Advances in Experimental Medicine and Biology 860

Chris Peers

Prem Kumar

Christopher N. Wyatt
Estelle Gauda

Colin A. Nurse

Nanduri Prabhakar Editors

Arterial
Chemoreceptors
in Physiology and
Pathophysiology

@ Springer



Advances in Experimental Medicine
and Biology

Volume 860

Editorial board:

Irun R. Cohen, The Weizmann Institute of Science, Rehovot, Israel

N. S. Abel Lajtha, Kline Institute for Psychiatric Research, Orangeburg, NY, USA
John D. Lambris, University of Pennsylvania, Philadelphia, PA, USA
Rodolfo Paoletti, University of Milan, Milan, Italy



More information about this series at http://www.springer.com/series/5584


http://www.springer.com/series/5584

Chris Peers ¢« Prem Kumar
Christopher N. Wyatt - Estelle Gauda
Colin A.Nurse * Nanduri Prabhakar
Editors

Arterial Chemoreceptors
in Physiology and
Pathophysiology

@ Springer



Editors

Chris Peers

Leeds Institute of Cardiovascular
and Metabolic Medicine

Faculty of Medicine and Health

University of Leeds

Leeds, UK

Christopher N. Wyatt
Department of Neuroscience
Cell Biology and Physiology
Wright State University
Dayton, OH, USA

Colin A. Nurse

Prem Kumar

College of Medical and Dental Sciences

University of Birmingham
Birmingham, UK

Estelle Gauda

Department of Pediatrics

Johns Hopkins Medical Institutions
Baltimore, MD, USA

Nanduri Prabhakar

Institute for Integrative Physiology
and Center for Systems Biology
of O(2) Sensing

Department of Biology Biological Sciences Division
McMaster University University of Chicago
Hamilton, ON, Canada Chicago, IL, USA

ISSN 0065-2598 ISSN 2214-8019 (electronic)
Advances in Experimental Medicine and Biology

ISBN 978-3-319-18439-5 ISBN 978-3-319-18440-1 (eBook)
DOI 10.1007/978-3-319-18440-1

Library of Congress Control Number: 2015947563

Springer Cham Heidelberg New York Dordrecht London

© Springer International Publishing Switzerland 2015

This work is subject to copyright. All rights are reserved by the Publisher, whether the whole or
part of the material is concerned, specifically the rights of translation, reprinting, reuse of
illustrations, recitation, broadcasting, reproduction on microfilms or in any other physical way,
and transmission or information storage and retrieval, electronic adaptation, computer software,
or by similar or dissimilar methodology now known or hereafter developed.

The use of general descriptive names, registered names, trademarks, service marks, etc. in this
publication does not imply, even in the absence of a specific statement, that such names are
exempt from the relevant protective laws and regulations and therefore free for general use.

The publisher, the authors and the editors are safe to assume that the advice and information in
this book are believed to be true and accurate at the date of publication. Neither the publisher nor
the authors or the editors give a warranty, express or implied, with respect to the material
contained herein or for any errors or omissions that may have been made.

Printed on acid-free paper

Springer International Publishing AG Switzerland is part of Springer Science+Business Media
(Www.springer.com)


www.springer.com

This volume of Advances in Experimental Medicine and Biology holds the
proceedings of the XVIIIth meeting of the International Society for Arterial
Chemoreception, which was held in Leeds, UK, from June 30 to July 3, 2014.
The collection of chapters represents the contributions — either as oral presen-
tations or posters — of almost all of the attendees at the meeting. The meeting
was made possible by the generous support of the University of Leeds (par-
ticularly the Faculty of Medicine and Health), the Company of Biologists,
and Galleon Pharmaceuticals, and we are most grateful for their support.

In her concluding remarks at the end of this volume, Professor Estelle
Gauda gives a comprehensive and engrossing account of the scientific con-
tent of the meeting, along with the social aspects which always make ISAC
meetings so unique and enjoyable, so there is no need to repeat any such
information here. However, we must thank each and every contributor with-
out whom the meeting would not have been such a success. In particular, we
are grateful to the plenary speakers: Mike Spyer, Nanduri Prabhakar, Keith
Buckler, Bob Fitzgerald, Jose Lopez-Barneo, Harold Schultz, and Julian
Paton, each of whom made an important impact at the start of each scientific
session. Most of these are presented in this volume, and collectively, they
present a concise and readable account of the present state of chemoreceptor
research, ranging from cellular and molecular aspects through to clinical
intervention.

The meeting as a whole ran very smoothly, thanks to the efforts of some
dedicated individuals. Sue Tattersall from Meet in Leeds was the main orga-
nizer and go-to person for any problems, but help was at hand from local
scientists; Dr Moza Al-Owais, Dr Jacob Elies, and Emily Johnson from Chris
Peers’ group were always around to provide local knowledge and support.
Also working tirelessly throughout the meeting (as well as before and since!)
was Prem Kumar, the co-organizer and perfect host, whose efforts were made
twice as challenging due to Chris Peers’ untimely absence through illness. It
was apparent from the feeling at the meeting and subsequent correspondence
that he ensured everyone had a memorable and worthwhile time.

The Heymans-De Castro-Neil Prize for early career scientists was selected
by a broad-ranging panel of symposiasts. There were many excellent contri-
butions to select from, and after careful deliberation, it was awarded to Maria
Joao Ribeiro with M* Carmen Fernandez-Aguera Rodriguez and Jessica
Kohlin gaining runner-up awards. Their contributions are within this volume
and we wish them all success with their future careers.



vi

At the ISAC Business Meeting, the decision was confirmed that the next
(XIXth) meeting of the society would be held in Baltimore, USA, in 2017,
with Professor Estelle Gauda installed as ISAC and Meeting President.

Leeds, UK Chris Peers
Birmingham, UK Prem Kumar
Dayton, OH, USA Chris Wyatt
Baltimore, MD, USA Estelle Gauda
Hamilton, ON, Canada Colin Nurse

Chicago, IL, USA Nanduri Prabhakar
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Jayasri Nanduri and Nanduri R. Prabhakar

Abstract

Recurrent apnea with intermittent hypoxia (IH) is a major clinical problem
in infants born preterm. Recent epidemiological studies showed that adults
who were born preterm exhibit increased incidence of sleep-disordered
breathing and hypertension. Thus, apnea of prematurity predisposes indi-
viduals to autonomic dysfunction in adulthood. Experimental studies
showed that adult rats exposed to IH as neonates exhibit augmented carotid
body and adrenal chromaffin cells (AMC) response to hypoxia and irregu-
lar breathing with apneas and hypertension. The enhanced hypoxic sensi-
tivity of the carotid body and AMC in adult rats exposed to neonatal IH was
associated with increased oxidative stress, decreased expression of genes
encoding anti-oxidant enzymes, and increased expression of pro-oxidant
enzymes. Epigenetic mechanisms including DNA methylation leads to
long-term changes in gene expression. The decreased expression of the
Sod2 gene, which encodes the anti-oxidant enzyme, superoxide dismutase
2, was associated with DNA hypermethylation of a single CpG dinucleo-
tide close to the transcription start site. Treating neonatal rats with
decitabine, an inhibitor of DNA methylation, during IH exposure prevented
the oxidative stress, enhanced hypoxic sensitivity, and autonomic dysfunc-
tion in adult rats. These findings suggest that epigenetic mechanisms, espe-
cially DNA methylation contributes to neonatal programming of hypoxic
sensitivity and the ensuing autonomic dysfunction in adulthood.
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1.1 Introduction

Recurrent apnea (i.e., brief cessation of breath-
ing) with intermittent hypoxia (IH) is a major
clinical problem affecting a substantial popula-
tion of infants born preterm (Nock et al. 2004;
Poets et al. 1994). Infants with apnea of prematu-
rity exhibit autonomic dysfunction manifested by
clinical signs of increased sympathetic nerve
activity (Lagercrantz et al. 1990), defective
sympatho-adrenal function (Lagercrantz and
Sjoquist 1980) and augmented ventilatory
response to hypoxia (Nock et al. 2004). These co-
morbidities are attributed to augmented chemo-
sensory reflex arising from the carotid body, the
principal sensory organ for monitoring arterial
blood O, levels (Kumar and Prabhakar 2012).
Recent studies reported augmented hypoxic sen-
sory response of the carotid body in neonatal rats
exposed to IH (Pawar et al. 2008). Increased cat-
echolamine (CA) secretion from adrenal medul-
lary chromaffin cells (AMC) is another important
homeostatic mechanism for preserving cardio-
vascular function in neonates under hypoxia
(Lagercrantz and Bistoletti 1977; Seidler and
Slotkin 1985). IH also enhances hypoxia-evoked
CA secretion from AMC in neonatal rats
(Souvannakitti et al. 2009a). Remarkably, the
effects of neonatal IH on the carotid body and
AMC persist into adult life (Pawar et al. 2008;
Souvannakitti et al. 2009b). While these findings
demonstrate that neonatal IH leads to long-
lasting changes in O, sensing by the carotid body
and AMC, little is known about the underlying
molecular mechanisms.

It is being increasingly appreciated that epigen-
etic mechanisms, especially during development,
lead to long-term changes in gene expression,
which have been implicated in adult diseases
resulting from perturbations in fetal/neonatal
period (Feinberg 2007). Classic examples include
association of low birth weight to risk for develop-

ing adult onset of cardiovascular disease (Barker
et al. 1993) and type 2 diabetes (Ravelli et al.
1998). Epigenetic changes are heritable modifica-
tions of DNA that do not involve changes in DNA
primary sequence. Three mechanisms contribute
to epigenetic modifications: (a) silencing RNAs,
(b) DNA methylation and (c) histone modifica-
tions (Feinberg 2007), which either singularly or
conjointly determine whether a gene is activated
or silenced. Of the three mechanisms, DNA meth-
ylation is a key mechanism mediating fetal/neona-
tal-based adult disease (Niculescu et al. 2005;
Waterland and Jirtle 2003). This article describes
recent studies showing the involvement of epigen-
etic mechanisms, especially DNA methylation, in
the neonatal programing of O, sensing by the
carotid body and AMC and its impact on cardio-
respiratory homeostasis.

1.2  Neonatal IH Augments
Carotid Body and AMC

Responses to Hypoxia

Neonatal rat pups are neurologically immature
and resemble prematurely born human infants.
The effects of IH on the carotid body responses
to hypoxia were examined in neonatal rats. Rat
pups with the dams were exposed to IH (15 s of
hypoxia followed by 5 min of normoxia,
9 episodes/h, 8 h/day) from ages PO-P10 (Pawar
et al. 2009). During each episode of IH, blood O,
saturation decreased from 98 to 82 % (Nanduri
et al. 2012). Carotid bodies from control pups
reared under normoxia responded poorly to
hypoxia, and the response was relatively slow in
onset. In striking contrast, carotid bodies from IH
exposed pups exhibited robust sensory response
to hypoxia, much similar to the adult carotid
bodies, and the response was fast occurred
within few seconds after the onset of hypoxia
(Peng et al. 2004; Pawar et al. 2008; Fig. 1.1).
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Fig. 1.1 Time course of the hypoxic sensory response of
carotid bodies ex vivo from intermittent hypoxia (IH)-
exposed and control rat pups reared under normoxia (n=6

A number of studies reported that hypoxia by
directly acting on AMC evokes CA secretion in
neonatal rats (Lagercrantz and Bistoletti 1977;
Seidler and Slotkin 1985; Takeuchi et al. 2001;
Thompson et al. 1997). In IH exposed neonatal
rats, the number of AMC responding to hypoxia
and the magnitude of CA secretion for a given
level of hypoxia were greater than control rat
pups (Souvannakitti et al. 2009b). Further anal-
ysis showed that the increased CA secretion by
hypoxia was due to more number of secretory
events as well as the amount of CA released per
secretory event. In addition, IH also increased
both norepinephrine and epinephrine contents
in neonatal adrenal medullae. In striking con-
trast, hypoxia-evoked CA secretion was reduced
in rat pups exposed to continuous hypobaric
hypoxia (0.4 ATM), suggesting that the aug-
mented secretory response of AMC is unique to
IH (Souvannakitti et al. 2009a and b; Fig. 1.2).
These findings demonstrate that exposing neo-
natal rats to IH, simulating the blood O, satura-
tion profiles occurring in recurrent apnea
augments the hypoxic sensing by the carotid
body and AMC.

pups in each group; age P5; medium PO, =32-34 +2 Torr).
Area between dashed lines indicates duration of hypoxic
challenges (Modified from Peng et al. 2004)

1.2.1 The Effects of Neonatal IH

on the Carotid Body and AMC
Persist into Adult Life

and Their Consequences

on Cardio-Respiratory

Functions

IH exposed rat pups showed augmented hypoxic
ventilatory response (Peng et al. 2004), a hall-
mark of carotid body chemosensory reflex,
which is similar to the heightened HVR seen in
preterm infants (Nock et al. 2004). The height-
ened HVR was associated with higher incidence
of apneas in neonatal rat pups (Julien et al.
2008). Remarkably, adult rats treated with neo-
natal IH exhibited: (a) augmented carotid body
response and CA secretion to hypoxia, (b) ele-
vated plasma CA levels, (c) high incidence of
apneas, and (d) hypertension as compared to
control rats reared under room air (Nanduri
et al. 2012). These observations suggest that
neonatal IH leads to long-lasting increase in
hypoxic sensitivity of the carotid body and
AMC and results in serious abnormalities in
cardio-respiratory function.
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Fig. 1.2 Effects of intermittent (IH) and sustained
hypoxia (SH) on hypoxia—evoked catecholamine (CA)
secretion from neonatal adrenal medullary chromaffin
cells (AMC). Top panels: examples of hypoxia-evoked
CA secretion from AMC derived from postnatal day 5
(P5) rats reared under normoxia (control) or IH or SH.
Horizontal black bar represents the duration of the
hypoxia (PO,~30 mmHg). Bottom panels: average data

The above findings from neonatal IH rats are
reminiscent of recent clinical studies in human sub-
jects. Adults born with apnea of prematurity exhibit
higher incidence of sleep-disordered breathing
with several co-morbidities including systemic
hypertension and metabolic syndrome (Rosen et al.
2003; Paavonen et al. 2007; Dalziel et al. 2007).

1.3  Reactive Oxygen Species
(ROS) - A Major Cellular
Mechanism Mediating

the Effects of Neonatal IH

Adverse physiological consequences of neonatal
IH prompted the examination of the underlying
mechanisms. Increased reactive oxygen species

on the effects of graded hypoxia on the number of secre-
tory events/min (left) and the average CA molecules
released/event (right). PO,, partial pressure of oxygen
(mmHg) in the superfusing medium. Data shown are
means+SE. Control=17 cells, IH=20 cells and SH=18
cells (SH) obtained from three different litters in each
group. *P<0.01; **P<0.001; n.s., not significant
(P>0.05) (Modified from Souvannakitti et al. 2009b)

(ROS) and the ensuing oxidative stress is an
important cellular mechanism mediating cardio-
respiratory changes caused by IH in experimental
models and in patients with recurrent apneas
(Christou et al. 2003; Grebe et al. 2006; Prabhakar
2011; Suzuki et al. 2006). Previous studies have
shown that ROS mediate cellular responses to IH
(Prabhakar et al. 2007). The following observa-
tions demonstrate that ROS mediate the neonatal
IH-induced augmented hypoxic sensing in the
carotid body and AMC: (1) IH increased ROS
levels in neonatal carotid bodies and adrenal
medullae as evidenced by elevated malondialde-
hyde (MDA) levels (Pawar et al. 2009;
Souvannakitti et al. 2010), which represent oxi-
dized lipids and proteins (Hiroshi et al. 1979;
Peng et al. 2003). (2) Rats treated with a stable
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superoxide dismutase mimetic (MnTMPyP), a
potent scavenger of ROS blocked IH-evoked
increases in ROS in the carotid body and abol-
ished sensitization of the hypoxic response
(Pawar et al. 2009); and (3) Anti-oxidants pre-
vented the effects of IH on hypoxia-evoked CA
secretion and exaggerated [Ca?']; responses in
neonatal AMC (Souvannakitti et al. 2010).

The elevated ROS levels by IH could be due to
either increased generation by pro-oxidant
enzymes and/or decreased degradation by anti-
oxidant enzymes. The family of NADPH oxidases
(NOX) constitutes one of the major sources of
ROS generation in mammalian cells (Bedard and
Krause 2007). NADPH oxidase 2 and 4 (Nox?2 and
4) mRNAs as well as the enzyme activities were
up regulated in neonatal adrenal medulla. Similar
up regulation of Nox2 and 4 was also seen in IH
exposed carotid bodies (Peng et al. 2009). Anti-
oxidant enzymes including the manganese super-
oxide dismutase or SOD-2, catalase (CASI), and
glutathione peroxidase 1 (GPX2) are down regu-
lated in carotid bodies and adrenal medullae in
adult rats exposed to neonatal IH (Nanduri et al.
2012). These observations suggest that both
decreased degradation by anti-oxidant enzymes
and increased generation by NADPH oxidases
contribute to elevated ROS levels by neonatal IH,
facilitating the hypoxic sensing by the carotid
body and the AMC. These findings further demon-
strate that neonatal IH leads to long-lasting
changes in genes encoding pro-, and anti-oxidant
enzyme leading to persistent oxidative stress in the
carotid bodies and adrenal medullae in adult rats.

Neonatal IH Initiates
Epigenetic Programming
of Redox State by DNA
Methylation

14

DNA methylation is a key mechanism mediating
the long-term regulation of gene expression
(Niculescu et al. 2005; Waterland and Jirtle
2003). DNA methylation involves covalent addi-
tion of a methyl group to the fifth carbon of the
cytosine to form 5-methyl cytosine (SmeC).
Methylation occurs predominantly in cytosine

located at 5’ of guanine, known as CpG dinucleo-
tides (CpG), which occur in clusters in the pro-
moter region of genes often referred as “CpG
islands”. In general, an inverse relationship exists
between the extent of methylation of regulatory
CpG island(s) and gene transcription (Gardiner-
Garden and Frommer 1987; Illingworth and Bird
2009). Thus, DNA hypermethylation leads to
repression of gene transcription and hypomethyl-
ation causes transcriptional activation.

A recent study by Nanduri et al. (2012)
reported that the persistent oxidative stress in
adult rats exposed to neonatal IH is in part due to
long-lasting down regulation of genes encoding
anti-oxidant enzymes in both the carotid body
and adrenal medullae involving DNA hypermeth-
ylation. Neonatal IH increases DNA hypermeth-
ylation of a single CpG dinucleotide within the
Sod?2 gene close to the transcription initiation site
and was associated with reduced Sod2 mRNA,
protein and enzyme activity.

1.4.1 Role of DNA Methyl
Transferases in Regulating
Anti-oxidant Gene

Methylation

DNA methylation is catalyzed by the DNA meth-
yltransferases Dnmtl, Dnmt3a, and Dnmt3b.
Whereas Dnmtl is responsible for the mainte-
nance of methylation, Dnmt3a and Dnmt3b are
de novo methylases (Miranda and Jones 2007).
The expression of Dnmts were analyzed in
carotid bodies and adrenal medullae in adult rats
exposed to IH during neonatal period (Nanduri
et al. 2012). The levels of Dnmtl and Dnmt3b
mRNA and protein were elevated in adult rats
exposed to neonatal IH, whereas, Dnmt3a mRNA
expression was unchanged.

1.4.2 DNA Methyl Transferase
Inhibitors Prevent the Long-
Lasting Effects of Neonatal IH

Recent studies revealed direct interactions of
Dnmt3a and Dnmt3b with specific transcription



factors as an important mechanism for gene
regulation by DNA methylation (Hervouet et al.
2009). Dnmts can be inhibited pharmacologi-
cally by the nucleoside analog 5-aza-2'-
deoxycytidine (decitabine), which irreversibly
binds to the Dnmts once incorporated into DNA,
resulting in global demethylation after several
cell divisions (Bird and Wolffe 1999).

Treating neonatal rats with decitabine, during
IH exposure, prevented hypermethylation of the
Sod2 DNA, oxidative stress, the enhanced
hypoxic sensitivity of the carotid body and AMC,
and the cardio-respiratory abnormalities in adult
rats. The effects of decitabine are unlikely to be
due to non-selective actions because: (a) basal
hypoxic responses of the carotid body and adre-
nal medulla were unaffected in decitabine treated
rats; (b) decitabine had no effect on responses of
the carotid body and adrenal medulla to stimuli
other than hypoxia; and (c) in control rats,
decitabine had no effect on breathing, and blood
pressure, redox status and pro-, and anti-oxidant
enzyme expressions.

1.5 Summary and Perspective

The findings described above demonstrate a hith-
erto uncharacterized role for epigenetic modula-
tion of O, sensing via DNA hypermethylation in
neonates, pre-disposing them to disrupted cardio-
respiratory homeostasis in adulthood. Genes
encoding anti-oxidant enzymes other than Sod2
were also down regulated in rats treated with neo-
natal IH (Nanduri et al. 2012); whether DNA
methylation contributes to these changes remains
to be investigated.

In addition to DNA methylation, post-
translational modifications of histones (methyla-
tion, acetylation,  phosphorylation, and
ubiquination) can change chromatin structure,
altering the access of RNA polymerase and tran-
scription factors to the DNA and thereby modu-
lating gene expression (Chi et al. 2010). In
particular, the relative activities of histone meth-
yltransferases and  histone  demethylases
(JHDMs) provide a dynamic mechanism of tran-
scriptional regulation (Siddiqi et al. 2010). HIF-1
activates the transcription of several JHDM genes

J. Nanduri and N.R. Prabhakar

including JMJDIA (KDM3A), JMJD2B
(KDM4B), and JMJD2C (KDM4C) (Pollard et al.
2008) and recent studies suggest that JHDMs are
important for increasing or maintaining the
expression of specific genes that are known to be
up-regulated by HIF-1 (Krieg et al. 2010; Xia
et al. 2009). Whether HIF-1 activated JHDMs
contribute to persistent changes in pro-oxidant
gene expression like NADPH oxidase in response
to neonatal IH requires further investigation.

Clinical studies also show that epigenetic
modifications may constitute an important deter-
minant of inflammatory phenotype in OSA. The
levels of DNA methylation of 24 inflammatory
related genes were studied in children with OSA
with and without high levels of C-reactive protein
and it was concluded that FOXP3 DNA methyla-
tion levels may provide a potential biomarker for
end-organ vulnerability (Kim et al. 2012). In
addition, abnormal eNOS-dependent vascular
responses in children with OSA was also reported
and this phenotype was associated with epigene-
tic modifications in the eNOS gene (Kheirandish-
Gozal et al. 2013).

The current findings of epigenetic modulation
of hypoxic sensing may also be of considerable
relevance for understanding the impact of long-
term IH on autonomic function in adult life.
Clinically, this is of great importance because a
subset of obstructive sleep apnea (OSA) patients
are resistant to continuous positive airway pres-
sure (CPAP) treatment. It is likely that repro-
gramming by epigenetic mechanisms render
these OSA patients resistant to CPAP therapy.
Assessing this possibility might lead to the use of
DNA hypomethylating drugs as a novel thera-
peutic intervention to prevent the CPAP resistant
co-morbidities in OSA patients.

Acknowledgement This research was supported by
grants from National Institutes of Health, Heart, Lung and
Blood Institute PO1-HL-90554 and UH2- HL-123610.

References

Barker DJ, Osmond C, Simmonds SJ, Wield GA (1993)
The relation of small head circumference and thinness
at birth to death from cardiovascular disease in adult
life. BMJ 306(6875):422—-426



1 Epigenetic Regulation of Carotid Body Oxygen Sensing: Clinical Implications 7

Bedard K, Krause KH (2007) The NOX family of ROS-
generating NADPH oxidases: physiology and patho-
physiology. Physiol Rev 87(1):245-313

Bird AP, Wolffe AP (1999) Methylation-induced repres-
sion-belts, braces, and chromatin. Cell
99(5):451-454

Chi P, Allis CD, Wang GG (2010) Covalent histone modi-
fications—miswritten, misinterpreted and mis-erased in
human cancers. Nat Rev Cancer 10(7):457-469

Christou K, Moulas AN, Pastaka C, Gourgoulianis KI
(2003) Antioxidant capacity in obstructive sleep apnea
patients. Sleep Med 4(3):225-228

Dalziel SR, Parag V, Rodgers A, Harding JE (2007)
Cardiovascular risk factors at age 30 following pre-
term birth. Int J Epidemiol 36(4):907-915

Feinberg AP (2007) Phenotypic plasticity and the epi-
genetics of human disease. Nature
447(7143):433-440

Gardiner-Garden M, Frommer M (1987) CpG islands in
vertebrate genomes. J Mol Biol 196(2):261-282

Grebe M, Eisele HJ, Weissmann N, Schaefer C, Tillmanns
H, Seeger W, Schulz R (2006) Antioxidant vitamin C
improves endothelial function in obstructive sleep
apnea. Am J Respir Crit Care Med 173(8):897-901

Hervouet E, Vallette FM, Cartron PF (2009) Dnmt3/tran-
scription factor interactions as crucial players in tar-
geted DNA methylation. Epigenetics 4(7):487—499

Hiroshi O, Nobuko O, Kunio Y (1979) Assay for lipid per-
oxidases in animal tissues by thiobarbituric acid reac-
tion. Anal Biochem 95:351-358

Illingworth RS, Bird AP (2009) CpG islands—‘a rough
guide’. FEBS Lett 583(11):1713-1720

Julien C, Bairam A, Joseph V (2008) Chronic intermittent
hypoxia reduces ventilatory long-term facilitation and
enhances apnea frequency in newborn rats. Am J
Physiol Regul Integr Comp Physiol
294(4):R1356-R1366

Kheirandish-Gozal L, Khalyfa A, Gozal D, Bhattacharjee
R, Wang Y (2013) Endothelial dysfunction in children
with obstructive sleep apnea is associated with epigen-
etic changes in the eNOS gene. Chest 143(4):971-977

Kim J, Bhattacharjee R, Khalyfa A, Kheirandish-Gozal L,
Capdevila OS, Wang Y, Gozal D (2012) DNA meth-
ylation in inflammatory genes among children with
obstructive sleep apnea. Am J Respir Crit Care Med
185(3):330-338

Krieg AJ, Rankin EB, Chan D, Razorenova O, Fernandez
S, Giaccia AJ (2010) Regulation of the histone
demethylase JMJD1A by hypoxia-inducible factor 1
alpha enhances hypoxic gene expression and tumor
growth. Mol Cell Biol 30(1):344-353

Kumar P, Prabhakar NR (2012) Peripheral chemorecep-
tors: function and plasticity of the carotid body. Compr
Physiol 2:141-219

Lagercrantz H, Bistoletti P (1977) Catecholamine release
in the newborn infant at birth. Pediatr Res
11(8):889-893

Lagercrantz H, Sjoquist B (1980) Deficient sympatho-
adrenal activity-a cause of apnoea? Urinary excretion
of catecholamines and their metabolites in preterm
infants. Early Hum Dev 4(4):405-409

Lagercrantz H, Edwards D, Henderson-Smart D,
Hertzberg T, Jeffery H (1990) Autonomic reflexes in
preterm infants. Acta Paediatr Scand
79(8-9):721-728

Miranda TB, Jones PA (2007) DNA methylation: the nuts
and Dbolts of repression. J Cell Physiol
213(2):384-390

Nanduri J, Makarenko V, Reddy VD, Yuan G, Pawar A,
Wang N, Khan SA, Zhang X, Kinsman B, Peng YJ,
Kumar GK, Fox AP, Godley LA, Semenza GL,
Prabhakar NR (2012) Epigenetic regulation of hypoxic
sensing disrupts cardiorespiratory homeostasis. Proc
Natl Acad Sci U S A 109(7):2515-2520

Niculescu MD, Craciunescu CN, Zeisel SH (2005) Gene
expression profiling of choline-deprived neural pre-
cursor cells isolated from mouse brain. Brain Res Mol
Brain Res 134(2):309-322

Nock ML, Difiore JM, Arko MK, Martin RJ (2004)
Relationship of the ventilatory response to hypoxia
with neonatal apnea in preterm infants. J Pediatr
144(3):291-295

Paavonen EJ, Strang-Karlsson S, Réikkonen K, Heinonen
K, Pesonen AK, Hovi P, Andersson S, Jarvenpdd AL,
Eriksson JG, Kajantie E (2007) Very low birth weight
increases risk for sleep-disordered breathing in young
adulthood: the Helsinki Study of Very Low Birth
Weight Adults. Pediatrics 120(4):778-784

Pawar A, Peng YJ, Jacono FJ, Prabhakar NR (2008)
Comparative analysis of neonatal and adult rat carotid
body responses to chronic intermittent hypoxia. J Appl
Physiol 104(5):1287-1294

Pawar A, Nanduri J, Yuan G, Khan SA, Wang N, Kumar
GK, Prabhakar NR (2009) Reactive oxygen species-
dependent endothelin signaling is required for aug-
mented hypoxic sensory response of the neonatal
carotid body by intermittent hypoxia. Am J Physiol
Regul Integr Comp Physiol 296(3):R735-R742

Peng YJ, Overholt JL, Kline D, Kumar GK, Prabhakar NR
(2003) Induction of sensory long-term facilitation in
the carotid body by intermittent hypoxia: implications
for recurrent apneas. Proc Natl Acad Sci U S A
100(17):10073-10078

Peng YJ, Rennison J, Prabhakar NR (2004) Intermittent
hypoxia augments carotid body and ventilatory
response to hypoxia in neonatal rat pups. J Appl
Physiol 97(5):2020-2025

Peng YJ, Nanduri J, Yuan G, Wang N, Deneris E, Pendyala
S, Natarajan V, Kumar GK, Prabhakar NR (2009)
NADPH oxidase is required for the sensory plasticity
of the carotid body by chronic intermittent hypoxia. J
Neurosci 29(15):4903-4910

Poets CF, Samuels MP, Southall DP (1994) Epidemiology
and pathophysiology of apnoea of prematurity. Biol
Neonate 65(3—4):211-219

Pollard PJ, Loenarz C, Mole DR, McDonough MA,
Gleadle JM, Schofield CJ, Ratcliffe PJ (2008)
Regulation of Jumonji-domain-containing histone
demethylases by hypoxia-inducible factor (HIF)-
lalpha. Biochem J 416(3):387-394

Prabhakar NR (2011) Sensory plasticity of the carotid
body: role of reactive oxygen species and physio-



logical significance.
178(3):375-380

Prabhakar NR, Kumar GK, Nanduri J, Semenza GL
(2007) ROS signaling in systemic and cellular
responses to chronic intermittent hypoxia. Antioxid
Redox Signal 9(9):1397-1403

Ravelli AC, van der Meulen JH, Michels RP, Osmond C,
Barker DJ, Hales CN, Bleker OP (1998) Glucose tol-
erance in adults after prenatal exposure to famine.
Lancet 351(9097):173-177

Rosen CL, Larkin EK, Kirchner HL, Emancipator JL,
Bivins SF, Surovec SA, Martin RJ, Redline S (2003)
Prevalence and risk factors for sleep-disordered
breathing in 8- to 11-year-old children: association
with race and prematurity. J Pediatr 142(4):383-389

Seidler FJ, Slotkin TA (1985) Adrenomedullary function
in the neonatal rat: responses to acute hypoxia. J
Physiol 358:1-16

Siddiqi S, Mills J, Matushansky I (2010) Epigenetic
remodeling of chromatin architecture: exploring
tumor differentiation therapies in mesenchymal stem
cells and sarcomas. Curr Stem Cell Res Ther
5(1):63-73

Souvannakitti D, Kumar GK, Fox A, Prabhakar NR
(2009a) Contrasting effects of intermittent and con-
tinuous hypoxia on low O(2) evoked catecholamine
secretion from neonatal rat chromaffin cells. Adv Exp
Med Biol 648:345-349

Souvannakitti D, Kumar GK, Fox A, Prabhakar NR
(2009b) Neonatal intermittent hypoxia leads to long-

Respir Physiol Neurobiol

J. Nanduri and N.R. Prabhakar

lasting facilitation of acute hypoxia-evoked catechol-
amine secretion from rat chromaffin cells. J
Neurophysiol 101(6):2837-2846

Souvannakitti D, Nanduri J, Yuan G, Kumar GK, Fox
AP, Prabhakar NR (2010) NADPH oxidase-depen-
dent regulation of T-type Ca** channels and ryano-
dine receptors mediate the augmented exocytosis of
catecholamines from intermittent hypoxia-treated
neonatal rat chromaffin cells. J Neurosci
30(32):10763-10772

Suzuki YJ, Jain V, Park AM, Day RM (2006) Oxidative
stress and oxidant signaling in obstructive sleep apnea
and associated cardiovascular diseases. Free Radic
Biol Med 40(10):1683-1692

Takeuchi Y, Mochizuki-Oda N, Yamada H, Kurokawa K,
Watanabe Y (2001) Nonneurogenic hypoxia sensitiv-
ity in rat adrenal slices. Biochem Biophys Res
Commun 289(1):51-56

Thompson RIJ, Jackson A, Nurse CA (1997)
Developmental loss of hypoxic chemosensitivity in rat
adrenomedullary chromaffin cells. J Physiol 498(Pt
2):503-510

Waterland RA, Jirtle RL (2003) Transposable elements:
targets for early nutritional effects on epigenetic gene
regulation. Mol Cell Biol 23(15):5293-5300

Xia X, Lemieux ME, Li W, Carroll JS, Brown M, Liu XS,
Kung AL (2009) Integrative analysis of HIF binding
and transactivation reveals its role in maintaining his-
tone methylation homeostasis. Proc Natl Acad Sci U S
A 106(11):4260-4265



T. Gallego-Martin, T. Agapito, M. Ramirez, E. Olea,
S. Yubero, A. Rocher, A. Gomez-Nifo, A. Obeso,
and C. Gonzalez

Abstract

The cascade of transduction of hypoxia and hypercapnia, the natural stimuli
to chemoreceptor cells, is incompletely understood. A particular gap in
that knowledge is the role played by second messengers, or in a most
ample term, of modulators. A recently described modulator of chemore-
ceptor cell responses is the gaseous transmitter hydrogen sulfide, which
has been proposed as a specific activator of the hypoxic responses in the
carotid body, both at the level of the chemoreceptor cell response or at the
level of the global output of the organ. Since sulfide behaves in this regard
as cAMP, we explored the possibility that sulfide effects were mediated by
the more classical messenger. Data indicate that exogenous and endoge-
nous sulfide inhibits adenyl cyclase finding additionally that inhibition of
adenylyl cyclase does not modify chemoreceptor cell responses elicited by
sulfide. We have also observed that transient receptor potential cation
channels A1 (TRPA1) are not regulated by sulfide in chemoreceptor cells.
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Carotid body * Sulfide » Catecholamine * cAMP * TRPA1

2.1 Introduction

Normal functioning of the CB consists of the

T. Gallego-Martin (<) « T. Agapito * M. Ramirez detection of arterial blood gases levels by chemo-
E. Olea * S. Yubero * A. Rocher * A. Gomez-Nifio receptor cells, the transduction into a neurosecre-

A. Obeso ¢ C. Gonzalez

Department of Biochemistry, Molecular Biology and
Physiology, Medicine School, University of

tory response and synaptic transmission to the
CSN endings which generate action potentials

Valladolid and IBGM/CSIC, Valladolid, Spain that reach the nucleus of the tractus solitarius.

CIBERES. Instituto de Salud Carlos III,

Madrid, Spain
e-mail: tgallego@ibgm.uva.es

This medullar nucleus is the first relay of the che-
mosensory activity and, from there on, informa-
tion is channelled to different brain stem nuclei to

© Springer International Publishing Switzerland 2015 9
C. Peers et al. (eds.), Arterial Chemoreceptors in Physiology and Pathophysiology,
Advances in Experimental Medicine and Biology 860, DOI 10.1007/978-3-319-18440-1_2


mailto:tgallego@ibgm.uva.es

10

generate integrated respiratory, cardiovascular
and hormonal responses. If the central integration
and mechanisms of reflex genesis of systemic
responses are not well known, the initial steps of
the whole chemoreceptor reflex, i.e., the
detection-transduction of blood gases levels in
chemoreceptor cells and synaptic transmission to
CSN nerve endings is comparably poorly
understood.

The transduction machinery is complex, and
probably dual, that is, there is a machinery to
detect arterial blood oxygen levels leading to
chemoreceptor cell activation in hypoxic hypoxia
and probably another to detect arterial hypercap-
nia and/or acidosis (Gonzalez et al. 1992, 2010).
Likely, hypoxia and hypercapnia share some
steps in the chain of events leading to cell activa-
tion (Buckler et al. 2000). Many primary molecu-
lar entities have been proposed as the primary
O,-sensor including a non-identified hemopro-
tein (Lopez-Lopez and Gonzalez 1992; Riesco-
Fagundo et al. 2001; Park et al. 2009),
mitochondrial cytochrome oxidase (Biscoe and
Duchen 1990; Buckler and Turner 2013)
NADPH-oxidase (Cross et al. 1990), hemoxoy-
genase-1 (Williams et al. 2004) adenosine-
monophosphate activated protein kinase (Evans
et al. 2005; Evans 2006), and potassium channels
(McCartney et al. 2005). When PO, diminishes
in the internal milieu bathing chemoreceptor
cells, the molecular putative O,-sensor(s),
through ill-defined coupling mechanisms, dimin-
ish the opening probability of diverse O,-sensitive
K* channels leading to cell depolarization,
activation of voltage operated Ca?* channels,
entry of Ca®* and triggering of the release of
several neurotransmitters which, in addition to
activating the sensory nerve endings of the CSN,
feedback control chemoreceptor cell activity via
autoreceptors (Gonzalez et al. 1994; Conde et al.
2009; Nurse 2010). At every step from O,-sensing
to the release of neurotransmitters, there are second
messengers which fine shape the exocytosis and
other neurotransmitter releasing mechanisms, and
therefore the level of activity generated in the CSN
(e.g., Pérez-Garcia et al. 1990, 1991; Gémez-Nifio
et al. 1994a, b; Rocher et al. 2009; He et al. 2007;
Nunes et al. 2010; Kemp and Telezhkin 2014).
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Among these second messengers there is one,
namely hydrogen sulfide, whose potential capacity
to modulate chemoreceptor activity, mechanisms
of action, and physiological significance are not
well defined (Anichkov and Belen’kii 1963;
Telezhkin et al. 2009; Li et al. 2010; Peng et al.
2010; Fitzgerald et al. 2011; Olson 2011; Haouzi
etal. 2011; Buckler 2012; Makarenko et al. 2012;
Kemp and Telezhkin 2014). Main observations
include that sulfide, applied in the form of NaSH,
inhibits K* channels (Telezhkin et al. 2009;
Buckler 2012), increases intracellular Ca** in a
voltage dependent and dihydropyridine sensitive
Ca?*-dependent  manner  (Buckler  2012;
Makarenko et al. 2012) and augments CSN activ-
ity and ventilation (Peng et al. 2010; Anichkov
and Belen’kii 1963; Van de Louw and Haouzi
2012). Additional observations include that
cystathionine-y-lyase (CSE; one of the enzymes
involved in sulfide synthesis) knockout mice
exhibit a greatly diminished hypoxic ventilatory
response, without alteration of the response to
hypercapnia, and a diminished chemoreceptor
cells Ca* response without alteration of the
response to high extracellular K* (Peng et al.
2010; Makarenko et al. 2012). These data would
indicate that in mouse the main sulfide synthesiz-
ing enzyme in the CB seems to be CSE. In rat, the
enzyme responsible for sulfide generation in the
CB seems to be cystathionine f-synthase (CBS)
as its inhibition reproduces in their major the
effects of CSE knockouts mice (Li et al. 2010).

In the present study we have explored the pos-
sible contribution of cAMP in sulfide signalling
because, cAMP as sulfide production increases
during hypoxia, and both messengers positively
modulate the responses to hypoxia without
affecting those elicited by high K* (Pérez-Garcia
etal. 1990, 1991); also, sulfide dose-dependently
increases cCAMP levels in rat retinal pigment epi-
thelial cells (Njie-Mbye et al. 2012). In addition,
the recent description that sulfide inhibits L-type
voltage dependent Ca** channels in several tis-
sues (Zhang et al. 2012; Streeter et al. 2012; Tang
et al. 2013; Avanzato et al. 2014) does not sup-
port the notion that the positive modulation of the
hypoxic response is linked to Ca®* entry via
L-type Ca* channels. Therefore we have
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explored the possibility that sulfide activates
alternative pathways for Ca®* entry into chemore-
ceptor cells, namely transient receptor potential
cation channel A1 (TRPA 1), a cationic channel
with high Ca?* permeability (Guimaraes and
Jordt 2007) activated by many stimuli included
sulfide and their derived polysulphates (see
Kimura 2014). Additionally, TRPA1 can also be
activated by hypoxia (Takahashi et al. 2012).

2.2 Material and Methods

2.2.1 Animals and Anaesthesia.
Surgical Procedures

Experiments were performed with tissues

obtained from male adult Wistar rats (280-350 g
body weight). Animals were anaesthetized with
sodium pentobarbital (60 mg/kg, i.p.) and eutha-
nized by an intracardiac overdose of sodium-
pentobarbital. We have followed the European
Community Council directive of 24 November
1986 (86/609/EEC) for the Care and Use of
Laboratory Animals with protocols for the exper-
iments being approved by the Institutional
Committee of the University of Valladolid for
Animal Care and Use.

Anaesthetized animals were tracheotomised
and bilateral blocks of tissue containing the carotid
bifurcations were removed and placed in a dissect-
ing chamber filled with ice-cold O,-saturated
Tyrode solution (in mM: NaCl, 140; KCl, 5; CaCl,,
2; MgCl,, 1.1; HEPES, 10; glucose, 5; pH 7.40).
The CBs were cleaned of surrounding tissues with
the aid of a dissecting microscope. Cleaned CB,
were collected and saved in glass vials containing
O,-saturated ice-cold Tyrode until use.

2.2.2 3H-Catecholamine (3H-CA)
Release Experiments Using

Intact CBs

General procedures used to label chemoreceptor
cells CA deposits and to later study their release
have been described in previous publications
(Vicario et al. 2000) and analytical methods have

been described in detail in Conde et al. (2006). In
brief, the CBs were incubated (2 h; 37 °C) in
Tyrode solution containing *H-tyrosine (40-50 Ci/
mmol;  Perkin-Elmer Espafia), 6-methyl-
tetrahydropterine (100 pM) and ascorbic acid
(1 mM). Following *H-CA labelling incubation,
individual CBs were transferred to glass vials
containing 2 ml of precursor-free Tyrode bicar-
bonate solution. Initial incubation in precursor-
free normoxic (20 % O,, 5 % CO,, balance N,)
solution lasted 1 h, with solutions renewed every
20 min and discarded. Thereafter, incubating
solutions were renewed every 10 min and col-
lected for the analysis in their *H-CA content.
Specific protocols for drug application are given
in the Results sections. Drug solutions were
freshly prepared as stock solutions and main-
tained at 0—4 °C in capped vials.

2.2.3 cAMP Measurement

Individual CBs were incubated (30 min) in
Tyrode bicarbonate equilibrated with 95 %
0,/5 % CO,. Thereafter the incubating solutions
were renewed with an identical solution (control)
or with test solutions as specified in the Results
section; in every instance this second incubation
lasted 20 min and contained IBMX 0.5 mM. At
the end of the incubation, the organs were placed
in homogenizers (0 °C) containing 150 pl of 6 %
TCA and after 30 min were homogenized and
centrifuged (2,000x g; 15 min; 4 °C). The super-
natant was extracted four times with 500 pl of
diethyl ether saturated water. The upper diethyl
ether layer from each extraction was discarded
and the aqueous layer combined and lyophilized.
Samples were stored at —80 °C until assay.
Samples were reconstituted in a sodium acetate
buffer (0.05 M; pH 5.8) containing BSA at
0.01 %. cAMP was measured using 96 wells
commercial kit Healthcare Biosciences (EIA,
RPN 2255, GE Healthcare Biosciences) follow-
ing the instructions of the supplier. The standard
curve (12.5-3,200 fmole), tissue extracts and
blanks were assayed in duplicated. Tissue con-
tents of cAMP, calculated by interpolation, are
expressed as pmole/mg tissue.
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2.2.4 Statistics

All data are expressed as the
mean+S.E.M. Statistical analysis were per-
formed by two tails student t-test for unpaired
data to compare two groups. Values of p<0.05
indicate statistical significance.

23 Results

2.3.1 Sulfide and cAMP
Hydroxocobalamin is a vitamin B12 analogue
that reacts with sulfide according to the reac-
tion: HS~+H*+HO-Co-R - HS-Co-R + H,0.
As a result, it has been demonstrated both
in vivo and in vitro models that hydroxocobal-
amin prevents the toxic effects of sulfide
(Truong et al. 2007) and in our in vitro CB
preparation fully prevents the release of CA
elicited by NaSH. Hydroxocobalamin, at the
concentration of 300 pM, augmented basal
normoxic cAMP from 14.4+1.8 (n=10) to
27.0£5.2 (n=6) (p<0.01) pmole/mg tissue
and hypoxic cAMP from 47.4+4.9 (n=5) to
64.4+52 (n=5) (p<0.05). These findings
would imply that endogenous sulfide moder-
ately inhibits adenylyl cyclase(s) (Fig. 2.1a).
Consistent with these findings we also observed
that NaSH (200 pM), diminished normoxic
cAMP levels to 8.5+0.8 pmole/mg tissue
(n=35; p<0.05), with hydroxocobalamin fully
reversing the effects of the sulfide donor, rising
cAMP to 21.9+2.8 pmole/mg tissue.

Figure 2.2 shows the effects of SQ22536, an
inhibitor of adenylyl cyclase, on the release of
SH-CA elicited by NaSH (200 uM). In panel A it
can be seen that the inhibitor (80 pM) did not
alter the time course of the NaSH elicited release
response. Figure 2.2 panel B shows that the 3#¢A
evoked release, equivalent to the area under the
curve in panel A, was nearly identical in CBs
treated with NaSH and NaSH+SQ22536 and
amounted to 8.0+2.7 and 8.1+2.7 (n=6) percent
of the total tissue *H-CA content.

T. Gallego-Martin et al.

2.3.2 Effects of TRPA1 Channel
Inhibition of NaSH Elicited
3H-CA Release

Using a slightly different protocol we tested the
effect of the selective inhibitor of TRPA1 channel
HCO030031 at a concentration of 60 pM. Control
CBs were stimulated twice with 200 pM NaSH
and experimental CBs were similarly stimulated,
but prior to and during the second stimulus the
TRPAL1 inhibitor was also present. Figure 2.3a
shows the time course of the release of both con-
trol and experimental organs showing the appar-
ent absence of effects of the inhibitor. Figure 2.3b
shows the ratios of the evoked release in the sec-
ond to the first stimulus (S2/S1) of both control
and experimental CBs. The ratios were, respec-
tively, 0.9+0.1 (n=4) and 1.1+£0.2 (n=4) in con-
trol and HC030031 treated organs, confirming
that TRPA1 does not participate in the NaSH
response.

2.4  Discussion

Present experiments show that, contrary to the
hypoxic natural stimulus, NaSH, the most com-
monly used sulfide donor, decreases the rate of
cAMP accumulation in CBs incubated in the
presence of the phosphodiesterase inhibitor
IBMX. Therefore, our data indicate that sulfide
inhibits adenylyl cyclase, the cAMP synthesizing
enzyme (Pérez-Garcia et al. 1990). Consistent
with this effect of exogenous sulfide the hydroxyl
form of vitamin B12 or hyroxocobalamin, which
reacts with sulfide (Truong et al. 2007; as well as
it reacts with HCN; Borron et al. 2007) reverses
the effect produced by exogenous sulfide. Further,
hydroxocobalamin which enters inside cells and
mitochondria (Begley et al. 1993; Buccellato
et al. 2004; see Depeint et al. 2006) and would
purportedly react with endogenously generated
sulfide, increases basal and hypoxic-stimulated
accumulation of cAMP, implying that endoge-
nous sulfide physiologically inhibits cAMP. It
should be emphasized, however, that the inhibition
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exerted by endogenous sulfide, is quantitatively
comparable in normoxia and hypoxia, implying
that it does not interfere with the intimate mecha-
nism used by hypoxia to activate the cycling
enzyme.

The adenylyl cyclase inhibitor, SQ22536,
which inhibits the release of *H-CA elicited by
hypoxia by around 50 % (Rocher et al. 2009) does
not alter the release response elicited by exoge-
nous sulfide, behaving in this regard like the
release response elicited by high external K*
which is not affected by cAMP (Pérez-Garcia
et al. 1991). Thus, although hypoxia and high
external K* share many steps in the cascade lead-
ing to activation of exocytosis (Gonzalez et al.
1994) they are fundamentally different stimulus.
Similarly, sulfide and cyanide produce chemore-
ceptor cell depolarization, promote voltage
dependent Ca** entry to chemoreceptor cells
(Buckler 2012) and have a comparable 1Cs, for
cytochrome oxidase (Wallace and Starkov 2000;
Cooper and Brown 2008), yet cyanide-induced
release response is modulated by cAMP while
sulfide response is not. These considerations lead
us to conclude that even if chemoreceptor cell
depolarization and triggering of voltage depen-
dent Ca** entry shared by many stimuli, each one
seems to activate a specific second messenger sys-
tem, shaping specificity to the responses (Pérez-
Garcia et al. 1991; Gémez-Niiio et al. 1994a, b).

We also have explored the possibility that
TRPAL1 represented an alternative or additional
pathway to voltage dependent L-type Ca** chan-
nel (Buckler 2012; Makarenko et al. 2012) for
Ca?* entry in chemoreceptor cells. The rationale
for this search rests on two different observa-
tions: one, sulfide activates TRPA1, a Ca>* selec-
tive cationic channel, in many structures
(Guimaraes and Jordt 2007; Kimura 2014); and,
two, sulfide inhibits L-type channels in many
preparations (Zhang et al. 2012; Streeter et al.
2012; Tang et al. 2013; Avanzato et al. 2014)
making possible that sulphide activates chemore-
ceptor cells by pathways alternative to L-type
channels. Our findings did not support our work-
ing hypothesis: either chemoreceptor cells do not
express TRPA1 or it is not amenable to sulfide
regulation.

In conclusion, exogenous and endogenously
produced sulfide inhibits adenylyl cyclase in the
carotid body, behaving in this regard in an oppo-
site manner to hypoxia. Similarly, inhibition of
adenylyl cyclase does not affect the release
response elicited by exogenous sulfide, while that
elicited by hypoxia is greatly diminished.
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Abstract

It has previously been reported that AMP-activated protein kinase (AMPK)
may be critical for hypoxic chemotransduction in carotid body type I cells.
This study sought to determine the importance of the regulatory upstream
kinase of AMPK, CamKKS, in the acute response to hypoxia in isolated
mouse type I cells.

Initial data indicated several previously unreported artefacts associated
with using the CamKKf inhibitor STO609 and Ca*" imaging techniques.
Most importantly Fura-2 and X-Rhodl imaging revealed that STO609
quenched emission fluorescence even in the absence of intracellular Ca?*
([Ca*];). Furthermore, STO609 (100 uM) rapidly inhibited outward mac-
roscopic currents and this inhibition was abolished in the presence of the
selective BK, inhibitor paxilline.

Taken together these data suggest that ST0609 should be used with cau-
tion during Ca*" imaging studies as it can directly interact with Ca** bind-
ing dyes. The rapid inhibitory effect of STO609 on BKc, was unexpected
as the majority of studies using this compound required an incubation of
approximately 10 min to inhibit the kinase. Furthermore, as AMPK activa-
tion inhibits BK(, inhibiting AMPK’s upstream kinases would, if any-
thing, be predicted to have the opposite effect on BK¢,. Future work will
determine if the inhibition of BKc, is via CamKKp or via an off target
action of STO609 on the channel itself.
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3.1 Introduction
Adenosine monophosphate-activated protein

kinase (AMPK) has been identified as a master
regulator of energy balance throughout the body
(Hardie 2008). Recent evidence suggests that
AMPK can also influence neuronal excitability
by regulating ion channels (Ross et al. 2011).
Moreover, there is increasing evidence that
AMPK is critical in the transduction cascade
whereby hypoxic inhibition of K* channels
causes depolarization and subsequent neurotrans-
mitter release from carotid body (CB) Type I
cells (Wyatt and Evans 2007). Activation of
AMPK is dependent on one of its three known
upstream kinases: LKB1 (Hawley et al. 2003;
Woods et al. 2003), CamKKp (Hawley et al.
2005; Woods et al. 2005), and TAK1 (Momcilovic
et al. 2006). These upstream kinases phosphory-
late AMPK at the threonine-172 (Thr-172) loca-
tion on the catalytic alpha subunit (Carling et al.
2008; Fogarty et al. 2010). Once activated,
AMPK phosphorylates multiple different targets,
including ion channels. Therefore it is conceiv-
able that inhibition of the upstream kinases of
AMPK may attenuate the hypoxic response in
CB Type I cells.

The compound STO-609 has been widely
used as a selective pharmacological inhibitor of
CamKK§p in a variety of preparations (Hawley
et al. 2005; Tamas et al. 2006; Tokumitsu et al.
2002). The crystallized structure of the STO-609-
CamKKp complex shows that STO-609 binds
near the ATP-binding site of the kinase, inducing
structural changes that result in a closed confor-
mation state (Kukimoto-Niino et al. 2011). This
specific inhibitor has been used in conjunction
with Ca?* imaging experiments (Monteiro et al.
2008; Wayman et al. 2004) as well as electro-
physiological recordings (Tamas et al. 2006;
Schmitt et al. 2005). Therefore, STO-609 seemed
suitable for examining the potential role of
CamKKGp as a regulator of hypoxic chemotrans-

duction in carotid body type I cells. If CamKKf
was inhibited by STO-609, the AMPK activation
cascade would be disrupted, allowing the chemo-
sensitive K* channels that would normally close
under hypoxic circumstances to stay open, inhib-
iting depolarization of the cell membrane and
subsequent influx of Ca**. The hypoxic response
would then ultimately be attenuated.

3.2 Methods

All studies were performed in accordance with
protocols approved by the Wright State University
Institutional Laboratory Animal Care and Use
Committee (IACUC). These protocols are in
accordance with the National Institute of Health
guide for the care and use of laboratory animals
(NIH publications No. 80-23) revised 1996.

3.2.1 TypelCelllsolation

On the day of experimentation two to five adult
mice (25-35 g) were euthanized with a rising
concentration of CO,. Carotid artery bifurcations
were removed and the carotid bodies excised.
Carotid bodies were then dissociated and type I
cells isolated as has previously been described
for neonatal rat type I cells (Burlon et al. 2009).
Isolated type I cells were maintained in tissue
culture for up to 8 h.

3.2.2 N2A Cell Culture

Mouse neuroblastoma cells (N2A) lines were
maintained, split (1:20 ratio), and grown the
week prior to usage. On the day of experimenta-
tion, the 75 mm? Tissue Culture flask (Corning)
containing the cells was removed from the 37 °C,
humidified, 5 % CO,/air incubator. The remain-
ing growth media in the flask taken from a stock
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comprised of 250 ml DMEM with high glucose
(Gibco Life Technologies), 250 ml
Opti-MEM + GlutaMAX (Gibco Life
Technologies), 25 ml 5 % Fetal Bovine Serum
(BioWest) and 5 ml penicillin/streptomycin solu-
tion (10,000 units/ml penicillin 10,000 pg/ml
streptomycin) (Gibco Life Technologies) was
removed and the cells were rinsed with 5 ml
Phosphate  Buffered Saline (Gibco Life
Technologies). 2 ml of 0.25 % Trypsin-EDTA
(Gibco Life Technologies) was added and
allowed to incubate at 37 °C for 2 min to loosen
the cells from the flask. 5 ml of the growth media
was added to stop digestion and the cells were
drawn up and placed in a 50 ml tube. The cells
were centrifuged at 750 rpm for 5 min. After
removing the supernatant, the pellet was resus-
pended in 10 ml of the growth media and plated
in 50 pl increments onto glass coverslips coated
with poly-d-lysine (0.01 % w/v).

3.2.3 Ca?* Imaging

For experiments recording intracellular calcium
([Ca*]) type I cells were loaded with 5 pM
FURA-2 AM (Invitrogen) for 30 min at room
temperature. The dye was excited with
340/380 nm light and emitted light was recorded
at 510 nm using a Coolsnap HQ2 CCD camera
(Photometrics). Image acquisition was controlled
by Metafluor software (Molecular Devices) and
cells were visualized using a Nikon TE2000-U
microscope with a X40 objective. Extracellular
solution was HEPES buffered salt solution (in
mM): 140 NaCl, 4.5 KCl, 2.5 CaCl,, 1, MgCl,,
11 glucose, 10 HEPES, adjusted to pH 7.4 with
NaOH at 37 °C. The high potassium stimulus
was (in mM): 64.5 NaCl, 80 KCl, 2.5 CaCl,, 1,
MgCl,, 11 glucose, 10 HEPES adjusted to pH 7.4
with KOH at 37 °C.

Isolated type I cells were loaded with the Ca**-
sensitive fluorescent dye X-Rhod-1-AM (5 pM,
Invitrogen) using the same procedure as Fura-2.
The X-Rhod-1 loaded cells were excited with
50 msec exposures to 580 nm light at 0.2 Hz
reflected up to the cells by way of a Texas Red
dichroic mirror (Chroma). The emitted fluores-

cence measured at 602 nm was then allowed to
pass through the dichroic mirror and be captured
using a CoolSNAP HQ2 CCD camera.
Fluorescence emission was measured before,
during, and after perfusing STO-609 (100 pM,
Tocris) over the cells for approximately 10 min.
In some of these experiments, type I cells were
excited by a high K* extracellular solution of
composition (in mM): NaCl, 64; KCI, 80; CaCl,,
2.5; MgCl,, 1; glucose, 11; HEPES, 11; pH 7.4 at
37 °C with KOH were used. All other imaging
and recording parameters were identical to those
used for the Fura-2 experiments.

Experiments were also conducted both in N2A
cells loaded with Fura-2 and X-Rhod-1 at zero
[Ca?]; by perfusing cells with the extracellular
solution described previously, but with Ca*
removed and 10 mM EGTA and 2 pM of the cal-
cium ionophore ionomycin added. After applying
the solution containing ionomycin, Ca*" levels
were allowed to reach a zero baseline before
applying STO-609 (100 pM, Tocris, Fig. 3.3).

3.2.4 Electrophysiology

Isolated type I cells were mounted in a chamber
(0.4 ml, RC-25F, Warner Instruments) and per-
fused at 8 ml/min with extracellular solution of
composition (in mM): NaCl, 117; KCI, 4.6;
CaCl,, 2.5; MgCl,, 1; glucose, 11; NaHCO;, 23;
pH 7.4 via bubbling with 5 % CO,/95 % air. Cells
were visualized with a Nikon TE 2000U inverted
microscope. The traditional whole-cell configu-
ration of the patch clamp technique was used.
Data were acquired using an Axopatch 200B
amplifier (Molecular Devices). Currents were
digitized at 5 kHz and filtered at 1 kHz.
Experiments were performed at 35-37 °C. Results
were not leak subtracted, seal resistance was typ-
ically >5 GQ, access resistance was typically
20-30 MQ and was not compensated, and hold-
ing currents were typically less than 20 pA
throughout the recordings. All data were recorded
using Clampex v10.0 software and analyzed
using Clampfit v10.0 software (Molecular
Devices). All experiments were carried out on an
anti-vibration microscopy table (TMC).
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Fig. 3.1 Autofluorescence of STO609 and its effect on
Fura-2 emission intensity. (a.i) No cell, raw trace.
Autofluorescence at 510 nm increases with application of
STO-609 and decreases upon removal. (a.ii) No cell, ratio
340/380. The ratio of the raw traces decreases with drug

Microelectrodes were made from 1.5 mm
0.D.x0.86 mm L.D. borosilicate glass capillaries
(Harvard Apparatus) inserted into a Narishige
PC-10 Puller. The tips were polished using a
Narishige MF-900 Microforge. Only microelec-
trodes with tip resistances between 5 and 12 MQ
were used. After carefully dipping the tips in an
intracellular solution of composition (in MM):
NaCl, 10; KCl, 130; CaCl,, 1; MgSO,, 2; EGTA,
11; HEPES, 11; ATP, 2; pH 7.2 with KOH, micro-
pipettes were back-filled with the same solution.

Once a stable whole-cell configuration was
achieved, recordings were taken every minute.
STO-609 (100 pM, Tocris) was applied after
achieving several stable baseline recordings. In
later experiments, the BK¢, channel blocker pax-
illine (1 pM, Sigma) was applied prior to, and in
conjunction with STO-609.

J.G. Jurcsisn et al.
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application and increases upon removal. (b.i) Type I Cell,
raw trace. Emission fluorescence at 510 nm increases with
application of STO-609 and decreases upon removal. (b.ii)
Type I Cell, ratio 340/380. The ratio of the raw traces
decreases with drug application and increases upon removal

3.3 Results

3.3.1 Ca*Imaging

Isolated type I cells loaded with Fura-2 (5 pM)
were perfused with normoxic solution.
Application of STO-609 (100 pM) caused an
increase in fluorescence at 510 nm when excited
with 340 and 380 nm light in both the presence
and absence (blank area of coverslip) of cells
and decreased upon drug removal (see
Fig. 3.1a.i, b.). Bizarrely both the 340 and
380 nm signals increased upon drug application
instead of opposing one another as is typical.
The 380 nm fluorescence increased faster and
more robustly than 340 nm fluorescence in both
instances, resulting in an overall decrease in signal
ratio (Fig. 3.1a.ii, b.ii). The changes in fluorescence
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Fig. 3.2 Autofluorescence of STO609 and its effect on
X-Rhod-1 emission intensity (a.i) and (a.ii) No Cell. High
K* perfusion or application of STO609 resulted in no fluo-
rescence change at 602 nm. (b.i) Type I cell. The cell is
depolarized with a high K* perfusion, but fails to recover.

were observed within seconds of STO-609
application, which is uncharacteristically rapid
(Hawley et al. 2003).

Isolated Type I cells loaded with the red
calcium-fluorescent dye X-Rhod-1(5 pM) were
perfused. The autofluorescence of STO609 seen
in Fig. 3.1ai was not observed when it was
exposed to 580 nm light and emission at 602 nm
recorded (Fig. 3.2a.i, a.ii). A high K* challenge
was used to depolarize the type I cell. Though in
the example shown (Fig. 3.2b.i) the rise in emis-
sion signal did not recover, STO-609 (100 pM)
was applied. The drug caused a rapid decrease in
X-Rhod-1 emission fluorescence and reversed
upon removal. Because the rise in signal caused
by a high K* depolarization should not operate
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Application of STO-609 caused a reversible decrease in
X-Rhod-1 fluorescence. (b.ii) N2A Cell. X-Rhod-1 fluo-
rescence decreased reversibly with STO-609 application

via the CamKKp pathway, it was not expected
that STO-609 would have caused a decrease in
fluorescence signal.

At this point, it became clear that the apparent
decrease in emission signals (emission ratio for
Fura-2) may be due, at least in part, to interactions
between STO-609 and the dyes independent of
the cell. Since hypoxic depolarization is not
required to examine this effect, the remaining
calcium imaging experiments were carried out in
mouse neuroblastoma cells (N2A), which are
easy to divide and culture, instead of mouse type I
cells which are fragile and have upsettingly low
yields. Application of STO-609 (100 pM) caused
a rapid decrease in emission fluorescence and
reversal upon drug removal (Fig. 3.2b.ii). Resting
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Fig.3.3 Effect of STO609 on the Fura-2 ratio signal and
X-Rhod-1 emission signal in the absence of intracellular
calcium in N2A cells (a) Background subtracted data of
N2A cells loaded with Fura-2. Application of STO-609

cells characteristically have low intracellular Ca*
levels, thus again such a dramatic decrease in flu-
orescence seen here was not expected.

Changes in calcium-fluorescent dye emissions
correlate directly with changes in intracellular
[Ca?]. If Ca** is eliminated as an experimental
variable, then any fluorescence changes seen after
application of STO-609 must be artefactual —
possibly due to direct drug-dye interaction. To
investigate this, a Ca®* ionophore Ionomycin
(2 pM) was used to perforate the cell membrane,
allowing free passage of Ca?*. This, in conjunction
with a 0 mM Ca?* solution, was perfused over
N2A cells loaded with Fura-2 and repeated in
N2A cells loaded with X-Rhod-1. After a 0 Ca?
baseline was reached, STO-609 (100 pM) was
applied.  Fluorescence  emission  signals
immediately decreased upon drug application and
subsequently recovered upon drug removal for
both experiments (see Fig. 3.3). The Fura-2 data
were background subtracted to account for the
STO-609 autofluorescence in the 510 nm range.

3.3.2 Electrophysiology

A programmed voltage step protocol from
—-80 mV to +60 mV in 10 mV steps with 200 ms
duration per step was used. Protocols were exe-
cuted at 1 min intervals. Once a gigaseal patch

o

10000

80004

60001

20001

Fluorescence (a.u.)

100 sec

decreased emission signal in the presence of 0 mM Ca?.
(b) Background subtracted data of N2A cells loaded with
X-Rhod-1. Application of STO-609 decreased emission
signal in the presence of 0 mM Ca**

was achieved and several stable baseline record-
ings made, STO-609 was applied to the cells for
several minutes.

Application of STO-609 (100 pM) caused a
decrease in evoked outward current (see
Fig. 3.4a). Measured at +10 mV, currents were
reduced by an average of 38.0+7.4 % (n=5,
P<0.03, mean+SEM). The recordings did not
last long enough to observe any effects of drug
removal. Notably, the raw traces observed after
STO-609 application appeared smoother. This
could indicate that STO-609 may be inhibiting
large-conductance  Ca**-activated  potassium
channels (BKc,), the opening and closing of
which is visible on raw traces, making them
appear noisy. If STO-6009 is selectively inhibiting
these channels, then applying a BKc, blocker
prior to and in conjunction with STO-609 should
prevent any further channel inhibition and cur-
rent reduction by the drug.

Paxilline is blocker of large-conductance
calcium-activated potassium channels (BKc,).
Application of this inhibitor will reduce outward
currents by blocking these channels. If STO-609
is responsible for any inhibition of BK¢, chan-
nels, then application of it after and in conjunc-
tion with paxilline should result in no further
reduction in current. Application of paxilline
(1 pM) caused a decrease in outward current (see
Fig. 3.4b). Measured at +20 mV, currents were
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Fig.3.4 (a) Example I-V plot from an isolated type I cell.
Application of STO-609 caused a decrease in outward
current. Corresponding raw current traces at +20 mV
shown inset. (b) Example I-V plot from an isolated type I

reduced by an average of 25.4+4.3 % (n=3) and
this decrease was statistically significant
(P<0.03). Once no further reduction was
observed, STO-609 (100 pM) was applied in
conjunction with the paxilline (1 pM). In the
presence of paxilline STO609 did not signifi-
cantly decrease the remaining currents.

3.4 Discussion

These results illustrate two major findings: STO-
609 directly interacts with and alters the fluores-
cent properties of the Ca?-fluorescent dyes
Fura-2 and X-Rhod-1, and that STO-609 selec-
tively inhibits BK¢, channels. For these reasons
we were unable to use STO609 to assess the con-
tribution of CamKKp to the acute hypoxic
response of isolated mouse type I cells.

The calcium imaging data show that the appli-
cation of STO-609 caused artefactual changes in
the fluorescent emissions of both Fura-2 and
X-Rhod-1. The ionomycin experiments, which
eliminated Ca** as a variable, confirmed that the
drug may be directly interacting with the dyes
and quenching fluorescence rather than actually
reducing intracellular Ca*". Interestingly, the
electrophysiology data showed that STO-609

2001
1504
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£ 1004
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o
S 501
o
— Norm
o1 — Paxilline
— Paxilline + STO-609
-50 R

60 40 20 0 20 40 60 80
Voltage (mV)

-100 -80

cell. Application of the BK, channel inhibitor Paxilline
caused a decrease in current. Application of Paxilline and
STO-609 caused no further decrease in current.
Corresponding raw traces at +20 mV shown inset

selectively interacts with and inhibits BK¢, chan-
nels. This was surprising as it was predicted that
STO-609 would have the opposite effect on K*
currents when applied during normoxic condi-
tions, possibly via relief of any tonic regulation
of BK¢, by AMPK.

This pattern of direct interaction and inhibition
with calcium sensitive dyes and channels raises the
possibility that STO-609 could potentially be act-
ing via the Ca*-binding domains on these kinases,
dyes, and channels. The drug may be binding com-
petitively at the active sites for Ca** interaction or
binding near the active site and altering the shape
and functionality of the dyes and channels, as it
does with CamKKp (Kukimoto-Niino et al. 2011).
It is therefore recommended that STO-609 not be
used in conjunction with calcium imaging tech-
niques, and caution should be taken when using
STO-609 in the presence of other molecules that
bind Ca*, as it may interfere with their function,
although this remains to be exhaustively tested.

Future experiments will seek to determine if
the novel effect of STO609 on BK, is by a direct
action on the channel or is in fact via its inhibitory
actions on CamKKp.
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Abstract

The carotid body (CB) increases in volume in response to chronic continu-
ous hypoxia and the mechanisms underlying this adaptive response are not
fully elucidated. It has been proposed that chronic hypoxia could lead to
the generation of a sub-population of type II cells representing precursors,
which, in turn, can give rise to mature type I cells. To test whether this
process could explain not only the observed changes in cell number, but
also the micro-anatomical pattern of tissue rearrangement, a mathematical
modeling approach was devised to simulate the hypothetical sequence of
cellular events occurring within the CB during chronic hypoxia. The mod-
eling strategy involved two steps. In a first step a “population level” mod-
eling approach was followed, in order to estimate, by comparing the model
results with the available experimental data, “macroscopic” features of the
cell system, such as cell population expansion rates and differentiation
rates. In the second step, these results represented key parameters to build
a “cell-centered” model simulating the self-organization of a system of CB
cells under a chronic hypoxic stimulus and including cell adhesion, cyto-
skeletal rearrangement, cell proliferation, differentiation, and apoptosis.
The cell patterns generated by the model showed consistency (from both a
qualitative and quantitative point of view) with the observations performed
on real tissue samples obtained from rats exposed to 16 days hypoxia,
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indicating that the hypothesized sequence of cellular events was adequate
to explain not only changes in cell number, but also the tissue architecture
acquired by CB following a chronic hypoxic stimulus.

Keywords

Carotid body * Hypoxia * Morphogenesis ® Mathematical modeling ¢ Stem
cells » Peripheral neurogenesis

4.1 Introduction
Carotid body (CB) is a neural crest-derived
paired organ located in the carotid bifurcation
(Jiang et al. 2000), where it represents a principal
component of the homeostatic O, sensing sys-
tem, required to activate the brainstem respira-
tory center to produce hyperventilation during
hypoxemia (Lopez-Barneo et al. 1988). The CB
parenchyma appears organized in clusters of type
I cells (chief-cells) that are the primary O,-
sensing elements in the CB. They are electrically
excitable and depolarize in response to hypoxia,
releasing vesicles with neurotransmitters that
activate sensory nerve fibers projecting to the
solitary tract nucleus. The type I cell clusters are
enveloped by type II (sustentacular) cells, which
are classically believed to have only a structural
role, although they probably also co-ordinate
chemosensory transduction through interactions
with the other cells of the CB (Tse et al. 2012).
The CB also shows a complex microvasculariza-
tion and local changes in blood flow have been
considered to be involved in CB chemoreceptor
discharge (Joels and Neil 1963; Kirby and
McQueen 1984; Porzionato et al. 2006, 2011).
Unlike most neural organs, CB exhibits a quite
remarkable level of structural plasticity. It under-
goes structural and functional changes during
perinatal development (e.g., Porzionato et al.
2008a, b; De Caro et al. 2013), ageing (e.g., Di
Giulio et al. 2012; Zara et al. 2013) and in
response to a variety of environmental stimuli. In
particular, upon exposure to chronic continuous
hypoxia, as it occurs during acclimation to high
altitude (Wang and Bisgard 2002) or in patients
with cardiopulmonary diseases involving hypox-
emia (Heat et al. 1982), the CB may undergo a
large increase in volume. The mechanisms under-

lying this adaptive morphogenetic response are
not fully elucidated. Recently, however, it has
been proposed (Pardal et al. 2007; Platero-Luengo
et al. 2014) that, as a consequence of a chronic
hypoxic stimulus, type II cells, selectively
expressing glial markers (such as glial fibrillary
acidic protein and S100), could differentiate into
precursor neural cells (also expressing nestin)
that give rise to mature glomus cells. Cell fate
experiments in vitro and in vivo (see Pardal et al.
2007) have confirmed that this process can sig-
nificantly contribute to the generation of new glo-
mus cells in animals exposed to sustained
hypoxia. On return to normoxia, proliferation
and differentiation of the intermediate progeni-
tors ceased, and most of them acquired the usual
sustentacular cell phenotype.

To test whether this process could explain not
only the observed changes in cell number, but
also the micro anatomical pattern of tissue rear-
rangement, in the present study a mathematical
modeling approach was followed. It was based
on the abovementioned findings, and aimed at
simulating the hypothetical sequence of cellular
events occurring within the CB during chronic
hypoxia. The modeling strategy involved two
steps. In a first step a “population level” model-
ing approach was followed, in which the time
change of the cell number was simulated using
partial differential equations. By comparing the
model results with the real experimental data pro-
vided by Pardal et al. (2007), “macroscopic” fea-
tures of the cell system, such as cell population
expansion rates and differentiation rates, were
estimated. This approach is unable to provide
detailed information at a “microscale” concern-
ing the actual structure and morphology of the
CB tissue. The results obtained, however, pro-
vided key parameters to build a “cell-centered”
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model (Merks and Glazier 2005; Guidolin et al.
2011) simulating the self-organization of a sys-
tem of CB cells under a chronic hypoxic stimulus
lasting 16 days. This second step of the modeling
process was based on a simulation technique
known as “Cellular Potts Model” (Glazier and
Graner 1993; Merks and Glazier 2005), in which
cell adhesion, cytoskeletal rearrangement, cell
proliferation, differentiation, and apoptosis were
considered. The tissue patterns obtained with
such a simulation procedure were finally com-
pared with those observed on real tissue sections
to assess whether the hypothesized sequence of
cellular events was adequate to explain the tissue
architecture acquired by CB following a chronic
hypoxic stimulus.

4.2 Materials and Methods

4.2.1 Animals and Experimental
Procedure of Hypoxia
Exposure

Wistar rats were housed and treated according to
the animal care guidelines of the European
Community Council (86/609/ECC), and all the
procedures were approved by the local Ethical
Committee. Animals were chronically exposed
to 10 % O, (hypoxic group) or 21 % O, (nor-
moxic group) for 16 days using a hermetic iso-
baric chamber with O, and CO, controls and
temperature and humidity monitoring.

4.2.2 Tissue Samples
and Immunohistochemistry

At the end of the treatment three animals per
group were sacrificed by intraperitoneal injection
of sodium pentobarbital (65 mg/Kg), and speci-
mens were taken of the carotid bifurcations. All
procedures for animal handling and tissue dissec-
tion were carried out according to the ECC and
the local Ethical Committee guidelines. Tissues
were fixed in 10 % phosphate-buffered formalin
for 72 h, dehydrated through ascending alcohols
and xylene, and paraffin embedded. Sections,
5 pm thick, were then obtained, de-waxed (xylene

and alcohol progressively at lower concentra-
tions), and processed for immunohistochemical
analysis. To detect the cell pool formed by type II
and precursor cells, slides were incubated in the
presence of polyclonal rabbit anti-S100 (primary
antibody dilution 1:7,000) (DakoCytomation,
Glostrup, Denmark; Z 0311), and then in the
presence of specific HRP-conjugated secondary
antibodies. Peroxidase was developed using
diaminobenzidin chromogen (DAB) and nuclei
were hematoxylin counterstained. Negative con-
trols were performed by omitting the primary
antibody.

