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Abstract—Obstructive sleep apnea patients face episodes of chronic intermittent hypoxia (CIH), which has been suggested

as a causative factor for increased sympathetic activity (SNA) and hypertension. Female rats exposed to CIH develop hyper-

tension and exhibit changes in respiratory–sympathetic coupling, marked by an increase in the inspiratory modulation of

SNA. We tested the hypothesis that enhanced inspiratory-modulation of SNA is dependent on carotid bodies (CBs) and

are associated with changes in respiratory network activity. For this, in CIH-female rats we evaluated the effect of CBs abla-

tion on respiratory–sympathetic coupling, recorded from respiratory neurons in the working heart–brainstem preparation

and fromNTS neurons in brainstem slices. CIH-female rats had an increase in peripheral chemoreflex response and in spon-

taneous excitatory neurotransmission in NTS. CBs ablation prevents the increase in inspiratory modulation of SNA in CIH-

female rats. Pre-inspiratory/inspiratory (Pre-I/I) neurons of CIH-female rats have a reduced firing frequency. Post-

inspiratory neurons are active for a longer period during expiration in CIH-female rats. Further, using the computational

model of a brainstem respiratory–sympathetic network, we demonstrate that a reduction in Pre-I/I neuron firing frequency

simulates the enhanced inspiratory SNA modulation in CIH-female rats. We conclude that changes in respiratory–sympa-

thetic coupling in CIH-female rats is dependent on CBs and it is associated with changes in firing properties of specific

respiratory neurons types. © 2019 IBRO. Published by Elsevier Ltd. All rights reserved.
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INTRODUCTION

Intermittent episodes of hypoxia are a hallmark of obstruc-
tive sleep apnea (OSA) and are considered one of the cau-
sative factors of autonomic disorders associated with this
disease such as sympathetic overactivity and hypertension
(Somers et al., 1995; Narkiewicz et al., 1998a; Caples et al.,
2005). There is evidence suggesting that carotid bodies
(CBs) tonicity in OSA patients contributes to the increased
muscle peroneal sympathetic nerve activity (MSNA) and
hypertension (Narkiewicz et al., 1998b). These conclusions
were based on the findings that acutely silencing CBs with
hyperoxia (100% of O2 inhaled) leads to a reduction in
MSNA and blood pressure (BP) in OSA patients but not in
control subjects (Narkiewicz et al., 1998b).
In rats, the acute activation of CBs promotes a significant

increase in sympathetic nerve activity (SNA) and BP (Franchini
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and Krieger, 1993; Braga et al., 2006; Tubek et al., 2016).
Chronic intermittent activation of CBs by chronic intermittent
hypoxia (CIH) contributes to the development of neurogenic
hypertension in male rats (Fletcher et al., 1992; Prabhakar et
al., 2005; Del Rio et al., 2016; Nanduri et al., 2018).In fact,
CIH-male rats present an enhancement of SNA response to
acute CBs activation, indicating changes in the neural circuitry
involved in processing this reflex (Braga et al., 2006; Costa-
Silva et al., 2012). These evidences indicate that CIH induces
an enhancement of peripheral chemoreflex sensitivity in male
rats, which is likely to contribute to the increased SNA and
development of hypertension in this experimental model (Del
Rio et al., 2016; Nanduri et al., 2018).
Hypertension induced by CIH is associated with an

enhancement of the respiratory modulation of SNA in male
and female rats, which is marked by an increase in inspira-
tory modulation of SNA in CIH-female rats and in expiratory
modulation of SNA in CIH-male rats (Zoccal et al., 2008;
Souza et al., 2015, 2016, 2017). Changes in the respiratory
and sympathetic coupling in CIH-male rats are dependent
on CBs integrity during the onset of CIH (Moraes and
Machado, 2015) but acute ablation of CBs after the CIH
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protocol does not attenuate the increased sympathetic
activity (Zoccal et al., 2008). In this context, we investigated
whether physiological responses to CIH conditioning in
female rats were dependent on CBs integrity; we evaluated
the SNA response to acute peripheral chemoreflex activa-
tion and the inspiratory modulation of SNA after CBs abla-
tion using the working heart brainstem preparation of rats
(WHBP). Information arising from CBs is first processed
by the nucleus of solitary tract (NTS) neurons at the
brainstem, an important synaptic station of the peripheral
chemoreflex neural pathway (Finley and Katz, 1992;
Machado, 2001). To test if CIH enhances the excitatory
neurotransmission at the level of NTS in female rats, we
additionally recorded spontaneous excitatory post-synaptic
currents (sEPSC) from NTS neurons.
Experimental evidences indicate that the respiratory–

sympathetic coupling occurs due to the modulation of pre-
sympathetic neurons by the respiratory network at the
medulla (Haselton and Guyenet, 1989; Moraes et al.,
2013). CIH induces changes at the level of respiratory and
sympathetic brainstem network activities, which could
explain an increase of the respiratory modulation of SNA
(Moraes et al., 2013; Moraes and Machado, 2015; Machado
et al., 2017). CIH-male rats exhibit a significant increase in
the activity of specific subsets of expiratory neurons at the
ventral medulla, which may contribute to modulate the firing
frequency of pre-sympathetic neurons at the late-expiration
(Machado et al., 2017).
Taking into consideration that changes in respiratory pat-

tern and in respiratory–sympathetic coupling in CIH-female
rats are phase-locked to inspiration, we aimed to evaluate
whether these animals present changes in the firing proper-
ties of inspiratory neurons. We hypothesized that inspiratory
neurons in the brainstem respiratory circuitry have changed
their firing pattern to support this phenomenon. To test this
hypothesis, we systematically evaluated the firing proper-
ties of inspiratory and expiratory neurons at the ventral
medulla using the extracellular single unit recordings in the
WHBP of CIH-female rats, which constitute an intact brain-
stem network free of the effect of anesthesia.
Additionally, we performed simulations of brainstem

neural circuitry including the respiratory central pattern gen-
erator of Bötzinger and pre-Bötzinger complexes and pre-
sympathetic circuitry of the ventrolateral medulla. Using
the refined computational model based on our previous
publications (Baekey et al., 2010; Molkov et al., 2010,
2011; Rybak et al., 2012; Molkov et al., 2017; Barnett
et al., 2017, 2018), we show how inspiratory neurons of
the pre-Bötzinger complex may shape respiratory modula-
tion in the sympathetic output and also how CIH-induced
plasticity in neurons of the pre-Bötzinger complex may alter
respiratory modulation in the sympathetic output of female
rats. Taken together, the present study demonstrates the
effects of CBs stimulation in producing changes in the
respiratory and sympathetic network activity and identifies
changes in the firing properties of specific respiratory neu-
ron subtypes that are likely to be associated with the
changes of respiratory–sympathetic network after CIH in
female rats.
EXPERIMENTAL PROCEDURES

Ethical approval

All the experimental protocols were approved by the institutional
ethical committee of the School of Medicine of Ribeirão Preto,
USP (Protocol # 091/2013) and are in accordance with the prin-
ciple that this Journal operates. Juvenile female Wistar rats
(P20–P21) were provided by the animal care facility of Univer-
sity of São Paulo, Ribeirão Preto, Brazil. We used 44 animals
for the carotid body ablation protocol, 40 for the extracellular sin-
gle unit recordings protocols and 12 for the NTS whole-cell
patch clamp recordings. Juvenile female rats used in this study
are sexually immature and does not present estral cycle. During
the protocol, rats were kept in Plexiglas chambers with food and
water provided ad libitum and light–dark cycle of 12 h. The
decerebrated preparations from rats were killed by turning off
the perfusion pump after the experiments.

Chronic intermittent hypoxia (CIH)

Rats were kept inside Plexiglas chambers and were
exposed to intermittent hypoxia (FIO2 = 6%) or normoxia (F-

IO2 = 20.8%) for 10 days as previously described by Souza
et al. (2016). Intermittent hypoxia protocol consisted of low-
ering the FIO2 inside the chamber from 20.8% to 6% by N2

injection. Hypoxia episodes lasted about 30 s and after this
period, O2 was injected into the chamber to bring the FIO2

back to 20.8%. The coordination of gases injection into the
chamber was automatically controlled by a solenoid valves
system (Oxycycler, Biospherix, USA). Episodes of hypoxia
occurred every 9 min for 8 h per day (8:00 a.m.–4:00 p.
m.). All the electrophysiological recordings were conducted
on the day after the last day of CIH protocol similarly as in
previous studies using in vivo and in situ approaches
(Souza et al., 2015, 2016).
The level of hypoxia used in this CIHmodel (FIO2 = 6%) pro-

duces a reduction in oxygen saturation (SaO2) to the approxi-
mate level of 80%, according to Shortt et al. (2014) and Lee et
al. (2009) This magnitude of reduction in SaO2 is comparable
to those observed in OSA patients (Sasaki et al., 2018). How-
ever, one important aspect of the CIH model used in these
experiments is that it does not mimic all features observed in
OSA patients, such as hypercapnia during the obstructive
event. In the CIH model instead, rats present hypocapnia dur-
ing the hypoxia episode due to the increase in pulmonary ven-
tilation, once there is no obstruction in the upper airways.

