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Abstract

Aim—Acute intermittent hypoxia (AIH) promotes persistent increases in ventilation and 

sympathetic activity, referred as long-term facilitation (LTF). Augmented inspiratory activity is 

suggested as a major component of respiratory LTF. In the present study, we hypothesized that 

AIH also elicits a sustained increase in expiratory motor activity. We also investigated whether the 

expiratory LTF contributes to the development of sympathetic LTF after AIH.

Methods—Rats were exposed to AIH (10 × 6–7 % O2 for 45 s, every 5 min) and the 

cardiorespiratory parameters were evaluated during 60 min using in vivo and in situ approaches.

Results—In unanesthetized conditions (n=9), AIH elicited a modest but sustained increase in 

baseline mean arterial pressure (MAP, 104±2 vs 111±3 mmHg, P<0.05) associated with enhanced 

sympathetic and respiratory-related variabilities. In the in situ preparations (n=9), AIH evoked 

LTF in phrenic (33±12%), thoracic sympathetic (75±25%) and abdominal nerve activities 

(69±14%). The sympathetic overactivity after AIH was phase-locked with the emergence of bursts 

in abdominal activity during the late-expiratory phase. In anesthetized vagus-intact animals, AIH 

increased baseline MAP (113±3 vs 122±2 mmHg, P<0.05) and abdominal muscle activity 

(535±94%), which were eliminated after pharmacological inhibition of the retrotrapezoid nucleus/

parafacial respiratory group (RTN/pFRG).

Conclusion—These findings indicate that increased expiratory activity is also an important 

component of AIH-elicited respiratory LTF. Moreover, the development of sympathetic LTF after 

AIH is linked to the emergence of active expiratory pattern and depends on the integrity of the 

neurones of the RTN/pFRG.
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INTRODUCTION

Neural plasticity is an important property of the respiratory network and underlies 

adjustments in the respiratory function (e.g., chemosensitive gain) and motor output 

(inspiratory and expiratory muscle performance) in response to vigorous stimuli (Mitchell 

and Johnson, 2003). This plasticity is observed after the exposure to brief episodes of low 

oxygen interspersed with periods of reoxygenation, or acute intermittent hypoxia (AIH) 

(Millhorn et al., 1980, Baker and Mitchell, 2000). Experimental evidence obtained in 

different animal species, including cats, dogs, rats, goats and humans (Hayashi et al., 1993, 

Millhorn et al., 1980, Turner and Mitchell, 1997, Cao et al., 1992, Chowdhuri et al., 2008, 

Aboubakr et al., 2001) demonstrates that AIH promotes a compensatory and long-lasting (> 

1h) increase in respiratory motor activity, referred as respiratory long-term facilitation 

(LTF). It has been suggested that the expression of the respiratory LTF is primarily 

dependent on changes in inspiratory motor output, mainly enhanced phrenic and hypoglossal 

nerve activities (Bach and Mitchell, 1996, Baker and Mitchell, 2000), which results in 

increases in both the tidal volume (McGuire et al., 2004, Olson et al., 2001) and, to a lesser 

extent, in the respiratory frequency (Turner and Mitchell, 1997).

In addition to the respiratory LTF, a persistent increase in the sympathetic nerve activity has 

been reported after AIH exposure (Leuenberger et al., 2005, Dick et al., 2007, Xing and 

Pilowsky, 2010). Studies by Dick et al. (2007) described that AIH increased both phrenic 

and splanchnic sympathetic nerve activities in anesthetized rats. The authors also reported 

that the elevation in the sympathetic activity after AIH was not tonic, but entrained with the 

respiratory activity, suggesting that the mechanisms of coupling between sympathetic and 

respiratory activities underlie the emergence of AIH-induced sympathetic LTF. In contrast, 

studies by Xing and Pilowsky (2010) demonstrated that anesthetized rats presented a robust 

increase in the splanchnic sympathetic activity after AIH even in the absence of the phrenic 

LTF, indicating that changes in the respiratory activity, or at least, in the inspiratory drive, 

may not be required for the emergence of the sympathetic LTF induced by AIH.

During acute hypoxia (Dick et al., 2004) or chemical activation of peripheral 

chemoreceptors (Moraes et al., 2012), the vasoconstrictor sympathetic activity increases 

predominantly during the expiratory period. Moreover, rats exposed to either chronic 

intermittent hypoxia or sustained hypoxia develop hypertension, baseline sympathetic 

overactivity and exhibited increased discharge frequency of the ventromedullary pre-

sympathetic neurones during expiration (Moraes et al., 2013, Zoccal et al., 2008, Moraes et 

al., 2014). In conjunction, these data indicate that both acute and chronic peripheral 

chemoreflex activation enhances sympathetic nerve outflow during the expiratory phase, 

increasing the vascular resistance and then the arterial pressure levels.

