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What a pleasure it was for Dr. Machiko Shirahata and I to host the XXth 
International Society for Arterial Chemoreceptors at Johns Hopkins 
University in Baltimore, Maryland, from July 23 to 27, 2017. The theme of 
the meeting was “Making Sense Out of Sensing Hypoxia, New Directions 
and Translational Perspectives Across the Lifespan.” It was a wonderful 
reunion of friends and colleagues from 11 countries and 4 continents who 
came together to share their love for science and discovery connected by the 
carotid body. This book is the compilation of the science that was presented, 
a historical overview of ISAC meetings, by Dr. Robert Fitzgerald, and trib-
utes to Dr. Machiko Shirahata, by Dr. James Sham, and Dr. Constancio 
Gonzalez by Dr. Nanduri Prabahakar, two giants in the field who had passed 
away since the last ISAC meeting in Leeds, in 2014. We are grateful to 
Springer for again helping us catalogue the events of the week, binding them 
together to join the other volumes on the shelf that have documented com-
munications presented at the ISAC meetings since 1950, and thus the evolu-
tion of our understanding of how arterial chemoreceptors contribute to health 
and disease. In this volume the chapters cover chemoreception (peripheral 
and central) and mechanisms of O2 sensing, embracing a variety of clinical-
related issues including hypertension, obstructive sleep apnea, sudden infant 
death syndrome, obesity, heart failure, and the translational connection 
between laboratory science and clinical application. I encourage you to read 
the chapter “ISAC Historical Overview” by Dr. Robert Fitzgerald who chron-
icles the major contributions from each of the meetings since 1950.

There are many individuals who I have to thank for making the meeting a 
success. I had amazing talented and hardworking organizing and scientific 
committees. Rosie Silva, my administrative assistant at Hopkins who was the 
Senior Administrative Coordinator for the ISAC, effortlessly kept everything 
together (including me) and remembered every little detail to ensure the 
meeting ran smoothly and our guests felt welcomed. Without her attention to 
detail, I could not have moved to another country and started a new job 
5 months prior to the meeting and pulled it off. I am also grateful to Sonia 
Dos Santos, the lead administrative assistant at SickKids. She orchestrated 
my seamless transition to a new country and job at SickKids, assisted in put-
ting together the ISAC program, was able to come to the meeting to help 
Rosie, and meet all the wonderful people I had spoken about so fondly. I also 
knew she would be able to easily connect with the Portuguese group since she 
is also Portuguese. With Rosie and Sonia bookending the event not much 
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could go wrong. Machiko and I had several friends who volunteered their 
ideas, energy, and time, and I cannot thank them more. Santokh (Sam) Singh, 
a very good friend, my personal trainer in Baltimore, former real-estate agent 
for high-end condos in Baltimore, led the negotiations for the hotels, orga-
nized the trip to Annapolis, and visited the venues. Setsuko Takase, a very 
close friend of Machiko’s who many of the ISAC members met in Leeds, is a 
travel agent and assisted many Japanese in organizing their visit or move to 
Baltimore. With her flare for elegance and exceptional good taste, Setsko 
helped select the social venues. I especially appreciated all the help from 
George Kim, MD, ISAC Webmaster, who updated the website: carotidbody.
org, and orchestrated all the electronic communications; he was invaluable. 
He also updated the ISAC members list with accurate contact information. I 
have known George throughout my career at Johns Hopkins and he too has 
been a close friend.

Although Dr. Machiko Shirahata passed away in April 2016, she made 
significant contributions to the organization of the meeting. Soon after the 
Leed’s meeting, we met on multiple occasions over tea, wine, and sushi to 
talk about venues, potential funding sources for the meeting, and her legacy. 
Drs. Nanduri Prabahakar, Chris Wyatt, and Harold Schultz, members of the 
scientific committee and the selection committee for the Machiko Shirahata 
ISAC Trainee Travel Awards, were immensely helpful in creating the theme 
for the meeting “Making Sense Out of Sensing Hypoxia, New Directions and 
Translational Perspectives Across the Lifespan,” selecting plenary speakers 
and organizing the sessions.

I would be remised if I did not take a moment to specially thank Dr. 
Nanduri Prabhakar for introducing me to the Carotid Body, allowing me to 
work in his laboratory when I was a Neonatology Fellow at Case Western 
University in 1989 when I only had a desire to understand and passion for 
learning and working hard, but no former training in research. He has men-
tored me throughout the years, always available for advice and encourage-
ment (scientific, professional, and personal). He encouraged me to attend my 
first ISAC meeting in 1993, Dublin, Ireland, and submit an oral presentation 
(not a poster); little did I know then that I would become the first woman 
President of the ISAC Society in 2014. Thank you Nanduri for being such an 
amazing mentor, sponsor, and inspiration.

Dr. Machiko Shirahata was a dedicated scientist, wonderful mentor, and 
collaborator, had a love for life and travel, and was inspired by ISAC. Knowing 
that she had lung cancer, she reflected on how she might merge her passions 
by leaving a legacy. At the Leeds ISAC conference, she made a commitment 
to support young trainees and give them the opportunity to attend future 
ISAC conferences. To that end, through a generous donation from Machiko’s 
estate made available to ISAC by her son, Akira Fitzgerald, 10 trainees 
received the Machiko Shirahata ISAC Trainee Travel Award to ISAC XX, and 
another 10 awards will be available for the 21st international conference in 
Lisbon, Portugal. Please refer to the chapter, Machiko tribute, written by Dr. 
James Sham for an overview of her life and contributions.

The Machiko Shirahata ISAC Trainee Travel Award compliments the 
Heymans-De Castro-Neil Awards which have been routinely given to two to 
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three trainees for the best abstracts presented by a trainee since 1989 at the X 
ISAC meeting.

These meetings always need sponsors, and we thank the Division of 
Neonatology at The Hospital for Sick Children, the Division of Neonatology 
at Johns Hopkins Hospital, Journal of Physiology, and Dr. Robert Fitzgerald 
for their generous donations.

I invite those who attended the conference and those who were unable to 
join us in Baltimore to take a moment to peruse the chapters in this book. 
True to the theme of the conference, the chapters outline new cutting edge 
research involving the carotid body and how oxygen is sensed across the 
lifespan and the translational implications of the work. The full length ple-
nary communications presented by Drs. Greg Semena, Jan Marino (Nino) 
Ramirez, Christopher Wyatt, Jayasri Nanduri, Rodrigo Iturriaga, Michael 
Joyner, Andrea Porzionato, Patrice Guyenet, and Cormac Taylor will be pub-
lished in an upcoming issue of the Journal of Physiology.

At the business meeting, Emilia Monteiro, was elected the President of 
ISAC and will host XXI ISAC meeting in Lisbon, Portugal, in 2020.

The ISAC meeting from the beginning was created on the solid premise of 
sharing ideas, collaborations, and discovery to explain basic human physiol-
ogy. The collaboration between Dr. Fernando De Castro from Spain who per-
formed the exquisite anatomical-histology of the carotid body and Dr. 
Heymans who performed the definitive experiments showing its role in che-
moreceptor for which he won the Nobel Prize in 1938 (incomplete thought). 
They too met at scientific meetings, shared ideas, and collaborated on experi-
ments. So I end this preface where it all began using a quote from the Swedish 
Professor, G Liljestrand in 1940, when the Nobel Prize was presented to 
Heymans for his characterization of “a curious structure” which was so beau-
tifully identified and anatomically detailed by De Castro.

“Since the end of the eighteenth century we know of the existence of a 
curious structure in the region of the sinus, the glomus caroticum or carotid 
body which, in man, extends over only a few millimetres. The glomus con-
sists of a small mass of very fine intertwining vessels arising from the internal 
carotid and enclosing various different types of cells. It has been considered 
by some as being a sort of endocrine gland similar to the medulla of the 
suprarenal glands. De Castro, however, in 1927 demonstrated that the anat-
omy of the glomus could in no way be compared to that of the suprarenal 
medulla. De Castro suggested rather that the glomus was an organ whose 
function was to react to variations in the composition of the blood, in other 
words an internal gustatory organ with special chemo-receptors.

In 1931, Bouckaert, Dautrebande, and Heymans undertook to find out 
whether these supposed chemo-receptors were responsible for the respiratory 
reflexes produced by modifications in the composition of the blood. By local-
ized destruction in the sinus area they had been able to stop reflexes initiated 
by pressure changes, but respiratory reflexes could still continue to occur in 
answer to changes in the composition of the blood. Other experiments showed 
that Heymans’s concepts on the important role played by the glomus in the 
reflex control of respiration by the chemical composition of the blood were 
undoubtedly correct.”
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Prof. G. Liljestrand (Karolinska Institutet); presentation of the 1938 Nobel 
Prize in Physiology of Medicine to Prof. C.  Hyemans (Ghent, Belgium; 
January 16, 1940)

Estelle B. Gauda, MDISAC President, 2014–2017
Bethesda, MD, USA
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At the conclusion of the 20th meeting (12th meeting of ISAC formally so 
constituted) in Baltimore, MD, USA, I was asked to write a history of 
ISAC. Being the last active founding member of ISAC, I thought the archives 
of ISAC should have some record of our scientific labors/successes regarding 
arterial chemoreception. Because of the goodness of Camillo Di Giulio, Chris 
Wyatt, Ronan O’Regan, and Keith Buckler, I received a listing of chemore-
ceptor meetings that predated those under the formal auspices of ISAC. ISAC 
was founded in a St. Louis restaurant after a FASEB meeting in 1987 by 
Carlos Eyzaguirre, Sal Fidone, Sukhamay Lahiri, Donald McDonald, and 
myself. ISAC members would like to see those initial/original meetings pre-
dating ISAC included in this historical overview. And so they have been. We 
have a record of 20 such gatherings of which the final 12 are ISAC 
meetings.

With the data available, I have tried to be consistent in presenting the facts 
and the ambiance of each meeting at least briefly: the meeting’s date, number, 
primary mover or ISAC president, title of volume containing presentations, 
editors of volume, location of publisher, publisher, date of publication, vol-
ume number in Advances in Experimental Medicine and Biology. There fol-
lows: location of meeting, number of presentations, and number of 
contributors to the presentations. And, finally, an effort was made to spell out 
some of the issues discussed and debated, or some other facets of the 
ambiance.

�1950 Meeting I: Göran Liljestrand

Co-organizers of the first ISAC meeting were Ulf von Euler and Yngve 
Zotterman. Held in Stockholm, Sweden, in August 1950, the meeting did 
highlight three investigators who contributed to chemoreceptor studies for 
several years: Fernando De Castro, the primary originator of carotid body 
studies, Corneille Heymans who produced so much regarding the respiratory 
reflex effects of carotid/aortic area stimulation that he was awarded the Nobel 
Prize in Physiology or Medicine for 1938, and Eric Neil who focused on the 
circulation. De Castro’s 1928 paper described the CB: “organe sensoriel spe-
cial dedie a percevoir quelques modifications qualitative du sang, plutot que 
d’un appareil destine a recevoir les variations de la pression sanguine.” He 
was the first to demonstrate with classical nerve studies the sensory nature of 
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the fibers abutting on the carotid body’s type I cells and was the first to sug-
gest the organ “tasted” the qualitative composition of the blood perfusing it. 
Heymans forcefully demonstrated that the hyperpnea consequent to hypoxia 
exposure was generated by peripheral chemoreceptors and not centrogenic. 
At that time CO2-generated increases in ventilation needed more study. And 
Neil presented the role of the carotid bodies in the circulation especially dur-
ing hemorrhage. He also spoke on autoregulation of the organ’s blood flow. 
His ideas are found in the Handbook of Physiology, Section 2: The 
Cardiovascular System, Volume III: Peripheral Circulation and Organ Blood 
Flow, Part 1, Chapter I, “Peripheral blood flow: Historical aspects,” pp. 1–20.

�1966 Meeting II: Bob Torrance

Presentations are found in Arterial Chemoreceptors. Edited by R.W. Torrance. 
Oxford and Edinburgh, Blackwell Scientific Publications, 1968. These are 
the Proceedings of the Wates Foundation Symposium held at Oxford in July 
1966. Bob’s “Prolegomena” surveyed virtually all CB research up to that 
point. It is 40 pages long with 133 references and covers every facet of CB 
morphology, chemistry, neurophysiology, and systemic reflex responses. The 
earliest references to works of physiology appear to have been published in 
1919 and 1922. Most come from the late 1940s, 1950s, and 1960s. To sum-
marize the contents of this “Prolegomena” would be impossible. But for a 
young investigator interested in history and an understanding of the great 
work of earlier years, this would be a very worthwhile exercise. Thirty-four 
papers were presented by 50 investigators, but 70 attendees participated.

�1973 Meeting III: Michael Purves

Presentations are found in The Peripheral Arterial Chemoreceptors. Edited 
by M.J.  Purves. London/New York, Cambridge University Press, 1975. 
Bristol saw the presentation of 28 papers by 48 investigators of whom 35 
participated in the meeting. Meant to afford opportunities for discussion of 
significant controversial data, the meeting was marked with a debated discus-
sion of the existence, mechanisms, and functional significance of efferent 
inhibition of carotid body neural output. Donald McDonald and Bob Mitchell 
very elegantly presented ultrastructure of the organ and revealed the recipro-
cal synapses existing between the afferent fibers abutting on the type I cells 
of the organ. These fibers are the major type in the carotid sinus nerve. 
Eyzaguirre presented a reexplored version of De Castro’s beautiful drawings 
of the carotid body. Of considerable interest to the investigators of ventilation 
control was the observation of Ponte and Purves that chemoreceptors should 
be relatively unresponsive to the oscillations of CO2/H+, at least during nor-
mal breathing.
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�1974 Meeting IV: Autar Paintal

Presentations are found in Morphology and Mechanisms of Chemoreceptors. 
Edited by A.S. Paintal. New Delhi, India, Navchetan Press (P) Ltd. of the 
Vallabhbhai Patel Chest Institute, 1976. These are the Proceedings of an 
International Satellite Symposium held in Srinagar, Kashmir, India, in 
October 1974, which preceded the IUPS meeting in Delhi, India. Ninety-four 
investigators attended this very successful chemoreceptor conference. The 
presentations focused on chemoreceptor (carotid body and aortic bodies) 
mechanisms at the organ, glomus cell, and mitochondria levels as well as on 
neurophysiological recordings from the stimulated chemoreceptors.

�1976 Meeting V: Dietrich Lubbers

Presentations are found in Chemoreception in the Carotid Body. Edited by 
H.  Acker, S.  Fidone, D.  Pallot, C.  Eyzaguirre, D.W.  Lubbers, and 
R.W.  Torrance. Berlin/Heidelberg, Springer-Verlag, 1977. This workshop 
was held at the Max-Planck-Institut für Systemphysiologie in Dortmund. 
Forty papers were presented by 89 investigators of whom 43 were partici-
pants in the workshop. Highlighted were efforts to determine tissue PO2 in 
the carotid body, an issue complicated by factors such as intercapillary dis-
tances and differential blood flow. Further, there was discussion of what was 
the primary chemosensor, afferent nerve or type I cell. The focus was also on 
trying to determine mechanisms of chemoreception. Microelectrode studies 
explored the glomus tissue to understand the conversion of a chemical stimu-
lation into nervous activity. The measurement of turnover in catecholamine 
stores of the carotid body was also presented.

�1979 Meeting VI: Carlos Belmonte

Presentations are found in Arterial Chemoreceptors. Edited by C. Belmonte, 
D.J. Pallot, H. Acker, S. Fidone. Leicester, UK, Leicester University Press, 
1981. Held in Valladolid, Spain, in September, this conference saw 51 papers 
presented by 118 contributors. C. Eyzaguirre and R.W. Torrance proposed the 
meeting as a 50th anniversary celebration of the pioneering work of Fernando 
De Castro y Rodríguez with respect to the morphology of the carotid body 
and the hypotheses explaining its operation and purpose. In addition to the 
many papers, one finds a noteworthy tribute by Antonio Gallego, a personal 
friend of De Castro. He writes of the contributions to the discovery and study 
of the vascular baroreceptors and blood chemoreceptors. This truly most 
remarkable chapter is well worth reading.
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�1982 Meeting VII: David Pallot

Presentations are found in The Peripheral Arterial Chemoreceptors. Edited 
by D.  J. Pallot. London, UK, Croom Helm/Oxford University Press (New 
York), 1984. The conference, held at the University of Leicester in the UK in 
September, offered 45 papers from 112 investigators. One major issue dis-
cussed was the role of the organ’s catecholamines in the detection of CO2, O2, 
and H+. A review of Dinger’s work, the reinnervating of the carotid body with 
a foreign nerve, and Monti-Bloch’s carotid body transplantations pretty much 
eliminated the hypothesis that the primary afferent endings are the site of 
chemotransduction. Isolated cell and patch clamp techniques were introduced 
to advance the understanding of how ion concentration affected the organ’s 
processes.

�1985 Meeting VIII: Alexander Ribeiro

Presentations are found in Chemoreceptors in Respiratory Control. Edited by 
J.A. Ribeiro and D.J. Pallot. London, Croom Helm, 1987. In this symposium, 
held at the Gulbenkian Institute of Science in Oeiras, Portugal, in October, 55 
participants presented 45 papers covering morphology of the carotid bodies 
in various conditions and challenged with various agents. Cat, rabbit, and rat 
were the models used, in both in vivo and in vitro preparations.

�1988 Meeting IX (ISAC Meeting I): Carlos Eyzaguirre

Presentations are found in Arterial Chemoreception. Edited by C. Eyzaguirre, 
S.J. Fidone, R.S. Fitzgerald, S. Lahiri, D.M. McDonald. New York, Springer-
Verlag, 1990. This was the inaugural meeting of ISAC, formally so consti-
tuted, held in Park City, Utah. One hundred and eight scientists from 18 
countries presented 87 studies. The theme was “Inasmuch as oxygen is the 
substrate sine qua non for the survival of all higher organisms, it is quite 
understandable that considerable interest surrounds investigations into mech-
anisms responsible for detecting dwindling oxygen supplies in the organism. 
This interest has intensified as the newer techniques of cell, sub-cell, and 
molecular biology have become available.” Cardiopulmonary reflex responses 
were discussed. And the newer techniques, electrophysiological, morpho-
logical, biochemical, immunocytochemical, and molecular biological, were 
highlighted. A major problem presented was why one can block the exoge-
nous application of a stimulating agent, but the animal’s responses to hypoxia 
or hypercapnia remain. Consensus suggestions seemed to focus on the ques-
tion of where the receptors are located; exogenous availability does not nec-
essarily mean endogenous availability. Further, there are various subtypes of 
receptors. Finally, other stimuli received notice: the organ increases its output 
in response to increases in temperature and to increases in tonicity. Carlos 
Eyzaguirre introduced the notion of granting an award to young investigators 
which would be called the Heymans-De Castro award.
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�1989 Meeting X: Andrzej Trzebski

Presentations are found in Chemoreceptors and Chemoreceptor Reflexes. 
Edited by H. Acker, A. Trzebski, R.G. O’Regan. New York, Plenum Press, 
1990. This Warsaw symposium, satellite to that year’s IUPS meeting in 
Helsinki, Finland, recorded 59 papers from 229 contributors. It featured stud-
ies of cell electrophysiology, single ion channel recordings, and immunocy-
tochemical work along with reflex responses to carotid body stimulation. 
Professor Trzebski thought it to be a 30-year anniversary of Brian Lloyd’s 
1959 “Oxford Conference.” Warsaw was the first to see the C. Heymans, De 
Castro, and E.  Neil awards being made. The awardees were M.  Czyzyk-
Krzeska (Poland), W. Kummer (FRG), and C. Peers (UK). Professor Ronan 
O’Regan wanted the name of Eric Neil added; all agreed.

�1991 Meeting XI: Pier Giorgio Data

Presentations are found in Neurobiology and Cell Physiology of 
Chemoreception. Edited by P.G. Data, H. Acker, S. Lahiri. New York, Plenum 
Press, 1993. This is also Volume 337 of Advances in Experimental Medicine 
and Biology. Held at the University of Chieti in Chieti, Italy, this conference 
had five sections containing 61 papers presented by 143 participants. The 
Heymans-De Castro-Neil Award went to Agnes Görlach from Dortmund, 
FRG. And the Fernando Data Foundation Award was established to support 
investigators in underdeveloped areas to pursue chemoreception studies. In 
addition, plenary lectures were held in honor of Carlos Eyzaguirre and Robert 
Forster, a tribute to their many seminal contributions to the science of 
chemoreception.

�1993 Meeting XII: Ronan O’Regan

Presentations are found in Arterial Chemoreceptors: Cell to System. Edited 
by R.G. O’Regan, P. Nolan, D.S. McQueen, D.J. Paterson. New York, Plenum 
Press, 1994. This is also Volume 360 of Advances in Experimental Medicine 
and Biology. The volume is dedicated to Eric Neil and introduced with a 
lovely “appreciation” of Eric Neil by former student Ronan O’Regan. Held at 
University College in Dublin, Ireland, this conference saw 75 papers pre-
sented by 219 participants. Also noteworthy are the summary overviews of 
previous chemoreceptor meetings in Stockholm (1950), Oxford (1966), 
Bristol (1973), Kashmir (1974), Valladolid (1979), Leicester (1982), and 
Oeiras (1985).
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�1996 Meeting XIII: Patricio Zapata

Presentations are found in Frontiers in Arterial Chemoreception. Edited by 
P.  Zapata, C.  Eyzaguirre, R.W.  Torrance. New  York, Plenum Press, 1996. 
This is also Volume 410 of Advances in Experimental Medicine and Biology. 
The conference, held in Santiago, Chile, saw 71 presentations offered by 223 
investigators of whom 74 participated. The introductory tribute to Fernando 
De Castro on the centennial of his birth by Dr. Juan D. Vial, the President of 
the Catholic University of Chile and a former student of De Castro, showed 
remarkable figures of De Castro’s carotid body drawings. This was followed 
by a Bob Torrance “Prolegomena” which served as a preface to some of the 
papers discussing PO2, PCO2, and H+. And the third introductory piece is the 
oration given by Brian B.  Lloyd at Daniel J.C.  Cunningham’s funeral in 
February 1996. D.J.C.  Cunningham did much on CO2’s effect on human 
respiration.

�1999 Meeting XIV: Sukhamay Lahiri

Presentations are found in Oxygen Sensing Molecule to Man. Edited by 
S.  Lahiri, N.R Prabhakar, R.E.  Forster II.  New  York, Kluwer Academic/
Plenum Publishers, 2000. This is also Volume 475 of Advances in Experimental 
Medicine and Biology. The conference, held in Philadelphia, saw 80 presen-
tations authored by 277 investigators. A hallmark of the volume: three trib-
utes to Robert W. Torrance who passed away in January 1999, just 6 months 
before the meeting. Three former students of Bob, Charles Michel, Mark 
Hanson, and Prem Kumar, paid tribute to their mentor. And Chilean col-
leagues of Bob, Patricio Zapata and Carolina Larrain, wrote a reminiscence 
article. This meeting seemed to expand somewhat on the ordinary content of 
these conferences: the impact of hypoxia on cells other than the chemorecep-
tors and several explorations of the involvement of genes. The Heymans-De 
Castro-Neil Awards went to Beth Ann Summers (Case Western Reserve 
University, USA) and Roger J. Thompson (McMaster University, Canada). 
The awards specific for this meeting called the The Julius Comroe, Robert 
Forster, and Chris Lambertsen Awards went to Ricardo Pardal (Neuroscience 
Institute, Spain) and Nicholas A. Ritucci (Wright State University, USA).

