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Abstract

Obstructive sleep apnea (OSA) is the most common respiratory disturbance

of sleep and is closely associated to cardiovascular diseases. In humans, apnea

increases respiratory effort and elevates muscle sympathetic nerve activity

(SNA), but the primary stimulus for the SNA activation has not been identi-

fied. We recently developed a model of apnea in rodents using acute airway

obstruction. In this study, we employed this model to test whether the eleva-

tion in SNA was mediated by hypoxia, carotid chemoreceptors, or neurotrans-

mission in the nucleus tractus solitarius (NTS). In anesthetized, male

Sprague–Dawley rats, airway obstruction (20s) increased phrenic nerve activity

(PNA), arterial blood pressure (ABP), and lumbar, renal, and splanchnic SNA.

The changes in SNA were similar across all three sympathetic nerves. Inactiva-

tion of chemoreceptors by hyperoxia (100% O2) or surgical denervation of

carotid chemoreceptors attenuated, but did not eliminate, the changes in SNA

and ABP produced by airway obstruction. To interrupt afferent information

from carotid chemoreceptor and extracarotid afferents to the hindbrain, air-

way obstruction was performed before and after NTS microinjection of the

GABAA agonist muscimol or a cocktail of NMDA and non-NMDA antago-

nists. Inhibition of NTS neurons or blockade of glutamatergic receptors atten-

uated the increase in lumbar SNA, splanchnic SNA, renal SNA, and PNA.

Collectively, these findings suggest that PNA and SNA responses induced by

airway obstruction depend, in part, on chemoreceptors afferents and gluta-

matergic neurotransmission in the NTS.

Introduction

Obstructive sleep apnea (OSA) is characterized by partial

or complete cessation of breathing with consequent hypox-

emia, hypercapnia, and gradual increase in respiratory

effort (Dempsey et al. 2010). An episode of OSA in

humans progressively increases muscle sympathetic nerve

activity (SNA) and peaks at the end of apnea (Leuenberger

et al. 1995; Somers et al. 1995). Prior studies indicate that

hypoxia triggers the SNA response to OSA or acute apnea

(Leuenberger et al. 1995; O’Donnell et al. 1996). For exam-

ple, the muscle SNA response to apneas in humans was
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significantly attenuated during hyperoxia (breathing 100%

oxygen) versus room air (Leuenberger et al. 1995). In addi-

tion, renal sympathoexcitatory response to apneas in anes-

thetized cats was attenuated during hyperoxia versus

room-air (O’Donnell et al. 1996). The primary set of

chemoreceptors is located in the bifurcation of the com-

mon carotid arteries. These cells can detect changes in PO2

and in PCO2 and relay afferent information through the

glossopharyngeal nerve to release glutamate onto neurons

of the nucleus tractus solitarius (NTS) (Kumar and Prab-

hakar 2012). Central integration of these afferents signals

produces subsequent changes in phrenic nerve activity

(PNA) and respiratory function as well as sympathetic and

cardiovascular adjustments. The above-mentioned studies

highlight the contribution of hypoxia as an important

stimulus (Leuenberger et al. 1995; O’Donnell et al. 1996).

However, the inactivation of carotid chemoreceptors by

hyperoxia partially attenuated the SNA responses in both

humans and experimental models. This observation sug-

gests that another stimulus aside from hypoxia causes sym-

pathoexcitation. Interestingly, carotid body denervation

(CBD) eliminates both phrenic nerve activity (PNA) and

SNA responses to hypoxia (Koshiya and Guyenet 1996).

Thus, the purpose of this study was to test whether airway

obstruction activates carotid body afferents to increase

SNA and arterial blood pressure (ABP).

We recently developed a model of obstructive sleep

apnea produced by inflation of a trachea balloon (Schoor-

lemmer et al. 2011). A 15 sec balloon inflation decreases

arterial O2 saturation ~20%, increases CO2 and respira-

tory effort, and produces a pressor response (Schoorlem-

mer et al. 2011). Carotid body denervation (CBD)

attenuates the cardiovascular responses to airway obstruc-

tion in nonanesthetized rats (Angheben et al. 2014). Fur-

thermore, CBD did not reduce the neuronal activation

evoked by obstructive apnea in ventrolateral medulla of

regions involved in the respiratory and autonomic control

(Ferreira et al. 2015). Collectively, the above observations

suggest the respiratory and sympathetic changes induced

by upper airway obstruction may be partially mediated by

carotid chemoreceptors.

This study directly tested the above hypothesis through

simultaneous recordings of phrenic nerve activity (PNA),

lumbar SNA, renal SNA, and splanchnic SNA during air-

way obstruction in anesthetized rats. Airway obstruction

was induced by clamping a tracheal tube. This procedure

mimics apnea in humans as it produces gradual changes

in blood oxygen and CO2 and increases respiratory effort

against a closed upper airway that affect thoracic pressure,

hemodynamics, and airway sensors. The contribution of

chemoreceptor function was tested by three ways: (1)

inactivation of chemoreceptors by hyperoxia (100% O2),

(2) surgical CBD, and (3) inhibition of NTS neurons or

blockade of glutamatergic receptors in the NTS. The

simultaneous recording of multiple sympathetic nerves

also provided additional insight into whether apnea pro-

duced differential changes in SNA.

Materials and Methods

All experimental procedures were approved by the Insti-

tutional Animal Care and Use Committee at the Pennsyl-

vania State College of Medicine and based in the National

Institutes of Health Guide for the Care and Use of Labora-

tory Animals. Male Sprague–Dawley rats (250–350 g,

Charles Rives Laboratories) were kept in a 12:12 h light–
dark cycle room with controlled temperature (23 � 1°C).
The rats had free access to deionized water and standard

chow (Harlan Teklad Global Diet 2018).