Based on these observations, we hypothesized that the persistent increase in baseline 

sympathetic activity following AIH exposure depends, at least in part, on changes in the 
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respiratory network and results from the development of LTF in the expiratory motor 

activity. To check this possibility, in the present study we evaluated the cardiovascular 

parameters in unanesthetized rats and recorded the activity of phrenic, abdominal and 

sympathetic nerve activities in the decerebrated arterially-perfused in situ rat preparations 

before and after AIH. Moreover in anesthetized rats exposed to AIH, we also performed the 

pharmacological inhibition of the retrotrapezoid nucleus/parafacial respiratory group (RTN/

pFRG) – a region critically involved in the generation of active expiratory pattern (Abdala et 

al., 2009, Pagliardini et al., 2011, Moraes et al., 2012) – and recorded the arterial pressure 

levels and the diaphragmatic and abdominal activities in order to verify the potential source 

of excitatory drive to generate the sympathetic and expiratory LTF after AIH.

MATERIAL AND METHODS

Animals and Ethical Approval

Juvenile male Holtzman rats (70–80 g, n=9) and adult male Wistar rats (290–320 g, n=14) 

were used in the present study. Animals were housed at controlled conditions of temperature 

(22±1 °C) and humidity (50–60%) under a 12-h light/dark cycle (lights on at 07:00 am) with 

rat chow and water provided ad libitum. The experimental procedures followed the Guide 

for the Care and Use of Laboratory Animals published by the US National Institutes of 

Health (NIH publication No. 85–23 revised 1996) and by the Brazilian National Council for 

Animal Experimentation Control (CONCEA). All experimental protocols were approved by 

the Local Ethical Committee in Animal Experimentation of the School of Dentistry of 

Araraquara (protocol 21/2012) and of the Federal University of Santa Catarina (protocol 

PP00543).

Measurements of cardiovascular parameters in unanesthetized rats

Twenty-four hours before the experiments, a group of adult animals (290–320 g) were 

anesthetized with ketamine (60 mg.kg−1, i.p.) and xylazine (10 mg.kg−1, i.p.) and a 

polyethelene catheter (PE-10 connected to PE-50; Clay Adams, Parsippany, NJ) was inserted 

into the abdominal aorta through the femoral artery for measurements of pulsatile arterial 

pressure (PAP, mmHg). The distal end of the catheter was tunnelled subcutaneously, 

exteriorized through the back of the neck, and sutured to the skin. The rats were then housed 

singly and their respiratory movements were monitored until they regained consciousness. 

On the day after the surgery, when the rats had adapted over night to the environment of 

recording room, the arterial catheter was connected to a pressure transducer (model 

MLT0380; ADInstruments, Bella Vista, NSW, Australia) and, in turn, to an amplifier 

(Bridge Amp, ML221; ADInstruments). The PAP signals were acquired by a data 

acquisition system (PowerLab 4/25, ML845; ADInstruments) and recorded at 2 KHz 

sampling rate on a hard drive of a computer using an appropriate software (Chart Pro; 

ADInstruments). Mean arterial pressure (MAP, mmHg) and heart rate (HR, beats per minute 

- bpm) were derived from PAP signals.

From PAP signals, beat-by-beat time series of the systolic arterial pressure (SAP) and pulse 

interval (PI) were extracted from the last 30 minutes of the recordings (Chart Pro, 

ADInstruments) to determine the autonomic and respiratory modulation of the 
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cardiovascular system through the analysis of variability, as previously described (Moraes et 

al., 2014, Zoccal et al., 2009a). Briefly, arterial pressure and heart rate oscillations at low-

frequency range (LF) are representative of the modulatory effects of the sympathetic activity 

controlling vascular tonus and the heart activity, while oscillations at high-frequency range 

(HF) are associated with the respiratory or parasympathetic modulation of blood vessels and 

the heart, respectively (Malliani et al., 1991, Bernardi et al., 2001). The overall variability of 

the SAP and PI was assessed in the frequency domain using fast Fourier transform spectral 

analysis (Cardioseries Software v2.4, available on https://www.sites.google.com/site/

cardioseries/home). The power of the oscillatory components obtained from rats of the 

control and AIH groups was quantified in two frequency bands: LF (0.20–0.75 Hz) and HF 

(0.75–3.0 Hz) (Cerutti et al., 1991, Malliani et al., 1991, Zoccal et al., 2009a). Oscillations 

lower than 0.20 Hz was not quantified. In addition to the spectral analysis of arterial pressure 

and heart rate, we also determined the spontaneous baroreflex gain (SBG), which reflects the 

cardiac baroreflex function over the physiological range of fluctuations in arterial pressure. 

To this, we used an appropriated software (Cardioseries Software v2.4) that automatically 

detected spontaneous ramps of progressive increases and decreases of four or more values of 

SAP that paralleled with changes in pulse interval with a linear correlation higher than 0.8. 

The ramp sequences were defined as up sequences when SAP increases were associated 

with PI lengthening or as down sequences when SAP decreases were associated with PI 

shortening, and the overall SBG was assessed by the average of the linear regression slopes 

(in ms/mmHg) between the SAP and the subsequent PI (Zoccal et al., 2009a).