�2002 Meeting XV: Jean-Marc Pequignot

Presentations are found in Chemoreception: From Cellular Signaling to 
Functional Plasticity. Edited by J.M. Pequignot, C. Gonzalez, C.A. Nurse, 
N.R. Prabhakar, Y. Dalmaz. New York, Kluwer Academic/Plenum Publishers, 
2003. This is also Volume 536 of Advances in Experimental Medicine and 
Biology. This meeting, held in November in Lyon, France, recorded 78 papers 
presented by 322 investigators. The organizers intended to bring together 
those working on the interface of cellular and molecular biology with those 
looking at the pathways of chemoreception and reflex responses. So the 
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bacterial mechanisms of oxygen responsiveness as well as chemoreceptor 
cells and CNS neurons are studied, as well as the responses of organs, sys-
tems, and the entire organism. Special attention was paid to the plasticity of 
the entire oxygen sensing machinery as well as effector machinery in response 
to the continuous or intermittent exposure to altered oxygen levels. Finally, 
Professor Henry Gautier paid a special tribute to Pierre Dejours who had 
done so much work on the role of the arterial chemoreceptors in the regula-
tion of respiration. His legacy, in part, is the “Dejours test” in which a double 
breath of hyperoxia, nitrogen, or CO2 is provided to assess the chemosensitiv-
ity of the human or animal. The Heymans-De Castro-Neil prizes were 
awarded to Sílvia Conde (Portugal), Maria Garcia-Fernandez (Spain), and 
Michael G. Jonz (Canada).

�2005 Meeting XVI: Hisatake Kondo

Presentations are found in The Arterial Chemoreceptors. Edited by 
Y. Hayashida, C. Gonzalez, H. Kondo. New York, Springer, 2006. This is also 
Volume 580 of Advances in Experimental Medicine and Biology. This con-
ference, held at the Miyagi Zao Royal Hotel in Sendai, Japan, welcomed 
many investigators from around the world to the first Arterial Chemoreceptor 
meeting. The scientific presentations were preceded by a tribute to Professor 
Autar Singh Paintal, a giant investigator in arterial chemoreceptors, by 
K. Ravi and V.K. Vijayan. The conference presents an updated review of the 
physiology of the carotid body chemoreceptors. It contains the results on top-
ics at the frontiers of future developments in O2 sensing in chemoreceptor 
cells. Additionally, this volume provides data from studies carried out in other 
O2-sensing tissues including pulmonary vasculature and erythropoietin-
producing cells. It is a prime source of information and a guideline for arterial 
chemoreception researchers.

�2008 Meeting XVII: Constancio Gonzalez

Presentations are found in Arterial Chemoreceptors. Edited by C. Gonzalez, 
C.A. Nurse, C. Peers. Berlin/Heidelberg, Springer Science + Business Media 
B.V., 2009. This is also Volume 648 of Advances in Experimental Medicine 
and Biology. This second ISAC conference to be held in Valladolid, Spain, 
presented 50 papers by 131 contributors. Introductory units of the volume are 
a photographic and brief text (by Patricio Zapata) tribute to Carlos Eyzaguirre 
who passed away on February 2, 2009. He was a true giant in the field of 
carotid body studies. A second unit is an invited article by F. De Castro pre-
senting his father’s work on the discovery of the sensory nature of the carotid 
bodies, rich with details. There follow two historical chapters: one facing 
rearward showing the rise of carotid body studies over the last 50 years and 
the other facing forward introducing a new preparation for carotid body study. 
The volume presented studies of the structure and development of the carotid 
body, of the molecular biology and biophysical aspects of the ion channels 
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found in the glomus cells, of the peripheral neurotransmitters and their recep-
tors, of the central integration of carotid body neural output, and of the 
reflexes it generates. Widening and enriching the meeting were the presenta-
tions on central chemoreceptors, hypoxic pulmonary vasoconstriction, lung 
receptors, and the latest gasotransmitter, hydrogen sulfide. The Heymans-De 
Castro-Neil prizes were awarded to Nikol Piskuric (Canada), Mark L. Dallas 
(UK), and Olaia Colinas (Spain).

�2011 Meeting XVIII: Colin Nurse

Presentations are found in Arterial Chemoreception: From Molecules to 
Systems. Edited by C.A.  Nurse, C.  Gonzalez, C.  Peers, N.R.  Prabhakar. 
New York/Heidelberg, Springer Science+Business Media B.V., 2012. This is 
also Volume 758 of Advances in Experimental Medicine and Biology. Held at 
McMaster University in Hamilton, Ontario, Canada, in July, the conference 
members pondered 52 presentations by 193 contributors. The scientific pre-
sentations were introduced by Nanduri Prabhakar’s tribute to Sukhamay 
Lahiri, a unique giant of the carotid body world lost in 2009. We mourn his 
passing away on May 2, 2009. Topics ranged widely as usual, including air 
vs. water breathers, impact of hormones in response to hypoxia, and further 
discussion of H2S effects, of core temperature response to hypoxia, of the 
effect of development and age, of carotid body responses in sleep apnea, and 
congestive heart failure. The Heymans-De Castro-Neil prizes were awarded 
to Ana Rita Nunes (Portugal), Erica Wehrwein (USA), and Noah Marcus 
(USA). Additionally, Shaima Salman (Canada) and Edward O’Connor 
(Ireland) received honorable mention.

�2014 Meeting XIX: Chris Peers

Presentations are found in Arterial Chemoreceptors in Physiology and 
Pathophysiology. Edited by C.  Peers, P.  Kumar, C.N.  Wyatt, E.  Gauda, 
C.A. Nurse, N. Prabhakar. Heidelberg, New York, Springer Cham, 2015. This 
is also Volume 860 of Advances in Experimental Medicine and Biology. This 
conference, held in Leeds, UK, saw 43 papers presented by 206 contributors. 
Several pathophysiological conditions were explored such as obstructive 
sleep apnea, the hypertension that results from the intermittent hypoxia, con-
gestive heart failure, diabetes, and Duchenne’s muscular dystrophy. Some 
newer physiological aspects were also introduced such as the effect of pro-
gesterone, its receptors and their location on respiratory control, the role of 
TRP channels in chemoreception, glomus cell mitochondria’s role in oxygen 
sensing, and the usual number of very imaginative pharmacological investi-
gations. The Heymans-De Castro-Neil prizes were awarded to Maria Joao 
Ribeiro (Portugal), Ma Carmen Fernandez-Aguera Rodriguez (Spain), and 
Jessica Hohlin (Sweden).

The History of the International Society of Arterial Chemoreception (ISAC)
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�2017 Meeting XX: Estelle Gauda

The short presentations from the meeting are found in this current volume. 
Arterial Chemoreceptors, New Directions and Translational Perspectives. 
Edited by E. B. Gauda, M.E. Monteiro, N. Prabhakar, C. Wyatt, and H.D. 
Schultz. The program lists 45 presentations delivered by 190 investigators of 
whom 59 were attendees at the conference, which had tributes to deceased 
members, plenary lectures, standard oral presentations, and poster board pre-
sentations. The Heymans-De Castro-Neil prizes were awarded to Joana 
Sacramento (Portugal), Ryan Rakoczy (USA), and Elena Olea Fraile (Spain). 
Of considerable importance was the concluding discussions regarding the 
future of ISAC. The small number of attendees seemed to warrant such there 
was much discussion about being a satellite to other larger meetings related 
to respiratory control and chemoreception. These discussion will continue 
but no definitive decision was made to change the format of the ISAC meet-
ing for 2020. The 2020 Meeting, ISAC XXI, will be held in Portugal. Emilia 
Monteiro is the current President of ISAC and will lead the organization of 
the meeting.

Respectfully submitted,
Robert S. Fitzgerald, Ph.D.

Professor

Departments of Environmental Health and  
Engineering, of Physiology, of Medicine
The Johns Hopkins University Medical  
Institutions
Baltimore, MD, 21205 USA
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O2/CO2: Biological Detection 
to Homeostatic Control

Robert S. Fitzgerald

Abstract
Oxygen (O2) and Carbon Dioxide (CO2) are 
the two gases to be detected and controlled. Of 
interest might be a query of the evolutionary 
origin of each. From the cooling of the Big 
Bang (~13.8 Billion Years Ago [BYA]) came a 
quark-gluon plasma from which protons and 
neutrons emerged, producing H, He, Li. As H 
and He collapsed into the first stars at 
~13.3  BYA carbon and monatomic oxygen 
were generated. Some 3  billion years ago 
greater amounts of diatomic oxygen (O2) were 
provided by earth’s photosynthesizing bacte-
ria until earth’s atmosphere had sufficient 
amounts to sustain the life processes of multi-
cellular animals, and finally higher verte-
brates. Origin of CO2 is somewhat unclear, 
though it probably came from the erupting 
early volcanoes. Photosynthesis produced 
sugars with O2 a waste product. Animal life 
took sugars and O2 needed for life. Clearly, 
animal detection and control of each was criti-
cal. Many chapters involving great heroes 
describe phases involved in detecting each, 
both in the CNS and in peripheral detectors. 
The carotid body (CB) has played a crucial 

role in the detection of each. What reflex 
responses the stimulated CB generates, and 
the mechanisms as to how it does so have been 
a fascinating story over the last 1.5 centuries, 
but principally over the last 50  years. 
Explorations to detect these gases have pro-
ceeded from the organismal/system/ organ 
levels down to the sub-cell and genetic levels.

Keywords
Oxygen · Carbon dioxide · Great oxygen 
event · Chemoreceptors

1.1	 �Introduction

For the past 30 years the International Society for 
Arterial Chemoreception (ISAC) has addressed 
the issues of detecting O2 and CO2 in order to 
control them better for the homeostatic benefit of 
the organism. And even as far back as 1950 
groups studying this have met quite frequently. 
To explore detection and homeostatic control of 
these gases immediately provokes two questions: 
How is this to be done? Why is it to be done? In 
the vertebrate the cardiopulmonary system is the 
tool which captures air from the external environ-
ment and delivers it to the cells of the organism, 
specifically to the mitochondria of the cells where 
the electron transport chain uses it as a last step in 
the oxidation of glucose. Is that important? And 
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if so, why? A homey experiment can give us a 
clue. How long can a subject hold her/his breath? 
Maybe 90 s would be an average duration.

So whereas one can go without food for a 
month, and without fluid for possiblly a week one 
needs air in seconds. The oxidation of glucose 
requires the air’s oxygen (O2) to generate ATP, 
the biological energy required for all the organ-
ism’s living activities (e.g., heartbeat, diaphragm 
contracting, local motion, thinking). Mitochondria 
need O2 in a hurry. Further, the metabolic result-
ing CO2 and H2O must be expelled. Hence it is 
clear the organism must be able to detect and 
control these two gases for life.

Since O2 and CO2 are so fundamental to life, 
one might initially query just what is the origin of 
these two gases on this planet. The standard 
model of the cosmos has space-time arising at  
the Big Bang ~13.8  billion years ago (BYA); 
monatomic oxygen (O) arose from the stars  
~ 13.3 BYA. The Milky Way galaxy formed ~8.8 

BYA.  Earth finally appeared ~ 4.54 BYA.  The 
only O on earth at that time was what had resulted 
from nuclear fusion, a very small amount 
(Fig. 1.1).

Cyanobacteria appeared ~2.5 BYA, and began 
to photosynthesize, the product of which was 
sugars. Their chloroplasts used sunshine, water, 
and CO2. But from where did this CO2 arise? It’s 
really unclear, but many speculate it was a com-
ponent of volcanic gas. The O generated by phys-
icochemical fusion from smaller atoms and O2 
from primitive photosynthesis was chemically 
captured on earth by dissolved iron and organic 
matter in the sea. About 2.3  BYA The Great 
Oxidation Event occurred. At this point the oxy-
gen sinks in the sea and on land had become satu-
rated and O2 began to accumulate in the 
atmosphere (Lane 2003) (Fig. 1.2).

The story of biological evolution from the pri-
mordial cell has been told many times. And many 
air-breathers have preceded homo sapiens. 

Fig. 1.1  Big bang. From hot quarks and an initial expan-
sion the universe cooled, generating subatomic particles 
followed by simple atoms. Gravity brought these together 
to form the heavier atoms. Stars, galaxies were also 

formed. (From: Wikipedia, the Free Encyclopedia. 
Original version: NASA/WMAP Science Team, modified 
by Ryan Kaldan. With permission of JPL Image Use 
Policy)
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However, this chapter will confine itself to how 
human subjects explored the issue of the biologi-
cal detection of organismal O2 and CO2 in order 
to maintain homeostasis.

1.2	 �Oxygen/Carbon Dioxide 
and Respiration

The first method of biological detection was to 
observe general breathing movements, and 
later,the duration of breathing in an animal con-
fined to a closed chamber. Parallel to this was the 
extinction of a flame or its effulgence in the same 
chamber.

But among the ancients of what was to become 
the European or western scientific tradition there 
was much ignorance concerning how the lungs 
and heart worked mechanically, and what each 
did for the organism. Plato thought breathing was 
involved in heat regulation, a balancing of the 
body’s inner heat with the outside. Aristotle 
thought the arteries carried air, making the func-
tion of breathing unclear. Galen (131–201) also 
thought that since the heart drew air from the 
lungs and put it in the left ventricle breathing was 

meant to cool the blood. Most of the early, subse-
quent efforts to understand breathing were based 
on Galen’s views. However, from the Arabic/
Islamic medical/scientific traditions came the 
five volume Canon of Medicine in 1025 by the 
Persian philosopher Avicenna (980–1037) at age 
21. The Canon brings together the successes of 
Hippocrates, Galen, as well as Egyptian, Persian, 
and Indian medical men plus his own research 
results and discoveries. The book was translated 
from Arabic into Latin and remained a text book 
or required background literature well into eigh-
teenth century Europe. William Osler of McGill, 
Penn, and Hopkins fame described the Canon as 
“the most famous medical textbook ever written.” 
Though a historical treasure, it is highly unlikely 
that detection of O2 and CO2 was ever consid-
ered. But Ibn-al Nafis (1213–1288), a second 
Arab physician and polymath deserves mention 
not for any work on the detection of O2 and CO2, 
but because his work on the pulmonary circula-
tion, essential for rendering O2 and CO2 detect-
able, is the first. This is his description:

Blood from the right chamber of the heart must 
arrive at the left chamber, but there is no direct 
pathway between them. The thick septum of the 

Fig. 1.2  Great oxygen event. From a virtually oxygen-
free planet cyanobacteria began to produce O2 as a waste 
product of photosynthesis about 2.5 × 109 years ago. But 
most was being absorbed into the oceans and seabed rock. 
With the saturation of these, about 1.85 × 109 years ago O2 

is becoming absorbed on land surfaces. About 
850 × 106 years ago Earth’s atmosphere starts to gain O2. 
(Adapted from Wikipedia. Source: Holland, H [2006]. 
Phil Trans Roy Soc: Biol Sci 361: 903–915 with permis-
sion via Copyright Clearance Center)

1  O2/CO2: Biological Detection to Homeostatic Control
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heart is not perforated and does not have visible 
pores as some people thought or invisible pores as 
Galen thought. The blood from the right chamber 
must flow through the vena arteriosa (pulmonary 
artery) to the lungs, spread through its substances, 
be mingled there with air, pass through the arteria 
venosa (pulmonary vein) to reach the left chamber 
of the heart, and there form the vital spirit.

Ibn-al Nafis also commented on Avicenna’s 
Canon. But we are unaware of any evidence 
supporting his thoughts on the detection of O2 
and CO2. Although many important studies of 
the cardiopulmonary system’s anatomy 
appeared in the first centuries of the second mil-
lenium (Leonardo de Vinci [1452–1519]), it 
would be safe to say none of them addressed the 
issue of the integrative control of oxygen & car-
bon dioxide homeostasis, or the organism’s 
detection of these gases.

Robert Boyle (1627–1691) is thought to have 
performed the “fundamental experiment in the 
physiology of respiration”. He recorded death in 
a variety of animals when they were enclosed in 
a chamber and the chamber evacuated. But if air 
was readmitted, they could be resuscitated. The 
chamber was designed and built by his colleague, 
Robert Hooke (1635–1703). An earlier version of 
this experiment was done by Leonardo da Vinci 
(1452–1519). On November 2, 1664 Hooke made 
holes in the lung of an anesthetized dog and 
passed air through the perforated lung. The dog 
remained alive, demonstrating it was air and not 
lung movement that was the essential contribu-
tion of the lung. Further, dark blood became red 
in the process. Richard Lower (1631–1691) had 
shown the same thing somewhat earlier. John 
Mayow (1643–1679) believed his observations 
led him to conclude that the “nitro-aerial parti-
cles with which spirit abounds” in air combined 
with the blood in the lung (like Ibn-al Nafis) in 
order to combine with combustible particles in 
the body. And though Mayow’s best contribu-
tions are, perhaps, those he made regarding respi-
ratory mechanics, there are historians who 
believe that Lavoisier (1743–1779) never cited 
the works of Mayow regarding respiratory chem-
istry of which he made significant use. Priestley’s 
experiment on August 8, 1774 was to put an adult 

mouse in a chamber into which he had put the air 
he had gathered from buring mercurius calcina-
tus (HgO, mercuric oxide). He said if he had put 
the mouse into the chamber with common air, the 
mouse would have lasted only 15 min; but this 
mouse lasted a full hour. He did several more 
similar experiments. Priestley and Lavoisier were 
rivals. It seems probable that the former discov-
ered what was to be called oxygen before the lat-
ter did. However, Lavoisier was a much more 
systematic investigator who organized both his 
own discoveries and those of Priestley into the 
complete oxygen story. Lavoisier is often called 
the Father of Modern Chemistry for his system-
atic thinking. He also was continually integrating 
oxygen with respiration. As a matter of fact Carl 
Scheele, a Swedish apothecary, discovered oxy-
gen from his own studies before either Priestley 
or Lavoisier, but did not publish his discoveries 
until 1777. So by the end of the eighteenth cen-
tury the need for oxygen (dephlogisticated air) in 
respiration was established quite firmly. Lavoisier 
is often criticized because he most often did not 
credit his predecessors. He did make an interest-
ing discovery by recording oxygen consumption 
and CO2 production over a 24  h period. O2: 
526 cc/min; CO2: 204 cc/min, a RQ of 3.89, quite 
abnormal but possibly due to the measuring 
equipment at the time.

In addition to Lavoisier’s awareness of CO2 
the Scotsman Joseph Black (1728–1799) made 
the close connection between CO2 and the expi-
rate in breathing, and found that CO2 would not 
support either combustion or respiration. Finally, 
Daniel Rutherford (1749–1819) published in 
1772 his report that once Black’s “fixed air” (car-
bon dioxide) was removed from the expirate, a 
large amount of air remained which rapidly 
extinguished both life and flame. What remained 
was nitrogen. Henry Cavendish (1731–1810) 
also contributed to the discovery of nitrogen. By 
the end of the eighteenth century all respiratory-
related gases had been detected and identified. 
The question remained as to where and how these 
gases were detected in the organism. But respira-
tion (i.e., breathing) remained the method of 
detecting O2 and CO2 (Fig. 1.3).
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1.3	 �CO2 – Detecting Elements 
in the Respiratory System

What are the biological elements which will 
detect CO2 and account for the cellular and inte-
grative control of this gas to maintain homeosta-
sis? In the absence of control, CO2 could rise, as 
it does in obstructive sleep apnea, or in some 
cases of COPD.  Respiratory acidosis develops. 
Any form of acute respiratory acidosis stimulates 
increases in both respiratory frequency and tidal 
volume. Further, it can impair the operation of 
both structural and functional proteins. Skeletal 
muscle (e.g., the diaphragm) decreases its force 
of contraction. Lowering CO2 (respiratory alka-
losis) results when ventilation exceeds metabo-
lism. This can produce hypopnea, and eventually 
hypoxemia.

1.3.1	 �Detection in the CNS

In 1857 Kussmal and Tenner occluded the cere-
bral vasculature of an anesthetized dog. They 
observed the blood became dark; the dog hyper-
ventilated, gasped, and eventually died (Kussmaul 
and Tenner 1857). This clearly suggested that 

CO2 and hypoxia acted in the head. In 1885 
Meischer-Rusch concluded from his experiments 
with human subjects (1885) that increases in 
CO2 was the ordinary stimulus to ventilation and 
not hypoxia since a small increase in CO2 (1%) 
increased ventilation whereas a larger decrease in 
oxygen (3%) did not. The last decade of the nine-
teenth century saw the cross perfusion experi-
ments in dogs by Leon Fredericq (1851–1935) in 
which he connected the proximal carotid arteries 
and jugular veins of Dog #1 to the distal counter-
parts in Dog #2; he then connected the proximals 
of Dog #2 to the distals of Dog #1. Occluding the 
trachea of Dog #1 increased the ventilation of 
Dog #2; this produced hypopnea and apnea in 
Dog 1. Further, hyperventilating Dog #1 made 
Dog #2 breathe less because he was receiving the 
depressed PaCO2 from Dog #1. Using hyperoxia 
in other experiments with this preparation, 
Fredericq concluded to the landmark understand-
ing for his day where and how CO2 and O2 influ-
enced respiration (Fredericq 1890).

Working with human subjects, John Scott 
Haldane (1860–1936) once again demonstrated 
the power of CO2 on ventilation. In human sub-
jects a 3% rise in inspired CO2 produced an 
increase in ventilation that could be matched only 

Fig. 1.3  Centrality of CO2 on ventilation. In animal stud-
ies T. Kolobow used a device he called a “carbon dioxide 
membrane lung” (CDML) inserted into the venous circu-
lation to scrub CO2 from blood entering the right heart. 
Oxygen was supplied via a tracheostomy. The graph 

shows that of the total CO2, the more of it scrubbed out by 
the CDML (abscissa), the more the alveolar ventilation 
decreased (ordinate) down to zero. (Kolobow et al. 1977; 
with permission Wolters Kluwer Health, Inc.)
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by a 7% reduction in inspired O2. And from his 
work with colleague John Priestley in miners and 
divers, they concluded that CO2 was acting on 
respiratory centers in the head in normal breath-
ing (Haldane and Priestley 1905). To what were 
the respiratory centers responding? Was it CO2 or 
H ion? In 1911 the first of Hans Winterstein’s 
“reaction theories” was proposed based on injec-
tions of fixed acid into his dogs (Winterstein 
1911). But an unrelated experiment showed that 
CO2 could diffuse from an extracellular space to 
an intracellular space whereas H ion did not 
(Jacobs 1920). So the increase in blood [H ion] 
from increased PaCO2 was not the stimulus to the 
respiratory centers. Winterstein’s 1921 “reaction 
theory” proposed that it was [H ion] in the respi-
ratory centers which increased ventilation upon 
exposure to increased inspired CO2 (Winterstein 
1921).

Now the question arose as to just where in the 
head were these respiratory centers which were 
to control CO2 homeostasis? In the late 19th and 
very early twentieth centuries hypoxia was 
thought to act centrally, perhaps even at the same 
receptors, by virtue of the lactic acid hypoxia 

generated. In 1954 Leusen seems to have further 
defined this locus of the “centers” to some place 
in or near the ventricles with his ventriculocister-
nal perfusion of fluid containing increased [H 
ion]. This work (Leusen 1954) certainly influ-
enced the subsequent studies of Hans Loeschcke, 
Robert Mitchell and their colleagues (Loeschcke 
et al. 1953; Mitchell et al. 1963) who yet further 
defined the locus to the floor of the fourth ven-
tricle of the medulla in cats. From their studies 
the sensitive centers were located on the ventral 
surface, quite superficially (Fig. 1.4).