4.2.3 Morphometry

Bright-field images of the immunohistochemical
preparations were acquired by using a Leica
DMR microscope (Leica Microsystems, Wetzlar,
Germany) and a high resolution digital camera
(DC 200, Leica Microsystems, Wetzlar,
Germany). At a primary magnification of x20 one
field per section (covering 0.0231 mm?) randomly
chosen within the CB tissue was selected and
its image acquired in full colors (RGB, 24-bit),
processed to correct shading, then filed TIFF.
Since it showed the best contrast between
immune-positive cells and the other, counter-
stained, tissue components, the blue component
of each acquired RGB image was selected for the
analysis. The main steps of the computer-assisted
image analysis procedure are illustrated in
Fig. 4.1. It was performed by using the Image]
software (Schneider et al. 2012), powered by
macro routines specifically developed by the
authors. For the identification of the S100-
positive cells a top-hat transform (Jenné et al.
2007) was first applied. This transform is per-
formed by subtracting from the original grey-
scale image the result of a grey-scale closing.
After a rescaling of the brightness values (see
Fig. 4.1b), S100-positive cells can be easily seg-
mented with conventional thresholding methods
(Fig. 4.1c) and the percent area they occupy cal-
culated. This dimensional parameter, however,
cannot fully characterize the architecture of the
pattern of type II cells, since patterns very similar
in size can correspond to very different spatial
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Fig.4.1 Main steps of the image analysis procedure. (a)
Full color (RGB, 24-bit) digital image of a microscope
field stained for S100 and counterstained with hematoxy-
lin (primary magnification x 20). In the inset the blue com-
ponent is shown. After the application of a top-hat filter

textures (Guidolin et al. 2004). For this reason,
the binary skeleton of the S100-positive cells was
derived (Fig. 4.1d) and its fractal dimension was
evaluated by using the ‘box counting’ method at
multiple origins (Smith et al. 1996). This param-
eter, in fact, was previously shown to efficiently
describe the changes in spatial complexity of a
binary pattern (Guidolin et al. 2004) and, in par-
ticular, of the connective tissue component of the
CB (Guidolin et al. 2014).

The same image analysis procedure was also
applied to the simulated patterns (see Sect. 2.2.5)
and the obtained results compared with those
observed in the real tissue samples in order to
assess the accuracy of the simulations.

and a rescaling of the brightness values (b), the image was
thresholded, to identify the S100-positive structures
(c) and measure the percent area they occupied. The binary
skeleton was then calculated (d) and its fractal dimension
estimated. Scale bar: 40 pm

4.2.4 “Population Level” Modeling
of the Carotid Body Changes

Under Hypoxia

To describe the CB growth and the changes its
cell composition undergoes under chronic
hypoxic conditions, a “population level” model-
ing approach (Bassingthwaighte 2000) was first
followed, in which only cell numbers are con-
sidered and their changes in time estimated
using partial differential equations. Continuum
models of this type average out the behavior of
the individual elements and are capable of effi-
ciently capturing features of the cell system at a
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“macroscale” (such as cell population expansion
rate, differentiation rates etc.).

According to Pardal et al. (2007) the modeled
system involved the following set of cell
populations:

CB = {T1,T2,Pc}

where:

e TI1 represents the glomus type I or chief cells.

* T2 represents the type II or sustentacular cells
of the CB.

* Pc indicates a population of precursor cells
expressing glial markers, but able to

oN,
ot

oN,
ot

oN

ot

differentiate to both chief and sustentacular
cells (Pardal et al. 2007).

CB stem and precursor cells may also gener-
ate smooth muscle actin-positive myofibro-
blasts and endothelial cells, playing a potential
role in angiogenesis and connective tissue
changes in response to chronic hypoxia. At the
moment, however, these cell types and these
possible differentiations were not taken into
account.

The proposed general dynamics involving the
abovementioned cell populations is schematically
shown in Fig. 4.2a, and corresponds to the fol-
lowing set of partial differential equations:

—L=(ky, =k —k, )N, +k,N, =(8,—k,)N, +k,N,
=(ky —k, —k,, )N, +k,,N, =(8,~k,, )N, +k,,N,

2 =(k, —k,~k,, )N, +k,N, +k,,N, =(8,~k,,)N, +k,N, +k,,N,

where N, N,, and N,, are the number of type I,
type II and precursor cells respectively. The
parameters k; and k; represent the mitosis and
apoptosis rate of population i respectively, and k;;
is the rate at which cell type i differentiates to
type j.

For what the parameters of the model are con-
cerned, all the values were taken from literature
as far as possible. Both ki, and k;, were set to 0,
since neither significant type I cells mitosis nor
back differentiation of type I to precursor cells
were observed under hypoxic conditions (Pardal
et al. 2007). Some BrdU+/TH+ cells appear after
exposure to hypoxia but these cells may be con-
sidered immature type I cells which are activated
by hypoxia to complete their differentiation. The
net population expansion rates of T1 (8, =k;; —k;),
T2 (6,=kypn—k,), Pc (6,=k,,—k,), and the differ-
entiation rates (k,p, ki, k,1) were estimated by a
sensitivity analysis (Merks et al. 2006). According
to this procedure the parameter space is system-
atically scanned to find a set of values leading to
a simulated time course representing a good fit of

the experimental trend reported by Pardal et al.
(2007), and involving a first period (5/6 days), in
which mainly type II cell number increase was
observed, followed by a second phase (~15 days)
in which the complete pattern of cell behaviors
develops. Simulations were then performed
according to this scheme. The open source soft-
ware platform for numerical computation
SCILAB 5.2.0 (The SCILAB Consortium,
France, www.scilab.org) was used to solve
numerically the equation system according to a
finite-difference procedure (LeVeque 2007), in
which each time step corresponded to 1 h of real
time.

4.2.5 “Cell-Centered” Model
of Carotid Body Changes

Under Hypoxia

The just described modeling strategy, however, is
unable to provide detailed information at a
“microscale” concerning the actual structure and


http://www.scilab.org/

30

A. Porzionato et al.

A ks, Ko K,
k2p
Type Il |=™" | Precursor Kp1 Type |
N, r— N, ; N,
C/ M-,
K22 Kop

Fig.4.2 Schematic representation of the modeling strate-
gies applied. (a) Sequence of cellular events implemented
in the “population level” model used to describe the
changes in cell composition of the CB under chronic
hypoxic conditions (see text). N, N, and N,, are the num-
ber of type I, type II and precursor cells respectively. The
parameters k; and k; represent the mitosis and apoptosis
rate of the population i respectively, and k; is the rate at
which cell type i differentiates to type j. (b) In the
“Cellular Potts Model” (see text) cells are represented on
a numerical grid as domains of pixels with identical index
(shown as a specific shade of gray), while the extracellular
matrix is the set of the remaining pixels (white pixels).
Connections between neighboring lattice sites of unlike

index (some of them are indicated with double-headed
arrows) represent membrane bonds, with a characteristic
bond energy J, which depends on the pair of objects in
contact and determine the strength of their adhesion.
Furthermore, because biological cells generally have a
fixed range of sizes and shapes, additional elastic energy
terms are considered whenever deviations from a target
volume or elongation occur. All these contributions lead
to Eq. (4.1), representing the “energy” of the system at
each time instant. Cytoskeletally driven membrane
fluctuations can be mimicked by randomly choosing a lat-
tice site x and copying its index into a randomly chosen
neighboring lattice site x’ (single-head arrow)
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morphology of the CB tissue. In fact, the self-
organization of the cells leading to the micro-
scopic appearance of the tissue is mainly the
result of several intimately linked single-cell
behaviors. In this respect, “cell-centered”
approaches (Merks and Glazier 2005), working
at a “mesoscopic scale” and treating the cell as
the fundamental module, can be particularly use-
ful to simulate the rearrangement of the glomic
tissue under a chronic hypoxic stimulus.

Thus, a modeling approach based on the well-
known Cellular Potts Model (CPM) (Merks and
Glazier 2005; Guidolin and Albertin 2012) was
devised.

Briefly, CPM is a simulation technique (see
Fig. 4.2b) representing cells as domains of lat-
tice sites, x, with identical non-zero indices
(0,), while the index value O identifies the

H=30 o (1=, 0 )+ 220 =4, + 2 2 (1 L, )

X,X

extracellular matrix (ECM). Thus, cell volume
and shape can be described. A further basic
characteristic of the CPM is to represent the
cell behaviors of interest in the form of terms
within a generalized energy function which
also includes the interactions with the ECM and
parameters constraining individual cell behav-
iour. With reference to Fig. 4.2b, for instance,
grid points at patch interfaces represent cell
surfaces, and the interaction between cell sur-
faces is modeled by defining coupling constants
Jo,o,” representing the adhesion energy
involved in the specified interaction. Each cell
also has a set of attributes, including a “target”
area and elongation, which poses some con-
straint on the possible cell shape changes. Thus,
the following “energy function” can be defined
for this system:

4.1

o

where x represents the eight neighbors of X', A,
and A represent resistances to changes in size
and elongation respectively, Ac and Lo are the
“target” values for cell area and length, ac and lo
are the actual cell area and length values, and the
Kronecker delta is §,,=(1 if x=y; 0 if x#y).

By repeatedly replacing a value at a cell inter-
face by a neighboring grid point’s value (see
Fig. 4.2b), it is possible to mimic active, random
extensions and retractions of filopodia and lamel-
lipodia. If the resulting variation in effective
energy (AH) is negative, then the cell change will
be accepted; conversely, if AH is positive, then
the cell change will be accepted with Boltzmann-
weighted probability.

CPM was originally developed by Glazier and
Graner (1993) to simulate the cell rearrangement
resulting from cell adhesion, in order to quantita-
tively simulate cell-sorting experiments. However,
a number of cell behaviors can be quite easily
implemented in this computational framework, and
improvements to the CPM included the possibility
to model cell growth, cell division, apoptosis and
cell differentiation (Merks and Glazier 2005).

In particular, the preferential extension of
filopodia in the direction of chemo attractant
gradients can be implemented by including in
(4.1) an extra reduction of energy whenever the
cell protrudes into an area with a higher concen-
tration of chemo attractant:

AHchemotaxis ZX(C(X)_C(X,)) (42)

where x’ is the neighbor into which site x moves
(i.e., copies its value), y is the strength of the
chemo tactic response, and c(x) is the local
concentration of the chemo attractant. At each
time step it is possible to estimate the concentra-
tions c(x) from the following diffusion equation:

oc
5= (1-6,.0)=8, y-&-c+DV’e (4.3)

where o is the rate at which the cells release
chemo attractant, € is the clearance rate of the
chemo attractant, and D its diffusion coefficient.
The Kronecker delta simply indicates that the
release occurs at the cell locations, while the fac-
tor is cleared in the extracellular space.
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The framework CompuCell3D (Cickovski
et al. 2007) (www.compucell3d.org), providing
the basic engine and user interface to run this
type of approach to modeling, and Python scripts
specifically developed by the authors to custom-
ize the models were used for the simulation of
CB tissue dynamics. A 100x 100 CPM lattice,
where each lattice site represents an area of
2.25 pm?, was always used. Thus, it corresponded
to a simulated field area of 0.0225 mm?, compa-
rable to the area of the images from real samples
(see Sect. 4.2.3). The simulations evolved through
discrete time steps (Monte-Carlo steps, mcs)
each corresponding to 5 min of real time.

4.2.5.1 Simulation of the Initial
(Normoxic) Pattern

The cell composition of the normal CB paren-
chyma involves ~75 % of type I cells, organized
in clusters enveloped by processes of sustentacu-
lar type II cells (see Fig. 4.1a), representing the
remaining ~25 % of the total cell number. As
suggested by Pardal et al. (2007), however,
~20 % of the glia-like sustentacular cells (i.e.
~5 % of the total) can be considered multipotent
precursor cells, able to differentiate to mature
type I cells when needed. In particular, they
would represent a key population in the course of
tissue remodeling under chronic hypoxia.

To obtain simulated tissue patterns
qualitatively similar to those observed in real
normoxic CB samples, the CPM lattice was ran-
domly filled with virtual cells of the three types
in an amount fulfilling the abovementioned pro-
portions. Cell attributes, such as target size and
elongation, were defined based on measurements
performed on real tissue samples, and cell resis-
tances (A, and A; in Eq. (4.1)) were chosen large
enough to maintain the size and elongation close
to the observed values. As far as intercellular
adhesion was concerned, the surface tensions (yr
im=Irm—Urnmn+Inm)/2) (Merks and Glazier
2005) were set to favor heterotypic bonds
(yr1.12<0). Furthermore, a preferential movement
of T1 cells towards T2 and Pc cells along a che-
motactic gradient was hypothesized. The diffu-
sion characteristics of the hypothetic chemotactic
factor secreted by T2 (and Pc) cells and
recognized by T1 cells were assumed to be con-
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sistent with those reported (see Duchesne et al.
2012) for a typical growth factor (such as FGF-
2). As illustrated in Fig. 4.3, these conditions can
allow the generation of cell patterns qualitatively
and quantitatively very similar to those observed
in real normoxic samples. The number of mcs to
apply to achieve such a result was established by
a parameter study, in which a range of values for
the total number of mcs was tested to find the one
leading to the best simulation of the experimental
cell arrangement.

A detailed view of the parameters used for the
simulation is reported in Table 4.1, including ref-
erences. Ten simulations were performed, and
the resulting patterns recorded. They were then
used as initial conditions for the simulation of the
cell rearrangement under chronic hypoxia.

4.2.5.2 Simulation of the Tissue
Remodeling Under Hypoxic
Conditions
The cell features used to simulate the tissue
changes due to hypoxic conditions are detailed in
Table 4.1, and the simulation was set to cover
4,600 mcs, corresponding to 16 days of real time.
Chemotaxis was strongly reduced, but processes
of mitosis, differentiation and apoptosis were
included in the simulation. The amount and fre-
quency of these events were based on the rate
constants obtained from the “population level”
model (see Sect. 4.2.4). Since that model was
evolving by time steps of 1 h, in the “cell-
centered” simulation the update of the cell popu-
lations was performed with this frequency,
corresponding to 12 mcs. Thus, every 12 mcs the
cell populations were updated as follows:

* From each cell population §;N; cells were ran-
dom selected, where ; is the net expansion rate
of the population i. They were assigned to mito-
sis if §;>0, or to apoptosis if 8;<0. Furthermore,
from each population k;N; cells (where kj; is the
differentiation rate from cell type i to type j)
were random selected for differentiation.

* Each cell selected for mitosis was divided in
two child cells through its center of mass along
the axis of minimum length (Mombach and
Glazier 1996). The two child cells (of approxi-
mately the same size) inherited the characteristics
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Fig. 4.3 Upper panels. Typical pattern generated by the
cell-centered model tuned to simulate the CB tissue organi-
zation in normoxic conditions (a). Type I, type Il and precur-
sor cells appear in violet, brown and green respectively. A
real tissue pattern is shown in (b). Scale bar: 40 pm. Lower

of adhesion, target size, and elongation of the
parent cell and evolved accordingly.

e To the cells selected for apoptosis a target
volume of 0 was assigned (leading to a
progressive shrinkage of the cell), and they
were removed from the global cell list.

e A different cell type was assigned to
differentiating cells, that inherited all the
characteristics of the new type and started
evolving accordingly.

Each simulation run started from a normoxic-
like pattern obtained as detailed before, and the
final cell arrangement was recorded to be mor-

panel. Simulated patterns (n=6) underwent the same mor-
phometric analysis performed on real samples (n=6). As
shown, no significant differences were detected both in
terms of percent area covered by S100-positive cells and in
the fractal dimension of their spatial arrangement

phometrically analyzed and compared with
images from real samples of CB exposed to a
16 days hypoxic stimulus.

4.3  Results

4.3.1 “Population Level” Model
and Changes in Cell
Composition

As shown in Fig. 4.4, with the proper choice of
the parameters the time course of cell changes
predicted by the continuum model fitted quite
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Table 4.1 Cell-centered model parameters

Parameter Symbol Model value References
Type I cell features:
Initial number N, 300 Pardal et al. (2007)
Number change rates 8y, ky;
Normoxia 0
Hypoxia see Table 4.2 From continuum model
Target area A 60 pm? Measurement on tissue
Target elongation L, 10 pm sections
Resistance to changes in size Mt 25
Resistance to changes in elongation ALt 20
Type 11 cell features:
Initial number N, 80 Pardal et al. (2007)
Number change rates 8,, ky;
Normoxia 0
Hypoxia see Table 4.2 From continuum model
Target area A, 36 pm? Measurement on tissue
Target elongation L, 20 pm sections
Resistance to changes in size Mz 25
Resistance to changes in elongation Ao 20
Precursor cell features:
Initial number N, 20 Pardal et al. (2007)
Number change rates A, ki
Normoxia 0
Hypoxia see Table 4.2 From continuum model
Target area A, 36 pm? Measurement on tissue
Target elongation L, 8 pm sections
Resistance to changes in size Aap 25
Resistance to changes in elongation Mp 20
Adhesion:
Type I-Type I Iy 10 Merks and Glazier
Type II-Typell, Type II-PC, PC-PC Too, Jop, Jop 16 (2005)
Type I-Type 11, Type I-PC T, Iy 11
Cell-Matrix Ji0s J20, J30 20
Chemotaxis:
Diffusion D 0.01 p%s! Duchesne et al. (2012)
Source o 10457
Clearance € 104!
Strength of chemotactic response X
Normoxia 1,000
Hypoxia 100

well the experimental data provided by Pardal
et al. (2007). The estimated population expan-
sion rates and differentiation rates leading to
the best fit are reported in Table 4.2. As
expected, precursor cells were predicted to
exhibit the most dynamic behavior, in which

about 2.5 % cells per hour undergo mitosis and
an additional 2.5 % differentiate to a type I
phenotype. On such a differentiation process is
mainly based the increase in number of the
type I cells population, since these cells do not
proliferate, and a small rate of cell removal
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Fig. 4.4 Time course of cell changes predicted by the continuum model customized with the parameters reported in
Table 4.2 (lines), together with the experimental data (dots) provided by Pardal et al. (2007)

Table 4.2 Population expansion rates and differentiation rates

Cell type

Type I —0.0045
Type 11 0.0070
Precursors 0.0248

Expansion rate (5)

Differentiation rates (k;)
k;,=0.0000
k,,=0.0430
k,1=0.0250
k,,=0.0025

Values represent the ratio of cells undergoing mitosis (8>0) or apoptosis (6<0), and differentiation (k) at each time

step (1 h)

(~0.4 % cells/h) seems to be needed to fit the
experimental data.

“Cell-Centered” Model
and Changes in Tissue
Architecture

4.3.2

CB coming from rats exposed to 16 days chronic
hypoxia appeared of increased size when com-
pared to samples obtained from control animals
(see Fig. 4.5). The tissue architecture was charac-
terized by an increased relative amount of type I
cells, and a reduced relative presence of
S100-positive structures that often do not com-
pletely envelop the type I cell clusters. As illus-
trated in Fig. 4.6 the cell-centered model
customized to simulate the hypoxia-induced
morphogenetic process generated cell patterns
qualitatively very similar to those observed in the
immunohistochemical preparations.

The morphometric analysis confirmed these
findings. When compared with normoxic sam-
ples, chronic hypoxia induced a decrease of
both the S100-positive volume fraction
(A% =-25 %, p=0.0038) and the fractal dimen-
sion of the S100-positive pattern (A% =~-10 %,
p=0.0116). A comparison between experimen-
tal and simulated tissue architectures is illus-
trated in Fig. 4.7a. As shown, no significant
differences can be observed in terms of both
volume fraction occupied by S100-positive
structures and overall complexity of their spatial
arrangement.

As expected, in terms of cell numbers
(Fig. 4.7b) the prediction of the cell-centered
model was consistent with the one of the “pop-
ulation level” model, with type I cells exhibit-
ing a ~70 % increase, and type II a ~80 %
decrease in number, a result fitting (see
Fig. 4.4) the experimental data by Pardal et al.
(2007).
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Fig.4.5 Immunohistochemical visualization of S100-positive structures in control rat CB (a) and in CB from an ani-
mal exposed to 16 days chronic hypoxia (b). Scale bar: 50 pm

Fig. 4.6 Typical cell pattern experimentally observed in
CB following 16 days chronic hypoxia (a), and pattern
generated by the cell-centered model tuned to simulate the

4.4 Discussion

As observed in several human and animal studies
(see Lahiri 2000; Wang and Bisgard 2002),
chronic hypoxia causes enlargement of the CB. A
detailed experimental analysis of the tissue com-
ponents involved in such a morphogenetic pro-
cess was recently reported (Pardal et al. 2007;
Ortega-Séenz et al. 2013; Platero-Luengo et al.

TR I
[ YO ACIRANG |

CB tissue organization under hypoxic conditions (b). Type
I, type II and precursor cells appear in violet, brown and
green respectively. Scale bar: 40 pm

2014). In these studies the chronic
hypoxia-induced CB hypertrophy was paralleled
by a significant increase in type I cells, whose
number resulted ~1.7-fold the number of chief
cells characterizing the normoxic condition.
Interestingly, the increase of type I cells was not
simply due to type I cell proliferation (as indi-
cated by BrdU incorporation experiments), sug-
gesting the existence in the CB of precursor cells,
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Fig. 4.7 (a) Morphometric analysis comparing experi-
mental cell arrangements (N=6) observed under chronic
hypoxia and patterns generated by the cell-centered model
(N=10). As shown, no significant differences were
detected both in terms of percent area covered by S100-
positive cells and in the fractal dimension of their spatial
arrangement. (b) Time course of the cell numbers pre-
dicted by the cell-centered model

whose proliferation in hypoxia preceded their
differentiation to type I cells. In this respect, cell
fate experiments indicated that, upon exposure to
hypoxia, intermediate progenitors were derived
from glia-like (GFAP+/nestin-) type II cells,
whose number progressively vanished as the
number of GFAP+/nestin+cells increased to
generate new chief cells. In the present study, a
“population level” mathematical model (see
Merks and Glazier 2005; Guidolin et al. 2011)
was devised to simulate the observed changes in
cell number. It was tuned to fit the experimental
data by Pardal et al. (2007) and allowed the esti-
mate of the rate constants of the involved cellular
events (mitosis, differentiation and cell death).
Interestingly, the model suggested that some,
quite limited, process of type I cells removal
(~0.4 % cells/h) would be needed to better fit the

available experimental results. In this respect,
almost no experimental studies investigated
apoptosis or cell death caused by chronic hypoxia
in the CB. Unpublished data on the possible pres-
ence of DNA fragmentation (as indicated by the
TUNEL assay) were mentioned by Wang and
Bisgard (2002), and this approach did not seem
to provide evidence of cell death within the
CB. Such a preliminary analysis, however, was
limited to 1 week of continuous hypoxia. Thus,
the model prediction concerning cell death would
deserve further and more deep investigation in
future experimental work.

A modeling approach of the abovementioned
type, however, although able to capture the
behavior of the system at a “macroscale”, cannot
provide detailed information at the “microscale”
(Merks and Glazier 2005; Guidolin et al. 2011)
concerning the architecture and the morphology
assumed by the CB tissue. In fact, the pattern of
morphogenetic changes a tissue undergoes is
always the result of several intimately linked
single-cell behaviors (Donovan et al. 2001).
Thus, to accurately simulate processes of tissue
rearrangement a cell-centered approach to mod-
eling (Merks and Glazier 2005; Guidolin et al.
2011) is likely more appropriate, since it often
reproduces experimental observations missing
from “population level” models. Cell-centered
models were successfully used to investigate in
vitro (Merks et al. 2006; Guidolin et al. 2007,
2009) and tumor-induced (Bauer et al. 2007,
Mahoney et al. 2008) angiogenesis, lumen for-
mation (Boas and Merks 2014), cardiac valve
morphogenesis (Lagendijk et al. 2013), and skel-
etogenesis of the vertebrate limb (Chaturvedi
et al. 2004). In the present study an approach of
this type was used to verify whether the proposed
sequence of cell events triggered by chronic
hypoxia in the CB could not only explain the
changes in cell number, but also the microana-
tomical pattern exhibited by the tissue. This spe-
cific point, indeed, was never addressed in
previous studies. The devised cell-centered
model included three cell populations (type I,
type Il and precursor cells) undergoing differential
processes of mitosis, differentiation and death,
whose kinetics was regulated by the rate con-
stants derived from the “population level” model
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and fitting the experimental results by Pardal
et al. (2007). Furthermore, single cell features,
such as cell adhesion and cytoskeletal rearrange-
ment, were considered. The obtained results indi-
cated that this set of cell behaviors sufficed to
quantitatively reproduce the hypoxia-induced
changes of the CB tissue morphology. It is worth
noting that the inclusion in the model of some
degree of hypertrophy for type I cells was not
needed to obtain such an agreement between
simulated patterns and real samples. Hypertrophy
of type I cells was reported in some of the earlier
studies on CB tissue rearrangement following
chronic hypoxia (Pequignot et al. 1984; Mills and
Nurse 1993). More recent studies (Clarke et al.
2000), however, did not confirm this observation,
showing that in rats exposed to 31 days hypoxia
the size of the type I cells fell in the normal range.

In conclusion, the results of the present study
further support cell-centered modeling as a par-
ticularly well suited quantitative framework to
generate and test hypotheses in developmental
biology, helping to understand which cell behav-
iors are essential to structure tissues. In particular,
such a research effort may represent an important
target for future work aimed at exploring the plas-
tic responses of CB to stimuli other than chronic
sustained hypoxia, as, for instance, chronic inter-
mittent hypoxia and hyperoxia, in a suitable com-
bination of experiment and computation acting in
concert. Moreover, further structural components
of the CB, such as microvascularization and
angiogenetic responses, could be add in the future
to the present mathematical model, together with
further implementations concerning the genera-
tion of smooth muscle and endothelial cells from
CB stem and precursor cells.
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Abstract

The carotid body (CB) chemosensory complex uses ATP as a key excitatory
neurotransmitter that is the main contributor to the sensory discharge
during acute hypoxia. The complex includes receptor type I cells, which
depolarize and release various neurochemicals including ATP during
hypoxia, and contiguous glial-like type II cells which express purinergic
P2Y2 receptors (P2Y2R). We previously showed that activation of P2Y2R
on rat type II cells led to the opening of pannexin-1 (Panx-1) channels,
which acted as conduits for the further release of ATP. More recently, we
considered the possibility that other CB neuromodulators may have a sim-
ilar paracrine role, leading to the activation of type II cells. Here, we
examine the evidence that angiotensin II (ANG II), endothelin- (ET-1),
and muscarinic agonists (e.g. acetylcholine, ACh) may activate intracel-
lular Ca** signals in type II cells and, in the case of ANG II and ACh,
Panx-1 currents as well. Using ratiometric Ca?* imaging, we found that a
substantial population of type II cells responded to 100 nM ANG II with a
robust rise in intracellular Ca** and activation of Panx-1 current. Both
effects of ANG II were mediated via AT, receptors (AT;Rs) and current
activation could be inhibited by the Panx-1 channel blocker, carbenoxo-
lone (CBX; 5 pM). Additionally, low concentrations of ET-1 (1 nM)
evoked robust intracellular Ca?* responses in subpopulations of type II
cells. The mAChR agonist muscarine (10 pM) also induced a rise in intra-
cellular Ca* in some type II cells, and preliminary perforated-patch,
whole-cell recordings revealed that ACh (10 pM) may activate Panx-1-like
currents. These data suggest that paracrine activation of type II cells by
endogenous neuromodulators may be a common feature of signal pro-
cessing in the rat CB.
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5.1 Introduction

In the carotid body (CB), glial fibrillary acidic
protein (GFAP)-positive glial-like type II cells
occur in intimate association with chemoreceptor
(type 1) cells in the ratio of approximately 1:4
(McDonald 1981). The elongated cell bodies of
type II cells extend cytoplasmic processes that
ensheath type I clusters, suggesting paracrine
interactions may occur between these two cell
types (Tse et al. 2012; Nurse and Piskuric 2013).
So far, most of the paracrine mechanisms investi-
gated in the CB have targeted the chemoreceptor
type I cells, which express a variety of G-protein
coupled receptors for endogenous neuromodula-
tors (Kumar and Prabhakar 2012; Nurse 2010;
Nurse and Piskuric 2013). By comparison, the
potential role of paracrine signaling via glial-like
type II cells has been less well studied (Tse et al.
2012). Glial cells in the central nervous system
may monitor, respond to, and participate in syn-
aptic activity by releasing neuroactive substances
in a process known as ‘gliotransmission’ (Eroglu
and Barres 2010; Parpura et al. 2012). Zhang
et al. (2012) proposed that within the rat CB, type
I cells, sensory nerve endings, and glial-like type
II cells may communicate within a tripartite syn-
aptic complex, where sensory transmission is
modulated, in part by purinergic mechanisms. In
support of this schema, activation of purinergic
P2Y?2 receptors on type II cells led to the opening
of gap-junction-like, pannexin 1 (Panx-1) chan-
nels and release of ATP (Zhang et al. 2012).
Given the central role of ATP as a key excitatory
neurotransmitter released from type I cells dur-
ing chemoexcitation (Zhang et al. 2000; Nurse
2010; Nurse and Piskuric 2013), the study of
Zhang et al. (2012) suggested a novel pathway

whereby paracrine stimulation of type II cells
during chemoexcitation might help boost the
excitatory signal, ATP.

In a more recent search for other CB neuro-
chemicals that might be capable of similarly
stimulating type II cells, we tested the effects
of the vasoactive neuropeptides, angiotensin II
(ANG II) and endothelin-1 (ET-1), as well as
the putative CB neurotransmitter, acetylcho-
line (ACh). In agreement with an earlier pre-
liminary report (Tse et al. 2012), we found that
type II cells of the rat CB can respond to both
ANG II (Murali et al. 2014) and muscarinic
agonists, leading to a rise in intracellular Ca?
concentration. A novel finding was that low,
nanomolar concentrations of ET-1 can also
elicit robust intracellular Ca®* responses in a
subpopulation of type II cells and that, similar
to ATP and ANG II (Murali et al. 2014), the
effects of ACh may lead to the activation of
Panx-1 channels.

5.2 Materials and Methods

5.2.1 Cell Culture

Dissociated rat CBs were cultured as previously
described (Zhang et al. 2000, 2012). Briefly, CBs
were removed from juvenile (P9-14) rats and
placed in ice-cold L15 medium. All procedures
for animal handling were carried out according to
the guidelines of the Canadian Council on Animal
Care (CCAC) and institutional guidelines. The
excised CBs were enzymatically dissociated for
1 h, then mechanically dissociated with forceps.
The cells were then triturated and plated on
culture dishes with modified F-12 medium.
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5.2.2 Fura-2 Ratiometric Ca**
Imaging

Intracellular Ca?* measurements were performed
as previously described (Piskuric and Nurse
2012; Murali et al. 2014). Briefly, CBs were
loaded with 2.5 pM fura-2 diluted in standard
bicarbonate-buffered solution (BBS) for 20 min
at 37 °C, and subsequently washed for ~15 min to
remove free dye. The dish was placed on the
stage of an inverted microscope and perfused
with BBS buffered with 95 % air/5 % CO, at
37 °C.

5.2.3 Electrophysiology

Nystatin perforated-patch, whole cell-recording
was used to monitor ionic currents in type II cells
as previously described (Zhang et al. 2012). All
recordings were carried out at ~35 °C and the
cells were perfused with standard BBS. Agonists
(ANG I, ET-1, ACh) were applied by a ‘fast per-
fusion’ system utilizing a double-barreled pipette
assembly as previous described (Zhang et al.
2012).

5.2.4 Solutions and Drugs

For calcium imaging, the BBS contained (in
mM): NaHCO;, 24; NaCl, 115; glucose, 5; KCI,
5; CaCl,, 2 and MgCl,, 1, at 37 °C and the pH
was kept at 7.4 by bubbling the solution with a
95 % air/5 % CO, gas mixture. For electrophysi-
ology, the BBS contained (in mM): NaHCO;, 24;
NaCl, 115; glucose, 10; KCl, 5; CaCl,, 2; MgCl,,
1, and sucrose, 12. The pipette solution contained
(mM): potassium gluconate, 115; KCl, 25; NaCl,
5; CaCl,, 1; Hepes, 10, and nystatin 200 pg.ml;
atpH 7.2.

5.3  Results

Experiments were carried out on isolated ‘soli-
tary’ type II cells to minimize cross-talk arising
from neurosecretion by neighbouring type I

cells. In Ca?* imaging experiments, type II cells
were identified by the presence of an increase in
intracellular Ca?* (A[Ca®*];) during stimulation
with UTP, a selective P2Y2 receptor agonist (Xu
et al. 2003; Piskuric and Nurse 2012; Tse et al.
2012; Zhang et al. 2012). In these experiments,
the absence of cross-talk was indicated when
type II cells failed to elicit a A[Ca*"]; response
during perfusion with the depolarizing stimulus
high K*, which stimulates neurosecretion from
type I cells (Buttigieg and Nurse 2004; Livermore
and Nurse 2013). In voltage clamp experiments,
solitary type II cells were identified by their
elongated morphology and electrophysiological
profile (Duchen et al. 1988; Zhang et al. 2012;
Murali et al. 2014).

5.3.1 Angiotensin Il (ANG II)
Stimulates a Rise in [Ca**];
and Activates Panx-1 Currents
in Type Il Cells via AT,

Receptors

It is well established that ANG II elicits a rise in
intracellular Ca?* ([Ca*];) in at least a subpopula-
tion of rat type I cells (Fung et al. 2001). In a
recent study (Murali et al. 2014), we confirmed
this finding and further showed that type II cells
also respond to ANG 1II (see also, Tse et al. 2012),
and with an even larger increase in [Ca*].
Figure 5.1a illustrates an example where ANG 11
(100 nM) elicited a Ca** response in both a type I
and type II cell in the same culture. Interestingly,
in the presence of suramin (100 pM) which
should block any cross-talk from type I to type II
cells mediated via P2Y2R stimulation, the
A[Ca®]; response to ANG II was unaffected as
exemplified in Fig. 5.1a; summary data from one
experimental series supporting this point are
shown in Fig. 5.1b (n=3 dishes; 30-100 cells
sampled per dish). These data support a direct
interaction between ANG II and AT receptors on
type II cells, without type I cell involvement.
Results from a recent study of >500 UTP-
sensitive type II cells revealed that ~75 % of them
were also sensitive to ANG II (Murali et al.
2014). The intracellular Ca** signal elicited by
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Fig. 5.1 Angiotensin II (ANG II) elicits intracellular
Ca?* responses in both type I and type II cells. In (a)
ANG [I-induced Ca** responses occur with similar laten-
cies in type I and type II cells. Suramin (100 pM) failed
to block ANG II-evoked Ca** responses in type II cells

ANG II in type II cells arose from intracellular
stores, and was mediated via AT, receptors
(AT|R) because it could be reversibly abolished
by the specific AT\R blocker, 1 pM losartan
(Murali et al. 2014).

To determine whether stimulation of AT|R by
ANG II also led to the activation of Panx-1 cur-
rents in type II cells, similar to P2Y2R activation
by ATP or UTP (Zhang et al. 2012), we used volt-
age clamp. Indeed, at a holding potential of
—-60 mV, ANG II (100 pM) induced an inward cur-
rent in type II cells that was reversibly abolished
by 5 uM carbenoxolone (CBX), a selective Panx-1
channel blocker (Ma et al. 2009; Murali et al.

Rec

uTp HiK*

(a, b), suggesting these responses were not secondary to
release of ATP from type I cells (n=3 dishes; 30—100 cells
sample per dish). Note UTP and high K* (30 mM) selec-
tively elicit Ca® responses in type II and type I cells
respectively

2014). This inward current was also reversibly
abolished by losartan (1 pM), confirming that both
the rise in [Ca®*]; and activation of Panx-1 current
were mediated via AT|R in type II cells (Murali
et al. 2014).

5.3.2 Endothelin 1 (ET-1) Stimulates
a Rise in [Ca?*];in Type Il Cells

In addition to ANG II, endothelin 1 (ET-1) is
another vasoactive neuropeptide expressed in rat
CB type I cells, and its expression is upregulated
during whole animal exposure to chronic hypoxia
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Fig.5.2 Effects of endothelin-1 (ET-1) on intracellular
Ca?* in carotid body type II cells. The sample trace
shows a rise in [Ca®*], in response to 1 nM ET-1 and

(Chen et al. 2002a, b). Moreover, there is recent
evidence that release of ET-1 from type I cells
can stimulate proliferation of CB cells by acting
mainly at ET(B) receptors on GFAP*, glial-like
progenitors (Platero-Luengo et al. 2014). Though
in the latter study, weak expression of ET(A)
receptors was also found on a subpopulation of
GFAP* cells, the possibility is raised that CB type
IT cells may express ET(A) and/or ET(B) recep-
tors. Indeed, as exemplified in Fig. 5.2, exposure
of type II cells to a relatively low dose of ET-1
(1 nM) caused a robust rise in [Ca*"];, comparable
to that seen with much higher concentrations of
ANG II (100 nM) and UTP (100 pM). The mean
A[Ca*]; response induced by 1 nM ET-1 in soli-
tary type II cells was 96.7+9.8 nM (n=60 cells).
Future experiments will determine which
subtype(s) of ET-receptors mediate(s) these
A[Ca*]; responses, as well as the intracellular
signaling pathway involved.

5.3.3 ACh Mobilizes Ca?*
and Activates Panx-1-Like
Currents in Type Il Cells

In a preliminary study, stimulation of muscarinic
ACh receptors (mAChRs) on rat type II cells led
a rise in intracellular Ca* (Tse et al. 2012).

400

0 600
Time (s)

800 1000

100 pM UTP in a type II cell. The ET-1 response was typi-
cal of 60/100 cells that were sensitive to UTP

Figure 5.3a confirms that stimulation of mAChR
with 10 uM muscarine caused a rise in [Ca**]; in
the same type II cell that was responsive to
100 pM UTP. We found that ~53 % (149/280
cells) of UTP-sensitive type II cells were also
sensitive to 10 pM muscarine; the mean A[Ca*];
response induced by muscarine was ~36 nM in
type II cells. This Ca** response to mAChR stim-
ulation appeared much smaller in comparison
with responses to ATP/UTP (Zhang et al. 2012)
and ANG II (see above). To determine whether
mAChHR stimulation can lead to Panx-1 channel
opening we used voltage clamp. In preliminary
studies, rapid perfusion of 10 pM ACh resulted in
the activation of Panx-1-like currents in a sub-
population of type II cells. An example is shown
in Fig. 5.3b, where both ATP (Fig. 5.3b1) and
ACh (Fig. 5.3b2) activated Panx-1-like currents
in the same type II cell; recordings are typical of
n=>5 cells.

5.4  Discussion

In this study we consider the evidence for para-
crine signaling in the rat carotid body involving
the action of neurochemicals at glial-like type II
cells. Previous studies demonstrated that type 11
cells express P2Y2 receptors (P2Y2R) which,
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shows a rise in Ca** evoked by 10 uM Mus and 100 pM

when stimulated by agonists such as ATP and
UTP, elicited a rise in intracellular Ca** (Xu et al.
2003; Tse et al. 2012; Zhang et al. 2012).
Moreover, activation of this signaling pathway
led to a Ca**-dependent opening of Panx-1 chan-
nels that allowed further release of ATP (Zhang
et al. 2012; Murali et al. 2014). In the study by
Zhang et al. (2012), stimulation of type II cells
alone with UTP could trigger release of ATP that
was sufficient to excite afferent petrosal neurons
in co-culture. Together, these studies suggest that
purinergic signaling pathways in type II cells
may contribute to sensory processing in the
carotid body.

Recent evidence, including preliminary data
described in the present study, point to the type II
cell as a likely target for other neurochemicals
released by type I cells during chemotransduc-

UTP in a type Il cell (a). The response to Mus was present
in 53 % (150/280) of UTP-sensitive type 1I cells. Both
ATP (b1) and ACh (b2) activated Panx-1-like currents in
the same cell (n=5)

tion. For example, the vasoactive neuropeptides
angiotensin II (ANG II) (Tse et al. 2012; Murali
et al. 2014) and endothelin-1 (ET-1) (this study),
which are known to be expressed in chemorecep-
tor type I cells, evoke a robust rise in intracellular
Ca* in type II cells. Similar to ATP acting via
P2Y?2R, the signaling pathway activated by ANG
IT led to a Ca*-dependent opening of Panx-1
channels (Murali et al. 2014). Further studies are
required to determine whether ET-1 can act simi-
larly. Nevertheless, our preliminary data suggest
that another neurochemical ACh, whose cellular
localization and role in CB physiology remains
controversial (Nurse 2010; Nurse and Piskuric
2013), is capable of eliciting a rise in intracellular
Ca?* and Panx-1 channel opening in at least a
subpopulation of type II cells. This pathway
involves activation of G-protein coupled mAChR
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receptors (Tse et al. 2012; this study). Taken
together, these studies demonstrate that several
CB neurochemicals synthesized in type I cells
may trigger intracellular Ca?* responses in type II
cells. These paracrine pathways may also lead to
the opening of Panx-1 channels and release of
ATP, a ‘gliotransmitter’ capable of exciting affer-
ent petrosal neurons (Zhang et al. 2012).
However, it still remains to be formally demon-
strated that these proposed signaling pathways do
in fact play a significant role in synapse integra-
tion in the CB during chemotransduction.
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Abstract

It is known that opioids inhibit the hypoxic ventilatory response in part via
an action at the carotid body, but little is known about the cellular mecha-
nisms that underpin this. This study’s objectives were to examine which
opioid receptors are located on the oxygen-sensing carotid body type I
cells from the rat and determine the mechanism by which opioids might
inhibit cellular excitability.

Immunocytochemistry revealed the presence of p and « opioid recep-
tors on type I cells. The p-selective agonist DAMGO (10 pM) and the
k-selective agonist U50-488 (10 pM) inhibited high K* induced rises in
intracellular Ca?* compared with controls. After 3 h incubation (37 °C)
with pertussis toxin (150 ng ml™"), DAMGO (10 pM) and U50-488
(10 pM) had no significant effect on the Ca** response to high K*.

These results indicate that opioids acting at p and k receptors inhibit
voltage-gated Ca?* influx in rat carotid body type I cells via G;-coupled
mechanisms. This mechanism may contribute to opioid’s inhibitory
actions in the carotid body.

Keywords
Carotid body * Type I cells ¢ Opioid receptors * Ca?* imaging

6.1 Introduction

The drive to breathe is generated in the brainstem
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shown that there is a high concentration of opioid
receptors in areas of the brain related to respiration
(Mutolo et al. 2007; Mansour and Watson 1993).
Activation of opioid receptors in these respira-
tory centers of the brain and brainstem affects ion
channels through G; proteins, which can alter the
excitability of neurons and ultimately affect res-
piration patterns. Interestingly at low doses, opi-
oids change the respiratory patterns whereas at
high doses, they reduce tidal volume (Lalley
2003).

Critically, p opioid receptor activation
decreases respiratory rate and can lead to com-
plete apnea upon overdose (Feng et al. 2012). The
p opioid receptor agonist, DAMGO caused a nal-
oxone-reversible dose-dependent decrease in the
frequency of respiratory rhythmic discharge when
applied to the bathing solutions of the neonatal rat
brainstem (Greer et al. 1995). Furthermore, the
activation of p opioid receptors in the NTS elimi-
nated the hypoxic ventilatory response in rats
(Zhang et al. 2011). Overall, these studies show
that opioids can affect the acute hypoxic response
and ultimately the respiration patterns in rodents
via the central nervous system.

However, in the peripheral nervous system,
little opioid signaling research has been done on
isolated chemosensitive carotid body (CB) type I
cells; only whole CBs have been examined in
detail. The common opioid fentanyl decreased
the canine carotid chemoreceptor reflex (Mayer
et al. 1989) and it was also shown that activation
of opioid receptors in the peripheral nervous sys-
tem inhibited the acute hypoxic chemoreceptor
response in the cat, although cellular mechanisms
underpinning this effect were not explored (Kirby
and McQueen 1986).

This study tested the hypothesis that activa-
tion of opioid receptors on the type I cells of the
rat CB may inhibit the influx of Ca** via G-
protein coupled receptors potentially reducing
neurotransmitter release, decreasing the firing
rate of the CSN and ultimately inhibiting the
acute hypoxic response.

E.M. Ricker et al.

6.2 Methods

6.2.1 TypelCelllIsolation

Neonatal Sprague-Dawley rats (12—19 days old)
were deeply anesthetized with isoflurane (4.5 %
in oxygen) and their carotid bodies removed.
Type I cells were isolated as previously described
(Burlon et al. 2009).

6.2.2 Immunocytochemistry
Coverslips with adhered type I cells were fixed
by immersion in methanol at —20 °C for 15 min.
Cells were then washed 3 x5 min with a permea-
bilization and blocking solution (0.3 % triton
X-100 and 1 % bovine serum albumin in phos-
phate buffered saline (PBS)). Specific primary
antibodies were used to identify the different
three opioid receptors while an anti-TH antibody
identified the cells as type I cells.

The anti-d opioid and the anti-p opioid recep-
tor 1° antibodies (Santa Cruz Biotechnology:
sc-9111, sc-15310) were rabbit polyclonal anti-
bodies diluted to 1:200 with the blocking solu-
tion, whereas the anti-k opioid receptor 1°
antibody (USBiological, O7030-31A) was a rab-
bit polyclonal antibody diluted to 1:1000 with the
blocking solution. All primary antibodies were
added to the appropriate coverslips with the anti-
TH 1° antibody (Sigma, 1:1000 dilution) and
incubated at 4 °C for 16 h.

Following the incubation with the 1° antibod-
ies, coverslips were washed 2x 10 min with the
blocking solution and then incubated for 2 h in the
dark at room temperature with the 2° antibodies
diluted to 1:200 with the blocking solution.
Rhodamine Red-X-conjugated AffiniPure donkey
anti-rabbit IgG 2° antibody marked the opioid
receptor antibodies and a Fluorescein (FITC)-
conjugated donkey anti-mouse IgG 2° antibody
allowed identification of TH. All 2° antibodies
were supplied by Jackson Immunoresearch.
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6.2.3 Ca* Imaging

For experiments recording intracellular calcium
type I cells were loaded with 5 pM FURA-2 AM
(Invitrogen) for 30 min at room temperature. The
dye was excited with 340/380 nm light and emit-
ted light was recorded at 510 nm using a Coolsnap
HQ2 CCD camera (Photometrics). Image acqui-
sition was controlled by Metafluor software
(Molecular Devices) and cells were visualized
using a Nikon TE2000-U microscope with a X40
objective. Extracellular solution was HEPES
buffered salt solution (in mM): 140 NaCl, 4.5
KCl1, 2.5 CaCl,, 1, MgCl,, 11 glucose, 10 HEPES,
adjusted to pH 7.4 with NaOH at 37 °C. The high
potassium stimulus was (in mM): 64.5 NaCl, 80
KCl, 2.5 CaCl,, 1, MgCl,, 11 glucose, 10 HEPES
adjusted to pH 7.4 with KOH at 37 °C. To exam-
ine the importance of opioid-activated Gi-
mediated inhibition of Ca®* influx CB cells were
incubated for 3 h in the presence of 150 ng/ml of
pertussis toxin (PTX, 37 °C, in culture medium)
and Ca* imaging examined the effects on
voltage-gated Ca* influx.

6.3 Results

6.3.1 Immunocytochemistry

Immunofluorescence was used to identify which
of the opioid receptors (u, K, or §) were present
on the membranes of rat CB cells type I cells. TH
identified the cells as type I cells while DAPI
identified the nucleus. Control experiments were
only treated with the 2° antibodies. Images were
acquired using a DeltaVision microscope and
each image represents an example z-section
through the cell. Staining was observed for both
the p and the k opioid receptors, but only very
faint staining was seen for the 8 opioid receptors
(Fig. 6.1). The brightest staining for the p and k
opioid receptors was in the cytoplasm and on the
cell membrane. The control images were clear of
any nonselective 2° antibody staining. The

absence of d receptor staining could have been
due to a poor quality antibody. However, under
the same conditions the & antibody stained &
receptors in rat dorsal root ganglion cells
indicating that this was unlikely (data not shown).
These images confirmed that p and x receptors
are present in rat type I cells whereas d receptors
are not.

6.3.2 Ca? Imaging

Cells were depolarized with 80 mM K* to ensure
that they were viable. Only cells that responded
to the stimulus with a rapid and reversible rise in
[Ca?]; were chosen. Cells were then exposed to
the agonist (DAMGO for the p opioid receptor;
U50-488 for the k opioid receptor) for 4 min
before a second 80 mM K* stimulus was applied
in the presence of the agonist. Finally, a third
80 mM K* stimulus was applied to the cell to
ensure that the cell was still viable. The control
cells did not have an opioid agonist applied.

Isolated rat CB type I cells experienced a
reduction in voltage-gated Ca** influx upon
repetitive stimulation by the 80 mM K* stimulus.
Among 12 cells, there was an average reduction
of 12.99+1.46 % between the first and second K*
responses (Fig. 6.2a, d). Therefore, to analyze the
effect of an agonist, the percent reduction in the
controls was compared to the percent inhibition
in the presence of the agonist, using an unpaired
student’s t-test. At a concentration of 10 pM, the
p selective agonist DAMGO significantly inhib-
ited voltage-gated Ca?* influx by 26.23+2.92 %
(N=11, p<0.0004, Fig. 6.2b, d) compared with
controls. Similarly, at a concentration of 10 pM,
the selective k receptor agonist U50-488 elicited
a significant inhibition of voltage-gated Ca®*
influx of 22.22+2.47 % (N=11, p<0.003,
Fig. 6.2¢, d) compared to controls.

Finally, incubation with PTX did not alter
control responses to high potassium (Fig. 6.3a, d)
but the inhibition of Ca?* entry in the presence of
both opioid agonists was abolished (Fig. 6.3b—d).
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Receptor

Fig.6.1 Opioid receptor staining in isolated rat CB type
I cells using double immunofluorescence. The receptors,
tyrosine hydroxylase (TH), and the nucleus are all shown
in 16-bit greyscale. Staining is present for p and k opioid
receptors and is not present for & opioid receptors. TH is

6.4  Discussion

It was discovered that p and x opioid receptors
were present on the rat type I CB cells, whereas &
opioid receptors were not present. The p agonist
DAMGO and the k agonist U50-488 both signifi-
cantly inhibited voltage-gated Ca?* entry into
type I cells. Following a 3 h incubation with
PTX, a G; protein inhibitor, neither DAMGO nor
U50-488 inhibited voltage-gated Ca* entry into

TH

E.M. Ricker et al.

Nucleus

seen throughout the cytoplasm of i, k, and d stained cells.
Control images show absence of 2° antibody staining
when 1° antibodies were absent. Images for the controls,
p, and k are scaled to 15 pm width. Images for & staining
are scaled to 20 pm width

the cells. Therefore, it can be concluded that the
opioid receptor-mediated inhibition of voltage-
gated Ca* influx occurs via PTX-sensitive G;
proteins. Interestingly, a previous study by eSilva
and Lewis (1995) suggested that activation of
opioid receptors on CB type I cells (n=3, data
not shown) did not inhibit voltage-gated Ca*
influx. Importantly, those experiments were con-
ducted in adult rats and no immunocytochemistry
was performed. Thus it is possible that a
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developmental change may occur in rat CB
whereby younger animals are more sensitive to
the effects of opioids but this sensitivity decreases
with age. The possible mechanisms for this
developmental change are not known at this time.
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Abstract

Reactive oxygen species (ROS) generated by the NADPH oxidase have
been proposed to play an important role in the carotid body (CB) oxygen
sensing process (Cross et al. 1990). Up to now it remains unclear whether
hypoxia causes an increase or decrease of CB ROS levels. We transfected
CBs with the ROS sensitive HSP-FRET construct and subsequently mea-
sured the intracellular redox state by means of Forster resonance energy
transfer (FRET) microscopy. In a previous study we found both increasing
and decreasing ROS levels under hypoxic conditions. The transition from
decreasing to increasing ROS levels coincided with the change of the cag-
ing system from ambient environment caging (AEC) to individually ven-
tilated caging (IVC) (Bernardini A, Brockmeier U, Metzen E,
Berchner-Pfannschmidt U, Harde E, Acker-Palmer A, Papkovsky D, Acker
H, Fandrey J, Type I cell ROS kinetics under hypoxia in the intact mouse
carotid body ex vivo: a FRET based study. Am J Physiol Cell Physiol.
doi:10.1152/ajpcell.00370.2013, 2014). In this work we analyze hypoxia
induced ROS reaction of animals from an IVC system that had been
exposed to AEC conditions for 5 days. The results further support the
hypothesis of an important impact of the caging system on CB ROS
reaction.
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7.1 Introduction

ROS originating from the NADPH oxidase (NOX)
have been shown to play a central role in trans-
forming changes in partial oxygen pressure (pO,)
to nervous activity in type I CB cells (Acker 2005).
The question whether the cellular ROS level
increases or decreases during hypoxia in type [ CB
cells is, however, still controversially discussed.
Mouse studies demonstrated CB hypersensitivity
when p47,,x an essential regulatory subunit of
NOX was genetically deleted (Sanders et al. 2002)
or pharmacologically inhibited (Dinger et al.
2007). This is in line with the hypothesis that low
ROS levels favor increased CB activity. Conflicting
with these findings there are publications that
found increasing ROS levels under hypoxic condi-
tions using synthetic ROS indicators like dihydro-
ethidium (DHE) (He et al. 2005).

The subject of ROS measurements itself is con-
troversially discussed. The problem with the
widely used synthetic probes like DHE and dichlo-
rofluorescein (DCF) is that they are irreversibly
oxidized by ROS and hence unsuitable for kinetic
measurements. Moreover, there are some exam-
ples throughout the literature, where a reversal of
the signal is shown (He et al. 2005). Since the oxi-
dation of the dye is not reversible, it seems obvi-
ous that there must be a ROS independent
mechanism (e.g. a transport mechanism) contrib-
uting to the course of the signal. All together this
shows how problematic the usage of synthetic
dyes in ROS imaging is. Our aim was therefore to
establish a methodology that can be used to reli-
ably assess intracellular ROS kinetics of type I CB
cells in their native environment (i.e. in the intact
CB) and help to elucidate the question whether
ROS levels increase or decrease during hypoxia.

Using the genetically encoded, ROS sensitive
HSP-FRET biosensor we successfully followed
intracellular ROS kinetics in type I cells of mouse
CB. Recent work from our group (Bernardini
et al. 2014) showed that both ROS results
(increase and decrease) can be observed in mouse
CB preparations. We suspected differences in the
used caging systems to be the cause for the
observed heterogeneity. Indeed, a recent publica-
tion reveals that mice from individually venti-
lated cages (IVC) suffer from chronic low grade
hypoxia as compared to ambient environment
caging (AEC) (York et al. 2012). In this work we
show data, suggesting the used caging system as
an important contributing factor to the observed
ROS results.

7.2 Methods

7.2.1 CB Preparation

Preparations of CBs were made as previously
described (Bernardini et al. 2014). Briefly, ani-
mals were euthanized by isoflurane inhalation
and the bifurcation of the common carotid artery
dissected immediately thereafter and kept in
icecold phosphate buffered saline until fine
preparation was done, where connective and fat
tissues were removed. Transfection with the
HSP-FRET construct was achieved using a
Gene Pulser II (Bio-Rad, Germany) with set-
tings 200 Q, 25 pF, 200 V. The preparation was
then put in DMEM supplemented with 10 %
FBS, 4.5 g glucose, 4 mM I-glutamine 100 U/ml
penicillin and 100 pg/ml streptomycin and
stored for 48 h in a humidified 5 % CO, in air
atmosphere at 37 °C.
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7.2.2 Microscopy

Forster resonance energy transfer (FRET)
microscopy was carried out using a custom-
built system. Two diode-pumped solid state
lasers (Crystalaser, USA) of wavelengths 440
and 532 nm were coupled to a QLC100 spinning
disc (Visitech Int. Ltd, UK) mounted to the side-
port of a Nikon Ti-E inverted microscope.
Excitation light is guided through the pinholes
of the spinning disc and focused by a
20x/0.75NA or a 40x/1.3NA objective on the
specimen that resides inside a temperature con-
trolled chamber (Luigs&Neumann GmbH,
Germany) on the microscope stage. Attached to
the chamber is a gas mixing device enabling the
controlled application of different gas mixtures
to the specimen. Emission light is then collected
by the objective, guided through the Nipkow
disc and a DualView beamsplitter (Optical
Insights, USA). Finally emission light is regis-
tered by an Orca ER-G (Hamamatsu Photonics
Deutschland GmbH, Germany) 12 bit CCD
camera. Sensitized emission image processing
and evaluation is done using a custom made
software described in detail elsewhere
(Bernardini et al. 2010).

7.2.3 ROS Sensitive HSP-FRET
Construct

The HSP-FRET construct encodes for a protein
where enhanced cyan and yellow fluorescent
protein (ECFP and EYFP) are linked by the
redox-sensitive domain of heatshock protein 33
from Escherichia coli (Waypa et al. 2006). The
resulting protein exhibits a fairly high FRET sig-
nal as long as it is not oxidized. When oxidized,
the conformation of HSP-FRET changes, result-
ing in a larger distance between both fluoro-
phores and consequently a decrease of the FRET
signal. As this conformational change is revers-
ible, the HSP-FRET construct facilitates real
time monitoring of intracellular ROS levels
inside living cells. The HSP-FRET construct
was kindly provided by Paul Schumacker
(Chicago).

7.3  Results and Discussion

As recently shown by our group through FRET
measurements using the HSP-FRET construct
CB type I cells can show both an increase and a
decrease as response to hypoxic challenges
(Bernardini et al. 2014). Figure 7.1 shows an
example of a successful transfection of HSP-
FRET into CB type I cells (Fig. 7.1a—c) as well as
CB cells stained for membrane potential mea-
surements with the voltage sensitive dye di-4-
ANEPPDHQ (Fig. 7.1d).

The heterogeneity in the hypoxia induced
ROS response seems to be influenced by the type
of the used caging system for breeding the mice.
Throughout this study 2 different caging systems
have been in use: Use of ambient environment
caging (AEC) coincided with hypoxia inducible
ROS decrease while animals from individually
ventilated caging (IVC) systems were much more
likely to show a hypoxia induced ROS increase.
As recently shown, mice from AEC conditions
have normoxic blood parameters whereas ani-
mals from IVC systems suffer from chronic low
grade hypoxia evidenced by corresponding blood
parameters such as increased hematocrit, red
blood cell count etc. (York et al. 2012).

In accordance with our findings, pulmonary
smooth muscle cells exhibit a ROS decrease under
acute hypoxia while responding with a ROS
increase to chronic hypoxia (Wu et al. 2007). It
has been shown by York and colleagues that
2 days of AEC conditions is sufficient to recover
the blood parameters of animals from IVC sys-
tems back to normoxic values (York et al. 2012).

We therefore continued with our CB measure-
ments to elucidate whether the ROS response of
animals from IVC systems can also be reversed
to the acute hypoxic ROS decrease as seen under
AEC conditions. We therefore exposed three
mice that were bred in an IVC system to AEC
conditions for 5 days. As a result of these proce-
dure, Fig. 7.2a shows a remarkable heterogeneity
in the hypoxic ROS response of type I cells. 3
CBs responded with an increase in ROS levels as
recently shown for animals from IVC systems
(Bernardini et al. 2014). 1 CB did not show any
notable change in ROS levels and 2 CBs
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Fig. 7.1 Example of HSP-FRET transfected CB type I
cells. (a) HSP-FRET transfected cells as identified by
staining with anti-GFP antibody, (b) CB type I cells as
identified by anti-tyrosinhydroxilase staining, (c) red-
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Fig. 7.2 Measurement of ROS and membrane potential
in CB type I cells from IVC animals exposed to AEC con-
ditions for 5 days. (a) hypoxic ROS response of 6 CBs. 3
CBs responded with an increase of intracellular ROS

green overlay of a and b identifying HSP-FRET express-
ing type I cells, (d) di-4-ANEPPDHQ stained carotid
body cells for membrane potential measurement. White
bar indicates 10 pm (a—c) or 50 pm (d)
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levels, 1 CB with no reaction and 2 with a decrease of
ROS. (b) membrane potential measurement from 3 CBs
from a. Equal symbols correspond to equal CBs
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responded with a decrease of intracellular ROS
as already seen in other AEC animals.

The reversal of chronic hypoxic into normoxic
animals (as far as the CB ROS response is con-
cerned) seems to have been partially successful and
might require therefore more adaptation time for a
full transition. One CB for each type of ROS
response (increase, decrease and no reaction) was
subjected to membrane potential measurement.
Equal CBs can be identified by equal symbols. In
no case did we see a difference in the hypoxic
membrane potential response. All analyzed CBs
show the expected membrane potential depolariza-
tion under hypoxia as described (Bernardini et al.
2014).

Our study underlines the complexity of ROS
interaction with targets like ion channels. It has
been shown that NOX and potassium channels
are closely co-localized (Buttigieg et al. 2012).
Therefore it has to be discussed whether ROS or
one of the subunits of NOX interact with the ion
channels. 4-(2-Aminoethyl)benzensulfonylfluo-
rid (AEBSF), a specific inhibitor of the p47 .«
subunit leads to an inhibition of the hypoxia
induced ROS decrease but has no influence on a
hypoxia induced ROS increase. Furthermore
AEBSF inhibits the hypoxia induced membrane
potential depolarization independently of the
observed ROS kinetics (Bernardini et al. 2014).
From these data we conclude that ion channels
can be regulated by localized action of NOX that
is independent of the overall cellular ROS level.
We have to investigate in further studies the sup-
posed localized interaction of ROS or p47 ., with
potassium channels in order to establish a model
for transferring redox sensitivity (and ultimately
oxygen sensitivity) to ion channels of type I cells.
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Abstract

Obesity related pathologies are the health care crisis of our generation.
The fat cell derived adipokine leptin has been shown to be a central stimu-
lant of respiration. Very high levels of leptin, however, are associated with
the depressed ventilatory phenotype observed in obesity hypoventilation
syndrome. Leptin receptors have been identified on carotid body type
I cells but how their activation might influence the physiology of these
cells is not known.

The acute application of leptin evoked calcium signaling responses in
isolated type I cells. Cells increased their Fura 2 ratio by 0.074+0.010
ratio units (n=39, P<0.001). Leptin also increased the peak membrane
currents in 6 of 9 cells increasing the peak macroscopic currents at +10 mV
by 61+14 % (p<0.02). Leptin administered in the presence of the selec-
tive BK¢, channel inhibitor Paxilline (0.5 pM) failed to increase mem-
brane currents (n=5). Interestingly, leptin did not significantly alter the
resting membrane potential of isolated type I cells (n=9) and anoxic/
acidic depolarizations were unaffected by leptin (n=7, n=6).

These data suggest that leptin receptors are functional in type I cells but
that their acute activation does not alter chemosensory properties. Future
studies will use chronic models of leptin dysregulation.
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8.1 Introduction

Pathologies associated with obesity are wide
ranging and present huge challenges to health-
care. The adipokine leptin is considered to be a
central stimulant of respiration as focal central,
as well as systemic, administration of leptin stim-
ulate ventilation (Inyushkin et al. 2009; Chang
et al. 2013). Leptin may therefore have an adap-
tive compensatory role in responding to altered
respiratory requirements associated with weight
gain. Very high levels of leptin, paradoxically,
are associated with the depressed ventilatory
phenotype observed in obesity hypoventilation
syndrome (Piper 2011) potentially due to com-
promised central leptin access (Burguera et al.
2000). Recently leptin and leptin receptors have
been identified on type I cells (Porzionato et al.
2011) and have been shown to be functional
(Messenger et al. 2012). Carotid body exposure
to systemic leptin is not constrained by the blood
brain barrier and paracrine release of leptin could
also contribute to high local concentrations of
leptin in the CB, however the physiological sig-
nificance of leptin signaling in the CB is not
known. This study sought to determine the acute
effects of obese levels of leptin (200 ng.mL™") on
isolated carotid body type I cells from neonatal
rats (12-19 days old) using calcium imaging and
electrophysiological techniques.

8.2 Methods

8.2.1 TypelCelllsolation

Neonatal Sprague-Dawley rats (12-19 days old)
were deeply anesthetized with isoflurane (4.5 %
in oxygen) and their carotid bodies removed.
Type I cells were isolated as previously described
(Burlon et al. 2009).

8.2.2 Ca% Imaging

For experiments recording intracellular calcium
type I cells were loaded with 5 uM FURA-2 AM
(Invitrogen) for 30 min at room temperature.
The dye was excited with 340/380 nm light and
emitted light was recorded at 510 nm using a
Coolsnap HQ2 CCD camera (Photometrics).
Image acquisition was controlled by Metafluor
software (Molecular Devices) and cells were
visualized using a Nikon TE2000-U microscope
with a X40 objective.

8.2.3 Electrophysiology

The amphotericin perforated patch configura-
tion of the whole-cell patch clamp technique
was used using pipettes with a resistance of
6.5-9.5 MQ. Data were acquired using an axo-
patch 200B amplifier (Molecular Devices) con-
trolled by Clampex 10 (Molecular Devices).
Currents were digitized at 5 kHz and filtered at
1 kHz. Results were not leak-subtracted, seal
resistance was >2 GQ, access resistance was
typically 20-50 MQ and was not compensated,
holding currents were less than 25 pA. All data
were analysed using Clampfit 10 (Molecular
Devices).

8.2.4 Solutions

Extracellular solution was HEPES buffered salt
solution (in mM): 140 NaCl, 4.5 KCl, 2.5 CaCl,,
1, MgCl,, 11 glucose, 10 HEPES, adjusted to
pH 7.4 with NaOH at 37 °C. The low extracel-
lular calcium solution was identical except
CaCl, was lowered from 2.5 mM to 0.5 pM. The
high potassium stimulus was (in mM): 64.5
NaCl, 80 KCl, 2.5 CaCl,, 1, MgCl,, 11 glucose,
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10 HEPES adjusted to pH 7.4 with KOH at
37 °C. The pipette solution was (in mM): 130
KClI; 5 MgCl,; 1 EGTA; 0 glucose; 10 HEPES,
adjusted to pH 7.2 with KOH. Pipette solution
contained amphotericin B (250 pg ml~!, Sigma).
Anoxic stimulus was made by bubbling HEPES
buffered salt solution with 100 % N,, adding
sodium dithionate to scavenge O, (final concen-
tration 1 mM) before readjusting pH to match
control solution. All experiments were per-
formed at 35-37 °C.

Recombinant rat leptin (R&D systems) and
Paxilline (0.5 pM — Sigma) solutions were made
up in HEPES buffered salt solutions described
above.
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Fig. 8.1 Leptin causes an increase in [Ca*]; in isolated
neonatal rat carotid body type I cells. (a) An example
recording from an isolated rat type I cell loaded with
FURA-2. Leptin (200 ng.mL-') causes a persistent
increase in [Ca*];. (b) Summary of Ca** imaging data.
Acute (8-10 min) application of leptin (200 ng.ml™")

8.2.5 Statistics

Two tailed Student’s paired t-tests were used to
analyze data with significance set at p<0.05.
Data are presented as means +standard error of
the mean.

8.3 Results

8.3.1 Ca? Imaging Experiments

The acute (6-10 min) application of leptin
(200 ng.ml1™") evoked calcium signaling responses
in isolated type I cells (Fig. 8.1a). Cells increased
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evoked calcium signaling responses in isolated type I
cells. (¢) An example control recording showing no
increase in Ca?* signal during 10 min switch to control
solution. (d) An example recording showing absence of
spiking activity when leptin administered in presence of
low (0.5 pM) extracellular Ca** HEPES solution
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Fig. 8.2 Leptin increases membrane conductance in rat
CB type I cells but not in the presence of paxilline, a BK,
specific channel blocker. (a) Graph of membrane potential
vs. current density acquired using whole-cell perforated

their Fura 2 F3,/Fsg ratio by 0.074+0.010 ratio
units (n=39, P<0.001, Fig. 8.1b) and the increase
in Ca?* signal was not reversible within 30 min.
Control cells did not spontaneously demonstrate
rises in the Fura 2 ratio (Fig. 8.1c) and spiking
activity was abolished in the presence of low
extracellular Ca** (Fig. 8.1d).

patch. (b) Leptin (200 ng.mL™") does not increase the
membrane conductance of type I cells in the presence of
paxilline (0.5 pM), a selective BKc, channel inhibitor
(n=5)

8.3.2 Voltage Clamp Experiments

Acute application of leptin (200 ng.mL™)
significantly increased the membrane conduc-
tance in a subset (6 out of 9) of isolated type I
cells between —10 mV and +60 mV (n=6,
p<0.02, Fig. 8.2a). The peak macroscopic
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Fig. 8.3 Leptin does not alter the resting membrane
potential of type I cells. (a) Sample current clamp
recording showing 10 min Leptin (200 ng.mL"") expo-

currents at +10 mV increased by 61+14 %
(p<0.02). When leptin was administered in the
presence of the selective BK¢, channel inhibitor
Paxilline (0.5 pM) increases in membrane con-
ductance were abolished (n=5, Fig. 8.2b).

8.3.3 Current Clamp Experiments

Leptin did not significantly alter the resting mem-
brane potential of isolated type I cells after 5 and
10 min when compared to baseline (n=9 p=0.66 &
p=0.42 respectively, Fig. 8.3a, b). Acidic chal-
lenges (pH 6.9) evoked depolarizations of
83=1.1 mV and in the presence of acute leptin
these depolarizations were not statistically altered
(n=6, p=0.4, Fig. 8.4a, b). Similarly, anoxic depo-
larizations of 7.6+0.9 mV were unaffected by acute
administration of leptin (n=7, p=0.51, Fig. 8.4a, b).

8.4  Discussion

The adipokine leptin has an established role in
energy regulation and in recent years has also
been shown to modulate respiratory behavior

o Control
u 5min Leptin

®10min Leptin

sure. (b) Leptin did not significantly alter the resting
membrane potential of isolated type I cells after 5 and
10 min exposure when compared to baseline (n=9)

(Malli et al. 2010). However, its potential role in
regulating the peripheral chemoreceptors and
therefore ventilatory responses has not been
studied. The data presented here focused on the
acute application of obese levels of leptin to
isolated type I cells. It was discovered that leptin
induced a significant rise in intracellular Ca*
and additionally significantly increased BKc,
currents. However, these leptin induced changes
in cellular physiology were without effect on the
resting membrane potential or the ability of
type I cells to respond to acidic or anoxic
chemostimuli.

The ability of leptin to modulate [Ca*"]; and
also BK, has been demonstrated in numerous
tissues including hippocampal and cortical neu-
rons (Shanley et al. 2002; Mancini et al. 2014). In
carotid body type I cells leptin caused a slow
increase in [Ca*]; with occasional spiking behav-
ior observed, this rise in [Ca*]; was not revers-
ible. The signaling mechanisms that underpinned
the rise in Ca?* were not examined in detail but
experiments using low extracellular Ca?* solu-
tions induced a small reduction in baseline [Ca?*];
and abolished the Ca?* spiking behavior. Thus
acute leptin must be causing Ca** influx. At pres-
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Fig.8.4 Leptin does not alter chemosensory depolariza-
tion of isolated rat CB type I cells. (a) Sample traces of
depolarizations induced by acid (pH=6.9) and anoxic
challenges before and after 8-10 min of leptin (200 ng.

ent it is not known if the leptin induced Ca*
influx is sufficient to cause the enhanced BKc,
currents or if leptin may be acting via
phosphatidylinositol-3-kinase to promote chan-
nel expression at the membrane, as has been
observed in other neuronal preparations
(O’Malley et al. 2005). Although the latter is
unlikely given the acute time course of the type I
cell experiments.

Current-clamp recordings revealed that
despite its effect on BKc, currents leptin was
without effect on resting membrane potential
(RMP). This result indicated that BK., is not
contributing to the RMP of these type I cells, a
finding that is in contrast to earlier work that
demonstrated BKc, does contribute to type I cell
RMP (Wyatt and Peers 1995) but is in agreement

R.L.Pye etal.

Leptin

Anoxia

O Control
W Leptin

Depolarization (mV)

Anoxia sensing in Type | cells

mL™") exposure. (b) Averaged depolarizations before and
after leptin (200 ng.mL"") exposure in response to pH=6.9
and anoxic depolarizations

with the work from Keith Buckler’s laboratory
which showed that leak K* channels, not BK,
channels, were responsible for setting RMP in
type I cells (Buckler 1997). Furthermore, the lack
of effect on RMP suggested that leptin can only
modulate open BK, channels and is incapable of
opening a closed channel.

Given the critical role of the carotid bodies in
chemoreception and the control of breathing, the
effect of acute leptin on acid and anoxic responses
of the type I cells was tested. Leptin was found to
be without any significant effect on depolariza-
tion induced by acid or anoxia. Augmented
responses to hypoxia were, however, recently
reported in in vitro mouse carotid sinus nerve
preparations following acute leptin exposure
(Shirahata et al. 2014). Leptin receptors have
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been reported in petrosal ganglion neurons
(Messenger et al. 2012) and it is conceivable that
these neurons, which convey sensory responses
away from the carotid body, may mediate
observed changes in whole CB recordings. Future
experiments will therefore investigate the acute
effects of leptin on whole nerve recordings from
in vitro rat whole CB/CSN preparations. If posi-
tive responses to leptin are found in rats at the
level of the whole carotid body then the effect of
leptin on petrosal ganglion neurons should be
evaluated.

In conclusion, whilst acute leptin does cause
physiological changes in isolated type I cells it
does not alter the way these cells respond to che-
mostimuli. Future work will focus on chronic
models of leptin dysregulation to determine if
leptin might be acting via the carotid body to
contribute to the ventilatory problems observed
in these obese models (O’Donnell et al. 1999;
Lee et al. 2005).
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Keith J. Buckler and Philip J. Turner

Abstract

The identity of the oxygen sensor in arterial chemoreceptors has been the
subject of much speculation. One of the oldest hypotheses is that oxygen
is sensed through oxidative phosphorylation. There is a wealth of data
demonstrating that arterial chemoreceptors are excited by inhibitors of
oxidative phosphorylation. These compounds mimic the effects of hypoxia
inhibiting TASK1/3 potassium channels causing membrane depolarisation
calcium influx and neurosecretion. The TASK channels of Type-I cells are
also sensitive to cytosolic MgATP. The existence of a metabolic signalling
pathway in Type-1 cells is thus established; the contentious issue is
whether this pathway is also used for acute oxygen sensing. The main
criticism is that because cytochrome oxidase has a high affinity for oxygen
(P5o~0.2 mmHg) mitochondrial metabolism should be insensitive to
physiological hypoxia. This argument is however predicated on the
assumption that chemoreceptor mitochondria are analogous to those of
other tissues. We have however obtained new evidence to support the
hypothesis that type-1 cell mitochondria are not like those of other cells in
that they have an unusually low affinity for oxygen (Mills E, Jobsis FF, J
Neurophysiol 35(4):405-428, 1972; Duchen MR, Biscoe TJ, J Physiol
450:13-31, 1992a). Our data confirm that mitochondrial membrane poten-
tial, NADH, electron transport and cytochrome oxidase activity in the
Type-1 cell are all highly sensitive to hypoxia. These observations not only
provide exceptionally strong support for the metabolic hypothesis but also
reveal an unknown side of mitochondrial behaviour.
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Oxygen sensing * Hypoxia ¢ Mitochondria * NADH ¢ Mitochondrial
potential * ATP » Potassium channel * TASK channel ¢ Carotid body
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9.1 Introduction: Acute Oxygen

Sensing

Acute oxygen sensing is only recognised in a
limited number of tissues including blood vessels
(e.g. pulmonary, placental, systemic & ductus
arteriosus) neonatal chromaffin cells, neuroepi-
thelial bodies in the lung and the peripheral che-
moreceptors (Weir et al. 2005). It is characterised
by a rapid (i.e. within seconds to minutes)
response to relatively modest hypoxia which, in
most cases, has a well-defined homeostatic role
in defending against hypoxemia. It is however
possible that acute oxygen sensitivity may be a
more widespread phenomenon that has not been
recognised in other tissues either because it is
only evident at much lower oxygen levels and/or
because its effects are easily overlooked. At pres-
ent however acute oxygen sensing is only clearly
demonstrable in the above tissues and it is only
through their study that our understanding of this
process has made much advance. Of these tissues
the carotid body is perhaps the archetypal acute
oXygen Sensor.

The mechanisms by which the carotid body
senses oxygen are only partially understood. Ion
channels play a central role in the stimulus secre-
tion coupling pathway but the nature of the pri-
mary oxygen sensor itself is unresolved. There
have been many hypotheses as to the identity of
this sensor, this chapter however deals directly
with only one, the oldest and most enduring of all
the “metabolic hypothesis”.

9.2  Stimulus Secretion Coupling

in the Type-1 Cell

Much of what is known about the stimulus secre-
tion coupling pathway for hypoxia has come
from in vitro experiments using acutely isolated
type-1 cells, cultured type-1 cells and carotid
body slices. The consensus model tells a familiar
story common to many receptors. The stimulus,
in this case hypoxia, modulates specific ion chan-
nels in the cell to elicit a depolarising receptor
potential which can then trigger spontaneous
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action potentials. These electrical events
incorporate the activation of voltage-gated cal-
cium channels which mediate a large influx of
calcium ions resulting in a substantive elevation
of the intracellular calcium ion concentration
(Buckler and Vaughan Jones 1994b; Buckler
1997). Hypoxia also causes a marked increase in
the release/exocytosis of neurotransmitters
(Fidone et al. 1982) (Perez Garcia et al. 1991,
1992; Pardal et al. 2000). Since both the elevation
of intracellular calcium and the exocytosis of
neurotransmitters are dependent upon extracellu-
lar calcium and inhibited by calcium channel
antagonists (Perez Garcia et al. 1991, 1992;
Buckler and Vaughan Jones 1994a; Buckler
1997, Pardal et al. 2000) it is taken as axiomatic
that the rise of calcium drives the exocytosis. The
main transmitter responsible for exciting sensory
nerve endings appears to be ATP which acts
through postsynaptic P2X2/P2X3 receptors
(Zhang et al. 2000; Prasad et al. 2001; Rong et al.
2003). Other transmitters that may also play a
role in exciting afferent nerves include acetylcho-
line and SHT (Nurse 2014; Zhang et al. 2000).