In situ working heart-brainstem preparation

Working heart-brainstem preparations (Paton, 1996) were surgically prepared, as previously 

described (Zoccal et al., 2008). The juvenile rats (70–80 g) were deeply anesthetized with 

halothane (AstraZeneca, Cotia, SP, Brazil) until the loss of the paw withdrawal reflex, 

transected caudal to the diaphragm, submerged in a chilled Ringer solution (in mM: NaCl, 

125; NaHCO3, 24; KCl, 3; CaCl2, 2.5; MgSO4, 1.25; KH2PO4, 1.25; dextrose, 10) and 

decerebrated at the precollicular level. Lungs were removed. Preparations were then 

transferred to a recording chamber, the descending aorta was cannulated and perfused 

retrogradely with Ringer solution containing 1.25 % Polyethylene glycol (an oncotic agent, 

Sigma, St Louis, USA), sodium lactate (2 mM) and a neuromuscular blocker (vecuronium 

bromide, 3–4 µg.mL−1, Cristália Produtos Químicos Farmacêuticos Ltda., São Paulo, 

Brazil), using a roller pump (Watson-Marlow 502s, Falmouth, Cornwall, UK) via a double-

lumen cannula. The perfusion pressure was maintained in the range of 50–70 mmHg by 

adjusting the rate flow to 21- 25 ml.min−1 and by adding vasopressin to the perfusate (0.6 – 

1.2 nM, Sigma, St. Louis, MO, USA). The perfusate was gassed continuously with 5% 

CO2-95% O2, warmed to 31–32°C and filtered using a nylon mesh (pore size: 25 µm, 

Millipore, Billirica, MA, USA). Sympathetic and respiratory nerves were isolated and their 

activity recorded simultaneously using bipolar glass suction electrodes held in 

micromanipulators (Narishige, Tokyo, Japan). Left phrenic nerve (PN) discharges were 

recorded from its central end and its rhythmic ramping activity was used to monitor 

preparation viability. Right thoracic/lumbar abdominal nerves (AbN; T13-L1) were isolated 

from abdominal muscles, cut distally and their central activity recorded. Thoracic 

sympathetic activity was recorded from the left sympathetic chain (tSN) at T8–T12 level. All 
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the signals were amplified, band-pass filtered (0.1–3 kHz; P511, Grass Technologies, 

Middleton, USA) and acquired in an A/D converter (CED micro 1401, Cambridge 

Electronic Design, CED, Cambridge, UK) to a computer using Spike 2 software (5 KHz, 

CED, Cambridge, UK). At the end of the experiments, the perfusion pump was turned off to 

determine the electrical noise (after the death of the preparations).

All analyses were carried out on rectified and integrated signals (time constant of 50 ms) and 

performed off-line using Spike 2 software (CED, Cambridge, UK) after noise subtraction. 

PN activity was evaluated by its burst frequency and amplitude. PN burst frequency was 

derived from the time interval between consecutive integrated phrenic peak bursts and 

expressed in bursts per minute (bpm). Integrated PN burst amplitude was determined (in µV) 

by the value difference between the burst peak and the minimal activity observed during 

expiratory period. The times of inspiration and expiration (expressed in seconds) were 

estimated from the measurements of PN burst length and burst interval, respectively. 

Baseline tSN and AbN activities were calculated as the mean values (in µV) of integrated 

signals. The changes in the PN amplitude, tSN and AbN mean activities induced by 

intermittent hypoxia were expressed as percentage values in relation to basal values prior to 

the hypoxic stimuli (see below). The changes in the other parameters were expressed in their 

raw units.

Cardiorespiratory evaluation in anaesthetized rats

Surgical procedures and experiments were performed under anesthesia with urethane (1.2 

g.kg−1, i.p.), as previously described (Lemes and Zoccal, 2014). The level of anesthesia was 

constantly assessed by the absence of corneal and toe-pinch withdrawal reflexes. Additional 

doses of urethane were administrated (10–20% of initial dose) to maintain adequate levels of 

anesthesia, when necessary. Body temperature was maintained at 36–38 °C. Animals were 

placed in supine position and a cervical incision was performed. The rats were then 

tracheotomised to allow administration of gas mixtures. Animals breathed spontaneously 

and were maintained at 100% O2 during surgery and experimental protocols, except when 

exposed to hypoxia. Polyethylene catheters (PE-50 connected to PE- 10) were inserted into 

the right femoral artery and vein for arterial pressure measurements and systemic 

administration of drugs and fluids, respectively. Bipolar stainless steel electrodes were 

implanted in the diaphragm (DIA) and in the oblique abdominal muscles (ABD) to perform 

electromyographic (EMG) recordings of inspiratory and expiratory motor activities, 

respectively. After the catheter and electrodes implants, the animals were positioned in a 

stereotaxic apparatus (David Kopf, Tujunga, CA) to perform bilateral microinjections of the 

GABAA agonist muscimol (1 mM, Sigma, St Louis, USA) in the RTN/pFRG, using a needle 

(30 gauge) connected to a 1 µL syringe (Hamilton Company, NV, USA) through a P10 

catheter. The following stereotaxic coordinates were used to target the RTN/pFRG: −2.6 mm 

from lambda; 1.8 mm lateral from the longitudinal suture and 10.8–11.0 mm ventral from 

the dorsal surface (Paxinos & Watson, 1998).