However, the simultaneous studies of 
Pappenheimer, Fencl, and colleagues perfusing 
the brains of unanesthetized goats with mock 
CSF placed the sensitive “centers” about two-
thirds to three-fourths the distance along a bicar-
bonate concentration gradient from the CSF to 
the blood (Pappenheimer et  al. 1965). In 1982 
Dempsey and Forster reviewed with extraordi-
nary comprehension the work of Loeschcke and 
his colleagues as well as that of Pappenheimer 
and his colleagues plus their own work (the 
Madison, Wisconsin Group) involving many spe-
cies, conditions, and experiments. They con-

Fig. 1.4  CO2-sensitive 
medullary areas. Ventral 
surface of the cat brain 
showing the areas to 
which Mitchell, 
Loeschcke, 
Severinghaus, and their 
colleagues applied CO2/
H+ − soaked cotton 
pledgets to provoke an 
increase in ventilation, 
narrowing an important 
area for the biological 
detection of CO2. 
(Mitchell et al. 1963; 
with permission 
Rightslink/John Wiley 
and Sons)
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cluded that interstitial [H+] was the stimulus for 
the medullary processes involved in the 
homeostatic control of ventilation in acid-base 
disturbances. And this area was also involved in 
eupneic breathing. But this [H+]-sensitive struc-
ture was not on the surface but about 200  um 
below the ventrolateral surface of the medulla – 
closer to the interstitial fluid spaces (Dempsey 
and Forster 1982). At what is perhaps the molec-
ular level for the biological detection of CO2 
Nattie has produced data showing that blocking 
an imidazole-histidine protein moiety in the ven-
trolateral medulla of in vivo preparation inhibits 
CO2 sensitivity (Nattie 1995). But in more recent 
years efforts to identify CNS components of CO2 
detection met a problem. At a much more reduced 
level of organismal organization in the CNS our 
focus came to a specific location and on specific 
neurons and how these entities are to be chal-
lenged with the CO2/H+. Cells from the Phox2B 
retrotrapazoid nucleus, 5HT neurons of the med-
ullary raphe, noradrenergic neurons of the locus 
ceruleus, and NK1R-ir cells of the raphe mag-
nus…all are affected by CO2/H+, Excitation at a 
single site is modulated by subsequent hypocap-
nnic inhibition at other sites. And according to 
this long-term contributor to this controversy: 
central chemoreception is a distributed property; 
there is no unique chemoreceptor site nor is there 
a unique neuronal phenotype or mechanism” 
(Nattie and Li 2006). This information is interest-
ing and helpful, but clearly indicates that more 
research is needed to clarify the picture of CO2/H 
detection in the CNS.

1.3.2	 �Detection by the Carotid Body

Respiratory acidosis or metabolic acidosis 
according to one group is detected in an identical 
fashion. Both lower glomus cell pH (pHi). This 
activates a Na+/H+ exchanger. H+ is extruded 
bringing in Na+. This activates and reverses the 
normal direction of the Na+/Ca++ exchanger. Na+ 
is extruded and Ca++ enters and attaches to the 
neurotransmitter-containing vesicles. The vesi-
cles exocytose their contents into the synaptic 
cleft onto the appropriate post-synaptic receptors 

on the abutting afferent neuron (Gonzalex et al. 
1995). A second view involves the H+ − gener-
ated inhibition of background (TASK1/3) K+ cur-
rents in the glomus cells. The resulting 
depolarization activates voltage-gated Ca++ chan-
nels. The entering Ca++ attaches to 
neurotransmitter-containing vesicles which dock 
on the inner surface of the glomus cell and exocy-
tose their contents across the synapse to appro-
priate receptors on the abutting afferent neuron 
(Buckler 2015; Zhang and Nurse 2004).

1.4	 �O2 – Detecting Elements 
in the Respiratory System

1.4.1	 �Detection in the CNS

Oxygen is sensed by several types of cells in the 
CNS.  But it is not at all clear this influences 
homeostatic control via respiration. The detec-
tion of low oxygen by specialized receptors in the 
CNS to increase respiration does not seem to 
have significant data in support of that possibility, 
though hypoxia does affect cells in the CNS, as it 
does systemically. Some cells are excited; others, 
depressed. Again paradoxically, some depressed 
cells may cause excitation in some other part of 
the respiratory cell linkage chain. But generally 
hypoxia produces CNS neuronal depression 
(Bisgard and Neubauer 1995).

1.4.2	 �Detection by the Carotid Body

The principal detector of oxygen in vertebrates is 
the carotid body (CB) found bilaterally at the 
bifurcation of the common carotid artery into its 
internal and external branches (Fidone and 
Gonzalez 1986). The first known report of the 
carotid body (CB) structure appeared in the 
January 31, 1743 dissertation defense by Hartwig 
William Louis Taube in the lab of the great 
German physiologist, Albrecht von Haller. 
Occasional works in the CB area appeared in the 
nineteenth century; many focused on cardiorespi-
ratory reflex responses. In 1900 Pagano (1900) 
and Siciliano (1900) also located the origin of 
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reflex effects in the periphery. Heinrich Hering 
(1866–1948) in papers from 1923 to 1927 
(Hering 1923) further established the role of the 
peripheral nerves in the reflex effects. So biological 
detection remained in the area of reflex effects. 
In the mid- to late 1920’s two great centers 
pursued a deeper appreciation of the morphology 
and intercellular relations of the CB (Fig. 1.5) 
in the person of Fernando De Castro working in 
Madrid (DeCastro 1926, 1928). The second 
group of Corneille and J.F.  Heymans and col-
leagues pursued the mechanisms of the cardio-
pulmonary reflexes by stimulating the carotid and 
aortic locations (Heymans J-F and Heymans C 
1927; Heymans C et  al. 1930). The story sur-
rounding their interactions with each other and 
their colleagues has been told frequently in the 
past. Their work went on well into the 1930s and 
for which Corneille Heymans won the 1938 
Nobel Prize in Physiology or Medecine. De 
Castro was such a strong influence on Heymans 
that many thought he should have shared the 
Prize. This thought does have credibility since it 
is clear from the reports of each that De Castro 
had correctly assigned the role of the CB before 
C. Heymans had done so. Each contributed to a 
deepening of our understanding of the CB’s next 

door neighbor, the carotid sinus, principal detec-
tor and regulator of arterial blood pressure.

Later years has revealed several other reflex 
effects resulting from CB stimulation in addition 
to the control of O2 and CO2 homeostasis 
(Fitzgerald and Lahiri 1986). Recent studies have 
focused on the cellular and molecular mecha-
nisms involved in the detection of hypoxia, 
hypercapnia, and acidosis (Fidone and Gonzalez 
1986). Histological studies had confirmed that 
the carotid body’s glomus cells were filled with 
neurotransmitter- containing vesicles.

Many studies confirmed the presence of ACh, 
ATP, DA, NE, 5HT, GABA, neurokinin 
A.  Appropriate receptors were also located: 
Cholinergic muscarinic (M1, M2), ncotinic, 
dopamine (D2), GABA B, and purinergic 
(P2X2Y and others (Fig.  1.6)). Recent reports 
have uncovered what might be called modulators 
of carotid body neural output: NO, H2S, adenos-
ine. And other recent reports have identified 
TRPV1 channels and the olfactory receptor, 
Olf78, (Chang et al. 2015) as having roles in che-
modetection. One commonly accepted cascade 
of events in detection of lowered levels of oxygen 
has been: hypoxia reduces K+ traffic in channels 
including TASK K+ channels (Buckler 2015; 

Fig. 1.5  Composite of 
several of De Casto’s 
drawings showing the 
neurotransmitter-
containing Type I cells 
with afferent neurons 
applied to them. Note 
the different type of 
endings…calyx, rete, 
simple fiber (with 
permission Oxford 
University Press/
American Physiological 
Society)

R. S. Fitzgerald



9

Lopez-Barneo 1994), Fig.  1.7 elevating resting 
membrane potential; this depolarizing action 
opens voltage-gated calcium channels; the 
entering Ca++ binds to the vesicles; a protein, 
synaptophysin or physophilin docks the vesicles 
on the inner surface of glomus cells, and they 
exocytose their contents into a synaptic-like cleft 
between the glomus cell and the abutting afferent 

neuron. But in some species there is substantial 
evidence that H2S, known to increase in an 
hypoxic environment, is thought to be the excit-
atory agent closing the maxi K+

BK channel (Peng 
et  al. 2010). However, other proposed mecha-
nisms of hypoxic chemotranduction (e.g., “meta-
bolic hypotheses”) have suggested that O2 
sensing by chemoreceptor cells is linked to  

Fig. 1.6  Neurotransmitter receptors in the cat carotid 
body. A composite of studies, mostly provided by 
Shirahata, showing the location of various types of cholin-
ergic receptors and highlighting the sub-units of the  

nicotinic receptors. These operate in the biological  
detection of O2 by the carotid body (Shirahata et al. 1998; 
Hirasawa et al. 2003)

Fig. 1.7  K+ channel behavior during hypoxia. Hypoxia 
inhibits current through this K+ channel in the membrane 
of the Type I cell. In so doing the cell becomes depolar-
ized which opens voltage-gated Ca2+ channels. Ca2+ rushes 

in, adhering to the transmitter-containing vesicles which 
exocytose their contents into the cleft between the cell and 
abutting afferent neuron. (Adapted from Lopez-Barneo 
1994; with permission Rightslink/Elsevier)

1  O2/CO2: Biological Detection to Homeostatic Control
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mitochondrial structure and function (Buckler 
2015). ATP is central to this explanation. As che-
moreceptor neural output increases with the 
decreasing O2, genesis of ATP must confront 
lowered O2. A further problem is the link between 
a decrease in ATP and the Ca++-triggered release 
of neurotransmitters has remained unclear. 
Finally, there are several recent reports of genetic 
differences in the detection of hypoxia as well as 
in carotid body structure and function (Weil 
2003; Weil et al. 1998; Balbir et al. 2007, 2006; 
Yamaguchi et al. 2006). The above treatment is 
really focused on acute exposure to lowered PaO2.

The ventilatory response to long term expo-
sure to hypoxia has some phases, and the story is 
not yet clear. There is the hypoxic ventilatory 
run-off or depression which occurs 10–15  min 
after the CB-mediated increase in ventilation. 
But then there is the acclimatization to both short 
term and long term exposure to hypoxia. CNS 
neurons are in general turned off by hypoxia and 
therefore not responsible for the increased venti-
lation of acclimatization. This phenomenon does 
seem to have its locus in the CB, perhaps in a 
reduced sensitivity of the D2 dopamine receptor 
on the CB’s afferent neuron to the NTS.  The 
complexity surrounding this situation is fully 
reviewed recently (Bisgard and Neubauer 1995). 
Both areas of ventilatory changes need further 
study. A final point of “integrative control” which 
must be included is the finding by Philipson 
(Phillipson et al. 1981), and others that for rhyth-
mic breathing generated in the CNS there is an 
absolute need for input from peripheral receptors. 
One study (Sullvan et al. 1978) in healthy unanes-
thetized dogs combined metabolic alkalosis with 
slow wave sleep, vagal blockade, and hyperoxia. 
Respiratory frequency was reduced to one breath/
minute. Such data clearly demonstrate that affer-
ent respiratory stimuli from the periphery are 
essential for sustaining adequate ventilation.

1.5	 �Summary

After a brief look at where this planet’s O2 and 
CO2 originated inorganically and organically, the 
method of detecting the two gases biologically so 

that their homeostatic control would benefit the 
organism was found to be breathing. Early inves-
tigators of the lung, heart, and breathing were 
quite confused, and many thought the lung and 
heart were involved in the cooling of the inner 
body. Major advances in the understanding of the 
lung, heart, and breathing came with the seven-
teenth century Oxford group. They made it per-
fectly clear that air passing into the lungs was 
necessary for life; and this air did something ben-
eficial to the blood. A next step identified CO2 as 
a stimulus to breathing; not quite clear yet was 
the impact of hypoxia per se. Finally determined 
was the discovery that it was the [H+] in the CSF 
generated by CO2 that was detected by structures 
in the medulla. Peripheral detection of hypoxia 
was by the CB, which also senses CO2. More 
advanced studies of the CB have uncovered sub-
cellular and even genetic modification of this 
detection. Finally, though it was clear that CO2 
seems to be the major stimulus to respiration act-
ing centrally and peripherally, work has shown 
that the rhythmic breathing in the homeostatic 
condition is produced by CNS elements in the 
pons and medulla. But they must have input from 
peripheral receptors.
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Abstract
Measurements of central and peripheral respi-
ratory chemoreflexes are important in the con-
text of high altitude as indices of ventilatory 
acclimatization. However, respiratory chemo-
reflex tests have many caveats in the field, 
including considerations of safety, portability 
and consistency. This overview will (a) outline 

commonly utilized tests of the hypoxic venti-
latory response (HVR) in humans, (b) outline 
the caveats associated with a variety of peak 
response HVR tests in the laboratory and in 
high altitude fieldwork contexts, and (c) 
advance a novel index of steady-state chemo-
reflex drive (SS-CD) that addresses the many 
limitations of other chemoreflex tests. The 
SS-CD takes into account the contribution of 
central and peripheral respiratory chemore-
ceptors, and eliminates the need for complex 
equipment and transient respiratory gas per-
turbation tests. To quantify the SS-CD, steady-
state measurements of the pressure of end-tidal 
(PET)CO2 (Torr) and peripheral oxygen satura-
tion (SpO2; %) are used to quantify a stimulus 
index (SI; PETCO2/SpO2). The SS-CD is then 
calculated by indexing resting ventilation (L/
min) against the SI.  SS-CD data are subse-
quently reported from 13 participants during 
incremental ascent to high altitude (5160 m) 
in the Nepal Himalaya. The mean SS-CD 
magnitude increased approximately 96% over 
10 days of incremental exposure to hypobaric 
hypoxia, suggesting that the SS-CD tracks 
ventilatory acclimatization. This novel SS-CD 
may have future utility in fieldwork studies 
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assessing ventilatory acclimatization during 
incremental or prolonged stays at altitude, and 
may replace the use of complex and potentially 
confounded transient peak response tests of 
the HVR in humans.

Keywords
Hypoxic ventilatory response · Peripheral 
chemoreceptors · Central chemoreceptors · 
High altitude · Steady-state chemoreflex drive

2.1	 �Introduction

2.1.1	 �Respiratory Chemostimuli, 
Chemoreceptors 
and Chemoreflexes

Blood gases (O2 and CO2) are maintained at rela-
tively constant values, in part through the coordi-
nation and interaction between central (brainstem) 
and peripheral (carotid body) chemoreceptors. 
Central chemoreceptors, located at various loci 
throughout the brainstem, detect the accumula-
tion of PCO2/[H+] in brain tissue (Guyenet and 
Bayliss 2015). Peripheral chemoreceptors are 
found within the carotid bodies, located bilater-
ally at the bifurcation of the common carotid 
arteries. The carotid bodies detect rapid changes 
in both O2 and CO2 in a synergistic fashion 
(Fitzgerald and Parks 1971; Lahiri and DeLaney 
1975; López-Barneo et al. 2016).

In reduced preparations, intact animals and 
humans, chemoreflexes resulting from chemore-
ceptor stimulation can be measured in a variety 
of ways, depending upon the model system, con-
text and experimental question (Duffin 2011; 
Teppema and Dahan 2010; Powell 2006, 2012). 
For example, in humans, the central chemoreflex 
can be elicited and measured by administering 
increases in CO2 in a background of hyperoxia 
(>300 Torr PO2), in a step-wise (steady-state) or 
incremental (rebreathing) fashion. The resulting 
linear response in ventilation quantifies the 
responsiveness. The relative hyperoxia silences 
the peripheral chemoreceptors to the increases in 
CO2, isolating the central chemoreceptors. The 

peripheral chemoreflex can be elicited through 
tests exploiting both temporal domain and stimu-
lus specificity (Pedersen et al. 1999; Smith et al. 
2006). Because the carotid bodies detect rapid 
changes in blood gases, transient changes in O2 
and CO2 are likely representative of the periph-
eral chemoreflex. In addition, because the central 
chemoreceptors are thought to limit their respon-
siveness to PCO2/[H+], responses to changes in 
O2, particularly in isocapnic conditions, likely 
represent the peripheral chemoreflex.

2.1.2	 �Hypoxic Ventilatory Response 
(HVR) Tests

Exposure to acute normobaric or prolonged 
hypobaric hypoxia presents a profound and 
sometimes life-threatening stressor. Many organ 
systems interact to coordinate and mount an 
acute response, including the sympathetic ner-
vous system (SNS), cardiovascular and respira-
tory systems. In response to carotid body 
stimulation, a SNS response is elicited, increas-
ing cardiac output and peripheral resistance, with 
a subsequent increase in mean arterial pressure, 
the driving force for maintaining blood flow to 
tissues. The respiratory system mounts a robust 
hypoxic ventilatory response (HVR), which can 
be measured and quantified in many ways (e.g., 
Teppema and Dahan 2010). A number of these 
tests with relevant caveats are outlined below.

2.1.2.1	 �Steady-State Isocapnic 
and Poikilocapnic Hypoxia 
Tests

Using chambers, large breathing bags with pre-
mixed gas concentrations or more sophisticated 
dynamic end-tidal forcing (DEF) systems, par-
ticipants can be exposed to single or multiple 
steady-state reductions in the fraction of inspired 
(FI)O2. In the case of acute normobaric hypoxia 
in the isocapnic state, a large peak response is 
elicited within minutes, followed by hypoxic 
ventilatory decline (HVD; e.g., Powell et  al. 
1998; Steinback and Poulin 2007), possibly due 
to increases in brainstem blood flow and CO2 
washout from central chemoreceptors 
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(Berkenbosch et al. 1995; Hoiland et al. 2015) or 
other central or peripheral mechanisms (e.g., 
Honda 1995; Long et  al. 1993; Poulin and 
Robbins 1998; Robbins 1995). In the poikilocap-
nic state, where CO2 is allowed to drift downward 
as a result of the ventilatory response, the peak 
response is much smaller. In this poikilocapnic 
context, steady-state ventilation is similar to 
baseline conditions after approximately 10 min, 
likely due in part to the CO2-O2 stimulus interac-
tion at the carotid body, and a new steady-state is 
achieved between hypoxia, hypocapnia and ven-
tilation (e.g., Steinback and Poulin 2007; Pfoh 
et  al. 2017). In either case, even though the 
hypoxic exposure is steady-state in nature, the 
response is quantified by visually identifying the 
peak in ventilation (e.g., Hoiland et  al. 2015; 
Pfoh et  al. 2016; Steinback and Poulin 2007), 
making these tests essentially peak response 
tests. In the context of high altitude ascent, these 
tests require sophisticated equipment that lacks 
portability (e.g., DEF system, gas tanks, gas ana-
lyzers, calibration gases). In the case of isocapnic 
hypoxia tests, it is an open question as to what 
level is appropriate to clamp the CO2 at. Because 
of carotid body acclimatization, and the associ-
ated increase in ventilation, participants become 
incrementally more hypocapnic with ascent and 
acclimatization, departing from their sea level 
values during baseline measurements at altitude. 
In addition, because of the renal compensations 
(outlined below), there is a reduction in buffering 
capacity, and a given change in CO2 will repre-
sent a larger relative chemoreceptor stimulus 
(e.g., Eger et al. 1968; Fan et al. 2010). Thus, par-
ticipants simply cannot tolerate levels of CO2 that 
would be eucapnic at sea level, prior to ascent. 
Because of these changes in CO2 and bicarbon-
ate, it is difficult to isolate the hypoxic respon-
siveness alone given the significant changes in 
other relevant variables.

2.1.2.2	 �Transient Hypoxic or Hyperoxic 
Tests

Given the reported temporal domain (i.e., fast) 
and stimulus specificity (i.e., hypoxia) of the 
carotid chemoreceptors, transient tests of the 
peripheral chemoreflex have been developed and 

utilized (Chua and Coats 1995; Edelman et  al. 
1973; Pfoh et al. 2016). Briefly, participants are 
exposed to multiple breaths of 100% N2 to elicit 
a transient HVR. We recently compared a tran-
sient 100% N2 test (TT-N2) to both steady-state 
isocapnic and poikilocapnic HVR tests (SS-ISO 
and SS-POI respectively), and showed that (a) all 
three tests had different magnitudes, (b) the 
TT-HVR and SS-ISO test were moderately cor-
related with each other, within-individual and (c) 
the TT-N2 had very little confounding sympa-
thetic, cardiovascular and cerebrovascular 
responses, which are well-described with the 
SS-ISO (e.g., Steinback and Poulin 2008; 
Steinback et al. 2009). However, even though the 
TT-N2 and SS-ISO tests are moderately corre-
lated, the TT-N2 was smaller in magnitude than 
that of SS-ISO tests and had a lot of within-
individual variability between trials (Pfoh et  al. 
2016). From a fieldwork perspective, the TT-N2 
has similar limitations as the SS-ISO, given that a 
gas tank (100% N2) and a calibrated gas analyzer 
is required, which limit portability. In addition, 
all hypoxic tests may be dangerous and uncom-
fortable for participants who are already hypoxic 
during baseline conditions at altitude, depending 
on the testing altitude.

In an attempt to overcome the portability and 
safety caveats of steady-state and transient 
hypoxic tests, we also recently characterized a 
transient hyperoxic withdrawal test (TT-O2) in 
the context of steady-state hypoxia in the labora-
tory, and compared it to the TT-N2 and a non-
peak response SS-POI test (following 10-min of 
steady-state hypoxia). The TT-O2, originally 
developed by Dejours (1962), requires only a 
100% O2 tank (readily available in cities prior to 
ascending to altitude), a spirometer and a pulse 
oximeter. Unlike the Dejours method, which only 
quantified a change in ventilation following tran-
sient 100% O2 exposure, we indexed the ventila-
tory change against the change in peripheral 
oxygen saturation (SpO2), providing normative 
values for this test in unacclimatized hypoxic 
conditions (Pfoh et al. 2017).

Unfortunately, these various steady-state and 
transient peak response tests described above 
have different magnitudes (Pfoh et  al. 2016, 
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2017), are not well-correlated with each other 
(Pfoh et al. 2016, 2017), nor are their magnitudes 
related with oxygenation while in steady-state 
hypoxia (Pfoh et al. 2017), within-individuals. In 
addition, Milledge et  al. (1988) found no rela-
tionship between the HVR prior to ascent with 
the severity of acute mountain sickness (AMS) 
symptoms upon rapid ascent to 5200 m. Thus, the 
validity and utility of peak response tests should 
be questioned with respect to assessing ventila-
tory acclimatization, oxygenation and avoiding 
AMS during exposure to chronic hypobaric 
hypoxia.

2.1.3	 �The Problem: Caveats for Tests 
of the HVR in High Altitude 
Fieldwork Contexts

Testing the HVR at altitude is often performed to 
assess ventilatory acclimatization (e.g., Forster 
et al. 1971; Sato et al. 1992; Smith et al. 1986). 
As a result of prolonged exposure to hypoxia, 
(e.g., high altitude ascent), ventilatory acclimati-
zation ensues, increasing ventilation for a given 
combination of O2 and CO2. Similar to exposure 
to acute hypoxic conditions, during ascent to alti-
tude, a new steady-state is achieved between 
hypoxia, hypocapnia and ventilation. Despite the 
competing nature of hypoxia (stimulatory) and 
hypocapnia (inhibitory), steady-state ventilation 
is eventually higher at rest than sea level due to 
carotid body plasticity (Smith et al. 1986).

Unfortunately, commonly applied peak 
response tests of the HVR utilized in many labo-
ratory and field studies at altitude suffer from a 
number of important caveats, confounds and lim-
itations, summarized below:

	1.	 HVR tests typically require sophisticated 
equipment, lacking portability in many field-
work contexts. These include feedback con-
trol systems, laptop computers, gas tanks 
(e.g., 100% O2, 100% CO2, 100% N2, pre-
mixed gases), gas analyzers, and calibration 
gas tanks. Although possible in some high 
altitude regions, these are not trivial 

considerations when intending to ascend to 
high altitude laboratories, lodges or base camps.

	2.	 It may be dangerous and uncomfortable to 
make participants more hypoxic when already 
hypoxic at rest while at altitude when carrying 
out HVR tests.

	3.	 HVR tests are contaminated by chronic 
changes in CO2 and arterial/CSF bicarbonate 
associated with ventilatory and renal acclima-
tization. Prolonged hypoxia-induced hypo-
capnia and respiratory alkalosis induces a 
compensatory metabolic acidosis through the 
renal excretion of bicarbonate (Dempsey et al. 
2014; Krapf et al. 1991), potentially making 
central chemoreceptors more sensitive to 
changes in CO2 due to the reduction in buffer-
ing capacity for a given change in CO2 
(Dempsey et  al. 2014; Sato et  al. 1992; Fan 
et  al. 2010). These steady-state changes in 
resting CO2 and acid-base homeostasis likely 
affect the magnitude of the peripheral chemo-
reflex independent from changes in O2. These 
changes also likely affect the resting central 
chemoreceptor activation at altitude. Thus, it 
is difficult to make meaningful comparisons 
to unacclimatized sea level values.

