 may be due to age and species variations, as we
sed adult rats, unlike the neonatal mice used by Hayes et al. 39 

r differences in mRN A tr anslation to KOR protein. Furthermore, 
AMGO, a selecti v e MOR a gonist had no effect, whereas a KOR
 gonist stim ulated car otid body affer ent acti vity similarl y to fen-
anyl, consistent with RNA sequencing and immunohistochem- 
stry data. 

Cytosolic [Ca 2 + ] i elevation in glomus cells is essential for 
arotid body activation. F entan yl and sufentanil elevated [Ca 2 + ] i 
n glomus cells and aticaprant, a KOR antagonist completely 
 locked the Ca 2 + r esponse to both fentanyl and sufentanil, 

ndicating KORs mediate this response. These findings, along 
ith the blockade of carotid body activation by KOR antagonist, 
emonstrate that KORs are the primary ORs mediating carotid 

ody acti v ation b y fentan yl and its analogue sufentanil. ORs are
 pr otein-coupled r ece ptors, generall y coupled to Gi or Go pro-

eins, and inhibit [Ca 2 + ] i elevation. 40 Howev er, κ-OR acti v ation 

 as r e ported to incr ease [Ca 2 + ] i by interacting with G αq in cell
ines. 41 , 42 Further studies are needed to esta b lish the mecha- 
ism(s) underlying Ca 2 + elevation by fentanyl and sufentanil. 

F entan yl initiall y stim ulates br eathing albeit briefly, followed 

y r espirator y de pr ession. In contrast, car otid body-denerv ated 

ats show only severe respiratory depression with apnea with- 
ut initial breathing stimulation. These findings are reminiscent 
f br eathing stim ulation by morphine. 43 The following obser- 
ations demonstrate that the initial respiratory stimulation is 
ediated by the carotid body: (1) CBD rats exhibit absence of 

r eathing stim ulation b y fentan yl and (2) fentan yl stimulate
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arotid body afferent nerve activity. Given that fentanyl crosses
he blood-brain barrier, respiratory depression is likely due to
ts central de pr essi v e action on brainstem neur ons. F entan yl-
nduced r espirator y de pr ession causes h ypoxemia and ele vate
rterial CO 2 levels, which are “physiological” activators of the
ar otid body affer ents. The effects of fentanyl and/or sufentanil
n the carotid body response to hypoxia and CO 2 remain to
e investigated. Nonetheless, the sev er e r espirator y de pr ession
ith apnea observed in carotid body-denervated rats, compared

o the modest inhibition of breathing with intact carotid bodies,
uggests that fentanyl’s acti v ation of car otid body affer ents may
ounteract its central inhibitory action. 

A KOR a gonist stim ulated br eathing in unanesthetized rats
ut did not de pr ess br eathing like fentanyl. Carotid body medi-
tes br eathing stim ulation by KOR a gonist, as indicated by (1)
OR a gonist acti v ated car otid body affer ents and (2) br eathing
tim ulation by KOR a gonist is a bsent in CBD rats. KOR agonist
lso stimulates breathing in turtles. 44 However, unlike rats, KOR
 gonist stim ulates br eathing in turtles primaril y by incr easing
idal volume. 

An intriguing finding of this study is that a KOR agonist
earl y b locked r espirator y de pr ession b y fentan yl in unanes-
hetized rats. This effect is due to the acti v ation of the carotid
ody, as indicated by (a) the absence of pr otecti v e effects KOR
gonist on fentanyl-induced breathing depression in carotid
ody-denervated rats, and (b) activation of carotid body afferent
erv e acti vity by KOR a gonist. Although KOR a gonists may affect
ody temper ature , 45 , 46 this effect is unlikely to accounts in the
resent study because body temperature remained unchanged
ith KOR agonist in unanesthetized rats ( Figure 6 B). These find-

ngs suggest that acti v ating the car otid body with a KOR ago-
ist might offer a therapeutic intervention for mitigating OIRD
ithout compromising analgesic properties of fentanyl, as KOR

gonists do not affect analgesia. 47 While these indicate poten-
ial therapeutic application of KOR agonist in mitigating OIRD
ith fentanyl doses used clinically, it remains to be esta b lished
hether KOR agonists can block OIRD with higher doses of

entanyl. 
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