Ventral approach of the working heart–brainstem
preparation for extracellular single unit recordings

For the extracellular single unit recordings of respiratory
neurons the working heart–brainstem preparation (WHBP)
was performed with a ventral medullary surface approach
as previously described (Moraes et al., 2014). Rats were
deeply anesthetized with halothane (5%, AstraZeneca)
and decerebrated at mid-collicular level. The level of
anesthesia before decerebration was monitored by the
absence of any withdrawal reflex in response to a firm tail
pinching. Afterwards, rats were hemi-sectioned, skinned
and had the lungs removed. For medullary ventral surface
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exposure, trachea, muscles below, the occipital bone were
removed using tweezers and then the meninges were care-
fully removed. After the surgery, rats were taken for the per-
fusion chamber where they were arterially perfused with a
modified aCSF (containing, mM: 10 glucose, 125 NaCl,
1.25 KH2PO4, 3 KCl, 24 NaHCO3, 1.25 MgSO4,2.5 CaCl2
and 1.25 MgSO4), pH = 7.4 and an oncotic agent (1.25%
polyethylene glycol, molecular weight 20.000 g mol−1;
Sigma, St Louis, MO, USA).The perfusion pressure (PP)
was measured with a double-lumen catheter connected to
a pressure transducer and an amplifier (AVS, São Carlos,
Brazil). PP was kept constant (50–80 mmHg) by adjusting
the flow on tip of catheter (23–25 ml min−1) using a peristal-
tic pump (Watson-Marlow 502 s, Falmouth, UK) and as
soon as the perfusion started, Vasopressin (600–1200 pM)
was added to the perfusate. A neuromuscular blocker
(Vecuronium bromide, 3–4 μg ml−1; Cristália Produtos Quí-
micos Farmacêuticos Ltda, São Paulo, Brazil) was added to
the perfusate to stop the respiratory muscle-related move-
ments and allow optimal electrophysiological recordings.
The aCSF was continuously heated (30–31 °C) and gassed
with a carbogenic mixture (95% O2 and 5% CO2, White-
Martins, Sertãozinho, Brazil) as described previously
(Souza et al., 2016).

Carotid body ablation before and after CIH

To address the role of carotid bodies (CBs) in the increase of
the inspiratory modulation of sympathetic activity in female rats
exposed to CIH, we performed the surgical removal of CBs.
CBs were surgically removed in two different times: in one
group CBs were removed before the onset of CIH (CBx) and
in a distinct group CBs were removed after the CIH protocol
(Ac-CBx). To remove CBs before the onset of CIH, juvenile
female rats were anesthetized with ketamine (40 mg kg−1)
and xylazine (5 mg kg−1, Aldrich, Milwaukee, WI, USA). The
lack of withdrawal reflex in response to a firm tail pinching
was used to evaluate the level of anesthesia during the surgi-
cal procedure. A supplementary dose of anesthetic (half of the
initial dose) was injected when the rats presented any signal of
recovery of withdrawal reflex. When the rats were anesthe-
tized properly, we performed a midline incision in the anterior
part of the neck and the carotid bifurcation was visualized.
The CB artery was ligated and cut and the CBs were removed
bilaterally (Amorim et al., 2016). After the surgery, an analgesic
(1 mg kg−1; Banamine; Schering-Plough, Rio de Janeiro, Bra-
zil) and 0.1 ml of antibiotic (1.2 million i.u., Pentabiotic Veteri-
narian; Fort Dodge, Campinas, Brazil) were given i.m.
(Amorim et al., 2016, 2017). The efficacy of CBs removal
was confirmed in all rats by the lack of respiratory and sympa-
thetic responses after the injection of potassium cyanide (KCN,
40 μg per rat) as previously described (Amorim et al., 2017).
The rats included in this protocol did not present increase in
FR or tSNA in response to KCN injection.

Respiratory and sympathetic nerve recordings in
the WHBP

Left phrenic (PN), abdominal (Abd) and thoracic sympa-
thetic nerves (tSNA) were isolated, cut distally and recorded
using a suction glass microelectrode (Souza et al., 2016;
Amorim et al., 2017). Ramping pattern and regular fre-
quency of PN bursts were an index of eupneic-like breath-
ing pattern and only preparations that present these
characteristics were used in these experiments. Signals
were band-pass filtered (0.01–5 kHz), amplified (A-M sys-
tem), acquired in an A/D converter (CED 1401; Cambridge
Electronic Design) and digitized using Spike2 software
(Cambridge Electronic Design). The burst of PN was con-
sidered as inspiration and the silent part as expiration.
Respiratory and sympathetic responses to peripheral che-
moreflex were evaluated using the intra-arterial injection of
KCN (40 μg per rat).
Extracellular single unit recordings in the working
heart–brainstem preparation

Extracellular single unit recordings of respiratory neurons
were performed using a glass microelectrode filled with
3 M of NaCl (3–12 MΩ). The electrode was mounted in a
pipette holder which was positioned above the ventral sur-
face coupled to a manual 3-D micromanipulator. The elec-
trode was connected to an amplifier and then to A/D
converter (Axopatch 200B, Molecular Devices). The signals
recorded were low-pass filtered (2 kHz) and digitalized
(10 kHz) (CED 1401, CED) to a computer using Spike 2
software (CED). The tip of electrode was introduced into
the ventral surface in steps of ~2 μm manually until the
extracellular activity was identified. Respiratory neuronal
recordings were performed exclusively within ventral sur-
face of medulla in a region comprising the Bötzinger (BötC)
and pre-Bötzinger (Pre-BötC) complexes or in the case of
late-expiratory neurons (Late-E) in the region of RTN/pFRG.
For anatomical orientation we used the hypoglossal roots,
the basilar artery and the trapezoid body which are visually
identified in the ventral approach of WHBP (Moraes et al.,
2012b, 2014). The stereotaxic parameters of the recording
site were 1500–1700 μm lateral from the basilar artery,
500–1000 μm caudal from the caudal pole of trapezoid
body and 500 μm ventral–dorsal of maximum depth similar
to described previously (Moraes et al., 2012b).
We recorded from Late-E neurons to test the hypothesis

that this subpopulation of neurons is silent during resting
conditions (normocapnia) in CIH-female rats because this
gender does not develop active expiration after CIH, as
described by Souza et al. (2016). For the Late-E neurons
recordings at the RTN/pFRG we used 1500–1700 μm lat-
eral from the basilar artery, 0–500 μm caudal from the cau-
dal pole of trapezoid body and 100 μm of maximum ventral–
dorsal depth (Moraes et al., 2012a,b).
Medullary slices and whole-cell patch clamp
recordings from NTS neurons

Considering that NTS is the first synaptic station that
receives inputs from CBs and have neurons that project to
the ventral respiratory column, we evaluate the synaptic
transmission within NTS neurons. These experiments were
conducted in medullary slices of CIH and control female
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rats. The aim of this experimental protocol was to evaluate
the sEPSCs in NTS neurons. The brainstem slices from
female rats were obtained after 10 days of CIH or control
protocols. For this purpose, rats were decapitated, and the
brainstem was exposed and rapidly removed and sub-
merged in ice-cold (~0 °C) aCSF solution containing (in
mM): 125 NaCl, 2.5 KCl, 1 MgCl2, 1.25 NaH2PO4, 25
NaHCO3, 25 glucose and 2 CaCl2., constantly bubbled with
95% O2 and 5% CO2 for oxygenation and maintenance of
pH at 7.4. Brainstem transversal slices (250 μm thick) were
cut using an oscillating slicer (Vibratome VT1200S plus,
Leica Biosystems) and kept in aCSF at 31 °C for 30 min.
Thereafter the slices were kept in a solution at room tem-
perature (23–25 °C) in aCSF. For patch-clamp experiments
a single slice was submerged into the recording chamber
equipped with a temperature controller (TC-324B/344B,
Warner Instruments, USA) and it was perfused with aCSF
bubbled with carbogenic mixture (flow rate of 2–3 ml min)
at 31 °C. A Fixed-Stage Upright Microscope (model
BX51WI, Olympus, Japan) was used to visualize the NTS
neurons in brainstem slices.
Whole-cell recordings were made using patch pipettes

pulled from thick-walled borosilicate glass capillaries (Sutter
Instruments, Novato, USA), using a horizontal puller (P-97,
Sutter Instruments) and were filled with solution containing
(in mM): 130 K-gluconate, 20 KCl, 2 Mg-ATP, 0.3 Na-ATP,
10 Na2phosphocreatin, 5 EGTA, 10 HEPES. The osmolality
of solution was ~310 mOsm/Kg-H2O and pH 7.4 adjusted
with KOH. The sEPSCs were recorded under voltage-
clamp (−56 mV holding potential) after 5 min of obtaining
whole-cell recording configuration. The signals were
acquired using an amplifier Multiclamp 700B (Molecular
Devices, Sunnyvale, EUA) connected to a data acquisition
system (DIGIDATA 1440, Molecular Devices, Sunnyvale,
EUA). The software pClamp 10 (Molecular Devices, EUA)
was used for signal acquisition and data analysis. Series
resistance was checked regularly during the experiments,
and cells presenting large variations (20%) or series resis-
tance greater than 30MΩ were discarded.
We selected for records those neurons with healthy

appearance located in the commissural aspect of the NTS.
This region was chosen based on several neuroanatomical
and functional studies showing that the processing of the
peripheral chemoreflex occurs mainly at this aspect of the
NTS (Finley and Katz, 1992; Chitravanshi et al., 1994;
Colombari et al., 1996; Machado, 2001; Accorsi-
Mendonca et al., 2011; Accorsi-Mendonca and Machado,
2013). To investigate the sEPSCs all the experiments were
performed in presence of Picrotoxin (100 μM), an antago-
nist of the GABA receptors, which was added to the bath
in order to isolate excitatory currents (Accorsi-Mendonca
et al., 2015).