9.3  Role of lon Channels

Ion channels play a central role in the transduc-
tion process and, in the case of those ion channels
modulated by hypoxia, currently represent the
events most proximal to the oxygen sensor of
which we can be reasonably certain. Type 1 cells
express a number of different types of ion chan-
nel including TASK channels, an uncharacterised
background Na conductance, Cl channels, a cal-
cium activated cation channel, L & N type volt-
age gated calcium channels, voltage-gated
Na-channels (in some species), voltage-gated
(delayed rectifier) K channels and large conduc-
tance calcium activated K* channels (maxi K
channels, BK¢,) (Duchen et al. 1988; Stea and
Nurse 1989, 1991; Urena et al. 1989; Peers
1990a; Peers and O’Donnell 1990; Lopez Lopez
et al. 1993, 1997; e Silva and Lewis 1995;
Carpenter et al. 1996; Buckler 1997; Carpenter
and Peers 1997, 2001; Buckler et al. 2000;
Rocher et al. 2005; Kang et al. 2014).



9 Functional Properties of Mitochondria in the Type-1 Cell and Their Role in Oxygen Sensing 71

The resting membrane potential of type-1
cells in vitro is approximately —50 to —60 mV
(Buckler and Vaughan Jones 1994a, b; Wyatt and
Buckler 2003; Rocher et al. 2005; Buckler 2012)
and is maintained by a balance between inward
currents, carried by Na* ions, and outward cur-
rents carried by K* ions and the Na/K ATPase. K*
ion efflux/outward potassium current at the rest-
ing membrane potential is mediated predomi-
nantly by TASK channels of which most are
TASK1:TASK3 heterodimers (Kim et al. 2009;
Turner and Buckler 2013). In response to hypoxia
this resting background K* conductance is inhib-
ited by up to 50-80 % (Buckler 1997) (Buckler
et al. 2000; Kim et al. 2009) with a Ps, (K,,,) for
O, of around 12 mmHg. The inhibition of back-
ground K-channels by hypoxia creates an imbal-
ance between resting Na, K and Na/K ATPase
currents resulting in a net inward current. The
resultant membrane depolarisation is thus pri-
marily a consequence of background (TASK) K*-
channel inhibition but is probably driven by
Na*-ion influx.

Recent studies using TASK-1/TASK-3 double
knockout animals suggest that there may yet be
other pathways capable of initiating depolarisa-
tion in type-1 cells since the deletion of these two
genes led to a complete loss of TASK channels
yet some cells retained the ability to respond to
hypoxia (Turner and Buckler 2013). Given the
high input impendence of type-1 cells from such
animals however (Ortega-Saenz et al. 2010) it is
possible that such additional O,-sensitive cur-
rents could be very small.

Whilst the cause of the onset of membrane
depolarisation in response to hypoxia has been
defined, the determinants of the magnitude of the
receptor potential and any resultant electrical
activity are unknown since there have been no
direct electrophysiological studies of this state.
One may however surmise the following
sequence of events. As the cell begins to depola-
rise beyond —50 mV high threshold voltage-gated
Ca?* channels will activate adding significant
inward current and elevating intracellular [Ca?*]
(Urena et al. 1989; Buckler and Vaughan Jones
1994a, b; e Silva and Lewis 1995). This would
add a further drive to depolarisation with positive

feedback between depolarisation and Ca’**
channel activation possibly resulting in an action
potential (in some species a similar process
involving voltage gated Na-channels may also
occur). The rise in [Ca®!]; will activate a non-
selective cation channel adding further inward
current (Kang et al. 2014). Note that the combi-
nation of a voltage activated Ca channel and a
calcium activated cation channel constitute
another form of positive feedback generating
depolarisation and [Ca*]; elevation. Countering
these depolarising influences the activation of
delayed rectifier K channels and large conduc-
tance calcium activated K* channels (BK¢,) are
likely to participate in action potential repolarisa-
tion and oppose sustained depolarisation and
elevation of [Ca?*]. It is notable however that
BK¢, channels are also inhibited by hypoxia
(Peers 1990b) which may play a permissive role
in allowing sustained depolarisation and eleva-
tion of intracellular calcium. Thus a state of per-
petual depolarisation, electrical activity and
voltage-gated Ca?* influx may be maintained
until the stimulus is removed and the oxygen sen-
sitive potassium channels repolarise the cell. This
is however to a large extent speculative. Electrical
signalling in type-1 cells is an area that deserves
much further investigation since these events will
effectively define the neurosecretory response
and thus the output from the carotid body in
response to any given stimulus. This makes ion
channels prime targets for mediating chemore-
ceptor plasticity.

Role of Mitochondria
in Oxygen Sensing

9.4

It has been known for over a century that both
cyanide and sulphide, two inhibitors of cyto-
chrome oxidase, are potent stimulants of breath-
ing. The site of action of these poisons was traced
to the carotid body by Heymans et al. (1931).
This was followed by the discovery that mito-
chondrial uncouplers were also potent stimulants
(Shen and Hauss 1939). Anichkov and Belen’kii
reported similar observations and proposed a
linkage between cellular ATP levels and
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chemoreceptor excitation i.e. the metabolic
hypothesis (Anichkov and Belen’kii 1963).
Subsequent studies extended the number and
type of inhibitors of oxidative phosphorylation
which produce chemoreceptor excitation to
include high levels of carbon monoxide (a photo
labile inhibitor of cytochrome oxidase) (Wilson
et al. 1994) inhibitors of complex III (e.g. anti-
mycin) and inhibitors of the ATP synthase (oligo-
mycin) (Mulligan et al. 1981; Mulligan and
Lahiri 1982).

More recently we and others have investigated
the mechanisms by which these agents mediate
the excitation of type-1 cells. The main steps
involved are identical to those of hypoxia begin-
ning with the inhibition of potassium channels,
principally TASK channels, followed by mem-
brane depolarisation, voltage gated calcium entry
and neurosecretion (Buckler and Vaughan-Jones
1998; Ortega Saenz et al. 2003; Wyatt and
Buckler 2004). The observation that such a wide
range of agents with disparate modes of action all
excite the type-1 cells immediately suggests a
role for ATP production in the signalling process
as it is the only obvious common factor.

There is therefore robust evidence for a meta-
bolic sensing pathway in the carotid body/type-1
cell that leads to excitation. An important ques-
tion is whether this pathway is the means by
which the cell also senses hypoxia. In isolated
type-1 cells it can be demonstrated that the mod-
ulation of background K-currents by hypoxia can
be occluded by the presence of high levels of
rotenone or cyanide or FCCP (Wyatt and Buckler
2004). This mutual exclusivity suggests that both
metabolic and oxygen sensing pathways at least
converge on a common, saturable, pathway.

9.5 Mitochondrial Oxygen

Sensitivity

The main conceptual problem with the metabolic
hypothesis has always been the argument that
cytochrome oxidase lacks the sensitivity to oxy-
gen that would be required for it to act as an oxy-
gen sensor in the context of the carotid body
(Coxon 1966). For example the partial pressure
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at which oxygen consumption is reduced by 50 %
(Psp) in muscle & liver mitochondria is typically
0.1-0.3 mmHg (Gnaiger 2001). In comparison
(a) chemoreceptor activity in vivo increases
markedly as arterial PO, falls below about
70 mmHg (Fidone and Gonzalez 1986) although
there is no absolute threshold (Biscoe et al. 1970):
(b) measurements of microvascular PO, indicate
that chemoreceptor output increases at
PO,<40-30 mmHg (Lahiri et al. 1993): and (c)
type-1 cells in vitro are excited at PO, <40 mmHg
(Biscoe and Duchen 1990; Perez Garcia et al.
1992; Buckler and Vaughan Jones 1994a, b;
Montoro et al. 1996; Dasso et al. 1997; Buckler
and Turner 2013). Thus although oxygen sensi-
tivity at the cellular level is not as great as that
seen in the whole organ (from the perspective of
arterial PO,) there is still a substantive difference
between the oxygen sensing capacity of the
type-1 cell and the oxygen requirements of mito-
chondrial respiration in any other known tissue.

One possible solution to this problem was pre-
sented in the 1960s by Mills & Jobsis. Using
absorption spectroscopy to monitor the oxidation
state of cytochrome a3 in cat carotid body they
observed that about 50 % of cytochrome a3
became reduced at high perfusate PO,
(P5x=90 mmHg). They also observed that
changes in the oxidation state of some of the
cytochrome a3 within the carotid body was con-
current with chemoreceptor activation. These
observations supported the metabolic hypothesis.
By way of explanation they proposed that the
carotid body contains two forms of cytochrome
a; a normal high affinity form and a low affinity
form (Mills and Jobsis 1970, 1972). Since tissue
Py, was unknown however this data cannot
unequivocally be interpreted as evidence for a
low affinity form of cytochrome a3, similar
observations could result from regions of low
PO, due to poor perfusion and/or high oxygen
consumption.

In the 1990s Duchen & Biscoe investigated
mitochondrial function in isolated type-1 cells
and reported that mitochondrial membrane
potential (y,,) depolarised and NADH levels
increased when PO, was reduced below about
20 mmHg (Duchen and Biscoe 1992a, b). These
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studies supported the view that mitochondrial
respiration in type-1 cells is de facto unusually
oxygen sensitive. Questions were however raised
around issues of cause and effect (Gonzalez
et al. 1994) i.e. were the changes observed
caused by a low affinity form of cytochrome oxi-
dase and therefore a manifestation of primary
oxygen sensing or were they a result of hypoxic
excitation of the cell. For example since hypoxia
excites type-1 cells this could increase demand
for ATP synthesis leading to increased proton
influx through complex V thus depolarising y,,.
In addition hypoxia evoked elevation of cyto-
solic [Ca?*]; (Buckler and Vaughan Jones 1994a,
b) could promote mitochondrial Ca?* uptake
(Werth and Thayer 1994; Park et al. 1996) further
depolarising y,, and activating mitochondrial
dehydrogenases  thus increasing NADH
(McCormack and Denton 1989; Hajnoczky et al.
1995).

9.6 New Evidence for High
Oxygen Sensitivity in Type-1

Cell Mitochondria

We have recently re-investigated the oxygen
dependence of mitochondrial respiration in iso-
lated type-1 cells (Buckler and Turner 2013). Our
data confirm that both y,, and NADH are sensi-
tive to hypoxia over a very wide range of PO,
(from 80 mmHg and below) (see Fig. 9.1). These
effects are independent of change in cytosolic
calcium i.e. similar results are obtained in cal-
cium free medium and in the presence of a cal-
cium channel blocker (2 mM Ni**). Mitochondrial
depolarisation and increase in NADH levels are
therefore unlikely to be secondary to mitochon-
drial Ca** uptake.

We further examined the effects of oxygen on
electron transport in the presence of oligomycin
and 75 nM FCCP (an uncoupler). In this experi-
ment oligomycin inhibits ATP synthase such that
ATP demand no longer influences mitochondrial
proton influx. Instead the low level of FCCP
induces a non-specific proton leak which will be
roughly proportional to y,, Under these condi-

tions proton translocation by complexes I, III &
IV works against this passive proton leak to
establish a steady state ,, the value of which
reflects the rate of electron transport. As can be
seen in Fig. 9.2 y,, is highly sensitive to changes
in oxygen level under these conditions demon-
strating that hypoxia can inhibit electron trans-
port even at quite high PO,.

We have also investigated the oxygen sensitiv-
ity of cytochrome oxidase. In this experiment
(Fig. 9.3) complexes I and III are blocked using
rotenone, myxothiazol and antimycin A (as is
ATP synthase using oligomycin). This stops all
electron transport coupled proton translocation,
since complex IV activity is dependent upon
reduction of cytochrome C by complex III, and
results in full mitochondrial depolarisation. At
this point the introduction of tetramethyl-p-
phenylenediamine (TMPD) facilitates mitochon-
drial repolarisation by donating electrons directly
to cytochrome C which is then oxidised by cyto-
chrome oxidase with electron transfer to oxygen
and the translocation of protons out of the
mitochondrion. Under these conditions mito-
chondrial potential is supported entirely by the
activity of cytochrome oxidase i.e. this is now a
direct assay of cytochrome oxidase activity alone.
The subsequent application of hypoxic solutions
clearly show that y,, is again highly sensitive to
changes in oxygen levels thus confirming the low
apparent affinity of cytochrome oxidase for oxy-
gen in the type-1 cell.

In this series of experiments we obtained Ps,
values for the effects of oxygen on NADH, elec-
tron transport and cytochrome oxidase activity of
40, 54 and 2.6 mmHg in the rat type-1 cell
(Buckler and Turner 2013). We have recently
confirmed the high oxygen sensitivity of NADH
levels in the mouse type-1 cell which has a Ps, of
about 10 mmHg. These values are at least an
order of magnitude greater than those reported in
other tissues and are compatible with a role for
mitochondrial metabolism in oxygen sensing.
Consequently our studies not only provide excep-
tionally strong support for the metabolic
hypothesis but also reveal a hitherto unknown
side of mitochondrial behaviour.



74

K.J. Buckler and P.J. Turner

Ca2+-free Tyrode

Oxygen (% total gas)

10 5 25

e 124
[
o
0 .
<
(0]
2 1.0
(0]
(6]
(%]
9_) -
o
=
L 0.8 -

] 100 s

FCCP

o 20 F
o
C
3 1.6
o
= - ==
N 0.8 1
e
T 0.4-~J

60s

Fig. 9.1 Upper panel, recording of NADH auto-
fluorescence in a small cluster of type-1 cells in a calcium
free bicarbonate buffered Tyrode at 37 °C. NADH fluores-
cence was excited at 340 nm and recorded at 450 nm.
Lower panel, recording of mitochondrial membrane
potential using rhodamine 123 in the de-quench mode.
Note that under these conditions an increase in Rh 123
fluorescence represents mitochondrial depolarisation.

Potential Mechanisms
for Enhanced Mitochondrial
Oxygen Sensitivity

9.7

As far as we are aware the extreme oxygen sen-
sitivity of mitochondrial function and cyto-
chrome oxidase activity in the type-1 cell is
without precedent. There are, therefore, no
established mechanisms to account for it.
Consequently we can only offer hypothetical
explanations.

Oxygen (%)

e

1 0.5 Anoxia FCCP

Normal Tyrode

FCCP

1 0.5 Anoxia

-

Maximal depolarisation is shown in response to 1 pM
FCCP. Tyrodes are equilibrated with a gas mix containing
either 5 % CO,/95 % air (control approx. 20 % oxygen) or
5 % CO, and the indicated level of oxygen shown in the
figure (balance of gas is nitrogen). Bath PO, levels for
solutions equilibrated with 5, 2.5, 1 & 0.5 % O, were
approximately 38, 19, 8 & 4 mmHg respectively (Figure
redrawn from Buckler and Turner 2013)

9.7.1 Competitive Inhibitors: Nitric

Oxide and Carbon Monoxide

NO is a well-known competitive inhibitor of
cytochrome oxidase (Mason et al. 2006; Cooper
and Giulivi 2007). Theoretically it has the capac-
ity to increase the apparent Km for oxygen utili-
sation significantly even at low levels e.g. given
values for the equilibrium constants Ky, =0.21 pM
and Ky;=0.225 nM (Mason et al. 2006; Hall and
Garthwaite 2009) as little as 2 nM NO could
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Fig.9.2 Recording of mitochondrial membrane potential
(W) using rhodamine 123 in the de-quench mode.
Experiment is conducted in a Ca-free media in the pres-
ence of oligomycin and a low level of FCCP. Under these
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conditions v, is uncoupled from ATP synthesis and
cytosolic calcium signalling such that electron transport is
just working against an enhanced proton leak to maintain
W, (Figure redrawn from Buckler and Turner 2013)
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Fig. 9.3 Recording of cytochrome oxidase through
changes in mitochondrial potential. Block of complex I,
IIT and V (ATP synthase) is achieved with the combination
of drugs illustrated in the figure. Indirect block of complex
IV (cytochrome oxidase) also occurs by preventing reduc-
tion of cytochrome ¢ by complex III. The resulting total
block of active proton translocation across the inner mito-
chondrial membrane fully depolarises the mitochondria
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(this is confirmed by the lack of any additional effect of
1 pM FCCP). The application of the artificial electron
donors TMPD and ascorbate then directly reduces
cytochrome C allowing reactivation of complex IV and
repolarisation of mitochondrial membrane potential.
Subsequent effects of hypoxia on v, therefore reflect the
inhibition of cytochrome oxidase activity in isolation
(Figure redrawn from Buckler and Turner 2013)
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increase the apparent Km for oxygen tenfold.
Constitutive NO production could therefore eas-
ily re-set the oxygen sensitivity of mitochondrial
function. Whether this is indeed the case in the
type-1 cell remains to be tested. Carbon monox-
ide is another competitive inhibitor of cyto-
chrome oxidase which is produced endogenously
by heme-oxygenases (Cooper and Brown 2008).
CO is however about 1,000-fold less potent than
NO as an inhibitor of cytochrome oxidase (the K|
for CO is approximately 0.3 pM (Cooper and
Brown 2008)). Again CO production would not
need to be regulated by oxygen to enhance the
oxygen sensitivity of mitochondrial function but
an implausibly high level of constitutive produc-
tion would likely be necessary to maintain micro
molar levels within the cell.

9.7.2 Another”Master” Oxygen
Sensing Pathway: Hydrogen
Sulphide

It has recently been hypothesised that endoge-
nous H,S accumulation mediates oxygen sensing
in the carotid body and other tissues (Olson 2011;
Olson and Whitfield 2010; Olson et al. 2008;
Peng et al. 2010). Given that sulfide is an inhibi-
tor of cytochrome oxidase it is pertinent to con-
sider whether mitochondrial inhibition could be
secondary to a sulfide based oxygen sensor/sig-
nalling system.

We have recently demonstrated that the con-
centration dependence of H,S mediated excita-
tion of type-1 cells is directly comparable with
that of H,S mediated inhibition of mitochondrial
function and ATP depletion in type-1 cells. The
effects of micro molar levels of sulphide are
therefore likely to be mediated by the metabolic
signalling pathway, indeed it is hard to see how
this could be avoided (note excitation of type-1
cells by sulphide follows the same pathway as
described for other mitochondrial inhibitors).
Whether endogenous sulfide plays a role in oxy-
gen sensing and mitochondrial function in type-1
cells is however open to debate. A number of dif-
ferent scenarios for sulphide signalling in hypoxia
have been proposed. It is of interest to consider
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how they might fit in with our observations of
mitochondrial function.

In the hypothesis originally put forward for
vascular oxygen sensing and trout gill chemore-
ceptors (Olson et al. 2006, 2008) it is proposed
that H,S is constitutively produced by the metab-
olism of the sulphur containing amino acids cys-
teine and homocysteine by the enzymes
cystathionine B-synthase (CBS) and cystathio-
nine y-lyase (CSE) but its breakdown by sulfide
quinone oxidoreductase (SQR) and sulphur diox-
ygenase is oxygen dependent such that H,S levels
rise in hypoxia. This process of H,S oxidation is
dependent upon mitochondrial electron transport
to re oxidise the ubiquinone. Oxygen sensing in
this model is therefore mediated by cytochrome
oxidase with H,S functioning as a signalling mol-
ecule. So this does not offer an explanation of
mitochondrial oxygen sensitivity.

In the model of Peng et al. (2010) heme-
oxygenase II is hypothesised to play the role of
oxygen sensor generating carbon monoxide
which then activates CSE thus increasing H,S. In
this model mitochondrial/metabolic signalling
could be seen as a downstream consequence of
H,S signalling. It is however notable that genomic
deletion of heme-oxygenase II does not alter
oxygen sensing in the mouse (Ortega-Saenz et al.
2006). Moreover the levels of sulfide required to
inhibit mitochondrial function and excite chemo-
receptors to a level comparable to that induced by
hypoxia appear to be in the 10’s of micro molar.
It is difficult to see how an isolated type-1 cell
in vitro could sustain such levels without some
form of barrier to free H,S diffusion (Buckler
2012).

9.7.3 An Alternative Cytochrome
Oxidase

Finally it is possible that the type-1 cell expresses
a different, possibly unique, form of cytochrome
oxidase that has an intrinsically diminished oxy-
gen sensitivity compared to that of other cells (as
originally postulated by Mills & Jobsis). The Km
for oxygen utilisation by cytochrome oxidase is
determined in part through kinetic trapping.
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Oxygen binding to the Heme-a3-Cu-B binuclear
centre in subunit [ is actually quite weak but the
subsequent intramolecular electron transfer from
haem-a to the binuclear centre results in rapid
partial reduction of oxygen and a low apparent
Km (Verkhovsky et al. 1996). Whilst the core
subunits of cytochrome oxidase (I, I & III) are
encoded by mitochondrial genes there are also
many accessory subunits encoded by nuclear
genes. Studies in yeast have shown that different
isoforms of subunit 5 (Va & Vb, equivalent to
Cox4-1 & Cox4-2 in Mammalia) can alter rates
of intramolecular electron transfer (Waterland
et al. 1991; Allen et al. 1995). Thus accessory
subunits encoded by nuclear genes could, in prin-
ciple, alter the Km for oxygen.

9.8 Signalling Between
Mitochondria and lon

Channels

Two mechanisms have been proposed whereby
metabolism might regulate TASK channel activ-
ity in the type-1 cell; one proposes that channel
activity is regulated via an AMP dependent pro-
tein kinase (AMPK) and the other that channel
activity is regulated by cytosolic ATP. AMPK is a
metabolic sensor involved in the regulation of
metabolism. It is activated by a rise in AMP
which occurs whenever ATP breakdown exceeds
ATP re-synthesis (see (Hardie 2011)). It is how-
ever unclear whether AMPK is responsible for
modulating TASK channels in the context of
hypoxia. Dallas et al. have reported that TASK 3
alone can be regulated by AMPK (Dallas et al.
2009) whereas Kréneisz et al. reported that the
AMPK activator AICAR had no effect upon
TASK1, TASK3 or the TASK1/3 concatamer
(Kreneisz et al. 2009). It should be noted that all
3 forms of TASK channel (TASK-1, TASK-3 and
TASK1/3 heterodimers) are regulated by hypoxia
in the type-1 cell (Turner and Buckler 2013).
Furthermore original reports that AICAR stimu-
lates the carotid body/type-1 cell; and that com-
pound C (and AMPK inhibitor) attenuates
responses to both AICAR and hypoxia (Evans
et al. 2005; Wyatt et al. 2007) appear to be con-

tradicted by a more recent study which found no
effect of AMPK activators (AICAR and
A769662) on TASK channel activity or Ca** sig-
nalling in type-1 cells nor any effect of compound
C upon TASK channel inhibition by hypoxia
(Kim et al. 2014). The importance of AMPK in
regulating type-1 cell TASK channels is therefore
currently uncertain.

The other hypothesis is that TASK1/3 channel
activity might be regulated by cytosolic ATP lev-
els directly. This is based on the observation that
type-1 cell TASK channels rundown rapidly upon
patch excision but can be partially reactivated by
applying MgATP to the inside of the patch. The
Km for MgATP activation of TASK channel
activity in the type-1 cell is approximately
2.3 mM, well within the physiological range.
Cytosolic MgATP levels could therefore directly
regulate channel activity. Indirect measurements
of changes in MgATP, using Mg>*-sensitive dyes
to detect the release of Mg?* as Mg. ATP is bro-
ken down first to ADP and then AMP, suggest a
relatively rapid fall in [MgATP]; upon metabolic
inhibition or exposure to hypoxia. Thus signal-
ling by MgATP would seem feasible. What is
currently unknown is how MgATP activates these
channels, there are no known/reported ATP bind-
ing domains present in either TASK-1 or TASK-
3. Moreover it is possible that other, unknown,
cytosolic signalling factors may also be involved
since MgATP alone cannot fully restore the loss
in channel activity caused by patch excision.

9.9  Conclusions

Whilst there is very strong evidence for a meta-
bolic signalling pathway in type-1 cells that is
highly oxygen sensitive there are still a great
many unanswered questions. How is the highly
unusual oxygen sensitivity of type-1 cell cyto-
chrome oxidase brought about? Can it be reversed
or prevented, and, if so, will this result in the loss
of downstream responses to hypoxia? Is the link
between mitochondrial function and TASK chan-
nel activity entirely mediated by MgATP or are
other factors also involved? At present there is no
sign of any recognisable MgATP binding domain
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in either TASK-1 or TASK-3. Finding answers to
these questions is vital if we are to confirm, or
reject, the metabolic hypothesis as the primary
means of acute oxygen sensing in type-1 cells.
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Abstract

Although the gasotransmitter hydrogen sulfide (H,S) generally dilates
systemic arteries in mammals, it causes constriction of pulmonary arteries.
In isolated rat pulmonary arteries, we have shown that the H,S precursor
cysteine enhances both hypoxic pulmonary vasoconstriction and tension
development caused by the agonist prostaglandin F,, under normoxic con-
ditions. These effects were blocked by propargylglycine (PAG), a blocker
of the enzyme cystathionine y lyase which metabolises cysteine to sulfide.
In the present study, we evaluated whether 3-mercaptopyruvate (3-MP), a
sulfide precursor which is thought to give rise to sulfide when it is metabo-
lised by the enzyme mercaptopyruvate sulfurtransferase, also enhanced
contraction. Application of 3-MP prior to hypoxic challenge caused a
marked enhancement of HPV which was completely blocked by both L-
and D,L-PAG (both 1 mM). Cumulative application of 3—1,000 pM 3-MP
during an ongoing contraction to PGF,, under normoxic conditions also
caused a marked increase in tension. Application of D-cysteine (I mM)
also enhanced HPV, and this effect was prevented by both the D-amino
acid oxidase inhibitor sodium benzoate (500 pM) and 1 mM L-PAG.
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10.1 Introduction

The gasotransmitter H,S (hereafter ‘sulfide’)
is produced in cells via both enzymatic and
non-enzymatic pathways (e.g. mobilization
by reductants of sulfane sulphur bound to
proteins). Three enzymes, cystathionine y lyase
(CSE), cystathionine  synthase (CBS), and
mercaptopyruvate sulfurtransferase (MST),
which acts in concert with cysteine amino-
transferase(CAT), produce sulfide from cyste-
ine. Of these, CSE is thought to be the most
important enzymatic source of sulfide in the
cardiovascular system (Wang 2012).

We reported that application of cysteine to rat
pulmonary arteries (PA) causes further tension
development during an ongoing vasoconstriction
to the agonist PGF,,, and also potentiates hypoxic
pulmonary vasoconstriction (HPV), the unique
response of pulmonary arteries which functions
to match pulmonary perfusion to ventilation
during hypoxia (Prieto-Lloret et al. 2014). Both
effects were blocked by the CSE antagonist PAG,
implying that cysteine induced potentiation of
contraction was due to the production of sulfide,
which causes contraction in these arteries (Olson
et al. 20006).

We have recently observed that these effects
of L-cysteine are mimicked by exogenously
applied 3-mercaptopyruvate (3-MP), a substance
which is produced when cysteine is metabolised
by CAT, and which can then be further processed
by MST to form sulfide. However, 3-MP binds to
MST with a rather low affinity (Km=~1.5 mM),
whereas we find that application of as little
10 puM exogenous 3-MP causes tension
development.

However, CAT is a reversible enzyme (Singh
and Banerjee 2011), and the possibility therefore
exists that it can use 3-MP to generate L-cysteine
which is then metabolised to sulfide by CSE. In
the current study we explored this possibility by
examining the effect of 3-MP on HPV in the
presence and absence of PAG. Similar experi-
ments were carried using D-cysteine, which can
be metabolised to 3-MP via the enzyme D-amino
acid oxidase (DAO).

J. Prieto-Lloret and P.I. Aaronson

10.2 Methods

10.2.1 Ethical Approval
and Myography

This study conforms with 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 is in accordance
with UK Home Office regulations (Animals
(Scientific Procedures) Act, 1986). Male Wistar
rats (200-300 g) were killed by lethal injection
(i.p.) of sodium thiopental. The heart and lungs
were excised and placed in cold physiological
salt solution (PSS) containing (in mmol/L): 118
NaCl, 24 NaHCO;, 1 MgSO,, 0.435 NaH,PO,,
5.56 glucose, 1.8 CaCl,, and 4 KCI. Rings of
small PA (inner diameter 0.5-1.0 mm) were
cleaned of adventitia and parenchyma under a
dissection microscope, mounted on an isometric
small vessel wire myograph, and stretched to a
basal tension of 5-6 mN (equivalent to an inter-
nal pressure of ~15 mmHg). They were then
equilibrated with three brief exposures to PSS
containing 80 mmol/L KC1 (80KPSS; isotonic
replacement of NaCl by KCI). The pH of the
solution was maintained at 7.4 by gassing with
20 %0,, 5 %CO,, balance N,.

10.2.2 HPV Experimental Protocol,
Data Representation
and Statistical Analysis

PA were challenged with hypoxia to evoke HPV
three times, with each 45 min hypoxic episode
being separated from the others by >35 min.
Hypoxia was applied by gassing the myograph
solution with 0 % O,, which caused a rapid fall in
pO, in the solution to a stable level of 6-9 mmHg.
Tension was measured just before hypoxia was
imposed, every 5 min during the hypoxic periods,
and then 5 min after re-oxygenation when HPV
had almost completely subsided.

As described in Connolly et al. (2013) we used
the 2nd HPV as the control response and
experimental interventions (e.g. applying 3-MP)
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were made 30 min prior to the 3rd challenge with
hypoxia. When we examined the effect on HPV of
a combination of two agents (e.g. PAG and 3-MP),
the first was applied 30 min before the 2nd
hypoxic challenge and remained present during
the 3rd hypoxic challenge and the second was
then applied after the 2nd HPV, 30 min prior to the
3rd hypoxic challenge. For calculating effects of
drugs on HPYV, increases in tension above baseline
throughout the 2nd and 3rd hypoxic challenges
were expressed as a percentage of the increase in
force above baseline recorded at 45 min of
hypoxia during the 2nd (control) response The
amplitudes of the control and intervention HPV's
were compared every 5 min using repeated mea-
sures ANOVA followed by a Bonferroni posthoc
test in order to determine whether the intervention
had significantly changed the response.
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Fig. 10.1 3-MP - induced enhancement of HPV is
blocked by PAG. HPV to 6-9 mmHg O, before (black
squares) and after (grey triangles) incubation of PAs with
30 uM 3-MP (a, n=11), 30 pM 3-MP in the additional
presence of 1 mM L-PAG (b, n=8) and 30 pM 3-MP in
the additional presence of D,L-PAG (¢, n=9). Results are
shown as mean+SEM; * indicates a significant (p<0.05)
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In other experiments, 3-MP or D-cysteine
were applied cumulatively in ascending concen-
trations during an ongoing stable contraction to
5 pM PGF,,. The resulting increase in force was
expressed as a percent of the maximal (80KPSS)
contraction in that artery. When used to study this
response, inhibitors were applied 30 min before
PGF,,; their effects were assessed using Student’s
unpaired t-test. The threshold for statistical sig-
nificance for all comparisons was set at P<0.05.

10.3 Results

As shown in Fig. 10.1a, alow concentration of 3-MP
(30 pM) markedly enhanced HPV. This response
was abolished by the CSE blocker PAG (1 mM) in
both its L and racemic forms (Fig. 10.1b, c).
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effect of 3-MP on HPV, # indicates a significant block of
the effect of 3-MP by PAG. (d) Effect of 1 mM D-cysteine
on HPV, measured after 45 min of hypoxia, under control
conditions and in the presence of 1 mM PAG or 500 pM
sodium benzoate. D-cysteine significantly (p<0.05)
increased HPV amplitude (*), and this effect was signifi-
cantly suppressed by PAG and sodium benzoate (#)
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Similarly, D-cysteine (1 mM) caused a signifi-
cantincrease in the amplitude of HPV (Fig. 10.1d;
the amplitude of HPV measured after 45 of
hypoxia is shown). This effect of D-cysteine was
abolished by L-PAG, and also by the DAO inhibi-
tor sodium benzoate (500 pM). Neither of these
blockers had any effect on HPV in the absence of
D-cysteine (not shown).

Under normoxic conditions, 3-MP
(3-1,000 pM) caused a concentration-dependent
increase in tension when applied during a stable
ongoing contraction to 5 pM PGF,, (Fig. 10.2a,
b). I mM 3-MP applied on its own also caused a
contraction, and this was reversed by the reduc-
ing agent dithiothreitol (DTT, 1 mM) (Fig. 10.2c).
Like 3-MP, D-cysteine also caused an increase in
tension when applied during a contraction to

J. Prieto-Lloret and P.I. Aaronson

5 pM PGF,,, although this was smaller than that
induced by 3-MP (Fig. 10.2d) and reached a
maximum level before appearing to fall at higher
concentrations. Like its effect on HPV, the
increase in the PGF,, contraction caused by
D-cysteine was significantly attenuated by
sodium benzoate (Fig. 10.2d).

10.4 Discussion

The key novel finding of these experiments is that
the putative sulfide precursor 3-MP enhances
both HPV and the contraction to PGF,, under
normoxic conditions. D-cysteine, which can be
converted to 3-MP by D-amino acid oxidase, also
caused a PAG-sensitive enhancement of HPV.
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Fig.10.2 3-MP and D-cysteine enhance, and DTT inhib-
its, the contraction induced by 5 pM PGF,, under nor-
moxic conditions. (a) Typical experiment showing that
cumulative application of 3-MP (3-1,000 pM) during an
ongoing contraction to 5 pM PGF,, caused a progressive
further increase in tension. (b) Mean+SEM increase in
tension caused by 3-MP in 17 experiments using the pro-
tocol described for panel A (solid triangles). Tension is
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expressed as a percent of that evoked by 8OKPSS in that
artery, which represents the maximal contraction. (c)
Effect of 0.1 and | mM DTT on the contraction evoked by
1 mM 3-MP. Trace shown is representative of 5 similar
experiments. (d) Effect of on tension cumulative applica-
tion of D-cysteine (3-3,000 pM) during an ongoing con-
traction to 5 pM PGF,, in the absence (black squares) and
presence (grey triangles) of 500 uM sodium benzoate
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Sulfide can be synthesised from L-cysteine by
enzymatic pathways involving CBS, CSE, and
CAT/MST. CSE, which is strongly expressed in
rat PA (Prieto-Lloret et al. 2014), is generally
thought of as being the important sulfide-
synthesising pathway in the vasculature (Liu
et al. 2012). MST is also expressed in rat
pulmonary arteries (Olson et al. 2010; Prieto-
Lloret et al. 2014), whereas CBS is not (Prieto-
Lloret et al. 2014).

Although it is unclear whether D-cysteine is
produced in the body, a significant proportion of
L-cysteine is converted to the D form during food
processing and can enter the body that way
(Shibuya et al. 2013). D-cysteine can then be
converted to 3-MP by D-amino acid oxidase,
which is strongly expressed in the kidney and
parts of the brain (Kimura 2014).

PA are unusual in that they are constricted by
sulfide, which generally dilates systemic arteries
(Olson and Whitfield 2010). We have reported

that pre-incubation of isolated rat pulmonary
artery segments in 1 mM L-cysteine increased the
magnitude of both HPV and the contraction to
PGF,, under normoxic conditions. These effects
were reversed by blocking CSE with PAG but not
by the CAT blocker aspartate, implying that they
were most likely due to an increased production
of sulfide via CSE (Prieto-Lloret et al. 2014).

On the other hand, application of 1 mM
a-ketoglutarate together with 1 mM cysteine also
caused an enhancement of HPV which was mark-
edly attenuated by aspartate as well as PAG, lead-
ing us to speculate that in the presence of
exogenous a-ketoglutarate, which is required for
the metabolism of cysteine by CAT, cysteine
might also yield sulfide via the CAT/MST
(Prieto-Lloret et al. 2014).

CAT, which is found both in the mitochondria
and the cytoplasm, is also referred to as aspartate
aminotransferase (AAT). It catalyses the follow-
ing reversible reactions,

Lcysteine+PLP-CAT < 3-MP+PMP-CAT
aspartate+ PLP-CAT <« oxaloacetate + PMP-CAT

o-ketoglutarate + PMP-CAT <> glutamate+ PLP-CAT

(10.1)
(10.2)

(10.3)

in which pyridoxal-5'-phosphate (PLP) acts as a
co-factor which accepts an amino acid from
cysteine or aspartate, becoming pyridoxamine-
5’-phosphate (PMP), and then donates it to
a-ketoglutarate to form glutamate (Singh and
Banerjee 2011).

MST then metabolises 3-MP, resulting in the
transfer of sulfane sulphur to form MST-
SSH. This then gives rise to sulfide owing to the
action of reductants such as dihydrolipoic acid
(Olson et al. 2013).

Notably, however, the K, for the metabolism
of 3-MP by MST is high (>1 mM) even under the
highly alkaline conditions which favour this
reaction (Singh and Banerjee 2011). The extent
to which the CAT/MST pathway synthesises
sulfide in cells of the vasculature at normal

intracellular concentrations of cysteine is there-
fore questionable (Kimura 2014).

To further explore whether the CAT/MST
pathway plays any role in promoting contrac-
tion in pulmonary arteries, we examined
whether 3-MP was able to mimic L-cysteine in
enhancing both HPV and the contraction to
PGF,, evoked under normoxic conditions, and
found that 30 pM 3-MP had an effect similar to,
and indeed somewhat larger than, L-cysteine
(see Prieto-Lloret et al. 2014 for the effect of
cysteine).

There are currently no well-characterised
pharmacological antagonists of MST with which
to assess the effects on cells of its metabolism of
3-MP. However, given that the production of sul-
fide by the CAT/MST pathway is facilitated by
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Fig.10.3 Enzymatic pathways by which sulfide may be syn-
thesized from 3-MP and D-cysteine. The scheme illustrated is
based on information presented in Wang (2012), Olson et al.

reductants (Olson et al. 2013), it might be pre-
dicted that the reductant dithiothreitol (DTT)

would increase the contractile effect of
3-MP. However, as shown in Fig. 10.2¢c, 1 mM
DTT inhibited rather than increased the

contraction caused 1 mM 3-MP. Although this
was not a conclusive experiment, as DTT might
cause relaxation through effects independent of
sulfide, it suggested that 3-MP might give rise to
sulfide via another pathway, i.e. the production of
L-cysteine by the reversal of CAT and its subse-
quent metabolism by CSE to sulfide.

In this case, it would be predicted that PAG
should block the enhancement of HPV and of the
PGF,, — induced contraction by 3-MP. The results
shown in Fig. 10.1 are in accord with this predic-
tion, since 1 mM PAG, which would not be
expected to block MST, abolished the potentiat-
ing effect of 30 pM 3-MP on HPV.

Since 3-MP can also be produced in cells
through the metabolism of D-cysteine by DAO, it

J. Prieto-Lloret and P.I. Aaronson
D-Cysteine

D-amino

acid oxidase I— Na benzoate

pyruvate

3 - MST-5-5H
reductants,
(e.g. DTT)

H,S

(2013) and Kimura (2014). The dashed line shows the pro-
posed pathway by which sulfide may be synthesized from
D-cysteine and 3-MP under hypoxic conditions

would be expected that D-cysteine should mimic
the effects of 3-MP, and that these effects should
be inhibited by blocking DAO or PAG. As shown
in Fig. 10.1d, both PAG and the DAO blocker
sodium benzoate prevented the enhancement of
HPV induced by 1 mM D-cysteine. D-cysteine
also increased tension in the presence of PGF,,
and this was attenuated by sodium benzoate
(Fig. 10.2d).

In summary, both 3-MP and D-cysteine
promote HPV in rat PA, and this effect is blocked
by PAG. Since both can give rise to L-cysteine,
which also enhances HPV in a PAG-sensitive
manner, we speculate that under hypoxic condi-
tions sulfide can be produced by the reversal of
CAT and the pathway illustrated by the dashed
line in Fig. 10.3, at least when cells are supplied
with sufficient D-cysteine or 3-MP. However, the
extent to which this pathway is operative in these
arteries under physiological conditions remains
to be determined.
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Abstract

Perhaps the defining characteristic of pulmonary arteries is the process of
hypoxic pulmonary vasoconstriction (HPV) which, under physiological
conditions, supports ventilation-perfusion matching in the lung by divert-
ing blood flow away from oxygen deprived areas of the lung to oxygen
rich regions. However, when alveolar hypoxia is more widespread, either
at altitude or with disease (e.g., cystic fibrosis), HPV may lead to hypoxic
pulmonary hypertension. HPV is driven by the intrinsic response to
hypoxia of pulmonary arterial smooth muscle and endothelial cells, which
are acutely sensitive to relatively small changes in pO, and have evolved
to monitor oxygen supply and thus address ventilation-perfusion mis-
match. There is now a consensus that the inhibition by hypoxia of mito-
chondrial oxidative phosphorylation represents a key step towards the
induction of HPV, but the precise nature of the signalling pathway(s)
engaged thereafter remains open to debate. We will consider the role of the
AMP-activated protein kinase (AMPK) and liver kinase B1 (LKB1), an
upstream kinase through which AMPK is intimately coupled to changes in
oxygen supply via mitochondrial metabolism. A growing body of evi-
dence, from our laboratory and others, suggests that modulation of the
LKB1-AMPK signalling pathway underpins both hypoxic pulmonary
vasoconstriction and the development of pulmonary hypertension.
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11.1 Introduction

Although there had been some prior comment,
the first definitive description of hypoxic pulmo-
nary vasoconstriction (HPV) was provided by
Bradford and Dean in 1894 (Bradford and Dean
1894). They described not only a rise in pulmo-
nary vascular pressure upon asphyxia, but con-
cluded that this was driven by the reaction to
asphyxia of the blood vessels themselves, because
the measured increase in pressure upon asphyxia
persisted after transection of the spinal cord.
Fifty years later, von Euler and Liljestrand
showed that hypoxia without hypercapnia
induced pulmonary vasoconstriction, and hypoth-
esised that HPV may assist ventilation-perfusion
matching in the lung (von Euler and Liljestrand
1946); by contrast, systemic arteries dilate in
response to tissue hypoxemia, in order to match
local perfusion to local metabolism (Roy and
Sherrington 1890).

That HPV was largely, or entirely independent
of the autonomic nervous system (Nisell 1951)
was evident after chemical sympathectomy
(using 6-hydroxy-dopamine), surgical denerva-
tion of the carotid and aortic chemoreceptors or
after bilateral cervical vagotomy (Lejeune et al.
1989; Naeije et al. 1989). Most significantly,
bilateral lung transplants established that HPV
remains unaffected following denervation in man
(Robin et al. 1987). Therefore, neither central nor
local regulation of the autonomic nervous system
plays a role in mediating HPV.

In 1951 it was demonstrated that HPV was not
induced when the lung was perfused with hypoxic
blood at a constant, normoxic alveolar oxygen
tension (Duke and Killick 1952), and later work
confirmed that a fall in airway/alveolar pO,
triggered a pronounced increase in pulmonary
vascular perfusion pressure (Bergofsky et al.
1968). Consistent with this, Kato and Staub dem-
onstrated, using unilobar hypoxia, that the small

precapillary resistance arteries contributed most
to the increase in pulmonary vascular perfusion
pressure during alveolar hypoxia, and that the
magnitude of HPV was inversely related to pul-
monary artery diameter (Kato and Staub 1966).
In isolated arteries HPV is biphasic (see
Fig. 11.2a) with a threshold for initiation of
~60 mmHg (Dipp and Evans 2001). Thereafter
the magnitude of constriction increases in a
manner proportional to the degree of hypoxia,
until it fails under near anoxic conditions (Dipp
et al. 2003). The two phases of HPV observed in
isolated arteries are discrete, comprising a tran-
sient constriction (Phase 1; 5-10 min) followed
by a slow tonic constriction (Phase 2; peak after
30-40 min), both of which are initiated immedi-
ately upon exposure to hypoxia (Dipp et al. 2001;
Leach et al. 1994).

It is generally accepted that hypoxia triggers
pulmonary artery constriction via signalling
pathways intrinsic to the smooth muscle and
endothelial cells. Initially, HPV is driven by cal-
cium release from the smooth muscle sarcoplas-
mic reticulum via ryanodine receptors and in a
manner that does not require calcium influx
(Dipp et al. 2001), although it is clear that subse-
quent activation of the store-refilling current aids
the maintenance of constriction (Evans et al.
2005; Lu et al. 2008; Wang et al. 2004; Wilson
et al. 2002). Thereafter, constriction is augmented
via myofilament calcium sensitisation, which is
initiated in response to the release of a vasocon-
strictor from the endothelium (Evans and Dipp
2002; Robertson et al. 2000, 2001). At the molec-
ular level, there is also clear evidence that hypoxia
modulates the activity of voltage-gated potas-
sium channels (Ky) in the plasma membrane of
the smooth muscle cells, although the functional
consequence of potassium channel regulation
remains unclear (Archer et al. 1993; Dipp et al.
2001; Post et al. 1992; Remillard et al. 2007).
That aside, the nature of the principle signalling
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pathway(s) involved remains open to debate
(Evans et al. 2011), but clearly relies on the mod-
ulation by hypoxia of mitochondrial metabolism
(see for example Sommer et al. 2010).

11.2 Mitochondria and Oxygen
Sensing

A requirement for functional mitochondria in the
process of oxygen-sensing was first identified by
investigations into the function of the carotid
bodies, which noted that cyanide (Cooper and
Brown 2008) mimicked and occluded activation
by hypoxia of the carotid body (Heymans et al.
1930). The first direct evidence of this fact was
provided by spectrophotometric analysis of the
respiratory chain redox status and fluorometric
measurement of the NAD(P)H/NAD(P)* ratio
(Mills and Jobsis 1972). By relating outcomes to
afferent sinus nerve discharge during hypoxia it
was shown that an increase in the NAD(P)H/
NAD(P)* ratio correlated with afferent fibre dis-
charge frequency over what is considered to be
the physiological range of arterial pO,. It was
therefore proposed that mitochondria of most
cells may utilise a high affinity (i.e. normal) cyto-
chrome az, while the cytochrome a; incorporated
in mitochondria of oxygen-sensing cells may
have a low affinity for oxygen. This proposal
gained support from the work of Duchen and
Biscoe (1992a, b) and has gathered further
momentum of late, not least due to the detailed
investigations of Buckler and co-workers (Turner
and Buckler 2013; Wyatt and Buckler 2004).
However, the strongest evidence in favour of an
absolute requirement for functional mitochondria
in oxygen-sensing comes from studies on immor-
talised neonatal adrenomedullary chromaffin
cells that incorporate or lack functional mito-
chondria (Buttigieg et al. 2006; Thompson et al.
1997, 2007). Those with functional mitochondria
were found to respond to hypoxia and to inhibi-
tors of mitochondrial oxidative phosphorylation.
By contrast, those cells lacking functional mito-
chondria failed to respond to either stimulus.
Allied to these findings, it has been shown that
pulmonary arterial smooth muscle cells depleted,

by ethidium bromide, of mitochondrial DNA and
thus a functional mitochondrial electron transport
chain, do not respond to hypoxia (Waypa et al.
2001). Moreover, comprehensive data indicate
that inhibitors of mitochondria (either uncouplers
or blockers of specific respiratory chain com-
plexes) mimic hypoxia in their ability to regulate
ion channel function in a variety of oxygen-
sensing cells, including pulmonary arterial
smooth muscle cells (Leach et al. 2001;
Weissmann et al. 2003). It should be noted, how-
ever, that we have yet to determine effectively the
extent to which mitochondria of oxygen-sensing
cells are uniquely sensitive to a fall in oxygen
supply, or subject to the modulation of their
activities, either directly or indirectly, by “local”
metabolic intermediates (e.g. O, gradients, ATP,
ADP; Brown 1992; Gnaiger et al. 1998; Jones
1986) and/or the signalling systems that they may
modulate mitochondrial function. Nevertheless
the weight of evidence suggests that the inhibi-
tion of mitochondrial oxidative phosphorylation
is a key step towards the initiation of HPV.

11.3 The AMP-Activated Protein
Kinase Mediates Hypoxic
Pulmonary Vasoconstriction

Ten years ago the LKB1-AMPK signalling path-
way was proposed to couple inhibition by
hypoxia of mitochondrial metabolism to HPV
(Evans 2006; Evans et al. 2005, 2006). This
seemed logical not least because AMPK activity
is intimately coupled to mitochondrial oxidative
phosphorylation through the action of LKB1, the
principle upstream kinase contributing to the
activation of AMPK in response to metabolic
stress (Hardie 2007; Oakhill et al. 2011).
Moreover, AMPK is ubiquitously expressed and
comprises catalytic « and regulatory f and y sub-
units, of which there are multiple isoforms
(Hardie 2007) (Fig. 11.1), that may confer at
least 12 different subunit combinations and thus
the capacity for the modulation of both sub-
strate- and cell-specific functions (Steinberg and
Kemp 2009). In response to metabolic stresses,
such as the inhibition of mitochondrial oxidative
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Fig.11.1 The AMPK alpha, beta and gamma subunit isoforms GBD, Glycogen binding domain

phosphorylation, AMPK is activated by an
increase in the ADP/ATP ratio, which is ampli-
fied by adenylate kinase into a much larger
increase in the AMP/ATP ratio (Gowans et al.
2013; Hawley et al. 1995). Allosteric activation
of AMPK by AMP binding to the y subunit may
confer a 10-fold increase in activity (Gowans
et al. 2013). That aside, activation of AMPK by
more than 100-fold is conferred by phosphoryla-
tion at Thr-172 within the o subunit by upstream
kinases, of which the most important is the tumor
suppressor, LKB1 (Hawley et al. 2003). LKB1
appears to phosphorylate Thr-172 constitutively,
but in manner facilitated by binding of AMP to
the y subunit (Gowans et al. 2013). Moreover,
binding of AMP or ADP to exchangeable sites
(Oakhill et al. 2011; Xiao et al. 2011) on the y
subunit of AMPK inhibits dephosphorylation of
Thr-172, thus augmenting the switch to the
active, phosphorylated form. This multiplexing
mechanism of AMPK activation ensures great
sensitivity, with the combinatorial effects deliv-
ering graded activation up to 1,000-fold from
very low activities observed in unstressed cells
when ATP is bound to the y subunit sites.
Alternatively, AMPK may be activated by
increases in intracellular calcium via CaMKK-f,
which also phosphorylates Thr-172 and likely
acts to increase energy supply, for example,

during periods of high cellular activity (Woods
et al. 2005). By these mechanisms AMPK can be
activated within seconds (Tamas et al. 2006) in
order to up-regulate catabolic processes and sup-
press non-essential ATP-consuming reactions in
order to maintain ATP supply; even without any
measurable fall in cellular ATP. AMPK is there-
fore rightly considered to act as a ‘guardian’ or
‘fuel gauge’ of cellular metabolism (Hardie
2007). Pertinent to this Chapter, however, is the
concept that AMPK may contribute to the regu-
lation of oxygen and thereby energy (ATP) sup-
ply at the whole-body level and in doing so may
contribute to hypoxia-response coupling by reg-
ulating cell and system physiology (Evans 2006).
That AMPK may regulate aspects of cell func-
tion other than metabolism in all cell types
brings us back to the mitochondrial/metabolic
hypothesis for oxygen sensing.

As mentioned above, all mitochondrial
inhibitors tested thus far mimic the effects of
hypoxia on pulmonary arterial smooth muscle
cells at the level of the oxygen-sensitive delayed
rectifier potassium (Ky) current (Firth et al.
2008). However only some mitochondrial inhib-
itors have been shown to mimic and occlude
HPV in the perfused lung, while others have
been shown to block but not mimic HPV in the
perfused lung and isolated pulmonary arteries
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(Leach et al. 2001; Weissmann et al. 2003). This
has been a bone of contention in the field and
has been cast as being inconsistent with the
view that HPV may be triggered by inhibition of
mitochondrial oxidative phosphorylation. In
this respect it is important to note that HPV fails
under near anoxic conditions (<1 % oxygen),
i.e., there is a pO, window within which pulmo-
nary artery constriction may be initiated by
hypoxia. It is therefore notable, for example,
that the NAD(P)H/NAD(P)* ratio in dorsal root
ganglion neurones, which do not serve to moni-
tor oxygen supply, exhibits no shift until the pO,
falls to near anoxic levels (~5 mm Hg); i.e., the
pO, at which HPV begins to fail (Dipp et al.
2003). Why might this be significant? Strictly
speaking, itis the “anoxic” and not the “hypoxic”
condition that mitochondrial inhibitors would
mimic at concentrations that ablate oxidative
phosphorylation. Therefore, an explanation for
the inconsistency of outcome with respect to the
effects of mitochondrial inhibitors on HPV, and
the pO, window within which HPV is triggered,
may ultimately be provided by a greater under-
standing of the impact on pulmonary vascular
function of degrees of metabolic stress. After
all, dilating pulmonary arteries in response to
anoxia might be the “last gasp” for optimal gas-
eous exchange within the lungs and thereby
oxygen supply to the body. These considerations
bring us back nicely to AMPK, which is acti-
vated by all mitochondrial inhibitors in a man-
ner dependent of the degree of inhibition of
mitochondrial ~ oxidative  phosphorylation
(Hawley et al. 2010).

Consider the possibility that physiological
levels of hypoxia may activate AMPK and
thereby precipitate, for example, HPV (Evans
et al. 2005). It is quite possible that during more
extreme metabolic stress, such as anoxia, AMPK
may play its now classical role and “switch off”
non-essential ATP-consuming processes in order
to ensure cell survival, and may not under these
conditions function itself to drive constriction. A
case in point with respect to mitochondrial inhib-
itors may be that one such agent, metformin,
provides for effective therapy of type II diabetes
via AMPK activation, whereas a closely related

and more potent inhibitor of mitochondrial
respiration, phenformin, is no longer prescribed
because of related contra-indications.

What of the evidence supporting a role for
AMPK in HPV? Our initial studies (Evans et al.
2005) showed that exposure of pulmonary arte-
rial smooth muscle to hypoxia (15-20 mm Hg)
precipitates an increase in the AMP/ATP ratio
(Fig. 11.2), concomitant activation of AMPK
and phosphorylation of acetyl-CoA carboxylase
(ACC; an established marker for AMPK action),
despite the fact that cellular ATP levels remain
remarkably stable in the presence of hypoxia
(Fig. 11.3a). Moreover, inhibition of mitochon-
drial oxidative phosphorylation by phenformin
(Owen et al. 2000), evoked increases in NAD(P)
H autofluorescence (Fig. 11.3b), AMPK activa-
tion and ACC phosphorylation (Fig. 11.3a) in
pulmonary arterial smooth muscle cells. AMPK
activation and ACC phosphorylation were also
induced by AICAR (Fig. 11.3c), which activates
AMPK not by inhibiting the mitochondrial elec-
tron transport chain (Fig. 11.3b) but by uptake
into cells and subsequent metabolism to the
AMP mimetic, ZMP (AICAR monophosphate;
Corton et al. 1995). Regardless of their respec-
tive mechanism of action, each agent induced an
increase in the intracellular calcium concentra-
tion in acutely isolated pulmonary arterial
smooth muscle cells and did so by mobilising
sarcoplasmic reticulum stores via ryanodine
receptors as does hypoxia (Fig. 11.4). Most sig-
nificantly, AMPK activation by AICAR evoked
a slow, sustained and reversible constriction of
pulmonary artery rings (Fig. 11.5a, b); an action
not mimicked by phenformin due to confound-
ing effects on smooth muscle function (Evans,
unpublished observation). Moreover the sus-
tained phase of HPV and pulmonary artery con-
striction in response to AICAR exhibited
strikingly similar characteristics, namely a
requirement for smooth muscle SR calcium
release via ryanodine receptors, and calcium
influx into and vasoconstrictor release from the
endothelium (Fig. 11.5¢). Consistent with these
findings HPV was blocked by the non-selective
AMPK antagonist, compound C (Robertson
et al. 2008).
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Fig. 11.2 Hypoxia increases the AMP/ATP ratio in pul-
monary arterial smooth muscle. Upper panel shows an
idealised representation of the assessment of relative

Most recently we have gathered further
significant support for our original proposals
by use of pharmacological activators of AMPK
(e.g., A769662) and recombinant, thiophos-
phorylated and thus active, human a2p2y1 het-
erotrimers. Intracellular dialysis of the
activated human AMPK or extracellular appli-
cation of A769662 resulted in the inhibition of
recombinant currents carried by Kyl.5 chan-
nels (not shown) and, like hypoxia, inhibited
Ky currents in acutely isolated pulmonary arte-
rial smooth muscle cells (Fig. 11.6). Therefore,
AMPK activation mimics the effects of hypoxia
on pulmonary arterial smooth muscle cells, at
the molecular, cellular and system level. This
leaves us with perhaps the most important
question — is the LKB1-AMPK signalling cas-
cade necessary for HPV?

nucleotide levels by capillary electrophoresis. Lower
panel show the AMP/ATP ratio of pulmonary arterial
smooth muscle during normoxia (blue) and hypoxia (red)

11.4 The Lkb1-AMPK Signalling
Cascade and HPV

We have recently studied mice in which the genes
for either LKB1, CaMKK-p or AMPK have been
deleted in smooth muscles. Experimental out-
comes from a range of studies on these mice are
entirely consistent with the view that the LKB1-
AMPK signalling pathway is required for HPV,
including the response to hypoxia of the pulmo-
nary vasculature and acutely isolated smooth
muscle cells. By contrast, we find no evidence to
suggest that CaMKK-f contributes to HPV. Nor
have we found any evidence for the direct regula-
tion of AMPK by hydrogen peroxide (Emerling
et al. 2009), which appears to activate AMPK
through inhibition of mitochondrial oxidative
phosphorylation (Hawley et al. 2010).
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Fig.11.3 AMPK activation and acetyl CoA carboxylase
phosphorylation in response to hypoxia, mitochondrial
inhibition and direct pharmacological activation. (a) Left
panel shows the increases in activity of AMPK-al and
AMPK-a2 containing heterotrimers during hypoxia, as
determined by immunoprecipitate kinase assay. Right
panel shows the increased phosphorylation of acetyl CoA
carboxylase during hypoxia in the presence and absence

11.5 The Lkb1-AMPK Signalling
Cascade and the
Development of Hypoxic
Pulmonary Hypertension

Consistent with our findings, Zhou and co-
workers have demonstrated that acute hypoxia-
induced pulmonary hypertension may be
prevented and partially reversed by the non-
selective. AMPK antagonist compound C (Ibe

of compound C, the non-selective AMPK antagonist. (b)
NAD(P)H autofluorescence of pulmonary arterial smooth
muscle cells is increased by phenformin but not AICAR.
(c) Effect of AICAR and phenformin on the activity of
AMPK-al (left panel) and AMPK-a2 (right panel) con-
taining heterotrimers, as determined by immunoprecipi-
tate kinase assay

et al. 2013). Moreover they suggest that AMPK
activation promotes pulmonary arterial smooth
muscle survival and thus proliferation during
hypoxia by a dual mechanism. Briefly, it was
suggested that activation of autophagy by
AMPK-al reduced cell death and that reduced
apoptosis resulted from AMPK-a2 activation.
Contrary to this latter proposal, however, upregu-
lation of mTORC?2 signalling has been proposed
to underpin smooth muscle proliferation and the
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Fig. 11.5 Hypoxia and AMPK activation induce pulmo-
nary artery constriction by similar mechanisms. (a)
Record of Phase 1 and Phase 2 of hypoxia-induced con-
striction of a rat pulmonary artery ring, indicating the
contribution to constriction of two components of cal-
cium release from the smooth muscle sarcoplasmic retic-
ulum (black and grey) and 3rd component driven by the
release of a vasoconstrictor from the pulmonary artery
endothelium (white). (b) Constriction of a pulmonary

constriction by TmM AICAR

artery ring by AMPK activation with AICAR, in the
presence and absence of the endothelium, with and with-
out extracellular calcium. (¢) Comparison of hypoxic
pulmonary vasoconstriction and constriction by AICAR
following the indicated experimental interventions:
removal of the endothelium (-E); removal of extracellu-
lar calcium (0[Ca*'].); block of ryanodine receptors
with caffeine and ryanodine; block of cADPR with
8-bromo-cADPR
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Fig.11.6 AMPK activation by A769662 inhibits Kv cur-
rent in pulmonary arterial smooth muscle cells. The effect
of AMPK activation by A769662 on Ky currents recorded
in acutely isolated pulmonary arterial smooth muscle
cells. Left, current voltage relationship obtained by use of

progression of both idiopathic and hypoxic pul-
monary arterial hypertension (Goncharov et al.
2014), by promoting smooth muscle cell survival
in a manner, at least in part, dependent on down-
regulation of AMPK and consequent activation
of mTORCI. One possible explanation for these
contrary findings could be that AMPK activation
may be context-dependent and/or that the pro-
gression of pulmonary hypertension at different
stages is governed by temporal fluctuations in
AMPK activity.

11.6 Summary

We conclude that the inhibition of mitochondrial
oxidative phosphorylation by acute hypoxia is
coupled to pulmonary vasoconstriction through
the LKB1-AMPK signalling pathway, which
drives HPV by initiating and maintaining intra-
cellular calcium release from the smooth muscle
sarcoplasmic reticulum, promoting concomitant
inhibition of the smooth muscle Ky current and
by initiating vasoconstrictor release from the pul-
monary artery endothelium. Thereafter modula-
tion of the LKBI1-AMPK signalling pathway
may determine the progression of pulmonary
hypertension. Further detailed characterisation of
the regulation and role of AMPK signalling in the
pulmonary vasculature is therefore vital to our
understanding of the progression HPV and pul-
monary hypertension, and may provide greater

a ramp protocol between —100 mV and +40 mV, from a
holding potential of —80 mV. Right, current activated by a
voltage step to +40 mV from —80 mV. Insert shows
confounding inhibition of Kv current by the AMPK
antagonist compound C

insight into those tissue-specific responses that
are key to oxygen homeostasis.
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Abstract

As a counterpoint to the volumes of beautiful work exploring how the
carotid bodies (CBs) sense and transduce stimuli into neural traffic, this
study explored one organismal reflex response to such stimulation. We
challenged the anesthetized, paralyzed, artificially ventilated cat with two
forms of acute hypoxemia: 10 % O,/balance N, (hypoxic hypoxia [HH]
and carbon monoxide hypoxia [COH]). HH stimulates both CBs and aor-
tic bodies (ABs), whereas COH stimulates only the ABs. Our design was
to stimulate both with HH (HHint), then to stimulate only the ABs with
COH (COHint); then, after aortic depressor nerve transaction, only the
CBs with HH (HHabr), and finally neither with COH (COHabr). We
recorded whole animal responses from Group 1 cats (e.g., cardiac output,
arterial blood pressure, pulmonary arterial pressure/and vascular resis-
tance) before and after sectioning the aortic depressor nerves. From Group
2 cats (intact) and Group 3 cats (aortic body resected) we recorded the
vascular resistance in several organs (e.g., brain, heart, spleen, stomach,
pancreas, adrenal glands, eyes). The HHint challenge was the most effec-
tive at keeping perfusion pressures adequate to maintain homeostasis in
the face of a systemic wide hypoxemia with locally mediated vasodilation.
The spleen and pancreas, however, showed a vasoconstrictive response.
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The adrenals and eyes showed a CB-mediated vasodilation. The ABs
appeared to have a significant impact on the pulmonary vasculature as well
as the stomach. Chemoreceptors via the sympathetic nervous system play
the major role in this organism’s response to hypoxemia.

Keywords

Hypoxemia ¢ Chemoreceptors ® Organ vascular resistances

12.1 Introduction

Volumes of beautiful work have been done over
the last 20-25 years exploring how the CBs and
ABs work ... cellular, subcellular, genetic mecha-
nisms. We wondered if it might not be instructive
and entertaining to reverse out of the reductionist
mode to look at what stimulation of the carotid/
aortic bodies do at the organ/systems level of the
organism. We chose the feline model because its
genome is reported to approximate the human
genome more closely than any other mammal
except for primates. For example, with respect to
the a3 and o4 neuronal ACh receptor subunits,
the cDNA sequences reveal 91 % and 93 %
identities with the human respectively. And the
deduced amino acid sequences show 96 % identities
to the human for both subunits. For the f2 subunit
the identity to human cDNA is 93 %, and amino
acid sequence is 98 % identical.

A major stimulus to both the carotid and aortic
bodies is, of course, hypoxia. A major challenge
to the organism is to confront its cardiopulmo-
nary system with a decrease in oxygen, the very
molecule this system, provided by evolutionary
progress, must capture from the environment and
deliver to the mitochondria.

Many consider the CB the most important
interoreceptor in the organism, and understand-
ably so. For stimulation of the CB generates
reflex responses in the respiratory, cardiovascu-
lar, endocrine, and renal systems. For example,
increases in respiratory tidal volume and airway
secretions, increases in cardiac output and systemic

vasoconstriction, increases in plasma renin and
ADH, and increases in fractional urinary and
sodium excretion are just a few such responses.

The goal of our study was to determine the
response to a hypoxemic challenge when both
CBs and ABs were simultaneously sending
increased neural activity to the nucleus tractus
solitarii (NTS), when only the CBs were sending
increased neural activity to NTS, when only the
ABs were sending increased neural activity to
NTS, and when neither chemoreceptor was
sending increased neural activity to NTS.

To do so we used two forms of hypoxemia:
(1) Hypoxic hypoxia (HH; ventilated on 10 % O,,
lowering S,0, to ~45-47 %); (2) Carbon monox-
ide hypoxia (COH; ventilated on a mixture of CO
and air mildly enriched with O, reducing S,0, to
~45-47 %). We did this in three groups of cats.

Group 1 cats (n=15) were initially intact; we
tested cardiovascular systemic responses.
Challenges were HHint and COHint. After
transecting the aortic depressor nerves (aortic
bodies resected) we repeated the protocol
(HHabr and COHabr).

Group 2 cats (n=5) were tested for the vascular
resistances in several organs. They were com-
pletely intact. Challenges: HHint and COHint.

Group 3 cats (n=5) had their bilateral aortic
depressor nerves sectioned, eliminating the
apparently major increase in neural activity to
the NTS from the ABs; so challenges were
HHabr and COHabr. Organ vascular resistances
were again determined.
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12.2 Materials and Methods
for Group 1 Cats

1. Preparation: Anesthetized, paralyzed, artifi-
cially ventilated cat with tracheal cannula,
catheters in both femoral arteries, right/left
atria, pulmonary artery, left ventricle, flow
probe around ascending aorta.

2. Agents: room air (r.a.), enriched with 30 %
O,; CO (initially 2 %, then 0.1 % inr.a.),

3. Assumptions: (1) Because CO stimulates only
the ABs and not CBs had been demonstrated
in previous studies (Fitzgerald and Traystman
1980; Lahiri et al. 1981), we assumed the
same phenomenon in this study as well. (2) The
major, if not exclusive, connection between
the ABs and the NTS is via the aortic depres-
sor nerves traveling juxtaposed to the vagus in
the cat. This rests on observations from a
previous study suggesting that during the
COHabr challenge virtually all cardiovascular
responses to CO had no detectable input from
chemoreceptor action on the autonomic
nervous system.

4. The schema below presents the experimental
design based on characteristics of the CBs and
ABs and showing chemoreceptor involvement

Intact Aortic body denervated
HH COH HH COH
AB+CB AB only CB only none

5. Protocol: for Intact cat: (1) control (ctl for
5 min); (2) HHint for 15 min; (3) recovery/rest
for 60 min; (4) ctl for 5 min; (5) COHint for
15 min. Hyperventilation on O, with CO,
while transecting aortic depressor nerves.

For Aortic Body Denervated cat (bilateral
aortic depressor nerves had been transected)
followed exactly the same chronology of
events as for the intact cats.

6. Statistical Analysis: Within groups Repeated
Measures ANOVA with an All Pairwise
Multiple Comparison Procedure (Tukey Test)
was used for both primary data and for
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normalized data. Between groups comparison
analysis was made with Student’s t Test. . .testing
for significance between samples.

12.3 Materials and Methods

for Groups 2, 3 Cats

1. Preparation: Anesthetized, paralyzed, arti-

ficially ventilated cats; five intact (int) and
five with aortic depressor nerves sectioned
(abr). Surgery and catheter placement was
the same as in the Group 1 cats except for a
catheter in the right femoral artery. This
was advanced into the thoracic aorta for
collecting a reference sample for micro-
sphere measurements. Handling of the ani-
mals was the same as with the Group 1
animals except for the injection of the
radiolabeled microspheres.

. Agents: room air (r.a.), enriched with 30 %

0,; CO (initially 2 % then 0.1 % in r.a.);
carbonized microspheres (diameter: 15+3 pm
labeled with scandium-46, strontium-85,
tin-113, or cerium-141.

. Assumptions: These were the same as with

the Group 1 animals regarding what receptors
are stimulated by CO, and the route of traffic
from the aortic bodies to NTS.

. Protocol: For both intact and aortic bodies

denervated cats: (1) control (ctl) for 5 min;
(2) HH for 15 min; (3) recovery/rest for
60 min; (4) ctl for 5 min; (5) COH for 15 min;
(6) End of experiment. During the last minute
of the control period and the last minute of
the 15 min exposure period 3 mL of saline
containing 0.2 mL of the sphere-containing
solutions (~800,000 spheres) were injected
into the left atrial appendage over a 20 s inter-
val. Reference blood sample was taken with a
constant flow Harvard pump for at least 90 s
after injection.

Blood Flow Equation: Flowr = (A/A,) x
(Flow,/wt) x 100, where FlowT is tissue blood
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flow (mL/min per 100 g tissue), Flowr is with-
drawal rate of reference sample (mL/min), AT
and Ar are total tissue counts and total refer-
ence counts respectively, and Wt is weight of
the organ of interest in grams. Further details
of this methodology have been published
(Fitzgerald et al. 2013a, b).

. Statistical Analysis: The same methods were
used with the data from these animals as were
used with the Group 1 animals; mostly
Repeated Measures ANOVA.

12.4 Results for Group 1 Cats

(Before and After Aortic
Nerve Cutting)

1. Stimulus: As mentioned above, one stimulus

for the arterial chemoreceptors is hypoxemia.
Hypoxic hypoxia (10 % O./balance N,)
provokes an increase in ventilation, whereas
carbon monoxide does not...at least at the
levels we used. With the use of this stimulus
many factors can influence/modulate the
effect per se of hypoxia on the cardiovascular
system (Marshall 1994): e.g., lung volume, lung
stretch receptor activity, status of the organism
(sleep, anesthesia), pH, P,CO,. In this study
the table below shows that we have had some
success in eliminating at least some of these
factors: our pH, P,CO, after 15 min of hypoxia

R.S. Fitzgerald et al.

remain relatively unchanged from the control
condition, and rather constant between chal-
lenges in both the intact and aortic body
resected conditions. And since the animals
were paralyzed and on a ventilator, the impact
on the pulmonary stretch receptors was
constant (Table 12.1)

2. Responses:

(a) Figure 12.1a. Cardiac Output (C.O.).
Here presented as % of its own control is
the 15 min value to one of four hypoxemic
challenges. Control values in mL/min for
HHint (CB +AB, solid blocks) was 272;
for HHabr (CB only, solid upright trian-
gles) was 270; for COHint (AB only, solid
downward triangles) was 280; for COHabr
(none, solid diamonds) was 290. The C.O.
in response to HHint (CB +AB) is signifi-
cantly greater than the response to all
other challenges; maximum is reached at
5 min (429 mL/min). And the C.O. in
response to the HHabr (CBs only), with a
maximum in the 5-7 min period of
381 mL/min, is significantly greater than
during the COHint challenge from 3 to
10 min (ABs only); maximum of 390 mL/
min at 15 min. The COHabr challenge did
not significantly increase C.O. from the
control value of 290 mL/min. The four
traces differ significantly from each other
from about 2-3 min to 10 min when
HHabr and COHint become indistin-

Table 12.1 Blood gas values for group 1 cats

n=15 Intact

Condition pH. P,CO, (mmHg) P,0, (mmHg) S.0; (%) Hb (gm%)
Control 7.44+0.02 33.8+1.2 170.1+4.0 99.0+£0.4 8.4+0.5
HH (15 min) 7.36+0.02 36.5+1.1 28.1+2.0* 43.7+3.9* 9.7+0.6
Control 7.42+0.01 35.8+1.0 121.0+5.1 100.0+£0.0 8.5+0.5
COH (15 min) 7.41+0.02 343+1.1 130.0+5.1 44.8+2.5% 9.0£0.5

Aortic bodies resected

Control 7.49+0.01 33.1+0.9 124.1+4.0 99.3+0.3 7.6+0.5
HH (15 min) 7.38+0.02 343+1.1 33.0+£3.1* 47.4+4.0* 8.3+£0.6
Control 7.43+0.02 35.1+0.8 128.0+5.1 99.1+0.4 7.0£0.5
COH (15 min) 7.39+0.02 324+1.7 125.0+4.1 40.2+3.7* 7.4+0.5

*: P<0.05
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Fig.12.1 (a) Cardiac output (C.O.). (b) Left ventricular contractility (LVdP/dt). (¢) Mean arterial pressure (MAP). (d)
Total peripheral resistance (TPR)

(b)

(©

guishable, but remain less than HHint. All
three top traces are significantly greater
than COHabr.

Figure 12.1b. Left  Ventricular
Contractility (LVdP/dt). Again significant
variability recommended that the values
be normalized, each 15’ value of the
challenge to its own control. The HHint
challenges did not differ significantly
(P=0.055) from the HHabr challenge.
Both differed significantly (P=0.024)
from the COHint challenge. Clearly these
three challenges differed significantly
from the COHabr challenge.

Figure 12.1c. Mean Arterial Pressure
(MAP). The responses to HHint (CB + AB)
differs significantly from all others.
The responses to HHabr (CB only) and to
COHint (AB only) are statistically

(d)

indistinguishable; but both decrease from
their respective control values, and are
significantly greater than the response to
COHabr (none).

Figure 12.1d. Total Peripheral Resistance
(TPR). This variable decreased in response
to all four hypoxemic challenges. The
outcome is the result of several factors
from the organismal-wide vasodilation in
response to the systemic hypoxemia, to
sympathetic nervous system output due to
both chemo- and baroreceptor stimula-
tion. Mean TPR over the seven time points
(mmHg/mL/min) was calculated to be for
the HHint challenge 0.385 resistance
units (mmHg/mL/min), 0.325 units for
COHint, 0.296 units for HHabr, and 0.270
units for COHabr. A Repeated Measures
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Fig.12.2 (a) Pulmonary artery pressure (P,,). (b) Pulmonary vascular resistance (PVR)
Table 12.2 Blood gas values for groups 2, 3 Cats
n=>5 Intact (int; Group 2)
Condition pH. P,CO, (mmHg) P,0, (mmHg) S.0, (%) Hb (gm%)
Control 7.43+0.02 325+1.7 129.1x13 100 10.2+0.9
HH(15 min) 7.35+0.04 34.0+1.7 24.1+2.0% 36.2+1.6* 12.6+0.7
Control 7.40+0.09 34.0+0.7 133.0+12 100 11.6+0.6
COH(15 min) 7.40+0.03 342+1.9 147.0+13 39.7+2.6* 11.7+0.6
n=>5 Aortic bodies resected (abr; Group 3)
Control 7.42+0.01 33.7+0.7 136.1+6 99.8+0.2 10.6+0.9
HH(15 min) 7.37+0.03 32.8+1.7 19.0+1.0% 32.3+£3.4% 12.0+0.6
Control 7.39+0.02 32.9+2.2 142.0£6.1 100 10.8+0.7
COH(15 min) 7.39+0.01 31.9+1.8 141.0+10 35.8+1.4* 11.3+£0.5
* P<0.05
ANOVA on Ranks revealed the four val- 12.5 Results for Group 2 (Intact),
ues differed from each other (P<0.001). 3 (Aortic Nerves
(e) Figure 12.2a. Pulmonary Artery Pressure Transected) Cats
(P,2). The well known hypoxic pulmonary
vasoconstrictor response in the face of 1. Stimulus: Again with .Groups 2 and 3 cats the
alveolar hypoxia is clearly evident. But table below shows that we have had some suc-
during COH exposure no significant cess in eliminating at least some of the modulat-
change is present. ing factors: our pHa, P,CO, after 15 min of
(f) Figure 12.2b. Pulmonary Vascular hypoxia remain relatively unchanged from the

Resistance (PVR). PVR in response to
HHint (CB+AB) which produced a
greater Ppa showed a lower PVR, at least
initially, than HHabr (CB only). During
COHint (AB only) PVR was significantly

lower than during COHabr (none).

control condition, and rather constant between
challenges in both the intact and aortic body
resected animals. And since the animals were
paralyzed and on a ventilator, the impact on the
pulmonary stretch receptors was constant
(Table 12.2).
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Fig.12.3 (a) Brain blood flow/vascular resistance. (b) Coronary blood flow/vascular resistance

2. Responses:
(a) Figure 12.3a. Brain Blood Flow/Vascular

Resistance. In Group 2 the Figure shows,
during the HHint challenge flow increased
about threefold; during COHint, roughly
fourfold. In the Group 3 cats HHabr
increased the flow more than fourfold,
and in the COHabr condition, just less
than threefold. RMANOVA analysis of
vascular resistance values for the Group
2 cats showed that the two control values
did not differ, nor did the 15 min exposure
values. In the Group 3 cats the control
values were different (P<0.001), while
the 15 min exposure values did not differ.
When the 15 min values for HH and for
COH were normalized each to its own

(b)

(©)

control, HHint was significantly higher
than COHint (data not shown).