Before starting the experimental protocol, a period of at least 30 min was allowed for 

recording stabilization. To minimize deviations in blood pH and maintain fluid balance, slow 

intravenous administration of Ringer´s solution containing lactate (2 mM) was performed 
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(3–4 ml.kg−1.h−1) during the experiments. Values of mean arterial pressure (MAP, mmHg) 

and heart rate (HR, bpm) were determined from PAP signals, as aforementioned. DIA and 

ABD signals were amplified (Bioamplifier, Insight, Ribeirão Preto, SP, Brazil), band-pass 

filtered (0.1–2 KHz) and acquired at a sampling rate of 2 kHz (LabChart, ADInstruments). 

Cardiovascular parameters and respiratory motor outputs were recorded simultaneously. The 

EMG signals were rectified and smoothed (50 ms) for analysis. DIA motor activity was 

evaluated by its burst amplitude (mV), frequency (bursts per minute, bpm) and duration 

(time of inspiration, s) as well as by the time between consecutive burst (time of expiration, 

s). ABD motor activity was assessed by its burst amplitude (mV).The changes in DIA and 

ABD amplitudes were expressed as percentage values (%) in relation to respective basal 

activity. All analyses were performed offline using LabChart software.

At the end of the experiments, animals were euthanized with intravenous injections of KCl 

10%. For histological verification of the microinjection sites in the RTN/pFRG, 

microinjections of Evans Blue dye (2%, 50 nL; Vetec, Fine Chemicals Ltd., Rio de Janeiro, 

RJ, Brazil) were performed and the brain tissue was rapidly removed and fixed in formalin 

solution (10%) for 48–72 hours and then in sucrose solution (30%) overnight. After, 30 µm 

coronal sections were obtained at the level of RTN/pFRG (Leica, CM1850 UV; Wetzlar, 

Hesse, Germany), stained using the Nissl method and analysed using a microscope (Leica, 

DM5500 B; Wetzlar).

In vivo and in situ acute intermittent hypoxia

For induction of AIH in unanesthetized freely-moving rats, the animals were maintained in 

an acrylic chamber (5L) that was flushed with gas mixtures using a gas mixer device 

connected to a gas analyser (AVS Projetos, São Carlos, Brazil) and to cylinders of pure N2 

and O2 (White Martins, São Carlos, Brasil). The animals were placed individually in the 

chamber and then subjected to 10 episodes of hypoxia (6–7% O2 balanced in N2, for 45 

seconds) interspersed by 5 minutes of normoxia (21% O2), as previously described (Dick et 

al., 2007, Xing and Pilowsky, 2010, Rafacho et al., 2013). The gas injections were 

performed at the upper level of the chamber to avoid direct jets of gas impacting on the 

animals. In anesthetized animals, the same AIH paradigm was used, with the exception that 

the episodes of hypoxia were interspersed by periods of hyperoxia (99.9% O2). The hypoxic 

and hyperoxic gases were initially humidified and then administrated to the animals through 

the tracheal cannula. In the in situ experiments, the hypoxic episodes were achieved by 

briefly substituting the carbogen of the perfusion solution by a hypoxic mixture. The 

preparations were then exposed to 10 episodes of 6–7% O2 (balanced in 5% CO2 and 88–

89% N2) for 45 s, followed by 5 min of 95% O2 and 5% CO2. The CO2 content in the 

perfusate was maintained constant during the hypoxic periods to avoid depression of the 

respiratory drive consequent to hypocapnia (Molkov et al., 2011). After the AIH exposure in 
vivo and in situ, the cardiorespiratory parameters were monitored for 60 min.

Statistical analyses

The data were expressed as mean ± standard error of mean (SEM). Before analyses, data 

distribution was checked using the Shapiro–Wilk normality test. The effects of AIH on the 

cardiorespiratory parameters were then compared using one-way ANOVA for repeated 
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measurements followed by Newman-Keuls post-test. The comparisons were carried out 

using GraphPad Prism software (version 5, La Jolla, CA, USA) and differences were 

considered significant at P < 0.05.

RESULTS

Cardiovascular parameters in conscious rats exposed to AIH

During the exposure to AIH, every hypoxic episode elicited transient behavioural, pressor 

and tachycardic responses (Figure 1). After the last episode of hypoxia, the rats (n=9) 

showed a modest, but sustained and significant increase in baseline MAP that persisted 

during the 60 min of evaluation (104±2 vs 109±3; 111±3; 109±3 mmHg, respectively basal, 

10, 30 e 60 min after AIH, P<0.05, Figure 2A). No significant changes were observed in 

baseline HR after AIH (348±7 vs 344±12; 378±15; 358±9 bpm, respectively basal, 10, 30 e 

60 min after the AIH, Figure 2B). The increased arterial pressure levels after AIH was 

accompanied by an elevation of both LF (2.5±0.3 vs 6.4±1.3 mmHg2, P<0.05, Figure 2C) 

and HF components of SAP variability (1.3±0.3 vs 1.8±0.3 mmHg2, P<0.05, Figure 2D). 