Data analysis

Respiratory–sympathetic coupling
For the respiratory–sympathetic coupling analysis we per-
formed the waveform averages of 10 consecutive respira-
tory cycles. Considering that these recordings are
multifiber, tSNA activity was quantified as the average
between two time points and expressed as relative percen-
tage to the tSNA peak during a respiratory cycle and to the
electrical noise (Zoccal et al., 2008; Costa et al., 2013;
Souza et al., 2016; Amorim et al., 2017). We considered
the maximum tSNA activity (i.e. peak of tSNA integrated
activity) during a respiratory cycle as 100% and the noise,
recorded after the death of preparation, as zero. Addition-
ally, we analyzed the average tSNA activity during each
phase of respiratory cycle, during INSP (coincident with
PN burst), during E-1 (first half of expiration) and E-2 (sec-
ond half of expiration) as previously described by Souza
et al. (2016).

Spontaneous excitatory post-synaptic currents
(sEPSC) in NTS neurons
The sEPSCs were recorded for 1 min in the voltage clamp
configuration (−56 holding potential). The currents features
were analyzed using the MiniAnalysis program (Synaptosoft
Inc., Decatur, USA). To assure an accurate evaluation of
the synaptic events, all the currents were selected manu-
ally. The MiniAnalysis generated a summary table, where
we obtained the frequency, amplitude and half-width of the
sEPSCs from each cell. The experimenter was blinded in
relation to group treatment.

Characterization of VLM respiratory neuron types
Respiratory neurons were identified and classified accord-
ing to their firing properties and their time relationship with
PN discharge. All neurons considered for the analysis pre-
sented phasic activity (i.e, they fired in a period of respira-
tory cycle and complete silenced in another). Seven
distinct types of respiratory neurons, four inspiratory and
three expiratory related neurons were identified in juvenile
female rats according to their firing properties. The inspira-
tory neurons were characterized by their activity in phase
with the PN discharge. Additionally, inspiratory neurons
were divided in ramping-inspiratory (Ramp-I), late-
inspiratory (Late-I), early-inspiratory (Early-I) and pre-
inspiratory/inspiratory (Pre-I/I) neurons according to their fir-
ing pattern (Richter and Smith, 2014). We considered
Ramp-I as those neurons presenting an augmenting firing
frequency and that fired during the whole inspiratory phase.
Early-I neurons presented a decrementing firing frequency
starting from the beginning to the end of inspiration. Late-I
neurons were characterized by their discharge exclusively
at the end of inspiration (last half of inspiration). Pre-I/I neu-
rons were characterized by their low frequency activity
before the PN discharge, an increase in the firing frequency
during inspiration and a complete silencing in the post-
inspiratory period.
Expiratory neurons were characterized by their activity

exclusively during expiratory period, being completely
silenced during PN discharge. Post-inspiratory (Post-I) neu-
rons start to fire immediately after the cessation of PN activ-
ity in a decrementing fashion during the expiratory period.
Augmenting-expiratory (Aug-E) neurons fired immediately
before the onset of PN activity in an augmenting fashion
during late-expiration. Late-E neurons were found in the
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RTN/pFRG region and their discharge pattern was in phase
with active expiration (increase in abdominal nerve activity)
in the late-expiratory phase of the respiratory cycle. These
latter neuron subtypes were active during hypercapnia
(CO2 = 10%) and silent in normocapnia (CO2 = 5%).

Statistical analysis

Statistical analysis was performed using the software
GraphPad Prism 7.01. Data are presented as mean ± SD
and all the variables were tested for normality using Kolmo-
gorov–Smirnov test. The results presenting normal distribu-
tion were tested using Student's t test and those data that
did not present a normal distribution were tested using
Mann–Whitney non-parametric test. Two-way ANOVA was
used to analyze the effect of CBx and CIH on the respiratory
and sympathetic activities. Differences were considered sig-
nificant when p < 0.05.

Computational model

The respiratory circuitry in our computational model was
adapted from Barnett et al. (2018) which was in turn derived
from Molkov et al. (2011). The pre-sympathetic circuitry and
its interconnection with the brainstem respiratory network in
the model presented here were adapted from Baekey et al.
(2010). In our simulations of the respiratory central pattern
generator (CPG), neuronal populations are identified by
their phase of activity in the respiratory pattern: inspiration
(Early-inspiratory (Early-I) and Pre-inspiratory/inspiratory
(Pre-I/I)), post inspiration (Post-inspiratory (Post-I)), and late
expiration (Augmenting expiratory (Aug-E)). The spatial and
functional organization of the CPG is based on pontine and
medullary transection experiments presented in Smith et al.
(2007)and modeled in Smith et al. (2007) and Abdala et al.
(2007). As such, the three-phase respiratory rhythm is orga-
nized by mutual inhibition among the Early-I, Post-I, and
Aug-E populations (Fig. 12; Table 1). The inhibitory Post-I
population here represents a functional aggregation of het-
erogeneous expiratory neurons (both inhibitory) being: 1)
Post-I neurons that fire in the post-inspiratory phase but
not in the late expiration phase and 2) Post-I neurons that
fire more strongly during the post inspiration phase but per-
sist for the duration of expiration. This population is modeled
as a functionally homogeneous inhibitory population that
Table 1. Connectivity of computational model.

Target Population Excitatory Drive [weight of synaptic input] or Presyna

Aug-E (BötC)a Drive (Pons) [1.2]*; Drive (RTN) [1.5]*; Early-I (1) (Pre-B
Early-I (1) (pre-BötC)a Drive (Pons) [0.6]; Drive (RTN) [2]; Aug-E (BötC) [−0.26
Early-I (2) (rVRG)a Drive (Pons) [2.5]; Aug-E (BötC) [−0.25]; Post-I (BötC) [
Post-I (BötC)a Drive (Pons) [1.45]*; Early-I (1) (Pre-BötC) [−0.025]
Post-I (e) (BötC)a Early-I (2) (pre-BötC) [−0.5]*
Pre-I/I (pre-BötC)a Drive (Pons) [0.45]*; Drive (RTN) [0.22]*; Drive (Raphe)

Post-I (BötC) [−0.19]; Pre-I/I (pre-BötC) [0.02]
Ramp-I (rVRG)a Drive (Pons) [5]; Aug-E (BötC) [−0.1]; Early-I (2) (rVRG)
IE (pons)b Post-I (BötC) [0.35]; Ramp-I (rVRG) [0.2]
RVLMb Drive (VLM) [1]*; IE (pons) [0.05]; Post-I (BötC) [−0.05];

The core respiratory circuitry (a) was adapted from Barnett et al. (2018) and the presympath
absent in Barnett et al. (2018) or Baekey et al. (2010).
fires strongly during the post inspiration phase and then
reduces during the late expiration phase. Separately, we
consider an excitatory post inspiratory population [Post-I
(e)] which participates in pattern formation in the pre-
sympathetic circuitry but does not participate in rhythm
generation.
Each simulated neuron was described as a single com-

partment Hodgkin–Huxley type neuron, and each popula-
tion contained either 20 or 50 neurons. Select biophysical
parameters were drawn from a gaussian distribution in order
to promote heterogeneity. In all neuron populations, the
standard deviation of the distribution of the leak reversal
potential was 0.01 mV with the exception of the Pre-I/I
population which was 0.02 mV. In the Pre-I/I population
the standard deviation of the distribution for the maximal
conductance of the persistent sodium current was 0.1 nS.
Synaptic projections between populations were all-to-all,
and projections from drive elements encompassed all neu-
rons in the target populations. Neuron population output
was represented as a spike time histogram with a time bin
size of 30 ms. PN and sympathetic (SN) motoneuron out-
puts were computing by integrating their excitatory neuronal
input.
Numerical simulations were performed using NSM 3.0

developed by S. Markin, I. Rybak, and N. Shevtsova (Rybak
et al., 2004; Abdala et al., 2007) and then adapted for use in
high-performance computing clusters by Y. Molkov (Molkov
et al., 2010, 2011, 2013). Solutions to ordinary differential
equations were computed using the exponential Euler
method with an integration time step of 0.1 ms.
Model adjustments

The principal advancement to our computational model is in
the organization of the pre-sympathetic circuitry. This circui-
try including the rostral ventrolateral medullary (RVLM)
population and a phase-spanning pontine population (IE)
was adapted from Baekey et al. (2010). In this model, the
excitatory inputs to the RVLM are the IE and pattern forming
post-I (e) populations respectively of the pons and Bötzinger
complex. The inhibitory inputs to the RVLM are from the
post-I population that is the integral part of the respiratory
CPG, and from the caudal VLM (CVLM) population. Neu-
rons in the CVLM display a diverse repertoire of firing
ptic Source Population [weight of synaptic input from single neuron]

ötC) [−0.135]; Post-I (BötC) [−0.3]
5]; Post-I (BötC) [−0.45]; Pre-I/I (pre-BötC) [0.05]
−0.75]*

[0.15]; Aug-E (BötC) [−0.01];