Figure 12.3b. Coronary Blood Flow/
Vascular Resistance. Significant increases
in Flow and with decreases in Resistance
are easily seen. No significant differences
among the changes could be found either
in the initial or normalized data.

Figure 12.4a. Splenic Blood Flow/
Vascular Resistance. The figure shows
significant decreases in splenic Blood
Flow for both Groups of cats as well as
significant increases in vascular resistance
for both Groups. Normalized value (data
not shown) for the HHint challenge is
significantly greater than that for the
COHint challenge. But with the CB and
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Fig.12.4 (a) Splenic blood flow/vascular resistance. (b) Pancreatic blood flow/vascular resistance

(d)
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AB acting singly the increases in resis-
tances do not differ.

Figure 12.4b. Pancreatic Blood Flow/
Vascular Resistance. The figure shows
another instance of a vasoconstricting bed
in the face of systemic hypoxemia. Blood
flow decreased significantly in the Group
2 cats. Vascular resistance increased when
both chemoreceptors were stimulated.
And each acting alone offsets the vasodi-
lation when compared to the result during
the COHabr challenge (Group 3).

Figure 12.5a. Stomach Blood Flow/
Vascular Resistance. Blood flow increased
significantly in three of the four condi-
tions by 66 %, 58 %, and 90 % of their
respective controls. The 36 % increase

®

(€]

with only the ABs acting was not signifi-
cant. The decrease in resistance during
the HHint challenge was not significant
whereas during the other challenges the
decreases were significant.

Figure 12.5b. Small Intestine Blood Flow/
Vascular Resistance. The figure shows a
significant 74 % increase in flow during
the HHint challenge as well as a signifi-
cant 36 % increase during the COHabr
challenge. This is somewhat puzzling in
terms of trying to identify chemoreceptor
involvement. Resistance drops significantly
when the CB alone was acting or when
none was acting.

Figure 12.6a. Adrenals Blood Flow/
Vascular Resistance. Apparently unique
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Fig.12.5 (a) Stomach blood flow/vascular resistance. (b) Small intestine blood flow/vascular resistance

to CB activity is both flow and resistance
since the only significant changes occur
when the CB is active, though the AB is
also active during HHint. However, AB
acting alone does not have any significant
effect. This appears to be a unique effect
of CB input; AB input seems negligible
Figure 12.6b. Eyes Blood Flow/Vascular
Resistance. The pattern for this vascular
bed repeats what was seen above in the
adrenals. CB influence is again unique to
the response

(h)

Neither the kidney nor the liver showed a sig-
nificant change in flow or resistance in the two
Groups of cats. There was, of course, an increase

in flow with a decrease in resistance; but they
were inconsistent and not significant.

Diaphragmatic blood flow increased signifi-
cantly in all four challenges: 979, 576, 570, and
350 %. Vascular resistance also decreased sig-
nificantly in this non-working muscle. There
were no significant differences within or among
the four normalized 15 min values.

12.6 Discussion

Figure 12.1a. CARDIAC OUTPUT. The data
suggest that C.O.’s increases depend on the arte-
rial chemoreceptors, probably acting principally
through the sympathetic nervous system (SNS).
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Fig.12.6 (a) Adrenals blood flow/vascular resistance. (b) Eyes blood flow/vascular resistance

However, the significant increase in arterial
pressure would have increased the afterload on
the left ventricle, stretching its fibers. This would
increase stroke volume according to the Frank-
Starling law of the heart.

Figure 12.1b. CARDIAC CONTRACTI-
LITY. Results of left ventricular contractility
(LVdP/dt) seem to confirm the results above,
even though the variability was somewhat larger
than expected. The four median values for the
LVdP/dt responses were as follows: CB+AB,
137 % of control; CB only, 134 % of control; AB
only, 125 % of control. The first two values were
just short of significantly different (P=0.055),
whereas they both differed from the third
(P=0.024). Clearly, all three values differed
significantly from COHabr (none) where no
significant change occurred until the significant

decrease at the end. Cardiac frequency is also a
factor in C.O. But the mean frequency across the
15 min of exposure did not vary (RMANOVA);
nor did this variable differ significantly among
the four challenges, in beats/min: CB+AB
showed 175; CB only showed 183; AB only
showed 180; none showed 188. This last could
have been higher due to input from the carotid
sinus baroreceptors inhibition of the SNS being
attenuated/removed by the lower blood pressure.

Figure 12.1c. MEAN ARTERIAL PRESSURE.
The data suggest that both chemoreceptors are
needed to elevate perfusion pressures to offset the
system-wide vasodilation. Indeed the response to
HHint (CB+AB) differs significantly from the
other three. But the responses to COHint and
HHabr are statistically indistinguishable, sug-
gesting that each chemoreceptor’s recruitment of
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the SNS is about the same. Each, however, does
differ from the COHabr challenge. And the fact
that pressure in the intact preparations (HHint
and COHint) is higher than in the abr prepara-
tions (HHabr and COHabr) suggests that aortic
mechanisms have a role in maintaining normal
blood pressures.

Figure 12.1d. TOTAL PERIPHERAL RESIS-
TANCE. Data suggests input from both chemore-
ceptors to vasoconstrict systemically overrides
the attenuating input from both baroreceptors.
COHint generated 0.325 units, suggesting the
action of the aortic mechanisms with the carotid
sinus baroreceptors provided a more powerful
vasoconstrictor action than during the HHabr
challenge which generated 0.296 units, where the
CBs and carotid baroreceptors, but no aortic
mechanisms were inputting to the sympathetic
neural output. The COHabr challenge generated
0.270 units. Here only the carotid baroreceptors
were freeing up the SNS to increase output.

Figure 12.2a. PULMONARY ARTERIAL
PRESSURE. Clearly alveolar hypoxia (HH)
provokes the well-known hypoxic vasoconstric-
tor response (HPVR), elevating the perfusion
pressure (Ppa). Other studies have shown that a
stimulated carotid body tends to vasodilate the
pulmonary bed. And Fig. 12.2b clearly shows
that aortic body stimulation vasodilates the
pulmonary bed. The higher increase in Ppa dur-
ing HHint is probably due to the larger increase
in C.O. than during the HHabr challenge. The
HPVR would be the same in both challenges. With
COH there is no HPVR. The slow, small, but
significant rise (10-15 min) during the COHint
challenge is presently unexplained.

Figure 12.2b. PULMONARY VASCULAR
RESISTANCE. AB stimulation during both HH
and COH challenges seems to influence pulmo-
nary vascular resistance. With the HH challenges
PVR with CB+AB is lower than with CB only.
And with the COH challenges the PVR during
COHint (AB only) is lower than during COHabr
(none). A test (RMANOVAR) of the several time
points shows that CB+AB is significantly less
than CB only (P=0.003). And AB only is less
than none (P=0.001). Arterial chemoreceptor
input into pulmonary vascular control has been

m

reported previously (deB Daly and deB Daly
1957; Fitzgerald et al. 1992; Levitzky 1979;
Levitzky et al. 1977; Wilson and Levitzky 1989).

Figure 12.3a. BRAIN. Blood flow/vascular
resistance exhibit significant increases in the
flow and decreases in the resistance. Whether
chemoreceptors influence this vascular bed or
not remains controversial. Normalizing each
response to its respective control value shows
that HH response (~42 % of control) in the
Group 2 cats was significantly larger than was
the response (~23 % of control) to the COH chal-
lenge. This could result from some CB-generated
sympathetic nervous system (SNS)-mediated
vasoconstriction. But C.O. was larger during
HHint than during COHint; arterial pressure was
also higher. Autoregulation of the bed could be a
possibility. Normalizing the 15 min values to
their controls (data not shown) suggests that the
operation of the CB and AB is more effective in
overcoming the organism-wide vasodilation than
the operation of CB and AB singly; these two
normalized values do not differ.

Figure 12.3b. HEART. Data suggest the che-
moreceptors have little to no significant impact
on this organ’s vasculature during the hypoxemic
challenges. This is consistent with the findings of
Marshall and Metcalfe (1990). The increased
afterload due to increased arterial pressure during
HHint could increase oxygen demand and
account for the increased flow with decreased
resistance.

Figure 12.4a. SPLEEN. Data suggests a very
strong influence of the chemoreceptors on the
SNS control of the spleen’s vascular bed. The
most significant reduction in blood flow occurs
during the HH challenge in the Group 2 cats. The
increased resistance is significantly greater than
during the COHint challenge. This latter response
does not differ significantly from the HH chal-
lenge in the Group 3 cats. But this latter response
is significantly greater than that to the COHabr
challenge.

Figure 12.4b. PANCREAS. The only signifi-
cant changes in flow and resistance occurred
during the HHint challenge with both AB and CB
acting in concert. Yet this effect on the SNS had
to have been attenuated by the baroreceptor input,
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increased because of the elevated arterial blood
pressure. Each set of chemoreceptors acting sin-
gly was able to offset the systemic vasodilation.

Figure 12.5a. STOMACH. The response to HHint
suggests that CB and AB acting in concert can offset
the systemic wide hypoxemic induced vasodilation,
whereas each acting on its own cannot. Normalized
response to HHint (~77 % of control) does not differ
from the normalized response to COHint (~64 % of
control), but is significantly greater than the nor-
malized response to HHabr (~54 % of control).
This suggests that possibly the ABs act more
powerfully in this bed than do the CBs.

Figure 12.5b. SMALL INTESTINE. The
small intestine undergoes a significant increase in
blood flow (~76 % above control) during the
HHint challenge. But vascular resistance is
maintained in both the HHint and COHint chal-
lenges, but not during the HHabr challenge. This
suggests that the CB + AB stimulation and the AB
stimulation of the SNS can offset the systemic
vasodilation in this bed. However, baroreceptor
activity reduction during COHint might have
helped produce the effect. Weissman et al. (1976)
produce similar data from the cat; i.e., no change.
And again our data are consistent with Marshall
and Metcalfe (1990) in the rat. Stimulating the
CBs of the normoxic cat also increased resistance
(Little and Oberg 1975).

Figure 12.6a. ADRENALS. The significant
reduction in resistance is also found in the nor-
malized values (data not shown). During the
HHint challenge the decrease in resistance might
have been facilitated by the increased barorecep-
tor output attenuating SNS output. Results are
again consistent with the data of Marshall and
Metcalfe (1990).

Figure 12.6b. EYES. Pattern in this bed repro-
duces that of the adrenal bed, CB producing a
vasodilation. Both beds’ response seems counter-
intuitive in that stimulation of the CB produces
an increase in SNS output, a vasoconstrictive
result is the usual outcome. But the pulmonary
vasculature is another instance of a CB-mediated
vasodilatation (cf. Levitzky et al. 1977; Levitzky
1979; Wilson and Levitzky 1989; Fitzgerald et al.
1992, Fitzgerald et al. 2013a, b).

R.S. Fitzgerald et al.

DIAPHRAGM: Local tissue hypoxia was the
controlling factor. These data correspond to flow
and conductance data in rats (Marshall and
Metcalfe 1990).

Marshall and Metcalfe (1989) reported a sig-
nificant drop in renal conductance and blood flow
in their cats. Weissman et al. (1976), however, did
report a small but significant increase in renal
resistance in their hypoxia-challenged cats. The
liver response was somewhat surprising since
Alvarez and de Alvarez (1988) reported CB stim-
ulation provoked a sharp release of liver glucose
elevating both hepatic venous and arterial
concentrations

12.7 Summary and Conclusions

This preparation, when confronted with the
hypoxemic challenge, seemed to generate
responses critically dependent on the two arterial
chemoreceptors, CBs and ABs, stimulating the
SNS via the NTS. Cardiac output was much
greater when both were involved (HHint) than
when either one, the other, or neither was
stimulated. But baroreceptor influence cannot be
disregarded. The response of cardiac output, for
example, would probably have been greater if
arterial pressure would have been held constant.
But the increase in pressure acted to attenuate the
SNS output via the baroreceptors. Additionally
one cannot forget that the SN'S would also act to
promote the release of catecholamines from the
adrenals which would help offset the system-
wide hypoxemia-induced vasodilation.

1. The data seem to point out the heterogeneous
nature of the CB-generated SNS output to the
various organs and their behavior in the
presence of systemic hypoxemia.

2. Changes in pressures, flows, vascular resis-
tances are larger when both CBs and ABs are
working in concert.

3. There also seem to be in this preparation
several roles played by the ABs. . .dilating pulmo-
nary vasculature, more dominant in controlling
stomach and small intestine vasculature.
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Abstract

Premature infants are vulnerable to infections and have unstable breathing
(Di Fiore JM, Martin RJ, Gauda EB, Respir Physiol Neurobiol 189:213—
222, 2013). Inflammation adversely modifies carotid body (CB) structure
and chemosensitivity in adult animals. We determined the effect of
inflammation on CB structure and function in newborn rat pups. Pups
were given LPS (0.1 mg/kg; IP) or saline at postnatal day 2 (P2). At P9-10
(1 week after exposure) various studies were done including ventilation,
carotid sinus nerve (CSN) activity and histology. Using whole body
plethysmography, we found that LPS exposure attenuates the change in
interbreath (IBI) interval in response to changes in oxygen tension 1 week
after LPS exposure. The response of the CSN to hypoxia was attenuated
and delayed in onset in LPS-treated animals as compared to controls.
Histological sections of the CB were examined for inflammatory cells at
P4 (n=7) and P9-12 (n=6). After LPS exposure, only mast cells were
seen, often encircling the CB, and clustered within the CSN as it entered
the CB. Mast cells per section (mean+ SEM) were higher at P9-12 in LPS
(7.4x1.5) vs saline (5.4+1.4) exposed animals (p=0.04). Surprisingly,
more mast cells were seen at 7-10 days vs 48 h after LPS exposure. In a
newborn model of inflammation, breathing is altered which is associated
with changes in structure and function of the carotid body.
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13.1 Introduction

The CB is a multimodal sensor which is excited
by decreases in oxygen tension, pH, and glucose
and increases in carbon dioxide and temperature
in the arterial blood. Excitation of the CB
increases neural activity of the CSN and the
information is integrated in the nucleus tractus
solitarii in the brainstem leading to increases in
respiration, heart rate, blood pressure and sympa-
thetic tone. Since the input from the CB rapidly
modifies ventilation in response to changes in
oxygen and carbon dioxide tension, hypersensi-
tivity or hyposensitivity of the CB to changes in
arterial gases destabilizes breathing (reviewed in
Gauda et al. 2004, 2007). The CB continues to
develop structurally and functionally during the
first several weeks after birth. Hyperoxic expo-
sure during development causes CB hypoplasia,
CSN axon degeneration, and diminished glomus
cells oxygen sensitivity, all contributing to
impaired hypoxic ventilatory response (reviewed
in Bavis et al. 2013). LPS exposure (intrave-
nously or topically) increases expression of pro-
inflammatory cytokines, causes infiltration of
immature cells associated with disruption of glo-
mic lobules and increased intralobular connective
tissue in the adult cat CB 5 h after exposure
(Fernandez et al. 2008). Thus, we hypothesize
that early ex utero exposures such as inflamma-
tion could modify the development of the CB
leading to sustained alterations in structure and
function contributing to unstable breathing.

13.2 Methods

Sprague-Dawley newborn rat pups exposed to
LPS were used as a translational model for apnea
of prematurity in the setting of early postnatal
inflammation (previously described in Gauda

et al. 2013). Experiments were approved by the
Animal Care and Use Committee at the Johns
Hopkins University and were performed in accor-
dance with the NIH ‘Guide for the care and use of
laboratory animals’ of the U.S. Department of
Health and Human Services 85-23, 2011.
Newborn rat pups were intraperitoneally (IP)
injected with LPS (0.1 mg/kg, IP; E. Coli
0111:B4; Millipore) or saline on P2. At P9-12, a
separate group of animals were used to assess (1)
the ventilatory responses at different levels of
oxygen tension, (2) the hypoxic sensitivity of the
CB by recording from the CSN (in vitro) using a
superfused preparation, and (3) the histological
changes within the CB.

13.2.1 Ventilation

Newborn rat pups (n=12 for each saline and
LPS group) were given LPS (0.1 mg/kg; IP) or
saline at P2. At P9-10 days of age, 1 week after
LPS exposure ventilation was measured using
a whole body plethysmography in freely mov-
ing, unsedated animals. Chamber temperature
was monitored and maintained within
30-32 °C. Breathing frequency was measured
for 2 min during normoxia (21% O,/Bal N,)
and hypoxia (15 % O,/Bal N,) and for 90 s dur-
ing hyperoxia (100 % O,). Data were analyzed
for Interbreath interval (IBI) measured in
seconds using Acgknowledge Data Requisition
and Analysis Software.

13.2.2 Carotid Sinus Nerve Activity

Preparation of the CSN recording was done as
previously described (Igarashi et al. 2002). At
P9-10 days of age, 1 week after LPS (n=8) or
saline (n=9) exposure, rat pups were anesthetized
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with urethane (1.25 mg/kg, IP), the carotid bifur-
cation was quickly removed, and with the aid of a
dissecting microscope, the CB with the CSN was
cleaned and exposed while being continuously
superfused with Krebs (in mM: 120 NaCl, 4.7
KCl, 1.2, CaCl, 1.8 mM, Mg SO, 7H,0, 1.2,
Na,HPO,, 22 NaHCO;, and 11.1 Glucose) solu-
tion equilibrated with 95 % O)5 % CO,.
Afterwards the CSN was placed in the suction
pipette, and the recording chamber was bubbled
with 95 % O./5 % CO, enclosed by a plastic
chamber maintained at 35-36 °C. During the
hypoxic challenge, Krebs was switched to the
solution equilibrated with 95 % N,/5 % CO,, and
the gas to the recording chamber was changed to
95 % N,/5 % CO,. Data were initially expressed
as impulse per second, and normalized between
groups by expressing the percent change in activ-
ity from baseline which was obtained during
hyperoxia. Data were analyzed using single-factor
ANOVA; p<0.05 was considered statistically
significant.

13.2.3 Histology

At P9-10 days of age, 1 week after LPS or saline
exposure, animals were anesthetized with isoflu-
rane and then intracardially infused with phos-
phate buffered saline (pH 7.4; 11.9 mM
phosphates, 137 mM sodium chloride and
2.7 mM potassium chloride) to flush the blood,
followed by fixation with 4 % paraformaldehyde.
The bifurcation of the carotid artery, CB, superior
cervical ganglion, nodose, petrosal and jugular
ganglia were removed en bloc, post-fixed in 4 %
paraformaldehyde for 2 h and cryoprotected in
30 % sucrose in PBS overnight. Tissue was
embedded in Tissue-Tek OCT media and stored
at —80 °C until further processing. Some carotid
bodies were embedded in plastic (JB-4 embed-
ding kit; Polysciences) and cut on a microtome to
obtain 4 pm sections for better identification of
cellular morphology. Ten um frozen sections
were cut on a cryostat (Leica cryostat CM
3050S), and sections were stained with toluidine
blue to identify mast cells. Additional tissue sec-
tions were stained with cresyl violet to identify

other immune cells. The number of mast cells
was counted per section, and 3-5 sections were
analyzed per animal. Low and high power images
were captured using Olympus BX51TF micro-
scope with DP70 software and number of mast
cells was counted by a person who was unaware
of the treatment groups. The mean number of
mast cells/section was determined for each ani-
mal. Differences between the number of mast
cells for the LPS and saline exposed animals at
48 h and 7-10 days after the exposure was deter-
mined using Students unpaired t-test.

13.3 Results
13.3.1 Ventilation

During exposure to normoxia (21 % O,) and
hyperoxia (100 %) the mean IBI for the group
was different between the two treatments.
While the IBI during hypoxia (15 % O,) did not
differ between the groups, LPS animals had a
small but consistently longer IBI during nor-
moxia but a shorter IBI during hyperoxia com-
pared to saline treated controls (Table 13.1). In
LPS treated animals, IBI did not change until
the lowest level of oxygen exposure (hyper-
oxia: 0.41+0.06, normoxia: 0.40+0.05, and
hypoxia: 0.33+0.03; LPS/hyperoxia vs. LPS/
hypoxia p<0.001). However, saline treated ani-
mals had a graded reduction in IBI when transi-
tioning from hyperoxia (0.47+0.56) to
normoxia (0.41 +0.05) to hypoxia (0.33+£0.03);
p<0.001 for saline/hyperoxia vs saline/hypoxia
and p<0.01 for saline/hyperoxia vs saline/
normoxia.

Table 13.1 Ventilatory changes expressed as IBI during
normoxia, hyperoxia and hypoxia

Treatment

group Normoxia Hyperoxia Hypoxia
Saline- 0.40+0.17 | 0.46+0.26* |0.33+0.08
exposed

LPS- 0.40+0.16 |0.42+0.17 0.33+£0.09
exposed

n=12, LPS and saline treated animals; Data (sec) pre-
sented as Mean +SE, *p-value <0.05, Saline vs LPS
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Fig. 13.1 Graph representing CSN activity for LPS and
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13.3.2 Carotid Sinus Nerve Activity

As shown in Fig. 13.1, the response of the CSN
to hypoxia was attenuated and delayed in onset
in LPS-treated animals as compared to saline
treated animals.

On-response: Transitioning the superfusate
from hyperoxia to hypoxia, in preparations from
saline treated animals, CSN activity increased by
50 %, (p<0.05; ANOVA) while in preparations
from LPS exposed animals, CSN activity did not
change (p=0.8; ANOVA).

Off-response: Transitioning the superfusate
from hypoxia to hyperoxia, in preparations from
saline treated animals, CSN activity had returned
to control levels by 2 min of hyperoxia. Thus,
CSN activity, in preparations from saline treated
animals, decreased from a maximum of 150 % of
control (HH6) by 2 mins after returning to hyper-
oxia whereas CSN activity did not change in
response to hyperoxia in preparations from LPS
treated animals.

13.3.3 Histology

LPS exposure at P2 disrupts CB architecture at
P9 as shown in Fig. 13.2 using frozen and plastic
sections stained with toluidine blue. The CB in

HH6 Hyperl Hyper2

4 min of hypoxia, HH6 6 min of hypoxia, Hyperl 1 min of
hyperoxia, Hyper2 2 min of hyperoxia

LPS exposed animals appeared to have less cel-
lular density as compared to tissues sections of
the CB from saline treated littermates.

In order to study the immune cells, frozen sec-
tions were stained with toluidine blue and cresyl
violet. As shown in Fig. 13.3, only mast cells were
found in the vicinity of the CB and no additional
immune cells were identified on sections stained
with cresyl violet. At P9-12, mast cells per section
(M+SEM) was greater in sections from animals
exposed to LPS (7.4+1.5) vs those exposed to
saline (5.4+1.4; p=0.04). More mast cells were
seen at 7-10 days vs 48 h after LPS exposure.

13.4 Discussion

Premature birth is associated with immaturity
and instability of the respiratory network and
intrauterine inflammation/infection is a major
inciting event that precipitates premature
delivery. A subset of premature infants will have
persistent breathing instability that is greater than
what would be predicted based on the infants’
postconceptional age. While we know that acute
inflammation/infection is associated = with
increase in the number and severity of apneic epi-
sodes in premature infants, the long term conse-
quences of previous infection on respiratory
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Fig. 13.2 LPS treatment at P2 disrupts histology of the
carotid CB at P9. Thick (10 micron) frozen sections from
saline (A) and LPS (B) treated animals. Sections from
LPS treated animals is less dense appearing with more
clear spaces (x) than that from Saline treated animals.
Low power images of the tissue block of thin (4 microns)

control has not been explored. Our preliminary
data show that 1 week after LPS exposure at P2,
newborn rats at P9 have (1) blunted breathing and
CSN nerve responses to graded changes in oxy-
gen tension, (2) disrupted histological architecture
of the carotid body, and (3) increase in mast cell
infiltration within the CB.

plastic sections of the CB from LPS (C) and Saline (D)
exposed animals. High power image of thin sections
stained with toluidine blue (E, F) gives the appearance of
less cellular density in tissue sections from LPS (E) vs
Saline exposed animals (F). SCG is superior cervical
ganglion, PG is petrosal ganglion, BV is blood vessel

In adult animals, LPS and inflammatory cyto-
kines acutely influences the CB function
(Fernandez et al. 2008). Little is known about
the effects of LPS exposure during the neonatal
period during which CB is still undergoing mat-
uration. In our experiments, we measured CB
function using CSN activity, and in saline treated
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Fig.13.3 Photomicrographs of frozen CB sections stained with toluidine blue. Mast cells (Black arrows) are often seen
encircling the CB (A) and associated with the CSN as it enters the CB (B magnified area in the inset)

animals, the CSN activity increases promptly
with hypoxic and decreases with hyperoxic
exposure. In contrast, in LPS treated animals, the
response of CSN to hypoxia was delayed and
attenuated. In rat models of Parkinson disease, in
whom LPS is given systemically or intranigrally,
the development of dopaminergic (DA) neurons
in substantia nigra and serotonergic (5-HT) neu-
rons in the dorsal raphe is inhibited (Wang et al.
2009). In adult animals, intranigral injection of
LPS causes selective degeneration of DA neu-
rons (Herrera et al. 2005). While chemoafferents
contain DA, type I cells in the CB contain DA
and 5-HT, theoretically making them more vul-
nerable to cellular toxicity induced by LPS, pre-
liminary data (not presented) suggest that type 1
cells are not significantly reduced in our model.
Thus, the altered responses of CSN activity that
we observed is not likely related to a reduction in
type 1 cells.

Nevertheless, we observed that LPS disrupts
the histology of the CB. Increased infiltration of
polymorphonuclear cells in the vascular bed and
tissue parenchyma of adult rat CB was seen after
the LPS exposure (Fernandez et al. 2008). In our
newborn rat model, LPS induced-inflammation
produces only mast cell infiltration in the CB
without evidence of macrophage or neutrophil
infiltration. It is well known that mast cells
release pro and anti-inflammatory cytokines,
growth factors, tryptase, histamine and other neu-
romodulators which modify the microenviron-

ment and sensitivity of sensory neurons. Blair
et al. 1997 using cell culture techniques showed
that tryptase from mast cells has angiogenic
properties and leads to augmentation of capillary
growth and proliferation of human dermal
microvascular endothelial cell tube formation. In
thin plastic sections from LPS exposed animals,
we observed more blood vessels as compared to
saline-exposed animals (preliminary data not
shown). Histamine is present in abundance in the
Type I cells of rat CB and its release is enhanced
during hypoxia (Koerner et al. 2004). Mast cells
are multifunctional cells of the immune lineage.
Since mast cells are present in the CB and the
number increases with LPS exposure, mast cells
may be contributing to tissue injury, repair and/or
neuromodulation of hypoxic chemosensitivity of
the CSN. Further studies are needed to character-
ize role of mast cells on CB chemosensitivity.
One speculation is that mast cells may be modi-
fying the sensitivity of the CSN to hypoxia, simi-
lar to their role in other sensory systems such as
pain (Diest et al. 2012).

While we have described the effects of inflam-
mation on CSN activity, we understand that
breathing instability observed in the rat pups is
not solely due to altered CB function. Other
important contributors include, the central cir-
cuits affected by systemic inflammation and LPS
induced lung inflammation leading to alteration
in lung capacity and lung mechanics (Hakansson
et al. 2012). Inflammation is likely contributing
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to metaplasticity of multiple organs that control
breathing. Our data suggest that early postnatal
exposure to inflammation may adversely alter CB
structure and function, contributing to breathing
instability. We speculate that a subset of prema-
ture infants with persistent and protracted apnea
presenting as intermittent hypoxia (Martin et al.
2011) may be secondary to changes in hypoxic
chemosensitivity of the CB induced by previous
inflammatory episode.
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Abstract

Diabetes, apart from generalized neuropathy and microangiopathy,
involves tissue hypoxia, which may drive chronic proinflammatory state.
However, studies on the ventilatory control in diabetes are sparse and
conflicting. In this study we examined the function and morphology of
diabetic carotid bodies (CBs). Diabetes was evoked in Wistar rats with
streptozotocin (70 mg/kg, i.p.). The acute hypoxic ventilatory responses
(HVR) to 12 and 8 % O, were investigated in conscious untreated rats
after 2 and 4 weeks in a plethysmographic chamber. CBs were dissected
and subjected to morphologic investigations: (1) electron transmission
microscopy for ultrastructure and (2) laser scanning confocal microscopy
to visualize the microvascular bed in sections labeled with the lectin Griffonia
simplicifolia-I (GSI), an endothelial cell marker, and fluorescein isothio-
cyanate (FITC). All findings were referenced to the normal healthy rats.
We found that diabetes distinctly dampened the HVR. At the ultrastruc-
tural level, the diabetic CB displayed proliferation of connective tissue and
neovascularization deranging the interglomal structure, and lengthening
the O, diffusion path from capillaries to chemoreceptor cells. The chemo-
receptor cells remained largely unchanged. The endothelial cell labeling
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confirmed the intensive angiopathy and the induction of microvessel
growth. We conclude that diabetes hampers the chemical regulation of
ventilation due to remodeling of CB parenchyma, which may facilitate
chronic hypoxia and inflammation in the organ.

Keywords

Angiopathy ¢ Carotid body * Chemoreceptor cells * Diabetes * Endothelial
cells*Hypoxic ventilatory response * Microvasculature e Neovascularization

14.1 Introduction

Diabetes entails the long-term complications
related to generalized neuropathy (Ellenberg
1958), or occasionally isolated such as phrenic
neuropathy (White et al. 1992), and microangi-
opathy (Devaraj et al. 2007). The disease also is
underlain by enhanced oxidative stress, due
mostly to hyperglycemia-driven increase in free
radicals (Sano et al. 1998) and enhanced circulat-
ing levels of proinflammatory cytokines and
acute phase proteins, exemplified by interleukins
1P and IL-6, and by C-reactive protein (Donath
and Shoelson 2011). There are reasons to pre-
sume that the stimulating ventilatory responses
could be blunted in diabetes due to metabolic and
physical strain they are involved with. In addi-
tion, the ventilatory responses might be affected
by dysfunction of the carotid body, a paired sen-
sory organ of neuronal crest origin which gener-
ates such responses. The chemosensing ability of
the carotid body has undoubtedly to do with its
being highly vascularized and having an
extremely high blood flow (Clarke et al. 1993).
However, function of the hypoxic chemoreflex in
diabetes is a contentious issue; the reports vary
from respiratory arrest due to carotid body
denervation-like state (Kageyama et al. 1985)
through blunting (Weisbrod et al. 2005; Yamazaki
et al. 2002), or having the responses unaffected
(Saiki et al. 2005). The functional and morpho-
logical status of the diabetic carotid body remains
by far conjectural. The issue is further con-
founded by the glomus cells being considered a
combined sensor of hypoxia and hypoglycemia,

sharing the same mechanism of excitation, con-
sisting of Ca** influx, K* channel inhibition, and
plasma membrane depolarization (Lépez-Barneo
2003). The hyperventilatory response that fol-
lows carotid chemoreceptor excitation may be
considered a mitigator of the potential hypoxic
neuronal damage, as hyperventilation increases
delivery of oxygen with breathing.

To clarify the diabetes-associated changes in
the chemical regulation of ventilation, acute ven-
tilatory responses to hypoxia were compared
between streptozotocin-induced diabetic and
normal conscious rats. To get insight into the
plausible parenchymal changes in the carotid
body caused by diabetes, the organs were dis-
sected and subjected to a two-pronged morpho-
logical examination aimed at the ultrastructure
and microvasculature.

14.2 Methods

The study conforms to the good publishing practice
in physiology (Persson and Henriksson 2011) and
the protocol was accepted by the 4th Local Ethics
Committee on Animal Experiments in Warsaw,
Poland (Permit 24/2012). The study consisted of
two separate parts: functional and morphological;
with a total of 15 adult, male, Wistar rats used,
weighing 294.1+2.2(SE) g. All animals were kept
on a 12/12 h light/dark cycle, were fed with a stan-
dard animal chow, and had water ad libitum. There
were 12 rats; each subjected to sequential ventila-
tory studies in three experimental conditions: con-
trol, 2 weeks’ diabetes, and 4 weeks’ untreated
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diabetes. The last condition included only six ani-
mals, since the other six were used for another
study ramification dealing with diabetic pharmaco-
therapy, herein unreported. Ventilation (Vg, I/min,
BTPS) and its responses to acute 3-min hypoxic
poikilocapnic tests were measured breath-by-
breath in conscious rats in a plethysmographic
chamber (PLY3223; Buxco Electronix Inc.,
Wilmington, NC). The method was based on the
pressure difference between the experimental and
reference chamber measured with a differential
pressure transducer. A bias flow at a rate of 2.5 I/
min was employed between the tests to remove the
CO, build-up from the chamber.

14.2.1 Protocol of Functional Studies

The animals were allowed to acclimatize to the
chamber condition for 20-30 min. Then, the gas
in the chamber was switched randomly to 8 % O,
or 12 % O, in N,. The chamber gas equilibrium
was achieved in 40 s and the test started, with
15-20 min intervals in ambient air between tests.
After the control hypoxic tests, each animal was
injected with streptozotocin (70 mg/kg, i.p.) to
induce diabetes. Diabetes was left untreated and
the hypoxic tests were repeated after 2 and
4 weeks. The dose of streptozotocin above out-
lined was chosen as being placed in-between of
the range usually used to induce experimental
diabetes in rodents, ranging from 50 to 75 mg/kg
(Eleayu et al. 2013; Saiki et al. 2005) for the
intraperitoneal administration in the rat. The
streptozotocin mode mimics neuropathic and
angiopathic complications of human diabetes,
with hyperglycemia similar to either type 1 or
type II diabetes (Eleayu et al. 2013).
Streptozotocin-induced diabetes also is associ-
ated with enhanced oxidative stress, due mostly
to hyperglycemia-driven increase in free radicals
(Sano et al. 1998).

Data were processed off-line and are shown
at 30 s time marks of the hypoxic ventilatory
course; each point being an average of a 10 s
bin preceding the time mark. The analysis
focused on three time marks of greatest interest
along the ventilatory response profile: baseline
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(0 s), peak response (30 s), and end-test fall-off
(180 s).

Three diabetic rats, after the completion of
functional studies, and three additional healthy
rats were anesthetized with a-chloralose and ure-
thane (35 and 800 mg/kg, i.p., respectively),
tracheostomized, and the carotid bodies were sur-
gically exposed in the neck and prepared for a
two-pronged morphological study.

14.2.2 Transmission Electron
Microscopy

A fixative mixture consisting of 2 % paraformal-
dehyde and 2.5 % glutaraldehyde in 0.1 M caco-
dylate buffer, pH 7.4 was perfused through the
left ventricle of the heart to euthanize the ani-
mals. Carotid bodies were dissected and post-
fixed in the same fixative for 24 h at 4 °C. In
some instances carotid bodies were rapidly dis-
sected in vivo and immediately immersed in the
fixative. The animal was then euthanized by an
overdose of the anesthetics. The tissue was incu-
bated in 2 % OsO, and after graded dehydration
in ethyl alcohol and propylene oxide, it was
embedded in Spurr resin. Ultrathin serial sec-
tions of 50 nm were cut, mounted on copper
grids, and examined randomly under with a JEM
1200Ex transmission electron microscope (Jeol,
Tokyo, Japan).

14.2.3 Laser Scanning Confocal
Microscopy

Carotid bodies were dissected from healthy and
diabetic rats. Specimens were routinely processed
into paraffin. Paraffin sections (30 p thick) were
stained with hematoxylin-eosin and labeled with
Griffonia simplicifolia I (GSI) lectin, a tracer that
selectively binds to the endothelial cells in micro-
circulatory vessels, conjugated with fluorescein
isothiocyanate (FITC) (Sigma-Aldrich, St. Louis,
MO). Slides were examined under a laser scan-
ning confocal microscope, with a 40x or 63x
objective, coupled with Laser Pix 2000 software
(BioRad, Hemel Hempstead, Hertfordshire, UK).
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On average, 10-15 fields per carotid body were
randomly sampled. A spatial reconstruction of the
carotid body capillary bed was made. Specimens
were examined layer-by-layer every 0.5 p down-
ward in a given area of intact volume of thick tis-
sue sections, yielding a stack of 20-50 digital
images of successive optical sections. Green fluo-
rescence was excited with argon (488 nm) laser to
visualize the capillary configuration. The param-
eter describing the capillary frequency was num-
ber of capillaries per unit section (averaged from
5 square areas of 275x275 p). Capillary luminal
diameter was measured morphometrically. In
addition, capillary geometry, tortuosity, and for-
mation of new microvessels were assessed by
observation.

Functional ventilatory and morphological
ordinal data (number of capillaries and their
lumen’s diameter) were compared statistically
between diabetic and healthy carotid bodies with
the Wilcoxon signed-rank test; significant
changes were defined as p<0.05. Morphological
cardinal data in photomicrographs presenting the
ultrastructure and the capillary profile in carotid
body parenchyma, related to diabetic changes,
were determined by visual inspection by at least
two independent observers to determine repro-
ducibility and intraobserver variability.

14.3 Results and Discussion

The rats showed clear diabetic symptoms from
about 10 days on after streptozotocin injection
(blood glucose levels were tested every 5 days),
with polyuria and polydipsia, apathy, decreased
locomotion, and skin and hair coat consisting of
increased grayness and easily epilated hair. The
baseline data 4 weeks into the untreated diabetes
are summarized in Table 14.1. Severe hypergly-
cemia was accompanied by hypoxia and a drop in
resting ventilation.

The hypoxic ventilatory response was classi-
cally biphasic, stimulatory/inhibitory, in both
healthy and diabetic conditions (Fig. 14.1a, b).
The peak ventilatory stimulation occurred 30 s
from the hypoxic test onset, with a gradual venti-
latory fall-off thereafter. The response to hypoxia
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was distinctly dampened in diabetes already after
2 weeks, the dampening tended to deepen after
another 2 weeks. The magnitude of peak hyper-
ventilation in response to 12 % hypoxia, on aver-
age, amounted to about 80 % of that present in
the healthy condition. Hypoxic hyperventilation
was expectedly accentuated in response to the
stronger 8 % hypoxic stimulus. The magnitude of
the inhibitory effect on the hypoxic responses of
diabetes was here similar to that observed in
12 % hypoxia (Table 14.1).

The functional findings of the present study
were that untreated diabetes appreciably impaired
the hypoxic ventilatory responses. The impair-
ment is in agreement with other studies in both
animals (Rasche et al. 2010; Hein et al. 1994) and
humans (Weisbrod et al. 2005; Nishimura et al.
1989), although there also are sporadic reports
showing no effects of diabetes on hypoxic venti-
lation (Saiki et al. 2005). The underlying mecha-
nisms of the impairment are unclear. Generalized
diabetic neuropathy, causing dysfunction of the
respiratory muscle pump, may factor in the venti-
latory impairment. There are reports showing
that the hypoxic ventilatory increase is dampened
in diabetic patients even without autonomic neu-
ropathy, although the dampening is enhanced in
the setting of the accompanying neuropathy
(Montserrat et al. 1985).

The role of deficient respiratory muscle sys-
tem in the diabetic-related impairment of ventila-
tory responses may be, to an extent, supported by
a decrease in resting ventilation in diabetes
observed in the present study, but it is at variance
with a well maintained (Hein et al. 1994) or even
enhanced (Nishimura et al. 1989) hyperventila-
tory response to severe hypercapnia, which we
also confirmed in the present study (data not
shown). The hypoxic ventilatory drive also seems
well preserved in diabetic autonomic neuropathy
(Calverley et al. 1982). Therefore, the respiratory
system seems able to meet the strenuous mecha-
nistic ventilatory challenge. The resolution of the
issue of the role of deficient respiratory muscle
pump, as opposed to defunct hypoxic drive ema-
nating from the carotid body chemoreceptors, in
hypoventilatory responses requires alternative
study designs in which respiration would be
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Table 14.1 Baseline data 4 weeks after induction of diabetes compared with the healthy condition

12 % Hypoxia—Vg (L/min/kg)

PaOZ
(mmHg)

Glycemia

(mg/dL) Resting Peak

8 % Hypoxia— Vg (L/min/kg)

Fall-off Resting Peak Fall-off

Diabetes | 506.7+18.1% | 77.7+1.7% | 0.59+0.05* | 1.01 +0.06* | 1.01+0.07* 0.66+0.04* 1.35+0.10*%  0.95+0.29*

Healthy | 117.0+7.5 [95.9+2.0 |0.95+0.05

1.43+0.05

1.28+0.06 1 0.86+0.04 | 1.92+0.07 | 1.87+0.10

Data are means + SE. Diabetic data refer to 4 weeks’ untreated diabetes (n=6), healthy (n=12). Vi — minute ventilation,

*p<0.05 between the two conditions
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Fig. 14.1 Ventilatory responses to acute 12 % hypoxia
(Panel a) and 8 % hypoxia (Panel b) in the healthy condi-
tion and after 2 and 4 weeks of untreated diabetes in the
same rats. Diabetes decreased both resting and hypoxic

recorded from the phrenic nerve activity, along
with chemoreceptor cell discharge, in paralyzed
ventilated animals.

In the present study, to get insight into chemo-
receptor function, we examined diabetes-induced
morphological changes in carotid body paren-
chyma, which has not yet been reported in the
literature. At the ultrastructural level, carotid
bodies from healthy rats show clusters of chemo-
receptor cells with characteristic dense-cored
secretory vesicles. Figure 14.2 demonstrates
cross-sections of several chemoreceptor cells
from a healthy carotid body. Since the cells are
cut through at different levels, the nuclei are of
different size or are not visible in some of them.
The cells contain numerous mitochondria and
Golgi apparatuses. Nerve fibers are placed
between the cells. A capillary seen in the upper

8% Hypoxia

‘ —®— Healthy; n=12

0.5 1 — -Ao— Diabetes 2wk; n=12
----#---- Diabetes 4wk; n=6
0.0 . T T T T r )
0 30 60 90 120 150 180
Time (s)

ventilation. *p<0.05 for the difference between the
healthy and either hypoxic ventilatory level at the marked
time points (vertical)

right corner presents a layer of normal endothelial
cells. Diabetes caused little ultrastructural
changes in chemoreceptor cells, consisting of
occasional vacuolization and thinning of the
inner mitochondrial cristae (Fig. 14.3a). However,
the Golgi apparatus was distinctly hyperactive
showing distended cisternae of its reticular struc-
ture and enlarged stacks of vesicles in their prox-
imity (Fig. 14.3b), which points to enhanced
processing and packaging of molecules for secre-
tion from the cell. The most notable change in the
diabetic carotid body was proliferation of con-
nective tissue pushing aside the chemoreceptor
cells and disorganizing otherwise regular
arrangement of the cell cluster (Fig. 14.4). The
diffusion pathway for oxygen from capillaries to
chemoreceptor cells became clearly elongated in
diabetes. The capillaries themselves were patho-
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Control

Fig.14.2 Photomicrograph of a healthy rat carotid body.
Cross-section of a cluster of chemoreceptor cells (T1 —
type 1 cells) is shown. There are nuclei in three of the
cells, not visible in other cells due to the cutting the cells
through at different levels. The cells contain a typical pat-
tern of dense-cored secretory vesicles (appear as black
dots inside the chemoreceptor cells), mitochondria (M),
and Golgi cisternae (G). A capillary (C) filled with eryth-
rocytes is seen in the upper right corner, with a layer of
normal endothelial cells (EC with a thick arrow).
Occasional nerve fibers (NF) squeezed between type 1
cells or in the cluster periphery are seen (short arrows)

logically changed. The endothelial cells were
swollen, showed enhanced pinocytosis, rarefied
mitochondrial content (Fig. 14.4a), and breaks in
the endothelial layer (Fig. 14.4b). There were
signs of neovascularization in carotid body
parenchyma. Figure 14.5 demonstrates the ongo-
ing splitting of a capillary into a two-channel
microvessel. The microvessel, however, before
being fully formed, seems dysfunctional having a
highly pathological appearance, with degener-
ated endothelial cells. There is an apoptotic
nucleus in the endothelial cell visible in the cen-
tral part of the image; the cell is shared by both
vessel channels.

Angiopathy was a dominant feature in dia-
betic carotid bodies. Therefore, we set out to per-

form a spatial reconstruction of the capillary bed
in the carotid body using laser scanning confocal
microscopy. To this end, we used GSI lectin con-
jugated with a fluorophore, which selective binds
to the endothelial cells and thus is a tracer of
microcirculatory vessels in both perfused and
non-perfused capillaries (Greene et al. 1990).
The green fluorescent GSI staining distinctly
visualized capillaries surrounding the clusters of
chemoreceptor cells (black islets of cells) and
cutting in through normal carotid body paren-
chyma (Figs. 14.6a, 14.7a). The number of
microvessels was significantly greater in the dia-
betic than that in the healthy carotid body;
43.0+5.4 vs. 32.0+2.4, respectively (P<0.05).
The microvessels’ diameter remained unchanged;
diabetic — 6.08+0.37 pm (n=36) vs. healthy —
6.35+£0.28 pm (n=104). In the diabetic carotid
body, microvessels were visibly elongated, of
greater tortuosity, entwined together, and occa-
sionally forming braids (Fig. 14.6b). There were
signs of neovascularization consisting of splitting
of microvessels into 2- or 3-channel vessels, and
the connective tissue stroma was clearly out-
grown pushing the chemoreceptor cells into the
cluster’s periphery (Fig. 14.7b).

14.4 Summary and Conclusions

In view of the paucity of studies on, and contro-
versies surrounding the issue of, the ventilatory
control in diabetes mellitus, in the present study
we attempted to clarify the influence of diabetes
on the carotid body generated hypoxic chemore-
flex. We further proceeded to examine morpho-
logically the diabetic carotid body in search for
the plausible mechanisms underlying changes in
the ventilatory control. We addressed these
issues in a model of streptozotocin-induced dia-
betes in the rat; the model which closely imitates
human diabetes in terms of increased oxidative
stress, chronic inflammation, neuropathy, and
angiogenic changes (Eleayu et al. 2013; Sano
et al. 1998). The major finding was that the
hypoxic ventilatory responses were progres-
sively diminished in diabetes. Furthermore, dia-
betic carotid bodies displayed profound
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Fig. 14.3 Photomicrograph showing three chemorecep-
tor cells (T1 — type 1 cells) in a diabetic rat carotid body
(left panel). The cells seem functionally intact, with subtle
changes in the organelles (M mitochondria, N nucleus of

type 1 cell). Nerve fibers (NF) are visible between the
cells. The area of the black square contains a hyperactive
Golgi area. This area is blown up in the right panel (see
text for details)

Diabetes

Fig. 14.4 Heavy proliferation of connective tissue (CT)
in diabetic carotid body parenchyma seen in both photo-
micrographs. Chemoreceptor cells are pushed away
toward the cluster periphery. Swollen endothelial cells

(EC) in the capillaries (C — lower left in the left panel and
upper left in the right panel) and a break in the endothelial
layer continuity in the capillary of the right panel pointed
to by the arrow
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Fig. 14.5 Photomicrograph showing the splitting of a
microvessel in diabetic carotid body parenchyma into a
two-channel pathologically changed vessel; EC endothe-
lial cells, N nucleus of endothelial cell, Ch channels of the
splitting blood capillary (see text for details)

Control

Fig. 14.6 Laser scanning confocal microscopy showing
reconstruction of the microvascular bed in healthy (Panel
a) and diabetic (Panel b) carotid bodies. Green fluores-
cence depicts the endothelial layers that encircle the

M. Pokorski et al.

morphological restructuring, most notably con-
sisting of proliferation of interglomal connective
tissue and the induction of blood-microvessel
growth. We show evidence of angiopathic
changes in the carotid body microvasculature
which also included newly formed vessels. The
morphological alterations outlined above clearly
derange the otherwise regular glomal structure
and raise the possibility of the development of
chronic hypoxia in the organ. Studies show that
sustained hypoxia is associated with upregula-
tion of proinflammatory cytokines and their
receptors in the carotid body (Liu et al. 2009;
Lam et al. 2008). Diabetes may thus lead to
chronic inflammation of the carotid body; a trait
that may have underpinned both morphological
and functional alterations of the organ.

The ultrastructural examination of the present
study supplies evidence that the chemoreceptor
cells were grossly unchanged in diabetes.
Although ultrastructurally intact, the chemore-
ceptor cells’ function may have been impaired by
the parenchymal impediment, in terms of the
ability to respond, in size and extent, to the
hypoxic stimulus. Our study lends support to

Diabetes

10 pm

lumen of capillaries. Capillaries surround islets of chemo-
receptor cells (black cell groupings). In diabetes,
microvessels are elongated, tortuous, and entwined
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Control

Diabetes

Fig. 14.7 Laser scanning confocal microscopy present-
ing another example of the microvascular bed in healthy
(Panel a) and diabetic (Panel b) carotid bodies. White
arrows in both panels exemplify the black islets of chemo-
receptor cells surrounded by greenly fluorescent endothe-
lial layers of capillaries. White rectangles in Panel b

those previous reports which show deficient ven-
tilatory responses to hypoxia in diabetes. The
deficient ventilatory control of diabetes is indubi-
tably multifactorial. Although we observed unfa-
vorable effects of hyperglycemia on carotid body
parenchymal organization, which makes it diffi-
cult for the chemoreceptor cells to guide the
hypoxic ventilatory response, we believe the defi-
cient responses cannot be solely explained by the
disturbed peripheral chemoreceptor function.
The central component of respiratory regulation
and that related to the neuropathic restrain of
motor pathways running to the respiratory mus-
cle pump should be taken into consideration.
Finally, the role of chronic diabetic inflammation
of the carotid body remains to be clarified.
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Abstract

Adenosine is a key excitatory neurotransmitter at the synapse between O,-
sensing chemoreceptor cells-carotid sinus nerve (CSN) endings in the
carotid body (CB). Herein, we have investigated the significance of adenos-
ine, through the blockade of its receptors with caffeine, on the CB hypoxic
sensitization induced by chronic intermittent hypoxia (CIH) in the rat. CIH
animals were obtained by submitting rats during 15 days from 8:00 to 16:00
to 10 %0, for 40 s and 20 % O, for 80 s (i.e., 30 episodes/h). Caffeine
(1 mM) was tested in spontaneous and 5 %O, evoked-CSN chemosensory
activity in normoxic and CIH animals. CIH decreased basal spontaneous
activity but increased significantly CSN activity evoked by acute hypoxia.
Caffeine did not modify basal spontaneous activity in normoxic rats, but
decreased significantly by 47.83 % basal activity in CIH animals. In addi-
tion, acute application of caffeine decreased 49.31 % and 56.01 % the acute
hypoxic response in normoxic and CIH animals, respectively. We demon-
strate that adenosine contributes to fix CSN basal activity during CIH, being
also involved in hypoxic CB chemotransduction. It is concluded that ade-
nosine participates in CB sensitization during CIH.
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15.1 Introduction

Chronic intermittent hypoxia (CIH) is a charac-
teristic feature of obstructive sleep apnea (OSA).
Nowadays, it is consensual that OSA, increase
carotid body (CB) peripheral drive being this
reflected by enhanced ventilatory and cardiovas-
cular reflex responses to acute hypoxia and by an
enhanced sympathetic tone (Somers et al. 1995;
Narkiewicz et al. 1999). In fact, in the last decade
several studies in animal models of CIH have
strengthened the idea that CIH leads to an over-
activation of the CB, which is manifested by its
increased sensitivity to hypoxia (Rey et al. 2004;
Prabhakar et al. 2007). In fact, the recording of
carotid sinus nerve (CSN) discharge in vitro and
in situ showed that exposure of animals to CIH
increased CSN basal discharge and enhanced the
chemosensory response evoked by acute hypoxia
(Peng et al. 2003; Rey et al. 2004; Gonzalez-
Martin et al. 2011). Nevertheless, the mecha-
nisms underlying the CB hypoxic sensitization
induced by CIH are not well understood. Herein,
we have investigated the role of adenosine, a key
excitatory neurotransmitter at the synapse
between O,-sensing chemoreceptor cells- CSN
endings in the carotid body (Conde et al. 2009,
2012a) on CB hypoxic sensitization during
CIH. The role of adenosine was studied by test-
ing acutely caffeine, which is a non-selective
adenosine receptor antagonist, that blocks A,x
and Ap receptors at the CB (Conde et al. 20006,
2012b) on CSN chemosensory activity in basal
conditions and in response to hypoxia in
normoxic and CIH animals. We have found that,
in contrast with what happens in normoxic
animals, adenosine contributes to fix CSN basal
activity during CIH. Also, we showed that
adenosine, as it has been described in normoxic
animals, is a key player involved in hypoxic CB
chemotransduction.

15.2 Methods

Experiments were performed in Wistar adult rats
(300-380 g) obtained from vivarium of the
Faculty of Medicine of the University of

J.F. Sacramento et al.

Valladolid. The Institutional Committee of the
University of Valladolid for Animal Care and Use
approved the protocols. Control animals were
maintained in room air atmosphere and CIH
animals were submitted during 15 days from
8:00 to 16:00 to the following IH pattern: 10 %0,
for 40 s and 20 % O, for 80 s (i.e., 30 episodes/h)
as previously described by Gonzalez-Martin
et al. (2011). The experiments were performed
approximately 16 h after the completion of their
last ITH episode.

Rats were anaesthetized with sodium pento-
barbital (Sigma, Madrid, Spain) (60 mg/kg i.p.),
tracheostomized and the carotid arteries were
dissected past the carotid bifurcation. The prepa-
ration CB-CSN was identified and processed for
CSN recordings as previously described by
Rigual et al. (2002) and Conde et al. (2012a, b).
Inall instances animals were killed by intracardiac
overdoses of sodium pentobarbital until the beat-
ing of their hearts ceased.

Recordings of either a single or a few fibers of
CSN were made using a suction electrode. The
pipette potential was amplified (NeuroLog;
Digimiter, Hertfordshire, England), filtered
(1 kHz), digitized at 6 kHz (Axonscope; Axon
Instruments, Molecular Devices, Wokingham,
UK) and stored on a computer. Chemoreceptor
activity was identified (as the spontaneous gen-
eration of action potentials at irregular intervals)
and confirmed by its increase in response to
hypoxia (normoxia: 20 % O,+5 % O,+75 % N,;
hypoxia: 5 %0,+5 %CO,+balanced N,). CSN
unit activity was converted to logic pulses, which
were summed every second and converted in a
voltage proportional to the sum. The effect of
caffeine (1 mM) on the CSN activity was studied
while perfusing the preparations with normoxic
(20 % Oy-equilibrated) and hypoxic (5 % O,-
equilibrated) solutions.

Data was evaluated using Graph Pad Prism
Software, version 5 and was presented as
mean+SEM. The significance of the differences
between the means was calculated by One and
Two-Way Analysis of Variance (ANOVA) with
Dunnett’s and Bonferroni multiple comparison
tests, respectively. P values of 0.05 or less were
considered to represent significant differences.
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15.3 Results

Figure 15.1 illustrates the effect of caffeine
(1 mM), a non-selective adenosine receptor
antagonist, on spontaneous and hypoxic-evoked
CSN chemosensory activity in control rats and in
rats submitted to CIH. Although it is not evident
from Fig. 15.1a, mean basal CSN chemosensory
activity decreased by 58.11 % with CIH
(Fig. 15.1d). Blockade of adenosine receptors by
caffeine did not modify the basal CSN chemo-
sensory activity in normoxic animals (Fig. 15.1b,
d), but decreased by 47.33 % in CIH rats
(Fig. 15.1c, d; p<0.01). Mean basal activity for
each paradigm was: control — 4.51+0.62
impulses/s; control +acute caffeine — 4.46+0.48
impulses/s; CIH rats — 1.89+0.20 impulses/s;
CIH rats + acute caffeine — 0.99 +0.23 impulses/s.

In order to correct the activity of CSN in
response to any given stimulus, the activity was
expressed as times over basal. As it can be seen in
Fig. 15.1a, e, exposure to CIH induced a signifi-
cantly increase by 277.66 % in CSN activity in
response to moderate hypoxia, 5 % O, (CSN
activity in normoxic animals=7.72+1.03 times
over basal; CSN activity in CIH ani-
mals =28.99+2 .42 times over basal). Blockade of
adenosine receptors decreased by 49.31 % CSN
activity evoked by 5 %O, in normoxic animals
(Fig. 15.1b, e) and by 56.04 % in CIH animals
(Fig. 15.1c, e). For each given stimulus we also
measured the latency of the response and the time
to peak response. Acute caffeine application did
not delay the onset of the response (latency time)
either in normoxic or in CIH animals (nor-
moxic animals=22.72+5.58 s; normoxic + caf-
feine=32.46+2.93s; CIHanimals=26.07 +6.98s;
CIH +caffeine=29.61+4.02 s, data not shown).
The times to reach the maximal activity (time to
peak) are depicted in Fig. 15.1f. CIH exposure
increased significantly time to peak to
121.20+17.5 s from a control value of
47.13+4.59 s (normoxic animals). Acute caffeine
application in normoxic animals increased signifi-
cantly time to peak 75.22+7.05 s, although no
significant statistical differences were observed
for acute caffeine application in CIH animals
(time to peak=11.58+16.37 s).
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15.4 Discussion

The present study demonstrates, for the first time,
that adenosine is involved in CB sensitization
during CIH. We have showed that acute caffeine
administration, blocking adenosine receptors,
decreased spontaneous CSN chemosensory
activity in CIH animals, meaning that adenosine
contributes to fix basal CSN activity during
CIH. In addition, caffeine also reduced CSN che-
mosensory activity evoked by acute hypoxia,
demonstrating that adenosine is a key player in
hypoxic chemotransduction during CIH.

The concentration of caffeine tested in the
present work was compatible with the antago-
nism of adenosine receptors and with the inhibi-
tion of phosphodiesterases (Fredholm et al.
1999), although we have attributed all the effects
to the antagonism of adenosine receptors as we
previously described that caffeine action on CSN
activity is due to a mixed A, and A, receptor-
mediated effect (Conde et al. 2006).

In accordance with other groups and with our
previous findings we have observed that CIH
induced an increase in CB sensitization that is
manifested by its increased sensitivity to hypoxia
(Rey et al. 2004; Prabhakar et al. 2007; Gonzalez-
Martin et al. 2011). In addition, we have shown
that adenosine receptors blockade by caffeine
decreased basal CSN activity, as well as the CSN
activity evoked by acute hypoxia in CIH animals,
indicating that apart from mediating acute
hypoxic signalling in CIH, adenosine also con-
tributes to fix CSN basal activity in CIH. The
effect of caffeine on CSN basal activity contrasts
with what happens in normoxic animals where
caffeine did not modify basal CSN activity
(Fig. 15.1; Conde et al. 2006) and with the
absence of effect of chronic caffeine administra-
tion in chronic sustained hypoxia in basal CSN
action potential frequency (Conde et al. 2012b).
Nevertheless, caffeine action on CSN activity
evoked by acute hypoxia during CIH was consis-
tent with previous findings that show that adenos-
ine have excitatory effects on the CB, being a key
neurotransmitter involved in hypoxic CB che-
motransduction both in normoxic animals as in
chronic sustained hypoxia (Conde et al. 2009,
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Fig. 15.1 Effect of caffeine (1 mM) in basal and
hypoxia evoked-carotid sinus nerve (CSN) chemosen-
sory activity in normoxic and chronically intermittent
hypoxic (CIH) animals. (a) Typical recording of the fre-
quency of action potentials of CSN in response to
hypoxia (5 % O,) in normoxic and CIH rats. (b) Typical
recording for the effect of acute caffeine application on
the frequency of actions potentials of CSN in basal and
in response to 5 %O, in normoxic rats. (¢) Typical
recording for the effect of acute caffeine application on
the frequency of actions potentials of CSN in basal and
in response to 5 %0, in CIH rats. Arrows indicate the

period of application of acute hypoxic stimulus (5 %0O,).
Animals were submitted to 15 days of chronic intermit-
tent hypoxia (10 %O, for 40 s and 20 % O, for 80 s (i.e.,
30 episodes/h)). Panels d and e represent, respectively,
the effect of caffeine on means of basal CSN activity
and on means of increases in peak frequencies, in nor-
moxic rats and in rats exposed to CIH. Panel f represent
the time required to reach maximal activity during stim-
ulation (time to peak). Data represent means + SEM of n
individual values given in the drawing. *P<0.05,
**P<0.01, ***P<0.001 vs. control values, #P <0.05,
##P <0.01 vs. CIH values
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2012a, b). It is well known that hypoxia induces
the release of adenosine from the CB in normoxic
animals (Conde and Monteiro 2004), therefore it
is expected that the contribution of adenosine to
CB sensitization during CIH and thereby to the
CSN activity in basal conditions and in response
to acute hypoxia be correlated with alterations in
adenosine release. In fact, it has been described
that plasma adenosine levels are increased in
OSA patients (Lavie 2003) suggesting that alter-
ations in adenosine release and adenosine dynam-
ics are involved in the mechanisms underlying
the pathophysiological alterations observed in
OSA and with the increased CB sensitization.
Additionally, changes in the density and/or affin-
ity of their receptors in the sensory nerve endings
should also be considered.
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Patricia Ortega-Saenz, Javier Villadiego,
Ricardo Pardal, Juan José Toledo-Aral,
and José Lopez-Barneo

Abstract

The carotid body (CB) is a polymodal chemoreceptor that triggers the
hyperventilatory response to hypoxia necessary for the maintenance of O,
homeostasis essential for the survival of organs such as the brain or heart.
Glomus cells, the sensory elements in the CB, are also sensitive to hyper-
capnia, acidosis and, although less generally accepted, hypoglycemia.
Current knowledge on CB function is mainly based on studies performed
on lower mammals, but the information on the human CB is scant. Here
we describe the structure, neurotrophic properties, and cellular responses
to hypoxia and hypoglycemia of CBs dissected from human cadavers. The
adult CB parenchyma contains clusters of chemosensitive glomus (type I)
and sustentacular (type II) cells as well as nestin-positive progenitor cells.
This organ also expresses high levels of the dopaminotrophic glial cell
line-derived neurotrophic factor (GDNF). GDNF production and the num-
ber of progenitor and glomus cells were preserved in the CBs of human
subjects of advanced age. As reported for other mammalian species, glo-
mus cells responded to hypoxia by external Ca**-dependent increase of
cytosolic [Ca?*] and quantal catecholamine release. Human glomus cells
are also responsive to hypoglycemia and together the two stimuli, hypoxia
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and hypoglycemia, can potentiate each other’s effects. The chemo-sensory
responses of glomus cells are also preserved at an advanced age.
Interestingly, a neurogenic niche similar to that recently described in
rodents is also preserved in the adult human CB. These new data on the
cellular and molecular physiology of the CB pave the way for future
pathophysiological studies involving this organ in humans.

Keywords

Human carotid body * Chemosensory response * Hypoxia * Hypoglycemia
* Glomus cells * Neurotrophic factors * GDNF e Cell therapy ¢
Neuroprotection * Peripheral neurogenic niche ¢ Neural crest-derived

stem cells

Abbreviations

CB carotid body

GDNF glial cell line-derived neurotrophic
factor

TH tyrosine hydroxylase

GFAP  glial fibrillary acidic protein

DDC dopa-decarboxylase

DAPI  4’,6-diamidino-2-phenylindole
BDNF  brain derived neurotrophic factor
IGF-1  insulin-like growth factor-1

HVA Hypoxic ventilatory acclimatization
16.1 Introduction

The carotid body (CB) is a main arterial chemo-
receptor responsible for activation of the brain-
stem  respiratory center to  produce
hyperventilation and sympathetic activation dur-
ing hypoxemia. Together with other organs, the
CB constitutes a homeostatic acute O,-sensing
system, which is required for adaptation to acute
hypoxia (Lopez-Barneo et al. 2008; Teppema
and Dahan 2010; Weir et al. 2005). Although
low O, tension (PO,) is the main stimulus for CB
activation, it functions as a polymodal peripheral
chemoreceptor that is also sensitive to increased
CO,, low pH, and low glucose as well as other
less studied stimuli (Kumar and Prabhakar 2012;

Lopez-Barneo 2003). The CB parenchyma is
organized in clusters of cells (glomeruli) in close
contact with a profuse network of capillaries.
The most abundant cells within the CB glomer-
uli are the neuron-like, type I or glomus cells,
which are the O,-sensitive neurosecretory ele-
ments of the organ. Glomus cells are electrically
excitable and release neurotransmitters upon
exposure to environmental low PO,. Type I cells
have numerous secretory vesicles containing
dopamine and other neurotransmitters (particu-
larly acetylcholine and ATP) as well as several
peptides. These cells are enveloped by the pro-
cesses of glia-like, sustentacular or type II cells,
which were classically considered to belong to
the peripheral glia and to play a supportive role.
Recent data have suggested that type II cells may
behave as stem cells that contribute to CB growth
in response to chronic hypoxia (Pardal et al.
2007; Platero-Luengo et al. 2014) (see below).
Alterations of CB development or function have
been implicated in several respiratory diseases,
particularly in the newborn (reviewed by (Lopez-
Barneo et al. 2008)). On the other hand, CB
over-activation appears to contribute to the auto-
nomic imbalance characteristic of several highly
prevalent disorders, such as obesity, hyperten-
sion, obstructive sleep apnea, metabolic syn-
drome, cardiac failure, and diabetes (Cramer
et al. 2014; Iturriaga 2013; Nair et al. 2013;
Narkiewicz et al. 1998; Prabhakar and Semenza
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2012; Ribeiro et al. 2013; Schultz et al. 2013).
Recently, ablation of this organ has been pro-
posed for the treatment of neurogenic hypertension
(Paton et al. 2013).

Although the understanding of the physiologi-
cal function of the CB at the molecular and cel-
lular levels has increased considerably during the
last 25 years due to studies performed on lower
mammals (mainly rodents), the information
about the human CB is scant (Conde and Peers
2013). The anatomy and ultrastructure of the
human CB in normal subjects, as well as in high
altitude dwellers and patients with chronic lung
or cardiac diseases has been reported (Arias-
Stella and Valcarcel 1976; Heath et al. 1970).
Several papers have also described the systemic
cardio-respiratory alterations caused by bilateral
CB resection (Timmers et al. 2003) or ageing (Di
Giulio et al. 2012; Pokorski et al. 2004) in
humans. However, with the exception of two
recent publications on the gene expression profile
of the human CB (Fagerlund et al. 2010;
Mkrtchian et al. 2012), its functional characteris-
tics have remained practically unknown. Herein
we summarize and discuss the data recently
obtained by our group regarding the basic ana-
tomical, neurochemical and physiological prop-
erties of CBs dissected from human cadavers, of
different age and gender, registered with the
Organ Donation Program at our institution
(Ortega-Saenz et al. 2013).

16.2 Structure and GDNF Content
of the Human CB

The human CB is located at the carotid bifurca-
tion in close contact with the arterial adventitia
and normally surrounded by abundant fat and
connective tissue, which must be carefully
removed before a clean CB can be dissected out
(Fig. 16.1a). The estimated volume of the adult
human CB in our cohort is 20.7 3.8 mm? (n=16
carotid bodies; 11 donors), a value within the
range reported by other studies (Heath et al.
1970; Shamblin et al. 1971; Arias-Stella and
Valcarcel 1976). However, large differences in
sizes are observed among the different individuals

or even between the right and left CBs of the
same subject (Ortega-Saenz et al. 2013).
Although there is a trend for CBs from males to
be larger than those of females, no statistically
significant differences was found associated to
sex (Fig. 16.1b). In addition, the average CB vol-
ume is similar in young (<50 years) and older
(>50 years) donors (Fig. 16.1c). We have per-
formed detailed immunohistochemical analyses
to study the presence of the main cell types exist-
ing in the CB: type I or glomus cells, which are
highly dopaminergic and express specific mark-
ers as tyrosine hydroxylase (TH) or dopa-
decarboxylase (DDC), and type Il or sustentacular
cells that can be identified by the expression of
glial markers such as the glial fibrillary acidic
protein (GFAP) (Lopez-Barneo et al. 2009). We
have found the typical clusters of TH+ cells in the
human CB (Fig. 16.1d), although as previously
reported (Lazarov et al. 2009), the number of
these cells was surprisingly low (~1-2 % of the
cell population) in comparison with values
(>20 %) described in rodent CBs (Ortega-Saenz
et al. 2006; Pardal et al. 2007). However, the
actual number of human glomus cells is clearly
higher (>10 %) than that revealed by TH immu-
nofluorescence, as demonstrated by the staining
of sections with antibodies against DDC, which
also shows the typical appearance of clusters of
glomus cells (Fig. 16.1e). The fact that TH is a
highly regulated enzyme whose expression
depends on numerous factors (Kroll and Czyzyk-
Krzeska 1998) could be the explanation for the
different percentage of glomus cells obtained by
these dopaminergic markers, TH and DDC, in
our cohort of subjects. Notably, the levels of TH
or DDC expression appeared similar among indi-
viduals of different ages or gender (Fig. 16.1g, h,
J» k). GFAP immunoreactivity was found on the
soma of type II cells as well as in their long pro-
cesses covering extensive areas of the organ.
However, the estimated number of GFAP+ cells
(in comparison with the total number of DAPI+
nuclei) is only ~1 % and no significant differ-
ences have been observed associated to age or
gender (Fig. 16.1i, 1).

A special neurochemical feature of the CB is
the high levels of neurotrophic factors contained
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Fig. 16.1 Morphology of the human carotid body. (a) Connective and adipose tissues have been removed to reveal
Photograph of the human carotid artery bifurcation. the carotid body (black arrow). Scale bar: 1 cm. (b and ¢)
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Fig.16.2 GDNF expression in human carotid body cells.
(a) GDNF mRNA expression in human CB samples from
66- and 17-year-old subjects. Note the lack of expression
of GDNF in the SCG tissue (66-year-old subject).
Glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
was used as housekeeping gene to normalise mRNA. (b)
GDNF content (in picograms per microgram of total pro-

by the adult organ. Among the various trophic
factors identified in rodent CBs are brain derived
neurotrophic factor (BDNF), glial cell line neu-
rotrophic factor (GDNF), insulin growth factor-1
(IGF-1) and artemin (Erickson et al. 2001; Izal-
Azcarate et al. 2008; Leitner et al. 2005;
Porzionato et al. 2008; Villadiego et al. 2005).
Interestingly, the CB is among the tissues with
the highest level of GDNF in the adult rodent
nervous system (Villadiego et al. 2005). The
main sources of GDNF are the dopaminergic
neuron-like glomus cells (Villadiego et al. 2005)
and a similar distribution (preferential location
in neurons) is also found in the central nervous

tein) measured by ELISA in human, swine and rat CB and
SCG. (c and d) GDNF protein levels in CBs from subjects
below (n=8) and above (n=5) 50 years of age (c) and
females (n=6) and males (n=7) (d). * p<0.05 and **
p<0.01 (Mann-Whitney U test) (Modified from Ortega-
Saenz et al. 2013)

system (Hidalgo-Figueroa et al. 2012). In
humans, selective GDNF mRNA expression is
also observed by PCR in CBs of young and aged
adult individuals (Fig. 16.2a). In contrast, no
GDNF mRNA signal was seen in the human
superior cervical ganglion (SCG). The amount
of GDNF protein, estimated by ELISA, was sig-
nificantly higher (~10-fold) in the human CB
than in the SCG. The levels of GDNF encoun-
tered in the human CB and SCG are in the range
of those found in equivalent rat or swine tissues
processed in parallel using the same experimen-
tal protocol (Fig. 16.2b). Surprisingly, no quanti-
tative difference has been observed between

Fig. 16.1 (continued) Volumes of human carotid bodies
grouped by gender (b) and donor age (<50 years, >50 years)
(c). (d, e and f) Fluorescence immunohistochemistry with
antibodies against the glomus cell markers TH (d) and DDC
(e), and the type II cell marker GFAP (f), in thin sections of a
human carotid body. Scale bars: 50 pm. (g, h, I, j, k and 1)

Quantification of immunopositive cells versus total number
of cells estimated in human carotid body sections. Tissues
have been grouped by donor age (<50 years, >50 years) (d, e
and f) and gender (j, k and 1). No significant changes with
age or sex were detected for any of the cell types quantified
(Modified from Ortega-Saenz et al. 2013)
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GDNF protein content in CBs from young and
aged individuals (Fig. 16.2¢) or linked to the sex
of the donors (Fig. 16.2d).

The role that GDNF plays in CB homeostasis
is poorly known. A plausible hypothesis is that
the trophic factor exerts an autocrine/paracrine
protective effect on glomus cells, which have a
particularly high O, consumption and therefore
are exposed to oxidative stress. It is well estab-
lished that GDNF can increase the activity of
detoxifying enzymes as superoxide dismutase,
catalase or glutathione peroxidase and therefore
protects cells from oxidative damage (Chao and
Lee 1999; Cheng et al. 2004; Saavedra et al.
2008; Smith and Cass 2007). In accord with this
concept, conditional deletion of GDNF in adult
mice results in a marked cell death in the CB
(Pascual et al. 2008). Together, these observa-
tions strongly support a paracrine protective role
of GDNF. Maintenance of high GDNF produc-
tion in the adult human CB may explain the pres-
ervation of CB structure in aged subjects. The
high level of GDNF encountered on the CB tissue
could be also responsible for the neuroprotective
effect of intrastriatal CB transplants on substantia
nigra neurons in animals models of Parkinson’s
disease (Espejo et al. 1998; Luquin et al. 1999;
Munoz-Manchado et al. 2013; Toledo-Aral et al.
2003). Glomus cells are envisaged and biological
pumps appropriate for synergistic delivery of
dopamine and GDNF of potential applicability in
antiparkinsonian cell therapy. Indeed, two pilot
phase I/II open clinical trials have shown that CB
autotransplantation is a safe and feasible proce-
dure with some clinical benefit on PD patients
(Arjona et al. 2003; Minguez-Castellanos et al.
2007). However, transplantation of a single CB
does not seem to provide enough tissue for a
robust and sustainable neuroprotective effect in
humans. Expansion of the CB tissue in vitro,
before transplantation, could probably increase
the likelihood that these techniques are effec-
tively translated to the clinical setting.
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16.3 Cellular Responses
to Hypoxia

Chemotransduction in O,-sensitive glomus cells
depend on the expression of O,-regulated voltage-
gated and background K* channels whose activity
is inhibited in hypoxia (reviewed by (Lopez-
Barneo et al. 2001)). This leads to cell depolar-
ization, Ca?>* influx and transmitter release
(Buckler and Honore 2004; Urena et al. 1994).
Although this model of sensory transduction has
been demonstrated in several animal models, it
has not been studied in human tissues. We have
prepared slices of human CB, to measure the
secretory responses to hypoxia by amperometry,
as well as dispersed CB cells to monitor the
changes of cytosolic [Ca?*] by microfluorimetry
(Garcia-Fernandez et al. 2007; Ortega-Saenz
et al. 2010; Pardal et al. 2000; Urena et al. 1994).
Representative recordings of catecholamine
release from individual glomus cells subjected to
low O, tension (PO,, ~15 mmHg) and high
(40 mM) potassium are illustrated in Fig. 16.3a
(upper panel). The cumulative secretion signal
obtained by the sum of the time integral of suc-
cessive amperometric events is represented in
Fig. 16.3a (lower panel). About 85 % of the cells
recorded (n=15) presented a potent secretory
response to both hypoxia and high K*. To esti-
mate the magnitude of the cell secretory responses
to hypoxia and other stimuli, we calculated the
secretion rate (in picocoulombs/min) as the
amount of charge transferred to the recording
electrode during the 60 s after the solutions were
equilibrated in the recording chamber.
Quantitative estimates of the secretion rate
induced by hypoxia (~2,000 pC/min) or high K*
(~7,000 pC/min) yielded results (Fig. 16.3b, c¢)
that are within the range of those calculated for
similar responses in rats or mice with the same
methodology (Ortega-Saenz et al. 2003; Piruat
et al. 2004). Besides catecholamines, recent
experiments have also shown the release of ATP

»

Fig. 16.3 (continued) 40 mM KCI: 6,821+2,290 fC/min;
Hypoxia: 1,910£521 fC/min; n=13 recordings, 8 donors,
aged from 27 to 62 years). Secretion rate is expressed in
pC/min (mean+S.E.M.). (d) Representative recordings of
the increase in cytosolic [Ca?*] elicited by hypoxia and high

K* in dispersed glomus cells loaded with Fura-2 (67-year-
old donor). Note in (d) that the hypoxia-induced increase of
cytosolic Ca?* was reversibly abolished by the application
of extracellular Cd** (0.5 mM) (Modified from Ortega-
Saenz et al. 2013)
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and acetylcholine form human glomus cells
(Kahlin et al. 2014), which, as in lower mamma-
lian species (Zhang et al. 2000), could be the
mediators of the glomus cell-afferent fiber syn-
apse. Although the protocol designed to obtain
dispersed cells from human CB is still suscepti-
ble to improvement, we were able to get some
cultures of healthy isolated human glomus cells
in which hypoxia-evoked a robust increase in
cytosolic [Ca?*]. Nonetheless, the time courses of
the Ca? signals greatly varied from cell to cell
(Ortega-Saenz et al. 2013). In cells with sponta-
neous Ca*" oscillations, hypoxia normally elic-
ited a sustained elevation of [Ca®] that was
reversibly abolished by 0.5 mM extracellular
Cd? (Fig. 16.3d). About 70 % of the human glo-
mus cells that exhibited a clear increase in cyto-
solic Ca*" concentration in response to 30 mM K*
(n=17), also responded to hypoxia with a peak
Ca?* signal amplitude that was 14.4+4 % of that
observed during exposure to high K*.