General procedures

Initially, rats were anesthetized with isoflurane (2–3% in

100% O2) and instrumented with femoral arterial and

venous catheters to measure ABP and administer drugs,

respectively. In some rats, a brachial arterial catheter was

implanted to collect blood samples. The trachea was cannu-

lated using a metal tube attached to a plastic tube and the

rats were spontaneously breathing. The anesthesia was then

replaced by urethane (1.2 g/kg, IV) administered over

10 min. Oxygen saturation was monitored by an oximeter

(mouseOx; Starr Life Science), and end-tidal CO2 was

monitored by a capnometer (Microcapstar-100; CWE).

Body temperature was measured rectally (Sable Systems)

and maintained at 37 � 0.5°C by a water-circulating pad.

The rats were prepared for simultaneous recording of lum-

bar, renal, and splanchnic SNA through a ventral midline

and retroperitoneal approach as described previously (Sim-

monds et al. 2014; Stocker and Gordon 2015). The animals

were placed in a stereotaxic frame, and the phrenic nerve

was accessed after left shoulder retraction using a dorsolat-

eral approach. All nerves were placed on a bipolar stainless-

steel electrode and insulated with a silicon elastomer

(Kwik-Sil; World Precision Instruments). The raw signals

were filtered (100–1000 Hz), amplified (910,000), digitized

(sampling rate 2 kHz), rectified and integrated

(s = 20 msec and 50 msec for SNA and PNA, respectively)

using a Micro1401 and Spike2 software (Cambridge Elec-

tronics Design).

Experimental design

Experiment 1

Initial experiments investigated the extent by which air-

way obstruction produced regional changes in SNA across
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lumbar, renal, and splanchnic nerves. First, the airway

obstructions were induced by clamping the tracheal tube

for 20 s independently of respiratory cycle in rats (n=14,
�10 apneas) breathing room air. Airway obstructions tri-

als were repeated every 2 min. In a subset of rats, arterial

blood samples (70lL) were collected from the brachial

arterial catheter, before and between the last seconds of

obstruction to analyze pH, PCO2, PO2, and arterial satura-

tion using an I-STAT CG8 + cartridge. Blood volume

was replaced with isotonic saline.

Experiment 2

To test the contribution of hypoxia to respiratory, sympa-

thetic, and cardiovascular changes induced by airway

obstructions, the obstructions were repeated in animals

(see experiment 1) breathing 100% oxygen for 2 min

prior to the apnea. Again, arterial blood samples were

collected to analyze pH, PCO2, PO2, and arterial saturation.

Experiment 3

To test the contribution of the peripheral chemoreceptor

afferents to the respiratory, sympathetic, and cardiovascu-

lar changes induced by airway obstructions, bilateral CBD

was performed surgically in a separate group of rats

(n = 9) by section of the carotid body artery and carotid

sinus nerve branches. First, the denervation was assessed

by changes in PNA and SNA to IV injection of NaCN

(40 lg/100 lL). Rats were breathing freely 100% of oxy-

gen to maintain a stable preparation, and the airway

obstructions were performed as described above. To con-

firm that cardiovascular responses to airway obstruction

depend on the autonomic nervous system, airway

obstructions were repeated after treatment with the gan-

glionic blocker (chlorisondamine, 5 mg/kg IV).

Experiment 4

A final set of experiments assessed the contribution of

NTS neurotransmission to changes in PNA, SNA, and

ABP during airway obstruction, whereas rats were breath-

ing 100% of oxygen. After animals were placed into a

stereotaxic frame, a small craniotomy was performed to

expose the dorsal surface of the hindbrain and area post-

rema. A glass pipette (30 lm OD) was inserted in the

NTS with incisor bar positioned 11 mm below the inter-

aural line using the following coordinates: 0.3–0.5 mm

rostral, 1 mm lateral, and 0.6–1 mm ventral of the cala-

mus scriptorius. These coordinates target a large extension

of the NTS, including dorsolateral, ventrolateral, medio-

lateral, and commissural subnuclei (Gourine et al., 2008).

Microinjections (50 nL over 5 sec) were performed

bilaterally separated by 1 min using a picopump and eye

reticle. All apnea-induced responses were tested before

and every 5 min after NTS injection of aCSF (50 nL per

side), a cocktail of NMDA antagonist DL-2-amino-5-

phosphonopentanoic acid (AP5, 4 mmol/L), and non-

NMDA antagonist 6-cyano-7-nitroquinoxaline-2,3-dione

(CNQX, 2 mmol/L), or the GABAA agonist muscimol

(2 mmol/L). Muscimol was injected at the end of experi-

ments. To verify the efficacy of NTS injections, PNA and

SNA responses to NaCN (40 lg/100 lL, IV) and phenyle-

phrine (4 lg/kg, IV) were tested before and 5–10 min

after NTS injections. At the end, rats were perfused tran-

scardially with heparinized saline followed by 4%

paraformaldehyde. The brain was sectioned at 100 lm
using a vibratome. The injection site was identified by the

addition of fluorescent bead (0.2%) to the drug solution.

Statistical analysis

The background noise was determined at the end of

experiments after euthanasia with a high dose of urethane

or signal voltage between bursts. All data represent viable

nerve recordings assessed by a 2:1 signal-to-noise ratio as

previously described (Stocker and Gordon, 2015). SNA

and PNA was calculated by subtracting background noise

from the integrated value and then normalized to a base-

line value to 100% for each animal. Frequency of phrenic

discharge was assessed by identifying the inspiratory peaks

and calculating the frequency of burst per min. Data are

reported as means � SEM and peak changes (1s). HR val-

ues were averaged over the last 3 sec of the apnea. Graphs

and analyses were done using GraphPad Prism version 5.