	4.	 The assumption of stimulus specificity (i.e., 
hypoxia) of the peripheral chemoreceptors 
may be incorrect. Recent studies have demon-
strated the existence of central (i.e., brain-
stem) chemosensors that are both sensitive to 
hypoxia and elicit a hypoxic ventilatory 
response (Angelova et al. 2015; Curran et al. 
2000; Gourine and Funk 2017).

	5.	 Previous studies have demonstrated that the 
magnitude of different tests of the HVR are 
not well-correlated with each other, nor are 
they correlated with oxygenation (SpO2 or 
PETO2) while being exposed to steady-state 
hypoxia, within-individuals (Pfoh et al. 2016, 
2017). If the HVR (broadly defined) is an 
intrinsic mechanism that protects oxygenation 
when hypoxic, then any valid test of the HVR 
should capture these relationships. Our previ-
ous study demonstrated that peak response 
tests are not (a) related to each other in magni-
tude and (b) are not related to oxygenation. 
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Thus, our observations should give investiga-
tors pause when considering the utility and 
validity of HVR tests in assessing ventilatory 
acclimatization when participants are exposed 
to prolonged hypoxia.

	6.	 The assumption that separate tests of the cen-
tral and peripheral chemoreflexes are distinct 
and can isolate chemoreceptors is also likely 
incorrect. For example, steady-state isocapnic 
tests have well-described sympathetic, cardio-
vascular and cerebrovascular effects, which 
may confound the resulting ventilatory 
response. Steady-state poikilocapnic tests, 
where CO2 is reduced as a result of the HVR, 
causes a withdrawal of central chemoreceptor 
stimulation. In addition, prolonged hypoxic 
stimulation and hypocapnia causes renal com-
pensation, likely affecting the responsiveness 
of central chemoreceptors through a reduction 
of PCO2/[H+] buffering capacity. Lastly, there 
is a potential interaction between central and 
peripheral chemoreceptors, whereby the acti-
vation or withdrawal of stimulation of one che-
moreceptor compartment may affect the 
sensitivity of the other compartment’s result-
ing chemoreflex to a transient perturbation. On 
balance, experimental evidence suggests that 
in intact animals and humans, the interaction 
between chemoreceptors is likely simple addi-
tion (e.g., Forster and Smith 2010; Smith et al. 
2010; Wilson and Teppema 2016). However, 
the interaction has not been tested in chronic 
hypoxia, and the interaction may be state-
dependent and different than previously dem-
onstrated when tested below eupneic levels of 
CO2 (i.e., hypocapnia; e.g., Day and Wilson 
2009; Wilson and Day 2013). Thus, HVR tests 
are likely contaminated by a host of integrative 
responses that confound the isolation of 
peripheral chemoreceptors in humans.

	7.	 Lastly, peak HVR tests, whether steady-state 
or transient, do not represent the steady-state 
ventilatory strategy that an individual utilizes 
against a given combination of O2, CO2 and 
acid-base chemostimuli while at rest at alti-
tude. Thus, it is difficult to interpret what a 
peak ventilatory response to a transient stimu-
lus represents in this context.

Given the many caveats, confounds and limi-
tations outlined above, ultimately these consid-
erations raise doubts about the feasibility and 
ability of specific transient peak response tests 
to isolate and quantify specific peripheral che-
moreflex responsiveness in human participants 
in the context of high altitude ascent and 
acclimatization.

2.1.4	 �The Solution? A Novel Index 
of Steady-State Respiratory 
Chemoreflex Drive

In response to the many challenges outlined 
above, and faced with a need for a feasible and 
portable metric to assess respiratory chemore-
flexes in high altitude fieldwork studies, we 
recently developed a novel index of steady-state 
chemoreflex drive (SS-CD). The SS-CD takes 
into account the prevailing CO2 and O2 chemo-
stimuli and the activation state of both central and 
peripheral chemoreceptors through their cumula-
tive effect on resting ventilation (Pfoh et  al. 
2017). To make the SS-CD measurement and cal-
culation, only three portable devices are required 
(see Fig. 2.1):

	1.	 A spirometer for a measurement of steady-
state minute ventilation (Vİ; L/min)

	2.	 A capnograph to measure the pressure of end-
tidal (PET)CO2 (Torr)

	3.	 A pulse oximeter to measure peripheral oxy-
gen saturation (SpO2; %)

First, steady-state representative measure-
ments of PETCO2 and SpO2 are used to quantify a 
stimulus index:

	 SI P CO SpOET= 2 2/ 	

The SS-CD is then calculated by indexing resting 
ventilation (Vİ; L/min) against the SI:

	
SS CD V SII- =

⋅

/
	

In the context of respiratory chemoreflex activa-
tion state, the SI is applied to assess the steady-
state prevailing PETCO2 and SpO2. The SS-CD 
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then gives the investigator insight into the steady-
state ventilation against the prevailing chemo-
stimuli, eliminating the need for transient gas 
challenges or peak response tests. This test can 
then be applied during incremental ascent or at 
multiple time points during acclimatization to a 
single altitude.

The strength of the SI lies not only in its sim-
plicity of measurement and calculation, but also 
in the fact that both chemostimuli have well-
documented linear relationships with ventilation. 
For example, CO2 is linearly related to ventila-
tion, as demonstrated by both steady-state and 
rebreathing tests (Duffin 2011; Nielsen and 
Smith 1952). In addition, although the relation-
ship between O2 and ventilation is curvilinear 
(e.g., Loeschchke and Gertz 1958; Weil et  al. 
1970), indexing ventilation against SpO2 linear-
izes the relationship (e.g., Rebuck and Campbell 
1974). Thus, CO2 is proportionally and linearly 
related to ventilation, and SpO2 is inversely and 
linearly related to ventilation, justifying the cal-
culation of SI as PETCO/SpO2 (Pfoh et al. 2017). 
Also by way of validation, we used this SI meth-
odology previously in other contexts, specifically 
when quantifying cerebrovascular responsive-
ness to breath holding, where both CO2 and O2 

are changing simultaneously at the metabolic rate 
(Bruce et al. 2016).

We recently compared the SS-CD between 
breathing room air and breathing steady-state 
normobaric hypoxia (~20  min of ~13.5% FIO2; 
~90 Torr PIO2 in Calgary). Despite resting venti-
lation and the stimulus index being statistically 
higher in hypoxia, due to the competing effects of 
hypoxia and hypocapnia, there were no statistical 
differences in SS-CD between room air (i.e., 
baseline) and after 20 min of steady-state hypoxia 
(Pfoh et al. 2017). This demonstration is consis-
tent with the fact that in response to  acute poi-
kilocapnic hypoxia, ventilation is not appreciably 
higher following the peak response, and HVD 
leads to a new steady-state following approxi-
mately 10-min, where ventilation is similar to 
baseline values breathing room air (e.g., 
Steinback and Poulin 2007).

Following this previous study comparing 
SS-CD while breathing room air and acute nor-
mobaric hypoxia in a laboratory setting, we 
aimed to assess the SS-CD during incremental 
ascent to high altitude. Specifically, we hypothe-
sized that the SS-CD would track ventilatory 
acclimatization during incremental ascent over 
10 days to high altitude hypoxia.

Fig. 2.1  Three portable devices to measure and calcu-
late steady-state respiratory chemoreflex drive in 
humans in fieldwork contexts. (a) Portable respirometer 
to measure minute ventilation (Vİ, L/min; picture from 
http://bit.ly/2F8xxRJ). (b) Portable capnograph to mea-
sure the pressure of end-tidal (PET)CO2 (Torr; picture from 
http://bit.ly/2BsmxA2). (c). Portable pulse oximeter to 

measure peripheral arterial oxygen saturation (SpO2, %; 
picture from http://bit.ly/2BuOabJ). These three devices, 
or others like them, make up a portable system that can be 
used to quantify resting steady-state respiratory chemore-
flex drive in the laboratory, clinic or fieldwork contexts. 
All devices are non-invasive, do not require power, can be 
used simultaneously and require only a short-duration 
spot-check (i.e., a few minutes)

C. D. Bruce et al.
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2.2	 �Methods and Materials

2.2.1	 �Participant Recruitment 
and Ethics

Participants were recruited on a voluntary basis 
to undergo serial measurements from a large 
group of participants (31) on a research expedi-
tion during a trek to Everest base camp (5300 m) 
in the Nepal Himalaya. Inclusion criteria included 
adult participants over 18  years of age who 
planned to trek the entire journey and those who 
were willing to provide free, informed, verbal, 
written and ongoing consent. In this study, we 
recruited 13 participants for inclusion 
(23.0  ±  3.1  years; BMI 24.0  ±  2.7  kg/m2; 5 
males). This study abided by the Canadian 
Government Tri-Council policy on research eth-
ics with human participants (TCPS2) and the 
Declaration of Helsinki, except registration in a 
database. Ethical approval was received in 
advance through the Mount Royal University 
Human Research Ethics Board (Protocol 100012) 
and was harmonized with the Nepal Health 
Research Council (Protocol 109-2017). All par-
ticipants were recruited via verbal communica-
tion and provided written and informed consent 
prior to voluntary participation in the study. 
Although this study took place in the context of a 
large research expedition to altitude, the specific 
study design, research question and data collec-
tion were planned a priori.

2.2.2	 �Study Protocol and Ascent 
Profile

Participants had baseline measurements per-
formed at a low altitude of 1045 m (Calgary) or 
1400 m (Kathmandu, Nepal), and these data were 
combined. They were then flown to 2800  m 
(Lukla) before beginning the trek. During the 
trek, all measurements were made on rest days 
(i.e., no altitude gain) following one night at each 
altitude, which occurred upon reaching altitudes 
of 3440 m (Namche; Day 3), 3820 m (Debuche; 
Day 5), and 4370  m (Pheriche; Day 7) and 
5160  m (Gorak Shep; Day 10). Prior to 

measurements at 5160 m (Gorak Shep), partici-
pants trekked to ~5300  m (Everest base camp) 
and back (approximately 5  h of walking), after 
which measurements were taken at rest in the 
afternoon. No participants were taking prophy-
lactic acetazolamide (Diamox) at any time during 
the trek.

2.2.3	 �Measurements

All data were collected between 06:00 and 17:00 
on non-trekking days. Participants were seated 
in lodge bedrooms or dining rooms and provided 
with white noise through head phones to mini-
mize distraction. They were instrumented to 
measure resting ventilation (V ̇I; L/min), the pres-
sure of end-tidal (PET)CO2 and peripheral oxy-
gen saturation (SpO2). Ventilatory data were 
collected using a 16-channel PowerLab system 
(Powerlab/16SP ML880; AD Instruments; ADI; 
Colorado Springs, CO, USA) and analyzed 
offline using commercially available software 
(ADI LabChart Pro software version 8). 
Participants were instrumented with a mouth-
piece, personal bacteriological filter, and  nose 
clip. Respiratory flow was measured through the 
use of a calibrated pneumotachometer (HR 
800 L flow head and spirometer amplifier; ADI 
ML141). Instantaneous inspired ventilation (V ̇I, 
L/min) was calculated as the product of breath-
by-breath inspired volume (calculated from the 
integral of the flow signal) and respiratory rate 
(calculated by 60/period of the flow signal). 
PETCO2 was measured using a portable, cali-
brated capnograph (Masimo EMMA, Danderyd, 
Sweden) with a personal mouthpiece and nose 
clip and SpO2 was measured with a portable fin-
ger pulse oximeter (Masimo SET® Rad-5, 
Danderyd, Sweden).

2.2.4	 �Data Analysis and Statistics

Resting ventilation at each altitude was analyzed 
from a one-minute representative mean bin near 
the end of a 10-min baseline period, whereas 
PETCO2 and SpO2 measures were obtained after 
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steady-state was achieved. Data in Table 2.1 and 
Figs. 2.2 and 2.3 are presented as mean ± standard 
error of the mean (SEM). A one-factor repeated 
measures ANOVA was utilized to test for differ-
ences in PETCO2, SpO2, V̇I, SI (PETCO2/SpO2) and 
SS-CD (V̇I/SI) at each altitude. Statistical signifi-
cance was assumed at P < 0.05 (SigmaPlot v14, 
Systat).

2.3	 �Results

Table 2.1 illustrates resting ventilation (V ̇I), the 
pressure of end-tidal (PET)CO2, peripheral oxy-
gen saturation (SpO2), stimulus index (SI) and 
measurement of steady-state chemoreflex drive 
(SS-CD) during incremental ascent to high 
altitude. All variables changed in predictable 

Table 2.1  Baseline variables at rest during incremental ascent to high altitude in the Nepal Himalaya over 10 days

Variable/Day 0 3 5 7 10
Altitude (m) 1400 3440 3820 4370 5160
Atmospheric pressure (mm Hg) 648 509 486 454 411
Pressure of inspired O2 (mm Hg) 136 107 102 95 86

V̇I (L/min) 12.1 ± 0.6 14.4 ± 1.0 13.9 ± 0.9 14.3 ± 1.0 16.4 ± 1.3*†

PETCO2 (Torr) 32.3 ± 1.5 26.8 ± 0.8* 25.8 ± 0.8* 21.8 ± 0.8*† 18.4 ± 0.6*†
SpO2 (%) 96.5 ± 0.3 91.6 ± 0.7* 90.8 ± 0.9* 87.5 ± 0.8*† 78.0 ± 2.0*†
SI (PETCO2/SpO2) 0.34 ± 0.02 0.30 ± 0.01* 0.29 ± 0.01* 0.25 ± 0.01*† 0.24 ± 0.01*

SS-CD (V ̇I/SI) 36.8 ± 2.7 48.6 ± 3.9 48.9 ± 3.8 57.7 ± 5.3* 70.4 ± 6.7*†

Baseline data obtained from a one-minute bin near the end of a 10-minute room-air baseline, following at least one night 
at each altitude. The first measurement was made in Calgary (1045 m) or Kathmandu (1400 m), and each successive day 
during ascent is listed, with representative altitude, atmospheric pressure, and approximate pressure of inspired O2

Vİ minute ventilation, PETCO2 partial pressure of end-tidal carbon dioxide, SpO2 oxygen saturation via peripheral pulse 
oximetry, SI stimulus index (PETCO2/SpO2; Torr/%), SS-CD steady-state chemoreflex drive (Vİ/SI)
*denotes different than 1400 m, P < 0.001
†denotes different than previous altitude, P < 0.001
These data n = 13, except V̇I, SI and SS-CD: 1045/1400 m, n = 13; 3440 m, n = 10; 3820, n = 11; 4370 m, n = 11; 
5160 m, n = 10
Data reported as mean ± SEM

Fig. 2.2  Measures of peripheral oxygen saturation 
(SpO2; %) and pressure of end-tidal CO2 (PETCO2; 
Torr) with ascent. Note the incremental decline in SpO2 
and PETCO2 with incremental ascent, demonstrating 
hypoxia, and concomitant hypocapnia due to the hypoxic 

ventilatory response. The relative altitude and measure-
ment day during ascent is labeled for each value. * denotes 
different than 1045/1400 m, P < 0.001. †denotes different 
than previous altitude, P < 0.001. These data, n = 13. Error 
bars represent mean ± SEM
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ways with incremental ascent. Figure 2.2 illus-
trates the reductions in SpO2 and PETCO2 with 
ascent, illustrating hypoxia and concomitant 
hypocapnia due to the HVR. Following 10 days 
of incremental ascent, SpO2 and PETCO2 were 
78.0  ±  2.0% and 18.4  ±  0.6  Torr at 5160  m, 
respectively, significantly lower than 
1045/1400  m. Figure  2.3 illustrates resting V ̇I, 
SI and SS-CD during ascent to altitude. 
Following 10 days of incremental ascent, V ̇I, SI 
and SS-CD were 16.4 ± 1.3 L/min, 0.24 ± 0.01 
and 70.4 ± 6.7 respectively, significantly differ-
ent than 1045/1400  m. The mean SS-CD was 
approximately 96% larger (i.e. almost double) 
at 5160 m compared to 1045/1400 m, indicating 

appreciable ventilatory acclimatization in these 
participants.

2.4	 �Discussion

Following the development and validation of the 
SS-CD during exposure to normobaric hypoxia 
in a laboratory setting, we aimed to characterize 
the SS-CD during incremental and more pro-
longed exposure to high altitude. We found that 
the SS-CD index increased in magnitude with 
incremental ascent to altitude over 10 days to a 
maximum of 5160  m. On average, SS-CD 
increased 96% in this time frame, suggesting 

Fig. 2.3  Steady-state chemoreflex drive during incre-
mental ascent to high altitude. These ventilatory (V̇I) 
data in A. were derived from a one-min mean bin follow-
ing 10-min of rest at each location, following at least one 
night at each respective altitude. The SI data in B. 
(PETCO2/SpO2) was calculated from data in Fig.  2.2. 
SS-CD in C. is calculated as Vİ/SI at each location. The 

relative altitude and measurement day during ascent is 
labeled for each value. * denotes different than 
1045/1400 m, P < 0.001. † denotes different than previous 
altitude. These data: 1045/1400 m, n = 13; 3440 m, n = 10; 
3820, n = 11; 4370 m, n = 11; 5160 m, n = 10. Error bars 
represent mean ± SEM
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appreciable ventilatory acclimatization. This 
finding suggests that the SS-CD tracks the well-
described ventilatory acclimatization during 
exposure to high altitude hypoxia.

The SS-CD captures the overall resting che-
moreflex drive to prevailing chemostimui. Thus, 
this index includes contributions from both cen-
tral and peripheral respiratory chemoreceptors 
and the prevailing O2, CO2 and acid-base status. 
Indeed, given the many considerations outlined 
above, the methodological and technical simplic-
ity of the SS-CD illustrates its strength, and 
underlies its potential broad utility. Although the 
equipment we used here for measuring ventila-
tion required a calibrated flow head, spirometer 
amplifier and a laptop with data acquisition hard-
ware and software, we suggest that the same 
measures can be made using more portable respi-
rometers (see Fig. 2.1), increasing the portability 
and utility in austere conditions.

There are many contexts where tests approxi-
mating the specific central and/or peripheral che-
moreflex magnitude may be important, including 
mechanistic studies of cardiorespiratory control in 
animal models and humans. As with all experi-
mental studies, the utility of any methodology lies 
in the experimental question. However, the novel 
SS-CD index outlined here may have future utility 
in assessing ventilatory acclimatization during 
incremental or prolonged stays at altitude, and 
may replace the use of complex and potentially 
confounded transient peak response tests of the 
HVR in some experimental or clinical contexts.
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Hypoxia Regulates MicroRNA 
Expression in the Human Carotid 
Body

Souren Mkrtchian, Kian Leong Lee, Jessica Kåhlin, 
Anette Ebberyd, Lorenz Poellinger, 
Malin Jonsson Fagerlund, and Lars I. Eriksson

Abstract
How hypoxia regulates gene expression in the 
human carotid body (CB) remains poorly 
understood. While limited information on 
transcriptional regulation in animal CBs is 
available, the impact of important post-
transcriptional regulators, such as non-coding 
RNAs, and in particular miRNAs is not 
known. Here we show using ex vivo experi-
ments that indeed a number of miRNAs are 

differentially regulated in surgically removed 
human CB slices when acute hypoxic condi-
tions were applied. Analysis of the hypoxia-
regulated miRNAs shows that they target 
biological pathways with upregulation of 
functions related to cell proliferation and 
immune response and downregulation of cell 
differentiation and cell death functions. 
Comparative analysis of the human CB miR-
NAome with the global miRNA expression 
patterns of a large number of different human 
tissues showed that the CB miRNAome had a 
unique profile which reflects its highly spe-
cialized functional status. Nevertheless, the 
human CB miRNAome is most closely related 
to the miRNA expression pattern of brain tis-
sues indicating that they may have the most 
similar developmental origins.

Keywords
Carotid body · MicroRNA · Hypoxia

3.1	 �Introduction

The human carotid body (CB) oxygen sensing 
and signaling mechanisms are not well under-
stood despite the existence of many and often 
conflicting hypotheses (Iturriaga and Alcayaga 
2004; Lopez-Barneo et al. 2016). One of the con-
tributing factors is the lack of human CB tissues 
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with notably one study (Ortega-Saenz et al. 2013) 
describing the morphology and chemosensory 
response of the organ to hypoxia. However, the 
contribution and targets of the transcriptional 
regulation driven by oxygen sensing in the human 
CB remain largely unexplored. A recently pub-
lished map of the human CB transcriptome has 
demonstrated similarities but also significant dif-
ferences in the expression of many important 
oxygen sensing CB genes as compared to animal 
CBs (Mkrtchian et al. 2012).

Among many unanswered questions in CB 
oxygen sensing, one of the most outstanding is 
the regulation of the expression of functionally 
important CB genes. In particular, very little is 
known about the post-transcriptional regulation 
by non-coding RNAs, especially microRNAs 
(miRNAs). These are short (20–22  nt) single-
stranded RNA molecules that guide the RNA-
induced silencing complex to complementary 
binding sites in the 3′-UTRs of messenger RNAs 
(mRNAs) thereby suppressing the translation of 
the corresponding protein (Wilczynska and 
Bushell 2015).

MicroRNA-mediated regulation is an impor-
tant factor for cellular adaptation to a variety of 
environmental stresses including hypoxia. The 
hypoxia-inducible factor 1 and 2 alpha subunits 
HIF-1α and HIF-2α are the key transcription fac-
tors that are stabilized under hypoxic conditions 
and mediate the expression of many genes 
involved in metabolism, angiogenesis, cell cycle, 
growth and cell death in response to the lack of 
oxygen (Bristow and Hill 2008). It had also been 
demonstrated that hypoxia can regulate the 
expression of a distinct set of miRNAs that were 
termed hypoxamiRs (Kulshreshtha et  al. 2007; 
Nallamshetty et al. 2013). HIF1-α was reported 
to activate a subset of these miRNAs and con-
versely, other hypoxamiRs were shown to regu-
late HIF-1 α expression (Loscalzo 2010; Bruning 
et al. 2011; Chen et al. 2016). Therefore, given 
the prominent role of the HIFs in the regulation 
of miRNAs, it was possible that miRNAs are also 
involved in the hypoxic response of the CB.

In the current study using a unique set of pri-
mary human CB specimens, we analyzed the CB 
miRNA expression under acute hypoxia relative 

to hyperoxia controls. Many of the hypoxia-
regulated miRNAs were predicted to target 
mRNAs that lead to the upregulation of functions 
related to cell proliferation and immune response 
and downregulation of cell differentiation and 
cell death. Subsequently, we characterized the 
CB-specific pattern of miRNA expression in the 
control samples and identified the CB global 
miRNAome. Comparison of the CB global 
miRNA profiles with those from other human tis-
sues revealed that while the CB was a highly dis-
tinct organ, it was most closely related to brain 
tissues.

3.2	 �Methods

3.2.1	 �Patient Carotid Body 
Collection

Experimental protocols were approved by the 
ethics committee on human research at the 
Karolinska Institutet in Stockholm, Sweden. 
Carotid bodies were collected from five male 
patients (age 42–80  years) with a BMI <32, 
scheduled for radical neck dissections not involv-
ing the CB. CBs were removed unilaterally under 
general anesthesia using sevoflurane and intrave-
nous opioids with normoxic and normocarbic 
mechanical ventilation. Once surgically removed, 
the CBs were immediately placed in pre-
oxygenated hyperoxic (95% O2, 5% CO2) ice-
cold Krebs-Ringer Solution (KRS, 120  mM 
NaCl, 4 mM KCl, 2 mM CaCl2, 1 mM MgCl2, 
21.4  mM NaHCO3, 1.4  mM NaH2PO4, 10  mM 
glucose) and transported to the laboratory for fur-
ther experiments within 15 min.