16.4 Cellular Responses
to Hypoglycemia

Participation of CB cells in glucose homeostasis
has been suggested by previous work in non-
primate mammals (Alvarez-Buylla and de
Alvarez-Buylla 1988; Koyama et al. 2000;
Koyama et al. 2001). We have shown that glomus
cells are glucose sensitive and that low glucose
induces depolarization, increase of cytosolic
[Ca**] and secretion of transmitters from these
cells. Glomus cell sensitivity to hypoglycemia
seems to be mainly due to activation of an inward
cationic current (Garcia-Fernandez et al. 2007,
Pardal and Lopez-Barneo 2002). The responsive-
ness of mammalian CB cells to hypoglycemia has
been confirmed in the in vitro CB—petrosal gan-
glion preparation (Zhang et al. 2007) and in
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dispersed cat glomus cells (Fitzgerald et al. 2009).
Nonetheless, other authors have failed to find any
responsiveness of explanted whole CB prepara-
tions to low glucose (Bin-Jaliah et al. 2004; Conde
et al. 2007) or any significant changes in cytosolic
[Ca?*] in dispersed glomus cells in response to
rapid glucose removal (Gallego-Martin et al.
2012). In contrast to these last observations, we
have found that, as in the rat (Garcia-Fernandez
et al. 2007), human glomus cells can also depolar-
ize and release transmitters in response to a
decrease in the extracellular glucose concentra-
tion (Ortega-Saenz et al. 2013). Under normoxic
conditions (PO, ~ 150 mmHg), removal of extra-
cellular glucose produced membrane depolariza-
tion, an increase in cytosolic [Ca*"] and a secretory
response in human glomus cells similar to that
obtained in rodent cells subjected to the same
experimental protocol (Fig. 16.4a—d) (Garcia-
Fernandez et al. 2007; Zhang et al. 2007). The
average membrane potential recorded in dialysed
human glomus cells (whole cell patch clamp
recording) was —44+3 mV (n=10). In 75 % of
the cells tested, removal of the glucose from the
bathing medium elicited a reversible depolariza-
tion averaging 4.2+0.4 mV (n=35 exposures in
three cells; Fig. 16.4a). In 67 % of the human glo-
mus cells tested glucose removal induced a rise of
cytosolic Ca** with a peak signal amplitude that
was 15.2+3 % of that observed for the exposure
to 30 mM K* (Fig. 16.4b). In parallel experiments
performed on rat cells, the peak Ca’* signal in
response to hypoglycemia was 34.5+6 % of that
seen with 30 mM K* (rn=13). The secretory
response induced by hypoglycaemia in human
CB slices is illustrated in Fig. 16.4c, d. Stimulation
of CB glomus cells by low glucose is markedly
potentiated in hypoxia, and both stimuli (glucose
deficiency and hypoxia) act additively to induce
transmitter release (Fig. 16.4e) or rises of intracel-
lular [Ca?*] (Fig. 16.41).

»

Fig.16.4 (continued) (44-year-old subject). Bottom cumu-
lative secretion signal (in picocoulombs, pC) resulting from
the time integral of the amperometric recording. (d)
Quantification of the increase in secretion rate induced by
hypoglycemia (n=2 recordings; 2 donors of 27 and
44 years of age). (e) Top Potentiation of the secretory
response to low glucose induced by mild hypoxia (6 % O,).

Bottom Cumulative secretion signal (in picocoulombs, pC)
resulting from the time integral of the amperometric record-
ing. (f) Representative recording of the reversible increase
of cytosolic [Ca**] in a Fura-2-loaded glomus cell in
response to hypoxia and hypoglycaemia. Note the potentia-
tion by hypoxia of the response to low glucose (67-year-old
subject) (Modified from Ortega-Saenz et al. 2013)
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Fig. 16.4 Responses of human glomus cells to low glu-
cose and hypoxia. (a) Depolarising receptor potential
recorded in a current-clamped human glomus cell in
response to glucopenia (72-year-old subject). (b)

Reversible increase of cytosolic [Ca?*] in a Fura-2-loaded
glomus cell exposed to low glucose (76-year-old subject).
(¢) Top Secretory response to low glucose of a glomus
cell in a CB slice recorded by amperometry
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16.5 Neurogenic Niche
in the Human Carotid Body

Hypoxic ventilatory acclimatization (HVA) to
long-term hypoxia is an adaptive hyperventila-
tory response that facilitates survival of sojourn-
ers at high altitude or patients with
cardio-respiratory diseases with reduced gas
exchange in the lungs (Arias-Stella and Valcarcel
1976; Heath et al. 1970). It has been suggested
that HVA acclimatization is due, at least in part,
to the enhancement of glomus cell excitability
(Chen et al. 2002; Stea et al. 1995) and the
increase of CB size induced by chronic hypoxia
(Arias-Stella and Valcarcel 1976; McGregor
et al. 1984). The ability of the CB to grow in
response to sustained hypoxia is an intriguing
property that makes it unique among other
organs of the adult peripheral nervous system.
Although a population of glomus cells can
undergo mitosis (Chen et al. 2007; Pardal et al.
2007; Wang et al. 2008), it has been reported that
the CB shares properties with neurogenic centers
in the adult brain and that the glia-like type II
cells, or a subpopulation of them, are indeed
stem cells which contribute to the growth of the
CB in response to chronic hypoxia (Kokovay
and Temple 2007; Pardal et al. 2007). CB stem
cells are quiescent in normoxia but upon expo-
sure to hypoxia they evolve into nestin-positive
intermediate progenitor cells, which in turn pro-
liferate and, eventually, differentiate into new
glomus cells and other cell types (Pardal et al.
2007). Moreover, we have recently shown that
hypoxia does not directly activates stem cells to
proliferate but this depends on synaptic-like con-
tacts between glomus cells and stem cells (“che-
moproliferative synapse”) in which transmitters
released from glomus cells during hypoxia (par-
ticularly endothelin 1) activate the stem cells
(Platero-Luengo et al. 2014). Our histological
analyses in the human CB (Ortega-Saenz et al.
2013) indicated that the neurogenic niche is
present even at advance age. Both GFAP+
(~1 %) and nestin+ (~7 %) cells lie next to TH+/
DDC+ neuronal cells (Fig. 16.5a—c), suggesting
that a chemo-proliferative synapse structure,
similar to the one described in rodents
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(Platero-Luengo et al. 2014), may exist within
the human CB parenchyma. These human neural
progenitors are able to grow in culture forming
clonal and spherical colonies called neuro-
spheres (Fig. 16.5d), similar to those described
in the rat CB (Pardal et al. 2007). Human CB
neurospheres have a core enriched in nestin+
progenitor cells and these progenitors are able to
differentiate into TH+ neuronal cells forming
blebs at the edge of the neurosphere (Fig. 16.5¢).
As reported previously for the rat (Pardal et al.
2007), human neurospheres are also obtained in
cultures in which a single cell per well is plated,
thus confirming the single stem cell (clonal) ori-
gin of these neurosphere colonies.

16.6 Conclusions

We have shown that human CB glomus cells have
functional properties that are similar to their
lower mammals counterparts (Kahlin et al. 2014;
Ortega-Saenz et al. 2013). Although the relative
size of the human CB parenchyma seems to be
smaller than that of other non-primate mamma-
lian species, CB progenitor cells and chemosen-
sitive glomus cells appear to be preserved in
human subjects of advanced age (Ortega-Saenz
et al. 2013). Our research demonstrates that func-
tional studies at the cellular and molecular levels
are feasible in CBs removed from human donors,
meaning that the association between CB func-
tion and human pathology can be now systemati-
cally investigated. These findings are particularly
relevant since in recent times the CB is attracting
renewed medical interest. Systemic studies in
man have yielded results compatible with CB
involvement in the counter-regulatory response
to hypoglycemia, a process that could be altered
in diabetic patients (Wehrwein et al. 2010). In
addition, cumulative evidence indicates that
abnormal CB over-activation may contribute to
autonomic imbalance underlying several human
diseases, such as sleep apnea, hypertension, heart
failure or diabetes (Iturriaga 2013; Narkiewicz
et al. 1998; Paton et al. 2013; Prabhakar and
Semenza 2012; Ribeiro et al. 2013; Schultz et al.
2013). Indeed, modulation of CB function is
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Fig. 16.5 Human carotid body stem cell niche. (a)
Fluorescence immunohistochemistry with antibodies
against two stem cell markers, GFAP and nestin, in a
thin section of the human carotid body. Scale bar: 10 pm.
(b) Fluorescence immunohistochemistry with antibodies
against TH, a glomus cell marker, and against nestin, a
stem cell marker, illustrating the presence of neural pro-
genitor cells around a CB glomerulus. Scale bar: 5 pm.
(¢) fluorescence immunohistochemistry image at low
magnification with antibodies against DDC, a glomus
cell marker, and against nestin. Note the proximity

between progenitor cells and glomus cells within the CB
glomeruli. Scale bar: 20 pm. (d) Bright-field image of a
typical neurosphere obtained in non-adherent culture
after growth of human carotid body stem cells. Scale
bar: 100 pm. (e) Fluorescence immunohistochemistry
with antibodies against TH and nestin in thin sections of
human carotid body neurospheres, illustrating the pres-
ence of nestin+neural progenitor cells within the core,
and blebs of TH+ glomus cells on the surface of neuro-
spheres. Scale bars: 50 pm (Modified from Ortega-Saenz
et al. 2013)
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currently being formally investigated as a potential
novel approach in the treatment of neurogenic
hypertension in humans (McBryde et al. 2013).
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Abstract

The carotid body is a multi-modal sensor and it has been debated if it
senses low glucose. We have hypothesized that the carotid body is modi-
fied by some metabolic factors other than glucose and contributes to whole
body glucose metabolism. This study examined the roles of insulin, leptin
and transient receptor potential (TRP) channels on carotid sinus nerve
(CSN) chemoreceptor discharge. In agreement with other studies, CSN
activity was not modified by low glucose. Insulin did not affect the CSN
hypoxic response. Leptin significantly augmented the CSN response to
hypoxia and nonspecific Trp channel blockers (SKF96365, 2-APB)
reversed the effect of leptin. Gene expression analysis showed high expres-
sion of Trpm3, 6, and 7 channels in the carotid body and petrosal ganglion.
The results suggest that the adult mouse carotid body does not sense
glucose levels directly. The carotid body may contribute to neural control of
glucose metabolism via leptin receptor-mediated TRP channel activation.

Keywords
CSN activity * Glucose * Insulin ¢ Leptin ® TRP channel

17.1 Introduction

It is well established that the carotid body plays a
key role in physiological responses to hypoxia
and hypercapnea in many species and different
preparations. Further, function of the carotid body
is modified by other physiological stimuli
(Gonzalez et al. 1994). A pioneer work by
Alvarez-Buylla and Alvarez-Buylla (1988) has
opened the debates if the carotid body senses
glucose concentration or regulates glucose metab-
olism. Regarding glucose sensing, conflicting
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data have been presented and consensus has not
been reached. In general, in vitro culture prepara-
tions showed glomus cell’s sensitivity to low glu-
cose. For example, catecholamine release from
cultured carotid body slices increased in response
to low glucose (Pardal and Lépez-Barneo 2002).
Afferent neural discharge in co-culture pre-
paration of petrosal neurons and glomus cells
increased during low glucose superfusion (Zhang
et al. 2007). On the other hand, glucose sensitivity
of the carotid body has not been consistently
shown in acute preparations. Chemoreceptor dis-
charge was not increased with low glucose (Bin-
Jaliah et al. 2004; Conde et al. 2007), although the
effect of cyanide on chemoreceptor discharge was
enhanced by low glucose (Alvarez-Buylla and
Alvarez-Buylla 1988). Moreover, phenotypic
changes of glomus cells during culture have been
suggested (Gallego-Martin et al. 2012).
Nevertheless, several experimental data suggest
that the carotid body is involved in whole body
glucose metabolism: experimentally induced per-
turbation of glucose metabolism was blocked by
carotid body afferent denervation (Alvarez-Buylla
and Alvarez-Buylla 1988; Koyama et al. 2000;
Shin et al. 2014; Wehrwein et al. 2010). Hence,
we have hypothesized that the carotid body is
modified by some metabolic factors and contrib-
utes to whole body glucose metabolism. In this
study we focused the roles of insulin, leptin and
Trp channels on CSN chemoreceptor discharge.

17.2 Methods

Mice (DBA/2 J, C57BL/6 J) were purchased
from Jackson Laboratory, housed and bred in the
animal facility of the Johns Hopkins Bloomberg
School of Public Health. The experimental proto-
cols were approved by the Animal Care and Use
Committee of the Johns Hopkins University.

17.2.1 Measurements of CSN Activity

For assessing CSN chemoreceptor activity, the
carotid body bifurcation with CSN was obtained
from a deeply anesthetized mouse at ~4—6 weeks
of age. The tissue was continuously superfused
with Krebs solution (in mM: 120 NaCl, 4.7 KCl,
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1.2, CaCl, 1.8 mM, Mg SO,-7H,0, 1.2 Na,HPO,,
22 NaHCOs;, and 11.1 Glucose) bubbled with
95 % O,/5 % CO, or 95 % N,/5 % CO, (hypoxic
challenge) at 35-37 °C. Extra tissues were
removed to expose the carotid body and the
CSN. The central cut end of CSN was sucked in a
glass suction electrode. Signals were collected and
analyzed with an AcqKnowledge software (BioPac
Systems, Inc.). CSN activity was expressed as
impulses/s. At the end of each experiment the
nerve was dislodged from the electrode, the elec-
trode was refilled with Krebs solution and the
activity at this point was considered as the noise
level and subtracted from each measurement.
Statistical analysis was performed with GraphPad
Prism 4 using repeated one-way ANOVA. P value
less than 0.05 was considered significant.

17.2.2 Gene Expression Analysis

Carotid bodies, petrosal ganglia, superior cervi-
cal ganglia (SCG), and brainstem were harvested
from deeply anesthetized mice in TRIzol solution
(Invitrogen), and frozen at —80 °C until use. Total
RNA was isolated and reverse transcribed to
cDNA with iScript Reverse Transcriptase (BIO-
RAD, Hercules, CA). mRNA levels of the genes
were quantified by SYBR Green-based real-time
PCR using SsoAdvanced Universal SYBR®
Green Supermix (BIO-RAD). The 2-AACt
method was used to calculate the relative expres-
sion level of transcripts normalized to Rpl19.

17.3 Results
17.3.1 CSN Chemoreceptor Activity

When Krebs was switched to hyperoxia to
hypoxia, the chamber PO, gradually decreased.
The nadir was ~40 mmHg. CSN activity in mice
increased along with the decrease in PO,
(Fig. 17.1, left). After the basal hypoxic response
was recorded, the superfusate was switched to
low glucose (1 mM; substituted with 10 mM
sucrose) for 5 min, which did not change the
CSN activity. The CSN response to hypoxia
during low glucose was not enhanced compared
to that of high glucose (11 mM). The results
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agreed with other studies in acute CSN recording
(Bin-Jaliah et al. 2004; Conde et al. 2007),
Insulin is a key hormone in whole body
glucose metabolism. Further, insulin was used
to clamp blood glucose levels for studying the
role of the carotid body in glucose regulation

(Koyama et al. 2000; Wehrwein et al. 2010).
Here, we examined if insulin (5§ pg/mL) influ-
enced CSN response to hypoxia. The data show
that insulin did not have significant influence on
the carotid chemoreceptor hypoxic response
(Fig. 17.2).



156

9001
8001
700+
6001
500+
400+
300+

2001
100+

CSN activity (imp/sec)

M. Shirahata et al.

P=0.03 '

T

N=11

P=0.19

|

| S

Hyperoxia Hypoxia

Hyperoxia Hypoxia

Leptin (25-100 ng/mL)

Fig.17.3 Leptin perfusion for 5 min did not change CSN activity during hyperoxia. However hypoxic response was

significantly enhanced

In a previous study we found that leptin
deficiency mice have blunted hypoxic ventila-
tory response (Tankersley et al. 2013). The
presence of leptin receptors in the rat and
human carotid body have been shown by
Porzionato et al. (2011). In agreement with
their work, our data showed high level of
leptin receptor gene expression in the mouse
carotid body (Balbir et al. 2007). Physiological
roles of leptin and its receptors in carotid body
function are not known. It is possible that
leptin has a stimulatory effect on the carotid
body. After obtaining the baseline hypoxic
response, leptin (25-100 ng/mL) was added to
the Krebs. After 5 min perfusion with leptin,
hypoxic challenge was repeated. Leptin signi-
ficantly enhanced the hypoxic chemoreceptor
response (Fig. 17.3).

It has been shown that leptin excites proopi-
omelatonin neurons via activation of TrpC chan-
nels (Qiu et al. 2010). Therefore, we further
examined if the effect of leptin on the hypoxic
response of CSN is mediated via Trp channels.

During hypoxic challenge with leptin, a TRP
channel blocker (SKF96365 10 uM or 2-APB
10 pM) was added to the superfusate. The results
show that TRP channel blockers inhibited the
enhanced hypoxic response mediated by leptin
(Fig. 17.4).

17.3.2 Gene Expression of TRP
Channels

TRP channels are a family of non-selective
cation channels. At least 33 subunit genes are
encoded and the channels are divided into 7 sub-
families. Among them we examined the mRNA
levels of 9 genes from 3 subfamilies (TrpCl,
TrpCS5, TrpC6, Trpm2, Trpm3, Trpm6, Trpm7,
Trpvl, and Trpv2). Compared to the brainstem or
the superior cervical ganglia, the carotid body
and petrosal ganglia expressed more Trpm type
channels (3, 6 and 7; Fig. 17.5). The expression
of other channels examined was comparable
among tissues (data not presented).
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17.4 Discussion Koyama et al. 2000; Pardal and Lépez-Barneo

2002; Shin et al. 2014; Wehrwein et al. 2010;
The carotid body is a multi-modal sensor. Several ~Zhang et al. 2007). Considering the well estab-
recent studies suggest that it senses low glucose lished sensitivity to O, and CO,, and the location
and/or participate in regulating metabolism of the carotid body, it is tempting to assume that
(by Alvarez-Buylla and Alvarez-Buylla 1988; the carotid body is monitoring metabolic states in
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the blood that goes to the brain. However to prove
that the carotid body is a glucose or metabolic
sensor, we need to consider several critical condi-
tions (e.g., sensitivity, low threshold, increase of
output etc.). In our model glucose does not influ-
ence the carotid chemosensory activity. This
result is consistent with other acute studies (Bin-
Jaliah et al. 2004; Conde et al. 2007). Although
cultured models show glucose sensitivity of glo-
mus cells (Pardal and Lépez-Barneo 2002; Zhang
et al. 2007), phenotypic changes in glucose sensi-
tivity during culture has been indicated (Gallego-
Martin et al. 2012). Collectively, it seems that the
carotid body, if not cultured, does not sense glu-
cose levels directly.

It appears, however, that the carotid body plays
a unique role in regulation of whole body glucose
metabolism. Stimulation of the carotid body by
cyanide increased blood glucose concentration
and hepatic glucose output which were abolished
by carotid sinus nerve denervation (Alvarez-
Buylla and Alvarez-Buylla 1988). Experimental
hypoglycemia released several metabolic hor-
mones and enhanced endogenous glucose output,
but the carotid body denervation or hyperoxia
attenuated these responses (Koyama et al. 2000;
Wehrwein et al. 2010). Recently we found that the
carotid sinus denervation prevented intermittent
hypoxia-induced hyperglycemia (Shin et al.
2014). Thus, the carotid body may participate in
the pathogenesis of metabolic diseases.

The current study, together with our previous
data showing high expression of leptin receptors in
the mouse carotid body (Balbir et al. 2007), sug-
gests that leptin activates leptin receptors in the
carotid body and/or nerve endings and enhances
CSN response to hypoxia. The results agree with
our previous work, showing that leptin deficiency
mice have blunted hypoxic ventilatory response
(Tankersley et al. 2013). Furthermore, leptin-
induced enhancement of hypoxic chemoreceptor
response was blocked by TRP channel blockers.
Gene expression analysis showed uniquely high
expression of Trpm 3, 6, and 7 channels in the
carotid body and petrosal ganglion. Because of a
lack of specific blockers for these channels,
their physiological role in carotid body hypoxic
response is not clear yet. Future studies are
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required to clarify the contribution of leptin and
TRP channels to carotid body function.

In conclusion, the carotid body may con-
tribute to neural control of glucose metabo-
lism via leptin receptor-mediated TRP channel
activation.
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Abstract

The acute kidney injury (AKI) observed during sepsis is due to an uncon-
trolled release of inflammatory mediators. Septic patients develop electro-
lytic disturbances and one of the most important is ionized hypocalcemia.
AKI adversely affects the function of other organs and hypocalcemia is
associated with cardiovascular and respiratory dysfunctions. Since carotid
body chemoreceptors modulate the systemic inflammatory response dur-
ing sepsis syndromes, we used pentobarbitone-anesthetized male Sprague—
Dawley rats in control condition (SHAM surgery) and after bilateral
carotid neurotomy (carotid chemo/baro-denervated, BCN). We evaluate
serum creatinine (CRE), serum neutrophil gelatinase-associated lipocaline
(NGAL), ionized calcium (iCa) and cardiac Troponin I (cTnI) 90 min after
the IP administration of 15 mg/kg lipopolysaccharide (LPS) or saline. In
the SHAM group, LPS failed to induce significant changes CRE, NGAL,
or iCa, and increased cTnl. Conversely, in the BCN group LPS increased
CRE and NGAL, decreased iCa, and enhanced the increase of ¢Tnl. Our
results suggest that carotid chemo/baro-receptors might contribute to the
regulation of both renal function and calcemia during sepsis. In addition,
results imply that the carotid chemo-baroreceptors serve as an immuno-
sensory organ.
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18.1 Introduction

Sepsis is a systemic inflammatory response syn-
drome that occurs during infection (Bone et al.
2009). As the disease evolves, patients develop
organic dysfunction — or failure — of organs dif-
ferent from the one originally affected, leading to
a progressive deterioration of the organic func-
tions that can be fatal (Riedemann et al. 2003).
During sepsis, inflammatory mediators derived
from pathogens and/or activated immune cells,
such as lipopolysaccharide (LPS) or cytokines,
can spread to the kidneys, filtrate to the Bowman’s
capsule and the tubular lumen, causing acute kid-
ney injury (AKI) (Gomez et al. 2014). Almost
half of the patients with sepsis develop AKI, and
of those with concomitant sepsis and AKI, almost
70 % die (Bagshaw et al. 2007; Leelahavanichkul
et al. 2008; Lopes et al. 2010).

One of the most clinically important electro-
lytic disturbances among ICU patients is ionized
hypocalcemia. Not only it is associated with a
“more severe organ dysfunction” — e.g. cardiac
failure (Aguilera and Vaughan 2000)—, it is more
frequent among non-survivors (Dias et al. 2013).
The hypocalcemia is due to a sepsis-induced
parathyroid hormone insensitivity and to the
tubular injury due the presence of inflammatory
mediators and concomitant 1a-hydroxylase defi-
ciency (i.e. diminished calcitriol) (Huang et al.
2009; Nguyen et al. 2013; Gomez et al. 2014).

The carotid body (CB) is part of the afferent
limb of the neural reflex control of inflammation
(reviewed by Fernandez and Acuna-Castillo
2012). CB glomus cells express functional LPS
canonical (TLR4) receptors (Fernandez et al.
2011). They also have an immunosensory path-
way that may explain the changes in chemosen-
sory discharge in the carotid/sinus nerve (Shu
et al. 2007; Fernandez et al. 2008; Fan et al.
2009). Furthermore, the LPS-induced activation
of neurons at the nucleus tractus solitarii level is

suppressed in chemo-baro denervated rats (Reyes
et al. 2012).

Taking into consideration all of the above, we
suggest that the complete suppression of carotid
body chemosensory activity during sepsis favors
the onset of AKI and electrolytes disturbances,
facilitating organ dysfunction.

18.2 Materials and Methods

Young (5 weeks) male Sprague-Dawley rats
(110+20 g) anesthetized intraperitoneally (IP)
with sodium pentobarbitone 60 mg/kg, were
placed in supine position over a heated pad main-
tained at 37.0£0.1 °C. The animals breathed
spontaneously throughout the experiment.
Experimental protocols were approved by the
Commission of Bioethics and Biosafety of the
Universidad Andres Bello.

The animals were separated into four groups:
Two groups with sham surgical intervention
(i.e. with intact carotid/sinus nerves, SHAM), first
one treated IP with saline (0.9 % NaCl) (SHAM-
saline, n=38) and the second treated with 15 mg/
kg lipopolysaccharide (LPS, from Escherichia
coli serotype 0127:B8. L3129 Sigma-Aldrich
Corp, USA) (SHAM-LPS, n=9). Likewise, two
groups with bilateral carotid neurotomy (BCN)
were treated IP with either saline (BCN-saline,
n=9) or with 15 mg/kg LPS (BCN-LPS, n=8).
The systolic blood pressure (Ps), Einthoven’s
lead I ECG signal and tidal volume (V1) were
recorded before surgery and up to 90 min after
saline or LPS treatment (usually administered
15 min after simulated or effective neurotomy),
with a PowerLab® 8/30 (AD Instruments,
Castle Hill, Australia) and displayed through
Chart® software (AD Instruments). Additionally,
instantaneous cardiac and respiratory frequency
(fy and fg), were derived from ECG and Vi,
respectively.
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Ninety minutes after saline or LPS adminis-
tration, blood extracted -by cardiac puncture-
into lithium-heparin—containing tubes was
immediately centrifuged at 5,000 rpm for 10 min
at 4 °C. We measured plasma electrolytes (Na*,
K*, CI-, and ionized calcium (iCa)), albumin,
total proteins, and cardiac troponin I (cTnl) with
an iSTAT system (Abbott Laboratories, IL,
USA). Using a commercial ELISA kit (Bioporto
Diagnostics, Denmark) we measured Neutrophil
Gelatinase-Associated Lipocaline (NGAL), a
specific marker of tubular damage known to be
increased during AKI (Soto et al. 2013). Renal
function was assessed measuring plasma levels
of creatinine (CRE) and blood urea nitrogen
(BUN) with a Piccolo Xpress Chemistry Analyzer
(Abaxis, CA, USA) according to the manufactur-
ers’ instructions.

Data are expressed as mean + standard error of
the mean (SEM). Plasma measurements were
compared by Kruskall-Wallis ANOVA followed
by the Dunn post-test. P<0.05 was considered
significant. The statistical analysis and graphs
were completed using GraphPad Prism v6.0
(GraphPad Software Inc., CA, USA).

18.3 Results

18.3.1 Cardiorespiratory Changes
After IP Administration of LPS

Basal ventilation, fy and Pg were all uniform
and not significantly different in any group.
Neither SHAM nor BCN surgeries modified the
basal values of the recorded parameters.
Similarly, saline administration did not modify
either basal or post-surgical ventilatory param-
eters. LPS administration increase fi in the
SHAM group but, conversely, reduces fy after
BCN. Thus, LPS-induced tachypnea is sup-
pressed by BCN. Saline administration modi-
fied neither fy nor Ps. In contrast, LPS
significantly reduced Ps in SHAM and BCN
rats and it evoked tachycardia in both, SHAM
and BCN rats, more prominently in the latest.
Full data were published elsewhere (Nardocci
et al. 2015).
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18.3.2 LPS-Induced AKI and lonized
Hypocalcemia

BUN and CRE levels did not change 90 min after
LPS administration to the SHAM animals
(SHAM-LPS). Saline administration to both
SHAM-saline and BCN-saline rats did not mod-
ify any of the measured plasma markers. LPS
administration after BCN (BCN-LPS) evoked
remarkable increases in CRE. In mg/dL, SHAM-
saline, 0.66+0.05; SHAM-LPS, 0.61=0.05;
BCN-saline, 0.60+0.05; BCN-LPS, 0.98 £0.04*.
(*, p<0.05 vs. SHAM-saline, SHAM-LPS, and
BCN-saline Kruskal-Wallis ANOVA, Dunn’s
post-test). BUN to CRE ratio (BUN/CRE) is a
first approach to elucidate kidney injury. The
decreased BUN/CRE in BCN-LPS rats
(Fig. 18.1a) suggests an (intra)renal disease.
BCN prior to LPS significantly increases plasma
NGAL, compared with SHAM-saline, SHAM-
LPS and BCN-saline (Fig. 18.1b).

In both SHAM and BCN animals, neither
saline nor LPS modified plasma levels of Na*,
K*, or CI~ (not shown). LPS administration after
BCN evoked a dramatic decrease in iCa
(Fig. 18.1c), but with no significant changes in
either plasma albumin or total plasma proteins
(Fig. 18.1d).

18.3.3 ECG Changes and Cardiac
Markers in Septic Rats

Cardiac biomarkers and ECG recordings are
valuable for diagnosing sepsis but also to evalu-
ate the progression of the syndrome. Increased
cardiac Troponin I (cTnl) levels is an important
prognostic  indicator in  septic  patients.
Congruently, LPS increased cTnl in SHAM ani-
mals (SHAM-LPS) (Fig. 18.2). 90 min after LPS
administration BCN rats showed a 6-fold increase
in cTnl compared to SHAM-LPS. Increased cTnl
levels are consistent with ECG changes observed
in SHAM-LPS rats, i.e. increase of the corrected
QT interval (QTc), augmented ST height and T
amplitude and decreased RR interval (RRI) with
left cardiac axis deviation from 57° (SHAM-
saline) to 53° (SHAM-LPS). In BCN rats, LPS
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Fig. 18.1 Plasma markers of kidney damage, ionized
calcium, and albumin 90 min after the IP treatment with

saline or 15 mg/kg LPS in either SHAM or BCN rats. (a)
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20-
*
r * L
16- —
-
£ 12
2
~— 3..
E l%
5 2
1.
0 L) L
,fe L ¢ P
o 4 &
& ¥ ¥
& % &

Fig.18.2 Plasma cardiac Troponin I (cTnl) 90 min after
the IP treatment with saline or 15 mg/kg LPS in either
SHAM or BCN rats. Values, Mean+SEM. *p<0.05,
assessed by the Kruskal-Wallis ANOVA and Dunn’s post-
test. n=7-8

administration evoked a more pronounced
increase in QTc, ST elevation and T amplitude,
and a greater decrease in RRI, added to a decrease
in both, R amplitude and QRS interval. Left car-
diac axis deviation was also increased, from 55°
(BCN-saline) to 35° (BCN-LPS).
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Values, Means+SEM. *p<0.05, assessed by the
Kruskal-Wallis ANOVA and Dunn’s post-test. n=7-8. In
(d), values between parentheses are the percentage of
albumin over total plasma proteins

18.4 Discussion

The immune system is connected with and regu-
lated by the central nervous system. The inflam-
matory reflex comprises (afferent) sensory
neurons activated by products of infection or
inflammation (e.g. LPS, TNF-a). These neurons
project to brainstem nuclei, providing a neuronal
substrate for efferent activation of cardiorespira-
tory reflexes and immunomodulatory mecha-
nisms, i.e. the hypothalamic—pituitary—adrenal
axis, sympathetic activation, the cholinergic anti-
inflammatory reflex and the local release of phys-
iological neuromodulators. The carotid body
(CB) is part of the afferent limb of the neural
reflex control of inflammation (Fernandez et al.
2008, 2011; Zapata et al. 2011; Reyes et al.
2012). Thus, the complete absence of immuno-
sensory inputs after bilateral carotid/sinus neu-
rotomy (BCN) could favor the progression from
sepsis to multiple organ dysfunction and death.
As previously reported, BCN modifies cardio-
respiratory responses to sepsis (Fernandez et al.
2008), suggesting that systemic responses to sep-
sis originate, at least in part, in the CB. Plasma
markers of kidney function, indicates that LPS
administration after BCN increases renal dam-
age, assessed by CRE, BUN-to-CRE ratio and
NGAL measurements. Despite its use as renal
function marker, we did not find significant
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changes in BUN, probably because (i) there are
extra-renal factors that modifies urea (e.g. tissue
proteins, diet, drugs, effective circulating blood
volume) and (ii) urinary excretion of urea is
directly proportional to urine flow, and both
parameters are altered in sepsis syndrome.

Increased CRE found in BCN-LPS rats could
be associated to renal dysfunction, because the
only extra-renal factor that can affect CRE
plasma level is muscle mass. BUN-to-CRE ratio
is a valuable index to determine intrinsic or
extrinsic renal disease. Decreased BUN/CRE, as
we found in BCN-LPS rats, is associated with
renal disease (Baum et al. 1975). In addition,
LPS administration after BCN increases plasma
NGAL, an accurate biomarker predictor of AKI
(Soto et al. 2013). Therefore, the suppression of
carotid body immunosensory inputs favors LPS-
induced AKI. Although -as a consequence of
renal injury- we found decreased plasmatic ion-
ized calcium, we did not find significant changes
in Na*, K*, CI-, plasma albumin or total plasma
proteins.

Finally, since ionized hypocalcemia is associ-
ated with a more severe organ dysfunction.
Cardiac dysfunction per se is evident in up to
44 % of critically ill septic patients (Singh and
Evans 2006), with the etiological agents sus-
pected to be coronary artery disease, hypoten-
sion, the direct deleterious effects of infectious
and depressant circulating factors (e.g. pro-
inflammatory mediators). LPS administration to
SHAM animals increases plasma levels of car-
diac Tnl. BCN prior to LPS administration
boosted plasma cTnl levels, suggesting an
increased cardiac damage. In septic patients,
increased cTnl levels serve as an important prog-
nostic indicator (Mehta et al. 2004; Maeder et al.
2006). Additionally, several ECG abnormalities
were reported in septic patients, such as reduc-
tion of QRS amplitude, increased QTc interval
(Rich et al. 2002), and ST-segment elevation
(Martinez et al. 2009). Interestingly, we found
that ECG abnormalities are increased in BCN-
LPS rats.

The administration of LPS and the absence of
carotid chemo/barosensory functions favor the
development of acute kidney injury, ionized
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hypocalcemia and heart damage. We propose that
carotid chemo/baro-receptors play a protective
role during sepsis syndromes.
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Abstract

The treatment and management of chronic heart failure (CHF) remains an
important focus for new and more effective clinical strategies. This impor-
tant goal, however, is dependent upon advancing our understanding of the
underlying pathophysiology. In CHF, sympathetic overactivity plays an
important role in the development and progression of the cardiac and renal
dysfunction and is often associated with breathing dysregulation, which in
turn likely mediates or aggravates the autonomic imbalance. In this review
we will summarize evidence that in CHF, the elevation in sympathetic
activity and breathing instability that ultimately lead to cardiac and renal
failure are driven, at least in part, by maladaptive activation of the carotid
body (CB) chemoreflex. This maladaptive change derives from a tonic
increase in CB afferent activity. We will focus our discussion on an under-
standing of mechanisms that alter CB afferent activity in CHF and its con-
sequence on reflex control of autonomic, respiratory, renal, and cardiac
function in animal models of CHF. We will also discuss the potential trans-
lational impact of targeting the CB in the treatment of CHF in humans,
with relevance to other cardio-respiratory diseases.
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19.1 Introduction

It is well understood that peripheral chemorecep-
tors normally play an important role in oxygen
and carbon dioxide homeostasis for the body.
These specialized oxygen-sensitive glomus (type
I) cells reside in minute glomus tissue or bodies
found at the level of the carotid sinus and aortic
arch. Type I cells are stimulated by a reduction in
arterial PO, and/or increase in arterial PCO,, and
send neural input to the brainstem to reflexively
increase ventilation to avert the developing
hypoxemia/hypercapnia. The peripheral chemo-
reflex also activates sympathetic outflow to resis-
tance vessels to avert the direct vasodilatory
effects of hypoxemia/hypercapnia, and thus
maintain arterial pressure to assure adequate
blood flow and gas exchange to essential organs,
particularly the heart and brain. Although the
relative functional role of carotid vs. aortic che-
moreceptor bodies in the control of ventilation
and sympathetic outflow remains somewhat of an
enigma, the carotid body (CB) has been shown to
be of major importance in this regard in most
mammalian species.

It is now recognized that the CB can become
maladaptive in certain disease states. In partic-
ular, CHF patients (Ponikowski et al. 2001;
Niewinski 2014) and animal models (Schultz
et al. 2013) exhibit increased CB chemoreflex
drive that contributes to sympathetic outflow
and ventilation under both normoxic and
hypoxic conditions. This maladaptation carries
important clinical relevance because tonic over-
activation of sympathetic neural outflow, par-
ticularly to the heart and kidneys, exacerbates
the progression of the cardiac failure (Esler
2010). CHF is also characterized by the devel-
opment of breathing instability with oscillatory
(Cheyne-Stokes) or irregular breathing and
central apneas that further negatively impact
autonomic and metabolic homeostasis (Brack
et al. 2012). Moreover, the high CB chemore-
flex sensitivity is correlated with poor progno-
sis in patients with CHF (Ponikowski et al.
2001; Niewinski 2014) and has been shown to
contribute to the pathophysiology and mortality

H.D. Schultz et al.

in animal models of CHF (Del Rio et al. 2013a;
Marcus et al. 2014a).

19.2 Tonic Activation of the
Carotid Body in CHF

A potential role of the CB chemoreflex in the
pathophysiological changes in CHF has been
underappreciated because most stable CHF
patients do not exhibit overt hypoxemia, at least
to the degree that would substantially activate the
peripheral chemoreflex chronically. However,
integral to understanding the maladaptive role of
CB in CHF is the observation we made several
years ago that basal CB afferent discharge driven
by the type I cells is markedly elevated at rest
under normoxia conditions in CHF animals to
levels that would otherwise represent significant
hypoxemia in a normal state (Sun et al. 1999a).
This finding originally documented in tachycar-
dia pacing-induced CHF in rabbits (Sun et al.
1999a), has since been verified in myocardial
infarct-induced CHF in rats (Del Rio et al.
2013b), and genetic cardiomyopathic CHF in
mice (Wang et al. 2012). This tonic afferent input
to the brainstem results in a tonic reflex drive that
contributes to sympathetic hyperactivity and
hyperventilation with the associated breathing
instability that are characteristic of CHF, even
under a normal arterial PO, condition. This con-
cept is borne out by studies showing that inhibi-
tion of CB chemoreceptor activity by hyperoxia
or CB ablation reduced sympathetic outflow
(Xing et al. 2014; Marcus et al. 2014a; Del Rio
et al. 2013a) and reduced hyperventilation and
oscillatory breathing (Marcus et al. 2014a; Del
Rio et al. 2013a) in animal models of CHF. These
changes were followed by improvement in car-
diac function and prolonged survival (Del Rio
et al. 2013a; Marcus et al. 2014a).

In the following sections we will summarize,
local tissue, humoral, hemodynamic, ventilatory,
and neural changes that occur in the development
of CHF that may collectively play important
roles in the sensitization of CB chemoreceptors
to drive increased CB reflex function in CHF
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independent of oxygen status. These factors act
to further exacerbate chemoreflex activation dur-
ing periods in which periodic hypoxemia does
occur. In addition, because these changes in CB
afferent function have been shown in at least
three different models of cardiac failure (cardiac
pacing, coronary ligation, genetic cardiomyopa-
thy) in several different species, the factors
responsible for enhanced CB function do not
appear to be related specifically to the etologies
of cardiomyopathy, but rather, the homeostatic
imbalance to the body created by the reduced
pumping ability of the heart .

19.2.1 Local Tissue and Humoral
Factors

The precise cellular/molecular mechanisms
responsible for tonic activation of the CB afferent
activity in CHF are still not well understood.
Although tonic neural discharge is increased in
the second order chemoreceptor afferent neurons
in the petrosal ganglion that carry CB input to the
central nervous system (Sun et al. 1999a; Del Rio
etal. 2013b), very little is known about the effects
of CHF on the intrinsic excitability of these affer-
ent neurons; however, a number of potential fac-
tors have been identified that enhance CB glomus
cell excitability in the CHF state. Our studies
have demonstrated that superoxide anion (O,™)
and nitric oxide (NO) play an important role in
the observed increases in CB glomus cell excit-
ability in CHF (Fig. 19.1).

Oxidative stress has been shown to play an
important role in activating the CB in CHF
(Schultz et al. 2013). A number of redox changes
within the CB are likely to play important roles in
increasing oxidative stress. Both circulating and
local tissue levels of the pro-oxidant angiotensin
IT (Ang II) peptide are elevated in CHF (Li et al.
2006). Ang II enhances the excitability of the CB
glomus cells via the AT1 receptor (AT1R) and
activates NADPH oxidase (NADPHox) to
enhance O, production in the CB (Li et al.
2007). ATIR and NADPHox protein and O,
production are upregulated in the CB in CHF (Li
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et al. 2007). Ang II-O,™ enhances the sensitivity
of the CB, at least in part, by inhibiting oxygen
sensitive potassium channels (Ix) in CB glomus
cells (Fig. 19.1) (Li and Schultz 2006). It is also
very likely that the Ang II-O,"~ pathway enhances
the sensitivity or expression of voltage gated Ca?*
channels, which mediate depolarization and
release of neurotransmitters from the glomus
cells, and suppression of background K* chan-
nels responsible for maintenance of the resting
membrane potential in glomus cells. A potential
role for changes in the sensitivity or expression of
acid sensing ion channel 3 also could be postu-
lated (Lu et al. 2013). In addition, other pro-
oxidant pathways may play a contributory role in
the sensitization of the CB in CHF but have not
been closely analyzed. For example, endothelin
(Iturriaga 2013; Peng et al. 2013) and inflamma-
tory cytokines (Iturriaga et al. 2014; Lam et al.
2012) can stimulate ROS production to sensitize
the CB and are elevated in CHF.

The relative contribution of humoral vs. local
tissue origin of pro-oxidant mediators in the sen-
sitization of the CB in CHF is not clear. The cir-
culating renin-angiotensin system (RAS) is
activated in CHF due to renal hypoperfusion, and
thus could serve as an important source for Ang
IT effects on the CB. However, local production
of Ang II and other Ang metabolites in the CB
can serve as a direct link to modulation of CB
function in disease states (Leung et al. 2003). The
fact that CB neural activity remains elevated after
isolation from the circulation in CHF animals
and remains responsive to angiotensin blockers
supports an important role of the local Ang sys-
tem in the CB in CHF (Li and Schultz 2006). CB
hyper-responsiveness in the isolated state also
discounts the relative importance of many other
humoral factors that are known to be elevated in
CHF. Nevertheless, an important additional influ-
ence from circulating Ang II and other pro-
oxidant or neuro-modulatory mediators should
not be discounted and deserves further study.

Contributing to local oxidative stress in the CB,
expression of both copper/zinc superoxide dis-
mutase (CuZnSOD) and manganese SOD
(MnSOD), endogenous intracellular scavengers of
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Fig. 19.1 Known and proposed cellular pathways con-
tributing to enhanced carotid body (CB) chemoreceptor
activity in chronic heart failure (CHF). The reactive oxy-
gen species super oxide anion (0,™") is upregulated by
angiotensin (Ang) II signaling to inhibit hyperpolaring
potassium channel currents (/x) and increase the excitabil-
ity of glomus cells; whereas an opposing inhibitory influ-
ence of nitric oxide (NO) on excitability is downregulated.
These changes result from a decrease in blood flow in the

0,7, is suppressed in glomus cells of the CB in
CHF (Ding et al. 2010, 2009). These changes
serve to amplify the Ang II-O," activation of CB
chemoreceptor activity (Fig. 19.1). Gene transfer

CB to reduce transcription factor Kruppel-like factor 2
(KLF2) resulting in upregulation of angiotensin convert-
ing enzyme (ACE) and suppression of endothelial (e) and
neural (n) nitric oxide synthase (NOS) to alter Ang and
NO metabolism. Statins (Simvastatin) and exercise (Ex)
(green) may act to prevent suppression of KLF2 in
CHF. Details and other abbreviations discussed in the text
(Modified from Schultz and Marcus 2012 by permission
from the publisher)

to restore expression of either of the SOD isoforms
in the CB reverses the enhanced CB chemorecep-
tor and chemoreflex activation (Ding et al. 2009,
2010) implicating a dual role of both cytosolic and
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mitochondrial O, in the Ang II-NOX signaling
cascade within CB glomus cells.

Other angiotensin metabolites also may play a
role in modulating CB function in CHF. Ang-
(1-7) counteracts the neural actions of Ang II
(Fig. 19.1). Ang-(1-7) enhances I in catechol-
aminergic neurons, including glomus cells, via
Mas receptor (Mas) activation of neural nitric
oxide synthase (nNOS) and NO production: an
effect that opposes the inhibitory effect of Ang
II-O,~ on these channels (Yang et al. 2011).
However, basal NO production and nNOS/eNOS
expression within the CB are depressed in CHF
(Ding et al. 2008). Thus, the tonic inhibitory
effect of NO on the activity of CB chemorecep-
tors (Schultz et al. 2012) is virtually absent in
CHF animals. Downregulation of the inhibitory
effects of Ang (1-7) and NO within the CB thus
work synergistically with pro-oxidant effects to
create tonic activation of CB chemoreceptor dis-
charge even under normoxic conditions in CHF
(Fig. 19.1).

In addition to NO, the gas transmitters carbon
monoxide (CO) and hydrogen sulfide (H,S) also
influence @ CB  chemoreceptor  sensitivity
(Figs. 19.1 and 19.2) (Prabhakar 2012). CO is
constitutively regulated by heme-oxygenase-2
(HO-2) in the CB, and HO-2 protein expression
is markedly decreased in the CB in CHF animals
(Ding et al. 2008). CO, similar to NO, restrains
hypoxic sensitivity of the CB (Ding et al. 2008),
and downregulation of the CO and NO pathways
in the CB have cumulative effects to enhance
peripheral chemoreflex function in pacing-
induced CHF rabbits (Ding et al. 2008).

H,S derived from cystathionine y-lyase (CSE)
also contributes to the CB chemosensory response
to hypoxia (Prabhakar 2012). CSE expression is
maintained in the CB during CHF and CSE inhi-
bition reduces CB activity, suggesting that H,S
contributes to the maintenance of exaggerated
CB afferent responsiveness in CHF (Del Rio
et al. 2013b). Furthermore, due to an inhibitory
influence of CO on CSE activity, H,S production
in the CB is linked to HO-2 (Prabhakar 2012).
Since HO-2 is downregulated in the CB in CHF
(Ding et al. 2008), CSE activity would be pro-
moted to enhance H,S-mediated activation of CB
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chemoreceptor afferent activity as observed in
the CHF rats (Fig. 19.2) (Del Rio et al. 2013Db).

19.2.2 Hemodynamic Factors

The hallmark of systolic CHF is a marked reduc-
tion in cardiac output due to impairment of left
ventricular function. Although acute changes in
systemic hemodynamics are known to have little
effect on chemoreceptor activity, chronic changes
in blood flow could impact CB function by suffi-
ciently reducing oxygen delivery, or as we
hypothesize, via alterations in endothelial func-
tion and signaling pathways.

A chronic reduction in blood flow to the CB,
sustained over 3 weeks with adjustable cuff
occluders on the carotid arteries in rabbits,
increased AT 1R expression and decreased nNOS
expression in the CB and induced an increase in
CB afferent activity that collectively were similar
to changes observed in CHF rabbits over a simi-
lar time course (Fig. 19.3) (Ding et al. 2011).
However, the link between reduced CB flow and
these altered signaling pathways in the CB was
not identified. It is unlikely that the increased CB
activity resulted from ischemic hypoxia because
the change was found to occur gradually over the
course of the 3-week interval, with little effect
within the first day. The transcriptional regulation
of angiotensin converting enzyme (ACE) and
eNOS expression in vascular endothelial cells is
influenced by changes in blood flow via altered
shear stress (Dekker et al. 2005; Miyakawa et al.
2004). Thus, an endothelial response to changes
in blood flow in the CB may play an important
role in regulating Ang metabolism and NO
effects on CB chemoreceptor function in CHF
(Fig. 19.1). However, it is uncertain whether the
changes in CB protein expression seen with par-
tial carotid occlusion may be driven by a reduc-
tion in brainstem perfusion, which could increase
circulating hormones such as Ang II.

Kruppel-like factor 2 (KLF2) is a mechani-
cally activated transcription factor that is impor-
tant in the transduction of shear-stress effects on
endothelial function (Dekker et al. 2005). KLF2
represses transcription of ACE and induces
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Normal Condition

Chemoreceptor cell

Chronic Heart Failure

Carotid Sinus Nerve Discharge

Fig.19.2 The contribution of gas neuromodulators to CB
chemosensory function in CHF. In normal normoxic con-
ditions, both NO and CO exert inhibitory effects (dashed
lines) on CB chemoreceptor (glomus) cell excitability,
which in turn tempers the release of excitatory neurotrans-
mitters at post-synaptic petrosal ganglion nerve endings to
limit afferent neural discharge. By contrast, H,S exerts an
excitatory effect (solid line), which is manifested during

transcription of eNOS in endothelial cells
(Fig. 19.1) (Dekker et al. 2005) as well as activat-
ing expression of transcription factors that regu-
late expression of anti-oxidant and oxidant
enzymes (Nrf2 and NFkB respectively).

KLF2 expression is decreased in the CB in
CHF (Fig. 19.4) (Haack et al. 2014), and adeno-
viral gene transfer of KLF2 to the CB normalizes
the hypoxic ventilatory response and decreases
the incidence of periodic breathing in CHF
(Schultz and Marcus 2012). These findings sug-
gest that KLF2 plays a fundamental role in the
alteration in CB function that occurs with a
reduction in CB blood flow in CHF. Further stud-
ies will be needed to confirm whether these func-
tional effects of KLF2 are linked to normalization
of oxidative and nitrosative redox pathways in
the CB as discussed above.

hypoxia. In CHF, chronic downregulation of NO and CO
production disinhibits excitatory influences on chemore-
ceptor excitability to elevate carotid body afferent dis-
charge under both normoxic and hypoxic conditions.
Effects mediated by reactive oxygen species (ROS) are
shown in Fig. 19.1. NOS nitric oxide synthase, HO heme-
oxygenase 2, CSE cystathionine y-lyase (From Schultz
et al. 2012 by permission from the publisher)

19.2.3 Neural Factors

In addition to effects of reduced cardiac output,
reflex activation of sympathetic nerve activity to
the CB in CHF may affect glomus cell excitabil-
ity or contribute to reduced CB blood flow via
local vasoconstriction. Early studies found that
the cervical sympathetic nerve stimulation had
no direct effect on CB glomus cells or CB nerve
activity that were independent of changes in
blood flow (Eyzaguirre and Lewin 1961;
McCloskey 1975) and that norepinephrine
effects are usually inhibitory or biphasic
(Prabhakar 1994). However, a recent study has
shown that activation of cervical sympathetic
nerves by hypoxia increases intracellular Ca*
responses in vascular smooth muscle cells and
pericytes in the CB of rats (Yokoyama



19 Carotid Body Dysfunction in Heart Failure

a Sham
Pa0,= 101 mmHg

CAO
<50 PaO,=102 mmHg
w

& o
E M Pt s e

AP R

1s

Pa0, =41 mmHg

Pa0O, =43 mmHg

173

c TH nNOS

Sham

ham

HF

CAO

CHF

155 KDa

NNOS — —_—

B -Tubulinee— e— a— 52 <03

TH AT-R

Sham

Merge

Sham

— 30 pm
cAO

b 40 4
* —e— Sham
—o— CHF
30 1 —v»— CAO
o
a +
E 20 1
5 *
10
0+ : - -
40 60 80 100
Pa0, (Torr)

Fig. 19.3 Chemoreceptor activity and the expression of
nNOS and ATIR in the CB from rabbits with sham CHF
surgery, CHF, or chronically reduced CB blood flow due to
partial carotid artery occlusion (CAO). (a) Representative
recording of CB chemoreceptor afferent discharge fre-
quency (DF) in normoxic and hypoxic states. (b) CB che-
moreceptor response to hypoxia. Note increased basal
discharge in CHF and CAO states at normoxia. (c)

et al. 2015). Thus the CB-mediated sympathetic
activation could serve to further reduce CB blood
flow in CHF and contribute to the enhanced che-
mosensitivity by way of hemodynamic mecha-
nisms discussed above. This idea has not been
rigorously tested, but in preliminary experi-
ments, we have found little effect of acute adren-
ergic blockade on CB function in CHF animals
(unpublished). Additionally, the isolated CB
from CHF animals (with sympathetic innerva-
tion interrupted) exhibits elevated basal dis-
charge and hypersensitivity to hypoxia (Sun
et al. 1999a; Del Rio et al. 2013b; Wang et al.
2012). Nevertheless, the contribution of sympa-

AT R G — — AL

B-TUBUIIN . —— <02

Immunofluorescent and immunoblot images of nNOS pro-
tein in the CB of sham, CHF and CAO rabbits. (d)
Immunofluorescent and immunoblot images of ATIR pro-
tein in the CB of sham, CHF and CAO rabbits. AP, action
potential. PaO,, arterial oxygen partial pressure. TH tyrosine
hydroxylase staining of CB glomus cell clusters. ¥*P<0.05
CHF and CAO compared with sham group (Modified from
Ding et al. 2011 by permission from the publisher)

thetic innervation of the CB in CHF needs to be
better illuminated.

19.2.4 Ventilatory Factors

Cheyne-Stokes or oscillatory breathing (OB)
and central apneas associated with CHF may
produce intermittent hypoxia and contribute to
sensitization of the CB in CHF in a manner simi-
lar to that observed in animals exposed to chronic
intermittent hypoxia as a model of sleep apnea
(Fung et al. 2014). The role of intermittent
hypoxia on CB function in CHF has not been
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Fig. 19.4 Immunolocalization of Kruppel-like factor 2
(KLF2) in the CB of CHF rats. Representative images
from CBs from a Sham and CHF rats. Upper panels:
KLF?2 staining was localized to tyrosine hydroxylase (TH)
positive glomus cells (arrow) and blood vessels (asterisk)

adequately addressed and remains speculative.
In animal models of CHF, however, breathing
instability is not a pre-existing condition in the
development of heart failure, and in fact CB
hyperactivity itself is required to drive the OB
and apneas since they are abolished by CB abla-
tion (see Sect. 19.3.2) (Marcus et al. 2014a; Del

in the CB. KLF2 immunostaining was decreased in the
CBs from CHF rats. Lower panels: Similar staining from
isolated glomus cell clusters (Modified from Haack et al.
2014 by permission form the publisher)

Rio et al. 2013a). Thus, at least in the animal
models, it is difficult to envision destabilized
breathing as a primary contributing factor to CB
hyperactivity. Nevertheless, in patients, the sleep
apnea associated with comorbid conditions that
often precede or precipitate CHF such as meta-
bolic syndrome, obesity, and hypertension could
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contribute importantly to CB activation.
Certainly chronic intermittent hypoxia from
destabilized breathing in all etiologies of CHF
could serve as a positive feedback (feed forward)
mechanism to accelerate, enhance, and sustain
CB activation.

19.2.5 Temporal Sequence of Events

The temporal sequence of events that transforms
CB excitability from normal to tonically acti-
vated state in CHF suggests a progressive process
over days to weeks. CB chemoreflex sensitivity
progressively increases over the course of
3-4 weeks of pacing in CHF rabbits (Schultz
et al. 2007). This change correlates with the pro-
gressive decrease in left ventricular function over
the pacing interval, and was mimicked by a pro-
gressive reduction in carotid body blood flow
over the same time frame using carotid occluders
(Ding et al. 2011). A similar correlation was seen
after myocardial infarct in rats where CB afferent
and chemoreflex function increased in concert
with progressive loss of ventricular function over
the course of days to weeks (Del Rio et al. 2013a).
These correlations would suggest that a reduction
in carotid blood flow to reduce KLF2 expression
in the CB is a major event (Fig. 19.1) in initiating
changes in downstream cascade of signaling
pathways described above.

Similarly, the functional consequences of CB
hyperactivity during the progression of CHF are
tonically driven by the changes in afferent func-
tion. Ablation of the CBs at later stages of CHF
results in a rapid reduction in renal sympathetic
nerve activity and cardiac arrhythmias, and
increased breathing stability and autonomic bal-
ance within the time frame of recovery from the
surgery in CHF animals (Marcus et al. 2014a).
These autonomic changes preceded the improve-
ment in cardiac function that subsequently
occurred over the course of several days. When
the CB ablation was performed early after myo-
cardial infarct, deterioration of cardiac function
was obtunded over subsequent weeks and sur-
vival increased (Del Rio et al. 2013a).
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19.3 Functional Consequences

of CB Activation in CHF
19.3.1 Autonomic Imbalance

Activation of the sympathetic nervous system and
inhibition of the parasympathetic system contrib-
ute to the progressive decline in left ventricular
function in CHF (Florea and Cohn 2014; Kishi
2012). Beat-to-beat heart rate variability (HRV)
can serve as a noninvasive marker of autonomic
input to the heart. HRV is markedly reduced in
patients with CHF, reflecting a relative increase in
sympathetic activity and decrease in parasympa-
thetic activity to the heart. The reduction in HRV
is related to the severity of CHF and its prognosis
(Lombardi and Mortara 1998). Recent studies
have shown that the CB plays an important role in
reducing HRV in CHF (Niewinski et al. 2013;
Del Rio et al. 2013a; Marcus et al. 2014a; Wang
et al. 2012). CHF rats (Del Rio et al. 2013a) and
rabbits (Marcus et al. 2014a) displayed marked
shifts in the HRV index towards augmented sym-
pathetic tone as evidenced by a decrease in total
spectral power of HRV and an increase in the ratio
of the spectral powers of the low to high frequency
components of the HRV. HRV indices were nor-
malized in these same animals following ablation
of the CBs. In a more recent study using direct
recordings of cardiac sympathetic nerve activity
in CHF sheep, inhibition of the CB with hyper-
oxia reduced the CHF-induced elevation in car-
diac sympathetic nerve activity (Xing et al. 2014).
These studies demonstrate that neural input from
the CB contributes to the cardiac autonomic
imbalance and cardiac sympathetic activation
seen in CHF.

Other indices of altered autonomic balance
are also seen in CHF. These indices include
reduced baroreflex sensitivity, increased sympa-
thetic nerve activity to other organs, increased
plasma catecholamines, and increased blood
pressure variability (Florea and Cohn 2014).
Similar to effects on HRV, CB ablation normal-
ized baroreflex sensitivity, the activity of presym-
pathetic neurons in the RVLM, resting renal
sympathetic neural activity (RSNA), and blood
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pressure variability in CHF animals (Del Rio
et al. 2013a; Marcus et al. 2014a). Thus, input
from the CB appears to have a global impact on
sympathetic activation in CHF.

19.3.2 Breathing Instability

The hyperventilatory state induced by CB over-
activity in CHF contributes to breathing instabil-
ity, OB and increased incidence of central apneas.
Studies in humans have provided good evidence
that there is an important relationship between
OB breathing patterns and changes in CB chemo-
reflex sensitivity in CHF (Ponikowski and
Banasiak 2001). The incidence of OB progres-
sively increases with enhancement of the CB
chemoreflex in CHF patients (Giannoni et al.
2008). Other studies have shown that inhibition
of CB chemoreceptors reduces OB patterns and
the incidence of central apneas in CHF patients
(Fontana et al. 2011; Ponikowski et al. 1999). In
accordance with these findings, we have shown
that CB ablation in either rabbit or rat models of
CHF decreases resting ventilation, apneas and
respiratory variability (Del Rio et al. 2013a;
Marcus and Schultz 2001; Marcus et al. 2014a),
confirming that the CB chemoreceptors contrib-
ute to the breathing instability associated with
CHE. In other studies, pharmacologic attenuation
of CB chemoreceptor activity with Simvastatin to
reduce KLF2 expression (Haack et al. 2014) or
an inhibitor of hydrogen sulfide production (Del
Rio et al. 2013b) had similar efficacy in reducing
apnea/hypopnea frequency and respiratory vari-
ability. These studies suggest that an elevated
ventilatory loop gain mediated by the tonically
activated CB chemoreflex contributes to breath-
ing instability in CHF.

19.3.3 Respiratory-Sympathetic
Coupling

It is well known that sympathetic discharge is
actively modulated by respiration (Adrian et al.
1932; Haselton and Guyenet 1989) and that
enhanced respiratory-sympathetic coupling coin-
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cides with enhanced sympathetic drive in animal
models of hypertension (Simms et al. 2009;
Toney et al. 2010). Alterations in this ‘coupling’
relationship between central control of respira-
tory and sympathetic neural drive may underlie
the association of altered respiratory patterns and
increased sympathetic outflow in CHF. Similar to
the phenomenon seen in animals exposed to
chronic intermittent hypoxia (Zoccal and
Machado 2011), renal sympathetic activity is
more tightly entrained to the respiratory pattern
in CHF rabbits (Marcus et al. 2014a), and this
enhanced entrainment is abrogated after CB abla-
tion. Thus, OB patterns in CHF have the potential
to drive increased tonic sympathetic outflow as a
result of the increased sympathetic-respiratory
coupling driven by the CB (Fig. 19.5). Indeed,
the beneficial effects of CB ablation on auto-
nomic function in CHF may be due in part to its
effect to rapidly restore normal breathing patterns
in CHF animals (Del Rio et al. 2013a). Thus the
ventilatory destabilization in association with
enhanced respiratory-sympathetic ~ coupling
mediated by CB hyper reactivity may serve to
aggravate autonomic imbalance and its impact on
deterioration of cardiac and renal function.

19.3.4 Cardiac Function

Ventricular remodelling and arrhythmogenesis
are major contributory factors to progressive car-
diac dysfunction and the progression of
CHEF. These changes in electrical and structural
stability of the heart are precipitated in large part
by the changes in autonomic balance to the heart
in CHF (Lymperopoulos et al. 2013; Fu et al.
2012) as well as humoral and hemodynamic fac-
tors (Johnson 2014).

Our findings that increased arrhythmia inci-
dence and decreased HRV in CHF rabbits
(Marcus et al. 2014a) and rats (Del Rio et al.
2013a) were concomitantly reversed with CB
ablation expands on the previously observed cor-
relation between enhanced chemoreflex sensitiv-
ity and arrhythmia incidence in a mouse model of
CHF (Wang et al. 2012). These studies provide
compelling evidence that CB chemoreceptors by
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Fig.19.5 Effect of CB ablation (CBD) on oscillations in
breathing and RSNA in CHE. Representative recordings
of tidal volume (V)), renal sympathetic nerve activity
(RSNA), and integrated RSNA (iSNA) in sham-sham,
CHF-sham, and CHF-CBD rabbits. Qualitatively these
tracings illustrate the concomitant oscillations in breath-

way of effects on cardiac autonomic balance con-

tribute to cardiac arrhythmias in CHF.
Increasing end systolic left ventricular (LV)

volume predicts adverse cardiovascular outcomes

80 seconds

ing and RSNA (respiratory-sympathetic coupling) that
occur in CHF, and the effect of CBD to normalize these
oscillations (From Marcus et al. 2014a with permission
from the publisher). See Marcus et al. (2014a) for further
confirmation of respiratory-sympathetic coupling using
coherence analysis

in patients with LV systolic dysfunction (White
et al. 1987) and has better predictive value of
long-term survival in patients with LV dysfunc-
tion than ejection fraction or end diastolic volume.
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Progressive increases in LV end systolic volume
as well as decrements in ejection fraction and
fractional shortening typically occur over the
course of development of CHF by rapid pacing in
rabbits (Sun et al. 1999b; Marcus et al. 2014a)
and coronary ligation in rats (Del Rio et al.
2013a). Carotid body ablation curbed the
decreases in ejection fraction and fractional
shortening and, more importantly, reversed the
increases in systolic and diastolic ventricular vol-
umes with chronic pacing in rabbits (Marcus
et al. 2014a). These improvements in cardiac
function were shown to occur gradually over a
course of a week that followed the immediate
improvements in autonomic balance and respira-
tory stability after CB ablation. Thus the negative
impact of excessive tonic CB activity on cardiac
function in CHF likely represents a multifactorial
process that involves not only immediate impair-
ment of autonomic control of cardiac contractile
and electrical stability but also more long-term or
gradual effects on the heart that involve neuro-
humoral influences on intrinsic cardiac myocyte
structure/function, and cardiac mechanics by
way of altered hemodynamics and volume
homeostasis.

Cardiac remodelling and fibrosis present a
gradual process that contributes to the develop-
ment of arrhythmias and impaired left ventricular
contractile function in CHF (Cohn et al. 2000).
To demonstrate the potential impact of the CB on
these more gradual structural impairments in the
LV, we performed CB ablation two weeks after
coronary infarct in rats, during the early stages of
cardiac remodelling and then assessed collagen
deposition in the functional LV wall fourteen
weeks later. The non-infarcted areas of the LV
displayed significantly less tissue remodelling
evidenced by decreased collagen deposition (Del
Rio et al. 2013a). Furthermore, early CB ablation
reduced arrhythmias and delayed the progressive
deterioration of left ventricular ejection fraction.
Thus, chronic CB activation contributes to car-
diac remodelling and fibrosis in CHF, but the
mechanisms remain to be elucidated. The tonic
cardiac autonomic imbalance (sympathetic acti-
vation) is likely a major contributing factor
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(Florea and Cohn 2014; Roy et al. 2014), but one
can envision arole for renal sympathetic enhance-
ment of circulating Ang II (Anavekar and
Solomon 2005), sympathetic activation of inflam-
matory cytokines (Edgley et al. 2012; Colombo
et al. 2012) as well as sympathetic effects on vol-
ume homeostasis influencing cardiac preload and
mechanical stress factors (Jonsson et al. 2014).

19.3.5 Renal function

In CHF patients, renal dysfunction is common
and is associated with poor prognosis (Bock and
Gottlieb 2010). Under normal circumstances, CB
chemoreflex activation elicits a reduction in renal
blood flow and glomerular filtration rate that is
mediated by renal sympathetic nerves (Karim
et al. 1987). In CHEF, tonic elevations in renal
sympathetic nerve activity (RSNA) mediate sus-
tained reductions in renal blood flow and altera-
tions in angiotensin signaling (Clayton et al.
2011) that can exacerbate renal ischemia and
injury. Our preliminary findings indicate that in
CHEF rabbits and rats, resting renal blood flow is
markedly reduced and the reduction in renal
blood flow to CB chemoreflex activation is mark-
edly accentuated in CHF animals. Carotid body
ablation in CHF animals reduced resting RSNA,
increased renal blood flow, and decreased mark-
ers of renal injury and fibrosis (Fig. 19.6) (Marcus
et al. 2014b), as well as the reducing disordered
breathing and improving in cardiac function
mentioned previously (Marcus et al. 2014a). In
addition to the influence of the CB chemoreflex
on resting RSNA, additional surges in RSNA
may be superimposed by oscillatory breathing
and enhanced respiratory-sympathetic coupling
to produce repetitive bouts of renal vasoconstric-
tion and impaired blood flow. These findings sug-
gest that tonic CB chemoreflex activation in CHF
may contribute to renal pathology in part by its
influence on sympathetic outflow to the kidneys
(Marcus et al. 2014a).

Renal dysfunction in CHF is particularly omi-
nous because it can precipitate a further decline
in cardiac function by way of volume retention
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Fig. 19.6 Effect of CB ablation (CBD) on renal fibrosis
and renal blood flow (RBF) in CHF. (a) Transverse sections
of kidneys taken from sham, CHF, and CHF-eCBD rats 16
weeks after coronary ligation. CB ablation was performed

and increased cardiac preload, initiating a down-
ward spiral of deteriorating cardiac and renal
function, known as cardiorenal syndrome. The
etiology of cardiorenal syndrome is diverse, but it
is aggravated by excessive sympathetic activation
of the heart and kidneys causing increases in
sodium and water retention and activation of the
renin-angiotensin system, renal ischemia second-
ary to reductions in renal perfusion, and neuro-
hormonal impairment of cardiac function (Bock
and Gottlieb 2010). Tonic chemoreflex activation
in CHF may contribute to cardiorenal syndrome
by increasing sympathetic stimulation of the
heart (Fig. 19.7) (Xing et al. 2014; Del Rio et al.
2013a; Marcus et al. 2014a) and kidneys (Sun
et al. 1999b; Marcus et al. 2014a).

Renal Blood Flow
(% change from sham)
*

CHF-eCBD

&

CHF

CHF-eCBD

Sham

early (eCBD) at 2 weeks after coronary ligation. Collagen
deposition is indicated by blue staining, (b) Mean data for
fibrotic area. (¢) RBF (Doppler) measured under isoflurane
anesthesia 16 weeks after CAL surgery. *p<0.05 vs. sham

19.4 Translational Impact of CB
Hyperactivity in CHF

A case report published recently showed that uni-
lateral CB ablation in a CHF patient resulted in
modest improvements in autonomic function, car-
diac function, and exercise tolerance, and reduced
resting ventilation (Niewinski et al. 2013). This
case report supports findings from animal models
and confirms the potential of CB ablation or other
forms of CB modulation as a therapeutic option in
CHF patients. In another recent study involving a
group of six CHF patients, bilateral CB ablation
markedly reduced the ventilatory and hyperten-
sive blood pressure responses to hypoxia, the
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Fig. 19.7 Role of Carotid Body Chemoreceptors in
Cardiac and Renal Dysfunction in CHF. Enhanced tonic
afferent activity from carotid body (CB) chemoreceptors
drives neuronal activity in brainstem centers that integrate
peripheral afferents and control respiratory and sympa-
thetic neural outflow. Hyperventilation due to the
enhanced CB chemoreflex activation precipitates oscilla-
tory breathing, which exacerbates sympathetic nerve
activity (SNA) through respiratory-sympathetic coupling,
in addition to exposing the heart and kidneys to intermit-
tent hypoxia and oxidative stress. The CB-mediated

latter suggesting a reduction in sympathetic tone
(Niewinski et al. 2014). Interestingly, CB ablation
did not reduce the tachycardia to hypoxia. These
results support a role of the CB in the sympathetic
activation in CHF patients, but may call into the
question the direct role of the CB chemoreflex on
sympathetic activation of the heart in humans.
Further studies are needed to determine whether
there is a differential role of CB and aortic chemo-
receptors on other measures of cardiac function in
CHF humans.

enhanced respiratory-sympathetic coupling results in
increased sympathetic and decreased vagal efferent out-
flow to the heart, which over time worsens cardiac func-
tion and development of fibrosis. Similarly, CB-mediated
increases in renal SNA cause reductions in renal perfusion
and activation of the renin-angiotensin system, which
over time lead to worsening renal function and develop-
ment of fibrosis. The combined deleterious effects of
CB-mediated respiratory-sympathetic coupling on the
heart and kidney advance the cardiorenal syndrome (From
Marcus et al. 2014c¢ with permission from the publisher)

Of major clinical relevance, it is still not
known whether CB ablation reduces morbidity
and increases survival or quality of life in CHF
patients. As discussed herein, CB ablation
improves autonomic balance, breathing stability,
and cardiac and renal function in animal models
of CHF. Importantly, these improvements corre-
late with an increased survival rate (Del Rio et al.
2013a). The mechanisms by which removal of
the CB increases survival remain to be elucidated
but it is likely to involve improved autonomic
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control of hemodynamics, cardiac and renal
function, and improved control of breathing,
Although CB ablation has proven to be effica-
cious in animal models with no evidence of
adverse effects, the potential adverse implica-
tions of CB removal in patients with marked
hypoxemia or tenuous cardio-respiratory status
must be realized. Finding approaches that can
reduce excessive tonic CB activity without elimi-
nating its normal protective responses to hypoxia
are likely to be a preferred clinical treatment
strategy in humans.

A number of pharmacological and genetic
approaches have been shown to reduce CB affer-
ent activity in CHF animals and reduce sympa-
thetic nerve activity and improve breathing
stability. These methods include NO and CO
donors (Ding et al. 2008), anti-oxidants (Li et al.
2007), overexpression of nNOS, Mn-SOD or Cu/
Zn-SOD in the CB (Ding et al. 2009, 2010; Li
et al. 2005), inhibition of CSE (Del Rio et al.
2013b). However, the long-term efficacy of most
of these approaches, singly or in combination, to
improve functional status and survival in CHF
animals has not been assessed. Potential adverse
effects and feasibility of these approaches in
humans also have to be considered.

ACE inhibitors and AT 1R blockers (ARBs) are
routinely used to treat CHF with variable success,
and AT1R antagonists reduce CB afferent activity
in CHF animals (Li et al. 2006). But, there has
been no effort to relate the clinical efficacy of
these drugs to effects on chemoreflex function in
humans. In fact, the routine use of angiotensin
inhibitors in CHF patients participating in clinical
studies may be a contributing factor to the vari-
able degrees of CB chemoreflex sensitivity
observed in these studies (Chua et al. 1997).

Oxygen supplementation may be an effective
approach for some patients. Hyperoxia inhibits
CB chemoreceptor discharge and reduces sympa-
thetic nerve activity in CHF animals (Xing et al.
2014; Sun et al. 1999b) and in humans (Querido
et al. 2010; Stickland et al. 2008; Ponikowski
et al. 1997; Sinski et al. 2014). However, poten-
tial hemodynamic consequences of hyperoxia in
CHF patients (Mak et al. 2001; Branson and
Johannigman 2013), and tissue injury from
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excessive oxygen exposure can present potential
risks to the patient.

In searching for efficacious treatments for
CHF patients without undesirable side effects, it
should be noted that moderate regular exercise
has been shown to improve the functional status
of CHF patients (Downing and Balady 2011) that
includes normalization of sympatho-vagal bal-
ance. The beneficial effects of exercise may be
due, at least in part, to improved CB function
(Fig. 19.1). Regular exercise is effective in nor-
malizing CB chemoreflex function in CHF rab-
bits via enhancing NO bioavailability and
reducing Ang II- O, influences on the CB (Li
et al. 2008). These changes may be due to the
effects of exercise to increase blood flow and
improve endothelial function and KLF2 expres-
sion in the CB.

Clinically, statin treatment has been shown to
lower resting sympathetic nerve activity in CHF
patients (Deo et al. 2012). Furthermore, simvas-
tatin has been shown to reduce the incidence of
arrhythmias and oscillatory breathing and reduce
CB chemoreflex sensitivity in CHF rats (Haack
et al. 2014). These improvements corresponded
with an increase in KLF2 and eNOS expression
and a decrease in AT1R expression in the
CB. These data suggest that oral simvastatin
treatment may be another therapeutic strategy in
patients with high chemoreflex sensitivity
(Fig. 19.1).