The Student’s t test and one-way analysis of variance were

used as appropriate. Significance level was set at P ≤ 0.05.

Results

Experiment 1. Airway obstruction increases
in lumbar, renal, and splanchnic SNA

The first purpose of this study was to assess whether air-

way obstruction induces regional changes in SNA. Base-

line mean ABP, heart rate (HR), frequency of phrenic

nerve activity (PNA), and end-tidal CO2 are reported in

Table 1. Figure 1A illustrates a typical example of changes

in ABP, PNA, and SNA across lumbar, renal, and

splanchnic nerves during 20 sec of upper airway obstruc-

tion. The obstruction promptly increased PNA within 1–
2 sec. Lumbar SNA, renal SNA, splanchnic SNA, and

ABP increased at 4–5 sec and reached a peak in the last

second of obstruction. The magnitude of the sympathoex-

citation induced by upper airway obstruction was not sta-

tistically different across various end-organs
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(DlumbarSNA: 117 � 13% vs. DrenalSNA: 114 � 15%

vs. DsplanchnicSNA: 123 � 12%, P > 0.337).

Experiment 2. Hyperoxia attenuates
cardiorespiratory and sympathetic
responses to airway obstruction

To test the contribution of hypoxia, the airway obstruc-

tions were induced, whereas animals were freely breathing

100% O2. Hyperoxia slightly increased baseline mean ABP

and HR when compared with room air (21% O2)

(Table 1). Figure 2A illustrates the changes in cardiovas-

cular, respiratory, and sympathetic responses as a function

of time to airway obstruction during room air or hyperox-

ia. Figure 2B illustrates peak changes in mean ABP, HR,

PNA, and SNA across lumbar, renal, and splanchnic

nerves. Hyperoxia attenuated the peak increase in mean

ABP, lumbar SNA, renal SNA, and splanchnic SNA

induced by airway obstruction. Hyperoxia did not statisti-

cally change the increase in PNA and HR response. All

variables returned to baseline within 10–15 sec after the

end of the obstruction regardless of room-air or hyperoxia

conditions. HR returned to baseline after 30 sec.

In six rats, arterial blood samples were analyzed to

assess changes in blood gases evoked by airway obstruc-

tion during room air and hyperoxia. As expected, 20 sec

of airway obstruction reduced PO2, arterial O2 saturation,

and pH but increased PCO2 during room air and hyper-

oxia (Table 2). Note that, PO2 and arterial O2 saturation

values at the end of airway obstruction during hyperoxia

approached those values obtained when animals were

breathing room air at rest. Thus, hypoxia was avoided

when the airway obstructions were performed during

hyperoxia (Table 2).

Experiment 3. Carotid chemoreceptors
partially contribute to PNA and
sympathoexcitatory responses during
airway obstruction

To investigate the contribution of carotid chemoreceptors

afferents, the cardiorespiratory and sympathetic responses

Table 1. Means arterial blood pressure (ABP), heart rate (HR), frequency of phrenic nerve activity, and end-tidal CO2 at rest.

Chemo intact CBD

21% O2 100% O2 100% O2 100% O2 after ganglionic blocker

Mean ABP (mmHg) 90 � 2 96 � 2* 98 � 2 49 � 3†

HR (bpm) 409 � 14 422 � 13 434 � 14 388 � 6†

Frequency PNA (burst/min) 102 � 7 96 � 5 104 � 7 100 � 6

End-tidal CO2 (%) 5 � 0.2 5 � 0.2 5.2 � 0.3 4.6 � 0.4

Values are mean � SEM. *P < 0.05, versus chemo intact breathing 21% O2 and †P < 0.05 versus carotid body denervated (CBD).

50

150

100

500

ABP
(mmHg)

∫ PNA
(%)

100

200
∫ Lumbar
SNA (%)

100

200
∫ Renal

SNA (%)

100

200
∫ Splanchnic

SNA (%)

Airway obstruc�on
in room air

A B

100 μV

20 μV

40 μV

100 μV
0.2 sec

500 μV

20 μV

40 μV

100 μV

Figure 1. Airway obstruction induces similar sympathetic activation across lumbar, renal, and splanchnic nerves. A: Examples of ABP, mean

ABP (gray line), rectified and integrated (S) phrenic, lumbar, renal, and splanchnic nerve activity, in response to 20 sec of upper airway

obstruction. B: Raw phrenic, lumbar, renal, and splanchnic nerve activities at rest (top) and 2 sec of end apnea (bottom).
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to airway obstruction were tested in a separate group of rats

after carotid body denervation (CBD) but breathing 100%

O2. Baseline mean ABP, heart rate, frequency of PNA, and

end-tidal CO2 in a CBD rats are showed in Table 1.

Figure 3A illustrates an example of cardiovascular, res-

piratory, and sympathetic responses to airway obstruc-

tion in a CBD rat. Airway obstruction after CBD

increased ABP, PNA, and SNA across lumbar, renal, and

splanchnic nerves (Fig. 3A). However, CBD did reduce

the magnitude of the changes in HR, PNA, lumbar

SNA, renal SNA, and splanchnic SNA (Fig. 3B). There

were no differences in the pressor response between

intact versus CBD rats. CBD was verified by the absence

of changes in ABP, PNA, and SNA in response to NaCN

(Fig. 3A).