3.2.2	 �CB Sectioning and Treatments

After removal of connective tissues, CBs were 
sectioned along their longitudinal axis into 
400 μm slices. Two to four CB slices from each 
of the 5 patients were used for hypoxia/hyperoxia 
treatments. Slices were distributed evenly into 
two 24-well plates containing 300  μl of pre-
oxygenated KRS in each well. Pretreated hypoxic 
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KRS was added to one plate and moved into an 
H35 Hypoxia Station (Don Whitley Scientific) 
set at 10% O2, 85% nitrogen and 5% CO2 at 
37  °C.  The second control plate was fed with 
hyperoxic KRS and returned to the incubator 
with settings for hyperoxic conditions (95% O2 
and 5% CO2 at 37  °C). Both plates were incu-
bated for 1  h prior to harvesting for RNA 
extraction.

3.2.3	 �RNA Isolation and miRNA 
Analysis

Immediately after 1 h incubation, CB slices were 
immersed into 500  μl of Qiazol (Qiagen) and 
total RNA was extracted from the lysates using 
the miRNeasy Micro kit (Qiagen). RNA was 
reverse transcribed into cDNA using the miR-
CURY LNA Universal RT microRNA PCR, 
Polyadenylation and cDNA synthesis kit 
(Exiqon). Each microRNA was assayed by qPCR 
on the microRNA Ready-to-Use PCR Human 
panel I  +  II with the ExiLENT SYBR® Green 
master mix on a LightCycler® 480 Real-Time 
PCR System (Roche).

3.2.4	 �Data Analysis

Differential microRNA expression was identified 
on the basis of a fold change cutoff of >1.5 for the 
hypoxia treated carotid slices compared to the 
hyperoxia controls for each patient and with a 
t-test p-value <0.05. MicroRNA functional anal-
ysis was carried out using Ingenuity Pathway 
Analysis (IPA, Qiagen) and the mRNA targets of 
the microRNAs were identified using the 
microRNA Target Filter in IPA.  Gene ontology 
and pathway analysis of these mRNAs for the 
determination of their cellular functions was sub-
sequently carried out using IPA.

MicroRNA expression profiles of the human 
CBs (control hyperoxia samples) were compared 
with the miRNA profiles of various human tis-
sues from two individuals (Human miRNA tis-
sue atlas, (Ludwig et  al. 2016). For direct 
comparison, we selected only those miRNAs 

from the tissue atlas that have corresponding 
matches with our identified CB miRNAs. This 
led to the isolation of 250 miRNAs that are over-
lapping between the human miRNA tissue atlas 
and the CB samples. The CB miRNA expression 
data were represented by the relative expression 
values 2ΔCq where ΔCq = individual Cq – global 
mean Cq whereas the tissue atlas data were rep-
resented by the quantile normalized raw inten-
sity values from the Agilent SurePrint Human 
miRNA array.

Furthermore, to harmonize the comparisons 
between these data sets, we used ranked expres-
sion values. Heatmap showing mean-centered 
sigma-normalized ranks for each sample using 
unsupervised hierarchical clustering and princi-
pal component analyses were generated using 
Qlucore Omics Explorer 3.2 (Qlucore).

3.3	 �Results

3.3.1	 �Hypoxia Regulates miRNA 
Expression in Primary Human 
CBs

CB slices were divided into two groups, one of 
which was kept under hypoxic, and another under 
control hyperoxic conditions for 1 h. The higher 
oxygen tension treatments at 95% O2 were used 
to generate relatively well oxygenated normoxic 
controls as previous studies have shown that tis-
sue pO2 levels were less than half that of perfus-
ates (Pepper et al. 1995). For the same reasons, 
incubations in 10% oxygen for hypoxic treat-
ments are expected to generate oxygen tensions 
of less than 10% within the carotid slices that 
more closely reflect oxygenation levels in arterial 
blood during hypoxic challenge. The treated CBs 
were further processed for the isolation of RNA 
and analysis of miRNA expression was carried 
out using Exiqon qPCR miRNA panels that allow 
the simultaneous detection of 752 miRNAs. The 
number of miRNAs detected in each slice varied 
from 257 to 460 with 392 on average for each 
slice (Fig. 3.1), and 224 miRNAs were found to 
be expressed in all of the samples (data not 
shown).

3  Hypoxia Regulates MicroRNA Expression in the Human Carotid Body
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Because of the possible contamination of CBs 
with blood, three miRNAs, miR-144, 142 and 
451 were excluded from further analysis due to 
their known high expression in blood cells 
(Williams et al. 2013).

Thirty-nine miRNAs were identified to be dif-
ferentially expressed in the hypoxia treated CB 
slices with a fold change of at least ±1.5 and t-test 
statistical significance of p  ≤  0.05 (Fig.  3.2). 
Nevertheless, their physiological effects may be 
significant as each miRNA is capable of binding 
up to a few hundred target mRNAs bearing simi-
lar miRNA binding sites in their 3′-UTRs 
(Helwak et al. 2013). Indeed, using the miRNA 
Target Filter tool in IPA under high stringency 
conditions where only experimentally validated 
human targets are considered, this led to the iden-
tification of 550 possible mRNA targets (data not 
shown).

To address what were the biological functions 
regulated by these microRNA targeted mRNAs, 
the gene lists were subjected to gene ontology 
and pathway analysis using IPA. The IPA analy-
sis of the upregulated mRNAs showed that the 
top most significantly upregulated functions are 
associated with cellular growth and proliferation, 

tissue development functions and cell cycle 
(Fig. 3.3).

Taken together, all of these analyses indicate 
that the cell proliferation function was predomi-
nantly driven by the mRNAs targeted by the 
hypoxia-induced microRNAs. In our previous 
study, we showed that human CB slices release 
pro-inflammatory cytokines under identical 
hypoxia conditions. In agreement with this, 
inflammatory response functions were also found 
to be among the significantly upregulated cellular 
processes (Fig. 3.3).

In further analysis of the functional signifi-
cance of the mRNAs targeted by hypoxia-
inducible miRNAs in the CB, we examined the 
upregulated miRNAs that would result in the 
downregulation of specific mRNA targets. 
Among various cellular processes inhibited by 
hypoxia via miRNA suppression, cell differen-
tiation, and apoptosis were among the top sig-
nificantly dysregulated functions as identified 
by IPA (Fig.  3.3). This suggested that the 
human CBs may be undergoing concerted 
hypoxic upregulation of cell proliferation at 
the expense of differentiation and the reduction 
of cell death.
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Fig. 3.1  Number of 
microRNAs detected in 
the human carotid 
body. Bar chart with 
numbers above each bar 
shows the number of 
miRNAs detected in 
each of 14 CB slices 
from five patients 
(P13–P17). Patients 13 
and 16 are represented 
by two slices each, a and 
b. The red line shows 
the average count of 392 
miRNAs per sample
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3.3.2	 �The miRNAome of the Human 
Carotid Body Is Highly 
Distinct from Other Human 
Tissues

The miRNA expression profile of human CBs 
remains poorly understood, yet this is important 
for the understanding of the underlying functions 
of the CB itself. To address what the CB expressed 
microRNAs may be involved with in terms of CB 

biology, we used the control CB slices incubated 
under hyperoxia that approximate for well oxy-
genated normoxic conditions and compared their 
miRNA profiles with those of different tissues. 
For this purpose, we used the human miRNA tis-
sue atlas that consists of microarray-based 
miRNA expression from 61 tissue biopsies of 
two individuals (Ludwig et al. 2016).

We have examined the relation between the 
miRNA signature of CBs and diverse body tissues 
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Fig. 3.2  Hypoxia regulates microRNA expression in 
human carotid bodies. Heatmap shows microRNAs that 
are differentially expressed by >1.5-fold and with t-test p 
value <0.05 in hypoxia treated CB slices compared to the 
average of the hyperoxia treated control slices (left 
panel). Color bar shows fold change on a Log2 scale in 
red for upregulation and green for downregulation. 

MicroRNAs with no data on their expression are indi-
cated in gray. Average fold-change in hypoxia treated CB 
slices compared to the average of the hyperoxia treated 
control slices are shown in the right panel. The differen-
tially expressed miRNAs are ranked by fold change in 
descending order. P13-P17, individual CB slices from 
five different patients
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using principal component analysis (Fig.  3.4, 
right panel). We found all CB samples grouping 
closely together suggesting their miRNA profiles 
were consistent and similar to each other and 
there was comparatively little variation in the CB 
samples from different patients themselves. 
However, the grouping of CB samples was highly 
distinct with clear separation from other tissues. 
To further examine the relationship of the CBs 
with respect to the other body tissues, we next car-
ried out hierarchical clustering analysis. The heat-
map showing the clustering and miRNA 
expression patterns confirm the distinctiveness of 
the CBs from the other tissues (Fig.  3.4, left 
panel). Interestingly, despite the large differences 
between the CBs and other tissues, the CB 

microRNA signature appears to be most closely 
linked to the brain tissues supporting that they 
may have the most similar developmental origin 
(Hempleman and Warburton 2013).

3.4	 �Discussion

Cellular adaptation to hypoxia involves a com-
plex interplay of transcriptional, post-
transcriptional and post-translational events 
aimed at maintaining cellular homeostasis. In 
addition to the known regulatory mechanisms, 
another layer of regulation represented by non-
coding RNAs including miRNAs, appears to play 
an important role in the hypoxic response. This 

Fig. 3.3  Hypoxia regulated microRNAs target 
mRNAs that are involved in diverse cellular functions. 
Messenger RNA targets of the hypoxia regulated microR-
NAs were identified using the Ingenuity pathway (IPA) 
MicroRNA Target Filter and further subjected to the IPA 
core analysis for identification of gene ontology and bio-

logical pathways. Top ranking biological and cellular 
functions with Fisher’s Exact Test p < 0.05 are shown in 
the dendrograms with the number of microRNA target 
genes predicted to be upregulated (left panel) and down-
regulated (right panel) in each functional category 
indicated

S. Mkrtchian et al.
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study is the first attempt to decipher the miRNA 
response under hypoxic conditions and also to 
map the miRNAome of primary human CBs.

Comparison of the differentially expressed 
CB miRNAs under hypoxic conditions with 
hypoxamiRs identified in other studies shows 
only small overlaps. The upregulation of miR-
27a-3p, 26a, 7, 98, 155, let-7e and downregulation 
of let-7a-2-3p, miR-15b, 18a are often included 
in the miRNA signature of hypoxia (Kulshreshtha 
et  al. 2007; Nallamshetty et  al. 2013), and we 
found this was also the case for human CBs. 
However, other prominent constituents of the 
hypoxia miRNA signature such as miR-210 that 
is targeted by HIF-1α (Chan and Loscalzo 2010) 
was not affected in our CB model of hypoxia.

HIF-1α is one of the key downstream effectors 
of the oxygen response in cells that mediates 
their adaptation to hypoxic stress (Poellinger and 
Johnson 2004). Its expression is regulated by 
miRNAs amongst other factors. In particular, 
miR-18b is predicted to bind to the 3′-UTR of 
HIF-1α and thus inhibit HIF1A mRNA transla-
tion (Chen et  al. 2016). Incidentally, under our 

experimental conditions miR-18b is downregu-
lated by hypoxia, which may hypothetically lead 
to an increase in HIF-1α levels, thereby complet-
ing a positive feedback loop. It remains to be 
investigated whether regulation of HIF-1α level 
and activity does indeed occur in the human 
carotid body under hypoxia.

Along with the downregulation of miR-18b, 
hypoxia also induces the expression of another 
HIF-1α negative regulator miR-155. As HIF-1α 
itself is known to control the expression of miR-
155, this mechanism may in principle represent a 
negative feedback loop to dampen and prevent 
runaway activation of hypoxia signaling (Bruning 
et al. 2011). Interestingly, miR-155 is also impli-
cated in the activation of pro-inflammatory agents 
such as TNFα and interleukin 6 (IL-6) and in 
general the activation of innate immunity as well 
as positive regulation of antigen presentation 
(Rodriguez et al. 2007; Tili et al. 2007). Therefore, 
the upregulation of miR-155 may be one of the 
factors involved in the hypoxia-mediated release 
of pro-inflammatory cytokines including TNFα 
and IL-6 from the identical set of human CB 

Fig. 3.4  The human carotid body miRNAome is most 
closely related to those of brain tissues. Heatmap (left 
panel) shows mean-centered, sigma-normalized ranks of 
miRNA expression data of individual patient CB samples 
under hyperoxia and human tissue expression data from 
the Human miRNA tissue atlas. Normalized gene expres-

sion data is shown in red for upregulation and green for 
downregulation over the mean. The right panel shows 
principle component analysis of the human carotid bodies 
and human tissue miRNA expression data (see Materials 
and Methods for details)
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slices characterized in our previous report (Kahlin 
et al. 2014).

It has been shown that enhanced HIF-1α sig-
naling in the CB promotes hyperplasia (Bishop 
et al. 2013; Hodson et al. 2016). The analysis of 
biological processes potentially targeted by the 
differentially expressed miRNAs under hypoxia 
indicates upregulation of proliferative pathways 
with concomitant downregulation of differentia-
tion and cell death related processes (Fig. 3.3). It 
is, therefore, possible that the phenomenon of 
hypoxic CB hyperplasia (Saldana et  al. 1973; 
Kay and Laidler 1977) may be in part attributed 
to hypoxia-driven miRNA regulation.

This is the first study to demonstrate the global 
expression of miRNAs in the human carotid body 
where no data is presently available including for 
animal CBs. Similar to the human CB transcrip-
tome, the CB miRNAome appears to have a 
unique profile as compared to other body tissues, 
which reflects its highly specialized functional 
status. Similar to the CB transcriptome 
(Mkrtchian et  al. 2012), the human CB miR-
NAome shares to a certain extent the miRNA 
expression patterns of brain tissues. One of the 
highly expressed miRNAs in both the CB and the 
brain is miR-29b, which has been shown to be 
important for neuronal maturation (Kole et  al. 
2011). A group of brain-specific let-7 miRNAs 
and also miR-7 that are important for neuronal 
differentiation are also highly expressed in CBs 
(Nowak and Michlewski 2013; Zhu et al. 2016). 
Therefore, not only do these microRNAs demar-
cate the neural origin of the CBs, they may also 
direct the primary function of the CB in neural 
signaling.
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TASK-1 (K2P3) and TASK-3 (K2P9) 
in Rabbit Carotid Body Glomus 
Cells

Dawon Kang, Jiaju Wang, James O. Hogan, 
and Donghee Kim

Abstract
Glomus cells isolated from rabbit and rat/
mouse carotid bodies have been used for many 
years to study the role of ion channels in 
hypoxia sensing. Studies show that hypoxia 
inhibits the inactivating K+ channels (Kv4) in 
rabbits, but inhibits TASK in rats/mice to elicit 
the hypoxic response. Because the role of 
TASK in rabbit glomus cells is not known, we 
isolated glomus cells from rabbits and studied 
the expression of TASK mRNA in the whole 
carotid body (CB), changes in [Ca2+]i and 
TASK activity. RT-PCR showed that rabbit 
CB expressed mRNA for TASK-3 and several 
Kv (Kv2.1, Kv3.1 and Kv3.3). In rabbit glo-
mus cells in which 20  mM KClo elevated 
[Ca2+], anoxia also elicited a strong rise in 
[Ca2+]. In cell-attached patches with 140 mM 
KCl in the pipette, basal openings of ion chan-
nels with single-channel conductance levels of 
16-pS, 34-pS, and 42-pS were present. TREK-

like channels were also observed. In inside-
out patches with high [Ca2+]i, BK was 
activated. The 42-pS channel opened sponta-
neously and briefly. The 16-pS and 34-pS 
channels showed properties similar to those of 
TASK-1 and TASK-3, respectively. TASK 
activity in cell-attached patches was lower 
than that in rat glomus cells under identical 
recording conditions. Hypoxia (~0.5%O2) 
reduced TASK activity by ~52% and depolar-
ized the cells by ~30  mV.  Our results show 
that the O2-sensitive TASK contributes to the 
hypoxic response in rabbit glomus cells.

Keywords
Rabbit · Carotid body · Hypoxia · Ca2+ · 
TASK · Kv

4.1	 �Introduction

Early studies using rabbit carotid body (CB) glo-
mus cells have shown that hypoxia inhibits the 
voltage-dependent outward K+ current, which 
then produces the hypoxic response such as cell 
depolarization, elevation of [Ca2+]i and transmit-
ter secretion (Biscoe et al. 1989; Chen et al. 2000; 
Delpiano and Hescheler 1989; Lopez-Barneo 
et  al. 1988; Lopez-Lopez et  al. 1989; Montoro 
et al. 1996). In rabbit glomus cells, the inactivat-
ing K+ channels (Kv4) have been reported to be 
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the target of hypoxia (Perez-Garcia et al. 2000; 
Sanchez et  al. 2002). In rat and mouse glomus 
cells, hypoxia inhibits TASK-1/3 (K2P3/9), the 
background K+ channels that are active at rest, to 
produce the hypoxic response (Buckler 2015; 
Buckler et  al. 2000; Kim et  al. 2009). In the 
human carotid body, O2-sensitive ion channels 
have not yet been recorded, but mRNA tran-
scripts of K+ channels including TASK-1, BK 
and different Kv subtypes are expressed 
(Fagerlund et  al. 2010; Mkrtchian et  al. 2012). 
Because TASK is expressed in the carotid body 
from different species (rat, mouse, human), we 
asked if TASK is also present in the rabbit CB 
glomus cells and contributes to the hypoxic 
response.

To determine the expression and function of 
TASK in rabbit glomus cells, we recorded and 
characterized ion channel currents that were 
basally active in cell-attached patches. We also 
studied the expression of TASK-3 mRNA and 
hypoxia-induced changes in [Ca2+]i. The level of 
TASK activity in rabbit glomus cells was low 
compared to those in rat and mouse glomus cells. 
However, TASK inhibition by hypoxia in rabbit 
glomus cells was as strong as those observed in 
rat and mouse glomus cells. Our study shows that 
TASK-1 and TASK-3 (or TASK-1/3) provide part 
of the background K+ conductance, and contrib-
ute to the hypoxic response in rabbit glomus 
cells.

4.2	 �Methods

4.2.1	 �Cell Isolation

The Animal Care and Use Committee of Rosalind 
Franklin University approved the use of animals. 
Rabbits (8–12  days old; oryctolagus cuniculus; 
European rabbit) were fully anesthetized with 
sodium pentabarbital (60 mg/kg, i.p.) and decapi-
tated. Carotid artery bifurcation was dissected 
and placed in ice-cold, low Ca2+, low Mg2+ phos-
phate buffered saline (low Ca2+/Mg2+ PBS: 
137  mM NaCl, 2.8  mM KCl, 2  mM KH2PO4, 
0.07 mM CaCl2, 0.05 mM MgCl2, pH 7.4). CB 
was dissected out and digested in a solution con-

taining trypsin (0.4  mg/ml) and collagenase 
(0.4 mg/ml) in low Ca2+/Mg2+ PBS for 25 min at 
37 °C. Following gentle trituration, the dispersed 
cells were separated by centrifugation (3000 rpm 
for 5 min) and suspended in CB growth medium 
(Ham’s F-12, 10% fetal bovine serum, 23  mM 
glucose, 4 mM Glutamax-1 (L-alanyl glutamine), 
10 kU penicillin, 10 kU streptomycin, and 
300 μg/ml insulin). Cells were plated on poly-L-
lysine-pretreated glass coverslips, incubated at 
37 °C in a humidified atmosphere of 95% air/5% 
CO2 and used within 6 hr. after plating.

4.2.2	 �Reverse Transcriptase (RT)-
Polymerase Chain Reaction 
(PCR)

First-strand cDNAs were synthesized from total 
RNA isolated from rabbit carotid body using 
oligo dT (SuperScript™ First-Strand Synthesis 
System; Invitrogen, Carlsbad, CA) and used as 
template for PCR amplification using Taq poly-
merase. The PCR conditions were as follows: ini-
tial denaturation at 94 °C for 5 min; 30 cycles at 
94 °C for 30 sec, 55 °C for 30 sec, and 72 °C for 
30  sec; and a final extension step at 72  °C for 
10 min. The products were electrophoresed on a 
1.5% (w/v) agarose gel to verify the product size. 
The DNA fragments were directly sequenced 
with the ABI PRISM® 3100-Avant Genetic 
Analyzer (Applied Biosystems). Primer 
sequences (forward and reverse) are as follows: 
TASK-3 (tactgcttcatcacgctcacc and cctgtacgaga-
tggactgcaa), Kv2.1 (ggatgaggacgacaccaagtt and 
aaattctccccgttcttctcc), Kv2.2 (agaagagcac-
caaagagccag and agcaaagagtttctgcttggg), Kv3.1 
(ggtgtggttcaccttcgagtt and gcctatcctctcggcgtagta) 
and Kv3.3 (gaagctgcccaagaagaagaa and 
ctcaatcacctcctcctgagc).

4.2.3	 �Electrophysiology

Ion channels were recorded using Axopatch 
200B amplifier. Channel current was filtered at 
2 kHz using an eight-pole Bessel filter (−3 dB) 
and transferred to a computer using the Digidata 
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1320 interface at a sampling rate of 20 kHz (Kang 
et  al. 2014). Single-channel currents were ana-
lyzed with the pCLAMP software (versions 10). 
Channel openings were analyzed to obtain chan-
nel activity (NPo; N = number of channels in the 
patch, Po  =  open probability). In experiments 
using cell-attached and inside-out patches, 
pipette solution contained (mM): 140 KCl, 1 
MgCl2, 5 EGTA, 10 HEPES and 11 glucose (pH 
7.3). Extracellular bath (physiological) solution 
contained (mM): 117 NaCl, 5 KCl, 23 NaHCO3, 
1 MgCl2, 1 CaCl2, 10 HEPES and 11 glucose 
(adjusted to pH 7.3 with NaOH).

4.2.4	 �[Ca2+]i Measurement

Isolated cells plated on glass coverslips were 
incubated with 2 μM fura-2 acetoxymethyl ester 
(fura-2 AM) for 30  min at 37  °C in culture 
medium. A coverslip with attached cells was 
placed in a recording chamber positioned on the 
stage of an inverted microscope (IX71; Olympus). 
Fura-2 was alternately excited at 340 and 380 nm, 
and the emitted fluorescence was filtered at 
510  nm and recorded using a CCD (charge-
coupled device)-based imaging system running 
SimplePCI software (Hamamatsu Corp.). The 
cells in the recording chamber were continuously 
perfused with a solution containing (mM): 117 
NaCl, 5 KCl, 23 NaHCO3, 1 MgCl2, 1 CaCl2, 10 
HEPES and 11 glucose (pH 7.3). Ratiometric 
data were calibrated by applying experimentally 
determined constants to the equation: 
[Ca2+] = Kd × β × (R–Rmin)/(Rmax–R) (Grynkiewicz 
et al. 1985). Values for Rmax (12.0), Rmin (0.1) 
and β (11.6) were determined in vitro, and a Kd 
value of 300 nM for fura-2 was assumed.

4.2.5	 �Hypoxia Studies

In our experiments that used a recording chamber 
that was open to the atmosphere, we generated 
two levels of hypoxic solutions (~0.5% and 
~1.6% O2). These levels of hypoxia were achieved 
by bubbling solutions with 0%O2/5%CO2/95%N2 
with 2 units/ml of glucose oxidase/100 units/ml 

of catalase, and 0%O2/5%CO2/95% N2 without 
enzymes. After a steady-state basal [Ca2+]i was 
obtained with normoxic solution bubbled with 
21%O2/5%CO2/74%N2, the perfusion solution 
was switched to a desired hypoxic solution. The 
temperature of the perfusion solutions was 
~35 °C.

4.2.6	 �Statistical Analysis

Student’s t-test (for comparison of two sets of 
data) was used for data analysis using PRISM 
software. p < 0.05 was considered significant.

4.3	 �Results

4.3.1	 �Expression of TASK3 mRNA in 
Rabbit CB

We first assessed the expression of TASK-3 
mRNA by RT-PCR using primer sequences 
designed to detect rabbit TASK-3 (GenBank Acc: 
XM002710554). TASK-3 primers amplified the 
expected region of the TASK-3 cDNA sequence, 
as shown by the 408 base pair band in Fig. 4.1 
(first lane). Rabbit TASK-1 sequence was not 
available and therefore we did not test the expres-
sion of TASK-1 mRNA. Using primers specific 
for Kv channels, we also identified the expres-
sion of a number of Kv subtypes such as Kv2.1, 
Kv2.2, Kv3.1 and Kv3.2 (Fig.  4.1: top bands). 