[−0.3]; Post-I (BötC) [−2]; Pre-I/I (pre-BötC) [0.06]*

Post-I (e) (BötC) [0.075]*; Pre-I/I (pre-BötC) [−0.01]*

etic circuitry (b) was adapted from Baekey et al. (2010). *Weights differ from or are
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patterns (Mandel and Schreihofer, 2006). We identified
CVLM neurons that fire in phase to inspiration as a candi-
date to convey inspiratory phase inhibition to the RVLM. In
our model, the sole input to this CVLM population is the
pre-I/I population of the pre-Bötzinger complex, such that
CVLM neurons firing frequency is controlled by the pre-I/I
neurons. The activity of the CVLM is used here to shape
the inspiratory modulation of the RVLM and hence contri-
bute to the inspiratory modulation of the sympathetic motor
output. We present this projection from Pre-I/I neurons of
the pre-Bötzinger complex to inspiratory-phase neurons of
the CVLM and then subsequent inhibition of the RVLM as
a hypothetical mechanism to shape inspiratory activity in
the sympathetic nerve output. We model CIH induced plas-
ticity in female rats as a persistent change to the conduc-
tance of the persistent sodium current found in the pre-I/I
population; it is reduced to 25% of its value in simulations
of non-CIH conditions (from 4 nSin the non-CIH simulation
to 1 nS in the CIH-female simulation). This adjustment alters
the firing pattern of the Pre-I/I population such that its
inspiratory burst is of lesser amplitude and no longer adapt-
ing (Fig. 13).
The pattern-forming Post-I (e) population of the Bötzinger

complex has been adjusted such that it fires a burst strictly
on rebound from inspiratory inhibition. This was accom-
plished by changing its input to strong inspiratory-phase
inhibition (Table 1), and by altering the kinetics of the
hyperpolarization-activated current to promote rebounding
activity. The hyperpolarization-activated current took the
form I h ¼ ghmh½V−Eh�. Its maximal conductance (gh) was
3 nS, and its reversal potential (Eh) was −20 mV. The acti-
vation variable (mh) was described by its derivative: dmh/
dt = [f(V) − mh]/τ(V). The steady state voltage dependence
of this neuron's activation wasf(V) = [1 + exp ([V + 70]/
5.5)]−1, and the time constant for activation wasτ(V) =
1500/ cosh ([V + 80]/13)ms.
RESULTS

Increased sympathetic responses to peripheral
chemoreflex activation in CIH-female rats

CIH-female rats developed changes in the respiratory pat-
tern marked by a reduction in the inspiratory duration, TINSP

(Fig. 1, Panel A). Moreover, simultaneous recordings of
tSNA and PN showed that CIH-female rats presented an
increased average of tSNA during inspiration when com-
pared to control as previously described by Souza et al.
(2016) (Fig. 1, Panel A). Peripheral chemoreflex activation
induced by KCN produced an increase in tSNA and the
respiratory rate (FR) in control and CIH rats, but the percen-
tage of increase in tSNA in relation to the baseline average
activity following peripheral chemoreflex stimulation was
significantly higher in CIH-female (116.2 ± 24 vs 78.4 ±
27% of increase in tSNA, P = 0.0103, Fig. 1, Panel C) than
in control rats. CIH-female rats (n = 8) presented similar FR

responses following peripheral chemoreflex activation
(145.4 ± 52 vs 176.4 ± 108% of increase in FR, P =
0.4780, Fig. 1, Panel D) to control (n = 8).
The effect of carotid body ablation on the
respiratory–sympathetic coupling inCIH-female rats

Waveform averages of tSNA and PN indicate that CIH-
female rats (n = 8) presented a reduced time of inspiration
(0.71 ± 0.11 vs 1.29 ± 0.32 s, P < 0.000, Fig. 2, Panel A
and Fig. 3, Panel A) when compared to control rats (n = 8)
as previously described by Souza et al. (2016). In addition,
no significant differences were observed in the duration of
expiration, TEXP (3.9 ± 1 vs 4.7 ± 2 s, P > 0.999, Fig. 3,
Panel B) or in FR (0.18 ± 0.04 vs 0.17 ± 0.05 Hz,
P > 0.999, Fig. 3, Panel C) in CIH and control rats. No
changes of the PN amplitude were observed between
CIH-female rats and control (3.3 ± 1 vs 2.9 ± 2 μV), Ac-
CBx-CIH and Ac-CBx-Control (2.6 ± 1 vs 2.1 ± 1 μV) or
CBx-Control and CBx-CIH (2.7 ± 1 vs 2.8 ± 1 μV). Two-
way ANOVA for these variables showed no significant inter-
action (p = 0.7725) between groups. These data indicate
that CIH and/or CBx do not have effect on PN amplitude in
WHBP of female rats.
CIH-female rats also presented a significant increase in

the average tSNA during inspiration (60.3 ± 15 vs 38.2 ±
8% of tSNA, P = 0.0006, Fig. 2, Panel A and Fig. 3 Panel
D) when compared to control rats. There are no significant
changes in average tSNA in post-inspiratory, E-1 (32.5 ± 8
vs 36.7 ± 9% of tSNA, P > 0.999, Fig. 3, Panel E) and
late-expiratory, E-2 phases (32.5 ± 7 vs 31.3 ± 7% of tSNA,
P > 0.999, Fig. 3, Panel F).
Acute removal of CBs after CIH conditioning (Ac-CBx)

(Fig. 2, Panel B) did not abolish the increased tSNA during
inspiration in CIH-female (n = 7) rats (68.2 ± 11 vs 42.9 ±
10% of tSNA, P = 0.0003, Fig. 3, Panel D) when compared
to Ac-CBx-control (n = 7). However, Ac-CBx attenuated the
reduction in TINSP induced by CIH in female rat since TINSP

was not different between Ac-CBx-control rats (0.98 ± 0.15
vs 1.21 ± 0.2 s, P = 0.1143, Fig. 3, Panel A) and was signif-
icantly longer when compared to Sham CIH-female rats
(0.98 ± 0.15 vs 0.71 ± 0.11, P = 0.0408, Fig. 3, Panel A).
No significant differences were observed after in Ac-CBx
rats in the average tSNA during E-1 (43.1 ± 11 vs 43.2 ±
12% of tSNA, P > 0.999, Fig. 3, Panel E) or during E-2
phases (32.8 ± 9 vs 32.7 ± 7% of tSNA, P = 0.6345, Fig.
3, Panel F). No significant differences were observed in T-

EXP (4.8 ± 2 vs 3.7 ± 2 s, P = 0.5859, Fig. 3, Panel B) or
in FR (0.17 ± 0.06 vs 0.17 ± 0.05 Hz, P > 0.999, Fig. 3,
Panel C) in Ac-CBx-CIH and control rats. These results sug-
gest that tonic activity of CBs contributes to changes in T-

INSP after CIH, but plays no role in the enhanced
inspiratory modulation of tSNA in CIH-female rats.
Panel C of Fig. 2 is showing the effect of CBs ablation in

the respiratory–sympathetic coupling of female rats before
the onset of CIH (CBx-CIH). CBx-CIH rats presented no sig-
nificant differences in the average tSNA during inspiration
(36.2 ± 9 vs 37.7 ± 7% of tSNA, P > 0.999, Fig. 3, Panel
D) when compared to CBx-control (n = 7). Moreover, panel
D of Fig. 3 shows that CBx-CIH presented a reduction on
the average tSNA during inspiration when compared to
Sham CIH-rats (36.2 ± 9 vs 60.3 ± 15% of tSNA, P =
0.0003) suggesting that CB integrity during conditioning is



Fig. 1. Changes in respiratory–sympathetic coupling and in sympathetic response to peripheral chemoreflex activation in CIH-female rats. (A) Baseline
recordings of thoracic sympathetic nerve (tSNA) and phrenic nerve (PN) activities of a female rat representative from control (left) and CIH group (right)
showing the increase in average tSNA during inspiration in CIH-female rats in relation to the tSNA peak (100%) and the electrical noise (zero). (B) Sym-
pathetic and respiratory response to peripheral chemoreflex activation with KCN in a CIH-female rat and control. Note that average amplitude of tSNA in
relation to baseline is enhanced in CIH-female rats compared to control after KCN. (C) Average and individual values of the percentage of increase in
average tSNA related to the average baseline activity after KCN in CIH (n = 8) and control (n = 8) female rats. (D) Average and individual values of
the percentage of increase in respiratory frequency related to baseline after KCN in CIH and control female rats.* P < 0.05.
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Fig. 2. The effect of carotid body ablation on the respiratory sympathetic coupling of CIH-female rats. (A)Wave-
form averages of thoracic sympathetic activity (tSNA) and phrenic nerve (PN) of a control and a CIH female rat
representative from the Sham surgery group. The peak of integrated tSNA during the respiratory cycle was con-
sidered 100% of activity and the electrical noise, zero. Note that CIH-female rats presented an increase in the
average tSNA during the inspiration when compared to control rats. (B) Waveform averages of tSNA and PN
of a control and a CIH female rat representative from the acute surgical removal of carotid bodies (after CIH pro-
tocol, Ac-CBx) group. Note that Ac-CBx does not affect the enhanced inspiratorymodulation of tSNAafter CIH in
female rats. However, Ac-CBx prevented the reduction on the time of inspiration (TINSP) in CIH rats. (C) Wave-
form averages of tSNA and PN of a control and a CIH female rat representative from the surgical removal of
carotid bodies (CBx) before the onset of CIH protocol. Note that in this case, CBx prevented the increase in
the inspiratory modulation of tSNA after CIH in female rats as well as the reduction in TINSP.
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important to drive the increase in the inspiratory modulation
of tSNA in CIH female rats. No significant differences were
observed in the average tSNA during E-1 (39.6 ± 9 vs
33.9 ± 11% of tSNA, P = 0.8579, Fig. 3, Panel E) or during
E-2 (31.8 ± 13 vs 28.4 ± 10% of tSNA, P > 0.999, Fig. 3,
Panel F) of CBx-CIH female rats compared to CBx-control
female rats. Additionally, chronic CBx prevented the
reduction in TINSP in CIH-female rats
because TINSP was not different
from chronic CBx-control (1.13 ±
0.14 vs 1.05 ± 0.18 s, P > 0.999)
and was significantly longer than in
Sham CIH-rats (1.13 ± 0.14 vs
0.71 ± 0.11, P = 0.0008, Fig. 3, Panel
A). No significant differences were
observed in TEXP (3.9 ± 1 vs 3.8 ±
0.7 s, P > 0.999, Fig. 3, Panel B) or
in FR (0.16 ± 0.03 vs 0.16 ± 0.01 Hz,
P > 0.999, Fig. 3, Panel C) in CBx-
CIH and control rats. Taken together,
these results indicate that CBs activa-
tion during CIH is essential to promote
the increase in the average tSNA dur-
ing the inspiratory phase of respiratory
cycle in CIH-female rats.
Increase in sESPCs frequency
in the NTS neurons of CIH-
female rats