To verify whether pressor response to airway obstruc-

tion in CBD rats could be mediated by autonomic ner-

vous system, obstructions were tested after administration

of the ganglionic blocker. As expected, chlorisondamine

promptly reduced SNA, mean ABP, and HR from base-

line values with no change in PNA frequency (Table 1).

Ganglionic blockade eliminated the pressor (BEFORE:

Dmean ABP: 7 � 1 mmHg vs. AFTER: 1 � 1 mmHg;

P < 0.05) and changed HR response (BEFORE: DHR:

0 � 3 bpm vs. AFTER: -20 � 8 bpm; P < 0.05) induced

by airway obstruction in CBD rats. As expected, gan-

glionic blockade did not affect changes in PNA (BEFORE:

DPNA: 221 � 47% vs. AFTER: 251 � 56%; P > 0.05).

Experiment 4. Interruption of NTS
neurotransmission attenuates PNA, SNA,
and cardiovascular responses to upper
airway obstruction

Airway obstruction like obstructive apnea, results in

hypoxemia, hypercapnia, intense respiratory effort,

Time (sec) Time (sec)

A B
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Δ
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Δ
Δ
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Δ
Δ
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Δ
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Mean ± SEM Peak change (n = 14)

H
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H
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Figure 2. Hyperoxia attenuated cardiovascular and sympathetic responses induced by airway obstruction. A: Changes in mean ABP, heart rate

(HR), phrenic nerve activity (PNA), lumbar, renal, and splanchnic SNA in rats subjected to 20 sec of airway obstruction (gray-shaded area) in

room air or hyperoxia. B: Peak changes from data presented in A. *P < 0.05, between room air and hyperoxia.

Table 2. Partial pressure of oxygen (PO2), oxygen saturation (Sat O2), partial pressure of carbon dioxide (PCO2) e pH at basal, and final seconds

of airway obstruction in rats breathing air way (21% O2) or hyperoxia (100% O2).

PO2 (mmHg) Sat O2 (%) PCO2 (mmHg) pH

FiO2 Basal Final Basal Final Basal Final Basal Final

21% O2 72 � 2 45 � 1* 94 � 0.5 78 � 3* 40 � 1 45 � 3* 7.41 � 0 7.39 � 2*

100% O2 240 � 33† 71 � 5*† 99 � 0.2† 93 � 1*† 45 � 1† 53 � 3*† 7.39 � 0† 7.32 � 0*†

Values are mean � SEM. *P < 0.05 versus basal and †P < 0.05 versus breathing 21% O2.
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sympathetic activation, and pressor responses. It is likely

that those responses might modify the activities of several

sensors including chemoreceptors, baroreceptors, and pul-

monary receptors. Since is well-known that the afferents

from those receptors terminate in the NTS, we employed

a final approach and investigated the role of NTS neuro-

transmission in the cardiorespiratory and sympathetic

responses produced by airway obstruction in rats breath-

ing 100% of oxygen. The responses were tested after

injection of aCSF, a cocktail of NMDA plus non-NMDA

receptor antagonists to block glutamatergic receptors, or a

GABAA agonist to inhibit NTS neurons. Figure 4 illus-

trates examples of the ABP, PNA, and SNA during airway

obstruction at 5–10 min after injection of aCSF,

AP5 + CNQX cocktail or muscimol. Summary data are

presented in Figure 5. Bilateral microinjection of aCSF

did not alter baseline values of mean ABP, HR, PNA, or

SNA to lumbar, renal, and splanchnic nerves (Table 3).

Airway obstruction after aCSF injection increased ABP,

PNA, and SNA. Bilateral injection of AP5 + CNQX cock-

tail promptly increased basal mean ABP (98 � 3 mmHg

to 111 � 6 mmHg; P < 0.05), lumbar SNA (100 � 0%

to 122 � 3%; P < 0.05), renal SNA (100 � 0% to

119 � 5%; P < 0.05), and splanchnic SNA (100 � 0% to

123 � 4%; P < 0.05) but reduced PNA frequency

(100 � 13 burst/min to 60 � 3 burst/min; P < 0.05). HR

did not change (Table 3). Blockade of NMDA/non-

NMDA receptors in the NTS reduced PNA and SNA

responses to airway obstruction (Figs. 4 and 5). Interest-

ingly, airway obstruction after injection of AP5 + CNQX

produced a biphasic mean ABP response. Mean ABP

increased within 4–5 sec of obstruction but then

decreased significantly below baseline values. However,

the peak increase in mean ABP was not different between

rats injected with aCSF vs. AP5 + CNQX (Fig. 5).

Injection of muscimol into NTS neurons promptly

increased basal mean ABP (98 � 3 mmHg to

116 � 8 mmHg; P < 0.05), lumbar SNA (100 � 0% to

122 � 10%; P < 0.05), renal SNA (100 � 0%

to 125 � 8%; P < 0.05), and splanchnic SNA (100 � 0%

to 122 � 8%; P < 0.05) but reduced PNA frequency

(100 � 13 burst/min to 66 � 7 burst/min; P < 0.05)

(Table 3). Injection of muscimol also attenuated the PNA

and SNA responses and produced a biphasic ABP

response to airway obstruction (Figs. 4 and 5).

Figure 4B provides digital images and schematic illus-

tration of NTS injection sites. Note that the injections

occurred mainly around the solitary tract. As demon-

strated by combined digital images (yellow), the injections

of muscimol (red) occurred at the same level of

AP5 + CNQX injection (green).