Fig. 4.1  Expression of TASK-3 and Kv in rabbit carotid 
body (adult male). The expected size of the PCR products 
for TASK-3, Kv2.1, Kv2.2, Kv3.1 and Kv3.2 are 408 bp, 
354 bp, 352 bp, 466 bp, and 307 bp, respectively

4  TASK-1 (K2P3) and TASK-3 (K2P9) in Rabbit Carotid Body Glomus Cells
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Because whole CBs that consist of many differ-
ent types of cells were used to generate cDNA, 
these K+ channels could be expressed in glomus 
cells or non-glomus cells. Nevertheless, our 
results show that TASK3 mRNA is expressed in 
the rabbit CB. Expression of TASK-1 mRNA was 
not determined, as rabbit TASK-1 sequence was 
not available.

4.3.2	 �Intracellular Ca2+ 
Measurement

To be sure that cells that we isolated from rabbit 
CB contain O2-sensitive chemoreceptor cells, we 
studied changes in [Ca2+]i in response to high 
extracellular [KCl] and hypoxia. Fura-2-loaded 
cells attached to a glass coverslip were perfused 
with bicarbonate-buffered physiological solu-
tion. Under normoxic condition, the mean basal 
[Ca2+]i was ~200 nM in this particular group of 
cells. Brief application of 20 mM KCl elicited a 
rapid reversible increase in [Ca2+]i to ~500  nM 
(Fig.  4.2). Hypoxia (~1.6% O2) caused a small 
but visible elevation of [Ca2+]i whereas anoxia 
(~0.5% O2) caused a strong elevation to a level 
similar to that produced by 20 mM KCl. These 
effects of hypoxia and anoxia showed that cells 
isolated from rabbit CB were indeed O2-sensitive 
glomus cells. These types of cells were used sub-
sequently for ion channel recording.

4.3.3	 �Expression of TASK-Like 
Channels

To help identify TASK-like channels, cell-
attached patches were formed with 140 mM KCl 
in the pipette and perfused with bath solution 
containing 5 mM KCl with the pipette potential 
initially held at 0 mV. This experimental condi-
tion allows TASK-1 and TASK-3 to be detected if 
they are present in the patch membrane. Under 
this steady state condition, we observed openings 
of three channels in the inward current direction 
with single conductance levels of 16-pS, 34-pS 
and 42-pS (Fig. 4.3). The 16-pS channel showed 
a mildly inwardly rectifying current-voltage rela-
tionship with the current reversing at pipette 
potential of ~ −60 mV (Fig. 4.3a). The channel 
openings were brief, and the duration histogram 
showed that the mean open time was 0.6 ± 0.1 ms 
(n  =  3). The kinetic properties of this channel 
were nearly identical to those of TASK-1 (Kim 
et  al. 2009). The 34-pS channel also exhibited 
mildly inwardly rectifying current-voltage rela-
tionship and the current reversed at pipette poten-
tial of ~−60  mV (Fig.  4.3b). The channel 
openings were also brief in duration, with a mean 
open time of ~0.7 ± 0.1 ms (n = 3). The 34-pS 
channel was also basally active and not observed 
when KCl in the pipette was replaced with NaCl. 
The kinetic properties of the 34-pS channel are 
nearly identical to those of TASK-3 or TASK-/3 
heteromer (Kang et  al. 2004). These findings 
show that TASK-1 and TASK-3-like channels are 
basally active, and thus provide part of the back-
ground K+ conductance in rabbit glomus cells.

The 42-pS channel openings in two different 
cell-attached patches are shown in Fig. 4.3c. This 
channel opened in a random fashion, showed 
long burst duration and many closings within 
each burst. We did not test its voltage-dependence, 
but this channel showed single-channel proper-
ties similar to the O2-sensitive Kv that was previ-
ously described in rabbit glomus cells (Ganfornina 
and Lopez-Barneo 1991). We also observed 
opening of TREK-like channels in two patches, 
indicating that glomus cells from 1–2 week old 
rabbits express a TREK (Fig. 4.3d). As expected, 
applying negative pressure to the patch membrane 

Fig. 4.2  Elevation of intracellular [Ca2+] by hypoxia in 
rabbit glomus cells. Averaged [Ca2+] from one coverslip of 
cells is shown
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increased the activity of the TREK-like channel. 
Such mechanosensitive TREKs have also been 
observed in glomus cells from 1–7  day old rat 
glomus cells (Kim 2013). In inside-out patches, 
opening of Ca2+-sensitive BK was observed in all 
patches that expressed TASK-like channels 
(Fig. 4.3e).

4.3.4	 �Inhibition of TASK-Like 
Channels by Hypoxia

To determine the effect of hypoxia on TASK 
activity, cell-attached patches showing TASK-
like channels were perfused with normoxic solu-
tion first and then with anoxic solution. Hypoxia 
produced a ~50% reduction of single channel 
amplitude, indicating that hypoxia caused 
~30 mV depolarization if the resting cell Em is 
assumed to be ~ −60 mV. In three cell-attached 
patches, hypoxia also produced a significant 
decrease in TASK activity by 52 ± 8% (Fig. 4.4). 

Fig. 4.3  Ion channels observed in cell-attached patches in the resting state (pipette potential is 0 mV) in rabbit glomus 
cells perfused with physiological solution. BK was observed only in inside-out patches

Fig. 4.4  Inhibition of 
TASK by hypoxia in 
rabbit glomus cells. 
Cell-attached patches 
are perfused with 
normoxic and hypoxic 
solutions. Hypoxia 
also reduced channel 
amplitude, indicating 
that cell depolarization 
has occurred.

4  TASK-1 (K2P3) and TASK-3 (K2P9) in Rabbit Carotid Body Glomus Cells
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These results show that hypoxia also inhibits 
TASK in rabbit glomus cells, as it does in rat and 
mouse glomus cells, and therefore that TASK 
inhibition contributes to the hypoxic response in 
rabbit glomus cells.

4.4	 �Discussion

In rat and mouse glomus cells, TASK (TASK-1, 
TASK-3 and TASK-1/3 heteromer) is the primary 
background K+ channel whose inhibition by 
hypoxia contributes to the excitatory response. 
The purpose of our study was to determine 
whether TASK is also functionally expressed in 
rabbit glomus cells and inhibited by hypoxia. 
Here we show evidence for the functional pres-
ence of TASK (TASK-1 and TASK-3) in rabbit 
glomus cells. We also show that hypoxia 
(0.5%O2) inhibits TASK to levels similar to those 
found in rat and mouse glomus cells, indicating 
that TASK is involved in hypoxia sensing in rab-
bit glomus cells.

An earlier study showed that anandamide, an 
inhibitor of TASK, caused stimulation of the rab-
bit carotid sinus nerve activity to a level similar to 
that produced by hypoxia, which led the authors 
to suggest that TASK-1 is importantly involved in 
the hypoxic response (Kobayashi and Yamamoto 
2010). However, anandamide and its analogues 
are highly non-specific and modulate many ion 
channels including TRP and Kv channels (Oliver 
et al. 2004). Thus, anandamide-mediated inhibi-
tion of Kv, rather than inhibition of TASK, could 
have elicited the hypoxic response by reducing 
the repolarization during each action potential 
firing. Using RT-PCR, we have identified mRNA 
expression of TASK-3 along with those of Kv2 
and Kv3 in whole CB that contains many types of 
cell. Single-channel recording in cell-attached 
patches showed basal opening of channels with 
current-voltage relationships and single-channel 
kinetic properties similar to those of TASK-1 and 
TASK-3. Thus, rabbit glomus cells express TASK 
that is likely to provide some fraction of the back-
ground K+ current.

On average, the basal TASK activity in cell-
attached patches in rabbit glomus cells was lower 

than those in rat and mouse glomus cells under 
identical experimental conditions. Although the 
levels of TASK expression activity may be low in 
rabbit glomus cells, we could clearly identify 
TASK -like channels. It is unclear why TASK 
was not detected in earlier studies, but it could be 
that the studies focused only on voltage-gated K+ 
channels (Ganfornina and Lopez-Barneo 1991, 
1992). In addition to TASK, we observed fre-
quent opening of ~42-pS channel that we have 
not characterized here. It seems likely that the 
~42-pS channel is the O2-sensitive inactivating 
Kv (KO2) channel that was also observed in cell-
attached patches in earlier studies (Ganfornina 
and Lopez-Barneo 1991, 1992). We also show 
the presence of TREK-like channel whose func-
tion in glomus cells remain to be determined. The 
mechanosensitive TREK could be involved in 
flow-mediated changes in glomus cell excitabil-
ity (Schultz et al. 2013).

The ability of hypoxia to inhibit TASK in rab-
bit glomus cells suggests that TASK partly con-
tributes to the hypoxic response. The overall 
contribution of TASK to the hypoxic response 
may be smaller in rabbit than in rat glomus cells. 
However, because TASK is active at rest, inhibi-
tion of TASK may be important for the initial 
hypoxic response, whereas inhibition of Kv con-
tributes to the sustained hypoxic response as the 
frequency of spontaneous action potentials 
increases (Lopez-Lopez et al. 1989; Rocher et al. 
2005).
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of Equilibrative Nucleoside 
Transporters in the Rat Carotid 
Body and Their Regulation 
by Chronic Hypoxia
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Abstract
The mammalian carotid body (CB) is the main 
peripheral arterial chemoreceptor organ that is 
excited by decreases in blood PO2 (hypoxia) 
and increases in blood PCO2/H+. An increase 
in CB afferent carotid sinus nerve (CSN) dis-
charge results in respiratory and cardiovascu-
lar reflex responses that help maintain 
homeostasis. The CB consists mainly of inner-
vated clusters of the chemoreceptive type I 
(glomus) cells that are associated with the pro-
cesses of glial-like type II cells. Extracellular 
ATP and adenosine (ADO) levels increase in 
response to acute hypoxia and there is evi-
dence that during chronic sustained hypoxia 
ADO elevation plays a major role in regulat-
ing CB chemosensitivity and CSN discharge. 
We recently characterized the molecular iden-
tities of ectonucleotidase enzymes involved in 
regulating extracellular ATP hydrolysis to pro-
duce ADO in the rat CB. In the present study, 
we focus on a molecular characterization of 
the equilibrative nucleoside transporter (ENT) 
system that is known to regulate extracellular 
ADO concentrations in the rat CB based on 
pharmacological studies. Examination of ENT 
expression using quantitative PCR (qPCR) 
analysis revealed the expression of both ENT1 

and ENT2 mRNAs in whole CB extracts from 
~2-week-old juvenile rats. In dissociated rat 
CB cultures, both ENT1 and ENT2 immuno-
reactivity was localized to type I cell clusters. 
Furthermore, we show that ENT1 and ENT2 
mRNA expression is downregulated in CBs 
isolated from rat pups exposed to chronic 
hypobaric hypoxia (~1 week). These findings 
reveal the molecular identities of the ENT sys-
tem expressed in the rat CB and are consistent 
with the proposed shift to ADO signaling dur-
ing chronic hypoxia.

Keywords
Equilibrative nucleoside transporter · 
Adenosine · Carotid body · Hypoxia

5.1	 �Introduction

Mammalian carotid bodies are the main periph-
eral arterial chemoreceptors that sense changes in 
arterial PO2 and PCO2/H+ and elicit respiratory 
and cardiovascular reflexes to maintain homeo-
stasis (Gonzalez et al. 1994; Kumar and Prabhakar 
2012). The functional unit of the carotid body 
(CB) consists of innervated clusters of chemo-
sensitive type I (glomus) cells that are ensheathed 
by the elongated processes of type II (glial-like) 
cells. The type I cells sense a decrease in blood 
O2 (e.g. hypoxia) and elevated CO2/H+ (acid 
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hypercapnia) and elicit the release of neurochem-
icals that shape the carotid sinus nerve (CSN) 
discharge (Kumar and Prabhakar 2012; Lopez-
Barneo et  al. 2008; Nurse 2010; Nurse and 
Piskuric 2013; Peers and Buckler 1995).

ATP and adenosine, acting postsynaptically 
and/or presynaptically via purinergic receptors, 
play a major role in shaping the CSN discharge in 
response to chemostimuli (Bairam et  al. 2013; 
Conde et al. 2012a; Kumar and Prabhakar 2012; 
Nurse 2014; Nurse and Piskuric 2013). Two 
sources of ATP release have been identified 
within the CB in response to hypoxia and hyper-
capnia. ATP released from type I cells acts post-
synaptically on P2X2/3 receptors expressed on 
the CSN terminals (Prasad et  al. 2001; Rong 
et al. 2003; Zhang et al. 2000), or on P2Y2 recep-
tors expressed on glial-like type II cells (Tse 
et al. 2012; Xu et al. 2003; Zhang et al. 2012), 
inducing further ATP release through pannexin-1 
(Panx-1) channels (Zhang et  al. 2012). 
Furthermore, adenosine, produced via the hydro-
lysis of ATP by ectonucleotidases or released 
through the bidirectional equilibrative nucleoside 
transporters, may act on postsynaptic and presyn-
aptic P1 receptors (Conde et  al. 2009, 2012a; 
Holmes et al. 2017; Murali and Nurse 2016).

Extracellular adenosine may be produced by 
two major metabolic sources, i.e. hydrolysis of 
extracellular ATP by the combined action of ecto-
nucleotidases and ecto-5′ nucleotidase, and/or 
release from type I cells via the Na+ independent 
equilibrative nucleoside transport (ENT) system. 
Both sources have been described in the CB 
using pharmacological tools, with the latter being 
responsible for ~45% of the adenosine release 
during mild hypoxia (Conde et al. 2012b).

We recently provided molecular and immuno-
histochemical evidence for the presence of 
surface-located ectonucleotidases NTPDase1, 2 
and 3, and ecto-5′ nucleotidase (E5′Nt) in the rat 
CB (Salman et  al. 2017), responsible for the 
hydrolysis of tri-, di-, and monophosphate mole-
cules to produce adenosine. However, though 
previous studies demonstrated pharmacological 
evidence for the presence of the equilibrative 
transporter system in the rat CB (Conde and 
Monteiro 2004), information on the molecular 

identity of the corresponding transporters is lack-
ing. The equilibrative transporter family consists 
of three subtypes, equilibrative nucleoside trans-
porter (ENT)-1-3 (Baldwin et  al. 2004). ENT1 
and ENT2 are trafficked to the plasma membrane 
while ENT3 is trafficked intracellularly to the 
mitochondria (Baldwin et al. 2005; Govindarajan 
et al. 2009). In this study, we report on the molec-
ular characterization of ENT1 and ENT2 mRNAs 
using quantitative PCR, as well as protein local-
ization using immunofluorescence labeling in the 
rat CB. We show that the rat CB expresses ENT1 
and ENT2 mRNA and protein localized to type I 
cell clusters. In addition, we examined the regu-
lation of ENT1 and ENT2 in CBs obtained from 
rat pups exposed to chronic hypobaric hypoxia 
for ~1 week.

5.2	 �Methods

See Salman et  al. (2017). Mouse monoclonal 
human ENT1 (sc-377283) and ENT2 (sc-373871) 
antibodies were purchased from Santa Cruz.

5.3	 �Results

Quantitative real-time PCR (qPCR) analyses of 
ENT1 and ENT2 mRNA expression in the carotid 
body relative to brain and peripheral ganglia. 
Expression of the adenosine transporters, equili-
brative nucleoside transported 1 (ENT1) and 
(ENT2) was determined in extracts of the whole 
rat carotid body (CB) and compared to the 
expression pattern in tissues/cells from the cen-
tral and peripheral nervous system. Products of 
RT-PCR analysis confirmed mRNA expression 
of both ENT1 and ENT2 in the rat carotid body. 
Whole brain tissue extract was used as a positive 
control for ENT expression in central nervous 
system (Che et  al. 1995). Whole tissue extracts 
from superior cervical ganglion (SCG) and petro-
sal ganglion (PG) were used as positive controls 
for ENT expression in peripheral nervous sys-
tem. Expression of ENT1 and ENT2 mRNA was 
detected in the CB, SCG and PG. We also exam-
ined ENT expression in an immortalized adrenal 
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chromaffin (MAH) cell line (see Salman et  al. 
2017). The expression pattern of ENT1 and 
ENT2 transcripts appeared quite variable among 
these tissues/cells as shown in Fig. 5.1a. Note the 
CB expresses transcripts of both ENT1 and 
ENT2. In contrast to chromaffin-derived PC12 

cells which are known to express both ENT1 and 
ENT2 (Kobayashi et al. 2000), the MAH cell line 
appeared to express ENT1 at a lower level than 
ENT2 (Fig. 5.1a; n = 3).

When compared with ENT mRNA expression 
in the brain and SCG, which express adenosine 

Fig. 5.1  Expression 
analysis of equilibrative 
nucleoside transporter 1 
(ENT1) and 2 (ENT2) 
genes in rat carotid body 
(CB) and tissues/cells 
from central and 
peripheral nervous 
systems. Gel 
electrophoresis of 
RT-PCR products for 
ENT1 and 2 mRNA in 
rat brain, superior 
cervical ganglion (SCG), 
petrosal ganglion (PG), 
whole CB tissue, and the 
immortalized chromaffin 
cell line (MAH). 
No-Reverse 
Transcriptase (-RT) 
samples were used as a 
negative control (a, 
n = 3). Quantitative 
real-time PCR analysis 
of ENT1 and ENT2 
mRNA expression in 
whole rat CB relative to 
brain (b), or superior 
cervical ganglion (SCG) 
(c), or petrosal ganglion 
(PG) (d). Experimental 
replicate represents 
expression in tissues 
pooled from individual 
rat litters (n). Data are 
presented as means 
±SEM of ENT 
expression in CB tissue 
relative to specified 
groups; n = 4. Asterisks 
denote P < 0.05 vs. 
control tissue
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A1 receptors (Che et  al. 1995; Connolly et  al. 
1993), we found the rat CB expresses signifi-
cantly higher levels of ENT1 mRNA (Fig. 5.1b, 
c). Petrosal ganglia (PG), which relay chemosen-
sory information from the CB to the central pat-
tern generator in brainstem are known to express 
adenosine A2a, A2b, and A1 receptors (Conde et al. 
2012a; Gauda 2000; Nurse 2014; Nurse and 
Piskuric 2013). As shown in Fig. 5.1d, expression 
of ENT1 mRNA was significantly higher in the 
CB relative to the PG.  By comparison, expres-
sion of ENT2 mRNA did not seem to be differen-
tially expressed in the CB relative to SCG and 
PG, though there was an apparent lower expres-
sion in the CB relative to the brain (Fig. 5.1b). 
These data suggest that ENT1 is the dominantly 
expressed member of the nucleoside transporter 
family in the rat CB (n = 4).

Localization of ENT1 and ENT2 immunoreac-
tivity in cell cultures of dissociated rat carotid 
body. Using immunofluorescence labeling, we 
localized ENT expression in permeabilized and 
non-permeabilized cultures of dissociated rat 
CB. These cultures consist of isolated type I cell 
clusters that are easily identified under phase 
contrast microscopy (Murali and Nurse 2016; 
Nurse 2010; Salman et  al. 2017; Zhang et  al. 
2012). In permeabilized CB cultures, ENT1 and 
ENT2 immunoreactivity (green) was found asso-
ciated with tyrosine hydroxylase (TH)-
immunoreactive (ir; red) type I cells as shown in 
Figs.  5.2a–c and Figs.  5.2d–f, respectively 
(n = 2). Interestingly, ENT1 staining appeared to 
be mostly localized to the nuclei of TH-positive 
cells in permeabilized CB cultures as shown in 
Fig. 5.2a. In non-permeabilized CB cultures, type 
I cell clusters were also selectively immunoposi-
tive for both ENT1 (Fig. 5.2g–i, n = 2) and ENT2 
(Fig.  5.2j–l, n  =  2), suggesting an additional 
extracellular localization for both transporters. 
Note the confinement of ENT1-ir and ENT2-ir to 
type I cell clusters in Fig. 5.2i, l respectively.

Regulation of ENT1 and ENT2 mRNA expres-
sion in rat carotid bodies exposed to chronic 
hypoxia in vivo.

We recently demonstrated that chronic hypo-
baric hypoxia in vivo up-regulates expression of 
NTPDase3 and the adenosine producing enzyme, 

E5’Nt/CD73 in the rat CB (Salman et al. 2017), 
thereby favoring increased generation of extra-
cellular adenosine. Previous studies showed that 
chronic hypoxia represses ENT expression in 
human umbilical vein endothelium (HUVEC) 
(Casanello et al. 2005) and human microvascular 
endothelial cells (HMEC) (Eltzschig et al. 2005). 
We therefore examined whether chronic hypoxia 
regulates ENT expression in CB, SCG, and PG 
relative to normoxic controls To this end, we 
exposed juvenile rat pups (P11-14) to chronic 
hypobaric hypoxia (60  kPa, simulating an alti-
tude of approximately 4300 m) for 5–7 days as 
previously described (Salman et  al. 2017). For 
comparison, quantitative real time-PCR (qPCR) 
data adapted from the latter study is plotted in 
Fig. 5.3, and reveals a significant upregulation in 
NTPDase3 and E5’Nt mRNAs in the CBs from 
chronically hypoxic (CHox) animals compared 
normoxic (Nox) controls in Fig. 5.3. By contrast, 
similar to previous studies (Casanello et al. 2005; 
Eltzschig et al. 2005), ENT1 expression was sig-
nificantly downregulated in the CB and PG of 
CHox animals relative to Nox controls (Fig. 5.3). 
ENT2 mRNA was also downregulated and to a 
lesser extent, though this was specific to the CB 
tissue of CHox animals (Fig. 5.3). Taken together, 
these data suggest that chronic hypoxia differen-
tially regulates NTPDase, E5’Nt, and ENT 
expression in the CB so as to elevate extracellular 
adenosine levels.

5.4	 �Discussion

In response to chemostimuli (e.g. hypoxia and 
acid hypercapnia), ATP is released from the 
carotid body (CB) and its rapid breakdown to 
adenosine activates a number of autocrine and 
paracrine signaling pathways (Buttigieg and 
Nurse 2004; Conde and Monteiro 2004; Conde 
et al. 2007) add refs (Murali and Nurse 2016; 
Nurse and Piskuric 2013; Tse et al. 2012). The 
main purpose of the present study was to 
explore mRNA expression pattern and local-
ization of equilibrative nucleoside transporters 
(ENTs) in the CB and their potential role in 
adenosine clearance during chronic hypoxia. 
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We found that the rat carotid body expresses 
mRNA and protein for both equilibrative trans-
porter 1 (ENT1) and ENT2. Moreover, mRNA 
of ENT1 and ENT2 was downregulated in rat 
CB following in vivo exposure to chronic 
hypobaric hypoxia, and it is proposed that 
these mechanisms could lead to increased 

extracellular adenosine concentration at the 
chemosensory synapse.