With respect to the autonomic modulation to the heart, the increased LF/HF ratio (0.12±0.03 

vs 0.33±0.06, P<0.05, Figure 2E) suggests that the sympathetic modulation of the heart rate 

was enhanced after AIH. AIH also increased the spontaneous baroreflex gain (1.2±0.1 vs 

1.8±0.2 ms.mmHg−1, P<0.05, Figure 2E). These findings demonstrate that unanesthetized 

rats exposed to AIH presented a sustained increase in baseline arterial pressure associated 

with enhanced sympathetic and respiratory modulation and augmented cardiac baroreflex 

gain.

Sympathetic and respiratory motor outputs in in situ rat preparations after AIH

Figure 3 demonstrates the effects of AIH on PN, AbN and tSN activities of in situ 
preparations. At baseline conditions, PN bursts showed a ramping pattern of discharge, AbN 

presented a low-amplitude activity and tSN exhibited a marked inspiratory/post-inspiratory 

modulation (Figure 4), as previously described (Zoccal et al., 2008, Moraes et al., 2014). 

The hypoxic episodes in situ, at the level and duration used in the present study, evoked 

decreases in perfusion pressure and slight increases in tSN and AbN amplitude and PN burst 

frequency. After the AIH, the in situ preparations (n=9) showed: i) augmented PN burst 

amplitude (ΔPN: 21±8 and 33±12 %, respectively 45 and 60 min after AIH, P<0.05; Figure 

5A), but no significant changes in PN burst frequency (18±1 vs 21±1 cpm, respectively basal 

and 60 min after AIH; Figure 5B); ii) reduced of time of inspiration (0.78±0.03 vs 

0.65±0.04, 0.65±0.05, 0.62±0.04 and 0.62±0.04 s, respectively basal, 15, 30, 45 and 60 min 

after AIH; P<0.05, Figure 5C); iii) no changes in expiratory time (2.67±0.26 vs 2.4±0.19 s, 

respectively basal and 60 min after AIH, Figure 5D); iv) increased AbN activity (ΔAbN: 

27±10, 37±12, 48±15, 69±14 %, respectively 15, 30, 45 and 60 min after AIH, P<0.05, 

Figure 5E) and v) augmented tSN activity (ΔtSN: 48±18, 60±21 and 75±25%, respectively 

30, 45 and 60 min after AIH, P<0.05; Figure 5F). The analyses of respiratory and 

sympathetic pattern (Figure 4A) demonstrated that the increased AbN activity was 

dependent upon the appearance of bursts during the late part of expiratory phase, or late-

expiration (late-E). Moreover, the progressive increase in the tSN after AIH was associated 

with the emergence of additional bursts during the late-E phase, coupled with the occurrence 
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of late-E activity in the AbN (Figure 4B). Taken together, these data indicated that AIH in 
situ promotes LTF in the inspiratory, expiratory and sympathetic motor outputs.

Effects of RTN/pFRG inhibition on arterial pressure and respiratory motor activity after AIH

In anesthetized spontaneously-breathing animals with vagus nerve intact, hypoxia produced 

hypotension, augmented DIA burst amplitude and frequency and a brief increase in ABD 

amplitude followed by inhibition (Figure 6), as previous described (Lemes and Zoccal, 

2014). In agreement with previous observations (Janssen and Fregosi, 2000), the 

anesthetized vagus-intact animals exposed to AIH (n=5) presented a inspiratory motor 

facilitation, mostly dependent on an increase in the DIA frequency than in amplitude (Figure 

7 A and B). Moreover, AIH also produced a long-lasting elevation of baseline arterial 

pressure (Figure 7C), but not in HR (Figure 7D), accompanied by a progressive and 

sustained increase in the ABD activity (Figure 7E). All the cardiorespiratory changes 

elicited by AIH persisted for, at least, 30 min after the 10th exposure to hypoxia (Figure 6). 

At this time, bilateral microinjections of muscimol (agonist of GABAA receptors) were 

performed in the RTN/pFRG, which caused: i) reduction in the DIA burst frequency and 

amplitude (Figures 7 A and B); ii) normalization of baseline MAP levels (Figure 7C); iii) 

fall in the HR (Figure 7D); and iv) elimination of the AIH-induced ABD overactivity (Figure 

7E). The sites of microinjections in the RTN/pFRG are illustrated in Figure 7F and all the 

data aforementioned are described in table 1.

DISCUSSION

In the present study, we describe a novel component of the respiratory LTF elicited by AIH. 

From measurements of the abdominal activity, we verified that anesthetized rats and in situ 
rat preparations exposed to AIH presented a sustained increase in the abdominal expiratory 

motor activity referred as expiratory LTF. Remarkably, the progression of the expiratory LTF 

was accompanied by the development of high levels of sympathetic activity and arterial 

pressure. Bilateral microinjections of GABAA receptor agonist (muscimol) in the RTN/

pFRG – a region critically involved with the generation of active expiration (Abdala et al., 

2009, Pagliardini et al., 2011, Moraes et al., 2012) – eliminated the expiratory LTF and 

normalized the high levels of arterial pressure induced by AIH, indicating that 

ventromedullary expiratory neurons are necessary for the emergence of both expiratory and 

sympathetic LTF. Our findings indicate that AIH exposure generates active expiration at rest, 

which is determinant, at least in part, for the development of sustained high levels of 

sympathetic activity observed in this condition.