We recorded sEPSCs from NTS
neurons of female rats to test the
hypothesis that CIH induces an
increase in excitatory neurotrans-
mission at this region (Fig. 4, Panels
A and B), which might contribute to
the observed changes in the sympa-
thetic–respiratory coupling and to
the enhanced peripheral chemore-
flex response. NTS neurons from
CIH-female rats (n = 7) presented
an increase in sEPSC frequency
(3.12 ± 2.4 vs 0.75 ± 0.3 Hz, P =
0.0414, Fig. 4, Panel C) when com-
pared to NTS neurons from controls
(n = 6). However, the amplitude of
sEPSC (23.6 ± 8 vs 18.9 ± 4 pA;
P = 0.2558, Fig. 4, Panel D) was
not different between NTS neurons
from CIH-female rats compared to
control. No differences were
observed in the half-width of
sEPSCs either (3.2 ± 0.6 vs 3.1 ±
1; P = 0.8054, Fig. 4, Panel E). This
indicates that the spontaneous exci-
tatory neurotransmission activity in
NTS is increased in CIH-female rats
compared to control in medullary
slices (i.e. in absence of CBs).
Firing properties of inspiratory neurons after CIH
in female rats

Pre-I/I neurons (n = 17) of CIH-female rats presented a sig-
nificant reduction of the mean firing frequency (47.3 ± 34 vs
107.6 ± 58 Hz, P = 0.0018) when compared to neurons



Fig. 3. Average and individual values of time of inspiration (TINSP, A), time of expiration (TEXP, B), respira-
tory frequency (FR, C), average thoracic sympathetic activity (tSNA) during the inspiratory (D), early expira-
tory (E) and late-expiratory (F) phases of the respiratory cycle of Sham-control (n = 8), Sham-CIH (n = 8),
Ac-CBx-control (n = 7), Ac-CBx-CIH (n = 7), CBx-control (n = 7) and CBx-CIH (n = 7). Values are mean ±
SD.* P < 0.05. The values of tSNA were obtained from the integrated tSNA signal and are expressed as
percentage in relation to the peak tSNA during the respiratory cycle (100%) and the electrical noise (zero).
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from control rats (n = 15, Fig. 5). Firing frequency was also
reduced in Pre-I/I of CIH rats during inspiration (70.1 ± 37
vs 126.6 ± 55 Hz, P = 0.0018) compared to control, but
not in the pre-inspiratory period (20.9 ± 11 vs 29.9 ±
18 Hz, P = 0.0541).The relative duration of pre-inspiratory
activity of Pre-I/I neurons from CIH-female rats (30.7 ±
26.4 vs 34.4 ± 23% of TEXP) was also not different in rela-
tion to control rats (Fig. 5, Panel E). These data indicate that
CIH induces a reduction of Pre-I/I neuron firing rate during
the inspiratory period in CIH-female rats.
Early-I neurons (n = 7) from CIH female rats presented no

significant changes in the firing frequency (48.6 ± 20 vs
38.9 ± 16 Hz, P = 0.3384) when compared to neurons from
control animals (n = 10, Fig. 6). Their relative firing time T-

EARLY-I was not significantly different between CIH (85.0 ±
12 vs 84.2 ± 13% of TINSP, P = 0.9108) and control female
rats. Fig. 7 show that Late-I neurons
from CIH female rats (n = 11) pre-
sented no significant changes in
the firing frequency (21.5 ± 13 vs
15.8 ± 12 Hz, P = 0.3238) when
compared to neurons from control
animals (n = 9). The TLATE-I was
not significantly different between
CIH (36.9 ± 17 vs 26.4 ± 16% of T-

INSP, P = 0.1770) and control
female rats. Ramp-I neurons from
CIH female rats (n = 14) also pre-
sented no significant changes in
the firing frequency (85.1 ± 54 vs
69.8 ± 33 Hz, P = 0.7340) when
compared to neurons of control ani-
mals (n = 14, Fig. 8).
Firing properties of expiratory
neurons after CIH in female
rats

Post-I neurons from CIH female rats
(n = 15) presented no changes in
the mean firing frequency (32.1 ±
15 vs 31.4 ± 17 Hz, P = 0.7915)
when compared to Post-I neurons
from control rats (n = 17, Fig. 9).
However, the time of their activity
was increased in CIH-female rats
(92.3 ± 7 vs 81.4 ± 12% of TEXP,
P = 0.0127, Fig. 9, Panel B) com-
pared to control, indicating that
Post-I neurons fire for a longer time
during the expiration in CIH-female
rats. Fig. 10 shows that Aug-E neu-
rons from CIH-female rats (n = 12)
presented no significant changes
in the firing frequency (40.8 ± 29
vs 47.4 ± 24 Hz, P = 0.5357) when
compared to Aug-E neurons from
control female rats (n = 13). The
period of their activity (33 ± 20 vs
42.6 ± 16% of TEXP, P = 0.2381) was also not significantly
different between CIH and control rats respectively (Fig. 10,
Panel C). As illustrated in Fig. 11, Late-E neurons were silent
in CIH-female rats in normocapnic conditions of WHBP (CO2-

= 5%). However, their activity could be induced (n = 3) by
hypercapnia (CO2 = 10%).
Simulations of CIH in female rats

We reproduced the effects of CIH conditioning of female
rats in our computational model of brainstem respiratory
and pre-sympathetic circuitry. The goal of these simulations
was to hypothesize on theoretical mechanisms that
explained the difference in sympathetic output – the
increase in activity due to loss of ramping pattern in SNA
from CIH conditioned female rats (Souza et al., 2016) – in



Fig. 4. Spontaneous excitatory neurotransmission within NTS in CIH and control female rats. (A) Photomicrography
of a medullary slice of one representative rat showing a single NTS neuron and the recording electrode. (B) Record-
ings of spontaneous excitatory post-synaptic currents (sEPSC) from an NTS neuron from control (left) and of CIH
(right). Note the increase in the frequency of sEPSC in the NTS neuron of a CIH-female rat. (C) Average and indivi-
dual values of the sEPSC frequency in NTS neurons from CIH (n = 7) and control (n = 6) rats. (D) Average and indi-
vidual values of the sEPSC amplitude in NTS neurons from CIH and control rats. (E) Average and individual values of
the sEPSC half-width in NTS neurons from CIH and control rats.* P < 0.05.

476 George M.P.R. Souza et al. / Neuroscience 406 (2019) 467–486
a way that can associate it with the differences observed in
neuronal firing pattern between non-CIH and CIH-
conditioned female rats. Specifically, via model simulations,
we test the plausibility of the following hypotheses: (1) the
ramping inspiratory component of the sympathetic output
is shaped by decrementing inhibition; and (2) CIH condition-
ing induces a persistent change that reduces this inhibition
and thus increases the sympathetic output during inspira-
tion. In the model, we incorporate mechanisms that estab-
lish causal relationship between the facts that pre-I/I
neurons have a lower inspiratory firing rate (Fig. 5) and that
sympathetic activity loses the ramping pattern (Fig. 2A, B)
and overall increases during inspiration (Fig. 3D) in CIH
conditioned female rats.
It has been suggested that excitatory neurons of the pre-

Bötzinger complex possess slowly inactivating persistent
sodium current (INaP) whose inactivation occurs on a time-
scale of seconds (Butera et al., 1999; Rybak et al., 2014;
Jasinski et al., 2013). We implement these excitatory neu-
rons in our computational model as excitatory Pre-I/I neu-
rons of the pre-Bötzinger complex (Smith et al., 2007).
The slow inactivation of INaP results in a decrementing pat-
tern of activity in these neurons during inspiration. We
hypothesize and implement in the model that a decrement-
ing firing pattern of pre-I/I neurons correspondingly shapes
the inspiratory-phase sympathetic activity. In this model,
the pre-I/I population provides the main input to an inhibitory
CVLM population. In turn, the CVLM neurons provide inhibi-
tion to the RVLM (Schreihofer and Guyenet, 2002), and also
exhibit respiratory-modulated firing pattern (Mandel and
Schreihofer, 2006). Thus, in our model the CVLM population
receives decrementing exci-
tation from pre-I/I and, there-
fore, provides decrementing
inhibition to the RVLM in
control simulations. Its pat-
tern of activity is subject to
modulation of pre-Bötzinger
complex pre-I/I neurons
such that a reduction in their
firing rate and a change in
their firing pattern are trans-
lated to a change in the
strength and shape of inhibi-
tion onto RVLM (Fig. 12). In
simulations, we show that
the above mechanisms clo-
sely reproduce the transfor-
mation of the shape of the
sympathetic output from a
ramping pattern to a
“blocky” pattern and overall
increase in sympathetic
activity during inspiration as
observed following CIH con-
ditioning in female rats.
Pre-Bötzinger