Two major metabolic sources for the genera-
tion of extracellular adenosine have been identi-
fied during mild hypoxia, i.e. ATP catabolism by 
a series of ectonucleotidase enzymes, and export 
via the equilibrative nucleoside transport (ENT) 

Fig. 5.2  Equilibrative nucleoside transporter1 (ENT1) 
and ENT2 immunoreactivity in cultures of dissociated rat 
carotid body. Immunofluorescence staining of permeabi-
lized cultures showing ENT1- and ENT2-ir (green; a and 
d respectively) associated within TH-ir (red; b and e) type 
I cell clusters; merged image is shown in c and f (n = 2). 
G-I and J-L, ENT1 and ENT2 immunoreactivity in non-

permeabilized CB cultures respectively. Note positive 
extracellular ENT1 and ENT2 immunoreactivity (h and 
k) respectively in type I cell clusters (arrow in phase con-
trast images, g and j) and merged images in i and l; note 
ENT1- and -2 negative background cells surrounding 
clusters in i and l (n = 2)
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system (Conde et al. 2009). A recent study from 
our laboratory identified expression of 
NTPDase1,2,3 and E5′Nt mRNAs in the rat CB, 
and NTPDase 2,3 and E5′Nt immunoreactivities 
were localized to type I cell clusters (Salman 
et  al. 2017). The presence of an equilibrative 
nucleoside transporter (ENT) system in the CB 
was inferred from pharmacological studies using 
the ENT inhibitor NBTI (Conde et  al. 2008; 
Conde and Monteiro 2004). Based on those stud-
ies it was concluded that ~45% of extracellular 
adenosine present during mild hypoxia (10% O2) 
is trafficked though the ENT system (Conde et al. 
2008, Conde and Monteiro 2004). In the present 
study, we uncovered the molecular identity of the 

ENT system in the rat CB by showing the rat CB 
expresses mRNA and protein of ENT1 and ENT2 
subtypes. During episodes of high hypoxia inten-
sity, adenosine release by ENT is significantly 
reduced and extracellular adenosine is preferen-
tially produced by extracellular ATP hydrolysis 
via the enzymatic action of ectonucleotidases and 
ecto-5′ nucleotidase (Conde et  al. 2012a). The 
remaining source of adenosine has been proposed 
to be generated from cAMP (Perez-Garcia et al. 
1991).

Previous studies reported transcriptional 
repression of ENT expression in cardiac myo-
cytes (Chaudary et al. 2004), vascular endothelia 
and mucosal epithelia (Casanello et  al. 2005; 
Eltzschig et  al. 2005) during chronic hypoxia. 
Given that chronic hypoxia can augment CB che-
mosensitivity (Kumar and Prabhakar 2012; 
Powell 2007), and the key role of purinergic sig-
naling in driving the CB afferent discharge 
(Nurse and Piskuric 2013), it was of interest to 
contrast ENT expression in CBs isolated from 
animals exposed to chronic hypobaric hypoxia. 
Interestingly, we found that chronic hypoxia 
downregulates mRNA expression of ENT1 and 
ENT2  in the rat CB, consistent with previous 
studies reporting a similar downregulation of 
ENT mRNA in other tissues during chronic 
hypoxia (Eltzschig et al. 2005).

Adenosine, generated by hydrolysis of extra-
cellular ATP by surface-located enzymes or 
released through bidirectional equilibrative trans-
porters in type I cells, may activate presynaptic 
and postsynaptic P1 receptors in the CB (Conde 
et al. 2009, 2012a; Murali and Nurse 2016; Nurse 
and Piskuric 2013). In conclusion, the functional 
consequence of the increased capacity to produce 
extracellular adenosine from ATP by ectonucleo-
tidases (Conde et al. 2009, 2012a; Gauda 2000; 
Murali and Nurse 2016; Salman et  al. 2017), 
coupled with the decreased capacity to transport 
adenosine across type I cells by ENT1,2, predicts 
a major shift towards enhanced adenosine signal-
ing at the CB chemosensory synapse during 
chronic hypoxia.

Fig. 5.3  Effects of chronic hypobaric hypoxia on ecto-
nucleoside triphosphate diphosphohydrolase3 
(NTPDase3), ecto-5′-nucleotidase (E5′Nt), ENT1 and 
ENT2 mRNA expression in rat carotid body. Rat pups 
(~2-week old) were exposed to normoxia or continuous 
hypobaric hypoxia (60 kPa, ~4300 m) for 5–7 days, start-
ing at day 7. Quantitative real-time PCR (qPCR) analysis 
was used to compare mRNA fold change in chronic 
hypoxia relative to normoxia of NTPDase3, E5′Nt, ENT1 
and ENT2 in SCG, PG and CB tissues. Data reveal a sig-
nificant upregulation of NTPDase3 and E5′Nt concomi-
tant with a downregulation in ENT1 and ENT2 expression 
(n = 4 litters). Results were normalized to TBP and shown 
as fold change relative to expression in normoxia. Each 
experimental replicate represents expression in tissues 
pooled from individual rat litters (n). Asterisks denote sig-
nificant differences between normoxic and hypoxic 
groups, P < 0.05

S. Salman and C. A. Nurse



49

5.5	 �Statistical Analysis

Statistical analyses were performed using 
GraphPad Prism7 software. Data are expressed 
as means ± SE and compared using a non- para-
metric (Mann-Whitney) test. n value indicates 
the number of litters used in each experiment. 
Asterisks denote significant differences where 
P < 0.05 between groups.
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Mitochondrial Complex 
I Dysfunction and Peripheral 
Chemoreflex Sensitivity 
in a FASTK-Deficient Mice Model

Angela Gomez-Niño, Inmaculada Docio, 
Jesus Prieto-Lloret, Maria Simarro, Miguel A. de la 
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Abstract
The molecular mechanisms underlying O2-
sensing by carotid body (CB) chemoreceptors 
remain undetermined. Mitochondria have 
been implicated, due to the sensitivity of CB 
response to electron transport chain (ETC) 
blockers. ETC is one of the major sources of 
reactive oxygen species, proposed as media-
tors in oxygen sensing. Fas-activated serine/
threonine phosphoprotein is a sensor of mito-
chondrial stress that modulates protein trans-
lation to promote survival of cells exposed to 
adverse conditions. A translational variant of 
Fas-activated serine/threonine kinase 
(FASTK) is required for the biogenesis of 
ND6 mRNA, the mitochondrial encoded sub-
unit 6 of the NADH dehydrogenase complex 
(Complex I). Ablating FASTK expression 
reduced Complex I activity in vivo by about 

50%. We have tested the hypothesis of 
Complex I participation in O2-sensing struc-
tures by studying the effect of hypoxia in 
FASTK−/− knockout mice. Ventilatory 
response to acute hypoxia and hypercapnia 
tests showed similar sensitivity and CB cate-
cholaminergic activity in knockout and wild 
type mice; hypoxic pulmonary vasoconstric-
tion response also was similar. Pulmonary 
artery contractility in vitro, using small vessel 
myography, showed a significantly decreased 
relaxation to rotenone in knockout mice pre-
constricted vessels with PGF2α. In conclusion, 
FASTK−/− knockout mice maintain respira-
tory chemoreflex under hypoxia and hyper-
capnia stress suggesting that completely 
functional Complex I ND6 protein is not 
required for these responses.
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6.1	 �Introduction

Carotid body (CB) chemoreceptor cells and pul-
monary artery smooth muscle cells (PASMC) 
detect hypoxia with a very high sensitivity (PO2 
threshold ~ 70–75  mmHg) generating homeo-
static responses that guarantee a normal O2 sup-
ply to cells, in spite of environmental O2 deficit 
(Gonzalez et  al. 1994). Homeostatic responses 
include CB triggered hyperventilation allowing 
arterial blood PO2 to increase, and vasoconstric-
tion of pulmonary arteries (PA), optimizing ven-
tilation/perfusion matching and blood 
oxygenation (Richalet 1997). These two initial 
responses are immediate, involving ionic con-
ductance changes in CB chemoreceptor cells and 
PASMC plasma membrane. In both cell types the 
hypoxic transduction cascade includes inhibition 
of membrane O2-sensitive K+ channels, activa-
tion of voltage operated Ca2+ channels, and Ca2+-
dependent responses (López-Barneo et al. 1988; 
Post et al. 1992). In CB chemoreceptor cells, the 
final output of the hypoxic transduction cascade 
is the release of neurotransmitters that, stimulat-
ing sensory nerves, triggers brain stem neuron 
activity and induces hyperventilation. In PASMC 
the final output is the PA vasoconstriction, redi-
recting blood flow from poorly, to well ventilated 
lung regions. The cascade of transduction of nat-
ural stimuli is incompletely understood and it has 
been proposed in both cell types that reactive 
oxygen species (ROS) may play a critical role 
linking low PO2 to K+ channel inhibition. 
Mitochondria have been related due to the sensi-
tivity of CB to electron transport chain (ETC) 
blockers, one of the main cellular origins of ROS.

The participation of mitochondrial Complex I 
in acute oxygen-sensing by CB chemoreceptor 
cells has been recently reported by Fernández-
Agüera et  al. (2015) showing that conditional 
knockout mice lacking mitochondrial complex I 
genes lose the hyperventilatory response to 
hypoxia. The Fas-activated serine/threonine 
kinase proteins (FASTK) are mitochondria-
associated proteins that promote the survival of 
cells exposed to adverse environmental condi-

tions. FASTK have emerged as key post-
transcriptional regulators of mitochondrial gene 
expression and function. A translational variant 
of FASTK regulates alternative splicing in the 
nucleus and co-localizes with two types of cyto-
solic RNA granules, stress granules and process-
ing bodies. The mitochondrial isoform of FASTK 
(mitoFASTK) co-localizes with mitochondrial 
RNA granules and binds at multiple sites along 
the ND6 mRNA, the mitochondrial-encoded sub-
unit 6 of the NADH dehydrogenase complex 
(Complex I). MitoFASTK and its precursors 
modulate degradosome activity to generate 
mature ND6 mRNA, essential for ND6 biogene-
sis and Complex I activity (Jourdain et al. 2015). 
Ablating FASTK expression in cultured cells and 
mice results specifically in loss of ND6 mRNA 
and reduced Complex I activity in vivo by 50% 
(Simarro et al. 2010).

We have tested the hypothesis of Complex I 
participation in O2-sensing structures by studying 
the CB respiratory chemoreflex to acute hypoxia 
and hypercapnia tests, measured by plethysmog-
raphy in a model of FASTK−/− knockout mice. 
Catecholamine (CA) synthesis and the effect of 
rotenone on the CA release by in vitro CB. The in 
vivo hypoxic pulmonary vasoconstriction and the 
in vitro contractility response of small PA to rote-
none were also assessed. Data showed that 
FASTK−/− mice maintain respiratory chemoreflex 
and vasoconstriction responses under hypoxic 
stress implying that normally functional Complex 
I ND6 protein is not required for these responses.

6.2	 �Methods

6.2.1	 �Animals

The study was conducted on 12 wild type (WT) 
C57BL/6J and 12 FASTK−/− knockout male mice 
(10–12  weeks old). Animals had unrestricted 
access to water and regular chow diet, and were 
housed in standard conditions in a temperature-
controlled room (24 ± 2 °C) with 12:12 h light–
dark cycles.
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All surgical procedures were done under gen-
eral anesthesia with intraperitoneal injection of 
pentobarbital (30  mg/kg). After experiments, 
animals were euthanized by a cardiac overdose 
of sodium pentobarbital. The University of 
Valladolid Institutional Committee approved 
protocols for Animal Care and Use following 
international laws and policies (European Union 
Directive for Protection of Vertebrates Used for 
Experimental and Other Scientific Ends, 
2010/63/EU).

6.2.2	 �Generation of FASTK−/− Mice

FASTK−/− mice were created as described in 
detail elsewhere (Simarro et  al. 2010). Briefly, 
the entire Fastk gene was replaced by a loxP-
flanked neomycin expression cassette. Mice car-
rying this mutation were crossed with EIIa-Cre 
transgenic mice (The Jackson Laboratory) to 
remove the neomycin cassette, and then back-
crossed 12 times into the C57BL/6 background. 
Both the Fastk gene and its protein product were 
shown to be deleted in these mice. FASTK−/− 
mice were viable and fertile and lacked any gross 
abnormality.

6.2.3	 �Plethysmography

Ventilation was measured in freely-moving ani-
mals by whole body plethysmography (Gonzalez-
Obeso et al. 2017) using methacrylate chambers 
(Emka Technologies, Paris, France; BUXCO 
Research Systems, Wilmington, NC, USA) con-
tinuously fluxed (2  l/min) with the desired gas 
mixture. Temperature was maintained within the 
thermo-neutral range (22–24  °C). Tidal volume 
(TV; ml/Kg), respiratory frequency (fr; breaths/
min), minute ventilation (MV; ml/min/Kg), were 
assessed. Animals breathed room air until acquir-
ing a standard resting behavior. Basal ventilatory 
parameters and acute hypoxic and hypercapnic 
test response (12% O2, remainder N2, and 5% 
CO2 in air) were measured.

6.2.4	 �CB Synthesis and Evoked 
Release of CA

General procedures for studying the 3H-CA syn-
thesis rate and stimulus-evoked release have been 
previously described (Chen et al. 1997). Organs 
were incubated (37 °C; 2 h) in Tyrode solution (in 
mM: NaCl, 140; KCl, 5; CaCl2, 2; MgCl2, 1.1; 
HEPES, 10; glucose, 5; pH 7.40) containing 
30 μM of 3,5-3H-tyrosine (CA precursor; 6  Ci/
mmol; Perkin Elmer) and 100  μM 
6-methyltetrahydropterine and 1  mM ascorbic 
acid, cofactors for tyrosine hydroxylase and 
dopamine beta hydroxylase, respectively. Tissues 
were then washed in precursor-free Tyrode (4 °C; 
5 min) and homogenized. 3H-CA were quantified 
by scintillation counting. To evaluate stimuli-
evoked secretory response, isolated CB were 
incubated 2  h with 3H-tyrosine of high specific 
activity (40–50 Ci/mmol) and later transferred to 
vials containing the precursor-free Tyrode solu-
tion (in mM: NaCl, 116; KCl, 5; CaCl2, 2; MgCl2, 
1.1; HEPES, 10; glucose, 5; NaCO3H, 24). The 
solution was equilibrated with gas mixtures con-
taining 5% CO2 and 21% O2 (pH 7.40). Specific 
mitochondrial Complex I blocker, rotenone 
(10 μM; Sigma, Madrid, Spain), was added to the 
incubating solution. Incubating solutions were 
renewed and collected every 10 min and 3H-CA 
content measured by scintillation counter.

6.2.5	 �Myography

Mice were killed by lethal injection (i.p.) of 
sodium pentobarbital. The heart and lungs were 
excised and placed in cold physiological salt 
solution (PSS) containing (in mmol/L): 118 
NaCl, 24 NaHCO3, 1 MgSO4, 0.435 NaH2PO4, 
5.56 glucose, 1.8 CaCl2, and 4 KCl. Rings of PA 
were cleaned of adventitia and parenchyma under 
a dissection microscope, mounted on an isomet-
ric small vessel wire myograph (Danish Myo 
Technology, Denmark), and stretched to a basal 
tension of ~5 mN. They were then equilibrated 
with three brief exposures (3  min) to PSS 
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containing 80  mM KCl (80KPSS; isotonic 
replacement of NaCl by KCl). The pH of the 
solution was maintained at 7.4 by gassing with 
20% O2, 5% CO2, balance N2. Rotenone (10 μM) 
was applied during an ongoing stable contraction 
to PGF2α (5  μM). The resulting relaxation was 
expressed as a percentage of the stable contrac-
tion to PGF2α.

6.2.6	 �Statistical Analysis

Data are presented as mean ± S.E.M. Statistical 
analysis were performed by paired or unpaired 
Student’s t-test and by repeated measures, One-
Way Analysis of Variance (ANOVA) with 
Dunnett’s multiple comparison tests. Significance 
was taken as p < 0.05.

6.3	 �Results

6.3.1	 �Ventilatory Response to Acute 
Hypoxia and Hypercapnia 
Tests

To assess if the respiratory peripheral chemore-
flex was modified in FASTK−/− mice, the ventila-
tory response to acute hypoxia (12% O2; 10 min) 
and hypercapnia (5% CO2 in air) tests were mea-
sured. Continuous recording of the respiratory 
frequency (fr; breaths/min) and tidal volume 
(TV; ml/kg) was made while switching from air 
to the gas mixture in 10 wild type (WT) and 9 
knockout (KO) mice. Figure 6.1 shows that the 
respiratory response in normoxia was similar 
between KO and WT mice. Respiratory fre-
quency, TV and MV increased also in the same 
way in response to hypoxia (1337  ±  205 vs 
2906 ± 438 ml/min/Kg in WT and 1134 ± 107 vs 
3050 ± 490 ml/min/Kg in KO), and hypercapnia 
(3166 ± 453 ml/min/Kg in WT and 2724 ± 149 ml/
min/Kg in KO) tests. In summary, KO mice had 
respiratory response to hypoxia and hypercapnia 
very similar to WT mice.

6.3.2	 �CA Synthesis Rate 
and Secretory Response 
from CB

To investigate the CB functional properties in 
FASTK−/− mice, 3H-CA synthesis was assessed. 
Fig. 6.2a shows the lack of differences in 3H-CA 
synthesis rate in WT and KO CB mice 
(59.9 ± 6.2 in WT and 62.9 ± 12.5 fentomol/CB 
in KO; n = 6–8). Because an important part of CA 
content in the CB, mainly norepinephrine (NE), 
is contained in sympathetic nerve endings from 
the superior cervical ganglion (SCG; Chen et al. 
1997), 3H-CA synthesis was also measured in 
SCG under the same conditions (29.8 ± 4.45 and 
23.7 ± 4.65 pmol/SCG; n = 6, Fig. 6.2b). No sig-
nificant difference in CA synthesis from CB or 
SCG between WT and KO mice was found.

It is known that ETC blockers activate CB 
inducing the release of CA (Gomez-Niño et  al. 
2009). This activity index was used to measure 
CA secretion from WT and KO mice CB induced 
by adding the Complex I blocker rotenone 
(10 μM) to the incubating solution. The release of 
3H-CA expressed as % of tissue content was 
obtained from WT and KO CB incubated with a 
20% O2, 5% CO2-equilibrated control solution, 
later exposed to rotenone in the incubation solu-
tion, and a post-stimulus period without the 
blocker. Figure 6.2c shows that rotenone evoked 
release of 3H-CA was significantly higher in KO 
mice chemoreceptor cells (WT, 1.4  ±  0.4 vs 
3.2 ± 0.4, KO n = 4–6; p < 0.05).

6.3.3	 �Contractile Response of Small 
Pulmonary Arteries

In a preliminary test, KO mice seemed to pre-
serve the in vivo hypoxic pulmonary vasocon-
striction (10% O2; 2  min) with values of 
pulmonary artery pressure (PAP) similar to WT 
mice (ΔPAP 3.5 and 3.9 mm Hg in KO and WT 
mice, respectively; n = 2 animals of each group). 
To assess the effect of rotenone on PASMC, 
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myography was performed on the PA from 11 
WT and 9 KO mice. No differences in PA con-
traction response to high extracellular K+ 
(80  mM; 2.24  ±  0.26 mN from WT and 
2.76 ± 0.29 mN from KO mice) were found (data 
not shown). Fig.  6.3c shows the significantly 
decreased relaxation response to Complex I 
blocker rotenone (10  μM) in KO mice 
(75.4  ±  5.6% in WT vs 35.8  ±  5.3% in KO; 
p < 0.001) in PGF2α pre-constricted arteries.

6.4	 �Discussion

The high sensitivity of the CB to inhibitors of the 
mitochondria ETC has been one of the factors 
implying mitochondria in oxygen sensing by 
chemoreceptor cells. Changes in ROS production 
from mitochondrial origin imply their possible 
function as sensors of O2 availability and as the 
origin of the low O2 homeostatic response. 
Hypoxic inhibition of mitochondrial ETC results 
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Fig. 6.1  Ventilatory parameters measured in freely mov-
ing wild type (WT) and knockout (KO) mice. (a) 
Representative plethysmographic recordings of TV show-
ing the breathing patterns in air (FiO2 21%), acute hypoxia 
(FiO2 12%) and hypercapnia (FiCO2 5%) during 10  s. 

(b–d) show Breathing frequency (fr; breaths/min), Tidal 
volume (TV; ml/kg of body weight), and Minute ventila-
tion (MV; ml/min/kg) in the same three conditions. Data 
are mean ± SEM obtained from 10 WT and 9 KO mice. 
*p  <  0.05, **p  <  0.01, ***p  <  0.001, acute hypoxia or 
hypercapnia vs air
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in increased production of ROS from Complex I 
(Fernández-Agüera et al. 2015). This increase in 
ROS production is hypothesized to change the 
redox status of membrane ion channels and thus 
initiate excitation. The hypothesis that mitochon-
dria participate in CB oxygen sensing has been 
tested in several studies using different mito-
chondrial protein deficient knockout mice. 
However, studies using KO mice lacking different 

mitochondrial Complex I proteins showed con-
tradictory results. Lopez-Barneo’s group 
(Fernández-Agüera et al. 2015) used conditional 
deletion of the Ndufs2 subunit of Complex I to 
study the mechanisms of O2 transduction in the 
CB. They described that inactivating the Ndufs2 
gene, which encodes a protein component of the 
ubiquinone-binding site of mitochondrial 
Complex I, prevented a glomus cells response to 
hypoxia. Loss of Ndufs2 also abolished the sys-
temic hypoxic ventilatory response without dis-
rupting the ventilatory response to hypercapnia, 
indicating that Complex I function was required 
for hypoxic sensitivity.

Conversely, Jain et al. (2016) deactivated the 
Ndufs4 gene, which codes for NADH ubiquinone 
oxidoreductase subunit S4, also a Complex I pro-
tein, in a mouse model that repeats many features 
of Leigh syndrome. They found that a hypoxic 
ventilatory response was triggered in KO mice 
similar to WT mice. Remarkably, chronic 
hypoxia prevented the development of many of 
the Leigh syndrome symptoms in the Ndufs4 KO 
mice without rescuing Complex I activity and 
significantly extended their survival, whereas 
chronic hyperoxia exacerbated the disease.

Archer et  al. (1999) used mice lacking the 
gp91 subunit of NADPH oxidase (chronic granu-
lomatous disease mice) to assess the hypothesis 
that NADPH oxidase is a pulmonary artery O2-
sensor. Deletion of gp91 phox did not alter p22 
phox expression but severely inhibited ROS pro-
duction. Nonetheless, hypoxia caused identical 
inhibition of whole-cell K+ current in PASMC 
and hypoxic pulmonary vasoconstriction (in iso-
lated lungs) from KO vs. WT mice. The rotenone 
effect was preserved in KO mice, consistent with 
a role for the mitochondrial ETC in O2 sensing. 
Rotenone mimics hypoxia causing pulmonary 
vasoconstriction (Archer et al. 1993) and activat-
ing the CB. Inhibitors of the proximal mitochon-
drial ETC functionally block electron transport, 
leading to proximal accumulation of electron 
donors and shifting the redox state to a reduced 
state, as the redox hypothesis of oxygen sensing 
proposes. They conclude that NADPH oxidase, 
though a major source of lung ROS production is 
not the pulmonary vascular O2 sensor in mice.

Fig. 6.2  Rate of 3H-CA synthesis and release. (a) 3H-CA 
synthesis rate from CB. (b) 3H-CA synthesis rate from 
Superior Cervical Ganglion (SCG) (c) 3H-CA secretory 
response to rotenone (10 μM) from isolated CB expressed 
as 3H-CA evoked release. Data represent mean ± SEM of 
n  =  6–8; *p  <  0.05 (Rotenone induced 3H-CA evoked 
release from KO vs WT CB)
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Our results using FASTK−/− mice showed no 
significant differences of ventilatory response to 
acute hypoxia and hypercapnia, although a 
slightly increased sensitivity can be observed in 
TV and MV measurements. Similarly, in  vitro 
data obtained from the isolated CB demonstrated 
no differences in the rate of CA synthesis. 

However, CA release from CB showed an 
increased release response from KO mice 
exposed to rotenone. Considering the effect of 
rotenone as a measure of ETC Complex I func-
tionality, the CB release of CA is more sensitive 
to the Complex I blocker in KO mice. It has been 
reported that a moderate inhibition of the mito-
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chondrial function can increase CB hypoxic sen-
sitivity (Holmes et al. 2016) which is consistent 
with the augmented CA release in response to 
rotenone. The decreased functionality of 
FASTK−/− mice Complex I could explain the 
increased sensitivity to the Complex I blocker.