Although distinct paradigms of AIH are described in the literature (e.g., level of oxygen, 

number and length of cycles), there is a consensus that AIH evokes LTF of inspiratory motor 

activity, including phrenic (Baker and Mitchell, 2000, Dick et al., 2007), hypoglossal (Fuller 

et al., 2001) and intercostal nerves (Fregosi and Mitchell, 1994). These sustained elevations 

of the upper airway and inspiratory pump muscle activities are suggested to underpin the 

compensatory increase in minute ventilation (Olson et al., 2001, Turner and Mitchell, 1997). 

In agreement with previous studies, we verified that the in situ preparations submitted to 

AIH presented a long-lasting increase in the phrenic burst amplitude. On the other hand, 
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anesthetized spontaneous-breathing rats with intact vagus nerves did not show consistent 

increments in the diaphragm burst amplitude, but exhibited a significant increase in the 

respiratory frequency after AIH. The differences in the pattern of the AIH-induced 

inspiratory LTF observed in our study may be consequent to the activation of pulmonary 

feedback afferents, which were absent in the in situ preparations and may have suppressed 

the increase in the diaphragm burst amplitude in anesthetized animals. Along with 

inspiratory LTF, both in situ preparations and anesthetized animals also presented a 

progressive increase in the expiratory motor activity that persisted for at least 60 min after 

AIH. We previously demonstrated that the recruitment of abdominal muscles during hypoxia 

and hypercapnia is accompanied by increases in the expiratory flow and tidal volume 

(Lemes and Zoccal, 2014). Based on that, we theorize that the persistent increase in 

abdominal motor activity represents a new component of the compensatory ventilatory 

response to AIH, possibly to recruit expiratory reserve volume and then increase tidal 

volume.

We found that the expression of the expiratory LTF after AIH was dependent on the integrity 

of cells located ventral to the caudal pole of the facial nucleus, in the RTN/pFRG. Bilateral 

microinjections of muscimol in the RTN/pFRG eliminated completely the expiratory motor 

hyperactivity elicited by AIH. The RTN/pFRG neurones are well known for their critical 

role in the CO2 detection and regulation of breathing (Mulkey et al., 2004, Li and Nattie, 

2002). Recent studies have also suggested that this region is critical for the generation of 

active expiratory pattern (Huckstepp et al., 2015). The RTN/pFRG contains conditional late-

expiratory neurones that are silent at rest but fire rhythmically in conditions of metabolic 

challenges (e.g., hypercapnia, hypoxia) or reduced inhibitory drive (Abdala et al., 2009, 

Pagliardini et al., 2011, Moraes et al., 2012), providing excitatory inputs to the bulbospinal 

expiratory neurons and producing late-E bursts in the abdominal activity (Molkov et al., 

2010, Huckstepp et al., 2015). Activation of the late-expiratory neurons is also associated 

with modifications in the PN burst pattern (changing from ramping to square-like pattern) 

and with reduction in the inspiratory time (Abdala et al., 2009) – effects that were observed 

in the in situ preparations after AIH. Thereby, we hypothesize that AIH exposure promoted a 

long-lasting activation of the RTN/pFRG late-expiratory neurones, generating active 

expiration at rest. This might involve plastic changes in the late-E neuronal excitability 

elicited by serotonin- and reactive oxygen species-dependent plasticity mechanisms 

(MacFarlane et al., 2011, Bocchiaro and Feldman, 2004, Baker-Herman and Mitchell, 2002) 

or might be dependent on enhanced excitatory synaptic inputs, such as from central 

chemoreceptors (Molkov et al., 2011, Huckstepp et al., 2015) and nucleus of the solitary 

tract (Yamamoto et al., 2015). All these possibilities still require further experiments to be 

elucidated.

Previous studies demonstrated that bilateral microinjections of muscimol in the RTN/pFRG 

of anesthetized rats produced respiratory arrest due to the removal of CO2 tonic drive to 

breathe (Takakura et al., 2006). In our study, using the same experimental approach, we 

verified that pharmacological inhibition of the RTN/pFRG reduced, but not eliminated, the 

diaphragmatic activity of anesthetized rats exposed to AIH. We speculate that the differences 

between previous and our study could be related to the presence of plastic changes in the 

pre-motor and motor inspiratory neurones introduced by AIH (Mitchell and Johnson, 2003), 
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which were able to maintain the breathing rhythm even in the absence of excitatory drive 

from chemosensitive neurones of the RTN/pFRG. These findings, therefore, emphasize the 

notion that AIH amplifies the activity of neurones responsible for the control of inspiratory 

activity.