pacemaker neurons may shape the inspiratory
component of SNA

In simulations of non-CIH conditions, the Pre-I/I population
fires a rebound burst following the removal of expiratory
inhibition. Strong inhibition during expiration removes the
inactivation of INaP such that this current is strongest at the
beginning of the inspiratory burst. Over the duration of this
burst, INaP slowly inactivates, and the firing rate of the popu-
lation decrements (Fig. 13). This pattern of activity is trans-
mitted to CVLM such that it fires an inspiratory burst with
the same shape. Therefore, RVLM receives relatively
strong inhibition from CVLM at the beginning of inspiration
and relatively weak inhibition at the end of inspiration; in this
way the sympathetic output is made to have a ramping
shape (Fig. 14).
INaP is subject to enhancement during hypoxia (Hammar-

strom and Gage, 2002; Paton et al., 2006). Hence, it is likely
that pacemaker neurons of the pre-Bötzinger complex are
over-excited during hypoxic episodes of CIH conditioning
due to enhancement of INaP. We suggest that in CIH condi-
tioned female rats, this over-excitation induces a compen-
satory activity-dependent mechanism such that
pacemaker neurons are less excitable during normoxia
compared to those in non-CIH female rats. In our computa-
tional model, this plasticity is implemented as a substantial
reduction of the conductance of INaP. This change in excit-
ability abolishes the decrementing pattern of activity in
Pre-I/I activity during inspiration (Fig. 13) without disrupting
the three-phase respiratory rhythm.
In CIH simulations, the firing rate of pre-I/I is reduced and

does not change substantially over the course of inspiration



Fig. 5. Pre-inspiratory/inspiratory (Pre-I/I) neuron activity in CIH-female rats. (A) Recordings of Pre-I/I neu-
rons representative from control and CIH-female rats. Note that Pre-I/I neurons from CIH-female rats pre-
sented a reduction in firing frequency when compared to control. Average and individual values from CIH
(n = 17) and control (n = 15) group of Pre-I/I total firing frequency (B), frequency during inspiration (C),
during the pre-inspiratory phase (D) and the duration of the pre-inspiratory phase activity (E). Bin size =
100 ms. Values are mean ± SD.* P < 0.05.
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(Fig. 13), and this pattern is transmitted to the CVLM popu-
lation (Fig. 14). As such, the RVLM population is disinhi-
bitted at the beginning of the inspiratory phase compared
to the non-CIH simulation, and its firing rate does not
change substantially over the course of inspiration (Fig.
14). In this way, the reduction of firing rate of the Pre-I/I
population is responsible for the “blockiness” of the
inspiratory-phase sympathetic burst.
CIH conditioning does not alter the expiratory activity in

the sympathetic output of female rats (Souza et al., 2016).
We adapted an excitatory post-inspiratory population
(Post-I (e)) to account for the post-inspiratory component
of the inspiratory/post-inspiratory sympathetic burst (see
Methods). Previous instances of our computational model
do not address this aspect of sympa-
thetic activity. This population fired a
brief rebound burst following strong
inspiratory inhibition (Fig. 14). Post-
I (e) is not subject to input from
Pre-I/I; since its activity is indepen-
dent of Pre-I/I, this component of
sympathetic output is not altered in
the CIH simulation.
DISCUSSION

This study explores the effects of
CIH on the firing properties of
respiratory neurons in an intact
ponto-medullary respiratory network
in female rats exclusively. Moreover,
here we reveal the critical role of
CBs in the altered respiratory–sym-
pathetic coupling induced by CIH in
female rats. The aim of this study
was to investigate the neural
mechanisms associated with
increased inspiratory modulation of
SNA in CIH-female rats rather than
compare the sex-related differences
underlying these mechanisms. How-
ever, we used previous data from
our laboratory (from experiments
performed under similar conditions)
to address some putative sex-
differences on those neural mechan-
isms. The main findings of this study
are the following: 1) female rats
exposed to CIH develop changes in
the respiratory–sympathetic cou-
pling associated with enhanced per-
ipheral chemoreflex; 2) carotid
bodies ablation before CIH prevents
the increase in SNA during inspira-
tion in CIH-female rats; 3) Sponta-
neous excitatory neurotransmission
at the NTS is increased in CIH-
female rats; 4) Pre-I/I neurons have
reduced their firing frequency in female rats exposed to
CIH; 5) Post-I neurons have increased time of firing in
CIH-female rats. All together, these observations indicate
that intermittent activation of peripheral chemoreceptors in
female rats during CIH contributes to changes in the
respiratory–sympathetic network activities that drive sympa-
thetic overactivation during inspiration in these rats.

Enhanced SNA responses to peripheral chemore-
flex activation in CIH-female rats

Sympathetic responses to peripheral chemoreflex stimula-
tion are increased in spontaneously hypertensive rats
(SHR)(Pijacka et al., 2016b), in two-kidney, one-clip hyper-
tensive rats (Oliveira-Sales et al., 2016) and in CIH-male
rats (Braga et al., 2006) and in sustained hypoxia (Accorsi-



Fig. 6. Early-inspiratory neurons (Early-I) activity in CIH-female rats. (A) Recordings of Early-I neurons
representative from control and CIH-female rats. Average and individual values from CIH (n = 7) and con-
trol (n = 10) group of Early-I neurons firing frequencies (B) and the duration of activity relative to the dura-
tion of inspiratory phase (C).Values are mean ± SD. Bin size = 100 ms.
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Mendonca et al., 2015) suggesting that this reflex is sensitized
in these experimental models of hypertension. Given that per-
ipheral chemoreflex stimulation increases the activity of pre-
sympathetic and respiratory neurons, the enhancement in per-
ipheral chemoreceptors sensitivity seems to produce an ampli-
fication in the respiratory–sympathetic coupling in SHR
(McBryde et al., 2013). Female rats exposed to CIH develop
hypertension and sympathetic overactivity (Souza et al.,
2015, 2016, 2017). Previous and present studies documented
that CIH-female rats exhibited changes in respiratory–sympa-
thetic coupling marked by an increase in the inspiratory modu-
lation of sympathetic activity (Souza et al., 2016). Additionally,
we are documenting that CIH-female rats also present an
enhanced SNA response following peripheral chemoreflex
activation compared to control rats, similarly to other models
of hypertension.
The exaggerated SNA response to peripheral chemoreflex

activation in rats exposed to CIH seems to be related to the
increase in the sensitivity of glomus cells of CBs in response
to hypoxia as well as to a possible increase in excitatory neuro-
transmission at the level of brainstem respiratory and autonomic
neurons (Iturriaga et al., 2009; Costa-Silva et al., 2012; Del Rio
et al., 2014). In fact, direct recordings of CBs afferent activity
show that glomus cells of CIH-male rats are more sensitized
to acute hypoxia (Del Rio et al., 2010, 2014; Nanduri et al.,
2017).Studies by Costa-Silva et al. (2012) using the WHBP of
rats documented that glutamatergic
neurotransmission is augmented in
the NTS of CIH-male rats. This state-
ment is supported by the fact that
CIH-male rats had an increase in the
expression of ionotropic glutamate
receptors at NTS and the SNA
response to microinjection of L-
glutamate into the same region was
significantly greater in CIH-male rats
compared to control (Costa-Silva et
al., 2012). Taken together, these find-
ings suggest that the enhanced gluta-
matergic signaling at the NTS
contributes to the exaggerated SNA
response to peripheral chemoreflex
activation in CIH-male rats (Costa-
Silva et al., 2012).
Here we evaluated the synaptic

transmission aspect at the NTS using
the whole cell patch-clamp technique
to record the sEPSCs in CIH-female
rats. The isolated sEPSCs are an
index of excitatory neurotransmission
at the NTS (Accorsi-Mendonca et al.,
2015). Electrophysiological record-
ings showed that the frequency of
sEPSCs is increased in NTS neurons
of CIH-female when compared to
NTS neurons from control rats.
These data suggest that CIH induces
an increase in the spontaneous gluta-
matergic transmission at NTS neu-
rons which is likely to contribute to the overall enhanced
excitability of the peripheral chemoreflex pathway in CIH-
female rats. Additionally, this suggests that increased excita-
tory neurotransmission in NTS is related to presynaptic
mechanisms since the effect of CIH was restricted to the fre-
quency of spontaneous currents and not to their amplitude or
half-width. The increase in sEPSCs frequency seems to be
related to an increase in the probability of spontaneous neuro-
transmitter release or in the number of synapses or synaptic
active zones on the presynaptic terminal (Stevens and
Wang, 1994). It is likely that the intermittent activation of these
synaptic terminals by CBs afferents induces this facilitation of
neurotransmitter release in CIH-female rats. This phenomenon
also could be important to produce sustained SNA increase
after the acute removal of CBs in CIH-female rats (Fig. 2,
Panel B), as discussed below. However, further experiments
are necessary to identify the mechanisms of CIH effect on
the presynaptic terminals in the NTS in female rats.
Changes in respiratory–sympathetic coupling of
female rats exposed toCIH are dependent on carotid
bodies integrity

Under baseline conditions, glomus cells at CBs have little or
no activity (Prabhakar and Semenza, 2015). However, evi-
dences indicate that abnormal activity of these oxygen