To confirm whether the above injections blocked affer-

ent input from carotid chemoreceptors and baroreceptors,

we evaluated the chemoreflex responses to NaCN and

baroreflex responses to phenylephrine. Figure 6 illustrates

an example of changes in mean ABP, PNA, and SNA to

IV injection of NaCN at 5–10 min after bilateral NTS

microinjection of aCSF, AP5 + CNQX cocktail or musci-

mol. Blockade of NMDA/non-NMDA receptors or inhibi-

tion of NTS neurons largely reduced pressor response,

PNA, and sympathetic activation to NaCN (Fig. 6). Fur-

thermore, both treatments significantly attenuated the

∆
∆

∆

∆
∆

∆

Carotid body denervation Peak change (n = 14)A B

Figure 3. Acute carotid body denervation did not prevent cardiorespiratory and sympathetic responses induced by airway obstruction. A:

Examples of ABP, rectified and integrated (S) phrenic, lumbar, renal, and splanchnic nerve activity in response to airway obstruction (20 sec,

gray-shaded area) while breathing hyperoxia and NaCN IV injection. B: Changes in mean ABP, heart rate (HR), phrenic nerve activity (PNA),

lumbar, renal, and splanchnic SNA in chemo intact rats versus carotid body denervated (CBD) rats subjected in response to airway obstruction

in hyperoxia. *P < 0.05, between chemo intact and CBD.
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A

B

//5 min aCSF //5 min AP5+CNQX //5 min Muscimol

Figure 4. NTS neurotransmission contributes in part to airway obstruction-induced responses. A: Examples of ABP, mean ABP (gray line),

rectified and integrated (S) phrenic, lumbar, renal, and splanchnic nerve activity in response to 20 sec of airway obstruction (gray bar) in

hyperoxia, tested after 5 min injection of artificial cerebrospinal fluid (aCSF), AP5 + CNQX cocktail or muscimol. B: Digital images of the NTS

injections sites for AP5 + CNQX (green), muscimol (red), or combined AP5 + CNQX plus muscimol images (yellow). Schematic illustrations

demonstrating injection sites at caudal level of NTS. The numbers at the left of each coronal sections corresponding the distance from the

bregma according to the rat brain atlas of Paxinos and Watson (1997). AP: area postrema, cc: central canal, commNTS: commissural nucleus of

the tract solitary, sol: solitary tract, XII: hypoglossal nerve.

A B

∆
∆

∆

∆
∆

∆ ∆
∆

∆

∆
∆

∆

Figure 5. Cardiorespiratory and sympathetic responses to airway obstruction were reduced after interruption of NTS neurotransmission. A:

Changes in mean arterial blood pressure (ABP), heart rate (HR), phrenic nerve activity (PNA), lumbar, renal, and splanchnic sympathetic nerve

activity (SNA), after 5 minutes of drug injections into NTS in the same group of rats. B: Changes in data presented in A. aCSF: artificial cerebral

spinal fluid. *P ≤ 0.05, versus aCSF.
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sympathoinhibitory baroreflex responses mediate to

phenylephrine (Table 4).

Discussion

The sympathoexcitatory response to apnea or OSA is trig-

gered, at least partly, by hypoxia (Leuenberger et al. 1995;

Somers et al. 1995; O’Donnell et al. 1996; Imadojemu

et al. 2002). This study tested the hypothesis that apnea

may activate carotid body afferents and NTS neurotrans-

mission to alter PNA, SNA, and ABP. Herein, we provide

several novel observations including: (1) airway obstruc-

tion evokes similar increases in SNA across lumbar, renal,

and splanchnic nerves, (2) hyperoxia partially attenuates

these sympathetic and cardiovascular responses, (3)

absence of carotid chemoreceptors afferents by CBD

attenuates PNA and SNA responses to airway obstruction,

and (4) inhibition of NTS neurons or blockade of gluta-

mate receptors attenuates respiratory and sympathoexcita-

tory responses to airway obstruction. Altogether, these

observations suggest that the cardiovascular, respiratory,

and sympathetic responses induced by airway obstruction

partly depend on peripheral chemoreceptors and NTS

neurotransmission.

Sympathetic neural responses to upper
airway obstruction

Previous studies have documented that OSA increases

muscle SNA and ABP in humans (Leuenberger et al.

1995), whereas apnea increases renal SNA in anesthetized

cats (O’Donnell et al. 1996). This study performed simul-

taneous sympathetic nerve recordings and provided the

first evidence that airway obstruction increases SNA in

lumbar, renal, and splanchnic nerves. These sympathoex-

citatory responses are functionally significant as the gan-

glionic blocker chlorisondamine eliminated the pressor

response to airway obstruction. In addition, these data

suggest that OSA patients might have widespread sympa-

thetic activation during an obstructive apnea. Despite

large increases in SNA, ABP increased ~10 mmHg (room

air). The relatively small impact on ABP may be attribu-

ted to a number of factors including changes in intratho-

racic pressure, direct effects of hypoxia on the

vasculature, and anesthesia. Sympathetic tone arises from

the tonic drive of neurons in the rostral ventrolateral

medulla (RVLM) to preganglionic neurons in the spinal

cord (Guyenet 2006). RVLM neurons are lie immediately

adjacent to the ventral respiratory column. Furthermore,

changes in respiratory neurons activity can modify sym-

pathetic neuronal activity in the brainstem (Haselton and

Guyenet 1989; Spyer and Gourine 2009; Moraes et al.

2014). Future studies need to address whether changes in

the activity of respiratory networks are necessary for the

changes in SNA during airway obstruction.

The effect of hypoxia and CBD on apnea-
induced responses

A major goal of this study was to investigate the contri-

bution of hypoxia and carotid chemoreceptors afferents

in the cardiorespiratory responses to airway obstruction.