19.5 Conclusions

Herein we provide evidence from animal studies
to support potential mechanisms by which the
CB chemoreceptors become tonically activated
in CHF and to underscore a critical role for the
CB chemoreceptors in the etiology of several
important pathophysiological aspects of CHF. CB
chemoreceptors are a major driving force in the
development of autonomic dysfunction and
breathing abnormalities in CHF. Ablation of the
CB chemoreceptors is sufficient to improve these
parameters and leads to improved cardiac and
renal function and survival. The mechanisms by
which the CB chemoreflex exacerbates cardiac
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deterioration and morbidity in CHF remain to be
better elucidated, but disordered breathing,
enhanced respiratory-sympathetic  coupling,
tonic and episodic increases in cardiac and renal
SNA, and reductions in renal function likely play
an important role (Marcus et al. 2014c).

Ultimately, the goal is to normalize CB func-
tion in humans to allow improvement in func-
tional status to the same degree and success as
seen by CB ablation in animal models of
CHEF. However, the cure may be as complex as
the cause in the search for effective methods that
work in all patients. Nevertheless, a better under-
standing of the physiological and molecular
mechanisms responsible for CB hyperactivity in
CHF will contribute to the development of effec-
tive therapeutic approaches.
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Abstract

The respiratory control system is not fully developed in newborn, and
data suggest that adequate nutrition is important for the development of
the respiratory control system. Infants need to be fed every 2—4 h to main-
tain appropriate energy levels, but a skip of feeding can occur due to
social economical reasons or mild sickness of infants. Here, we asked
questions if a short-term fasting (1) alters carotid body (CB) chemorecep-
tor activity and integrated function of the respiratory control system; (2)
causes epigenetic modification within the respiratory control system.
Mouse pups (<P14) were fasted for 3—6 h. Breathing became irregular
and slow. The number and duration of apnea increased. Ventilatory
response to hypoxia was also depressed even after the pups were returned
to own dams. These effects were more prominent when the pups were
younger and fasting time was longer. The hypoxic response of the carotid
sinus nerve activity appeared to be depressed after fasting. Moreover,
fasting increased global SmC and 5-hmC content in DNA isolated from
the CB but not DNA in the superior cervical ganglion (SCG). Methylation
specific PCR (MSPCR) revealed that fasting increased methylation of
leptin and socs3 genes. The results suggest fasting inhibits CB activity
leading to hypoventilation, and low glucose does not compensate the low
CB activity. Epigenetic effect on CB function/activity may be related to
the prolonged effect of fasting on ventilation.
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20.1 Introduction

The respiratory control system is not fully devel-
oped in newborn, and thus, breathing instability
including apnea and periodic breathing are often
observed in infants and are considered as “nor-
mal” (Edwards et al. 2013). However, severe
respiratory depression or arrest may occur under
certain genetic and environmental disposition.
Well-known examples are mutations of PHOX2B,
which cause congenital central hypoventilation
syndrome (Gaultier et al. 2005). As to environ-
mental factors, maternal nicotine exposure and
inflammation reduce ventilation and increases
apnea frequencies (Gauda et al. 2013). Recently,
an importance of perinatal nutrition for the devel-
opment of breathing control system has been
highlighted (de Brito Alves et al. 2014; Penatti
et al. 2011). Maternal deficiency of tryptophan (a
precursor for serotonin) during perinatal period
alters cardiopulmonary regulation in rat pups.
This may have an important implication in the eti-
ology of sudden infant death syndrome which has
strong association with abnormal serotonergic
mechanisms in the brain stem (Kinney et al. 2009)
and social economic status (Spencer and Logan
2004). In addition, we have recently observed that
increased apneas and periodic breathing in under-
nourished mice at P14 (Fig. 20.1). In this study
we focused on the relationship between breathing
instability and nutritional states of infants, in par-
ticular short-term fasting. Although infants are
usually fed every 2—4 h, a skip of feeding can
occur due to social economical reasons or mild
sickness of infants. We have hypothesized that a
short-term fasting, when applied during a devel-
opmental window, inhibits CB chemoreceptor
activity and integrated function of respiratory
neural network. Epigenetic modification of gene
expression via DNA methylation may contribute
to the prolonged effect of fasting on the respira-
tory regulatory system.

20.2 Methods

Mice (DBA/2 J, A/J) were housed and bred in the
animal facility of the Johns Hopkins Bloomberg
School of Public Health (Baltimore, MD). Pups
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Fig. 20.1 Regular breathing was established by P14 in
well nourished mice (blue; body weight 8.30+0.32 g)
showing a narrow distribution of the between breath inter-
vals with a sharp peak. However, irregular and slower
breathing continued in under-nourished mice (red; body
weight 4.39+0.39). Data are mean=+SE. Ventilation was
measured with a whole body plethysmography when the
mice were considered asleep. The surface temperature of
the mice was not different between the groups (~37 °C)

(P6-14) were fasted for 3—6 h, while they were
housed in a warm chamber or with an experi-
enced but non-lactating female mouse. The
experimental protocols were approved by the
Animal Care and Use Committee of the Johns
Hopkins University.

20.2.1 Measurements of Ventilation
and Carotid Sinus Nerve (CSN)
Activity

Ventilation was measured using continuous-flow
whole body plethysmography before and after
fasting. A heating lamp was placed above to
maintain chamber temperature (30-33 °C).
When a pup was settled in the chamber and
judged asleep (Balbir et al. 2008), FIO, was
altered randomly (21 %, 15 %, or 100 %).
Chamber pressure, oxygen tension and move-
ments of the pup were recorded for 3 minutes at
each FIO,. For assessing CSN chemoreceptor
activity, the CB with CSN was obtained from a
deeply anesthetized mouse at ~4 weeks of age
which experienced 6 h fasting at P6. The tissue
was continuously superfused with Krebs solu-
tion (in mM): 120 NaCl, 4.7 KCl, 1.2, CaCl,
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1.8 mM, Mg SO,-7H,0, 1.2 Na,HPO,, 22
NaHCO;, and 11.1 Glucose bubbled with 95 %
0,/5 % CO, or 95 % N,/S % CO, (hypoxic chal-
lenge) at 35-37 °C. CSN was exposed and the
activity was recorded using a suction electrode.
Signals were collected and analyzed with a digi-
tal recording software (AcqKnowledge: BioPac
Systems, Inc.).

20.2.2 Assessment of Epigenetic
Changes

After 6 h fasting the CBs and SCG were har-
vested from anesthetized pups. Genomic DNA
was isolated for DNA methylation and hydroxy-
methylation analysis. DNA methylation is the
covalent addition of a methyl group from
S-adenosyl-L-methionine (SAM) to a 5-carbon
of cytosine residue in a CpG site, a formation of
5-methylcytosine (5-mC). Existence of 5-mC
prevents binding of transcription activators at
their recognized region, leading to decreased
gene transcription. On the other hand, oxidation
of 5-mC to 5-hydroxymethylcytosine (5-hmC) is
suggested to play an important role in induction
of gene transcription (Dao et al. 2014). Both
5-mC and 5-hmC levels in CB and SCG DNA
were measured using capture and detection anti-
bodies followed by colorimetric quantification
(ELISA kit from Zymo Research, CA). We fur-
ther assessed the promoter methylation of /lep,
lepr and socs3 genes in the CB with quantitative
methylation specific PCR. Control DNAs (fully
methylated and fully unmethylated, Zymo
Research, CA) were mixed in various concentra-
tions and served as quantification standards (0,
20, 40, 60, and 100 % methylated DNA) when
determining methylation degrees (%) of samples
from real-time PCR.

20.3 Results
20.3.1 Breathing

As expected, untreated pups at P6 showed irregu-
lar breathing (Fig. 20.2a left), which is repre-
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sented with broad distributions of between breath
intervals (Fig. 20.2b). When exposed to mild
hypoxia (15 % O,), the irregularity was lessened
with increased respiratory frequency. After 6-h
fasting, breathing became slower and more irreg-
ular (Fig. 20.2a right). The number and duration
of apneas increased. Ventilatory response to
hypoxia was present, but depressed with persis-
tent prolonged apneas. These effects of fasting on
ventilation were milder when fasting time was
shorter (Fig. 20.2c¢).

Pups had mild loss of body weight. Blood glu-
cose levels were lowered. These effects were also
dependent on the duration of fasting (Table 20.1).
It is noteworthy to mention that breathing was
slower after fasting even though blood glucose
level was lower.

After the pups returned to own dams, they
regained the weight within 12 h, but the depressed
ventilation did not recover (Fig. 20.3).

20.3.2 CSN Chemoreceptor Activity

Although CSN chemoreceptor activity best rep-
resents integrated carotid body function, the size
of a mouse pup hampers direct assessment of
CSN activity in neonatal mice. We recorded CSN
chemoreceptor activity in vitro after ~3 weeks
from the fasting challenge. Compared to the con-
trol mice (no fasting) the hypoxic response of
CSN activity appeared to be depressed in animals
experienced with 6 h fasting at P6 (p=0.057,
unpaired t-test) (Fig. 20.4).

20.3.3 Epigenetic Modifications

We examined if the results shown above, long-
lasting effects of a short-term fasting on the CB,
are associated with epigenetic modifications in
the CB. We first tested if fasting caused specific
epigenetic changes in the CB. We found that fast-
ing increased global SmC and 5-hmC content in
DNA isolated from the CB but not DNA in the
superior cervical ganglion (SCG).

Since leptin augments the CSN chemorecep-
tor response to hypoxia in mice (data not shown),
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Fig. 20.2 (a) Representative respiratory recordings
obtained from a DBA/2 J mouse (P6) during air breathing.
Body movement was used as an indicator of brain states.
Upward sharp deflections depicted twitches and no coor-
dinated movements were observed. The mouse was asleep
in both recording conditions. After 6 hr fasting, prolonged

Table 20.1 Effects of fasting on body weight and blood
glucose

Duration of Body weight loss Blood glucose

fasting (% of pre-fast) (mg/dL)

6h 2.21+£0.38 (N=5) 59.6+£2.9
(N=9)

3h 1.05 (N=3) 82.8+2.3
(N=10)

we further tested if fasting alters epigenetic mod-
ification of leptin signaling genes. Methylation
specific PCR (MSPCR) revealed that fasting
increased methylation of leptin and socs3 genes.

20.4 Discussion

This study has demonstrated that a short-term
fasting in P6 mice caused severe ventilatory
depression. Depressed hypoxic response sug-
gests that fasting impairs CB function and/or its

apneas were seen. (b) Summary from 6 animals
(mean = SE) shows that fasting (6 h) caused a significant
increase in apnea numbers during air breathing. Hypoxic
response was depressed and apneas were still apparent. (¢)
3-h fasting induced irregular and slower breathing, but
prolonged apneas were infrequent
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Fig.20.3 Breathing was recorded from 4 pups before and 1
day after fasting (6 h). Box-whisker-plots show that median
values of between breath intervals are larger and distribu-
tions are wider 1 day after fasting compared to the values
before fasting. The distributions are statistically different

integrated respiratory neural network. During
fasting, stored energy sources such as glycogen,
triglyceride and protein are converted to glucose,
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Control
Hypoxic perfusion

Fasted
Hypoxic perfusion

4 min

Fig.20.4 Left panel: Raw traces of CSN chemoreceptor
activity in control (non-fasted) and fasted (at P6) mice.
Right Panel: Increases in CSN activity from the baseline

fatty acids and ketones (fasting systems).
However, in infants the energy stores are not
plentiful and fasting systems are not totally effec-
tive (Hoe 2008). Thus, infant easily become
hypoglycemic upon fasting. In our study the glu-
cose levels were lowered in association with the
duration of fasting (Table 20.1). An intriguing
question is if the lowered glucose levels affect
CB function. Previous studies suggest an involve-
ment of the CB in glucose metabolism (Alvarez-
Buylla and Alvarez-Buylla 1988; Koyama et al.
2000), but the direct effect of glucose on CB, if
any, could be stimulation (Pardal and Lépez-
Barneo 2002; Zhang et al. 2007), not depression
as observed in the current study. Also, direct
effects of glucose on the CB are still debated
(Bin-Jaliah et al. 2004; Gallego-Martin et al.
2012). Further, ventilatory depression was not
immediately resolved after resuming the feeding.
The depression of breathing and hypoxic
response continued even 1D after fasting. Thus,
low glucose does not seem to be a major factor
for ventilatory depression caused by 3-6 h
fasting.

Although the underlying mechanisms for
fasting-induced ventilatory depression were not
apparent from this study, it is worth to discuss epi-
genetic modifications occurred in the CB 6 h after

ACSN activity (impulses/sec)
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fasting. Epigenetic modifications produce an array
of unique phenotypes that control cell/organ dif-
ferentiation and development. Epigenetic changes
are implicated in many aspects of cell biology
including inheritance of genes from parents, aging,
and most recently, chronic diseases. Moreover,
there is emerging evidence explaining “Barker’s
hypothesis of fetal reprogramming” by demon-
strating how epigenetic changes of genes resulting
from early environmental exposures contribute to
the fetal origin of the childhood/lifetime disease
(Reviews in Tang and Ho 2007; Dao et al. 2014).
Our data showed that increase in global 5SmC and
5-hmC content in CB DNA but not SCG DNA
from mice with fasting (Fig. 20.5). These prelimi-
nary observations suggested that fasting induces
epigenetic changes in the CB genome via DNA
methylation and/or hydroxymethylation. Further
gene specific analysis showed that leptin gene and
its downstream gene socs3 were epigenetically
modified via promoter methylation (Fig. 20.6).
Future studies may highlight that these modifica-
tions are associated with prolonged depression of
CB and its network function.

Maternal or prenatal nutrition have been
shown to affect ventilatory control systems and
could become background etiology of sudden
infant death syndrome (Penatti et al. 2011).
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Fig. 20.6 Methylation of leptin, leptin receptor and
Socs3 genes in the CB and SCG assessed by quantitative
MSPCR. Real-time PCR was done on bisulfite-treated

Considering that mild sickness and social eco-
nomical background are risk factors for SIDS
(Spencer and Logan 2004), the current study may
have an important clinical implication. A skip of
feeding can occur due to social economical rea-
sons or mild sickness of infants. Our data suggest
that even if fasting is short period and transient, if
it occurs within a developmental window, it may
cause prolonged ventilatory depression in infants.
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Abstract

Intermittent hypoxia (IH) increases reactive oxygen species generation
resulting in oxidative stress in the adrenal medulla (AM), a major end-organ
of the sympathetic nervous system which facilitates catecholamine secretion
by hypoxia. Here, we show that carotid body chemoreflex contributes to
IH-induced oxidative stress in the AM. Carotid bodies were ablated by cryo-
coagulation of glomus cells, the putative O, sensing cells. Carotid body
ablated (CBA) and control rats were exposed to IH and the redox state of the
AM was assessed biochemically. We found that IH raised reactive oxygen
species levels along with an increase in NADPH oxidase (Nox), a pro-oxi-
dant enzyme and a decrease in superoxide dismutase-2 (SOD2), an anti-
oxidant enzyme. Further, IH increased hypoxia-inducible factor (HIF)-1a,
whereas decreased HIF-2a, the transcriptional regulator of Nox and SOD-2,
respectively. These IH-induced changes in the AM were absent in CBA rats.
Moreover, IH increased splanchnic nerve activity and facilitated hypoxia-
evoked catecholamine efflux from the AM and CBA prevented these effects.
These findings suggest that [H-induced oxidative stress and catecholamine
efflux in the AM occurs via carotid body chemoreflex involving HIF o iso-
form mediated imbalance in pro-, and anti-oxidant enzymes.

Institute for Integrative Physiology & Center for
Systems Biology for O2 Sensing, The University

of Chicago, Chicago, IL 60637,

USA

e-mail: gkumar @bsd.uchicago.edu

J. Nanduri

Biological Science Division, Institute for Integrative N.R. Prabhakar

Physiology, 5841 S. Maryland Avenue, MC 5068, Biological Science Division, Institute for Integrative
Room N-711, University of Chicago, Physiology and Center for Systems Biology of O(2)

Chicago, IL 60637, USA
e-mail: jnanduri @uchicago.edu

Sensing, University of Chicago, Chicago, IL USA
e-mail: nanduri @uchicago.edu

© Springer International Publishing Switzerland 2015 195
C. Peers et al. (eds.), Arterial Chemoreceptors in Physiology and Pathophysiology,
Advances in Experimental Medicine and Biology 860, DOI 10.1007/978-3-319-18440-1_21


mailto:gkumar@bsd.uchicago.edu
mailto:jnanduri@uchicago.edu
mailto:nanduri@uchicago.edu

196

Keywords

G.K. Kumar et al.

Reactive oxygen species ® Sleep disordered breathing * Hypoxia-inducible
factors * Carotid body ablation ¢ Pro-oxidant and anti-oxidant

21.1 Introduction

Sleep disordered breathing (SDB), a highly prevalent
health problem in adult men and infants born
prematurely, is associated with intermittent hypoxia
(IH). Humans with SDB are prone to develop cardio-
vascular abnormalities including hypertension.
Studies in rodents exposed to IH showed that reactive
oxygen species (ROS) generation is increased in
peripheral and central nervous tissues and pretreat-
ment with anti-oxidant prevented not only the
elevation in ROS but also the cardiovascular abnor-
malities evoked by IH (for references see Prabhakar
etal. 2007). Since ROS emerges as a critical mediator
of IH-induced patho-physiology, it is of considerable
importance to determine whether ROS generation is
due to a direct effect of IH on various tissues or is
mediated by an indirect mechanism. The pO, of most
tissues under basal, normoxic condition is in the
range of 30-60 mmHg (Carreau et al. 2011) which is
much lower than the arterial pO, of ~100 mmHg. In
each cycle of IH, the arterial O, saturation of rats
decreases from 97 to 80 % (Peng et al. 2014).
Consequently, most tissues may not be able to sense
this modest level of hypoxia during IH. On the other
hand, carotid bodies, due to their very high blood
flow and exquisite sensitivity to hypoxia, are capable
of sensing and responding to modest changes in pO,
during each cycle of IH and the resulting augmented
chemoreflex may, in turn, transmit the changes in
pO, to other tissues. These considerations led us to
hypothesize that activation of carotid body
chemoreflex contributes to IH-induced ROS
generation in various tissues. In a recent study, we
tested this hypothesis by examining ROS generation
in the adrenal medulla (AM), an end-organ of the
sympathetic nervous system activated by the carotid
body chemoreflex (Peng et al. 2014).

21.2 Methods
21.2.1 Animals

Experimental protocols were approved by the
Institutional Animal Care and Use Committee
of the University of Chicago. Experiments
were performed on adult, male Sprague-
Dawley rats. At the termination of the experi-
ment, rats were killed with an overdose of
anesthesia. Carotid body ablation (CBA) was
performed bilaterally using cryocoagulation
with liquid nitrogen as described previously
(Verna et al. 1975). Sham-operated rats served
as controls.

21.2.2 Exposure toIH

Control (sham-operated) and CBA rats were
allowed to recover from surgery for 1 week. Rats
were exposed to alternating cycles of hypoxia
(5 % O, for 15 s) and normoxia (21 % O, for
5 min) between 09.00 and 17.00 h for 10 days.
Rats exposed to alternating cycles of normoxia
served as controls.

21.2.3 Measurements of ROS, NADPH
Oxidase (Nox) and Superoxide
Dismutase (SOD)

The cytosolic and mitochondrial aconitase activi-
ties were measured as an index of ROS genera-
tion as described (Peng et al. 2014). Enzyme
activities of Nox and SOD were determined in
the membrane and mitochondrial fractions as
described (Peng et al. 2014).
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21.2.4 Western Blot Analysis
of Hypoxia-Inducible Factor
(HIF) o Isoforms

The expression of HIF-1a and HIF-2a proteins
was analyzed by immunoblot analysis as
described (Peng et al. 2014).

21.2.5 Splanchnic Nerve Activity

The branch of the left splanchnic nerve was iso-
lated and cut above the coeliac ganglion. The
central cut ends of the nerves were placed on
bipolar platinum-iridium electrode for recording
electrical activity as described (Peng et al. 2014).

21.2.6 Data Analysis

All data are presented as means + SEM. Statistical
significance was assessed by one-way ANOVA
followed by unpaired t-test. P value less than
0.05 was considered significant.

21.3 Results and Discussion

21.3.1 Effect of CBA on ROS
Generation by IH

The activity of aconitase, an enzyme in the tri-
carboxylic acid cycle, is sensitive to and inhib-
ited by ROS (Gardner 2002). The enzyme occurs
both in the cytosol and in the mitochondria and
measuring the inhibition of aconitase activity in
both fractions will provide a measure of ROS
generation. As shown in Table 21.1, IH

Table 21.1 Effect of Carotid Body Ablation (CBA) on
IH-induced oxidative stress in the rat adrenal medulla

Aconitase
Samples® (nmol.min"!.mg")

Cytosol Mitochondria
Control 6.6+0.4 4.1+0.5
IH-treated 2.6+0.3 2.1+0.2
CBA +IH-treated | 5.5+0.7 3.5+04

*n=6-7 rats per group

decreased aconitase activity by 60 % and 50 %
in the cytosolic and mitochondrial fractions of
the AM, respectively. IH-induced decrease in
aconitase activity was absent in CBA treated
rats suggesting that oxidative stress in the AM
of IH treated rats is mediated by the carotid
body chemoreflex.

21.3.2 Effect of CBA on IH-Induced
Changes in Nox and SOD

The cellular level of ROS is tightly regulated by
the balance between the activities of the pro-, and
anti-oxidant enzymes. NADPH oxidase (Nox)
and superoxide dismutase-2 (SOD-2) are the
major pro-, and anti-oxidant enzymes, respec-
tively. Therefore, we determined whether carotid
body chemoreflex contributes to IH-induced
changes in the mRNA levels and enzyme
activities of Nox and SOD-2. IH increased
mRNA levels of Nox2 by ~2.5-fold with a con-
comitant increase in Nox activity in the AM
(Table 21.2). On the other hand, mRNA levels of
SOD-2 decreased by ~50 % and SOD activity
was significantly lower in [H-treated AM than in
controls (~50 %; p<0.01; Table 21.2). IH-induced
changes in Nox and SOD in the AM were absent
in CBA rats.

21.3.3 Effect of CBA on IH-Induced
Changes in HIF-a Isoform
Expression

HIF-1a is known to regulate gene expression of
pro-oxidant enzymes including Nox whereas that
of anti-oxidant enzymes such as SOD is under

Table 21.2 Effect of Carotid Body Ablation (CBA) on
IH-induced alteration in Nox and SOD-2 activities

Nox activity SOD-2 activity

Samples® (nmol.min"'.mg™") | (% of Control)
Control 0.42+0.02 100

IH-treated 1.13+£0.04 50+2

CBA +IH-treated |0.46+0.02 98+4

*n=6-7 rats per group
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Table 21.3 Effect of Carotid Body Ablation (CBA) on
IH-induced alteration in HIF-a Isoform expression

HIF-1a protein | HIF-2a protein

Samples® (% of control) (% of control)
Control 100 100
IH-treated 3205 52+4

CBA +1H-treated |98+2 97+3

*n=6-7 rats per group

the control of HIF-2a. Therefore, we determined
whether carotid body chemoreflex via altering
HIF-a isoform expression in the adrenal medulla
contributes to IH-induced changes in Nox2 and
SOD-2 mRNA levels. In IH-treated AM, HIF-1a
protein expression is significantly higher whereas
that of HIF-2a is lower than normoxia-treated
control AM (Table 21.3). However, in CBA rats,
IH-induced changes in HIF-a isoform expression
were absent.

21.3.4 Effect of CBA on IH-Induced
Changes in Adrenal
Sympathetic Nerve Activity

A branch of the splanchnic nerve provides the
sympathetic input to the AM. We tested whether
carotid body chemoreflex mediates the increased
sympathetic flow to the AM in IH treated rats.
Sham-operated and TH exposed rats exhibit ele-
vated adrenal sympathetic nerve activity both
during normoxia and hypoxia and these
IH-induced effects were absent in CBA rats.

21.3.5 Effect of CBA on IH-Induced
Functional Changes
in the Adrenal Medulla

Previous studies have shown that IH facilitated
hypoxia-evoked catecholamine (CA) efflux from
the adrenal medulla in a ROS-dependent manner
(Kumar et al. 2006; Kuri et al. 2007). Since CBA
prevented IH-induced generation of ROS, we
tested whether carotid body chemoreflex
mediates [H-induced augmented CA efflux in the

G.K. Kumar et al.

Table 21.4 Effect of CBA on IH-induced augmented
catecholamine efflux by hypoxia in the AM

Norepinephrine Epinephrine
Samples® (ng/100 ml) (ng/100 ml)
Control 20+4 88+6
IH-treated 75+3 190+7
CBA +IH-treated 2242 1052

*n=6-7 rats per group

AM. Consistent with our previous reports,
hypoxia markedly enhanced both norepinephrine
and epinephrine efflux from AM slices in IH
exposed, sham-operated rats and IH-induced
augmented CA efflux by hypoxia was absent in
CBA rats (Table 21.4).

Our results demonstrated that IH-induced
increase in ROS in the AM, an end-organ of the
sympathetic nervous system is primarily medi-
ated by the chemoreflex arising from the carotid
body but not due to a direct effect of hypoxia. At
first, IH activates the carotid body and the ensu-
ing chemoreflex induces an imbalance between
HIF-1a and HIF-2a that transcriptionally regu-
late Nox, a pro-oxidant and SOD, an anti-oxidant
leading to increased generation of ROS. The
carotid body chemoreflex-mediated oxidative
stress in the AM facilitates enhanced CA efflux
which may contribute to hypertension associated
with apneas.
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Abstract

Obstructive sleep apnea and hypertension are closely related diseases. The
lowering effect of continuous positive airway pressure (CPAP) on blood
pressure (BP) control is modest and concomitant antihypertensive therapy
is still required. However, the best antihypertensive regimen for BP con-
trol in patients with OSA remains unknown. We aimed to investigate a
hypothetical association between ongoing antihypertensive medication
and BP control rates in patients with OSA. We conducted a prospective
observational study in a cohort of 205 patients with OSA and hyper-
tension who underwent a sleep study and 24-h ambulatory blood
pressure monitoring (ABPM). Ongoing antihypertensive medication pro-
file was recorded. Logistic regression models were used to investigate
the association between antihypertensive regimen and BP control,
before (n=205) and, when applicable, after CPAP adaptation (n=90).
One hundred and fifty-five patients (155/205) were being treated with 31
different antihypertensive regimens. At baseline, the antihypertensive regi-
mens and the number of antihypertensive drugs were not associated with
BP control (p=0.847; p=0.991). After CPAP adaptation, a decrease in
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median night-time systolic and diastolic BP was observed (p=0.001;
p=0.006). Nevertheless, the lack of association between antihypertensive
regimens and the number of antihypertensive drugs and BP control
remained (p=0.864; p=0.800). Our findings confirm that although CPAP
improves nocturnal BP, this improvement is not sufficient to control blood
pressure for 24 h. This study shows, for the first time, that in patients with
OSA, there is no association between BP control and both the antihyper-
tensive regimen and the number of antihypertensive drugs.

Keywords

Ambulatory blood pressure monitoring ® Antihypertensive drugs ¢ Blood
pressure * Continuous positive airway pressure ¢ Hypertension and
obstructive sleep apnea

22.1 Introduction

Obstructive sleep apnea is a highly prevalent
sleep-related breathing disorder, briefly character-
ized by repetitive episodes of airflow cessation
(apnea) or airflow reduction (hypopnea) in the
upper airways during sleep. The link between
OSA and hypertension is well established (Baguet
et al. 2009). Sympathetic nervous system stimula-
tion mediated mainly by activation of carotid
body chemoreflexes and/or asphyxia is a relevant
underlying mechanism of hypertension-related
OSA. However, the best therapeutic targets for the
control of BP in these patients have not been
established. Continuous Positive Airway Pressure
(CPAP) is considered the gold standard for the
treatment of symptomatic OSA patients. However,
the effectiveness of CPAP on blood pressure (BP)
control is still controversial and CPAP alone
seems to be insufficient to sustain BP control;
therefore, the use of antihypertensive drugs
(AHD) is unavoidable. Data on antihypertensive
drug regimens in patients with OSA are scarce;
the effects of antihypertensive agents on OSA
patients are not consistent, and there are limited
data on whether a specific AHD regimen has any
positive effect on the control of BP in OSA
patients (Diogo and Monteiro 2014). The main
goal of this prospective cohort study was to deter-
mine the association between ongoing antihyper-
tensive (AH) regimens and BP control patients
with OSA, before and after CPAP adaptation.

22.2 Methods

Patients clinically suspected of having OSA,
aged above 18 years, who were attending their
first visit at the Centro Hospitalar Lisboa Norte
(CHLN), EPE Sleep Unit were assessed for eligi-
bility (Fig. 22.1).

All patients were fully informed about the
study and gave written consent in accordance
with the Declaration of Helsinki. The study pro-
tocol was previously approved by CHLN, EPE’s
Ethics Committee.

Diagnosis of OSA was established by over-
night polysomnography. OSA was categorised
according to current AHI (apnea-hypopnea
index) cut-offs of <5 (non-diagnostic),
5>and<15 (mild), 15>and<30 (moderate)
and>30 (severe). All patients underwent 24-h
ambulatory blood pressure monitoring (ABPM).
A dipping profile was defined as a reduction in
the average systolic and diastolic BP at night that
was higher than 10 % compared to daytime val-
ues. Uncontrolled BP was defined according to
ESC and ESH guidelines (Mancia et al. 2013).
Patients also completed a data collection form
that included ongoing medication profile
registration (“Brown-bag” medication review).
Figure 22.2 summarizes the study protocol.

The main outcome variables were BP
control rates (controlled and uncontrolled) in
patients undergoing antihypertensive medication.
We analysed the use of AHD by regimen:
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Fig. 22.1 Patient eligibility and follow-up. Of the 369
patients consecutively included, 68 were patients with no
diagnosis of OSA and 48 with no diagnosis of hyperten-
sion. The ABPM and/or sleep recordings were missing for
48 patients due to technical problems or because they did
not attend the ABPM (n=41) or sleep study (n=7). Forty
had no indication for CPAP therapy. One hundred and
sixty-five were scheduled for CPAP adaptation; however,

1-with angiotensin-converting enzyme inhibitors
(ACEi); 2-with angiotensin II receptor blockers
(ARAs); 3-with p-blockers; and 4-others
(including diuretics and calcium channel
blockers), and the number of antihypertensive
drugs (1-one, monotherapy; 2-two or more, poly-
therapy) included in each patient regimen. In all
patients, antihypertensive drugs were taken for at
least 6 months without changing the medication
profile until the end of the follow-up. CPAP titra-
tion was performed using self-adjusting CPAP
devices (autoCPAP) and CPAP adherence was
assessed from the device counter. Logistic
regression models were used to investigate the
association between antihypertensive regimen
and frequency of controlled and uncontrolled BP
before and after CPAP adaptation in patients with
OSA. Statistical analysis was performed using

7 refused CPAP, CPAP data were missing in 6 patients and
51 had no compliance. Of the 369, only the data from
90 patients were used to investigate the association
between ongoing AH regimen and blood pressure control
rates after CPAP adaptation. AHI indicates: Apnea-
Hypopnea Index; ABPM: Ambulatory Blood Pressure
Monitoring; CPAP: Continuous Positive Airway
Pressure; OSA: obstructive sleep apnea

the IBM SPSS Statistics (IBM SPSS Statistics for
Windows, Version 21.0. Armonk, NY). Results
were considered significant when a=0.05.

22.3 Results

Median apnea-hypopnea index was 20.0/h
(P,s=10.2/h, P;5=32.6/h) and concerning OSA
severity, 39.0 % (80/205), 30.2 % (62/205) and
30.7 % (63/205) of the patients presented mild,
moderate and severe OSA, respectively.
Table 22.1 shows key patient characteristics sum-
marized according to BP control. ABPM data,
attained at baseline, are described in Table 22.2.
Of the 205 hypertensive OSA patients, 155
were being treated with antihypertensive medica-
tion. The antihypertensive medication profile
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Polysomnography schedulling
24-h ABMP schedulling
Questionnaire

“Brown-Bag” medication review

Check PSG and ABPM
recordings:

> Diagnosis of OSA
> Indication for CPAP

> Baseline 24-h ABMP data

Check CPAP data:
> CPAP mean daily use >4 h

> Repetead 24-h ABPM

First Visit Second Visit

(Baseline)

Third Visit
(4-5 weeks after)

CPAP adapation

Fig.22.2 Schematic representation of study protocol. At
baseline, patients underwent overnight polysomnography,
24-h ABPM and completed a questionnaire that included
ongoing antihypertensive medication profile registration.
Patients with OSA diagnosis and indication for CPAP
treatment were scheduled for CPAP adaptation. 4-5 weeks

after CPAP adaptation, the device data were checked and
patients with at least 4 hour-mean daily CPAP use and
data for baseline ABPM underwent repeated 24-h ABPM
(n=90). ABPM indicates: Ambulatory Blood Pressure
Monitoring; CPAP: Continuous Positive Airway Pressure;
OSA: Obstructive Sleep Apnea

Table 22.1 Hypertensive OSA patient characteristics at baseline

Variable All patients (n=205) | Controlled (n=60) | Uncontrolled (n=145) |p

Age, years 59.0 (11.6) 62.2 (10.4) 57.7 (11.8) 0.012%
Gender, male (%) 149 (72.7) 40.0 (66.7) 109 (75.2) 0.214%
Race, Caucasian (%) 196 (95.6) 60 (100.0) 136 (93.8) 0.061"
BMI, kg/m? 31.0 (5.0) 31.5(6.2) 30.8 (4.5) 0.420"
Neck circumference, cm 42.2 (3.8) 42.1 (4.1) 42.2 (3.8) 0.822%
Waist circumference, cm 109.6 (12.1) 110.1 (13.5) 109.4 (11.5) 0.727%
Smoking habits 0.305%
Non-smokers (%) 111 (54.1) 31(51.7) 80 (55.2)

Former smokers (%) 76 (37.1) 26 (43.3) 50 (34.5)

Current smokers (%) 18 (8.8) 3(5.0) 15 (10.3)

Number of comorbidities >2 (%)* | 114 (55.6) 39 (65.0) 75 (51.7) 0.082%
Self-reported hypertension (%) 159 (77.6) 59 (98.3) 100 (69.0) <0.001%

Data are presented as mean (SD: standard deviation), median (interquartile range: P,s, P75) or number (%)
OSA obstructive sleep apnea, BMI body mass index, AH antihypertensive drugs, AHI apnea-hypopnea index
*including self-reported hypertension, *Student’s t-test, “Welch’s t test, “Chi-squared test, “Fisher’s exact test

found in controlled and uncontrolled groups,
respectively, was: 19 (31.7 %) and 30 (20.7 %)
patients treated with monotherapy and 41
(68.3 %) and 65 (44.8 %) patients treated with
regimens that included two or more antihyperten-
sive drugs. Thirty-one different antihypertensive

regimens were found for hypertensive OSA
patients. The most prevalent are shown in
Table 22.3.

We performed a univariate analysis to investi-
gate the association between AH regimen and
better BP control. No association was found
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Table 22.2 ABPM data at baseline
Variable All patients (n=205) Controlled (n=60) Uncontrolled (n=145) P
24-h ABPM (mmHg):
Mean 24-h BP 94.0 (86.0, 98.0) 83.0 (80.0, 85.8) 96.0 (93.0, 101.0) <0.001"
Daytime systolic BP 129.0 (121.0, 139.0) 119.5 (111.3, 124.0) 135.0 (127.5, 144.0) <0.001*
Daytime diastolic BP 79.0 (72.0, 85.0) 71.5 (67.0,75.0) 83.0 (78.0, 88.0) <0.001*
Night-time systolic BP 118.0 (107.5, 128.0) 105.5 (97.3, 109.0) 124.0 (115.5, 131.5) <0.001"*
Night-time diastolic BP 69.0 (62.0, 75.0) 61.0 (57.0, 64.0) 72.0 (67.0,77.0) <0.001"
24 h-BP profile:
Non-dipper systolic (%) 108 (52.7) 21 (35.0) 87 (60.0) 0.001%
Non-dipper diastolic (%) 79 (38.5) 12 (20.0) 67 (46.2) <0.001%

Data are presented as median (interquartile range: P,s, P;5) or number (%)
OSA obstructive sleep apnea, ABPM ambulatory blood pressure monitoring, BP blood pressure, HT hypertension

¥Mann-Whitney test, “Chi-squared test

Table 22.3 Antihypertensive regimens in patients with
OSA

Hypertensive OSA

Antihypertensive regimen patients n=155

Combination of ARBs +diuretics 28 (18.1)
Monotherapy with ACEi 21 (13.5)
Monotherapy with ARBs 14 (9.0)
Combination of ACEi +diuretics 10 (6.5)
Combination of 8(5.2)
CCB +diuretics + ARBs

Combination of ARBs+CCB 8(5.2)
Monotherapy with CCB 7(4.5)

Data are presented as number (%)

OSA obstructive sleep apnea, AH antihypertensive drugs,
ACEi angiotensin-converting enzyme inhibitors, ARBs
angiotensin II receptor blockers, CCB calcium channel
blockers

between the number of antihypertensive drugs
and the antihypertensive regimens and BP con-
trol (p=0.991 and p=0.847, respectively)
(Table 22.4).

In addition to AH regimens, and number of
AHD age (p=0.012), gender (p=0.214), BMI
(p=0.420), neck circumference (p=0.822), waist
circumference (p=0.727), smoking habits
(p=0.305), number of comorbidities (p=0.082)
and OSA severity (p=0.325) were variables
included in the analysis. Age and the number of
comorbidities were selected for the multivariable
analysis. However, none of these variables
remained in the multivariable model.

Ninety patients were eligible to investigate the
association between ongoing AH regimen and

hypertension control rates after CPAP adaptation
(Fig. 22.1). Regarding ABPM data measured at
baseline and after CPAP adaptation (Table 22.5),
no significant differences were found between
daytime systolic and diastolic BP.

As expected, a decrease in median night-time
systolic (median=4.5 mmHg) and diastolic BP
(median=3.5 mmHg) was observed (p=0.001
and p=0.006) after CPAP adaptation.
Nevertheless, this decrease in night-time BP
was not enough to allow reclassification from
uncontrolled to controlled BP in a substantial
number of patients being treated with AHD
(p=0.332). In fact, of the 46/74 (62.2 %) uncon-
trolled patients at baseline, only 11/74 (14.9 %)
became controlled after CPAP adaptation.

After CPAP, the lack of association between
antihypertensive regimens and the number of
antihypertensive drugs and BP control remained
(p=0.864 and p=0.800) (Table 22.4).

22.4 Discussion

To the best of our knowledge, this is the first
study that has described the association between
antihypertensive regimen and BP control rates in
patients with OSA.

In general, our sample matches a typical
population of OSA patients. Actually, the high
prevalence of new diagnoses of OSA, indicating
that patients are being referred appropriately as
well as the distribution of OSA severity found in
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Table 22.4 Association between anti-hypertensive regimens/ number of anti-hypertensive drugs and BP Control at

baseline and after CPAP adaptation

Before CPAP

Controlled Uncontrolled
Variable (n=60) (n=95)
Number of AH
One 19/49 (38.8) 30/49 (61.2)

Two or more 41/106 38.7) | 65/106 (61.3)

AH regimens

With ACEi 16/39 (41.0) 23/39 (59.0)
With ARBs 24/58 (41.4) 34/58 (58.6)
With BB 5/13 (38.5) 8/13 (61.5)

Others 15/45 (33.3) 30/45 (66.7)

Data are presented as number (%)

After CPAP
Controlled Uncontrolled
p (n=33) (n=41) p
0.991¢ 0.800%
9/22 (40.9) 13/22 (59.1)
24/52 (46.2) 28/52 (53.8)
0.847% 0.864"
8/21 (38.1) 13/21 (61.9)
11/25 (44.0) 14/25 (56.0)
1/2 (50.0) 1/2 (50.0)
13/26 (50.0) 13/26 (50.0)

CPAP continuous positive airway pressure, AH antihypertensive drugs, ACEi angiotensin-converting enzyme inhibitors,

ARBs angiotensin II receptor blockers, BB beta-blockers
&Chi-squared test, "Fisher’s exact test

Table 22.5 ABPM data at baseline and after CPAP
adaptation of patients with OSA, hypertension and CPAP
mean daily use >4 h (n=90)

After CPAP
Variable Baseline adaptation pY
Daytime 128.5 (121.5, |127.5(119.0, |0.156*
systolic BP 138.0) 135.0)
Daytime 79.0 (70.8, 76.5 (71.0, 0.132¥
diastolic BP | 84.0) 83.0)
Night-time 118.5(107.0, |114.0(106.8, |0.001*
systolic BP 129.0) 123.5)
Night-time 69.0 (61.0, 65.5 (60.0, 0.006"
diastolic BP | 74.0) 72.0)

Data are presented as median (interquartile range: P,s, P;5)
CPAP continuous positive airway pressure, ABPM ambu-
latory blood pressure monitoring, BP blood pressure
¥Wilcoxon test, *Sign Test

CHLN sleep consultation, is similar to those
reported by other authors (Lavie et al. 2000).
The prevalence of hypertension among patients
with OSA is estimated to be around 50 %
(Calhoun 2010). Our patients with OSA had a
higher prevalence of hypertension probably due
to the use of ABPM. Using ABPM with 24 h
monitoring, we detected a non-dipper systolic
profile in our OSA patients, an observation that
has been previously reported by Davies et al,
(Davies et al. 2000). Moreover, the high preva-
lence of uncontrolled BP (70.7 %; 145/205) and

underdiagnosed hypertension (24.4 %; 50/205)
among these patients has been reported by others
(Baguet et al. 2009; Borgel et al. 2004).

The high number of different AH regimens
(n=31) and the number of patients (n=106) with
regimens that included two or more AH drugs
suggest that controlling BP in these patients can
be difficult and that consensus and guidelines
based on evidence are needed to help guide ther-
apy. Despite the large number of studies involv-
ing OSA patients, only a few have investigated
the efficacy of different AHD and, in general,
most are individual drug studies. Most these
studies were designed to determine the efficacy
of the drug being studied on reducing BP. What is
absent from these studies is whether the
BP-lowering effect leads to an augmentation of
the number of controlled hypertensive patients
in the study population; see Diogo & Monteiro
for review (Diogo and Monteiro 2014). Briefly,
individual drug studies find that the blockade of
B1-adrenergic receptors (e.g., atenolol and
nebivolol) and the renin-angiotensin-aldosterone
(RAA) pathway, including both ACEi and angio-
tensin AT1 receptor antagonists, might be help-
ful. Spironolactone (a mineralocorticoid receptor
antagonist) blocks aldosterone levels and may be
efficacious in treating patients with resistant HT
(Ziegler et al. 2011; Gaddam et al. 2010), and



22 The Association Between Antihypertensive Medication and Blood Pressure Control...

patients with severe OSA (Oliveras and
Schmieder 2013), a population who often have
elevated aldosterone levels (Ziegler et al. 2011).
Volume overload appears to contribute to the
development of OSA (Friedman et al. 2010);
however, diuretics, namely thiazide, have not
been effective AH agents in OSA patients who do
not have fluid retention (Ziegler et al. 2011).
Calcium channel blockers, although effective in
lowering BP, may negatively impacting sleep
duration in HT patients with OSA , specifically
lowering sleep time and sleep efficiency as
described by Nerbass et al. (2011). In our study
population, the most commonly prescribed AHD
were diuretics and RAA blockers. However, the
number of OSA patients using these AHD with
uncontrolled BP was particularly high. In fact,
61.2 % (30/49) and 61.3 % (65/106) of patients
being treated with monotherapy and polytherapy
regimens, respectively, had blood pressures that
remained uncontrolled. In our population,
increasing the number of AHD was not effective
in controlling hypertension in patients with OSA,
and we found no associations between AH regi-
mens and number of AHD and BP control before
or after CPAP application.

We included only patients who were adherent
with CPAP therapy for at least 4 h per night on
average, as this is a threshold that is often used to
define minimum acceptable CPAP use. This level
of CPAP use has been reported by others to
decrease the incidence of hypertension in patients
with OSA (Barbé et al. 2012). Therefore, it would
be expected that the combined effect of CPAP
and AHD on BP control would be more pro-
nounced than the isolated effect of AHD. However,
the lack of association between AH regimens and
BP control remained after CPAP adaptation,
which suggests CPAP contributes minimally to
controlling BP in these patients. Our findings are
consistent with those of others (for a review see
Diogo and Monteiro 2014). Borgel et al. (2004)
showed that the absence of AHD is an indepen-
dent predictor of the lowering effect of CPAP
therapy on systolic and diastolic BP. Furthermore,
Dernaika et al. reported that the effects of CPAP
therapy on BP regulation appear to be less evi-
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dent in hypertensive patients simultaneously
treated with AHD (Dernaika et al. 2009). In our
patient population, 8 of the 16 patients who were
not on AH medication, after CPAP adaptation
their blood pressure became controlled. Both
results suggest that an earlier diagnosis of hyper-
tension related to OSA and treatment with CPAP
may be more effective than an AHD regimen in
this population.

The effect of CPAP on lowering BP was
greater for nocturnal BP, specifically nocturnal
SBP. Importantly, this CPAP lowering effect on
nocturnal blood pressure was not sufficient to
reclassify patients from having blood pressures
that were uncontrolled to controlled. CPAP pre-
vents the bursts of sympathetic activity at the
end of each respiratory event (Somers et al.
1995); although we did not directly measure
sympathetic activity in our patients, the hypo-
thetical reduction in sympathetic activity was
not associated with an appreciable decrease in
diurnal BP.

Perhaps it is more important to study the com-
bined effect of CPAP and AH medication than
either one alone in patients with OSA. Pépin
etal. (2010) designed a study to assess the respec-
tive efficacy of CPAP and valsartan (ARBs) in
reducing BP hypertensive patients with OSA
who had never been treated for either condition.
They speculated that the combined effect of both
therapies on BP control might be additive in
patients in whom hypertension is still uncon-
trolled by specific AH drugs. However, they did
not quantify the combined effect of CPAP and
valsartan. They found that valsartan induced a
four-fold greater decrease in mean 24 h BP than
CPAP alone (Pépin et al. 2010).

Our study has several limitations. First, it is
an observational study, and thus, we are unable
to determine whether the severity of hyperten-
sion before treatment was a confounding factor
in the evaluation of the efficacy of AH regimens.
Second, our sample size is small and the patients
were treated at a single center. However, our
center could be considered representative of the
general OSA population because we found sim-
ilar patient characteristics to those described in
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the literature. Third, the significant variability in
AHD regimen found in the present work
together with the small sample size, does not
allow us to identify the best AHD regimen for
these patients. Fourth, we used the “Brown-
Bag” medication review in order to record
patients ongoing medication profile; data
regarding adherence to AH drug treatment
(before and after inclusion) were checked only
based on self-reported adherence and were not
confirmed by a “pill-count” method or other
adherence measures. Despite these potential
limitations, our results highlight the urgent need
for innovative AHD therapies to treat patients
with OSA who have hypertension.

22.5 Conclusions

In conclusion, we found that none of the cur-
rently available antihypertensive drugs, either
alone or in combination, are sufficient enough to
control BP in these patients, either before or
after CPAP adaptation. BP control is indepen-
dent of both the antihypertensive regimen and
the number of antihypertensive drugs, and
increasing the number of AHD does not improve
efficacy in controlling BP in patients with
OSA. Our results confirm that CPAP improves
24 h-BP profile is insufficient to effectively treat
hypertension in patients with OSA. Moreover,
the observation that CPAP alone can treat hyper-
tension in patients with OSA who had not been
previously treated with AHD suggest that an ear-
lier diagnosis of hypertension related to OSA is
important and CPAP therapy is key; CPAP may
be more effective treatment than AHD regimens
in this population since current AHD regimens
are useful to prevent but not able to completely
revert hypertension after it develops in patients
with OSA.
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Abstract

The respiratory stimulant caffeine is the most frequently used xanthine
(theophylline or aminophylline) for the treatment of apnea in premature
infants. It decreases but does not eliminate apnea. In most cases such
decreases is insufficient to prevent the use of artificial ventilation.
Progesterone is a respiratory stimulant in adult mammals including human,
and it decreases sleep apnea in menopausal women. Whether progesterone
as an adjunct to caffeine therapy could be effective in further reducing the
frequency of apnea in premature infants is not known because its respira-
tory effect in newborns has not been well studied. Using rat pups at differ-
ent postnatal ages, we first determined whether the respiratory stimulant
effects of acute caffeine (10 mg/kg, i.p.) or progesterone (4 mg/kg i.p.) are
age dependent. These studies showed that caffeine enhances the ventila-
tory response to hypoxia in 1 and 4 days-old rats while it decreases apnea
frequency in 12-days-old. In contrast, progesterone enhances the ventila-
tory response to hypoxia in less than 7-days-old but decreases apnea in
1-day-old rats. Preliminary experiments show that administration of pro-
gesterone (4 mg/kg i.p.) to newborn rats that are chronically treated with
caffeine (mimicking its clinical uses — 7.5 mg/kg once/day by gavage)

Pediatric Department, Laval University, Research

Center of Centre Hospitalier, Universitaire de

Quebec, Quebec City, QC, Canada N. Uppari * S. Mubayed * V. Joseph

Centre de recherche du CHUQ, HSFA, Pediatric Department, Laval University, Research

10, rue de I’Espinay, Québec G1L 3L5, QC, Canada Center of Centre Hospitalier, Universitaire de

e-mail: Aida.bairam @crsfa.ulaval.ca Quebec, Quebec City, QC, Canada

© Springer International Publishing Switzerland 2015 21

C. Peers et al. (eds.), Arterial Chemoreceptors in Physiology and Pathophysiology,
Advances in Experimental Medicine and Biology 860, DOI 10.1007/978-3-319-18440-1_23


mailto:Aida.bairam@crsfa.ulaval.ca

212

A.Bairam et al.

enhances the respiratory stimulant effects of caffeine. Surprisingly, acute
injection of progesterone enhances apnea frequency and reduces hypoxic
ventilatory response in 12-day-old rats.

Keywords

Caffeine * Progesterone ®* Newborn ¢ Rats * Breathing * Apnea

23.1 Introduction

The respiratory control system undergoes consid-
erable maturation before and after birth. The
important correlate of an immature system, par-
ticularly in babies born before term, is respiratory
irregularities and apneas (Darnall et al. 2006;
Greer 2012). These events, regardless of gesta-
tional age, are often associated with increasing
hospitalization and long-term neurocognitive
morbidity (Janvier et al. 2004; Eichenwald et al.
2011). Although apneas reflect more the “physi-
ological” rather than “pathological” immaturity
of the mechanisms regulating breathing, they are
systematically treated.

The respiratory stimulants represent the best
option, and caffeine (a methylxanthine deriva-
tive) is currently the main therapy worldwide.
Nevertheless, a substantial percentage of apneas
persist despite therapeutic plasma levels of caf-
feine are achieved (Darnall et al. 2006; Schoen
et al. 2014) and the treatment of apnea often
necessitates aggressive therapy such as mechan-
ical ventilation, particularly in very preterm
neonates (<28 weeks of gestation). It has been
suggested that progesterone may be used as an
alternative or adjunct to caffeine, but proper
investigations of its relative efficacy alone or in
combination with caffeine are still lacking
(Finer et al. 2006; Mathew 2011). Keeping in
mind the important changes that take place
within the central (brainstem respiratory center)
and peripheral (carotid body chemoreceptors)
component of the respiratory control system
during early life (Darnall et al. 2006; Edwards
et al. 2013; MacFarlane et al. 2013), in the fol-
lowing overview we will emphasis on data
obtained from our laboratory using newborn
rats as an animal model.

We will first describe investigations obtained
with caffeine or progesterone and then with a
simultaneous administration of both on basal
ventilation, the hypoxic ventilatory response
(HVR) and apnea frequency in Sprague-Dawley
rats at postnatal age ranged from 1 to 12 days old
(P1-P12). All rats used in the experiments were
born and bred in our animal care facilities at
research center of Saint Frangois d’Assise
Hospital. The dam was used only once while
male rats were used twice for mating. At birth,
litters were culled to 12 pups with an equal male/
female ratio (whenever possible). Each group
(age and treatment) was composed of rats from
at least 8 litters to further widen genetic distribu-
tion and minimize litter-specific effects.
Moreover, pups from one litter were randomly
distributed between the various experimental
groups. In order to minimize sex-specific effects,
for experiments using animals less than or equal
to 7 days of age both male and female rat pups
were used, for experiments using animals at
12 days of age only male rats were used. Each rat
was used only once but was returned to his
mother to be sacrificed (mother and litters) at
12th postnatal day (i.e. the end of experiment).
For the respiratory recordings (see details in
Lefter et al. 2007; Julien et al. 2008, 2010, 2011;
Bairam et al. 2013a), the rat was allowed to
habituate to the plethysmograph for 10 min, after
which time the animal was administered the
experimental drug or saline by i.p. injection (see
details in each section) and then returned to the
plethysmography. Recording began once respi-
ration stabilized with the animal breathing room
air (basal, 21 % O,, 10 min) followed by hypoxia
(12 % 02, 20 min). This exposure paradigm
allowed for the dynamic HVR: initial (early) and
the steady-state (late) phases to be recorded.
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One-way or two-way ANOVA followed by
post-hoc tests were used when appropriate. A
p-value <0.05 is considered significant.

23.2 TheHVRin Newborn

Central and peripheral chemoreceptors sense O,
level in the blood. As a result, low arterial content
of O, increases the excitatory inputs to central
respiratory neural networks. These sensory sig-
nals then initiate a proper increase of respiration
to augment pulmonary gas exchange, a reflex that
undergoes significant changes during the postna-
tal period in newborn mammals. For instance, it
exhibits a biphasic pattern, i.e. an initial increase
in ventilation resulting from stimulation of periph-
eral chemoreceptors (primarily located in the
carotid bodies), followed by a decline, sometimes
to a level below pre-hypoxic values. The respira-
tory depression that takes place during the late
phase of hypoxia likely originates centrally where
inhibitory mechanisms can override the excitatory
inputs from peripheral chemoreceptors. The cen-
tral mechanisms include changes in metabolism,
local perfusion, and in the production of inhibi-
tory transmitters (e.g. GABA and adenosine)
(Darnall et al. 2006; Greer 2012; Edwards et al.
2013). Both phases develop toward the adult pat-
tern where the increase in ventilation is sustained
throughout the hypoxic episode. The HVR is reg-
ularly used as a tool to describe the magnitude of
maturation of the respiratory control system.
Because hypoxemic episodes are frequently
observed during apneas, the preterm infants are
exposed to chronic intermittent hypoxia that con-
sequently disrupts the HVR and may contribute to
enhance the occurrence of apnea (Martin et al.
2012; Rhein et al. 2014). Chronic exposure to
intermittent hypoxia rather hypercapnia disrupts
the central and peripheral respiratory reflexes
(Julien et al. 2008; Mayer et al. 2013). On the
other hand, exposure to intermittent hypoxia may
induce an increase in normoxic ventilation termed
as “ventilatory long term facilitation” (VLTF)
(Julien et al. 2008; Martin et al. 2012). VLTF is a
prominent and intriguing property of the respira-
tory control system defined as a sustained increase
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in minute ventilation following repeated but brief
hypoxic exposures. VLTF may be an endogenous
protective mechanisms that prevents recurrent
apneas in newborns.

23.3 Rationale for Using
Respiratory Stimulants
to Treat Apnea in Newborns

23.3.1 Caffeine

An adenosine Al and A2 receptor antagonist, is
the drug of choice for treating neonates with
apnea. The inhibitory effects of adenosine on res-
piration are well described in newborn subjects.
By blocking adenosine, caffeine increases central
respiratory drive and suppresses the late phase of
the HVR in various animal species and in preterm
infants (Darnall et al. 2006; Mathew 2011;
Dobson et al. 2014; Schoen et al. 2014). These
effects are generally related to an improvement of
sensitivity and/or responsiveness to decrease in
arterial O, and increase in CO, in newborn mam-
mals. However, expression and (probably) func-
tionality of adenosine Al and A2 receptors
change substantially during development
(Montandon et al. 2008; Bairam et al. 2013b). In
the rat central nervous system, including the
brainstem, these receptors appear early in the
embryonic brain, and their levels increase gradu-
ally in an age- and region-specific manner to
reach adult levels by P14. In the carotid body,
although both receptor types are detected in adult
rats; only A2 receptor mRNA levels undergo pro-
gressive down-regulation with age, reaching val-
ues similar to those found in adults by P14. So far,
the developmental expression pattern of Al
receptor and its physiological role in chemorecep-
tor activity are still poorly known. Interestingly,
while activation of brainstem Al and A2 recep-
tors inhibits respiration, activation of A2 recep-
tors in the carotid body appears to increase
chemoreceptor activity in adult rats (Montandon
et al. 2008; Bairam et al. 2013b). Considering the
important developmental changes for adenosine
receptor expression in the respiratory control sys-
tem, suboptimal efficacy of caffeine might be
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related to age. Although the efficacy of caffeine
for the treatment of apnea is not disputed, no data
exist that examines the effect of gestational or
postnatal age as an essential variable affecting
efficacy of caffeine on apnea frequency in prema-
ture infants. Using in vitro models, specifically
brainstem slices from newborn rats or mice (aged
P0-P4), methylxanthines (theophylline, amino-
phylline, caffeine) enhance respiratory rhythm
generation in an age-dependent manner (Kawai
et al. 1995; Mironov et al. 1999).

23.3.1.1 Respiratory Effects of Caffeine

Are Age-Dependent

in Developing Rats
We first performed experiments to determine the
dose response curve of caffeine on ventilation (0,
5, 10 and 20 mg/kg, i.p. Fig. 23.1; 5 rats per
dose). Caffeine at 10 mg/kg enhances basal ven-
tilation in P12 but not in P4 rats, but also increases
O, consumption to a similar extent, so that the
ratio of minute ventilation/oxygen consumption
is not increased. Because the breathing and meta-
bolic variables were similar between animals
who received 10 and 20 mg/kg of caffeine, in
subsequent experiments, P4 and P12 rats (about

4 days old
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Fig. 23.1 Dose-response curve of caffeine under
basal condition (normoxia=21 % O,). The dose of
10 mg/kg (i.e. 20 mg/kg caffeine citrate, similar to
its clinical use) significantly increases basal ventila-
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12 rats per group age) were given 10 mg/kg of
caffeine. Caffeine decreases apnea frequency
during basal ventilation in P12 but not in P4 rats;
while it enhances the HVR in P4 but not P12 rats,
it has no significant effect on apnea frequency
during hypoxia in both ages (Bairam et al.
2013b). Because it is recommended that caffeine
be used within a few days after birth to reduce the
need for mechanical ventilation and the occur-
rence of bronchopulmonary dysplasia (Davis
et al. 2010; Dobson et al. 2014; Taha et al. 2014),
an additional experimental group of rats at P1
were used. We recently published our findings
obtained in animals at P4 and P12 rats (Bairam
et al. 2013b) but have also presented the data in
(Figs. 23.2 and 23.3). Caffeine enhances basal
ventilation in P1 rats similar to P12 rats (Fig. 23.2)
while it significantly decreases apnea frequency
in P12 rats (Fig. 23.2). However, caffeine
increases minute ventilation during the late phase
of HVR (Fig. 23.3) with no significant effects on
apnea (data not shown) during hypoxia in P4 and
P12 rats (Bairam et al. 2013b). A positive corre-
lation between the decrease in apnea frequency
and the increase in basal minute ventilation with
caffeine was only observed in P12 rats (p values

12 days old
ANOVA p = 0.01
*

*P< 0.01 vs 0 and 5mg/kg

-O- vehicle=saline
-O- caffeine 5 mg/kg
-@ caffeine 10 mg/kg
-@ caffeine 20 mg/kg

|

0 5 10 20

ANOVA p = 0.57

0 5 10 20

tion in 12- but not in 4-day-old rats, but does not
change the oxygen consumption ratio (V, /V02 : B)
in either age. n=5 rats for each dose. Data are
mean + SEM
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Fig. 23.2 Effects of caffeine on basal ventilation (nor-

a b

20 * 12 1

S 250 1 . -

= ‘= 10 4

= g

g i

E 200 2 [0 Saline

~ ; 8 1 W Caffeine (10 mg/kg)
5 150 : * p<0.05 vs. saline
= S 61

s )

S 100 + =

4 T 4+

o &=

£ 50+ g o *

= =

2 04- < oA

/M 1 4 12 1 4 12

days

significantly decreases apnea frequency in 12-days-old

moxia) and apnea frequency in developing rats. Caffeine rats. n=8-12 rats for each group and age. Data are
increases basal ventilation in 1 and 12 days-old rats but mean+SEM

Early phase (peak)

w

(=
)

W

o
)

[\

W
1

[N}

(%]
1

25 4

'

[\8)

Wi
1

-50 4

&
S
L

1 4 12
days

Minute ventilation during hypoxia
(% changes from normoxia)
S
1
o
1

Fig. 23.3 Effects of caffeine on hypoxic ventilatory
response (12 % O,) in developing rats. Caffeine has no effect
on the early phase of the ventilatory response to hypoxia but

are respectively 0.47, 0.56, and 0.04 for P1, P4
and P12). The discrepancy in the effects of caf-
feine on basal ventilation, HVR and apnea fre-
quency suggest to us that caffeine reduces apnea
by increasing central respiratory drive rather than
by increasing HVR (Julien et al. 2010; Bairam
et al. 2013b). Indeed, other mechanisms than
those involved in the regulation of breathing dur-
ing development are involved in decreasing
apnea frequency with caffeine. These mecha-
nisms may be related to an enhancement of dia-

Late phase (steady-state)

O Saline
m Caffeine 10 mg/kg)
1 t
* p<0.05 vs. saline
T p<0.05 vs. P1
*
1 4 12
days

decreases the inhibition of ventilation during the steady state
response to hypoxia in 1- and 4-days old rats. n=8-12 rats
for each group and age. Data are mean+SEM

phragmatic muscle activity (Heyman et al. 1991;
Kassim et al. 2009) and/or to an improvement in
pulmonary mechanics following caffeine admin-
istration (Davis et al. 1989; Yoder et al. 2005).

23.3.1.2 Respiratory Effects of Caffeine

in Newborns Rats Exposed

to Chronic Intermittent

Hypoxia
Similar to what is observed in preterm neonates
with apnea (Al-Matary et al. 2004; Nock
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et al. 2004), exposure to intermittent hypoxia in
newborn rats increases the response of periph-
eral chemoreceptors to hypoxia (Peng et al.
2004; Julien et al. 2008; Mayer et al. 2013).
Interestingly, we showed that rat pups raised
under chronic intermittent hypoxia (5 % O,/100 s
every 10 min; 6 cycles/h followed by 1 h at 21 %
0,, 24 h/day) during the first 10 days of life (i.e.
the sensitive period for respiratory control devel-
opment in rats) have an increased hypoxic
responsiveness and apnea frequency when
exposed to a series of 10 brief hypoxic episodes
(Julien et al. 2008). In addition to sensitizing the
carotid body to acute hypoxic exposure, chronic
intermittent hypoxia abolishes VLTF. Because
apnea frequency in human preterm increases
during the first days of birth, we studied the
effects of caffeine on VLTF in 12 days old rats
that were exposed to intermittent hypoxia
between postnatal days 3—12. In these rats we
observed that a single caffeine injection at
10 mg/kg enhances the expression of the vLTF,
decreases apnea frequency, but has no significant
effect on the HVR in comparison to saline
injected rats (Julien et al. 2010). These observa-
tions suggest to us that the therapeutic effect of
caffeine in newborn infants is linked to its stimu-
latory effect on VLTF. Indeed, in P12 rats exposed
to both chronic neonatal intermittent hypoxia
and caffeine (7.5 mg/kg/day given by gavage
from P3-P12), basal ventilation is enhanced and
apnea frequency is reduced compared to the
response observed in water given rats (control)
exposed to intermittent hypoxia (Julien et al.
2011). Because early therapeutic use of caffeine
in neonates within several days of life (Schoen
et al. 2014; Taha et al. 2014) is recommended, it
would be interesting to assess whether the above-
mentioned effects of caffeine on intermittent
hypoxia are age dependent.

In summary, similar to what has been observed
in newborn infants, we show that in newborn rats
caffeine decreases (but does not abolish) apnea,
and this effect is age dependent. Furthermore, the
efficacy of caffeine on apnea frequency, whether
administered acutely or chronically, is indepen-
dent of its effect on HVR but related to an
increase in central respiratory drive.

A.Bairam et al.

23.3.2 Progesterone

Progesterone acting both on peripheral and cen-
tral chemoreceptors is a potent respiratory stimu-
lant in adult humans and animals (Behan and
Wenninger 2008). For instance, in adult humans
progesterone (1) increases ventilation in pregnant
women, (2) reduces the CO, retention in patients
with obstructive pulmonary diseases, and (3)
decreases sleep disordered breathing in adult
men and post-menopausal women (Saaresranta
and Polo 2003; Shahar et al. 2003; Behan and
Wenninger 2008). Progesterone acts on two types
of receptors, membrane and nuclear receptors
(Behan and Wenninger 2008 — see also chapter
by R. Boukari in the present volume). So far,
most of our knowledge regarding the effects of
progesterone on respiration establishes an impor-
tant role for the nuclear receptors, which are
expressed within the central nervous system,
brainstem respiratory nuclei, and carotid body
(Haywood et al. 1999; Behan and Thomas 2005;
Joseph et al. 2006).

In the newborn, exogenous progesterone may
be efficacious in preventing osteoporosis in pre-
mature infants (Trotter et al. 1999a). In infants
with congenital hypoventilation syndrome,
medroxyprogesterone acetate (2—4 mg/kg/day)
increases ventilation and promoted weaning from
mechanical ventilation (Milerad et al. 1985);
these observations are limited to few case reports.
Hence, in sharp contrast to caffeine, studies
determining the efficacy of progesterone as a
respiratory stimulant in human neonates have not
been done. Experiments in newborn rats outlined
below were designed to address this gap in
knowledge.

23.3.2.1 Respiratory Effects

of Progesterone Are

Age-Dependent

in Developing Rats
Newborn mammals are exposed to high levels
of progesterone at birth and during the early
days of life (Rhoda et al. 1984; Trotter et al.
1999b). The most important source of proges-
terone is the placenta, but the adrenals and the
brain also synthetize progesterone after birth
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(Rhoda et al. 1984). In 10 days old rats
chronically exposed to progesterone via the
lactating mothers supplemented by an osmotic
mini-pump HVR was enhanced and apnea fre-
quency was reduced in both normoxia and
hypoxia (Lefter et al. 2007). To address
whether acute progesterone administration
might have similar effects, and if these effects
are age specific, experiments were also per-
formed in rat pups at P1, P4, P7, and P12
(Bairam et al. 2013a). Progesterone (4 mg/kg,
i.p.) has no effect on basal ventilation at all
ages but reduces apnea frequency in P1 rats. In
response to hypoxia, progesterone enhances
the HVR in rats younger than 7 days of life but
reduces apnea frequency only in P1 rats.
Furthermore, deletion of the nuclear progester-
one receptors (PR) in KO mice reduces HVR at
1 and 10 days of age (not P4) as compared to
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wild type mice, likely indicating an influence
of progesterone synthesis in the brain around
birth and P10 (Potvin et al. 2014).

23.3.2.2 Respiratory Effects

of Progesterone in Newborns

Rats Exposed to Chronic

Intermittent Hypoxia
In menopausal women with sleep disordered
breathing, administration of progesterone signifi-
cantly decreases apnea frequency and the apnea-
hypopnea index (Saaresranta and Polo 2003;
Shahar et al. 2003); a similar effect is observed in
men treated with progesterone (Saaresranta and
Polo 2003). In a preliminary study, we evaluated
the effects of 4 mg/kg of progesterone in P12 rats
exposed to intermittent hypoxia from P3 to P12
(see 3.1.2). In contrast to the effect of caffeine,
progesterone had no effect on vLTE. But, it did
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*
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Fig. 23.4 Effects of progesterone on basal ventilation (nor-
moxia) and apnea frequency during the recovery period (ven-
tilatory long-term facilitation, vLTF). (a) Minute ventilation;
(b) O, exchange ratio (V, / V02 ); and, (c) apnea frequency.
Measures were performed in 12-day-old male rats previously
exposed to chronic intermittent hypoxia (CIH) from

3-12 days of life and subjected to 10 brief hypoxic cycles
before recording the vVLTF. Data are presented as a percent-
age changes from the basal ventilation recorded before expo-
sure to the 10 brief hypoxic cycles. Progesterone slightly
decreases minute ventilation, V/, / VO2 , and apnea fre-
quency. n=11 rats for each group. Data are mean+SEM
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decrease apnea frequency (Fig. 23.4). These
preliminary findings suggest to us that progester-
one modifies ventilation in response to chronic
intermittent hypoxia in newborn rats.

In summary, while there remains a paucity of
data on the role of progesterone on control of
breathing during development, our data strongly
supports the hypothesis that circulating as well as
neuronal progesterone (nuclear Progesterone
Receptor Nock-Out mice, PRKO model) regulate
breathing, and that this effect is at least partially
mediated by the nuclear progesterone receptors.
The effects of chronic vs. acute administration of
progesterone on breathing appear to be different,
and the potential contributions of membrane pro-
gesterone receptors in modulating breathing dur-
ing development are still unknown.

23.3.3 Caffeine and Progesterone

Because caffeine is routinely used for the treat-
ment of apnea, we determined the effects of pro-
gesterone on the background of a chronic
treatment with caffeine. We first tested if proges-
terone might enhance the effects of caffeine on
apnea frequency and HVR. We used our model of
chronic caffeine administration (7.5 mg/kg) by
daily gavage between postnatal days 3-12
(Montandon et al. 2008; Julien et al. 2011). At

Ve

o 1 0]
2 8
o =
hag . c
< 140 . £
£ o 51
E ~

120 €

100 . ; 0

A.Bairam et al.

P12 we recorded respiration following a single
intraperitoneal injection of either saline or pro-
gesterone (4 mg/kg). Respiratory variables were
recorded under normoxia (10 min) 30 min after
the injection, and in response to moderate
hypoxia (12 % O,, 20 min). We assessed the fre-
quency of apneas and minute ventilation under
normoxia and during the last 10 min of hypoxia.
In normoxia, progesterone had no effect on min-
ute ventilation but surprisingly increased apnea
frequency (Fig. 23.5). During hypoxia, proges-
terone reduced minute ventilation, but had no
effect on apnea frequency. These results do not
support our initial hypothesis. Since chronic caf-
feine exposure increases GABAA receptors
(Picard et al. 2008), we speculate that allopreg-
nanolone (a metabolite of progesterone)
depresses respiration via GABAA receptor acti-
vation (Ren and Greer 2006a, b). If our findings
are relevant to the human infant, the addition of
progesterone to caffeine for the treatment of
apnea in newborn is likely not to be effective in
reducing apnea frequency.

23.4 Conclusion

Persistent apnea in human infants increases mor-
bidity and length of hospitalization. Our data
obtained from newborn rats support the hypothesis

Apnea frequency

I:I Caffeine/saline

T . Caffeine/progesterone

**  p<0.01 vs caffeine/saline
*** p<0.001 vs caffeine/saline

Normoxia Hypoxia

Fig.23.5 Effects of progesterone on the hypoxic ventila-
tory response and apnea frequency in 12-days-old rats that
received caffeine between postnatal days 3—-12 (7.5 mg/
kg/day by gavage). Compared to rats injected with saline,

Normoxia Hypoxia

progesterone (4 mg/kg, i.p.) decreases minute ventilation
during the late phase of the hypoxic exposure (10-20 min)
and increases apnea frequency during normoxia. n=15
rats for each group. Data are mean+SEM
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that progesterone is a respiratory stimulant that
regulates the HVR and apnea frequency in an age-
dependent manner. However, these respiratory
effects of progesterone vary with the experimental
conditions (acute and chronic exposure), and are
disrupted in rats treated with caffeine. In future
experiments, we will determine how progesterone
and caffeine interact, and the differential effects
of acute vs. chronic progesterone administration
on respiration in newborns.
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Abstract

The carotid bodies (CBs) are peripheral chemoreceptors that respond to
hypoxia increasing minute ventilation and activating the sympathetic ner-
vous system. Besides its role in ventilation we recently described that CB
regulate peripheral insulin sensitivity. Knowing that the CB is functionally
blocked by hyperoxia and that hyperbaric oxygen therapy (HBOT)
improves fasting blood glucose in diabetes patients, we have investigated
the effect of HBOT on glucose tolerance in type 2 diabetes patients.
Volunteers with indication for HBOT were recruited at the Subaquatic and
Hyperbaric Medicine Center of Portuguese Navy and divided into two
groups: type 2 diabetes patients and controls. Groups were submitted to 20
sessions of HBOT. OGTT were done before the first and after the last
HBOT session. Sixteen diabetic patients and 16 control individual were
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included. Fasting glycemia was143.5+12.62 mg/dl in diabetic patients
and 92.06+2.99 mg/dl in controls. In diabetic patients glycemia post-
OGTT was 280.25+22.29 mg/dl before the first HBOT session. After 20
sessions, fasting and 2 h post-OGTT glycemia decreased significantly. In
control group HBOT did not modify fasting glycemia and post-OGTT gly-
cemia. Our results showed that HBOT ameliorates glucose tolerance in
diabetic patients and suggest that HBOT could be used as a therapeutic
intervention for type 2 diabetes.

Keywords

Glucose tolerance * Hyperbaric oxygen therapy * Type 2 diabetes

24.1 Introduction

Metabolic diseases, like type 2 diabetes, obesity
and the metabolic syndrome, affect millions of
individuals globally, contributing to significant
morbidity and mortality worldwide. This repre-
sents an alarming health problem with severe
economical and social repercussions, being
urgent to identify prevention strategies and
treatment interventions that would help to stem
this epidemic.

Hyperbaric oxygen therapy (HBOT) is a well-
established treatment for decompression sickness
and other conditions like carbon monoxide intox-
ication, infections, arterial gas embolism, radio-
induced lesions and delayed wound healing as a
result of diabetes or arteriosclerosis. In a hyper-
baric chamber, patients breathe pure oxygen
(100 %) and the air pressure is raised up to two
and a half times higher than at the sea level air
pressure allowing lungs to gather more oxygen
than would be possible breathing pure oxygen at
sea level air pressure (Al-Waili et al. 2006).

The maximum duration and working pressure
in routine sessions of HBOT are 90 min at 2.5
atmospheres, in order to prevent the occurrence
of toxic neurological and respiratory effects of
hyperoxia (Al-Waili et al. 2006).. The benefits of
HBOT are well documented in diabetic patients
with foot ulcers (Desola et al. 1998). Additionally,
there is some evidence that HBOT improves fast-
ing glycemia by 20 % in type 2 diabetes patients
(Desola et al. 1998; Ekanayake and Doolette
2001; Karadurmus et al. 2010; Wilkinson et al.

2012) and that lowers C-reactive protein and
insulin resistance in diabetic patients (Ekanayake
and Doolette 2001; Chateau-Degat and Belley
2012) without changing insulin levels (Desola
et al. 1998). Moreover, it has been seen that
HBOT significantly decreases systolic blood
pressure, both in type 2 diabetes and in hyperten-
sive patients (Peleg et al. 2013). In contrast,
severe side effects of HBOT such as oxidative
stress and oxygen toxicity have also been
described, leading inclusively to cytotoxic effects
in the beta cell and hyperglycemia (Matsunami
et al. 2008).

One of the reasons that can account for these
contradictory effects is the duration of HBOT
protocol: while some authors have performed an
acute HBOT protocol (Desola et al. 1998; Peleg
et al. 2013), others submit patients to 90 min
HBOT sessions during 2 weeks (Wilkinson
et al. 2012) or 2 h during 5 weeks (Chateau-
Degat and Belley 2012). Also, the majority of
these studies included a very small number of
type 2 diabetes patients and some of them
reported that the decrease in blood glucose is
not related with HBOT.

Recently we described that the carotid bodies
(CB), peripheral chemoreceptors that classically
respond to hypoxia, are involved in the develop-
ment of insulin resistance and hypertension asso-
ciated with the consumption of hypercaloric diets
and sedentary lifestyles (Ribeiro et al. 2013). We
have observed that CB activity was increased in
animal models of metabolic syndrome and type 2
diabetes and that the abolishment of CB activity
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through the resection of its sensitive nerve, the
carotid sinus nerve, prevents the development of
insulin resistance and hypertension induced by
hypercaloric diets (Ribeiro et al. 2013). Knowing
that CB activity is functionally blocked by hyper-
oxia herein we investigated the effect of HBOT
on glucose tolerance in type 2 diabetes patients.