In agreement with previous observations obtained in anesthetized rats (Xing and Pilowsky, 

2010, Dick et al., 2007) we verified that AIH also promoted long-lasting changes in the 

sympathetic outflow. In unanesthetized rats, we demonstrated that AIH increased baseline 

arterial pressure and enlarged sympathetic modulation of blood vessels and of the heart, 

corroborating the concept that AIH heightens the sympathetic activity to the cardiovascular 

system. Parallel with the elevated levels of arterial pressure, we found that rats submitted to 

AIH exhibited higher spontaneous baroreflex gain. Although this analysis reflected the 

baroreflex operation in a narrow range of arterial pressure variation, these findings suggest 

that the cardiac baroreflex control is facilitated after AIH. These observations indicate that 

the sympathetic-mediated high blood pressure after AIH is not related to changes in 

baroreflex function, which, in fact, may be offsetting the augmented sympathetic activity 

and buffering the changes in the arterial pressure and heart rate. Studies by Dick et al. (2007) 

suggest that the sympathetic LTF may results, in part, from changes in the central respiratory 

activity, since the higher levels of sympathetic activity after AIH was synchronized with the 

respiratory cycle. Xing and Pilowsky (2010) reported that AIH-induced sympathetic LTF 

occurred in the absence of phrenic LTF, contrasting the idea that central respiratory-

sympathetic coupling mechanisms may contribute to the sympathetic LTF after AIH. In our 

experiments, unanesthetized rats exhibited augmented respiratory-related variability of 

systolic arterial pressure after AIH, suggesting a higher impact of the respiratory activity on 

the vascular resistance control. Moreover, the progressive increase in sympathetic activity 

after AIH in situ was entrained with the development of expiratory LTF. Indeed, the analysis 

of sympathetic pattern revealed the presence of novel bursts of activity during the late-

expiratory phase after AIH, coupled with the emergence of late-E bursts in the abdominal 

activity. Our findings, therefore, indicate that the mechanisms of coupling between 

expiratory and sympathetic neurons are strengthened after AIH and contribute to the 

development of sympathetic LTF.

The rostral ventrolateral medulla (RVLM) is a fundamental site for integration of respiratory 

and sympathetic activities (Zoccal et al., 2009b). In addition to its major role as a main 

source of glutamatergic inputs to pre-ganglionic neurones of the spinal cord (Ross et al., 

1984), the RVLM pre-sympathetic neurones receive excitatory and inhibitory inputs from 

brainstem respiratory neurones, generating respiratory rhythmical oscillations in the 

sympathetic nerve discharge (Moraes et al., 2013, Haselton and Guyenet, 1989, Gilbey et al., 

1986). Using mathematical models we previously suggested that the RTN/pFRG late-E 

neurones would be an important source of phasic excitatory drive to RVLM neurones during 

hypercapnia and might be necessary for the maintenance of hypertension and sympathetic 

overactivity in rats subjected to CIH (Molkov et al., 2011, Zoccal, 2015). In the present 

study, we showed that bilateral microinjections of muscimol in the RTN/pFRG were able to 

normalize the high levels of arterial pressure and abrogate the expiratory hyperactivity. We 

cannot exclude that the effects produced by muscimol microinjections in the RTN/pFRG 

were related to the spread of the drug to adjacent areas, such as the RVLM and the Bötzinger 
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complex. However, considering that the responses described in our study were achieved 

immediately after the second microinjection in the RTN/pFRG (see figure 6), and previous 

studies showing that bilateral microinjections of muscimol in the RVLM and Bötzinger 

complex caused a large fall in arterial pressure and eliminated the respiratory activity 

(Schreihofer et al., 2005, Moraes et al., 2012), we are confident that the effects described in 

the present study were related to the inhibition of the RTN/pFRG cells. Therefore, we are 

providing functional evidence that the RTN/pFRG neurones are required for the emergence 

of coupled expiratory and sympathetic LTF, supporting the notion that the respiratory-

sympathetic coupling mechanisms play a meaningful role for the development of 

sympathetic overactivity after AIH. The cellular sources involved in the coupling between 

RTN/pFRG and RVLM neurones require future studies.

In conclusion, our findings show that the respiratory LTF after AIH also involves a 

progressive and persistent increase in the expiratory motor activity, named as expiratory 

LTF. This phenomenon seems to be dependent on neuronal hyperactivity in the RTN/pFRG, 

which may provide additional excitatory drive to the bulbospinal expiratory neurones and 

generate the active expiratory pattern. Moreover, RTN/pFRG is also critical for the 

maintenance of long-lasting increase in arterial pressure after AIH, supporting the 

hypothesis that the development of sympathetic LTF is, at least in part, dependent on 

respiratory drive, particularly on changes in the expiratory pattern. Altogether, these data 

highlight that the development of cardiorespiratory compensatory adaptations to intermittent 

hypoxia involves complex and integrated central mechanisms that still require additional 

experiments to be fully elucidated. The identification of the cellular and molecular targets of 

intermittent hypoxia has also potential implications for the understanding of autonomic and 

respiratory disorders associated with pathological states with chemoreflex dysfunctions, as 

observed in patients with obstructive sleep apnoea, heart failure and essential hypertension.
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PHYSIOLOGICAL RELEVANCE

Acute intermittent hypoxia (AIH) elicits a compensatory and sustained increase in 

ventilation, which has been associated with a long-term facilitation (LTF) of the 

inspiratory motor activity. AIH also promotes a persistent increase in sympathetic activity 

that has been suggested to occur independently of ventilatory LTF. In the present study, 

we demonstrated that the ventilatory LTF also includes a sustained and progressive 

increase in expiratory motor activity, referred to as expiratory LTF. We also found that 