Carotid chemoreceptors promptly increase discharge fre-

quency of the carotid sinus nerve when PO2 falls below

60 mmHg (Kumar and Prabhakar 2012). Changes in PO2

above 60 mmHg have a much smaller effect, and the

basal activity of carotid sinus nerve when animals are

breathing 100% O2 is very low (Vidruk et al. 2001).

Administration of 100% of oxygen in subjects during

obstructive apnea attenuated muscle SNA and pressor

responses (Leuenberger et al. 1995; Imadojemu et al.

2002). Hyperoxia also reduces the renal sympathoexcita-

tory response to apnea in anesthetized cats (O’Donnell

et al. 1996). In this study, airway obstruction during

hyperoxia changed the PO2 from 240 � 33 to

72 � 6 mmHg, and the nadir arterial oxygen saturation

Table 3. Arterial blood pressure, heart rate, phrenic nerve frequency, and end-expiratory CO2 at baseline and after 5–10 min of drug

injections.

Experiment 4

Before injections aCSF AP5 + CNQX Muscimol

Mean ABP (mmHg) 98 � 3 94 � 5 111 � 6* 116 � 8*

HR (bpm) 398 � 19 434 � 19 395 � 24 434 � 17

Frequency PNA (burst/min) 100 � 13 100 � 5 60 � 3* 66 � 7*

Lumbar SNA (%) 100 � 0 104 � 2 122 � 3* 122 � 10*

Renal SNA (%) 100 � 0 98 � 7 119 � 5* 125 � 8*

Splanchnic SNA (%) 100 � 0 104 � 5 123 � 4* 122 � 8*

End-tidal CO2 (%) 5 � 0.2 5.6 � 0.3 5.8 � 0.3 5.9 � 0.3

Values are mean � SEM. *P < 0.05, different from before injections.
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remained above 90%. Although, we did not record caro-

tid sinus nerve activity, PO2 remained above 70 mmHg

which is unlikely to powerfully activate carotid sinus

nerve (Vidruk et al. 2001). Hyperoxia attenuated, but did

not eliminate, the SNA, HR, and ABP responses to airway

obstruction. Therefore, these results suggest hypoxia par-

tially contributes to the SNA and cardiovascular responses

induced by obstructive apnea.

Airway obstruction also increased PCO2. Therefore, the

increase in CO2 may activate carotid body chemoreceptors

to elevate discharge frequency of the carotid sinus nerve or

directly activate central chemosensitive neurons (Moreira

et al. 2006; Kumar and Prabhakar 2012). In a second set of

experiments, airway obstruction was performed in CBD

rats to directly investigate the contribution of carotid

chemoreceptor afferents. CBD abolishes respiratory and

sympathetic responses to hypoxia (Koshiya and Guyenet

1996; Takakura et al. 2006). In this study, CBD rats were

denervated as NaCN did not produce changes in PNA,

SNA, or mean ABP. However, the increase in PNA and

sympathoexcitation induced by airway obstruction was

partially attenuated. These results are consistent with previ-

ous report that CBD did not reduce Fos immunoreactivity

in ventrolateral medulla of autonomic and respiratory

regions (Ferreira et al. 2015) or the pressor response

(Angheben et al. 2014) to airway obstruction. Collectively,

these findings indicate that activation of carotid chemore-

ceptor afferents partially contribute to the sympathetic and

cardiorespiratory changes during airway obstruction. These

observations might have clinical relevance as OSA patients

∆
∆

∆

∆
∆

∆

A B

Figure 6. Chemoreflex was strongly affected by interruption of NTS neurotransmission. A: Examples of ABP, mean ABP (gray line), rectified

and integrated (S) phrenic, lumbar, renal, and splanchnic sympathetic nerve activity (SNA) in response to NaCN IV tested after injection of

artificial cerebral spinal fluid (aCSF), AP5 + CNQX cocktail or muscimol into NTS. Black arrows represent time of NaCN IV injection. B: Changes

of mean ABP, heart rate (HR), phrenic nerve activity (PNA), lumbar, renal, and splanchnic SNA in response to NaCN tested after 10 min of drug

microinjections into NTS. Values are means � SEM. *P < 0.05, versus aCSF.

Table 4. Changes in mean ABP, heart rate, lumbar SNA, renal SNA, and splanchnic SNA evoked by phenylephrine after 5-10 min of pharma-

cological pretreatment into NTS.

Treatment D ABP (mmHg) D HR (bpm) D Lumbar SNA (%) D Renal SNA (%) D Splanchnic SNA (%)

aCSF 49 � 4 �52 � 11 �81 � 6 �80 � 3 �88 � 5

AP5 + CNQX 43 � 7 �71 � 26 �17 � 4* �16 � 3* �16 � 3*

Muscimol 43 � 11 �78 � 26 �26 � 12* �31 � 15* �35 � 16*

Values are means � SEM. *P < 0.05, different from aCSF injection.
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with normal or small oxygen desaturation may still exhibit

elevated SNA independent of hypoxia or carotid chemore-

ceptor mechanisms.

So, how could the increase in CO2 concentration con-

tribute to the cardiovascular, respiratory, and sympathetic

responses induced by airway obstruction after CBD? The

retrotrapezoid nuclei (RTN) are a well-known central

chemoreceptor located in the rostral area of medulla oblon-

gata close to the ventral surface. Their neurons can increase

the discharge frequency by increases in CO2 and detection

of ions H+ in the extracellular fluid (Guyenet et al. 2016).