Fig. 7. Late-inspiratory neurons (Late-I) activity in CIH-female rats. (A) Recordings of Late-I neurons
representative from control and CIH-female rats. Average and individual values from CIH (n = 11) and
control (n = 9) group of Late-I neurons firing frequencies (B) and the duration of activity relative to the
duration of inspiratory phase (C).Values are mean ± SD. Bin size = 100 ms.
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sensors could contribute to the development of sustained
sympathetic overactivity leading to hypertension in humans
(Narkiewicz et al., 2016; Pijacka et al., 2016b) and in experi-
mental models (Abdala et al., 2012; McBryde et al., 2013;
Del Rio et al., 2016; Pijacka et al., 2016a). In fact, surgical
removal of CBs reduces arterial blood pressure in drug-
resistant hypertensive subjects (Narkiewicz et al., 2016).
In OSA patients, it has been demonstrated that acute CBs
silencing with hyperoxia (O2 = 100%) reduces MSNA in
those patients but not in control or normotensive subjects
(Narkiewicz et al., 1998b). This latter study indicates that
tonicity of CBs plays an important role in the enhancement
of MSNA in OSA patients (Narkiewicz et al., 1998b).
Increased tonicity of CBs has been hypothesized as one

of the causative factors producing amplified respiratory–
sympathetic coupling and to sympathetic overactivity in
male SHR (McBryde et al., 2013).This hypothesis is sup-
ported by the fact that acute CBs ablation reduces the
respiratory modulation of sympathetic activity in SHR
(McBryde et al., 2013). In the experimental model of CIH,
acute removal of CBs in male rats produced no effect on
the enhanced respiratory modulation of sympathetic activity
(Zoccal et al., 2008). However,
removal of CBs before the beginning
of CIH protocol prevented the
enhanced respiratory modulation of
SNA in CIH-male rats (Moraes and
Machado, 2015). Taken together,
these evidences show that in CIH-
male rats, CBs play an important
role in inducing changes in respira-
tory–sympathetic coupling during
the time course of CIH but exert no
major role in the maintenance of
these changes in respiratory–sym-
pathetic coupling (Zoccal et al.,
2008; Moraes and Machado, 2015).
In this study we hypothesized that

CBs integrity is essential to induce
changes in the respiratory–sympa-
thetic coupling in CIH-female rats dur-
ing the time course of CIH protocol. In
female rats exposed to CIH, acute
removal of CBs produced no changes
in the enhanced inspiratorymodulation
of sympathetic activity; however, it
reversed the reduction of inspiratory
time induced by CIH. This observation
indicates that, different from CIH-male
rats, tonic activity of CBs is important
to drive certain changes in the respira-
tory activity of CIH-female rats. We
speculate that these sex differences
observed in CBs tonicity after CIH
may be related to sexual dimorphism
in theCBsactivity or in the neural struc-
tures involved in the peripheral che-
moreflex pathways, such as the pre-
BötC neurons (Garcia et al., 2013).
Importantly, with acute removal of CBs we were able to dissoci-
ate the changes of respiratory pattern and sympathetic overac-
tivity in CIH-female rats. These results indicate that separate
mechanisms support the reduction in TINSP and the increased
modulation of SNA during the inspiratory phase, for example
plastic changes in respiratory neurons induced during the time
course of CIH (discussed below).Considering that the excita-
tory neurotransmission at NTS is increased in brainstem slices
(i.e., in the absence of CBs) of CIH-female rats, we suggest that
this phenomenon could also contribute to enhanced SNA dur-
ing inspiration even after the acute CBs removal.
Changes in the inspiratory neurons firing frequency
after CIH in female rats

Taking into consideration that CIH-female rats develop
changes in the pattern of SNA during the inspiratory phase, in
this study we aimed to verify whether or not the inspiratory neu-
rons present changes in their firing properties in CIH-female
rats. We are showing that Pre-I/I respiratory neuron type has
reduced the firing frequency after CIH and there is evidence
that these neurons possess the persistent sodium current



Fig. 8. Ramp-inspiratory neurons (Ramp-I) activity in CIH-female rats.
(A) Recordings of Ramp-I neurons representative from control and
CIH-female rats. Average and individual values from CIH (n = 14) and
control (n = 14) group of Ramp-I neurons firing frequencies (B).Values
are mean ± SD. Bin size = 100 ms.
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(INaP), which is likely to contribute to their pacemaker activity
(St-John and Paton, 2003; Richter and Smith, 2014). The
reduced firing frequency of Pre-I/I neurons after CIH could be
due to changes in their intrinsic electrophysiological properties
or a product of the enhanced inhibitory inputs from the respira-
tory network. Here, we simulated one of the possibilities: an
alteration in INaP expression in Pre-I/I neurons of CIH-female
rats. The reduced INaP in Pre-I/I neurons of CIH female rats
appeared sufficient to explain the reduced firing frequency
and the increase in SNA during the inspiratory period.
Intracellular recordings of Pre-I/I neurons in an intact

respiratory network allow the observation of changes in
membrane potential of these neurons along the respiratory
cycle (Moraes et al., 2014; Richter and Smith, 2014). Of
note, Pre-I/I neurons present a pronounced hyperpolariza-
tion during the post-inspiratory period which gradually
reduces in the time course of expiration, strongly suggesting
that this inhibition is due to inhibitory post-inspiratory neu-
rons influence (Richter and Smith, 2014). An alternative
explanation for the reduced firing frequency of Pre-I/I neu-
rons in CIH-female rats could be the increased in Post-I
activity (discussed below) which may produce a prolonged
inhibition of Pre-I/I neurons in CIH-female rats.

Changes in the expiratory neurons firing properties
after CIH in female rats

CIH-female rats presented changes in firing properties of
Post-I neurons, characterized by an increase in the time of
their firing relative to the expiratory phase. Studies by
Pierrefiche et al. (1995) showed that the “spike frequency
adaptation” (i.e. progressive reduction of firing frequency
until the cessation of activity) of Post-I neurons is dependent
on Ca+ conductance. When BAPTA, a Ca+ chelator, is dia-
lyzed into the cell body of a Post-I neuron the membrane
potential depolarizes and the time of firing increases
(Pierrefiche et al., 1995). Studies by Moraes et al. (2014)
documented similar finding in Post-I neurons of SHR, in
which the increased firing frequency of Post-I neurons was
driven by a reduction in Ca+-dependent K+ conductance,
which in turn also increases the excitability of these cell type
and leads to a more depolarized membrane potential during
expiration (Moraes et al., 2014). A possible explanation for
the observed increase in the firing time of Post-I in CIH-
female rats is that CIH induces changes in the Ca+ or Ca-
dependent K+ conductance of these neurons which prolong
the spike frequency adaptation process, leading to an
increase in the duration of their activity. Further studies
using intracellular recordings of Post-I neurons in CIH-
female rats are required to test this hypothesis.

Sex differences in the respiratory neuron activity
after CIH in rats

The present study describes changes in the respiratory neu-
rons' firing properties in CIH-female rats which are different
in relation to the same neurons subtypes recorded in CIH-
male rats (Machado et al., 2017). In CIH-male rats, Post-I
neurons presented a reduced firing frequency, an increase
in the firing frequency of Aug-E neurons and rhythmic activ-
ity of Late-E neurons in resting conditions (Machado et al.,
2017). This latter study suggests that the activity of expira-
tory neurons is altered in male rats after CIH leading to
active expiration and enhanced excitatory modulation of
SNA during expiration (Machado et al., 2017). In contrast,
Pre-I/I neurons of CIH-female rats presented a reduction in
the firing frequency, which may be related to the reduced
time of inspiration. Different from those neurons in CIH-
male rats, Post-I neurons presented an increase in their
time of activity and Late-E neurons are not spontaneously
active in normocapnia in CIH-female rats.
Sex-specific effects of CIH on the respiratory neuronal

activity may be related to sex differences in the respiratory
network structure and function, synaptic interactions with
and within pre-BötC and in differences linked to intrinsic
electrophysiological properties between female and male
respiratory neurons. Experimental evidences indicated that
there are sex differences in the intrinsic properties of the
respiratory network in response to hypoxia which involve
the activity of KATP channels in the Pre-BötC (Garcia et al.,
2013). Further experiments are required to check the possi-
ble sex differences in the intrinsic characteristics of respira-
tory neurons in the network context as well as their intrinsic
electrophysiological properties in rats exposed to CIH.

Model justification

Previously, we described how sensitization of the central
chemoreflex could promote the emergence of active expira-
tion at normocapnia and prevent apnea following the loss of