AIH-induced expiratory and sympathetic LTF are coupled events and depends on the 

integrity of neurones located in the ventrolateral medulla. Altogether, our data support the 

notion that expiratory and sympathetic neuronal coupling is critical for the development 

sympathetic overactivity in conditions associated with hyperactivity of peripheral 

chemoreflex, such as observed in patients with obstructive sleep apnoea, heart failure and 

neurogenic hypertension.
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Figure 1. Conscious rats exhibit a persistent increase in baseline arterial pressure after AIH
Recordings of baseline heart rate (HR), mean (MAP) and pulsatile arterial pressure (PAP) 

from an unanesthetized rat, representative of the group, showing the cardiovascular changes 

during and after the exposure to AIH. The grey line indicates baseline MAP levels before 

AIH.
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Figure 2. Cardiovascular parameters in conscious rats after AIH
Average values of baseline mean arterial pressure (MAP; Panel A), heart rate (HR; Panel B); 

power of low (LF; panel C) and high frequency (HF; panel D) components of systolic 

arterial pressure; LF/HF ratio of pulse interval (Panel E) and spontaneous baroreflex gain 

(SBG; Panel F) before and after AIH exposure in unanesthetized rats (n=9); * - P <0.05 - 

different from respective baseline values.
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Figure 3. AIH promotes expiratory and sympathetic long-term facilitations (LTF) in the in situ 
preparations
Recordings of perfusion pressure (PP) and of the thoracic sympathetic (tSN), abdominal 

(AbN) and phrenic nerve (PN) activities [raw and integrated (∫)] of an in situ rat preparation, 

representative from the group, illustrating baseline activities before, during and after 

exposure to AIH. The grey lines represent the level of baseline activities before AIH.
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Figure 4. Effects of AIH on the sympathetic and respiratory pattern of the in situ preparations
Panel A: Raw and integrated (∫) activities recorded from the thoracic sympathetic (tSN), 

abdominal (AbN) and phrenic nerve (PN) activities, of an in situ preparation representative 

of the group, illustrating the effects of AIH on the inspiratory, expiratory and sympathetic 

motor pattern before and after AIH exposure. Panel B: Phrenic-triggered averages of AbN 

and tSN, obtained from the recordings shown in Panel A, illustrating the changes on 

sympathetic-respiratory coupling after the exposure to AIH. The dotted lines delineate the 

inspiratory and expiratory phases. Note that the emergence of additional bursts in the tSN 
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activity during the expiratory phase entrained with the emergence of late-E bursts in the 

AbN activity (arrows).
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Figure 5. Effects of AIH on the sympathetic and respiratory activities of the in situ preparations
Average changes in phrenic (PN) burst amplitude (Panel A) and frequency (Panel B); 

inspiratory (Panel C) and expiratory times (Panel D) and in the mean abdominal (AbN; 

Panel E) and thoracic sympathetic nerve activities (tSN; Panel F) of in situ preparations 

submitted to AIH (n=9); * - P <0.05 - different from respective baseline values.
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Figure 6. Bilateral microinjections of muscimol in the RTN/pFRG eliminate the expiratory long-
term facilitation elicited by AIH in anesthetized vagus-intact rats
Panel A: Raw and integrated (∫) electromyographic recordings of the diaphragm (DIAEMG) 

and abdominal muscles (ABDEMG), and recordings of the pulsatile arterial pressure (PAP), 

from an anesthetized rat representative of the group, illustrating the effects of AIH exposure 

and the pharmacological inhibition of the RTN/pFRG with muscimol (1 mM) on the arterial 

pressure and respiratory motor outputs. Panel B: expanded recordings from Panel A, at 

basal, after AIH (25 min) and after muscimol microinjections in the RTN/pFRG (45 min). 
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Note that the pharmacological inhibition of the RTN/pFRG normalized the levels of arterial 

pressure and eliminated the active expiration induced by AIH.
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Figure 7. Effects of AIH and the bilateral microinjection of muscimol in the RTN/pFRG on the 
cardiorespiratory parameters in anesthetized vagus-intact rat
Average changes in the DIA burst frequency (Panel A) and amplitude (panel B), mean 

arterial pressure (MAP, panel C), heart rate (HR, panel D) and mean abdominal muscle 

activity (ABD, panel E) induced by AIH before (5–25 min) and after (35–60 min) bilateral 

microinjections of muscimol in the RTN/pFRG of anesthetized animals with vagus nerve 

intact. The microinjections were performed thirty minutes after the AIH (arrows). * - P 

<0.05 - different from respective baseline values. Panel F: schematic drawing of the ventral 

surface of the medulla, combined with a photomicrography of coronal section of the 
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brainstem of a rat, representative of the group, illustrating sites of injection in the RTN/

pFRG. Abbreviations: RPa, raphe pallidus nucleus, 7, facial nucleus, sp5, spinal trigeminal 

nucleus, py, pyramidal tract.
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