In addition, astrocytes might also contribute to the

chemosensitive response (Gourine et al. 2010). Previously,

one study reported that sympathoexcitatory response

evoked by hypercapnia occur by small changes in CO2 con-

centration in vago-sino-aortic denervated rats (Moreira

et al. 2006). These findings strengthen the idea that the

small increase in CO2/H
+ induced by airway obstruction

might activates RTN neurons and result in an increase in

PNA and sympathoexcitation in intact and CBD rats. Fur-

thermore, the difference between PNA and SNA responses

induced by airway obstruction during hyperoxia in chemo

intact and CBD rats suggest a potential interaction between

peripheral chemoreceptors and central chemoreceptors.

The role of NTS neurotransmission in PNA,
SNA, and cardiovascular responses induced
by airway obstruction

The primary site of afferent inputs from peripheral

chemoreceptors is the NTS. In addition, NTS also inte-

grates input from baroreceptors, pulmonary receptors,

and cardiopulmonary receptors. Prior studies suggest that

glutamatergic neurotransmission mediates reflex responses

to peripheral chemoreceptors activation (Vardhan et al.

1993; Sapru 1996), to baroreceptors activation (Guyenet

et al. 1987; Gordon and Leone 1991) and to pulmonary

stretch receptors activation (Bonham and McCrimmon

1990; Miyazaki et al. 1999). Since obstructive apnea may

activate all of afferents input, we tested whether interrup-

tion of NTS neurotransmission would attenuate airway

obstruction-induced responses. Inhibition of NTS neurons

or blockade of NMDA/non-NMDA glutamatergic recep-

tors reduced PNA, SNA, and cardiovascular responses

during upper airway obstruction. In addition, both treat-

ments drastically attenuated these same responses during

chemoreflex activation and the sympathoinhibition by

baroreflex activation thereby confirming the effectiveness

of the approach. Interestingly, airway obstruction pro-

duced a biphasic response in ABP. This response could be

attributed to numerous factors as discussed above.

Although animals were breathing 100% O2, a small

reduction in arterial oxygen saturation was observed

(~6%) thereby raising the possibility that hypoxia might

contribute. Future studies are needed to investigate this

possibility. Altogether, these findings indicate that part of

airway obstruction responses depend on glutamatergic

NTS neurotransmission.

A recent study demonstrated that the blockade of NTS

neurotransmission by muscimol drastically reduced respi-

ratory and splanchnic SNA response to hypoxia (8–10%)

in anesthetized rats (Favero et al. 2011). In contrast,

microinjection of muscimol did not modify respiratory

and splanchnic SNA response to 10% of CO2 (Favero

et al. 2011). Favero et al. (2011) applied the same volume

and concentration of this study and the injection was

done into commissural NTS. Altogether, these results

reinforce the hypothesis that central mechanisms con-

tribute to the cardiovascular, respiratory, and SNA

responses mediated by airway obstruction.

Summary and Conclusion

The current findings demonstrate that 20 sec of upper

airway obstruction evokes changes in PNA and SNA that

partly depend on hypoxia, peripheral chemoreceptors

afferents, and NTS neurotransmission. The partial attenu-

ation achieved by any of these manipulations suggests

that additional mechanisms (i.e., central chemoreceptors

and/or central respiratory networks) may be involved in

the cardiorespiratory and SNA changes induced by airway

obstruction. These findings are important since the

majority of studies use intermittent hypoxia stimulus to

investigate the mechanisms involved in OSA. Here, we

showed that airway obstructive is a complex stimulus that

involves activation and integration of several mechanisms.

In addition, our findings indicate that future studies

aimed to investigate the pathophysiology of OSA should

consider multiple approaches or models to better under-

stand cardiorespiratory physiology.

Acknowledgments

None.

Conflict of Interest

None.

References

Angheben, J. M., G. H. Schoorlemmer, M. V. Rossi, T. A.

Silva, and S. L. Cravo. 2014. Cardiovascular responses

induced by obstructive apnea are enhanced in hypertensive

rats due to enhanced chemoreceptor responsivity. PLoS

ONE 9:e86868.

2018 | Vol. 6 | Iss. 3 | e13536
Page 10

ª 2018 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of

The Physiological Society and the American Physiological Society

Airway Obstruction Elevates SNA Without Chemoreceptor Input C. B. Ferreira et al.



Bonham, A. C., and D. R. McCrimmon. 1990. Neurones in a

discrete region of the nucleus tractus solitarius are required

for the Breuer-Hering reflex in rat. J. Physiol. 427:261–280.
Dempsey, J. A., S. C. Veasey, B. J. Morgan, and C. P.

O’Donnell. 2010. Pathophysiology of sleep apnea. Physiol.

Rev. 90:47–112.
Favero, M. T., A. C. Takakura, P. M. de Paula, E. Colombari,

J. V. Menani, and T. S. Moreira. 2011. Chemosensory

control by commissural nucleus of the solitary tract in rats.

Respir. Physiol. Neurobiol. 179:227–234.
Ferreira, C. B., G. H. Schoorlemmer, M. V. Rossi, A. C.

Takakura, B. F. Barna, T. S. Moreira, et al. 2015. Brainstem

areas activated by intermittent apnea in awake unrestrained

rats. Neuroscience 297:262–271.
Gordon, F. J., and C. Leone. 1991. Non-NMDA receptors in

the nucleus of the tractus solitarius play the predominant

role in mediating aortic baroreceptor reflexes. Brain Res.

568:319–322.
Gourine, A. V., N. Dale, A. Korsak, E. Llaudet, F. Tian, R.