Fig. 9. Post-inspiratory (Post-I) neuron activity in CIH-female rats. (A) Recordings of Post-I neurons repre-
sentative from control and CIH-female rats. (B) Representative recordings of Post-I neurons of control and
CIH rats showing the increase in their firing time relative to the duration of expiratory phase. Note that Post-
I neurons from CIH-female rats presented an increase in the duration of their activity relative to expiratory
time. Average and individual values from CIH (n = 15) and control (n = 17) group of Post-I firing frequency
(C), the duration of their activity relative to expiratory phase (D). Values are mean ± SD. Bin size =
100 ms. * P < 0.05.
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chemosensitive drive during hypocapnia in CIH conditioned
male rats (Molkov et al., 2011). We also suggested that an
increase in the excitability of pacemaker Pre-I/I neurons could
be responsible for the sensitization of the central chemoreflex
in CIH conditioned male rats (Barnett et al., 2017). However,
these phenomena are not reported in CIH female rats. Here
we utilize our computational model to develop an alternative
hypothesis for CIH-induced plasticity in female rats.
The model was previously developed from data primarily

drawn from male rats. However, the three phases of
eupneic respiration are similarly identifiable in neuronal
recordings during eupnea in both male and female rats. As
such, we assert that it is acceptable to adapt the kernel of
the respiratory CPG for female
experimental observations despite
having been developed based on
data from male rats. We take the
core respiratory model of eupneic
breathing as valid for eupnea in
male and female rats. Then we dis-
tinguish female simulations by
extending the model to account for
female rat experimental data. This
adapted model is informed by two
critical experimental observations:
(1) there is a decrease in the firing
rate of pre-inspiratory/inspiratory
neurons during inspiration in CIH
conditioned female rats (Fig. 5)
and (2) the inspiratory component
of the sympathetic motor output is
not ramping in CIH conditioned
female rats (Souza et al., 2016).
We propose that the ramping shape
of the inspiratory-phase sympa-
thetic output in non-CIH animals is
formed by decrementing
inspiratory-phase inhibition. Pace-
maker neurons of the pre-
Bötzinger complex are a good can-
didate for the source of this decre-
menting pattern due to their
possessing INaP. Slow inactivation
of INaP provides a mechanism for
adaptation of firing rate during
inspiration (Fig. 13). These pace-
maker neurons appear in our com-
putational model as the excitatory
Pre-I/I population (Smith et al.,
2007) (Fig. 12).
Here, we suggest that CIH condi-

tioning induces plasticity in pace-
maker neurons of the pre-
Bötzinger complex. The sensitivity
of INaP to hypoxia is well documen-
ted (Hammarstrom and Gage,
2002) including in pre-BötC inspira-
tory neurons (Koizumi and Smith,
2008). Repeated and persistent
episodes of hypoxia enhance INaP and likely induce overac-
tivity in pacemaker neurons during this hypoxia. Here, we
speculate that chronic overactivity induces a compensatory
activity-dependent change in INaP in Pre-I/I neurons, which
we model as a reduction of its conductance. It has been sug-
gested that CIH conditioning enhances INaP in neonatal mouse
slice but without consideration for animal sex (Garcia et al.,
2017). In the past, we modeled CIH-induced plasticity in the
context of male rats as an increase in the excitability of Pre-I/
I pacemaker neurons (Barnett et al., 2017). This suggested
mechanism was drawn from the observation that the leak con-
ductance in spontaneously hypertensive rats is reduced in
Pre-I/I neurons compared to control animals (Moraes et al.,



Fig. 10. Augmenting-expiratory neurons (Aug-E) activity in CIH-female rats. (A) Recordings of Aug-E neu-
rons representative from control and CIH-female rats. Average and individual values from CIH (n = 12)
and control (n = 13) group of Aug-E neurons firing frequencies (B) and the duration of activity relative to
the duration of inspiratory phase (C).Values are mean ± SD. Bin size = 100 ms.

Fig. 11. Late-expiratory neurons (Late-E) activity in CIH-female rats. Recordings of a Late-E neuron in a
CIH-female rat. Under hypercapnia in WHBP (CO2 = 10%) Late-E neurons CIH-female rats presented
active expiration and Late-E neurons are active in this condition (left). However, under normocapnia condi-
tion in WHBP (CO2 = 5%), Late-E neurons expiration is passive and Late-E neurons are silent (right).
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2014). Clear behavioral differences
in male and female animals following
CIH conditioning indicates that differ-
ential neurophysiological changes
manifest during hypoxic condition-
ing. Our parsimonious hypothesis is
that the excitability of Pre-I/I neurons
is differentially regulated by CIH con-
ditioning and male and female rats.

Considering alternate models

Here, we describe how CIH-induced
plasticity in inspiratory pacemaker
neurons of the pre-Bötzinger com-
plex could lead to the loss of the “ram-
piness” of inspiratory-phase
sympathetic motor output. However,
this same interaction could be
mediated by the projection of inhibi-
tory Pre-I/I neurons directly to the
RVLM.Theplasticity thatwedescribe
(the reduction of persistent sodium
current conductance) would be valid
in this alternate model since the firing
rate in thePre-I/I populationwould still
determine the magnitude of inspira-
tory inhibition. Our computational
model contains two early inspiratory
populations with an adapting pattern:
Early-I (1) of the pre-Bötzinger com-
plex, which participates in the respira-
tory central pattern generator and
Early-I (2) of the rVRG, which inter-
acts with Ramp-I neurons to produce
their ramping pattern. Since each of
these populations provides decre-
menting inhibition, it is straight-
forward to consider them as alternate
sources of decrementing inhibition
onto RVLM. However, each has its
own drawback. Early-I (1) is critical
for the expiration-to-inspiration phase
transition, and perturbations that alter
its firing rate dramatically alter the
duration of expiration. Early-I (2) is
responsible for the ramping pattern
of the phrenic nerve; the loss of adap-
tation in this population would elimi-
nate phrenic ramping, which would
be inconsistent with experimental
observation of CIH in female rats.
CONCLUSION

Sympathetic response to periph-
eral chemoreflex activation is
enhanced in CIH-female rats. Car-
otid body ablation prevents



Fig. 12. Detailed connectivity diagram of our computational model. This model includes post inspiratory
(Post-I) and augmenting expiratory (Aug-E) neurons of the Bötzinger complex; pre-inspiratory/inspiratory
neurons (Pre-I/I) and early inspiratory (Early-I (1)) neurons of the pre-Bötzinger complex; ramping inspira-
tory (Ramp-I) and early inspiratory [Early-I (2)] neurons of the rostral ventrolateral respiratory group;
phase spanning neurons (IE) of the pons; and finally rostral and caudal populations of the ventrolateral
medulla (RVLM and CVLM). Excitatory and inhibitory populations are marked orange and blue respec-
tively. Excitatory and inhibitory projections are marked red and blue respectively. Sources of tonic excita-
tory drive and their excitatory projections are marked in green. Motoneuron outputs – here the phrenic
nerve (PN) and the sympathetic nerve (SN) – are marked brown. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article.)
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changes in the respiratory pattern and in the respiratory–
sympathetic coupling in CIH-female rats. CIH induces
changes in the respiratory network activity marked by a
reduction in the Pre-I/I neuron firing frequency and prolon-
gation of Post-I neuron activity. We conclude that intermit-
tent activation of peripheral chemoreceptors during the
time course of CIH drives changes of the respiratory net-
work activity which ultimately influence the SNA leading to
an enhanced inspiratory drive that produces sympathetic
overactivity in CIH-female rats. Simulating the reduction in
Fig. 13. Exemplar simulations of respiratory central pattern generator
for non-CIH and chronic intermittent hypoxia (CIH) conditioned female
rats. The traces represent the integrated population of firing rates. The
population firing rates of the Pre-I/I and the Early-I populations of the
pre-Bötzinger complex are depicted here as well as the activity of the
Post-I and Aug-E populations of the Bötzinger complex.

Fig. 14. The pre-sympath
population is modeled to re
An excitatory post-inspira
[Post-I (e)] provides input t
ports the post-inspiratory
post-inspiratory burst. A ca
tion provides inhibitory inpu
Panel) In the non-CIH sim
during inspiration. This de
phase ramp in the sympath
lation of CIH in female rats,
sic persistent sodium curren
firing rate and remove its
change in shape of this in
the inspiratory phase, whic
Pre-I/I activity by decreasing INaP
conductance was sufficient to repro-
duce the increase in inspiratory
modulation of SNA. All together,
these results contribute to a better
understanding of the mechanisms
by which CIH drives changes in
respiratory–sympathetic network
activity and possibly hypertension
via chronic CBs activation in female
rats.
Perspectives

There are relatively few studies
exploring female physiology, specifi-
cally on the neural control of breath-
ing and blood pressure. Recent
studies suggest CBs removal as
therapeutical target to treat drug-
resistant hypertensive subjects. In
this sense, the present study contri-
butes to the idea that CBs ablation
is sufficient to prevent autonomic
and respiratory disorders in female
rats exposed to CIH. Importantly,
more information regarding female
neurophysiology at the level of sin-
gle respiratory neuron activity is
necessary taking into consideration that these neurons are
associated with pathophysiological conditions, such as
experimental hypertension. Here we explored the
etic rostral ventrolateral medullary (RVLM)
ceive both excitatory and inhibitory inputs.
tory population of the Bötzinger complex
o the RVLM (trace depicted in red) that sup-
component of the sympathetic inspiratory/
udal ventrolateral medullary (CVLM) popula-
t to the RVLM (trace depicted in blue). (Left
ulation, the CVLM has an adapting pattern
clining inhibition is visible as an inspiratory
etic nerve activity (Right Panel). In the simu-
a reduction in the conductance of the intrin-
t is sufficient to reduce the Pre-I/I population
adapting pattern, which drives CVLM. The
put alleviates inhibition of the RVLM during
h abolishes the ramping shape of the SN.
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extracellular activity of specific respiratory neurons sub-
types in female rats exposed to CIH. Further investigation
using intracellular or whole cell recordings of respiratory
neurons in female rats is necessary to reveal the electro-
physiological mechanisms involved in the altered firing
properties of these neurons.
The physiological role of sex-differences in respiratory–

sympathetic coupling after CIH remains unclear. In CIH-
female rats, we speculate that the increase in SNA phase-
locked to inspiration is related to an increase in blood flow to
the lungs, optimizing the gas exchange during the inspiratory
phase. In CIH-male rats, the increase in SNA could be related
to the increase in blood flow during the late-expiration, opti-
mizing the gas exchange during this phase of respiratory
cycle, which is mainly related to removal of CO2. It is possible
that the respiratory and sympathetic networks of male and
female rats are sexually dimorphic at the neuronal and net-
work levels and respond differently to metabolic challenges
such as CIH. Of note, sex differences in the respiratory mod-
ulation of sympathetic activity have been documented in
humans (Wallin et al., 2010). However, the physiological role
of these differences also remains elusive.
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