24.2 Methods

Volunteers with indication for HBOT were
recruited at the Subaquatic and Hyperbaric
Medicine Center of the Portuguese Navy. Written
informed consent was obtained from all individu-
als and the study was approved by the Ethical
Committee of the Portuguese Navy Hospital.
Volunteers were divided into two groups: type 2
diabetes patients and control. Inclusion criteria
for the group with diabetes mellitus were those
defined by the American Diabetes. Association in
2010: HbA1C >6.5 % or FPG >126 mg/dl or 2-h
plasma >200 mg/dl during an OGTT or in a
patient with classic symptoms of hyperglycemia
or hyperglycemic crisis, a random plasma glucose
>200 mg/dl. Exclusion criteria were respiratory
disease, renal disease and psychiatric illness pre-
viously identified. Indications for HBOT included
sudden deafness, radio-induced cystitis and dia-
betic foot ulcers for the type 2 diabetes group. No
medications were changed during the study.
Anthropometric data, like weight, height and
abdominal perimeter were collected from all vol-
unteers. All patients performed a daily HBOT ses-
sions protocol, five times a week for a total of 20
sessions. Each session lasted for 100 min, com-
prising two periods of 35 min breathing 100 %
oxygen at 2.5 absolute atmospheres separate by a
5 min air break interval or 70 min, plus 25 min for
compression and decompression. Patients were
submitted to an Oral Glucose Tolerance Test
(OGTT) in two different time points: before initi-
ating the HBOT protocol and after completing 20
HBOT sessions. The OGTT consisted in the
administration of a beverage with orange flavour
containing 75 g glucose (Top Star 75, Toplabs,
Portugal) and the measurement of blood glucose
immediately before and two hours after ingestion.
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Data were presented as mean values with their
standard errors, unless stated otherwise. Normally
distributed variables were analysed using
unpaired Student’s t-test while non-normally dis-
tributed variables were compared using the
Mann-Whitney U-test. Differences were consid-
ered significant at P<0.05. The significance of
the differences between the mean values was cal-
culated by two-way ANOVA with Bonferroni
multiple comparison test. GraphPad Prism ver-
sion 4 (GraphPad Software Inc., San Diego, CA,
USA) was used to perform statistical analysis.

24.3 Results

The study was conducted in 32 patients (Table 24.1):
16 controls (non-type 2 diabetes patients — control
group) and 16 type 2 diabetes patients (study
group). Demographic and baseline patient charac-
teristics are presented in Table 24.1. Body mass
index were not different between the control and
study group, however individuals with type 2 dia-
betes had a higher abdominal perimeter (p<0.01).
As depicted in Table 24.1, fasting plasma glucose
was significantly higher in type 2 diabetes patients
than in controls (controls=92.15+3.68 mg/dl, dia-
betes=143.5+12.62 mg/dl). HBOT did not change
fasting glucose levels in control subjects, but it
decreased these levels to 119.1+4.80 mg/dl in type
2 diabetes patients, however without reaching sta-
tistical significance (p=0.089) (Fig. 24.1).
Additionally, in control subjects, plasma glucose

Table 24.1 Comparison between demographic and base-
line variables in controls and type 2 diabetes patients

Non-type-2- | Type 2
Parameters diabetes diabetes p-value
n 16 16
Male 11 15
Age (years) 58 (52,64) | 64 (58,69) NS
Body mass 25(23,28) |26 (24,28) NS
index (kg m=)
Abdominal 91 (83,98) |110(96,124) | <0.01

perimeter (cm)

Fasting glucose | 92.15+3.68
levels (mg/dl)

143.5+12.62 | <0.001

Data are expressed has mean (95%CI) or as mean+SEM. NS,
nonsignificant (P>0.05); n, number of patients
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Fig. 24.1 Effect of 20 sessions of hyperbaric oxygen
therapy in glucose tolerance in controls and type 2 diabe-
tes patients. Glucose tolerance was assessed through an
oral glucose tolerance test (OGTT), which consisted in
the oral administration of a glucose drink containing 75 g
glucose and measurement of blood glucose before and 2 h

levels measured 2 h after an OGTT were not differ-
ent at the 1st and 20th session of hyperbaric oxygen
therapy (Fig. 24.1a).

In contrast, glycemia measured 2 h after the
ingestion of 75 g of glucose significantly
decreased from 280.25+22.29 mg/dl to
185.78 +11.70 mg/dl after 20 sessions of HBOT
in type 2 diabetes patients (Fig. 24.1b).

24.4 Discussion

Our study indicates that hyperbaric oxygen ther-
apy (HBOT) ameliorates glucose tolerance in
type 2 diabetes patients. The effect of HBOT in
glucose tolerance is powerful as it accompanies
the previously described hypoglycaemic effect of
this intervention in fasting plasma glucose.
Additionally we show that HBOT did not alter
glucose homeostasis in control subjects.

In the last decade several studies have demon-
strated that HBOT improves fasting plasma glu-
cose (Desola et al. 1998; Ekanayake and Doolette
2001; Karadurmus et al. 2010; Wilkinson et al.
2012) and insulin sensitivity in type 2 diabetes
patients (Ekanayake and Doolette 2001; Chateau-
Degat and Belley 2012), however without modi-
fying HbAlc (Chateau-Degat and Belley 2012),
Herein we showed that 20 sessions of HBOT

P.Vera-Cruz et al.

b type 2 diabetes
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] 1% session
Hl 20" session
— m-
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= 2004 —
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1004
- prior OGTT after OGTT

after ingestion. All patients performed a hyperbaric oxy-
gen protocol of 100 % oxygen at 2.5 absolute atmospheres
for 60 min five times a week for a total of 20 sessions.
Data are means+S.E.M. ***p<0.001 compared with val-
ues in the 1st hyperbaric oxygen therapy session (two-way
ANOVA with Bonferroni multicomparison test)

decreased fasting glucose levels by 21 %, being
this value in agreement with the literature (Desola
et al. 1998; Ekanayake and Doolette 2001;
Karadurmus et al. 2010; Wilkinson et al. 2012).
Additionally we also show, for the first time, that
HBOT ameliorates glucose tolerance in type 2
diabetic patients by 34 %, meaning that HBOT
was capable of improving the ability of the body
to stimulate glucose metabolism, either by
increasing glucose uptake or glucose oxidation in
the post-prandial state. Although glucose toler-
ance and insulin sensitivity are not the same, they
are positively correlated and this improvement in
glucose tolerance is probably due to an increase
in insulin sensitivity, since it was already
observed that HBOT does not change insulin
secretion (Desola et al. 1998). Herein we did not
observe any effect of HBOT either in fasting glu-
cose levels or in glucose tolerance in control sub-
jects. However, our results disagree with the
previous findings of Peleg et al. (2013) and
Wilkinson et al. (2012) in which a decrease in
fasting glucose levels and in HbAlc in control
subjects was observed.

In the present manuscript the mechanisms
underlying the effect of HBOT in glucose toler-
ance in type 2 diabetes patients were not tested,
although it was previously shown in diabetic rats
that exposure to HBOT improves glucose and
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lipid oxidative metabolism in skeletal muscle
(Fujita et al. 2012). Another plausible mecha-
nism of action for HBOT on glucose tolerance is
the inhibition of the carotid body (CB) chemore-
ceptors. It is known that hyperoxia blunts the
peripheral chemoreceptor activity (Fidone and
Gonzalez 1986) and we have recently described
that the CB is a powerful glucose and insulin sen-
sor and that surgical ablation of its sensitive nerve
prevents the development of diet-induced meta-
bolic diseases (Ribeiro et al. 2013). Therefore we
postulate that the functional inhibition of CB
chemoreceptor activity obtained by exposure to
HBOT accounts for the improvement in glucose
tolerance observed in type 2 diabetes patients.
Hyperoxia is commonly used to acutely block the
CB chemoreceptors and in fact it was recently
seen that deactivation of CB chemoreceptors by
hyperoxia decreases blood pressure in hyperten-
sive patients (Sinski et al. 2014).

We can conclude that HBOT improves both
fasting glycemia and glucose tolerance in type 2
diabetes patients suggesting a novel application
for this technology as a therapeutic intervention
for controlling post-prandial glucose excursions
in type 2 diabetes.
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Insook Kim, Lasha Fite, David F. Donnelly,
Jung H. Kim, and John L. Carroll

Abstract

Carotid body (CB) glomus cells depolarize in response to hypoxia,
causing a [Ca®*]; increase, at least in part, through activation of voltage-
dependent channels. Recently, Turner et al. (2013) showed that mouse
glomus cells with knockout of TASK1/37~ channels have near-normal
[Ca?]; response to hypoxia. Thus, we postulated that TRP channels may
provide an alternate calcium influx pathway which may be blocked by
the TRP channel antagonist, 2-APB (2-aminoethoxydiphenylborane).
We confirmed that 2-APB inhibited the afferent nerve response to
hypoxia, as previously reported (Lahiri S, Patel G, Baby S, Roy A
(2009) 2-APB mediated effects on hypoxic calcium influx in rat carotid
body glomus cells. FASEB 2009, Abstract, LB157; Kumar P, Pearson S,
Gu 'Y (2006) A role for TRP channels in carotid body chemotransduc-
tion? FASEB J 20:A12-29). To examine the mechanism for this inhibi-
tion, we examined dissociated rat CB glomus cells for [Ca*]; responses
to hypoxia, anoxia (with sodium dithionite), 20 mM K*, NaSH, NaCN,
and FCCP in absence/presence of 2-APB (100 pM). Also the effect of
2-APB on hypoxia and/or anoxia were investigated on NADH and mito-
chondria (MT) membrane potential. Our findings are as follows: (1)
2-APB significantly blocked the [Ca?*]; increase in response to hypoxia
and anoxia, but not the responses to 20 mM K*. (2) The [Ca**]; responses
NaSH, NaCN, and FCCP were significantly blocked by 2-APB. (3)
Hypoxia-induced increases in NADH/NAD* and MT membrane depo-
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larization were not effected by 2-APB. Thus TRP channels may provide
an important pathway for calcium influx in glomus cells in response to

hypoxia.

Keywords

Carotid body ¢ Glomus cells * TRP channels ¢ 2-APB ¢ [Ca*']; « NADH/
NAD* » Mitochondria (MT) membrane potential

25.1 Introduction

Carotid body glomus cells respond to acute
hypoxia by cell membrane depolarization and an
increase in intracellular calcium ([Ca**];) medi-
ated by voltage gated calcium channels and par-
tially by Ca** release from store-operated Ca’*
channels (Lahiri et al. 1996). Much experimental
work supported the postulate that the depolariza-
tion is mediated by hypoxia-induced closure of
‘leak’ K* channels, subsequently identified as
belonging to the TASK1/TASK3 family of leak
channels (Kim et al. 2009; Williams and Buckler
2004). However, glomus cells from genetically
modified mice lacking both TASK1 and TASK3
exhibit a near-normal hypoxia-induced increase
in intracellular calcium and a normal hypoxia-
induced catecholamine release (Turner and
Buckler 2013). These findings suggest that other
calcium influx pathways may play a critical role
in mediating calcium influx into these cells dur-
ing hypoxia.

This pathway may potentially be mediated by
TRP channels. Transient receptor potential
(TRP) channels are relatively non-selective ion
channels enabling the exchange of cations and
enable the intracellular rise in Na* and/or Ca**
concentration to broad range of stimuli and ulti-
mately cell ~membrane  depolarization.
Immunocytochemical staining demonstrated
that rat glomus cells express six members of the
TRPC family of channels (Buniel et al. 2003),
and previous work has indicated that inhibition
of TRP channels reduces the hypoxia-induced
increase in chemoreceptor afferent activity
(Lahiri et al. 2009; Kumar et al. 2006). Our pres-

ent work examined the effect of TRP channel
blockade on the hypoxia-induced increase in
glomus cell [Ca?*]; and the potential effects of
TRP channel blockade on mitochondrial func-
tion, as mitochondria appear to be the sensing
site for hypoxia.

25.2 Methods
25.2.1 Animal Model

The use of animals in this study was approved by
the Animal Care and Use Committee of the
University of Arkansas for Medical Sciences.
Experiments were conducted on Sprague-
Dawley rat pups of both sexes. Carotid bodies
were harvested from rats aged 14—18 days func-
tionally mature.

25.2.2 Carotid Body Cell Isolation

Rat pups were anesthetized with isoflurane,
decapitated, and the heads placed in ice-cold
buffered saline solution (BSS). Whole CBs were
dissected out and placed in ice-cold low Ca*/
Mg?* BSS. Isolated CBs were dissociated with
enzyme cocktail containing trypsin and
collagenase by incubating at 37 °C for
20-25 min. Dissociated CB cells were placed on
poly-D-lysine coated glass coverslips and incu-
bated (>3 h) in CB growth medium at 37 °C until
use. Glomus cells were identified by positive
binding to fluorescent-labeled peanut agglutinin
(Kim et al. 2009).
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25.2.3 Intracellular Calcium
Measurement

Intracellular Ca** ([Ca*'];)) concentration was
measured using the fura-2. Plated CB cells were
loaded with fura-2 AM (Molecular Probes) for
30 min at 37 °C in 21% 0O,/5% CO,. Fura-2 fluo-
rescent emission was measured at 510 nm in
response to alternating excitation at 340 and
380 nm. Images were acquired and stored using a
NIKON TE300 microscope and CCD (CoolSNAP
HQ?2) camera under computer control (Metafluor).
For [Ca*];, the background light levels were sub-
tracted from each image before measurement of
fluorescence intensity. [Ca*]; was determined
using the 340/380 fluorescence ratio as described
previously (Wasicko et al. 1999). Calibration was
performed using cell-free solutions.

25.2.4 Autofluorescence (NADH)
Measurement

NADH is autofluorescent while the oxidized
form NAD" is not autofluorescent. Thus, the rela-
tive NADH/NAD* may be measured without
using any fluorophore dyes (Duchen and Biscoe
1992a). Autofluorescence was measured by using
360 nm excitation and 460 m emission filters.
Images were acquired and stored using a Nikon
TE300 inverted microscope with oil-emersion
objective and using cooled CCD camera under
computer control (Metafluor).

25.2.5 Mitochondria Membrane
Potential (Ay,,)

Mitochondria membrane potential (Ay,,) was
monitored by using rhodamine 123 (Rhod123)
Cells were incubated with 10 pg/ml Rhod123 in
the culture medium for 30 min at RT (Duchen
and Biscoe 1992b). Rhod123 fluorescence was
excited at 490 nm and measured at 525 nm.
Images were acquired and stored using a Nikon
TE300 inverted microscope with oil-emersion
objective and using cooled CCD camera under
computer control (NIS Element).
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25.3 Results

25.3.1 Effect of 2-APB on the CB
Glomus Cell [Ca%*]; Response

The hypoxia induced increase of calcium in glo-
mus cells were measured in the absence and pres-
ence of 2-APB (100 pM), a broad spectrum TRP
channel blocker. 2-APB significantly reduced the
[Ca?*]; response to hypoxia (0 % O,) and anoxia
(0 % O, with dithionite) after CB glomus cells
were pre-treated with 2-APB for 5 min prior to
exposure to hypoxia and anoxia (Fig. 25.1a and
b). On the other hand, 2-APB did not inhibit the
calcium response to 20 mM KCIl, demonstrating
the drug did not block voltage-gated calcium
channel or the ability of the cell to depolarize.
Other chemoreceptor stimuli, notably mitochon-
drial poisons NaCN (100 pM), FCCP (1 pM),
and recently-proposed transmitter H,S (100 pM
NaSH), also increased glomus cell calcium levels
which was significantly blocked by application
of 2-APB (Fig. 25.1c, d, and e).

25.3.2 Effect of 2-APB
on Mitochondria Response
to Hypoxia

Mitochondria appear to be the sensing site for
hypoxia in the carotid body, since their mito-
chondria depolarize and redox states increase at
oxygen levels consistent the increase in
intracellular calcium. In order to observe the
effect of 2-APB (100 pM) on increased mito-
chondria (MT) response to hypoxia (0 % O,),
cells were pre-treated with 2-APB for 5 min
prior to exposure to hypoxia in presence of
2-APB (100 pM). For the MT response, auto-
fluorescence derived from mitochondrial
NADH was measured and the changes of MT
membrane potential (Ay,) were measured by
monitoring Rhod123 fluorescence intensity. As
positive controls for autofluorescence and
Rhod123 fluorescence, the stimulants of MT,
NaCN (100 pM) and FCCP (0.5 pM), were
tested at the end of each experiment respec-
tively (Wyatt and Buckler 2004). Neither the
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Fig. 25.1 The Effects of 2-APB on [Ca’*]; Response to
hypoxia (0 % O,) (a), anoxia (b), 20 mM KCI (c), NaSH
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Fig. 25.2 The Effects of 2-APB (100 pM) on hypoxia
(0 % O,)-induced NADH fluorescence (a) and Rhod123
fluorescence (b) intensity after 5 min 2-APB precondi-

increased autofluorescence intensity (NADH/
NAD" ratio) (Fig. 25.2a) nor the increased
Rhod123 fluorescence (Fig. 25.2b) intensity
induced by hypoxia and anoxia were signifi-
cantly effected by 2-APB (100 uM).

after 5 min 2-APB preconditioning. These are representa-
tive averaged traces

FCCP

=

2-APB 0% O,

6500 -

=

=
6000 -

5500

5000

4500

4000

3500

Mitocondrial Depolarization

3000

2500 A+t .

Rhod123 Fluorescence Intensity

Time (min)

tioning. NaCN (100 pM) and FCCP (0.5 pM) were used
as positive control. These are representative averaged
traces

25.4 Discussion

The main implication from our ongoing studies is
that TRP channels may provide an important
pathway for the influx of calcium into glomus
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cells during hypoxia. We demonstrate that blockade
of TRP channels with 2-APB, broad spectrum
blocker, greatly impairs the hypoxia or anoxia-
induced increase in calcium in these cells. This
demonstration is consistent with previous work
which demonstrated an impairment of the afferent
nerve response to hypoxia by 2-APB (Lahiri
et al. 2009; Kumar et al. 2006).

TRP channels represent a wide spectrum of
channels which are generally selective to cations.
They are implicated in playing an important role
in some oxygen sensing tissue. For instance,
TRPC6 plays a role in mediating hypoxic pulmo-
nary constriction (Malczyk et al. 2013;
Weissmann et al. 2006). Immunocytochemical
studies demonstrate that the carotid body
expresses multiple subtypes of TRP channels,
which includes six of seven subtypes of the
TRP C family (Buniel et al. 2003), including
TRPC6.

The need to look for alternate calcium influx
pathways stems from recent results using geneti-
cally engineered mice. Over the past 10 years, a
strong hypothesis for the mechanism of hypoxia-
induced increase in calcium has been the closure
of a ‘leak’ K* channel by hypoxia. Subsequent
works by us and others have identified the leak
channel to be a heterodimer of TASKI1 and
TASK3 with a limited expression of homodimer
of TASK 1 and TASK3 (Kim et al. 2009; Williams
and Buckler 2004). This identity was recently
confirmed by Turner who demonstrated a near
lack of leak channel activity in glomus cells har-
vested from mice lacking both TASK1 and
TASK3 (Turner and Buckler 2013). Surprisingly,
glomus cells of these mice showed near-normal
calcium responses to hypoxia. While this may
have been due to a compensatory expression of
other leak channels, cell attached recording failed
to detect other leak channel activity, suggesting
that another transduction pathway is present and
fully capable of accounting for the glomus cell
[Ca?*]; response to hypoxia.

Our ongoing experiments demonstrate that
TRP channels may be an essential element of this
pathway since the calcium response to hypoxia
and anoxia was greatly inhibited by
2-APB. Similarly, the calcium influx caused by
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mitochondrial poisons, FCCP and cyanide is also
inhibited by 2-APB. We also tested the effect of
2-APB on the response to H,S. H,S has been pos-
tulated to be generated in glomus cells and the
generation rate to be increased by hypoxia.
Exogenous H,S is excitatory to afferent nerve
activity and knockout of enzymes which generate
H,S reduces the afferent nerve response to
hypoxia (Makarenko et al. 2012; Prabhakar
2012). Thus, H,S has been postulated to be an
important or essential transmitter or mediator of
the hypoxia response. However, this has been
called into question as many of the actions of H,S
may be accounted for by its inhibition of mito-
chondrial function. In any case, we demonstrate
that H,S increases the level of intracellular cal-
cium in glomus cells and this increase is signifi-
cantly inhibited by 2-APB.

Although 2-APB inhibited calcium influx
caused by a multiple of stimuli, it had little effect
on mitochondrial function. Neither mitochon-
drial membrane potential nor cellular redox state
(NADH/NAD* ratio) was directly affected by
2-APB treatment. Since mitochondria appear to
be the site of oxygen sensing, these results sug-
gest that mitochondria are not directly effected
by 2-APB or indirectly effected by metabolic
changes. For instance, if 2-APB reduced cellular
respiration, NADH/NAD* would be expected to
increase, as was observed during metabolic inhi-
bition with cyanide.

In conclusion, our results indicate an impor-
tant and perhaps critical role of TRP channels in
mediating the carotid body response to hypoxia.
It opens the door to multiple questions such as
the family and subfamily of channel involved in
the transduction process. This identification
would be facilitated by the development of drugs
which target subfamilies of TRP channels, but, at
present, these are generally unavailable. In addi-
tion, the mechanism of channel modulation
through changes in mitochondrial state or respi-
ration is unexplored, but should be a worthwhile
direction in our future studies.
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26.1 Introduction

M.L. Fung

Abstract

The carotid body functions to maintain the blood gas homeostasis, whereas
anomalous carotid chemoreceptor activities could be pathogenic in
patients with sleep apnea. Recent findings suggest an upregulation of
renin-angiotensin system (Lam SY, Liu Y, Ng KM et al. Exp Physiol
99:220-231, 2014), which could lead to inflammation in the carotid body
during intermittent hypoxia (Lam SY, Liu Y, Ng KM et al. Histochem Cell
Biol 137:303-317, 2012). In addition, the level of nitric oxide detected in
the carotid body was significantly decreased following intermittent
hypoxia for days. These locally regulated mechanisms are proposed to be
a significant part of the hypoxia-mediated maladaptive changes of the
carotid body, which could play a role in the pathophysiological cascade of
sleep apnea in patients with an overactivity of the chemoreflex.

Keywords
Chemoreceptor * NO synthase * Obstructive sleep apnea

the carotid body plays important roles in cardio-
respiratory changes in chronic and intermittent

The carotid body plays significant roles in the
maintenance of the blood gases and pH homeo-
stasis. Thus hypoxia increases the chemoreceptor
discharge in the carotid body which stimulates
the brainstem respiratory activities leading to a
reflexive increase in respiratory rate. In addition,
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hypoxia (Gonzalez et al. 1994; Prabhakar et al.
2001). The hypoxic response of the carotid body
is modulated by nitric oxide (NO), locally pro-
duced by NO synthase (NOS) located in nerve
endings and vascular endothelium in the carotid
body (Moya et al. 2012; Nurse 2014). Hence,
NOS inhibition enhances the hypoxic response of
the carotid body despite minimal effects on the
resting activity (Chugh et al. 1994; Wang et al.
1994). We have shown an increase in endogenous
NO level in the rat carotid body in acute hypoxia,
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which is physiologically important to the inhibi-
tion of carotid chemoreceptor activity for a nega-
tive feedback control of the activity in hypoxia
(Fung et al. 2001; Ye et al 2002). Reports have
shown a significant decreased expression of the
endothelial NOS (Del Rio et al. 2011) and neuro-
nal NOS (Marcus et al. 2010) in the rat carotid
body during weeks of intermittent hypoxia, sug-
gesting that a role of NO in the augmented che-
moreceptor activity. At present, there is a paucity
of information on the endogenous NO release in
the carotid body following chronic intermittent
hypoxia. It was hypothesized that intermittent
hypoxia induces a decrease in the endogenous
NO produced by the rat carotid body.

26.2 Methods

The experimental protocol for this study was
approved by the Committee on the Use of Live
Animals in Teaching and Research of the
University of Hong Kong. Male Sprague-Dawley
rats (28-day-old, 70 g) were divided into nor-
moxic (Nx) and intermittent hypoxic (IH) groups.
The rat cages were kept in acrylic chambers under
normobaric conditions and the rats had free access
to water and chow. The Nx controls were kept in
room air with maintenance matching the hypoxic
group (Lam et al. 2012, 2014). For the IH group,
the fractional amount of oxygen levels inside the
chamber was altered between 21 and 5+0.5 % per
min, 60 cycles/h, 8 h per day diurnally. As a result,
the inspired oxygen level fell to 4—5 % (nadir arte-
rial oxygen saturation 70 %) for about 15 s/min,
which mimicks the recurrent episodic hypoxemia
in OSA patients (Fletcher 2001). Following deep
anesthesia, the rat was decapitated and the carotid
bifurcation was excised rapidly. The carotid body
was carefully dissected free from the bifurcation
in chilled rat Ringer’s solution oxygenated with
95 % O, and 5 % CO,. The carotid body was then
incubated in a tissue bath with collagenase
(0.06 %) and protease (0.02 %) in oxygenated
Ringer’s for 30 min at 35+ 1 °C. The carotid body
was then held in the recording chamber at
35+1 °C, and superfused with oxygenated
Ringer’s solution at a flow rate of 2 ml/min.

M.L. Fung

The fabrication and calibration of the NO
electrode has been described in previous reports
(Fung et al. 2001; Ye et al 2002). Electrochemical
experiments were performed on a CHI 660A
Electrochemical Analyzer (CH Instruments,
USA). The NO electrode was calibrated and the
current was measured at a voltage of 0.85 V. The
electrode and carotid body were equilibrated in
the perfusate for 15-30 min. The tip of the NO
electrode was gently inserted into the carotid
body under visual guidance with a dissecting
microscope. Following current recording in the
resting condition for 10-15 min, the endogenous
NO production was blocked by non-selective NO
synthase (NOS) inhibitor NS-Monomethyl-L-
arginine acetate (LNMMA). For the drug treat-
ment, LNMMA (100 uM) was added freshly to
the Ringer’s solution for the perfusion. Acute
hypoxia was induced for 5 min followed by
recovery for 20-30 min. Acute hypoxia was
induced by switching the perfusate to Ringer’s
solution gassed with 95 % N, and 5 % CO,. The
rat Ringer’s solution contained (mM): NaCl1 125,
KC1 3.1, NaHCO; 26, NaH,PO, 1.25, MgSO,
1.3, CaCl, 2.4, D-Dextrose 10, pH at 7.35.

For the post-analysis of NO release, the rest-
ing and peak values of the current were sub-
tracted and calibrated in NO concentration
(nanomoles) according to the current response
curve of the NO electrode. Values were pre-
sented as mean+/—SE. Means were compared
with Student #-test or the non-parametric
Wilcoxon signed-rank test. ANOVA with a
post-hoc test (Dunnett’s z-test) was used for
multiple comparisons of values in studies
among groups. Differences were considered
significant at P<0.05.

26.3 Results

In the presence of NOS inhibition by LNMMA
(100 uM), the NO level was decreased by about
80 nM in the normoxic control but was signifi-
cantly decreased by about 40 nM in the hypoxic
groups (IH3, IH7, TH10 under intermittent
hypoxia, respectively for 3, 7, 10 days)
(Fig. 26.1). The decrease in the LNMMA-
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Fig.26.1 Current tracings of the NO level recorded from
the rat carotid body from the normoxic (N) and hypoxic
(IH) rats. Please note the downward shift of the tracings
caused by an inhibition of NO synthase with LNMMA

inhibited NO level was time-dependent to the
days of hypoxic treatment (Fig. 26.1). In addi-
tion, the NO level elevated by acute hypoxia
was about 180 nM in the normoxic control but
was significantly lowered to 80 nM in the
hypoxic groups (Fig. 26.2).

(bold line). A virtual baseline (dash line) was set for mea-
suring the amount of current changes (vertical bar with
arrows). The data are expressed as means plus S.E. (n=6
for each group, * p<0.05)

26.4 Discussion

The main finding is a significant decrease in the
NO level detected in the rat carotid body follow-
ing days of an intermittent hypoxic condition
simulating a severe condition of obstructive sleep
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Fig.26.2 Current tracings of the NO level recorded from
the rat carotid body from the normoxic (V) and hypoxic
(IH) rats. The tracings were upwardly shifted in acute

apnea in patients with an apnea-hypoapnea index
of 60. The observation is consistent with previous
findings showing a significant decreased expres-
sion of the endothelial NOS (Del Rio et al. 2011)
and neuronal NOS (Marcus et al. 2010) in the rat
carotid body during weeks of intermittent
hypoxia. The current recording by NO electrode
is sensitive to NOS inhibition, supporting that the
local NO production is specific to the NOS in the
carotid body (Fung et al. 2001; Ye et al 2002).
Taken together, evidence indicates a decreased
NO bioavailability in the carotid body, which
may play a pathogenic role in the overactivity of
the chemoreceptor and chemoreflex activities in
patients with sleep apnea.

The endogenous NO production is dependent
on multiple sources, which could modulate the
chemoreceptor activity. Activation of P2X
receptors in the glossopharyngeal efferent fibres
could lead to an inhibition of chemoreceptor
activities via an NO mechanism (Campanucci
et al. 2006; Nurse 2014). Altered autonomic
efferent activities may be associated with a
decrease in the nNOS-containing fibers for the
NO release in the carotid body. In addition, cal-
cium influx during hypoxia might activate the
NO production in the glomic tissues but the pre-
cise mechanism if any alterations remain
unclear. Also, vascular release of the NO from
the endothelial cells is probably an alternative
source, although it is not clear the extracellular

hypoxia (N,, bold line). The elevated NO level was sig-
nificantly less (n=10 for each group, * p<0.05) in the IH
groups

ATP levels and the contribution of the endothelial
P2X receptors to the NO elevation under
hypoxic conditions. As a result of a decrease in
the constitutive and hypoxia-induced produc-
tion of NO in the carotid body, this could cause
a disinhibition of the chemoreceptor activity,
leading to an augmented activity under resting
and hypoxic conditions. Thus, NO deficit could
be a part of altered locally regulated mecha-
nisms underlying the hypoxia-mediated mal-
adaptive changes of the carotid body, which
could play a role in the pathophysiological cas-
cade of sleep apnea in patients with an overac-
tivity of the chemoreflex.
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David P. Burns, Deirdre Edge, Dervla O’Malley,
and Ken D. O'Halloran

Abstract

Duchenne muscular dystrophy (DMD) is a genetic disease caused by
defects in the dystrophin gene resulting in loss of the structural protein
dystrophin. Patients have reduced diaphragm functional capacity due to
progressive muscle weakness. Respiratory morbidity in DMD is further
characterised by hypoxaemic periods due to hypoventilation. DMD
patients die prematurely due to respiratory and cardiac failure. In this
study, we examined respiratory function in young adult male mdx (dystro-
phin deficient) mice (C57BL/10ScSn-Dmd™®/J; n=10) and in wild-type
controls (WT; C57BL/10ScSnJ; n=11). Breathing was assessed in unre-
strained, unanaesthetised animals by whole-body plethysmography.
Ventilatory parameters were recorded during air breathing and during
exposure to acute hypoxia (F;0,=0.1, 20 min). Data for the two groups of
animals were compared using Student’s ¢ tests. During normoxic breath-
ing, mdx mice had reduced breathing frequency (p=0.011), tidal volume
(p=0.093) and minute ventilation (p=0.033) compared to WT. Hypoxia
increased minute ventilation in WT and mdx animals. Mdx mice had a
significantly increased ventilatory response to hypoxia which manifest as
an elevated % change from baseline for minute ventilation (p=0.0015)
compared to WT. We conclude that mdx mice have impaired normoxic
ventilation suggestive of hypoventilation. Furthermore, mdx mice have an
enhanced hypoxic ventilatory response compared to WT animals which
we speculate may be secondary to chronic hypoxaemia. Our results indi-
cate that a significant respiratory phenotype is evident as early as 8 weeks
in the mdx mouse model of DMD.
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27.1 Introduction

Duchenne muscular dystrophy (DMD) is a fatal
X-chromosome linked recessive disorder result-
ing in deletion or genetic rearrangement of the
dystrophin gene. Patients lack the protein dys-
trophin (427kD) which has a major structural
role in muscle. Dystrophin forms part of the
dystrophin-glycoprotein complex which acts by
linking the internal cytoskeleton to the extracel-
lular matrix (Nowak and Davies 2004). Absence
of dystrophin predisposes the sarcolemma to
damage and degeneration by mechanical forces
during repeated cycles of muscle contraction
and relaxation (Petrof et al. 1993). Dystrophin
deficiency in the diaphragm induces a signifi-
cant decline in pulmonary function with age in
humans (Inkley et al. 1974). Patients suffer from
diaphragm weakness due to an accumulation of
connective and adipose tissue (De Bruin et al.
1997) resulting in reduced mechanical force
production (Beck et al. 2006). Patients are
known to hypoventilate (Smith et al. 1989b) and
obstructive events have been characterised in
patients during sleep (Barbé et al. 1994; Hill
et al. 1992). These disruptions to breathing lead
to recurrent blood gas disturbances, such as
hypercapnia and hypoxaemia (Kirk et al. 2000;
Smith et al. 1989a), similar to patients suffering
from obstructive sleep apnoea (Krieger et al.
1989). Respiratory failure is the leading cause
of premature death in DMD. There is currently no
cure for the disease. The mdx mouse, a model of
DMD, has a genetic mutation resulting in the loss
of the dystrophin protein (Bulfield et al. 1984).
This model has a relatively mild phenotype when
compared to the human condition (Nowak and
Davies 2004). However, mdx mouse diaphragm
shows severe muscle dysfunction (Coirault
et al. 2003) and fibrosis (Ishizaki et al. 2008)

similar to that seen in DMD patients. The mdx
mouse has been widely used to investigate
the pathophysiology of DMD and to test
therapeutic interventions. Several groups have
performed ventilatory studies in mdx mice to
describe the respiratory phenotype (Ishizaki
et al. 2008; Huang et al. 2011; Gosselin et al.
2003; Gayraud et al. 2007; Mosqueira et al.
2013), however, there are inconsistencies
within this work and much remains to be eluci-
dated regarding respiratory control in mdx mice.
In addition, there is a paucity of information
regarding hypoxic ventilatory responses in this
animal model. We sought to establish if ventila-
tory function is compromised in young adult
mdx mice compared to wild type (WT) controls
using whole body plethysmography. We also
examined the ventilatory response to an acute
hypoxic challenge in WT and mdx mice. We
hypothesise that dystrophin deficiency adversely
affects ventilatory control in young adult
mdx mice.

27.2 Methods
27.2.1 Animals

Male and female WT (C57BL/10ScSnJ) and
mdx (C57BL/10ScSn-Dmd™¥/J) mice were
obtained from the Jackson Laboratory (Jackson
Laboratory, Bar Harbor, ME) and were bred
in our institution’s animal housing facility.
Animals were housed in a temperature- and
humidity-controlled facility, operating ona 12 h
light: 12 h dark cycle with food and water
available ad libitum. Young adult (8 weeks old)
male WT and mdx mice were studied. All proce-
dures were performed under licence from the
Irish Government Department of Health and
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Children in accordance with National and
European guidelines following research ethics
committee approval.

27.2.2 Whole-Body Plethysmography

Respiratory recordings were performed in unre-
strained mice during quiet rest. Animals were
introduced into plethysmography chambers
(BUXCO Europe Ltd.) and allowed a 60-90 min
acclimatisation period with room air passing
through the chambers (1 L/min). Following the
acclimatisation period, a 10 min baseline
recording was performed in normoxia. This was
followed by a 20 min hypoxic challenge (10 %
0O,, balance N,). Following recovery, a 10 min
normoxic baseline period was recorded. Typically,
two chambers were used in parallel, allowing
simultaneous measurement of respiratory para-
meters in a paired study design. Respiratory
parameters including respiratory frequency (f),
tidal volume (Vr;), and minute ventilation (V)
were recorded on a breath-by-breath basis for
analysis.

27.2.3 Data Analysis

All values are shown as mean+SEM. Both
normoxic bouts were pooled to generate one set
of baseline data. For the hypoxic challenge,
ventilatory measurements were averaged on a
minute by minute basis from which we deter-
mined the peak ventilatory response to hypoxia.
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Normalised Vg (ml/min/g body mass) was
determined from the f (breaths per minute) multi-
plied by Vy (ml/breath) per g body mass.

27.3 Results
27.3.1 Body Mass

There was a significant difference in body
mass (p<0.0001; Student’s ¢ test) between age-
matched WT (21.1+0.3 g; n=10) and mdx
(23.6+£0.4 g; n=11) animals.

27.3.2 Baseline Normoxic Ventilation

Mdx mice had a significantly lower f (p=0.011;
Student’s ¢ test) and Vg (p=0.033) during
stable normoxic ventilation compared to WT
controls. There were no significant differences
in Vp during normoxia in mdx compared to
WT, although a trend towards a significant
reduction in mdx was observed (p=0.093)
(Fig. 27.1).

27.3.3 Hypoxic Ventilatory Response

Exposure to hypoxia increase Vg in WT (p=0.061)
and mdx (p=0.0003) mice. Examination of the
hypoxic ventilatory response (HVR), determined
as % change from baseline, revealed that mdx
mice had a significantly enhanced HVR (p=0.002)
in comparison to WT (Fig. 27.2).
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Fig. 27.1 Values (mean+SEM) for respiratory frequency (a), tidal volume (b) and minute ventilation (¢) in WT
(n=10) and mdx (n=11) mice during normoxic exposure. * denotes significant difference from WT (Student’s ¢ test)
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27.4 Discussion

To date, reports of respiratory function in the
mdx mouse have been poorly described, despite
respiratory failure being one of the main causes
of morbidity in patients with DMD. Several
groups have attempted to characterise the respi-
ratory phenotype in the mdx mouse model but a
lack of standardised procedures amongst
research groups have led to a series of apparent
discrepancies within the collective data. In this
study, we have shown that dystrophin defi-
ciency impairs normoxic ventilation in mdx
mice compared to WT controls. Mdx mice
expressed a significantly lower fand Vg. Vi was
also reduced in mdx mice but this did not reach
statistical significance. Our observations are
generally consistent with Mosqueira et al.
(2013) who reported significantly reduced f, V
and Vg during normoxic breathing in 6—7 month
old mdx mice compared to age-matched WT
animals. Ishizaki et al. (2008) reported signifi-
cant reductions in fin 2 and 4 month old mdx
mice. Similarly, Huang et al. (2011) showed
significant reductions in f and V; in 3 and
6 month old mdx mice. However, in previous
studies, f values for mdx and WT animals are
unusually high (345-450 breaths/min) when
compared to previously reported data in other
inbred strains (Han et al. 2001, 2002). The
apparent tachypnoea could be attributed to too
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response expressed as % change from baseline. Values
mean+SEM. ** denotes significant difference from WT
(Student’s 7 test)

short an acclimatisation period for the animals
in the plethysmography chambers, and might
reflect exploratory behaviour (including sniff-
ing) more so than resting ventilation. It should
be noted too that there is a behavioural pheno-
type in the mdx mouse (Manning et al. 2014).
Hence, we employed a longer acclimatisation
than typically employed in plethysmography
studies. Alteration in ventilatory control in mdx
mice extends to the HVR, where mdx mice
appear to have an enhanced ventilatory response
to acute hypoxic stress. Despite impaired nor-
moxic ventilation in mdx mice, we observed
that they could match the ventilatory capacity
of WT animals upon exposure to hypoxia. This
is interesting in that it suggests that, at 8 weeks
at least, they retain the capacity for enhanced
mechanical ventilation of the lungs capable of
reaching ventilatory values equivalent to WT
animals. In contrast to our finding, Mosqueira
et al. (2013) have reported a blunting of the
HVR in 6-7 month old mdx mice though it is
clear from their data that the absolute change in
ventilation upon exposure to hypoxia is greater,
not less, in mdx animals. This, together with a
reduction in baseline ventilation during nor-
moxia is entirely consistent with our observa-
tions reported herein in younger mdx mice. Of
interest, Mosqueira et al. (2013) reported dys-
trophin deficiency in carotid body (CB) from
mdx mice by immuno-blotting and gene
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expression analysis. The CB is described as the
primary peripheral chemoreceptor which is
sensitive to changes in arterial oxygen and car-
bon dioxide tension and pH (Kumar and
Prabhakar 2012). The loss of dystrophin from
the mdx CB may have a role in the observed
alterations in HVR in mdx mice at 8 weeks and
6-7 months of age which warrants further
attention. It should be noted however that we
did not measure arterial oxygen saturation or
arterial PO, during gas challenge and as such
our finding of enhanced ventilatory responsive-
ness must be viewed in the context of a response
to a standard single-point FiO, challenge. It is
tempting to suggest that the apparent hypoven-
tilation in mdx mice — a feature of the human
condition — gives rise to hypoxaemia, which
could further alter the respiratory phenotype in
the mdx model (and DMD). We have previously
reported hypoxic remodelling in animal models
of disease (McMorrow et al. 2011; Carberry
et al. 2014; Shortt et al. 2014) and enhanced
HVR following acclimatisation to chronic
hypoxia is well described in many species
including the mouse (Powell et al. 1998; Huey
et al. 2000). Thus, we speculate that hypoxia
may be an early feature of DMD that in turn
influences the respiratory phenotype perhaps
establishing a vicious cycle of morbidity. In
conclusion, this study supports the hypothesis
that dystrophin deficiency impairs normal ven-
tilation in the most widely studied animal
model of DMD. This impairment is character-
ised by hypoventilation and an apparent
enhancement of the HVR. Dystrophin defi-
ciency in respiratory muscle and the motor neu-
rones controlling their activity may underpin
the ventilatory phenotype. Increasing our
understanding of the mechanisms of respiratory
morbidity in translational models of DMD is
important in the context of management of the
disease in patients and the development of new
therapeutic interventions.
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Abstract

Models of chronic intermittent hypoxia (CIH), the main feature of obstruc-
tive sleep apnoea (OSA), have demonstrated dysregulation of the cardio-
vascular and respiratory systems resulting in hypertension, cardiac
hypertrophy and alterations in the hypoxic ventilatory response (HVR)
due to changes in sympathetic and respiratory control by the carotid body.
In the UK, treatment of OSA is only offered to patients with an apnoea-
hypopnoea index (AHI) >15, we investigated whether mild CIH produced
significant pathophysiological changes, which might inform treatment
guidelines.

Rats were exposed to CIH (6 h~!, 8 h day~!, 5 % O, nadir) for 2 weeks
and then arterial blood pressure (ABP), heart rate (HR) and ventilation
were recorded in these and normoxic control rats (N) under Alfaxan anaes-
thesia, at baseline and in response to Dejours test, graded hypoxia and
hypercapnia. Hearts were analysed post-mortem.

CIH induced significant increases in baseline ABP (142+5 vs
122+2 mmHg), HR (448+9 vs 412+5 bpm) and cardiac mass (3.5+0.1
vs 2.7+0.1 g kg body mass™') as a result of a selective left ventricular
hypertrophy (1.6+0.1 vs 1.3+0.08 g kg body mass™'; FCSA 464 +32 pm?
vs 3149 pum?). There was no significant difference between N and CIH
in baseline respiration or the response to Dejours test, graded hypoxia and
hypercapnia.
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These results demonstrate that mild CIH can induce the significant car-
diovascular changes associated with OSA without overt changes in respi-
ratory function. Given evidence that CIH changes carotid body sensory
activity, a possible explanation for these results is that there is differential
integration of chemoreceptor input with respiratory and cardiac sympa-
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thetic outputs.
Keywords
Hypertension
28.1 Introduction

In rats, 35 days of chronic intermittent hypoxia
(CIH; 120 h™', 7 h day™") resulted in a significant
elevation in blood pressure and left ventricular
hypertrophy (Fletcher et al. 1992a), which was
prevented by sympathetic denervation (Fletcher
et al. 1992b). The hypertension was also pre-
vented by section of the peripheral chemorecep-
tors (Leke et al. 1997). Likewise, obese patients
with OSA had hypertension and elevated sympa-
thetic activity that was reversed with continuous
positive airway pressure (CPAP) treatment
(Somers et al. 1995). These results suggest a role
for the carotid bodies in the development of the
hypertension of obstructive sleep apnoea (OSA)
since carotid body stimulation increases sympa-
thetic activity.

As well as cardiovascular changes, patients
with OSA and several species exposed to CIH
show an enhanced hypoxic ventilatory response
(HVR) leading to the suggestion that O, sensing
by the carotid body is also altered by CIH (see
Kumar and Prabhakar 2012). Indeed, the carotid
body sensory response to hypoxia is enhanced by
CIH (9 h™!, 8 h day™!) in rats (Peng and Prabhakar
2004). In cats exposed to CIH (10 h™!, 8 h day™")
basal carotid body discharge was increased and
the HVR enhanced, however, this was without a
significant effect on the cardiovascular response
to hypoxia (Rey et al. 2004), allowing for the
possibility that respiratory and cardiovascular
control by the carotid body might be altered dif-
ferentially and over a different time period.

The National Institute for Health and Care
Excellence (NICE 2008) estimates that up to 4 %
of middle-aged males and 2 % of middle-aged
females in the UK suffer from OSA. Patients
with OSA can suffer up to 60 hypoxic episodes
an hour, with a diagnosis of mild OSA being
made in patients with an apnoea-hypopnoea
index (AHI) of 5-14. However, NICE only rec-
ommend the use of CPAP treatment in patients
with moderate (AHI 15-30) or severe (AHI >30)
OSA. Similarly, a range of hypoxic episodes per
hour is used in the animal models of CIH used to
study OSA (Dematteis et al. 2009). It is clear
from these studies, that the CIH paradigm used,
can differentially modulate the effects on the car-
diovascular and respiratory systems (see
Introduction of Gonzalez-Martin et al. 2011).
Since patients with mild OSA are not offered
CPAP, it is important to establish whether mild
CIH causes significant pathophysiological
changes and if so should the threshold for OSA
treatment be re-evaluated?

The aim of this study was to characterise base-
line cardiovascular and respiratory changes that
occur with 2-weeks of mild CIH using six
hypoxic episodes an hour. We also investigated
the role of the carotid body in these changes
using Dejours test, assessing the HVR and the
response to hypercapnia. We hypothesized that
mild CIH would evoke significant changes in
carotid body-mediated cardio-respiratory reflex
control at rest resulting in hypertension and
enhanced carotid body mediated responses to
oxygen and carbon dioxide.
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28.2 Methods
28.2.1 Induction of CIH

Twelve 10-week old male Wistar rats (Charles
River, Kent, UK), were used in this study.
Animals were housed in the Biomedical Services
Unit, University of Birmingham and all
procedures complied with the Animals (Scientific
Procedures) Act, 1986. Animals were split into
two groups, a normoxic (N) group (n=6) and a
group exposed to chronic intermittent hypoxia
(CIH; n=6). N rats were housed in groups of 3, in
individually ventilated cages (IVCs) for 14 days.
CIH rats were also housed in groups of 3 in IVCs
for 14 days, except for 8 h a day (~8 am-4 pm)
when the cages were placed in a hypoxic cham-
ber and the animals exposed to 6 cycles of
hypoxia per hour. The hypoxic cycles, controlled
by a Biospherix Oxycycler (NY, USA), consisted
of reduction in O, from 21 % to a nadir of 5 %
over 90s, followed by a return to 21 % O, over the
next 90s, with a 7 min period at 21 % O, before
the start of the next cycle. In a study by Lucking
et al. (2014) reduction in O, to 5 % over this time
period resulted in a significant reduction in arte-
rial haemoglobin saturation (S,0,) to ~70 %.

28.2.2 Surgical Preparation

After 14 days of N or CIH animals were brought
to the laboratory for terminal in vivo procedures.
Animals were initially anaesthetised with isoflu-
rane (3.5 % in O,, 3.5 L min™!) and placed on a
thermostatically controlled blanket to maintain
body temperature at 37 °C. The jugular vein was
cannulated so that anaesthesia could be main-
tained with the steroid Alfaxan (5 mg ml™ in
saline, 1.5-2 ml h™'). Depth of anaesthesia was
monitored at all times.

The right brachial artery was cannulated to
allow measurement of arterial blood pressure
(ABP) and online calculation of heart rate (HR),
mean arterial pressure (MAP), systolic pressure
(SP) and diastolic pressure (DP), and the left to
allow the collection of arterial blood samples for
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measurement of the partial pressure of oxygen
(P,O,), carbon dioxide (P,CO,) and arterial pH
using a GEM 4,000 blood gas analyser (IL,
Cheshire, UK). The trachea was cannulated to
allow attachment of a spirometer to measure air
flux and the calculation of tidal volume (Vr),
respiratory frequency (f) and minute ventilation
(Vg). Data were collected using a Powerlab (AD
Instruments, Oxford, UK) connected to a com-
puter. Rats were allowed ~1 h post-surgery to sta-
bilise; baseline cardiovascular and respiratory
variables were analysed before the protocols
below to allow comparison between N and CIH.

28.2.3 Experimental Protocols

The respiratory response to breathing 100 % O,
for 20s was recorded (Dejours test). This was
repeated five times in each animal, allowing ven-
tilation to return to baseline between each stimu-
lus. Responses were analysed by comparing Vr, f
and Vg in the 10s before and in the final 10s of
each stimulus. AV, Af, and AV were calculated
to allow comparison between N and CIH.

The respiratory response to graded hypoxia
was recorded over 10 min with the animal breath-
ing each of four levels of hypoxia for 2 min.
Hypoxic gases were mixed using a system of
rotameters in a gas proportioner frame (CP
Instruments, UK). An arterial blood sample was
taken before the 10 min protocol and in the final
30s of each stimulus to measure P,0,. Responses
in each group were analysed by comparing Vr, f
and Vg in the 30s before the protocol and in the
final 30s of each level of hypoxia and were plot-
ted against P,O, measured at these time points.

The respiratory response to one level of hyper-
capnia was recorded over 5 min; the hypercapnic
gas mixture was mixed using the system above.
An arterial blood sample was taken before and
during the final 30s of the stimulus to measure
P,CO,. Responses were analysed by comparing
Vi, fand Vg in the 30s before the protocol with
the final 30s of hypercapnia plotted against
P,CO,. CO, sensitivity of Vr, fand Vg was calcu-
lated to allow comparison between N and CIH.
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28.2.4 HeartTissue Mass
and Histology

At the end of the protocols rats were killed and
the heart was removed. The whole heart, left
(LV), right ventricle (RV) and interventricular
septum (IVS) were weighed and tissue mass
was expressed as g kg body mass~! to allow N
and CIH to be compared. LV +IVS mass to RV
mass ratio and LV +1VS expressed as % body
mass were calculated to give an indication of
LV hypertrophy. The LV was frozen for histo-
logical analysis.

10 pm sections of LV (9 sections per heart)
were fixed and stained with lectin to allow visu-
alisation of capillaries and muscle fibres to be
counted. Three areas (0.12 mm?) of each of the
sections were randomly selected and the fibres
counted. Mean fibre cross sectional area (FCSA)
was calculated for each area and the mean of the
27 areas counted gave the FCSA for each animal
allowing comparison between N and CIH.

28.2.5 Statistical Analysis

All statistical analyses were performed using
aabel 20/20 data vision 3 (Gigawiz, OK, USA).
Comparisons within groups were made using
Student’s paired t-test or ANOVA for repeated
measures and between groups using Student’s
unpaired t-test or factorial ANOVA, as appropri-
ate. P<0.05 was considered significant.

28.3 Results

There was no significant difference in body mass
between N and CIH animals (361 £6 vs 3439 g).
There was also no significant difference between
baseline P,0,, P,CO, and arterial pH between N
and CIH animals (Table 28.1). CIH caused a sig-
nificant increase in MAP (1425 vs
122+2 mmHg), SP (159+6 vs 142+2 mmHg),
DP (125+4 vs 103+1 mmHg) and HR (448+9
vs 412+5 bpm; Fig. 28.1, a—e). There was no sig-
nificant effect of CIH on all baseline respiratory
variables (Fig. 28.1, f-h).

C.J.Ray et al.

Table 28.1 Baseline arterial blood gases and pH

N CIH
P,0, (mmHg) 911 96+3
P,CO, (mmHg) 48+1 46+1
pH 7.37+0.01 7.36+0.01

Mean +=SEM baseline P,0,, P,CO, and arterial pH in N
and CIH animals. There is no significant difference in the
blood gases and arterial pH between N and CIH animals
(unpaired t-test; n=06)

In N and CIH animals breathing 100 % O,
(Dejours test), had no effect on V; but signifi-
cantly decreased f and therefore Vg (Fig. 28.2,
columns 1 & 2). However there was no significant
difference in the response to Dejours test between
N and CIH animals (Fig. 28.2, column 3).

As expected, graded hypoxia significantly
decreased P,0, and significantly increased the
corresponding Vr, f, and therefore Vg in N and
CIH groups. However, there was no difference in
this response between N and CIH (Fig. 28.3).

Breathing a hypercapnic gas mixture evoked a
significant increase in P,CO, and significantly
increased the corresponding Vr, fand Vg in N and
CIH animals (Fig. 28.4, columns 1 & 2). CIH had
no effect on the CO, sensitivity of the Vr, fand Vg
responses (Fig. 28.4, column 3).

CIH evoked a significant increase in whole
heart (3.5+0.1 vs 2.7+0.1), LV (1.6+0.1 vs
1.3+£0.08) and IVS (1.5+0.2 vs 1.0+0.1) tissue
mass (g kg body mass™!; Fig. 28.5a). There was
no change in RV tissue mass. LV+IVS to RV
ratio increased from 5.4+0.6 in N to 7.5+0.8 in
CIH and LV +1VS expressed as a % of body mass
increased from 0.2+0.01 % in N to 0.3+0.01 %
in CIH (Fig. 28.5, b & c). Mean FCSA signifi-
cantly increased from 314+9 pm? in N to
464 +32 pm? (Fig. 28.5,d & e).

28.4 Discussion

In the present study, we have used a model of
CIH where the frequency (6 h™!) is above the
diagnostic but below the treatment threshold of
OSA (according to NICE guidelines). These ani-
mals showed significant hypertension and tachy-
cardia, an increase in MAP of 20 mmHg and HR
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Fig.28.2 CIH had no effect on the ventilatory response
to breathing 100 % O, (Dejours test). The graphs in the
left (N) and centre (CIH) columns show Vy (a & b), f(d &
e), and Vi (g & h) in each individual animal (red symbols
N, blue symbols CIH) when breathing air and 100 % O,.
Mean (+SEM) V1, fand Vi when breathing air and 100 %

of 36 bpm, and this resulted in a selective LV
hypertrophy and an increase in cardiac myocyte
size. These results are consistent with CIH
increasing cardiac sympathetic activity as sug-
gested by others (Narkiewicz et al. 1998; Bradley
and Floras 2003). Indeed, Lucking et al. (2014)
found that in rats exposed to CIH (12 h™!, 5 % O,
nadir) for 2 weeks there was no change in lum-
bar sympathetic control of the vasculature.
Having ruled out an increased renal sympathetic
activity they concluded that the observed hyper-
tension resulted from an increased cardiac out-
put driven by cardiac sympathetic hyperactivity.
It has been suggested that the main stimulus for
increased sympathetic activity in CIH is a change

O, are shown in black. *** P<0.001 vs air, paired #-test
(n=6). The graphs in the right column show mean (+SEM)
AV (¢), Af (f) and AV (i) evoked by breathing 100 % O,
in N (red) and CIH (blue) animals. There was no signifi-
cant difference in the ventilatory response to 100 % O,
between N and CIH animals (unpaired t-test; n=6)

in carotid body function but the evidence for this
varies depending on the exact CIH protocol and
species used.

Whilst our model demonstrated significant
cardiovascular changes under baseline condi-
tions, we did not observe any differences in rest-
ing ventilation. In order to investigate carotid
body function we measured ventilatory responses
under various conditions. Exposure to hypercap-
nia induced increases in ventilation as expected
but these were not affected by prior exposure to
CIH. These results are consistent with the litera-
ture (Kumar and Prabhakar 2012) and are not
unexpected since the primary sensing of CO, lev-
els is through the central chemoreceptors. If our
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Fig.28.3 CIH had no effect on the ventilatory response
to graded hypoxia. The graphs in the left (V) and centre
(CIH) columns show Vr(a & b), f(d & e), and Vi (g & h)
in each individual animal (red symbols N, blue symbols
CIH) plotted against P,O, when breathing air and four
graded hypoxic gas mixtures. The graphs in the right col-
umn show mean (+SEM) V (¢), f (f) and Vg (i) for the N

CIH protocol had induced changes in carotid
body function it might be expected that the
response to hyperoxia or hypoxia be altered. All
animals responded to hyperoxia and hypoxia,
however, we found no difference between N and
CIH animals, indicating that CIH had no effect
on carotid body-mediated control of ventilation
in our model. There is greater disparity in the lit-
erature regarding the effects of CIH on ventila-
tory responses to increases or decreases in O,
levels. Explanations for these inconsistencies
may include species/strain differences and/or fre-
quency of CIH and the severity of the hypoxia

(red) and CIH (blue) groups plotted against mean (+SEM)
P,O, when breathing air and four graded hypoxic gas mix-
tures. For the ventilatory response to graded hypoxia, ***
P<0.001, repeated measures ANOVA (n=6). There was
no significant difference in the ventilatory response to
graded hypoxia between N and CIH animals (factorial
ANOVA; n=6)

induced (ie degree of haemoglobin desaturation/
change in P,0,). The latter may contribute to the
variation seen in OSA patients, however, consid-
eration may need to be given to all parts of the
chemoreflex pathway to understand the source of
this variability.

Further complicating our understanding of
the role of chemoreceptor function in driving
the effects of CIH, is that we observed changes
in the cardiovascular system with no changes in
the respiratory system. One possibility is that an
increased sympathetic activity is unrelated to
carotid body function. For example, in patients,
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Fig. 28.4 CIH had no effect on the ventilatory response
to hypercapnia. The graphs in the left (V) and centre
(CIH) columns show Vr (a & b), f(d & e), and Vi (g & h)
in each individual animal (red symbols N, blue symbols
CIH) plotted against P,CO, when breathing air and a
hypercapnic gas mixture. Mean (+SEM) V7, f and Vg, are
plotted against the mean (+SEM) P,CO, when breathing

OSA is associated with obesity and obesity is
linked to sympathetic hyperactivity (see
Lambert et al. 2010), however in the present
study there was no significant difference in body
mass between N and CIH. A second possibility
is that the chemoreflex pathway itself is altered.
These changes can be sensitive to both the
severity and the time course of CIH exposure.
Carotid body sensory discharge itself might be
altered (Peng and Prabhakar 2004) resulting in a
different chemoreceptor input into the brain-
stem. However, integration and modulation of
this input can occur differently (see Gonzalez-
Martin et al. 2011) in response to the CIH para-

air and the hypercapnic gas mixture and are shown in
black. *, **, #%* P<(.05, 0.01 and 0.001 respectively vs
air, paired t-test (n=6). The graphs in the right column
show mean (+SEM) CO, sensitivity for V1 (¢), f (f), and
Vg (i) in N (red) and CIH (blue) animals. There was no
significant difference in the CO, sensitivity of Vr, f and
Vg, between N and CIH animals (unpaired t-test; n=6)

digm, and may do so despite carotid
body-mediated ventilatory responses per se
remaining apparently unaltered. The implica-
tion of this would be that output from the ventral
respiratory group could remain unchanged,
however, the output from the paraventricular
nucleus could be increased resulting in higher
levels of cardiac sympathetic activity. Evidence
has been published showing independent
changes in respiratory drive and sympathetic
activity in response to acute intermittent hypoxia
(Xing and Pilowsky 2010).

In summary, exposure to mild CIH can
induce the cardiovascular changes associated
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Fig. 28.5 CIH evoked significant left ventricular hyper-
trophy. Heart tissue mass (mean+SEM) in N (red) and
CIH (blue) groups is shown in (a) as whole heart and split
into the LV, IVS and RV. (b) and (c¢) show mean (+SEM)
of LV+IVS : RV and LV +1VS expressed as % body mass
respectively in N (red) and CIH (blue) groups. *, ***
P<0.05 and 0.001 respectively vs N (unpaired t-test;
n=6). (d), representative micrographs showing a lectin

with OSA and these are likely to be caused by
increased cardiac sympathetic activity. Further,
these cardiovascular changes occurred without
overt changes in carotid body-mediated respi-
ratory function, likely as a result of differing
integration of chemoreceptor input with respi-
ratory and cardiac sympathetic outputs. Given
that in our model low frequency CIH for
2 weeks evoked profound hypertension and
significant left ventricular hypertrophy, it
raises the question as to whether in OSA
patients an AHI >15 should be used alone as
the standard threshold for offering CPAP treat-
ment. In addition, it appears that assessing all
components of the chemoreflex will be impor-
tant in determining exactly how alterations in
carotid body sensory activity in CIH result in
pathophysiological changes in the respiratory
and cardiovascular systems.
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stained section of left ventricle allowing the visualisation
of cardiac myocyte fibre size in an N (left) and CIH (right)
animal. Mean (+SEM) FCSA is shown in (e) for N (red)
and CIH (blue) groups. The mean value for each animal
was obtained by analysing three randomly selected areas
of nine sections of each left ventricle in the group. ***
P<0.001 vs N (unpaired t-test; N=6; n=162)
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Abstract

Exposure to chronic intermittent hypoxia (CIH), the main feature of
obstructive sleep apnea, produces autonomic and cardiorespirartory alter-
ations, and leads to systemic hypertension. These alterations are associ-
ated with enhanced carotid body (CB) chemosensory and ventilatory
hypoxic reflexes and a decrease baroreflex (BRS) efficiency. The aim of
this study was to determine the therapeutic effect of CB ablation on the
elevated arterial blood pressure, the reduced BRS and the potentiated ven-
tilatory response induced by CIH in conscious rats. Arterial blood pressure
(BP) was continuous measured by telemetry in male Sprague-Dawley rats
exposed to CIH (5 % O,, 12 times/h, and 8 h/day). After 21 days of CIH,
the CBs were selectively cryodestroyed, and rats were kept one more week
in CIH. Ventilatory responses to hypoxia were assessed by whole body
plethysmography and spontaneous BRS measured by the sequence
method. Exposure to CIH produces hypertension, increased the chemore-
flex ventilatory hypoxic responses, and decreased BRS. The ablation of
the CBs normalized the elevated BP, and the altered ventilatory response
and BRS. Present results suggest that the CB play a crucial role in the
development of high arterial pressure and autonomic alterations induced
by CIH.
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29.1 Introduction

The obstructive sleep apnea (OSA) syndrome, a
worldwide sleep-breathing disorder, is recog-
nized as an independent risk factor for the devel-
opment of systemic hypertension (Dempsey
et al. 2010; Garvey et al. 2009; Somers et al.
2008). Among the disturbances produced by
OSA, the chronic intermittent hypoxia (CIH) is
considered the main factor for the progression
of the hypertension (Dempsey et al. 2010;
Iturriaga et al. 2009; Somers et al. 2008).
Although the link between OSA and hyperten-
sion is well established, the pathophysiological
mechanisms responsible for the hypertension
are not entirely understood. It has been pro-
posed that CIH produces oxidative stress,
inflammation, and sympathetic hyperactivity,
which lead to endothelial dysfunction and
hypertension (Dempsey et al. 2010; Garvey
et al. 2009; Iturriaga et al. 2009). However, a
growing body of evidences suggests that the
carotid body (CB) plays a pivotal role in the
development of the hypertension. Indeed, CIH
selectively enhances the CB chemosensory
responsiveness to hypoxia (Del Rio el at. 2010,
2011, 2012; Pawar et al. 2009; Peng et al. 2003;
Rey et al. 2004), which in turn may increase the
sympathetic outflow to the arterial blood vessels
(Prabhakar et al. 2005; Iturriaga et al. 2009).

It has been shown that OSA patients exhibit
enhanced sympathetic drive (Dempsey et al.
2010; Somers et al. 2008). Similarly, animals
exposed to CIH show enhanced sympathetic
responses to hypoxia, and develop systemic
hypertension (Del Rio et al. 2010; Greenberg
et al. 1999; Prabhakar et al. 2005; Rey et al.
2008). The autonomic dysfunction characterized
by enhanced sympathetic outflow, a reduction of
the efficiency of the cardiac baroreflex sensitivity
(BRS) and alterations of heart rate variability has
been proposed to play a pivotal role in the devel-
opment of high arterial blood pressure (Rey et al.
2008; Lai et al. 2006).

We hypothesized that the CIH-induced hyper-
tension is critically dependent on the enhanced
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CB chemoreflex and the decrease in BRS. To
determine the contribution of the CB to the
hypertension induced by CIH in conscious rats,
we performed selective ablation of the CB in
hypertensive rats exposed to CIH. In addition, we
measured the spontaneous baroreflex (sBRS) and
ventilatory responses to hypoxia.

29.2 Methods

29.2.1 Animals and Intermittent
Hypoxic Exposure

Experiments were performed on male Sprague-
Dawley rats (250 g), fed with standard diet ad
libitum and kept on a 12-h light/dark schedule
(07:30-19:30). The protocol was approved by the
Bioethical Committee of the Biological Science
Faculty of Pontificia Universidad Catdlica de
Chile, Santiago. Unrestrained, freely moving rats
housed in individual chambers (12 cmx35 cm,
2.2 L) were exposed to 5 % inspired O, for 20 s
followed by room air for 280 s; 12 episodes/h;
8 h/day for 21 days. The hypoxic pattern was
applied from 08:30 to 16:30 h. A computerize
system based on solenoid valves controls the
alternating cycles of N, and room air. In the Sham
condition (7 days), rats were exposed to air by air
flushing an equal flow of compressed air into
chambers. Room temperature was kept at
22-23 °C.

29.2.2 Evaluation of Ventilatory
Chemoreflex Function

Tidal volume (V) was determined by unre-
strained whole body plethysmography (Fine
Pointe, Buxco Research Systems, USA). Resting
breathing was recorded for 15 min while the rats
breathe room air. Peripheral chemoreceptors
were stimulated by allowing the rats to breathe
hypoxic gas (10 % and 15 % O, in balance N,)
for 10 min. The frequency of sampling was
1,000 Hz.
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29.2.3 Arterial Blood Pressure
and Spontaneous Baroreflex
Sensitivity

We performed arterial blood pressure (BP) mea-
surements in conscious freely moving rats using
a radiotelemetry monitoring system (Data
Science International, USA). Briefly, rats were
anesthetized with 2 % isoflurane in O,, and a skin
incision was made to expose the femoral artery.
The tip of a pressure transmission catheter was
guided into the femoral artery, and the transmitter
body was placed into subcutaneous pocket. The
sBRS was measured by sequence method
(Hemolab Software). Slopes were calculated
ratio to AR-R/ABP with a correlation coefficient
r>0.8.

29.2.4 Carotid Body Ablation

After 21 days of CIH the rats were anesthetized
with 2 % isoflurane in O, and the CBs were
exposed and cryogenically destroyed as previ-
ously described (Del Rio et al. 2013). The effec-
tiveness of this maneuver was confirmed by the
disappearance of the CB-mediated ventilatory
reflex response to NaCN.
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29.2.5 Statistics Analysis

The data are expressed as means+SEM.
Differences between two groups were assessed
by Student T-test comparisons. Differences
between more groups were assessed with one-
way ANOVA or Kruskal Wallis tests, followed by
appropriate posthoc comparisons. The level was
set at p<0.05 for statistical significance. The
tidal volume (V) at different O, levels was fitted
to the following exponential curve.

V, = bas+(max—bas)e ">  (29.1)

where bas is the ventilatory response to 21 % O,
and max is the ventilatory response to 10 % O,.
All statistical analysis was performed using
GraphPad Prisma 6.0 (GraphPad Software, Inc.,
San Diego, CA, USA).

29.3 Results
29.3.1 Effects of CB ablation
on the CIH-Induced

Hypertension

The mean arterial pressure increases (~10 mmHg)
after 3 days of CIH (Fig. 29.1). To determine the
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Fig. 29.1 Effect of bilateral CB ablation on the elevated mean arterial blood pressure (MABP) in rats exposed to

chronic intermittent hypoxia (CIH). n=5
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contribution of the CB to the elevated BP, both
CBs were destroyed. The maneuver abolished the
hypertension even in the presence of the hypoxic
stimulus, suggesting that the BP elevation is criti-
cally dependent on functional CBs.

29.3.2 Effects of CB Ablation
on the Enhanced Hypoxic
Ventilatory Chemoreflex
Response

Figure 29.2 shows the effects of the CB ablation
on ventilatory responses (Vr) measured in
response to 10 % F,0, in 4 rats before (Sham con-
dition), after 20 days of intermittent hypoxia
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0.30; *
L ]
0.25- d
g —+
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0.1 5_ % %
[e) v
0.10 . , .
Sham CIH  CIH+CBA

R. Iturriaga et al.

(CIH), and following 7 days of the CB ablation in
the presence of the hypoxic stimulus (CIH +
CBA condition). The bilateral CB ablation
reduced both the enhanced normoxic and hypoxic
V7 response induced by CIH.

29.3.3 Effects of CB Ablation
on Spontaneous Baroreflex
Changes induced by CIH

We measured sBRS in rats exposed to Sham con-
ditions, after 20 days of CIH, and after 7 days of
the CB ablation. CIH reduced the sBRS sensitiv-
ity related to the Sham condition (Fig. 29.3).
Notably, CB ablation increased the sBRS to
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Fig.29.2 Tidal volume (V1) measured at 10 % O, and 21 % O, in the same rats in Sham condition, following 20 days
of intermittent hypoxia (CIH) and after 7 days after the CB ablation (CBA+ CIH). * p<0.05 vs. Sham, CIH. n=4
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Fig.29.3 Spontaneous baroreflex sensitivity (sSBRS) in Sham, (CIH) and CIH+CBA conditions. * p<0.05 vs. Sham;

+p<0.05 vs. CIH, n=4
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values comparable to the ones obtained in sham
conditions.

29.4 Discussion

Chronic intermittent hypoxia enhances carotid
body (CB) chemosensory and ventilatory
responses to hypoxia, and leads to systemic
hypertension. These alterations are attributed to
oxidative stress since antioxidant treatment pre-
vented the enhanced hypoxic chemosensory and
ventilatory responses and the hypertension. (Del
Rio et al. 2012, 2011, 2013; Peng et al. 2003;
Pawar et al. 2009). We propose that the enhanced
CB chemosensory tone plays a crucial role in the
maintenance of the hypertension during CIH.

The role played by the CB in the development
and progression of the hypertension induced by
OSA is an unanswered question. The CB is
involved in several sympathetic-mediated dis-
eases and the carotid sinus denervation or the
selective CB ablation has been proposed as a fea-
sible clinical treatment for severe and resistant
hypertension in humans (Mc Bryde et al. 2013;
Paton et al. 2013), and the cardiorespiratory alter-
ations in chronic heart failure (Del Rio et al.
2013). Thus, it is plausible that CB ablation will
improve the cardiovascular alterations in
OSA. However, there is no available information
showing the effects of CB denervation in OSA
patients or animals exposed to CIH.

To study the origin of the CIH-induced hyper-
tension and the contribution of the enhanced CB
chemosensory response to hypoxia, we per-
formed selective ablation of both CBs in hyper-
tensive rats exposed to CIH. The removal of the
CB inputs markedly decreases BP, suggesting
that the maintenance of the hypertension follow-
ing CIH is critically dependent on the intermit-
tent hypoxic stimulation of the CB
chemoreceptors, and the resulting sympathetic
activation. The effectiveness of this maneuver
was confirmed by the absence of a ventilatory
reflex response to NaCN. Remarkably, the selec-
tive ablation of the CBs restored normal BP val-
ues comparable to the ones observed in sham
rats. However, we cannot preclude that the rela-
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tive contribution of the CB to the hypertension
will diminish if the CIH stimulus is maintained
for 2—3 more weeks, whereas the contribution of
the vascular compartment may increase.

In summary, our data using telemetry record-
ings show that BP increases 3 days after the
beginning of CIH, which is consistent with the
time required to establish enhanced CB chemo-
sensory responses to hypoxia and oxidative stress
in the CB, both of which remained elevated for
21 days of CIH (Del Rio et al. 2010, 2012). The
CIH-induced hypertension, which occurs after
3-5 days of exposure, is not related to endothelial
dysfunction and/or vascular remodeling since CB
ablation totally normalized BP in animals
exposed to CIH. It is likely that this fast hyper-
tensive response is caused by a higher sympa-
thetic outflow due to the cyclic hypoxic excitation
of the CB. Thus, our results indicate that the CB
plays a key role in the progression and mainte-
nance of the CIH-induced hypertension.
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Abstract

Progesterone is a steroid hormone whose physiological effects can
affect various systems, including reproductive, immune and cardiore-
spiratory systems. In fact, there are growing evidences proving that pro-
gesterone is potent respiratory stimulant with therapeutic value for
sleep-disordered breathing. However there is no clear understanding of
how progesterone mediates its stimulant respiratory effects and alleviates
apnea. Mechanistically, it was demonstrated that this hormone elicits
some of its respiratory effect via the classical mechanism of the nuclear
progesterone receptor (nPR), a transcription factor belonging to the
super family of steroid hormone receptors. Moreover, experimental results
indicate that activation of alternative non-genomic (i.e. non-nuclear)
signaling pathways such as the membrane progesterone receptors
(mPR) could have a key role in the regulation of the respiratory control
system. We provide preliminary results suggesting an important role of
mPRp on respiratory control and ventilatory response to hypoxia in
adult female mice.
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control (Kapsimalis and Kryger 2002; Chahrour
and Zoghbi 2007). Progesterone is a steroid
synthetized primarily in the gonads, the adrenal
glands and in the placenta, but progesterone is
also synthetized de novo in the central and
peripheral nervous system, and can thus be
classified as a neurosteroid (Birzniece et al.
2006). Progesterone is well- known as a powerful
respiratory stimulant with a potential therapeutic
value for the treatment of apnea in adults
(Shahar et al. 2003), and it has been suggested
that it could also be used for the treatment
of apnea in preterm neonates (Finer et al.
2006). However, progesterone is not clinically
approved for respiratory disordered breathing,
because experimental data are still scarce, and
there is no clear mechanical studies explaining
how progesterone influences the control of
breathing and alleviates apnea. Here, we will
briefly focus on progesterone receptors, to
highlight that we lack critical knowledge on
their relative contributions in the regulation of
the respiratory control system. However, our
preliminary results clearly indicate that these
receptors could play an important role in regu-
lation of breathing.

30.2 Respiratory Effects
of Progesterone

Progesterone is a potent respiratory stimulant,
(Dempsey et al. 1986). Medroxyprogesterone,
an analogue of progesterone, increases minute
ventilation and responsiveness to hypercapnia
or hypoxia (Skatrud et al. 1978; Zwillich et al.
1978). In addition, menopause is a risk factor
for sleep apnea, and hormone replacement
with progesterone reduces sleep disordered
breathing in post-menopausal women (Shahar
etal. 2003). Furthermore, progesterone reduces
the occurrence of apnea in newborn and adult
rats (Yamazaki et al. 2005; Lefter et al. 2007).
Progesterone acts at different levels of the
respiratory control system, including areas in
central nervous system (Bayliss et al. 1987)
and in peripheral chemoreceptors (Hannhart
et al. 1990; Joseph et al. 2012). The direct
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application of progesterone on the dorsal
surface of the medulla, at the level of the
Nucleus Tractus Solitarius (NTS), increases
phrenic nerve activity (Bayliss et al. 1987), and
the effects of progesterone on respiratory activ-
ity requires intact hypothalamic structures
(Bayliss et al. 1990).

30.3 Molecular Mechanisms by
Which Progesterone
Stimulates Breathing

Progesterone exerts it biological effects by
genomic and non-genomic  mechanisms
(Fig. 30.1). We recently reported that progester-
one uses non-genomic mechanisms to increase
VO, and VCO, (Marcouiller et al. 2014), most
likely through the truncated form of the nuclear
progesterone receptor (nPR) located on the
external membrane of the mitochondria (Dai
et al. 2013). Moreover, allopregnanolone, a neu-
roactive metabolite of progesterone, affects
breathing in newborn rats and arterial baroreflex
responses in adults (Ren and Greer 2006; Heesch
2011). Despite the multiple potential pathways
by which progesterone acts, little is known about
the role of these pathways in regulating
respiration.

30.3.1 Genomic Mechanisms

The nuclear progesterone receptor (nPR) belongs
to the superfamily of the steroid hormone recep-
tors. In the classical model of nPR activation,
progesterone, a lipophilic molecule, diffuses
through the cellular and nuclear membranes to
bind to a nPR. When bound by progesterone,
nPR undergoes conformational changes, dissoci-
ates from chaperone proteins, dimerizes, and
directly interacts with specific response elements
in the promoter regions of target genes through
its DNA-binding domain (Mani 2006). The nPR
gene (located on chromosome 11 in humans)
encodes a single mRNA that, through alternative
splicing, generates two major PR isoforms
(nPR-A and nPR-B). These isoforms regulate
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Fig. 30.1 Potential mechanisms of action by which pro-
gesterone might produce its respiratory effects.
Progesterone, either from systemic circulation or pro-
duced locally in the neuronal system, can bind and signal
throughout the classical nuclear receptor, membrane pro-

the expression of different target genes and,
therefore, different functions in cells (Mani
2006; Camacho-Arroyo et al. 2007; Gonzélez-
Flores et al. 2011). Several other isoforms have
been identified. Because some of these isoforms
have a defective DNA-binding domain and lack
the nuclear localization signal, they are expected
to be localized in the cytosol or on cell
membranes, rather than in the nucleus, and
activate the mitogen-activated protein kinase
(MAPK) signaling cascade (Maller 2003;
Brinton et al. 2008).