Huckstepp, et al. 2008. Release of ATP and glutamate in the

nucleus tractus solitarii mediate pulmonary stretch receptor

(Breuer–Hering) reflex pathway. J Physiol 16:3963–3978.
Gourine, A. V., V. Kasymov, N. Marina, F. Tang, M. F.

Figueiredo, S. Lane, et al. 2010. Astrocytes control breathing

through pH-dependent release of ATP. Science 329:571–575.

Guyenet, P. G. 2006. The sympathetic control of blood

pressure. Nat. Rev. Neurosci. 7:335–346.

Guyenet, P. G., T. M. Filtz, and S. R. Donaldson. 1987. Role

of excitatory amino acids in rat vagal and sympathetic

baroreflexes. Brain Res. 407:272–284.
Guyenet, P. G., D. A. Bayliss, R. L. Stornetta, M. G. Ludwig,

N. N. Kumar, Y. Shi, et al. 2016. Proton detection and

breathing regulation by the retrotrapezoid nucleus. J.

Physiol. 594:1529–1551.
Haselton, J. R., and P. G. Guyenet. 1989. Central respiratory

modulation of medullary sympathoexcitatory neurons in rat.

Am. J. Physiol. 256:R739–R750.

Imadojemu, V. A., K. Gleeson, K. S. Gray, L. I. Sinoway, and

U. A. Leuenberger. 2002. Obstructive apnea during sleep is

associated with peripheral vasoconstriction. Am. J. Respir.

Crit. Care Med. 165:61–66.
Koshiya, N., and P. G. Guyenet. 1996. Tonic sympathetic

chemoreflex after blockade of respiratory rhythmogenesis in

the rat. J. Physiol. 491(Pt 3):859–869.

Kumar, P., and N. R. Prabhakar. 2012. Peripheral

chemoreceptors: function and plasticity of the carotid body.

Compr. Physiol. 2:141–219.
Leuenberger, U., E. Jacob, L. Sweer, N. Waravdekar, C.

Zwillich, and L. Sinoway. 1995. Surges of muscle

sympathetic nerve activity during obstructive apnea are

linked to hypoxemia. J Appl Physiol (1985) 79:581–588.

Miyazaki, M., I. Tanaka, and K. Ezure. 1999. Excitatory and

inhibitory synaptic inputs shape the discharge pattern of

pump neurons of the nucleus tractus solitarii in the rat.

Exp. Brain Res. 129:191–200.

Moraes, D. J., L. G. Bonagamba, K. M. Costa, J. H. Costa-

Silva, D. B. Zoccal, and B. H. Machado. 2014. Short-term

sustained hypoxia induces changes in the coupling of

sympathetic and respiratory activities in rats. J. Physiol.

592:2013–2033.

Moreira, T. S., A. C. Takakura, E. Colombari, and P. G.

Guyenet. 2006. Central chemoreceptors and sympathetic

vasomotor outflow. J. Physiol. 577:369–386.
O’Donnell, C. P., A. R. Schwartz, P. L. Smith, J. L. Robotham,

R. S. Fitzgerald, and M. Shirahata. 1996. Reflex stimulation

of renal sympathetic nerve activity and blood pressure in

response to apnea. Am. J. Respir. Crit. Care Med. 154:1763–
1770.

Paxinos, G., and C. Watson. 1997. The rat brain: in stereotaxic

coordinates. Academic Press, San Diego, CA.

Sapru, H. N. 1996. Carotid chemoreflex. Neural pathways and

transmitters. Adv. Exp. Med. Biol. 410:357–364.

Schoorlemmer, G. H., M. V. Rossi, S. Tufik, and S. L. Cravo.

2011. A new method to produce obstructive sleep apnoea in

conscious unrestrained rats. Exp. Physiol. 96:1010–1018.
Simmonds, S. S., J. Lay, and S. D. Stocker. 2014. Dietary salt

intake exaggerates sympathetic reflexes and increases blood

pressure variability in normotensive rats. Hypertension

64:583–589.
Somers, V. K., M. E. Dyken, M. P. Clary, and F. M. Abboud.

1995. Sympathetic neural mechanisms in obstructive sleep

apnea. J. Clin. Invest. 96:1897–1904.

Spyer, K. M., and A. V. Gourine. 2009. Chemosensory

pathways in the brainstem controlling cardiorespiratory

activity. Philos. Trans. R. Soc. Lond. B Biol. Sci. 364:2603–
2610.

Stocker, S. D., and K. W. Gordon. 2015. Glutamate receptors

in the hypothalamic paraventricular nucleus contribute to

insulin-induced sympathoexcitation. J. Neurophysiol.

113:1302–1309.
Takakura, A. C., T. S. Moreira, E. Colombari, G. H. West, R.

L. Stornetta, and P. G. Guyenet. 2006. Peripheral

chemoreceptor inputs to retrotrapezoid nucleus (RTN)

CO2-sensitive neurons in rats. J. Physiol. 572:503–523.
Vardhan, A., A. Kachroo, and H. N. Sapru. 1993. Excitatory

amino acid receptors in commissural nucleus of the NTS

mediate carotid chemoreceptor responses. Am. J. Physiol.

264:R41–R50.
Vidruk, E. H., E. B. Jr Olson, L. Ling, and G. S. Mitchell.

2001. Responses of single-unit carotid body chemoreceptors

in adult rats. J. Physiol. 531:165–170.

ª 2018 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of
The Physiological Society and the American Physiological Society

2018 | Vol. 6 | Iss. 3 | e13536
Page 11

C. B. Ferreira et al. Airway Obstruction Elevates SNA Without Chemoreceptor Input