In the central nervous system, nPR is localized
in the preoptic, paraventricular, ventromedial,
dorsomedial, and arcuate hypothalamic nuclei
and more importantly, in brainstem areas
involved in respiratory control, such as the NTS
(the major site of peripheral chemoreceptors
integration in the brainstem), the motor nuclei
of the Xth and XIIth cranial nerves, and the
locus coeruleus (Romeo et al. 2005; Helena
et al. 2006; Brinton et al. 2008). In the periph-
eral nervous system, nPR immunostaining is
localized in cells in the carotid bodies of adults,
newborn and fetal rats (Joseph et al. 2006).
Thus, localization of nPR in these areas of the
peripheral and central nervous system are highly

gesterone receptor (mPRa to mPRE), and the Progesterone
receptor membrane component (Pgrmc) 1 and 2. In addi-
tion, allopregnanolone, a metabolite of progesterone, can
bind GABA, receptor

suggestive that nPR are involved in respiratory
control. Indeed, intraperitoneal injection of
progesterone decreases the frequency of apneic
episodes recorded during sleep (identified by
behavioral criteria) by 50 % in 14-week-old
male rats and by almost 80 % in 26- week-old
rats. This effect is abolished when mifepristone,
an nPR antagonist, is injected 1.5 h before pro-
gesterone injection (Yamazaki et al. 2005).
Moreover, in anesthetized cats, i.v. progesterone
administration enhances phrenic nerve activity,
this effect is not elicited by other steroids, and is
blocked by pre-treatment with mifepristone sug-
gesting that it is mediated by nPR. Progesterone
also enhances the peripheral chemoreceptor
response to hypoxia (Hannhart et al. 1990) and
enhances ventilatory activity by decreasing the
synthesis of dopamine, an inhibitory neuro-
transmitter in peripheral chemoreceptors
(Joseph et al. 2002); nPR-A signaling regulates
the expression of tyrosine hydroxylase, the
rate-limiting enzyme in dopamine synthesis
(Gonzalez-Flores et al. 2011). Our recent data
suggest that nPR is an important modulator of
respiratory control during sleep and in chemore-
flex sensitivity. Specifically, adult female mice
in which nPR is deleted (PRKO mice) have a
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higher frequency of sighs and post-sigh apneas
during non-REM sleep and reduced responses
to hypercapnia after chronic treatment with
administration of progesterone (Marcouiller
et al. 2014)

30.3.2 Non-genomic Mechanisms

Activation of the nuclear progesterone receptor
is expected to induce measurable physiological
responses coinciding with de novo protein syn-
thesis (within 30-45 min). However, steroid-
induced effects may occur rapidly (within
2-3 min); these effects are likely initiated by cell
surface receptors (Revelli et al. 1998). Based on
these data, the search for membrane progester-
one receptors (mPR) has been of great interest,
culminating in the discovery of a gene and a cor-
responding protein with the characteristics of a
fully functional mPR in sea trout ovaries (Zhu
et al. 2003b). Structural and phylogenetic analy-
ses have revealed the presence of similar genes
in other species, including humans and mice
(Zhu et al. 2003a), and three distinct mPR genes
(mPRa, mPRf, and mPRy ) have been origi-
nally identified. The family of mPR include five
different members (mPRa, mPRp, mPRy,
mPRO and mPRE) (Singh et al. 2013), which
belong to the progestin and adipoQ receptor
(PAQR) family. mPR proteins are located in the
plasma membrane and have seven transmem-
brane domains with extracellular and intracellu-
lar terminals that respectively confer selective
progesterone binding and activation of intracel-
lular Gi proteins. When bound by progesterone,
mPRa inhibits cAMP production to activate
MAPK, which in turns activates the extracellular
signal-regulated kinase (Erkl and Erk2) signal-
ing pathway. mPRa is predominantly expressed
in reproductive tissues, mPRf in the brain, and
mPRy in the kidneys (Zhu et al. 2003b). In
mice, mPRa and mPRp proteins and mRNA are
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expressed in the spinal cord with a distinct
staining pattern that likely underlies the impor-
tant trophic and protective effects of progesterone
at this level (Labombarda et al. 2010). In rats, the
mRNAs for mPRa and mPRf are expressed in
the cortex and thalamic nuclei (Intlekofer and
Petersen 2011).

The pioneer study conducted by Pascual et al.
(2002) showed that progesterone is able to restore
the decreased transmission of afferent signals in
the NTS during hypoxia, which could explain the
stimulatory effect of progesterone in response to
this stimulus. Because these effects required
between 2 and 3 min to occur, it was suggested
that a non-genomic mechanism of action was
involved (Pascual et al. 2002). Based on these
preliminary data, we sought to determine the
expression of mPRP and mPRa in the brainstem
of adult female mice by immunohistochemistry
(see (Labombarda et al. 2010), and found stain-
ing in the NTS, and the motor nuclei of the Xth
and XIIth cranial nerves (Fig. 30.2). We have
tested the functional role of mPRp in adult female
mice that were treated for 14 days with an intra-
cerebro-ventricular infusion of a specific siRNA
against mPRp (0.04 mg/day; Stealth Select
RNAi™, Life Technologies, Burlington, ON,
Canada) in the IVth ventricle, to abolish its
expression in central areas of respiratory control.
Preliminary results indicate that the deletion of
mPRf induces a depression of the ventilatory
response to hypoxia as shown in Fig. 30.3.
Interestingly, while hypoxic exposure induced a
rapid increase of respiratory frequency in control
mice, we observed a mean delay of 4.5+ 1.1 min
before any observable response occurred in mice
treated with the siRNA against mPRp. The effi-
ciency of the knock-down of mPRf has been
verified by immunohistochemistry, showing a
wide-spread absence of staining in the brainstem
(not shown). These preliminary results support a
key role for mPRp, in respiratory control in adult
mice.
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Fig. 30.2 Immunohistochemistry for mPRa and mPRp
in the dorsal region of the adult mouse brainstem. (a)
Neuroanatomical drawing at bregma — 7.76 mm (from
Franklin and Paxinos) and corresponding staining at this
level (100, 200, or 400x). (b) Neuroanatomical drawing at
bregma — 7.08 mm and corresponding staining (100, 200,
or 400x). Note the staining for mPRa in cell bodies on the

NTS (SolM, SolC) and XIIthMN (12 N) at both bregma
levels, and for mPRp on neurites in the NTS. (c) Sagittal
view (lateral 0.12 mm) of the brainstem; coronal planes at
bregma —7.76 and —7.08 mm. CC: central canal, SolM,
SolC, SolG, SolDL, SollM, SolV,... subdivision of the
NTS. 12 N: hypoglos-sal nucleus, 10 N: vagal nucleus.
Scale bar at 100x=100 pm; at 200x=50 pm



266 R. Boukari et al.
a b
Respiratory l
Flow (ml/s) i ! 1 ’
fR Al h I
! Iy 1 | b Jl
(breaths/min) ""”"“'\“"L‘“l“ LE r\]ﬂ-_n— = ‘-"i-r W Ik JMJ’ HIJL—li.wl-.‘_‘_ml‘,.‘-J - P} ‘J ’u'll 'rw" W ["I"‘
o (%) 2 i >
2 / \ /
12 : o e D / R e :
J’ ‘lr

[y

bk \\

"R RAANORR \\\

° J J'rl 'vll'J Yy
i VR

”r] \'t't H ’

Flow (ml/sec)

'
[y

1 sec.

Fig. 30.3 Example of respiratory recordings (Flow —
ml/s, and frequency: fR — breaths/min) under normoxia
and in response to hypoxia in control adult female mice
(a) and after infusion of a specific siRNA against mPRf

30.4 Conclusion

With growing awareness of the potent respiratory
effects of progesterone, further experiments are
required to elucidate its mechanisms of action with
the perspective to develop novel pharmacological
approaches for the treatment of respiratory disor-
dered due to unstable respiratory control system.
Specific knockdown of PR in-vivo with siRNA
infusion, or knock-out models appear as promising
tools to elucidate the relative contributions of the
different members from the large PR family.
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(b). Note the delay of the response in the treated mice.
The lower traces show for each animal a typical breathing
pattern during the onset of hypoxic exposure (time
scale: 1 s)
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Abstract

The carotid body is the main mammalian oxygen-sensing organ regulating
ventilation. Despite the carotid body is subjected of extensive anatomical and
functional studies, little is yet known about the molecular pathways signaling
the neurotransmission and neuromodulation of the chemoreflex activity. As
kinases are molecules widely involved in motioning a broad number of neu-
ral processes, here we hypothesized that pathways of protein kinase B (AKT)
and extracellular signal-regulated kinases %2 (ERK1/2) are implicated in the
carotid body response to hypoxia. This hypothesis was tested using the in-
vitro carotid body/carotid sinus nerve preparation (“en bloc”) from Sprague
Dawley adult rats. Preparations were incubated for 60 min in tyrode perfu-
sion solution (control) or containing 1 pM of LY294002 (AKT inhibitor), or
1 uM of UO-126 (ERK1/2 inhibitor). The carotid sinus nerve chemoreceptor
discharge rate was recorded under baseline (perfusion solution bubbled with
5 % CO, balanced in O,) and hypoxic (perfusion solution bubbled with 5 %
CO, balanced in N,) conditions. Compared to control, both inhibitors signifi-
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cantly decreased the normoxic and hypoxic carotid body chemoreceptor
activity. LY294002- reduced carotid sinus nerve discharge rate in hypoxia by
about 20 %, while UO-126 reduces the hypoxic response by 45 %. We con-
cluded that both AKT and ERK1/2 pathways are crucial for the carotid body
intracellular signaling process in response to hypoxia.

Keywords

Carotid body * Hypoxia  Chemoreception * ERK ¢ AKT

31.1 Introduction
Carotid bodies are sensory organs whose stimula-
tion by the hypoxemia activates the chemoreflex
pathway (Prabhakar and Overholt 2000). The glo-
mus cells (the chemoreceptive elements of carotid
bodies) contain O, sensitive potassium channels
whose “open probability” decreases during
hypoxia(Lopez-Barneo et al. 2001; Weir et al.
2005). The inhibition of K* channels (Lopez-
Barneo et al. 1988; Ganfornina and Lopez-Barneo
1991) leads to cell depolarization, calcium chan-
nels opening and transmembrane calcium influx
(Buckler and Vaughan-Jones 1994; Urena et al.
1994). The increase in cytosolic calcium triggers
the release of neurotransmitters (Montoro et al.
1996), including catecholamines, adenosine tri-
phosphate (ATP) and acetylcholine (Ach)
(Prabhakar and Overholt 2000; Bairam and Carroll
2005), which, in turns increases carotid sinus nerve
activity and ventilation in response to hypoxia.
While research in carotid bodies has mainly
focused on the mechanisms of oxygen sensing,
little is yet known about the pathways signaling
the neurotransmission and neuromodulation of
the chemoreflex activity. Besides, the pathways
of protein kinase B (AKT) and extracellular
signal-regulated kinases Y2 (ERK1/2), are
involved in major processes accomplishing a
wide variety of neural tasks, including glucose
metabolism (Engelman et al. 2006), cellular
apoptosis and survival (Teng et al. 2014), differ-
entiation (Chan et al. 2013), neural proliferation
and migration (Dey et al. 2005), neuro-protection
(Zhang et al. 2014), neuro-degeneration (Fang
et al. 2014), and synaptic signaling (Yoshii and

Constantine-Paton 2014. Moreover, AKT and
ERK1/2 in brain tissue participate in the modula-
tion of dopaminergic (Beaulieu et al. 2006), mus-
carinic (Rosenblum et al. 2000), adrenergic
(Taraviras et al. 2002), serotonergic (Cowen
2007), GABAergic (Balasubramanian et al.
2004) and adenosinergic (Wiese et al. 2007) neu-
rotransmission. As most of these substances are
endogenously synthetized by the carotid body
chemoreceptor cells and modulate the activity
of glomus cells and carotid sinus nerve, we
hypothetized that both ATK and ERKI1/2 are
involved in the carotid body function. Indeed,
recent evidence showed that human carotid body
cells are immunopositive for AKT and ERK1/2
and that their phosphorylated forms (pAKT,
pERK) are expressed in an age-dependent man-
ner (Porzionato et al. 2010). While the expression
and activity of AKT and ERK1/2 and their phos-
phorylated forms were low at fetal age (mean age
of 177 days post-conception), it increases signifi-
cantly at infancy (mean age of 10 months postna-
tal), and then remained stable at young (mean age
of 38 years) and adult ages (mean age of
72.4 years) (Porzionato et al. 2010). These find-
ings suggest that both molecules are implicated
in carotid body function at early ages, but also
support our hypothesis that ATK and ERK1/2
pathways contribute to the function of the carotid
body in adult animals. Using an in vitro recording
technique we evaluated the chemoreceptor
activity throughout the carotid sinus nerve. Our
results showed that AKT and ERK1/2 are mole-
cules involved in the carotid body response to
hypoxia, and in consequence, in the carotid body
chemoreflex activity regulating ventilation.
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31.2 Material and Methods
31.2.1 Animals

Male Sprague-Dawley adult rats from Charles
River distributor (St. Constant, Québec, Canada)
were used in this study. After purchasing, rats
were maintained in our animal facility for at least
1 week before experimentation. Rats were kept on
12:12-h light—dark cycle with 24-h free access to
pellet food and water. Experiments were per-
formed in 30 rats aged between 12 and 16 weeks.
The carotid body from one side was used as con-
trol the carotid body from the other side was incu-
bated with an AKT inhibitor (LY294002; AKT
group) or an ERK1/2 inhibitor (UO-126; ERK
group). The success rate for our recordings
(carotid bodies with a reversible response to
hypoxia) was 65 %. As such, the number of
carotid bodies used is: 19 for the control group, 10
for the AKT group, and 10 for the ERK group. All
experimental protocols were approved by the
local committee of animal care of Laval University
and are in concordance with the guidelines of the
Canadian Council of Animal Care.

31.2.1.1 ExVivo Electrophysiological
Recording of the Carotid Sinus
Nerve (CSN) Activity

The rats were anesthetised with ketamine/xyla-

cine (0.1 ml/100 g, i.p.), both carotid bifurcations

Fig.31.1 “En block”
dissection of the carotid
bifurcation containing the
carotid body and the carotid
sinus nerve (CSN)
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were removed “en bloc”. The excised tissue was
placed in a petri dish containing ice-cold Tirode
solution (in mM: 125 NaCl, 5 KCl, 2 MgS04, 1.2
NaH2 PO4, 25 NaHCO3, 1.8 CaCl2, 5 sucrose,
and 10 glucose, pH 7.4), bubbled with 5 % CO,
balance in O,. In following, the carotid body
sinus nerve (CSN) was carefully dissected and
cleaned from surrounding connective tissue
(Fig. 31.1). We used the standard in vitro record-
ing of the CSN activity, as previously described
(Joseph et al. 2012). In brief, the preparation was
transferred to a recording chamber, thermostated
at 36 °C (TC2Bip temperature controller; Cell
Micro-Controls; Norfolk, VA, USA), and super-
fused at a flow rate of 6 mL/min with Tyrode
solution bubbled with 5 % CO, balance in O,;
pH 7.4. The CSN was drawn up into the tip of a
glass suction electrode (Model # 573000, A-M
Systems Inc., Carlsborg, WA) for monopolar
recording of the activity. Sufficient suction was
applied to seal the electrode tip against connec-
tive tissue encircling the junction of the carotid
body and CSN. A reference electrode was gently
placed over the carotid body, making contact
with its surface, while a grounding electrode is
placed in the recording chamber. The neural sig-
nal was fed to a differential input head-stage pre-
amplifier, filtered (30-1,500 Hz), and amplified
(Neurolog modules NLIOOAK, NL104A,
NL126, NL106). The signal was then processed
by an A/D converter (Micro 1401-2 Cambridge
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Electronic Design (CED), Cambridge, UK) for
display of raw activity and frequency histograms
on a computer running the Spike 2 software
(CED). Chemoreceptor discharges are discrimi-
nated in Spike 2 as action potentials with ampli-
tude of 25 % above baseline noise and which
responded to a decrease in superfusate PO, with a
reversible increase in discharge frequency.

31.2.2 Experimental Protocol

The impact of AKT and ERK1/2 on the CSN che-
moreceptor discharge rate was assessed as fol-
lows. Each carotid body preparation was incubated
at 36 °C with Tyrode solution only (control), or
with Tyrode solution containing either 1 pM
LY294002 (AKT inhibitor; Cell Sygnaling, North
Carolina, USA), or 1 pM of UO-126 (ERK1/2
inhibitor; Cell Sygnaling, North Carolina, USA).
The incubation period lasted 60 min. Once in the
recording chamber, the experiment began when a
stable CSN discharge rate was observed under
baseline condition for at least 10 min (Tyrode
solution bubbled with 5 % CO, balance in O,).
Then normoxic recording was maintained for fur-
ther 5 min before switching to hypoxic conditions
(Tyrode solution bubbled with 5 % CO, balance
in N,), which was maintained until stable activity
was observed (about a total of 5—7 min). Finally,
the preparation was returned to normoxic condi-
tions (recovery: Tyrode solution bubbled with
5 % CO, balance in O,) for additional 10 min.
This last recording was used to assure the viability
of the preparation and its ability to recover from
hypoxia. Each carotid body preparation was used
for a maximum of two complete experiments cov-
ering normoxia, hypoxia and recovery. In these
cases, the mean of both responses was calculated
and this value was considered as one experiment.

31.2.3 Data Analysis

Average recording were obtained second-by-
second. In following, 150 s were used to calcu-
late the normoxic basal activity under normoxic
and recovery conditions, and 250 s (from the
“plato” of the response) was used to calculate the

P. Iturri et al.

activity under hypoxic condition. All statistical
analyses were performed using Prism software
(version. 6). Finally, a t-student test was used to
perform the statistical comparison between the
different groups. All results were reported as
mean SEM. P<0.05 was considered statistically
significant.

31.3 Results

31.3.1 AKT Inhibitor (LY294002)
Reduces CSN Activity

LY294002 decreased CSN discharge in normoxia
(from 6.4+0.1 to 5.3+0.1 impulses per second
(p<0.0001, Fig. 31.2d), hypoxia, (from
12.5+0.03 to 10.0+0.1 impulses per second
(p<0.0001, Fig. 31.2e) and during recovery
(from 6.1£0.1 to 4.6+0.1 impulses per second
(p<0.0001, n=19 untreated n=10 LY294002
treated carotid body explants, Fig. 31.2f), indi-
cating that LY294002 has the capacity to alter the
carotid body response to hypoxia.

31.3.2 ERK1/2 Inhibitor (UO-126)
Blunts the CSN Activity

UO-126 decreased CSN discharge in normoxia
(from 6.4+0.1 vs. 5.4+0.1 impulses per second
(p<0.0001, Fig. 31.3d), the CSN discharge was
blunted in hypoxia, (from 12.4+0.1 vs. 7.4£0.1
impulses per second (p<0.0001, Fig. 31.3e) and
decreased during recovery (from 6.6+0.1 vs.
6.2+0.1 impulses per second (p<0.005, n=19
untreated n=10 UO-126 treated carotid body
explants, Fig. 31.3f). Finally, the inhibitory
power of UO-126 on carotid sinus nerve activity
in hypoxia was 25 % stronger than LY294002
(Fig. 31.4).

31.4 Discussion

This study shows that the inhibition of pathways
of protein kinase B (AKT) and the extracellular
signal-regulated kinases %2 (ERK1/2) reduces the
carotid sinus nerve activity under normoxic,
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Fig.31.2 AKT inhibitor (LY294002) reduces CSN activ-
ity. (a) Typical recording of CSN activity in vitro prepara-
tion of superfused carotid body/CSN under normoxia,
hypoxia and normoxia after hypoxia (recovery) (b)
Recording of CSN activity in vitro preparation of super-
fused carotid body/CSN under normoxia, hypoxia and
normoxia after hypoxia (recovery) under the effect of

hypoxic and recovery conditions. Interestingly
however, while AKT inhibition decreased
partially the hypoxic activity, ERK1/2 inhibition
almost completely hinders it.

Both AKT and ERKY2 are two important sig-
naling pathways involved in the integration of
extracellular signals that are particularly impor-

AKT inhibitor (LY294002). (¢) Second-by-second nor-
moxic (left), hypoxic (center) and recovery responses
(right) of CSN, all results represent the mean (n=10). (d,
e, f) Graph bar representing the statistical difference
between control and inhibitor exposed under normoxic,
hypoxic and recovery state (p<0,001)

tant for cell survival and proliferation (Dey et al.
2005; Teng et al. 2014). Growth factors, cyto-
kines and many other cellular stimuli trigger the
AKT signaling pathway, activating in turn many
different substrates involved in various cellular
functions, such survival, growth, proliferation,
metabolism and migration (reviewed in Engelman
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Fig. 31.3 ERKI/2 inhibitor (UO-126) blunts the CSN
activity. (a) Typical recording of CSN activity in vitro
preparation of superfused carotid body/CSN under nor-
moxia, hypoxia and normoxia after hypoxia (recovery)
(b) Recording of CSN activity in vitro preparation of
superfused carotid body/CSN under nomoxia, hypoxia
and normoxia after hypoxia (recovery) under the effect of

et al. 2006; Manning and Cantley 2007). In the
nervous system, the activation of AKT pathway
is required in the synaptic plasticity processes
such long-term potentiation and long-term
depression (Kelly and Lynch 2000; Sanna et al.
2002; Man et al. 2003; Opazo et al. 2003).

On the other hand, as other members of the
serine/threonine protein kinases, ERK1/2 acts

©
& N
¢ &
S ®

ERK inhibitor (UO126). (¢) Second-by-second normoxic
(left), hypoxic (center) and recovery responses (right) of
CSN, all results represent the mean (n=10). (d, e, f)
Graph bar representing the statistical difference between
control and inhibitor exposed under normoxic, hypoxic
and recovery state (p<0,001)

linking extracellular signals to nuclear events
(Waskiewicz and Cooper 1995; Su and Karin
1996; Nishio et al. 2001), and the implication of
ERK1/2 in cell proliferation process is classically
known (reviewed in Chambard et al. 2007).
Important for this work is to remind however
that dopaminergic (Beaulieu et al. 2006), musca-
rinic (Rosenblum et al. 2000), adrenergic
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Fig. 31.4 Comparative inhibition of LY294002 and
UO-126. (a) Recording of CSN activity in vitro prepara-
tion of superfused carotid body/CSN under nomoxia,
hypoxia and normoxia after hypoxia (recovery) under the

(Taraviras et al. 2002), serotonergic (Cowen
2007), GABAergic (Balasubramanian et al.
2004) and adenosinergic (Wiese et al. 2007) neu-
rotransmission are processes modulated by AKT
and ERK1/2. As these neurotransmitters are pro-
duced in the carotid body and regulated under
hypoxia, we hypothesized that ATK and ERK1/2
pathways are involved in the regulation of carotid
body function. Supporting this hypothesis, a
recent study showed that AKT, ERK1/2, and its
phosphorylated forms are expressed/activated in
the human carotid body, especially at young and
adult ages (Porcionato et al. 2010). Indeed, our
results show that AKT and ERK1/2 significantly
decrease the normoxic hypoxic and recovery
CSN discharge. More interestingly, while AKT
inhibition reduced the CSN activity partially, the
inhibition of ERK1/2 abolished it completely. At
the current stage of the knowledge, it is difficult
to propose a regulatory mechanism for this pro-
cess. Nevertheless, there are evidences showing
that hypoxia activates AKT and ERK pathways
(Lee et al. 2006; Beitner-Johnson et al. 2001;

effect of LY294002 and UO-126. (b, ¢, d) Graph bar
representing the statistical difference of both inhibitors.
Only hypoxia was statistically significant (p<0,001)

Hirai et al. 2004). As AKT and ERK1/2 regulate
the expression of growth factors that in turn mod-
ulate the potassium current density (Borowiec
et al. 2007), it is tempting to suggest that AKT &
ERK1/2 participate in the synthesis and libera-
tion of acetylcholine and ATP, which are the
major carotid body neurotransmitters upon
hypoxia.

In conclusion, we found that AKT and
ERK1/2 signaling pathways, are crucially
involved in regulating the CSN chemoreceptor
activity (you do not measure any of these trans-
mitters?). suggesting that both are involved the
carotid body chemoreflex activity and conse-
quently in the regulation of the ventilatory
response to hypoxia.

Acknowledgements The authors wish to thank to
Melanie Pelletier for her superb assistance and Richard
Kinkead for fruitful discussions. J.S. is supported by
grants from The Molly Towell Perinatal research
Foundation (MTPRF), The Fonds de la Recherche Québec
en Santé (FRQ-S: MOP-26974), and The Canadian
Institute for Health Research (CIHR: MOP-130258).



276

References

Bairam A, Carroll JL (2005) Neurotransmitters in carotid
body development. Respir Physiol Neurobiol
149(1-3):217-232

Balasubramanian S, Teissere JA, Raju DV et al (2004)
Hetero-oligomerization between GABAA and
GABAB receptors regulates GABAB receptor traf-
ficking. J Biol Chem 279(18):18840-18850

Beaulieu JM, Sotnikova TD, Gainetdinov RR et al (2006)
Paradoxical striatal cellular signaling responses to
psychostimulants in hyperactive mice. J Biol Chem
281(43):32072-32080

Beitner-Johnson D, Rust RT, Hsieh TC, Millhorn DE
(2001) Hypoxia activates Akt and induces phosphory-
lation of GSK-3 in PCI2 cells. Cell Signal
13(1):23-27

Borowiec AS, Hague F, Harir N, Guenin S, Guerineau F,
Gouilleux F, Roudbaraki M, Lassoued K, Ouadid-
Ahidouch H (2007) IGF-1 activates hREAG K(+) chan-
nels through an Akt-dependent signaling pathway in
breast cancer cells: role in cell proliferation. J Cell
Physiol 212(3):690-701

Buckler KJ, Vaughan-Jones RD (1994) Effects of hypoxia
on membrane potential and intracellular calcium in rat
neonatal carotid body type I cells. J Physiol
476(3):423-428

Chambard JC, Lefloch R, Pouyssegur J, Lenormand P
(2007) ERK implication in cell cycle regulation.
Biochim Biophys Acta 1773(8):1299-1310

Chan WS, Sideris A, Sutachan JJ et al (2013) Differential
regulation of proliferation and neuronal differentiation
in adult rat spinal cord neural stem/progenitors by
ERK1/2, Akt, and PLCgamma. Front Mol Neurosci 6:23

Cowen DS (2007) Serotonin and neuronal growth fac-
tors — a convergence of signaling pathways. J
Neurochem 101(5):1161-1171

Dey N, Howell BW, De PK et al (2005) CSK negatively
regulates nerve growth factor induced neural differen-
tiation and augments AKT kinase activity. Exp Cell
Res 307(1):1-14

Engelman JA, Luo J, Cantley LC (2006) The evolution of
phosphatidylinositol 3-kinases as regulators of growth
and metabolism. Nat Rev Genet 7(8):606-619

Fang W, Gao G, Zhao H et al (2014) Role of the Akt/GSK-
3beta/CRMP-2 pathway in axon degeneration of
dopaminergic neurons resulting from MPP+ toxicity.
Brain Res 1602:9-19

Ganfornina MD, Lopez-Barneo J (1991) Single K+ chan-
nels in membrane patches of arterial chemoreceptor
cells are modulated by O2 tension. Proc Natl Acad Sci
U S A 88(7):2927-2930

Hirai K, Hayashi T, Chan PH, Zeng J, Yang GY, Basus VJ,
James TL, Litt L (2004) P13K inhibition in neonatal
rat brain slices during and after hypoxia reduces phos-
pho-Akt and increases cytosolic cytochrome c and
apoptosis. Brain Res Mol Brain Res 124(1):51-61

P. Iturri et al.

Joseph V, Niane LM, Bairam A (2012) Antagonism of
progesterone receptor suppresses carotid body
responses to hypoxia and nicotine in rat pups.
Neuroscience 207:103-109

Kelly A, Lynch MA (2000) Long-term potentiation in
dentate gyrus of the rat is inhibited by the phos-
phoinositide  3-kinase  inhibitor, = wortmannin.
Neuropharmacology 39(4):643-651

Lee SM, Lee CT, Kim YW, Han SK, Shim YS, Yoo CG
(2006) Hypoxia confers protection against apoptosis
via PI3K/Akt and ERK pathways in lung cancer cells.
Cancer Lett 242(2):231-238

Lopez-Barneo J, Lopez-Lopez JR, Urena J et al (1988)
Chemotransduction in the carotid body: K+ current
modulated by PO2 in type I chemoreceptor cells.
Science 241(4865):580-582

Lopez-Barneo J, Pardal R, Ortega-Saenz P (2001) Cellular
mechanism of oxygen sensing. Annu Rev Physiol
63:259-287

Man HY, Wang Q, Lu WY, Ju W, Ahmadian G, Liu L,
D’Souza S, Wong TP, Taghibiglou C, Lu J, Becker
LE, Pei L, Liu F, Wymann MP, MacDonald JF,
Wang YT (2003) Activation of PI3-kinase is
required for AMPA receptor insertion during LTP of
mEPSCs in cultured hippocampal neurons. Neuron
38(4):611-624

Manning BD, Cantley LC (2007) AKT/PKB signaling:
navigating downstream. Cell 129(7):1261-1274

Montoro RJ, Urena J, Fernandez-Chacon R et al (1996)
Oxygen sensing by ion channels and chemotransduc-
tion in single glomus cells. J Gen Physiol
107(1):133-143

Nishio H, Matsui K, Tsuji H, Tamura A, Suzuki K (2001)
Immunolocalization of the mitogen-activated protein
kinase signaling pathway in Hassall’s corpuscles of
the human thymus. Acta Histochem 103(1):89-98

Opazo P, Watabe AM, Grant SG, O’Dell TJ (2003)
Phosphatidylinositol 3-kinase regulates the induction
of long-term potentiation through extracellular signal-
related kinase-independent mechanisms. J Neurosci
23(9):3679-3688

Porzionato A, Macchi V, Parenti A, De Caro R (2010)
Extracellular signal-regulated kinase and phosphati-
dylinositol-3-kinase/AKT signalling pathways in the
human carotid body and peripheral ganglia. Acta
Histochem 112(4):305-316

Prabhakar NR, Overholt JL (2000) Cellular mechanisms
of oxygen sensing at the carotid body: heme proteins
and ion channels. Respir Physiol 122(2-3):209-221

Rosenblum K, Futter M, Jones M et al (2000) ERKI/IT
regulation by the muscarinic acetylcholine receptors
in neurons. J Neurosci 20(3):977-985

Sanna PP, Cammalleri M, Berton F, Simpson C, Lutjens R,
Bloom FE, Francesconi W (2002) Phosphatidylinositol
3-kinase is required for the expression but not for the
induction or the maintenance of long-term potentiation
in the hippocampal CAl region. J Neurosci
22(9):3359-3365



31 Inhibition of Protein Kinases AKT and ERK;,, Reduce...

Su B, Karin M (1996) Mitogen-activated protein kinase
cascades and regulation of gene expression. Curr Opin
Immunol 8(3):402-411

Taraviras S, Olli-Lahdesmaki T, Lymperopoulos A et al
(2002) Subtype-specific neuronal differentiation of
PC12 cells transfected with alpha2-adrenergic recep-
tors. Eur J Cell Biol 81(6):363-374

Teng L, Kou C, Lu C et al (2014) Involvement of the ERK
pathway in the protective effects of glycyrrhizic acid
against the MPP+-induced apoptosis of dopaminergic
neuronal cells. Int J Mol Med 34(3):742-748

Urena J, Fernandez-Chacon R, Benot AR et al (1994)
Hypoxia induces voltage-dependent Ca2+ entry and
quantal dopamine secretion in carotid body glomus
cells. Proc Natl Acad Sci U S A 91(21):10208-10211

Waskiewicz AJ, Cooper JA (1995) Mitogen and stress
response pathways: MAP kinase cascades and phos-

277

phatase regulation in mammals and yeast. Curr Opin
Cell Biol 7(6):798-805

Weir EK, Lopez-Barneo J, Buckler KJ et al (2005) Acute
oxygen-sensing mechanisms. N Engl J Med
353(19):2042-2055

Wiese S, Jablonka S, Holtmann B et al (2007) Adenosine
receptor A2A-R contributes to motoneuron survival by
transactivating the tyrosine kinase receptor TrkB. Proc
Natl Acad Sci U S A 104(43):17210-17215

Yoshii A, Constantine-Paton M (2014) Postsynaptic local-
ization of PSD-95 is regulated by all three pathways
downstream of TrkB signaling. Front Synaptic
Neurosci 6:6

Zhang X, Zhang Q, Tu J et al (2014) Prosurvival NMDA
2A receptor signaling mediates postconditioning neu-
roprotection in the hippocampus. Hippocampus
25(3):286-296



Andrew P. Holmes, Ana Rita Nunes,
Martin J. Cann, and Prem Kumar

A P. Holmes (D))  P. Kumar

Abstract

Carotid body (CB) stimulation by hypercapnia causes a reflex increase in
ventilation and, along with the central chemoreceptors, this prevents a
potentially lethal systemic acidosis. Control over the CB chemoafferent
output during normocapnia and hypercapnia most likely involves multiple
neurotransmitters and neuromodulators including ATP, acetylcholine,
dopamine, serotonin and adenosine, but the precise role of each is yet to be
fully established. In the present study, recordings of chemoafferent dis-
charge frequency were made from the isolated in vitro CB in order to
determine the contribution of adenosine, derived specifically from extra-
cellular catabolism of ATP, in mediating basal chemoafferent activity and
responses to hypercapnia. Pharmacological inhibition of ecto-5'-
nucleotidase (CD73), a key enzyme required for extracellular generation
of adenosine from ATP, using «,f-methylene ADP, virtually abolished the
basal normocapnic single fibre discharge frequency (superfusate
PO,~300 mmHg, PCO,~40 mmHg) and diminished the chemoafferent
response to hypercapnia (PCO,~80 mmHg). These effects were mim-
icked by the blockade of adenosine receptors with 8-(p-sulfophenyl)
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theophylline. The excitatory impact of adenosinergic signalling on CB
hypercapnic sensitivity is most likely to be conferred through changes in
cAMP. Here, inhibition of transmembrane, but not soluble adenylate
cyclases, reduced normocapnic single fibre activity and inhibited the ele-
vation evoked by hypercapnia by approximately 50 %. These data there-
fore identify a functional role for CD73 derived adenosine and
transmembrane adenylate cyclases, in modulating the basal chemoafferent
discharge frequency and in priming the CB to hypercapnic stimulation.

Keywords

Carotid body * Adenosine * Hypercapnia * Ecto-5'-nucleotidase * cAMP

32.1 Introduction

The mammalian carotid bodies (CBs) are the pri-
mary peripheral chemoreceptors that respond to
acute hypoxia, and stimulation drives the reflex
hyperventilation that acts to preserve O, delivery
and metabolism in the brain and vital organs
(Kumar 2009). However, the importance of the
CB in the regulation of breathing is not limited to
hypoxia. Continuous chemoafferent input from
CB into the central nervous system (CNS) is
thought to account for up to 60 % of eupneic ven-
tilation (Blain et al. 2009). Furthermore, the CBs
are activated by other blood stimuli including
hypercapnia and acidosis, both of which are
potentially lethal if not adequately countered.

It was originally proposed that approximately
30-50 % of the reflex ventilatory response to
arterial hypercapnia was mediated through direct
stimulation of the CB (Heeringa et al. 1979;
Rodman et al. 2001), with the remaining contri-
bution arising from chemoreceptors located in
the CNS (Nattie 1999). However, a more recent
investigation has shown that a complete silencing
of the CB chemoafferent output significantly
depresses the central CO, chemoreceptor sensi-
tivity (Blain et al. 2010). Therefore, in addition to
direct hypercapnic CB excitation, maintenance
of a tonic CB chemoafferent signal into the CNS
seems to have an important role in establishing
the hypercapnic sensitivity of the central chemo-
receptors and further emphasises the importance
of the CB in blood CO, and pH homeostasis.

Control over the CB chemoafferent output in
basal conditions and during hypercapnia most

likely involves multiple neurotransmitters and
neuromodulators including ATP, acetylcholine,
dopamine, serotonin and adenosine (Nurse
2010), but the contribution of each is yet to be
fully characterised. Despite adenosine being an
established neuromodulatory substance in the
central nervous system (Cunha 2001), its source
and physiological role in the CB remains some-
what unresolved. Up to now the majority of
investigations have focused on the action of ade-
nosine in mediating the CB response to acute
changes in O, tension (McQueen and Ribeiro
1986; Conde et al. 2006, 2012) or the adaptations
following chronic hypoxia (Livermore and Nurse
2013). However, the physiological importance
and source of endogenous adenosine in
establishing basal CB chemoafferent activity and
responses to hypercapnia is unclear.
Physiologically active concentrations of ade-
nosine, present in the synapse between the CB
type I cell and the adjacent chemoafferent neu-
rone, may originate from multiple sources. First,
adenosine may be generated via extracellular
catabolism of ATP; an excitatory neurotransmit-
ter that is secreted from type I and type II cells
(Zhang et al. 2012; Piskuric and Nurse 2013).
This conversion requires two key enzymes; ecto-
nucleoside triphosphate diphosphohydrolyase 1
(CD39) and ecto-5'-nucleotidase (CD73)
(Bianchi and Spychala 2003). Second, adenosine
may be formed in the type I cell and then released
into the synapse through the bidirectional equili-
brative nucleotide transporter (ENT) (Cass et al.
1998). Measurements of whole organ adenosine
suggest a possible contribution of both sources to
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the total ‘pool’ of available adenosine and this
may be subject to variation depending on the
ambient level of O, (Conde and Monteiro 2004;
Conde et al. 2012). This current study aims to
more clearly define the functional importance of
endogenous adenosine specifically generated
from extracellular catabolism of ATP in modulat-
ing the sensory neuronal output of the CB, both
under basal conditions and during hypercapnia.
The four G-protein coupled adenosine recep-
tors cloned to data (A, A,s, Ay and Aj) all exert
their actions through inhibition or excitation of
transmembrane adenylyl cyclases (tmACs) and
production of cAMP (reviewed in (Ribeiro and
Sebastiao 2010)). Thus any functional role of
adenosine is likely to be conferred through modi-
fications in cAMP accumulation. We have previ-
ously reported that the CB expresses numerous
different tmAC mRNA transcripts (Nunes et al.
2013) as well as the soluble AC (sAC) isoform
(Nunes et al. 2009). CB cAMP is elevated during
hypercapnia (Perez-Garcia et al. 1990) and, in
isolated type I cells, cAMP analogues potentiate
inward Ca?* current in a manner that is quantita-
tively similar to hypercapnia (Summers et al.
2002). Here we investigate whether direct target-
ing of tmAC or sAC impairs the CB chemoaffer-
ent outflow in normocapnia and/or hypercapnia.

32.2 Methods
32.2.1 Ethical Approval

All surgical procedures were performed in accor-
dance with project and personal licences issued
under the UK Animals (Scientific Procedures)
Act 1986 and were approved by the Biomedical
Services Unit at the University of Birmingham.

32.2.2 Extracellular Recordings
of Single and Few-Fibre
Chemoafferent Neurones

The whole carotid bifurcation along with the
attached carotid sinus nerve (CSN) and CB were
isolated from adult male Wistar rats (50-200 g)
under inhalation anaesthesia (2—4 % isoflurane in
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0,). Following tissue removal, animals were
immediately killed by exsanguination. The bifur-
cations were rapidly transferred into an ice cold
bicarbonate buffered extracellular Krebs solution
containing, in mM: 115 NaCl, 4.5 KCI, 1.25
NaH,PO,, 5 Na,SO,, 1.3 MgS0,, 24 NaHCO;,
2.4 CaCl,, 11 D-glucose, equilibrated with 95 %
O, and 5 % CO,.

Extracellular recordings of single or few-fibre
chemoafferent activity were made from the cut
end of the CSN, as described previously (Holmes
et al. 2014). The chemoafferent derived voltage
was recorded using a CED micro1401 and visual-
ised on a PC with Spike2 software (Cambridge
Electronic Design, Cambridge, UK). The che-
moafferent voltage signal was sampled at
15,000 Hz. Using the in-built wavemark analysis
in the Spike2 software, electrical activity origi-
nating from a single chemoafferent fibre was
determined by its unique ‘wavemark’ signature
based on frequency, shape and amplitude.

32.2.3 Experimental Solutions
and Drugs

During experimentation, whole CBs were con-
tinuously superfused with a standard bicarbonate
buffered Krebs solution containing, in mM: 115
NaCl, 4.5 KCI, 1.25 NaH,PO,, 5 Na,SO,, 1.3
MgSQ,,24 NaHCO;, 2.4 CaCl, and 11 D-glucose.
All solutions were heated to 37 °C using a water
bath (Grant W14; Grant Instruments, Cambridge,
UK) and had a pH of 7.4 except during hypercap-
nic acidosis.

Chemoafferent responses to hypercapnia aci-
dosis were induced by raising the superfusate
PCO, from approximately 40 mmHg (pH 7.4) to
80 mmHg (pH 7.15) at a constant PO,
(300 mmHg), as has been previously reported
(Bin-Jaliah et al. 2005). Since the chemoafferent
response to hypercapnia is thought to peak ini-
tially and then adapt to a lower sustained fre-
quency (Black et al. 1971), measurements of
chemoafferent activity were taken from the fifth
minute of the hypercapnic stimulus, after a rela-
tively steady state frequency had been achieved.
CO, sensitivity was subsequently calculated as
the increase in single fibre discharge frequency
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per mmHg increase in superfusate PCO, (AHz/
mmHg PCQO,), given that the rise in discharge
frequency is linear over this PCO, range (Biscoe
et al. 1970; Fitzgerald and Parks 1971; Pepper
et al. 1995; Vidruk et al. 2001).

32.2.4 Analysis of Data

Values are expressed as mean +standard error of
mean unless otherwise stated. Statistical analysis
was performed using (i) a paired 2-tailed stu-
dent’s t-test or (ii) repeated measures one way
Analysis of Variance (ANOVA) with Bonferroni
or Dunnett’s post hoc analysis where appropriate
(Prism v5; GraphPad Software, La Jolle, CA,
USA). Significance was taken as p<0.05.

32.3 Results

32.3.1 Basal Chemoafferent Outflow
is Dependent on Ecto-5'-
Nucleotidase (CD73) Activity
and Adenosinergic Signalling

Basal chemoafferent output from the CB pro-
vides the peripheral component of the drive to
breathe. Initial experiments sought to determine
whether or not adenosine generated from extra-
cellular ATP catabolism has any part in establish-
ing this sensory neuronal activity of the
CB. Pharmacological targeting of ecto-5'-
nucleotidase (CD73; a key membrane bound
enzyme involved in the formation of adenosine
from extracellular ATP) using the inhibitor o,f-
methylene ADP (AOPCP; 100 pM; Conde and
Monteiro 2004) had a striking effect on basal
single fibre activity, diminishing the discharge
frequency by 91.2+3.8 % (Fig. 32.1a upper and
b). A similar (93.9+1.9 %) reduction in basal fre-
quency was observed in the presence of the ade-
nosine receptor antagonist 8-(p-sulfophenyl)
theophylline (8-SPT, 300 pM; Wyatt et al. 2007)
(Fig. 32.1a middle and b). The four G-protein
coupled adenosine receptors cloned to date (A,
Ajs, Asp and Aj) all exert their actions through
inhibition or excitation of transmembrane adeny-

A.P.Holmes et al.

lyl cyclases (tmACs) and modification of cAMP
production. In the current investigation, the pres-
ence of 9-(Tetrahydro-2-furanyl)-9H-purin-6-
amine (SQ22536; a tmAC inhibitor; 200 pM,
IC5y=20 pM; (Rocher et al. 2009)) caused a
70.2+16.0 % decrease in basal single fibre fre-
quency (Fig. 32.1a lower and b). This is consis-
tent with the idea that tonic generation of
adenosine from ATP modulates basal CB neuro-
nal outflow through production of cAMP.

32.3.2 Chemoafferent Responses
to Hypercapnia Are Dependent
on Ecto-5'-Nucleotidase (CD73)
Activity, Adenosinergic
Receptor Stimulation and
Transmembrane Adenylyl
Cyclase Production of cAMP

Experiments were designed to establish or rule
out a potential role for endogenous adenosine in
mediating the heightened sensory neuronal
activity of the CB in hypercapnia. Selective
inhibition of CD73 with AOPCP (100 pM)
diminished the single fibre discharge frequency
recorded in both normocapnic (40 mmHg PCO,)
and hypercapnic (80 mmHg PCO,) conditions
(Fig. 32.2a, b). Furthermore, AOPCP caused a
dramatic (98.0+1.8 %) reduction in CB CO,
sensitivity (Fig. 32.2c). This inhibitory effect
was rapidly reversed once the drug was removed
from the superfusate as demonstrated in the raw
trace example in Fig. 32.2a. Similar observa-
tions were made in the presence of 8-SPT
(300 pM). 8-SPT significantly attenuated che-
moafferent activity in both normocapnia and
hypercapnia (Fig. 32.2d) and markedly
decreased the CB CO, sensitivity by 81.5+5.8 %
(Fig. 32.2¢).

As with the basal discharge, the excitatory
impact of adenosinergic signalling on CB hyper-
capnic sensitivity is most likely to be conferred
through activation of tmACs coupled to the ade-
nosine receptors. Here, addition of the tmAC
inhibitor SQ22536 (200 pM), produced a rapid
reduction in normocapnic single fibre activity
and inhibited the elevation evoked by hypercapnia
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Fig. 32.1 The basal chemoafferent discharge frequency
of the carotid body (CB) is critically dependent on ecto-
5’-nucleotidase (CD73) mediated formation of adenosine.
(a) Example raw neuronal traces demonstrating the inhib-
itory impact of three different compounds on basal che-
moafterent outflow: AOPCP (100 pM; inhibitor of CD73),
8-SPT (300 uM; non-selective adenosine receptor antago-
nist) and SQ22536 (200 pM; inhibitor of transmembrane
adenylate cyclases). For each trace, overdrawn action

(Fig. 32.3a, b). In every fibre tested the absolute
increase in hypercapnic discharge was reduced in
the presence of SQ22536. Accordingly, further
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130 uv
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30s

I
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potentials are shown inset to exhibit single fibre discrimi-
nation. (b) Mean single fibre basal frequencies in the pres-
ence and absence of each pharmacological agent. Data
presented is from 6 fibres (n=6) from 4 CB preparations
(AOPCP), 6 fibres (n=6) from 4 CB preparations (8-SPT)
and 5 fibres (n=5) from 4 CB preparations (SQ22536).
Error bars indicate + S.E.M. * denotes P<0.05 compared
with control basal discharge frequency; paired Student’s
t-test

analysis showed that SQ22536 (200 pM) pro-
duced a 47.1+£9.4 % decline in CB CO, sensitiv-
ity (Fig. 32.3c). Normal hypercapnic responses
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Fig. 32.2 Carotid body (CB) responses to hypercapnia
are mediated by adenosine generated from ecto-5'-
nucleotidase (CD73). (a) An example electrophysiologi-
cal recording of the CB response to 5 min of hypercapnia
(PCO,=80 mmHg) in the presence and absence of the
CD73 inhibitor AOPCP. Raw discharge is shown (upper)
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along with frequency histograms (lower). Overdrawn
action potentials are shown inset to demonstrate the single
fibre discrimination used to measure frequency. The
inhibitory action of AOPCP was readily reversible. (b)
Mean discharge frequencies recorded in normocapnia
(PCO,=40 mmHg) and hypercapnia (PCO,=80 mmHg),
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Fig.32.3 Rises in chemoafferent activity in hypercapnia
are dependent on transmembrane (tmAC) but not soluble
adenylate cyclase (sAC) activity. (a) Characteristic exam-
ple recording of the response to hypercapnia
(PCO,=80 mmHg) in the presence and absence of the
tmAC inhibitor SQ22536 (200 uM). Raw discharge is
shown (upper) along with frequency histograms (lower).
Overdrawn action potentials are shown inset to demon-
strate the single fibre discrimination. The inhibitory
impact of SQ22536 was fully reversible. (b) Mean single
fibre discharge frequencies recorded in normocapnia
(PCO,=40 mmHg) and hypercapnia (PCO,=80 mmHg),
in control conditions and following addition of SQ22536
to the superfusate. Error bars indicate+S.E.M. * denotes
P<0.05 compared with control group; one way repeated
measures ANOVA with Bonferroni post hoc analysis. (¢)

were readily restored following removal of the
agent from the superfusate, as exemplified in
Fig. 32.3a. In contrast, the soluble adenylyl

<

CO, sensitivity (& Hz / mmHg PCO,)

T 1]
20 control KH7

Supen‘usale PCO, (mmHg)

Calculated mean CO, sensitivity (A Hz/mmHg PCO,) in
control conditions during SQ22536 drug application.
Error bars indicate + S.E.M. * denotes P<0.05 compared
with control group; paired Student’s t-test. For (b) and (c)
the data presented is from 7 fibres (n=7) from 4 CB prep-
arations. (d) As for (a) but in the presence of the sAC
inhibitor KH7 (10 pM). KH7 was applied for ~30 min to
maximise delivery and uptake into the CB before expo-
sure to hypercapnia. (e) Mean single fibre discharge fre-
quencies recorded in normocapnia (PCO,=40 mmHg)
and hypercapnia (PCO,=80 mmHg), for control and dur-
ing application of KH7. Error bars indicate+S.E.M. (f)
Calculated CO, sensitivities (A Hz/mmHg PCO,) for con-
trol and KH7 groups. Error bars indicate + S.E.M. For E)
and F) data is from 5 fibres (n=5) from 4 CB
preparations

cyclase (SAC) antagonist,
imidazol-2-ylthio)-N'-
hydroxybenzylidene)propanehydrazide

2-(1H-Benzol[d]
(5-bromo-2-
(KH7;

Fig.32.2 (continued) in control conditions and follow-
ing addition of AOPCP. Error bars indicate+S.E.M. *
denotes P<0.05 compared with control group; one way
repeated measures ANOVA with Bonferroni post hoc
analysis. (c) Calculated mean CO, sensitivity (A Hz/
mmHg PCO,) in control conditions and following AOPCP
drug application. Error bars indicate+S.E.M. * denotes
P<0.05 compared with control group; paired Student’s
t-test. For B) and C) data is from 6 fibres (n=6) from 5 CB
preparations. (d) Mean discharge frequencies recorded in

normocapnia and hypercapnia, in control conditions and
in the presence of 8-SPT (300 uM), the non-selective
adenosine receptor antagonist. Error bars indicate + S.E.M.
* denotes P<0.05 compared with control group; one way
repeated measures ANOVA with Bonferroni post hoc
analysis. (e) Calculated mean CO, sensitivity (A Hz/
mmHg PCO,) for control and 8-SPT groups. Error bars
indicate+S.E.M. * denotes P<0.05 compared with con-
trol group; paired Student’s t-test. For (d) and (e) data is
from 7 fibres (n=7) from 3 CB preparations
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10 pM; (Nunes et al. 2013)), failed to impact on
basal chemoafferent activity or the response to
hypercapnia (Fig. 32.3d, e). KH7 (10 pM) did not
alter CB CO, sensitivity even after prolonged
incubation (Fig. 32.3d, f). These data therefore
suggest that cAMP production mediates a com-
ponent of the functional chemoafferent response
to hypercapnia and that this is selectively depen-
dent on tmAC rather than sAC activation.

32.4 Discussion

32.4.1 CD73,Adenosine and tmAC
Signalling Mediate Basal CB
Activity and the Sensitivity
to Hypercapnia

The findings presented in this study indicate that
extracellular adenosine formed selectively
through catabolism of ATP, in the presence of
ecto-5'-nucleotidase (CD73), has an important
neuromodulatory role in mediating the CB sen-
sory neuronal discharge, both under basal condi-
tions and during stimulation by hypercapnia. In
addition we show that tmAC but not sAC activity
is necessary for full expression of CB hypercap-
nic sensitivity.

It has been previously reported that inhibition
of ATP metabolism in normoxia by AOPCP
decreases CB adenosine content (Conde and
Monteiro 2004). Our observations suggest that
this source of adenosine is functionally required
in order to generate the basal chemoafferent out-
flow. The impact of adenosine is most likely to be
conferred through modifications in cAMP, an
excitatory signalling molecule in the CB (Nunes
et al. 2014), given that the A,, and A,z adenosine
receptor subtypes expressed in the CB (Gauda
et al. 2000; Kobayashi et al. 2000; Conde et al.
2006) are coupled to tmACs (Ribeiro and
Sebastiao 2010). Accordingly, in this investiga-
tion pharmacological inhibition of tmACs by
SQ22536 caused a significant reduction in basal
chemoafferent activity.

The basal sensory output from the CB accounts
for up to 60 % of the drive to breath at rest (Blain
et al. 2009) and may contribute to the resting sym-
pathetic outflow to the vasculature (Kumar and
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Prabhakar 2012). Furthermore, it is the chronic
rise in basal CB activity following CIH that is
thought to drive the hypertension in patients with
OSA (Narkiewicz et al. 1998; Peng et al. 2003). It
is probable that overall chemoafferent output in
normoxia is dependent on both spontaneous pre-
synaptic (type I cell) depolarisation and neu-
rotransmitter release, along with subsequent
post-synaptic receptor activation. Chemoafferent
neurones may also generate a degree of spontane-
ous activity. In large clusters of type I cells, spon-
taneous cellular depolarisation is reported to be a
consequence of an attenuation of the background
K* current, which is itself regulated by local 5-HT
and PKC activation (Zhang and Nurse 2000;
Zhang et al. 2003). The observations presented
here suggest an additional signalling mechanism
that is dependent on adenosine formation and
tmAC mediated cAMP production.

It is becoming more apparent that the CB has a
principal role in countering rises in arterial CO,.
As well as direct stimulation of the CB accounting
for approximately 30-50 % of the reflex hypercap-
nic ventilatory response (Heeringa et al. 1979;
Rodman et al. 2001), it has been recently shown
that the CB chemoafferent outflow is necessary in
establishing the CO, sensitivity of the central med-
ullary chemoreceptors (Blain et al. 2010). Despite
these important findings, the full transduction
mechanisms that lead to an increase in CB dis-
charge frequency during hypercapnia are still elu-
sive. The results described here provide evidence
that the heightened chemoafferent activity in
hypercapnia is dependent on CD73 mediated
catabolism of ATP to form adenosine. The princi-
pal origin of the synaptic ATP is most likely to be
the type I cell given that ATP is secreted as a neu-
rotransmitter in both normocapnic (Conde et al.
2012) and hypercapnic conditions (Zhang and
Nurse 2004). Interestingly, in chemosensitive
regions of the brainstem, hypercapnia-evoked ATP
release occurs through the gap junctional protein,
connexin26 (Cx26) (Huckstepp et al. 2010b).
Direct binding of CO, prevents pore occlusion and
effectively ‘traps’ Cx26 in an open conformation
(Huckstepp et al. 2010a; Meigh et al. 2013). In the
CB, recent evidence has identified a mechanism of
ATP induced ATP release through pannexin chan-
nels in type II cells (Zhang et al. 2012). Whether
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ATP is released from type II cells in normoxia and/
or hypercapnia, thus acting as a substrate for addi-
tional adenosine formation, could be an interesting
area for future investigating.

We also demonstrate that inhibitory targeting
of tmAC:s also reduced the CO, sensitivity of the
CB. This is in agreement with the idea that ade-
nosine partially establishes the chemoafferent
sensitivity of the CB to hypercapnia through
tmAC dependent cAMP production. In the later
instance however, a considerable proportion of
the response to hypercapnia is preserved, which
was in contrast to the results described using
8-SPT and AOPCP. This may have been due to
incomplete run-down in tmAC function using
SQ22536 or, more likely, that adenosine has
additional actions that are independent of
cAMP. These alternative downstream signalling
pathways possibly involve activation of PKC or
phospholipase C, as has been proposed for a
component of the excitatory adenosine neuro-
modulation in the CNS (Cunha 2001).

The finding that SQ22536 but not KH7
reduces chemoafferent excitation in hypercapnia,
suggests that cAMP regulation of CB CO, sensi-
tivity is itself determined by tmAC and not sAC
enzymatic activity. Although sAC is present in
the CB (Nunes et al. 2009) and is directly stimu-
lated by binding of CO, or HCO;~ (Townsend
et al. 2009), it appears to have no functional con-
tribution in moderating the chemoafferent fre-
quency in hypercapnia. This is in accordance
with our previous findings where KH7 failed to
modify CB cAMP content when the organ was
exposed to isohydric hypercapnia (Nunes et al.
2013). Thus we propose that rises in CO, or intra-
cellular HCO;™ alone are insufficient to stimulate
sAC enough to have functional effects on che-
moafferent discharge in hypercapnia.

32.4.2 Conclusions

Endogenous adenosine produced from extracel-
lular catabolism of ATP in the presence of ecto-
5’-nucleotidase (CD73) is necessary for the
generation of a basal chemoafferent discharge
frequency. This basal discharge may be of clinical
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significance in a number of cardiorespiratory
disorders where enhanced CB activity is associ-
ated with increased sympathetic outflow and
thus with potential increase in patient morbid-
ity and mortality. In addition this source of ade-
nosine and tmAC generation of cAMP, acting
downstream of adenosine receptors, are
required for the full expression of the CB sensi-
tivity to hypercapnia.
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Abstract

T-type Ca®* channels regulate proliferation in a number of tissue types,
including vascular smooth muscle and various cancers. In such tissues,
up-regulation of the inducible enzyme heme oxygenase-1 (HO-1) is often
observed, and hypoxia is a key factor in its induction. HO-1 degrades
heme to generate carbon monoxide (CO) along with Fe?* and biliverdin.
Since CO is increasingly recognized as a regulator of ion channels (Peers
et al. 2015), we have explored the possibility that it may regulate prolifera-
tion via modulation of T-type Ca?* channels.

Whole-cell patch-clamp recordings revealed that CO (applied as the
dissolved gas or via CORM donors) inhibited all 3 isoforms of T-type
Ca?* channels (Cav3.1-3.3) when expressed in HEK293 cells with simi-
lar IC;, values, and induction of HO-1 expression also suppressed T-type
currents (Boycott et al. 2013). CO/HO-1 induction also suppressed the
elevated basal [Ca** ]; in cells expressing these channels and reduced
their proliferative rate to levels seen in non-transfected control cells
(Duckles et al. 2015).

Proliferation of vascular smooth muscle cells (both A7r5 and human
saphenous vein cells) was also suppressed either by T-type Ca?* channel
inhibitors (mibefradil and NNC 55-0396), HO-1 induction or application
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of CO. Effects of these blockers and CO were non additive. Although
L-type Ca?* channels were also sensitive to CO (Scragg et al. 2008), they
did not influence proliferation. Our data suggest that HO-1 acts to control
proliferation via CO modulation of T-type Ca?* channels.

Keywords

Heme oxygenase * Carbon monoxide ¢ T-type Ca?" channel ¢« Smooth
muscle ¢ Vascular disease * Proliferation

33.1 Introduction

Heme oxygenases (HO-1 and HO-2) are
enzymes that catalyse the degradation of heme,
generating biliverdin, Fe** and carbon monox-
ide (CO). The enzymes differ in that HO-2 is
widely distributed and constitutively active,
whereas HO-1 (also known as heat shock pro-
tein 32) is induced by numerous forms of cel-
lular stress, including hypoxia (Kim et al.
2006; Ryter et al. 2006). HO-1 is commonly
regarded as protective through reduction of
levels of heme (which is itself pro-oxidant),
and formation of biliverdin which is rapidly
converted to the powerful antioxidant,
bilirubin.

Induction of HO-1 is associated with patho-
logical cardiovascular conditions including myo-
cardial infarction, hypertension, atherosclerosis
and vascular injury. Although diverse, these
important diseases share the common feature of
increased levels of vascular smooth muscle cell
(VSMCO) proliferation, which can, for example in
the pulmonary circulation, be promoted by
hypoxia (Ryter et al. 2006; Chang et al. 2008).
Evidence indicates that HO-1 has anti-
proliferative effects which are likely due to its
ability to generate CO (Otterbein et al. 2003;
Durante et al. 2006; Durante 2003): indeed, CO
inhalation reduces VSMC proliferation in intimal
hyperplasia which often arises as an unwanted
consequence of vessel grafting (Otterbein et al.
2003; Ramlawi et al. 2007; see also Newby and
George 1996). Based in part on such findings,
CO (in the form of controlled inhalation levels,
or CO-releasing molecules (CORMs)), is being
explored as a therapeutic approach for cardiovas-

cular disease (Foresti et al. 2008), although it
should be noted that the detailed mechanisms
underlying its anti-proliferative effects remaining
unknown.

Switching of VSMCs from the contractile to
proliferative phenotype is a crucial step in the
progression of vascular diseases, as well as in
development and repair (Owens et al. 2004;
Owens 1995; Wamhoff et al. 2006). Associated
with this switch is a dramatic change in the
expression of a restricted number of ion chan-
nels (Cidad et al. 2010), included amongst
which is the T-type Ca?* channel (Perez-Reyes
2003). In contractile VSMCs Ca?* influx via
L-type Ca?* channels is a major determinant of
vascular tone, but in proliferating VSMCs
L-type Ca* channel expression declines sub-
stantially whilst expression of T-type Ca* chan-
nels increases (Richard et al. 1992; Kuga et al.
1996). Much evidence indicates that influx of
Ca?* via T-type Ca*" channels is required for
proliferation and neointima formation following
vascular injury (Kuga et al. 1996; Schmitt et al.
1995; Rodman et al. 2005; Lipskaia et al. 2009;
Tzeng et al. 2012).

A number of research groups, including our
own, have demonstrated that specific ion chan-
nels are targets of regulation by CO, and that
via ion channel modulation CO exerts many of
its important physiological and pathological
actions (Williams et al. 2004; Jaggar et al.
2005; Telezhkin et al. 2011; Scragg et al. 2008;
Dallas et al. 2012; Peers et al. 2015). In the
present study, we have examined whether
T-type Ca?* channels represent another target
for modulation by CO and, if so, how this might
impact on VSMC proliferation.
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33.2 Methods
33.2.1 Cell Culture

Experiments were performed using HEK293
cells (Boycott et al. 2013), the aortic smooth
muscle cell line A7r5 (Kimes and Brandt 1976)
and human saphenous vein cells (Duckles et al.
2015). HEK293 cells were cultured in minimum
essential medium containing Earle’s salts and
L-glutamine, and supplemented with 10 % (v/v)
foetal bovine serum (FBS; Biosera, Ringmer
UK), 1 % (v/v) non-essential amino acids, 1 %
(v/v) antibiotic/antimycotic, and 0.1 % (v/v) gen-
tamicin. HEK293 cells stably expressing T-type
Ca’* channels (Cav3.1, 3.2 or 3.3; a kind gift
from E. Perez-Reyes; University of Virginia,
USA), were cultured in wild type (WT) HEK293
media supplemented with 1 mg/ml G-418. Cells
were kept in a humidified incubator at 37 °C
(95 % air: 5 % CO,) and passaged weekly. A7r5
cells (from the European Collection of Cell
Cultures, Porton Down UK) were grown in A7r5
complete media, consisting of DMEM contain-
ing 10 % FBS (Biosera, Ringmer UK) and 1 %
glutamax (Gibco, Paisley UK). Human saphe-
nous vein smooth muscle cells (HSVSMCs) were
isolated from the saphenous vein (SV) of anony-
mous patients undergoing coronary artery bypass
graft surgery as previously described (Duckles
et al. 2015). All cells were kept in a humidified
incubator at 37 °C (95 % air: 5 % CO,).

33.2.2 Electrophysiology

Ca?* currents were recorded from HEK293 cells
using the whole-cell configuration of the patch-
clamp technique at room temperature (21-24 °C)
as previously described (Boycott et al. 2013).
Pipettes (4—6 MQ) contained (in mM): CsCl
(120), MgCl, (2), EGTA (10), TEA-CI (20),
HEPES (10), Na-ATP (2), pH 7.2 (adjusted with
CsOH), and the perfusate was composed of (in
mM): NaCl (95), CsCl (5), MgCl, (0.6), CaCl,
(15), TEA-CI (20), HEPES (5), D-glucose (10),
pH 7.4 (adjusted with NaOH). Cells were
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voltage-clamped at —80 mV and either repeatedly
depolarized to —20 mV (200 ms, 0.1 Hz) or to a
series of test potentials ranging from —100 mV
to +60 mV. All currents were low-pass filtered at
2 kHz and digitised at 10 kHz.

33.2.3 Proliferation Assay

Cells were plated in 24-well plates in complete
media (1x10* cells per well). HSVSMCs were
allowed to adhere overnight and subjected to
serum free media (SFM) for 2.5 days respec-
tively. A7r5 and HEK293 cells were allowed to
adhere for 6 h and then exposed to SFM over-
night. On day O of the assay, SFM was removed
and 1 ml of the relevant complete media added to
each well, in addition to any drugs being investi-
gated. To count cells, media was removed, cells
were washed with 1 ml of Dulbecco’s phosphate
buffered saline (PBS) and 200 pl of 0.05 %
trypsin-EDTA (Gibco, Paisley UK) was added
(pre-warmed to 37 °C). Post-incubation, 800 pl
of complete media was added and the cell sus-
pension centrifuged (600 g for 6 min). Following
removal of 950 pl of media, 50 pl of supernatant
remained with the cell pellet, which was then re-
suspended with 50 pl of 0.4 % Trypan Blue
(Thermo Scientific, Rockford USA) to exclude
non-viable cells. Media was retained from one
well of each treatment, processed in the same
manner as the cell samples, and any cells present
were counted as an additional quantification of
non-viable cells. Day 0 counts and media counts
were performed using a hemocytometer. All
other counts were performed using a TCI10
Automated Cell Counter (Bio-Rad, Hemel
Hempstead UK).

33.2.4 Western Blotting

Cells were grown to 80 % confluence in 6-well
plates. Wells were replenished with 0.4 % serum-
containing media plus the required drugs. Post-
treatment, the cells were washed with PBS and
lysed with Mammalian Protein Extraction



294

Reagent (M-PER™; Thermo Scientific, Rockford
USA) containing Complete Mini protease
inhibitors (Roche Diagnostics Ltd, Lewes UK).
Protein levels were determined using a BCA pro-
tein assay kit (Thermo Scientific, Rockford USA).
Next, 10-20 pg protein in 2x sample buffer
(250 mM Tris/HCI, pH 6.8, 4 % (w/v) SDS, 20 %
(w/v) glycerol, 1 % bromophenol blue, and 10 %
B-mercaptoethanol) was loaded onto 12.5 % poly-
acrylamide gels and separated for ~1 h at 35 mA
before being transferred onto 0.2 pm polyvinyl
difluoride membranes at 30 V overnight.
Membranes were blocked using 5 % (w/v) non-fat
dried milk powder in Tris buffered saline (TBS)-
Tween (0.05 %) for 1 h, then incubated with rab-
bit anti-HO-1 antibody (1:200; SC-10789; Santa
Cruz, Dallas USA) for 3 h at 21-24 °C. Mouse
anti-B-actin raised against the N-terminal of
B-actin (1:4,000; Sigma, Gillingham UK) was
used as a loading control. Membranes were then
washed in TBS-Tween (0.05 %) and incubated
with the corresponding peroxidase-conjugated
secondary antibody (1:2,000; GE Healthcare,
Amersham UK) for 1 h at 21-24 °C. Bands were
detected using the enhanced chemi-luminescent
method on hyperfilm. Densitometric analysis
used Image J (NIH, UK).

33.2.5 Ca?* Microfluorimetry

Cells were plated on circular glass coverslips and
allowed to adhere overnight. Cells were washed
and incubated with 4 pM Fura 2-AM (Invitrogen,
Cambridge UK) in HEPES-buffered saline
(HBS) for 40 min 21-24 °C. HBS contained (in
mM): NaCl (135), KCI (5), MgSO, (1.2), CaCl,
(2.5), HEPES (5), glucose (10), osmolarity
adjusted to 300 mOsm with sucrose, and pH
adjusted to 7.4. The Fura 2-containing HBS was
washed off for 15 min to allow de-esterification.
Coverslip fragments were placed in a perfusion
chamber on an inverted epifluorescence micro-
scope and cells superfused via gravity at 2-3 ml/
min. [Ca*]; was indicated by fluorescence emis-
sion measured at 510 nm as a result of alternating
excitation at 340 nm and 380 nm using a Cairn
Research ME-SE Photometry system (Cairn
Research, Cambridge UK).
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Statistical comparisons were made using, as
appropriate, paired or unpaired student’s T-tests,
one way ANOVA with a multiple comparison
test, or repeated measures one way ANOVA with
a multiple comparison test.

33.3 Results

33.3.1 CO Inhibits T-Type Ca?*
Channels

Whole-cell patch-clamp recordings from
HEK?293 cells expressing each of the major forms
of T-type Ca** channels (Cav3.1, 3.2 or 3.3)
revealed that CO, applied as the CO donor
CORM-2, inhibited all 3 isoforms (Fig. 33.1a).
These effects were attributable to release of CO,
since the inactive form of CORM-2 was without
significant effect (not shown). Indeed, all three
isoforms displayed similar sensitivity to CORM-2
(ICsp ca 3 pM in each case). The time course of
inhibition (Fig. 33.1b) shows that CO inhibition
of currents recorded in Cav3.2-expressing
HEK?293 cells was irreversible. However, current
amplitude recovery was observed following
exposure to the reducing agent dithiothreitol
(DTT; 1 mM), as exemplified in Fig. 33.1b (lower
plot). The ability of DTT to reverse CO inhibition
was exploited to examine whether HO-1 induc-
tion led to tonic inhibition of T-type currents:
exposure of cells to hemin (iron protoporphyrin
IX (200 pM)) caused a time-dependent induction
of HO-1, as determined by western blot
(Fig. 33.1c¢). Following HO-1 induction, the abil-
ity of DTT to augment currents was dramatically
enhanced (Fig. 33.1c), consistent with the idea
that HO-1 induction led to increased CO levels,
thereby causing tonic inhibition of Cav3.2-
mediated T-type currents.

33.3.2 CO Modulation of [Ca%*];
and Proliferation in Cav3.2
Expressing Cells

To investigate the consequences of CO inhibition
of T-type Ca** channels on cell function, we next
explored the ability of CO to regulate [Ca*]; and
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Fig. 33.1 CO inhibits T-type channels. (a) currents
evoked in a HEK293 cell stably expressing Cav3.1 (leff)
Cav3.2 (middle) or Cav3.3 (right) before and during expo-
sure to CORM-2 (3 pM) as indicated. Currents were
evoked by step depolarizations from -90 mV to
—30 mV. Scale bars in each case: vertical, 0.5 nA, horizon-
tal, 20 ms. (b) Upper; example time-series plot illustrating
normalized current amplitudes evoked by step depolariza-
tions from —90 mV to =30 mV in a Cav3.2-expressing
cell. For the period indicated by the bar, CORM-2 (3 uM)
was applied via the perfusate. Lower; as upper, except
that, following washout of CORM-2, the cell was exposed
to dithiothreitol (DTT, 1 mM) for the period indicated by

cellular  proliferation. =~ Experiments  were
restricted to studying the effects of CO in Cav3.2-
expressing cells. As exemplified in Fig. 33.2a,
basal [Ca*]; was significantly elevated in cells
expressing this channel, as compared with wild
type (WT; untransfected) cells, and removal of
extracellular Ca?* (replaced with 1 mM EGTA)
caused a much greater fall of [Ca?*]; as compared
with WT cells, consistent with the idea that the
elevated basal [Ca?*]; was attributable to tonic
Ca?* influx via T-type Ca?* channels. Induction of
HO-1 (using cobalt protoporphyrin, CoPPIX)

- control
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the second bar. (¢) Upper; western blot illustrating the
time-dependent induction of HO-1 following exposure to
hemin (200 pM). Lower, example currents showing the
effects of DTT (I mM) on untreated cells (control) or
those in which HO-1 had been induced following expo-
sure to hemin (200 pM, 48 h) . Scale bars: 0.1 nA, 10 ms.
Right; plot of the mean (+ s.e.m.) % enhancement of cur-
rents in control (n=9) and hemin-treated cell caused by
DTT (n=9). Data obtained from currents evoked by step
depolarizations from —90 mV to —30 mV. Statistical sig-
nificance: * P<0.05; *** P<0.001 as compared with con-
trols (Adapted from Boycott et al. 2013; Duckles et al.
2015 with permission)

also reduced basal [Ca**]; (Fig. 33.2b), as did
exposure to CO using the water soluble CO
donor, CORM-3. This donor was without effect
in WT cells (Fig. 33.2c). Proliferation was also
monitored in these same cells. As shown in
Fig. 33.2d, expression of Cav3.2 led to a dramatic
increase in proliferation as compared with WT
cells. This increase was presumably due to tonic
Ca?>* influx via Cav3.2 channels, since
proliferation was reduced by the T-type Ca?
channel inhibitor mibefradil, and also by CORM-
3. Note that (i) these agents were non-additive,
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Fig. 33.2 CO modulates [Ca*]; and proliferation in
Cav3.2 expressing cells. (a) Upper traces show exam-
ples of basal [Ca*]; recorded in Cav3.2-expressing and
WT HEK293 cells. For the periods indicated by the
horizontal bars, extracellular Ca>* was replaced with
1 mM EGTA. Below; Bar graph illustrating the mean
basal [Ca®]; levels (with s.e.m. bars) recorded in
Cav3.2-expressing cells (open bars, n=6) and WT cells
(shaded bars, n=6) in the presence and absence of
extracellular Ca?, as indicated. (b) Upper traces; exam-
ples of basal [Ca?*]; recorded in Cav3.2-expressing cells
either with no pre-treatment, or exposed to 10 pM
CoPPIX for 48 h to induce HO-1 expression (+CoPPIX).
For the periods indicated by the horizontal bars, extra-
cellular Ca** was replaced with 1 mM EGTA. Below;
Bar graphs illustrating the mean (x s.e.m.) basal [Ca®*];
levels recorded in Cav3.2-expressing cells (n=16)
before (con.), during (Ca** free) and after (con.) removal
of extracellular Ca?. Statistical significance: **
P<0.01, *** P<0.001 (c) Upper traces show examples

(i) that either mibefradil or CORM-3 reduced
proliferation rates in Cav3.2-expressing cells to
levels observed in WT cells, and (iii) these agents
were without effect on proliferation in WT cells,
suggesting that increased proliferation was
entirely attributable to T-type Ca?* channel activ-
ity, which in turn can be regulated by CO.
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of basal [Ca?*]; recorded in Cav3.2-expressing and WT
HEK?293 cells and the effects of CORM-3 (3 puM)
applied for the periods indicated by the horizontal bars.
Below; Bar graph illustrating the mean (+ s.e.m.) basal
[Ca?*]; levels recorded in Cav3.2-expressing cells (open
bars, n=5) and WT cells (shaded bars, n=6) before
(con.), during (CORM-3) and after (wash) exposure to
CORM-3. Statistical significance: P<0.05; **
P<0.01, *** P<0.001 as compared with appropriate
controls. Data analysed via paired or unpaired t-test as
appropriate. (d) Bar graphs illustrating the effects of
mibefradil and CORM-3 (applied separately or together,
as indicated) on proliferation measured on day 3 in WT
(left) and Cav3.2-expressing HEK?293 cells (right).
Each bar represents mean (+ s.e.m.) proliferation deter-
mined from nine repeats. Statistical significance: **
P<0.01 as compared with controls. Data analysed via
repeated ratio measures one way ANOVA followed by
Dunnett’s multiple comparison test (Taken from
Duckles et al. 2015 with permission)

*

33.3.3 CO Modulates Proliferation
in VSMCs

To examine whether CO could also modulate
proliferation via modulation of native T-type
Ca*>* channels in VSMCs, we examined its
effects in both A7r5 cells and HSVSMCs. As
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Fig. 33.3 T-type Ca** channel inhibitors suppress pro-
liferation of A7r5 cells and HSVSMCs. (a) Bar graphs
showing the proliferative response (meanzs.e.m) of
AT7r5 cells to increasing concentrations of specified
drugs. Proliferati