As it was found with the acute respiratory 
response to hypoxia, KO mice seem to preserve 
the in vivo hypoxic pulmonary vasoconstriction, 
showing similar pulmonary artery pressure val-
ues to WT mice. The PA response to rotenone 
was partially blocked in the FASTK−/−. The 
reduced function of mitochondrial complex I in 
KO mice may explain the increased effect of the 
complex I blocker on PASMC, as it was also 
observed in the CB chemoreceptor cells CA 
release response to rotenone. It has been reported 
that inhibition of ETC in general and particularly 
rotenone, induce an increase of ROS generation 
and a decrease in ATP genesis in CB (Gomez-
Niño et  al. 2009). Mitochondrial inhibition is 
also known to reduce vascular contractility in the 
setting of unchanged global intracellular Ca2+ but 
with altered coding of cellular Ca2+-waves 
(Rahman et al. 2013). Since signal transduction 
reactions are localized processes, it could be that 
specific redox or Ca2+ signaling might be linked 
to specific sensing in PASMC and CB chemore-
ceptor cells.

In summary, FASTK−/− and WT mice main-
tain a similar ventilatory response in normoxia 
and under hypoxic and hypercapnic stress, imply-
ing that there is not a direct effect of Complex I 
ND6 protein in CB oxygen sensing. The same 
lack of difference between both groups of mice 
appears to be in the case of HPV, although the 
number of experiments is not significant. The 
diverse results obtained from ablating different 
mitochondrial Complex I proteins show that 
hypoxia activates adaptive programs in KO mice 
that would allow survival with restrictive oxygen 
levels and that the normal functioning of mito-
chondrial Complex I is not strictly required for 
the hypoxic ventilatory chemoreflex response. 
Compensation for KO mice can occur, especially 
in the CB response, where it appears to have 
redundant mechanisms for oxygen sensing. An 
alternative explanation would take into consider-

ation whether experiments using KO animals are 
an irrefutable evidence of the role of a protein in 
a specific process.
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Topical Application of Connexin43 
Hemichannel Blocker Reduces 
Carotid Body-Mediated 
Chemoreflex Drive in Rats
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Abstract
The carotid body (CB) is the main arterial 
chemoreceptor involved in oxygen sensing. 
Upon hypoxic stimulation, CB chemoreceptor 
cells release neurotransmitters, which increase 
the frequency of action potentials in sensory 
nerve fibers of the carotid sinus nerve. The 
identity of the molecular entity responsible for 
oxygen sensing is still a matter of debate; 
however several ion channels have been shown 
to be involved in this process. Connexin-based 
ion channels are expressed in the CB; however 
a definitive role for these channels in mediat-

ing CB oxygen sensitivity has not been estab-
lished. To address the role of these channels, 
we studied the effect of blockers of connexin-
based ion channels on oxygen sensitivity of 
the CB.  A connexin43 (Cx43) hemichannel 
blocking agent (CHBa) was applied topically 
to the CB and the CB-mediated hypoxic venti-
latory response (FiO2 21, 15, 10 and 5%) was 
measured in adult male Sprague-Dawley rats 
(~250 g). In normoxic conditions, CHBa had 
no effect on tidal volume or respiratory rate, 
however Cx43 hemichannels inhibition by 
CHBa significantly impaired the CB-mediated 
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chemoreflex response to hypoxia. CHBa 
reduced both the gain of the hypoxic ventila-
tory response (HVR) and the maximum HVR 
by ~25% and ~50%, respectively. Our results 
suggest that connexin43 hemichannels con-
tribute to the CB chemoreflex response to 
hypoxia in rats. Our results suggest that CB 
connexin43 hemichannels may be pharmaco-
logical targets in disease conditions character-
ized by CB hyperactivity.

Keywords

Carotid body · Chemoreflex · Connexin43 · 
Hypoxia

7.1	 �Introduction

The carotid body (CB) chemoreceptors are 
located in the bifurcation of the common carotid 
artery and have a primary role in sensing the par-
tial pressure of O2, CO2 and pH in arterial blood 
(Iturriaga and Alcayaga 2004; Nurse and Piskuric 
2013). The CB is composed of two primary cell 
types: the chemoreceptor cells (glomus) and the 
sustentacular cells (López-Barneo et  al. 2008), 
which are believed to modulate glomus cell activ-
ity through a purinergic P2Y receptor-dependent 
pathway (Murali and Nurse 2016). Despite sig-
nificant research devoted to understanding the 
function of this small but important organ, the 
molecular mechanisms by which glomus cells 
detect changes in PO2 are not well understood. 
The most well-accepted theory is that reductions 
of PO2 (directly or indirectly) decrease K+ channel 
(TASK) activity (Buckler et al. 2006), depolariz-
ing the cell and leading to opening of voltage sen-
sitive L-type Ca2+ channels, which in turn causes 
increases in intracellular Ca2+ which ultimately 
lead to the release of one or more neurotransmit-
ters to the extracellular space (López-Barneo 
et  al. 2016). Recent evidence also suggests a 
potentially important role of HIF-1α (Nurse 
2017) and gaseous neurotransmitters such as CO 
and H2S (Prabhakar and Peng 2017) in control-
ling CB oxygen sensing. Once activated by low 

oxygen partial pressure, glomus cells release sev-
eral neurotransmitters including ATP (Zhang 
et  al. 2000), acetylcholine (Nurse and Zhang 
1999) and dopamine (Buerk et  al. 1998). The 
release of these neurotransmitters impacts the 
rate of discharge of petrosal ganglion neurons 
(Smith and Mills 1976), which deliver “PO2 –
mediated sensory information” to the nucleus of 
the tractus solitarii (Lipski et al. 1977; Iturriaga 
and Alcayaga 2004).

In addition to the chemical synapses within 
the CB, electrical coupling between glomus cells 
has also been observed (Monti-Bloch et al. 1993; 
Abudara and Eyzaguirre 1994). The structural 
basis of these electrical synapses are the connex-
ins. These proteins are a family of transmem-
brane proteins which contain four transmembrane 
segments; two extracellular loops, one intracel-
lular loop, and both the N- and C- terminals fac-
ing the cytoplasm (Retamal et  al. 2016). 
Connexins are named according to their predicted 
molecular weight, thus connexin43 (Cx43) is 
predicted to have a molecular weight of ~43 kDa. 
In 1996, Kondo and Iwasa (1996) conducted an 
ultra-structural study of adult rat CBs which con-
firmed the presence of gap junction channels 
(GJC)-like structures between glomus cells, 
between glomus cells and sustentacular cells, and 
between glomus cells and petrosal neuron termi-
nals. This observation was confirmed by immu-
nofluorescent detection of Cx43  in the CB 
(Abudara et al. 1999). GJCs formed by Cx43 are 
regulated by cAMP and pH in cultured CB cells 
which induced an increase and decrease in cell 
coupling, respectively (for further details see 
Abudara et  al. 2000, 2001). Other studies have 
demonstrated that sustained stimuli may also 
elicit changes in GJC-like expression, in which 
2 weeks of hypobaric hypoxia increased expres-
sion of Cx43 in glomus cells and in petrosal neu-
rons (Chen et  al. 2002). Interestingly, it is well 
known that Cx43 can also form GJCs between 
cells and also hemichannels in cells in vitro as 
well as in vivo (Sáez et al. 2005). Hemichannels 
are half of a GJC and are found in non-
appositional plasma membranes (Sáez et  al. 
2005). While GJCs allow the passive flow of ions 
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and molecules between cells, hemichannels per-
mit the exchange of ions and small molecules 
between the extracellular media and the cyto-
plasm (Retamal 2014). In spite of their low open 
probability (Contreras et  al. 2003), Cx43 hemi-
channels allow the release of paracrine signaling 
molecules such as ATP and glutamate (Orellana 
and Stehberg 2014). Therefore, Cx43 hemichan-
nels are of potential interest as potential modula-
tors of CB chemosensory activity (Reyes et  al. 
2014). Despite the fact that numerous studies 
suggest a potential role of Cx43-based hemichan-
nels in regulation of CB activity, this hypothesis 
has not been specifically tested. Thus, the aim of 
this work was to test the effect of a Cx43-specific 
hemichannel blocker (CHBa) on CB O2 sensitiv-
ity in vivo.

7.2	 �Methods

7.2.1	 �Animals

Adult male Sprague-Dawley rats (n = 8), weigh-
ing between 250 and 300 g, were used in these 
experiments. All experiments were approved by 
the Bioethical Committee of the Facultad de 
Ciencias Biológicas, P. Universidad Católica de 
Chile and were carried out under the guidelines 
of the American Physiological Society, the Guía 
para el Cuidado y Uso de los Animales de 
Laboratorio from CONICYT and the National 
Institutes of Health Guide for the Care and Use of 
Laboratory Animals.

7.2.2	 �CB-Mediated Ventilatory 
Chemoreflex Function

Rats were anaesthetized with sodium pentobarbi-
tone (40  mg  kg−1; ip) and placed in the supine 
position. The trachea was cannulated for airflow 
recording, and connected to a pneumotachograph 
to measure tidal volume (Vt), respiratory fre-
quency (Rf), and minute inspiratory volume (VE). 
During the experiment, rectal temperature was 
measured and maintained at 38.0 ± 0.5 °C with a 

regulated heating pad. Supplemental doses of 
sodium pentobarbitone were administered as 
necessary to maintain a surgical plane of anesthe-
sia. Signals were acquired with an analogue-
digital system PowerLAB 8SP (ADInstruments 
Pty Ltd., Castle Hill, Australia), calibrated and 
analyzed with the Labchart 7-Pro software 
(ADInstruments Pty Ltd., Australia). 
CB-mediated chemoreflex function was esti-
mated as previously described (Del Rio et  al. 
2010, 2013, 2014). Briefly, rats breathed hypoxic 
gas mixtures (FiO2 5%,10%,15%) until a semi-
steady state response was achieved (20–25 s). All 
recordings were made at an ambient temperature 
of 25 ± 2 °C. During chemoreflex testing, respira-
tory variables (RF and Vt) were averaged over 10 
consecutive breaths.

7.2.3	 �Acute Blockade of Connexin 
43 Hemichannels

A Cx43-selective hemichannel-blocking agent 
(CHBa) was used as previously described 
(Stehberg et al. 2012; Wang et al. 2013). CHBa 
(based on an 11 amino acid sequence targeting 
the second extracellular loop of the Cx43 protein) 
was dissolved in Pluronic F-127 at 20 °C, for a 
final concentration of 25  mM.  The CBs were 
visualized and isolated from the surrounding tis-
sue. Then, 20 μl of CHBa solution was topically 
applied to the CBs. Ten minutes were allowed for 
Pluronic F-127 to polymerize before ventilatory 
recordings were initiated.

7.2.4	 �Cx43 Expression

CB Cx43 protein expression was assessed using 
immunoblot as previously described (Del Rio 
et  al. 2017). Briefly, after euthanizing the rats 
(pentobarbital 100 mg/kg i.p.), the carotid sinus 
region containing the CBs was quickly removed 
and snap frozen on dry ice and stored at 
−80 °C. The tissue was lysed in 200 μL of RIPA 
buffer with fresh protease inhibitor cocktail 
(Sigma Aldrich, St. Louis, MO, USA) and total 
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protein concentration was assessed using a 
Thermo Scientific BCA Assay kit (Waltham, 
MA). Samples were loaded onto a 10% SDS-
PAGE gel (50  μg/20  μl per well) and 
electrophoresis was performed. Then, proteins 
were transferred to a PVDF membrane (Millipore, 
USA) and the membrane was probed overnight 
with the following antibodies: rabbit anti- Cx43 
(1:750, Cat. #PPS046, Novus Biological), and 
mouse anti- β-actin (1:500–1:1000, Cat. #sc-
47,778, Santa Cruz, USA). Following washes 
with PBST, the appropriate secondary antibodies 
were added to each membrane. Blots were devel-
oped using a ECL kit (ThermoFischer, USA) 
scanner, and quantitative analysis of band densi-
tometry was performed using Li-Cor Imaging 
software (Li-cor, USA).

7.2.5	 �Statistical Analysis

Data was expressed as means ± S.E.M. The dif-
ferences in hypoxic ventilatory response was 
analyzed by paired t-test. A p value of <.05 was 
considered statistically significant.

7.3	 �Results

7.3.1	 �Expression of Cx43 
in the Carotid Body

Figure 7.1 illustrates representative immunoblots 
of Cx43 expression in homogenates of rat CBs. 
Two bands close to 43 kDa were observed, how-
ever, bands with higher electrophoretic mobility 
were more abundant, indicating that in the CB, 
Cx43 is mainly in the dephosphorylated form.

7.3.2	 �Effects of CHBa on Resting 
Breathing Parameters

The effects of CHBa on resting Vt, Rf and VE are 
summarized in Table 7.1. CHBa did not induce 
significant changes in VE when compared to val-
ues obtained before CHBa exposure (p > 0.05). 
However, we did observe a small trend for 
increasing Vt values following CHBa (Table 7.1).

7.3.3	 �Effects of Cx43 Hemichannel 
Blockade on the Hypoxic 
Ventilatory Response

In response to acute hypoxic stimulation, rats 
increased both Vt and Rf (Fig. 7.2). We observed 
a maximal response of >200% increase in VE fol-
lowing exposure to FiO2 5% (Fig.  7.3). 
Remarkably, CHBa significantly reduced the 
hypoxic ventilatory response (HVR) in rats 
(Fig. 7.2). As shown in Fig. 7.3, CHBa markedly 
attenuated the Vt and Rf responses to several lev-
els of hypoxia when compared to the values 
obtained before CHBa administration. 
Furthermore, CHBa reduced both the HVR gain 
and the maximum HVR by ~25% and ~50%, 
respectively. No effects on hyperoxic ventilatory 
responses were found (Fig. 7.3).

7.4	 �Discussion

The major findings of these studies are: (i) Cx43 
is constitutively expressed in CB tissue and (ii) 
specific blockade of Cx43 hemichannels within 
the CB reduces the ventilatory response to 
hypoxia without changing resting breathing 
parameters. Taken together, our results strongly 
suggest that Cx43 hemichannels contribute to/

Fig. 7.1  Cx43 is highly expressed in the rat carotid body. 
Representative immunoblots from CBs excised from adult 
male Sprague-Dawley rats showing protein expression of 
Cx43. GADPH was used as the loading control

Table 7.1  Resting ventilatory parameters before and 
after Cx43 hemichannel blockade in the carotid bodies

Before (n = 4) After (n = 4)
Vt (ml) 4.80 ± 0.82 5.05 ± 0.29
Rf (breaths/min) 81.80 ± 3.34 80.66 ± 4.64
VE (ml/min) 400.99 ± 83.51 409.36 ± 40.33

Data are showed as mean  ±  SEM. Vt tidal volume, Rf 
respiratory frequency, VE minute ventilation
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Fig. 7.2  Topical application of a connexin hemichannel 
blocking agent (CHBa) reduce the hypoxic ventilatory 
response. (a) Representative traces of tidal volume (Vt), 
respiratory frequency (Rf) and minute ventilation (VE) 
during FiO2 100, 21, 15, 10 and 5% in one Control animal. 

(b) Representative traces of tidal volume (Vt), respiratory 
frequency (Rf) and minute ventilation (VE) during FiO2 
100, 21, 15, 10 and 5% after CHBa. Note that the ventila-
tory response to hypoxia is significantly decreased com-
pared to the Control condition
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modulate the acute CB-mediated ventilatory 
responses to hypoxia.

Previous studies indicate that CB glomus cells 
express gap junction-like structures (Kondo and 
Iwasa 1996), and the work of Abudara et  al. 
(1999) showed that CBs express Cx43. Our 

results confirm these previous observations and 
indicate a functional role for Cx43  in the 
CB.  Activated Cx43 hemichannels allow the 
exchange of small molecules (~1  kDa) from 
extracellular media to the cytoplasm (Sáez et al. 
2005). It is worth noting that our data showed 
that resting breathing parameters were not 
affected by Cx43 hemichannel blockade, which 
suggests that these hemichannels are not nor-
mally open in the CB during normoxic condi-
tions. This finding is consistent with the 
observations of Contreras and co-workers in 
2003 who found that Cx43 hemichannels have a 
very low open probability under physiological 
conditions (Contreras et al. 2003). In contrast to 
the lack of an effect observed in normoxia, our 
results show that CHBa markedly reduced the 
CB-mediated ventilatory response to hypoxia. 
This effect strongly suggests that Cx43 hemi-
channels are activated at low oxygen partial pres-
sures. Cx43 hemichannel opening has been 
observed under hypoxic conditions or metabolic 
stress in other experimental models (John et al. 
1999; Wang et al. 2014). Interestingly, it has been 
shown that stimulation of CB glomus cells with 
hypoxia induces the release of several small mol-
ecules to the extracellular milieu (Zhang et  al. 
2000). Thus we postulate that Cx43 hemichan-
nels may participate in this process. Future stud-
ies are needed to address the biophysical 
properties of Cx43 hemichannels in the CB under 
normoxic and hypoxic conditions.

One of the most critical adaptive physiologi-
cal responses to hypoxic challenges is an 
increase in pulmonary ventilation (Moore et al. 
1986). Importantly, this ventilatory response is 
almost entirely dependent on functional CBs as 
denervation of the CBs totally abolishes the 
hypoxic ventilatory response (Del Rio et  al. 
2013). Despite this appreciation of the CBs as 
the primary mediator of the hypoxic ventilatory 
response, the precise molecular mechanism(s) 
underpinning oxygen sensing in the CB chemo-
receptors is still debated. In these studies, we 
show that topical application of a Cx43 hemi-
channel blocker to the CB, significantly reduces 
the hypoxic ventilatory response. These results 
strongly suggest that Cx43 hemichannels modu-

Fig. 7.3  Summary data showing the effect of CHBa on 
the CB-mediated ventilator chemoreflex response to 
hypoxia. (a) Effects of CHBa on Vt. Note that Vt responses 
in hypoxia were slightly reduced after CHBa application. 
(b) Effects of CHBa application on hypoxic Rf response. 
Note that CHBa markedly attenuate the Rf response to 
hypoxia. (c) After CHBa application the VE response to 
hypoxia was significantly reduced. Holm-Sidak posthoc 
after two ways ANOVA. *, p < 0.05 vs. CHBa FiO2 5%, 
n = 4
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late CB chemotransduction of hypoxic stimuli. 
Considering that these hemichannels allow the 
exchange of ions and other small molecules (i.e. 
ATP and glutamate) between the extracellular 
media and the cytoplasm (Sáez et al. 2005), and 
that CB chemoreceptor cells release ATP to the 
extracellular milieu (Zhang et  al. 2000), it is 
likely that Cx43 hemichannels are activated by 
low oxygen partial pressure and that this results 
in the release of one or several neuromodulators 
within the CB.  Further studies are needed to 
establish a causal relationship between Cx43 
hemichannel function and CB hypoxic 
sensitivity.

In summary, our data indicate that topical 
application of a Cx43 hemichannel blocking 
agent (CHBa) in the CB significantly attenuates 
the hypoxic ventilatory response. Taking into 
account that Cx43 protein is expressed in the CB 
and that upon activation Cx43 hemichannels 
allow the release of several molecules from glo-
mus cells, it is plausible that one or more neuro-
modulators are released by CB glomus cells 
through hemichannels during hypoxic stimula-
tion. Future studies should focus on the func-
tional role of connexin-based hemichannels in 
CB oxygen sensing and mediation of the hypoxic 
ventilatory response.
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Proinflammatory Cytokines 
in the Nucleus of the Solitary Tract 
of Hypertensive Rats Exposed 
to Chronic Intermittent Hypoxia

María Paz Oyarce and Rodrigo Iturriaga

Abstract
Obstructive sleep apnea (OSA) is character-
ized by chronic intermittent hypoxia (CIH), 
which is considered the main factor for devel-
oping hypertension. Sympathetic overflow, 
oxidative stress and inflammation have been 
associated with the CIH-induced hyperten-
sion. In rats exposed to CIH mimicking OSA, 
intermittent hypoxia enhanced carotid body 
(CB) chemosensory discharge, leading to an 
increase in arterial blood pressure in 3–5 days. 
In addition, CIH increases the CB levels of 
proinflammatory cytokines IL-1β, IL-6 and 
TNF-α in the CB. Proinflammatory molecules 
have been also involved in neurogenic hyper-
tension acting on brain cardiovascular centers, 
like the nucleus of the solitary tract (NTS), 
which is the primary site for afferent CB 
inputs. Accordingly, we aim to study if proin-
flammatory cytokines in the NTS may play a 
role in the hypertension induced by CIH. Male 
Sprague-Dawley rats 250  g were exposed to 
CIH (5% O2, 12 times/h, 8  h/day) for 
7–28  days. Brains were removed and pro-
cessed to measure IL-1β, IL-6 and TNF-α in 
the NTS using qPCR and immunofluores-
cence. The mRNA levels were significantly 

augmented in the NTS of rats exposed during 
21  days to CIH compared with control ani-
mals. In addition, a significant increase of 
IL-1β, IL-6 and TNF-α immunofluorescence 
was found in the NTS at day 28 of CIH expo-
sure compared with control rats. Present 
results suggest that proinflammatory cyto-
kines in the NTS may contribute to the main-
tenance of hypertension in CIH-exposed 
animals.

Keywords
Obstructive sleep apnea · Carotid body · 
Intermittent hypoxia · Proinflammatory 
cytokines · Nucleus of the tractus solitary · 
Hypertension

8.1	 �Introduction

Obstructive sleep apnea (OSA) is a sleep-
breathing disorder recognized as an independent 
risk factor for systemic hypertension and stroke 
(Dempsey et  al. 2010; Somers et  al. 2008). 
Chronic intermittent hypoxia (CIH) is considered 
the main factor for the progression of the hyper-
tension in OSA patients (Dempsey et  al. 2010; 
Iturriaga et al. 2016; Somers et al. 2008). It has 
been proposed that CIH produces oxidative 
stress, inflammation, and sympathetic hyperac-
tivity, leading to endothelial dysfunction and 
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hypertension (Iturriaga et  al. 2016, 2017; 
Dempsey et al. 2010; Garvey et al. 2009; Somers 
et  al. 2008). In rats exposed to CIH mimicking 
OSA, intermittent hypoxia produces a potentia-
tion of the carotid body (CB) chemosensory dis-
charges in normoxic and hypoxic conditions, 
leading to sympathetic overactivity that contrib-
utes to increase arterial blood pressure (~10 
mmHg) in 3–5 days (Del Rio et al. 2016; Iturriaga 
et al. 2017).

The arterial blood pressure regulatory sys-
tems, such as the renin-angiotensin system and 
sympathetic nervous system are activated by 
proinflammatory cytokines like IL-6 and TNF-α 
(Granger 2006). Indeed, proinflammatory mol-
ecules acting on brainstem cardiovascular cen-
ters have been involved in the maintenance of 
high arterial pressure in experimental models of 
neurogenic hypertension (Waki et  al. 2008; 
McBryde et al. 2013). In the CB, proinflamma-
tory cytokines have been proposed as mediators 
of the chemosensory potentiation induced by 
CIH (Lam et al. 2012; Iturriaga et al. 2009; Del 
Rio et  al. 2011, 2012). Indeed, Del Rio et  al. 
(2012) studied the effects of the anti-inflamma-
tory agent ibuprofen on the TNF-α and IL-1β 
levels in the rat CB, the potentiation of the CB 
chemosensory responses and the development 
of systemic hypertension following 21 days of 
CIH. They found that ibuprofen prevented the 
overexpression of the cytokines in the CB and 
the hypertension, but failed to block the 
enhanced CB chemosensory responses to 
hypoxia. Thus, it is likely that proinflammatory 
cytokines levels may contribute to the CIH-
induced hypertension acting at other levels of 
the chemoreflex pathway. The systemic treat-
ment with ibuprofen also prevents the increased 
number of c-fos positive neurons in the caudal 
portion of the NTS in rats exposed to CIH for 
21 days (Del Rio et al. 2012). Accordingly, we 
studied if CIH may increase proinflammatory 
cytokines in the NTS, the primary site for the 
afferent input from the CB, playing a role in 
the maintenance of the hypertension induced 
by CIH.

8.2	 �Methods

8.2.1	 �Animals and Exposure 
to Intermittent Hypoxia

Experiment were performed on male Sprague-
Dawley rats (250 g). Rats were fed with standard 
diet ad libitum and kept on a 12:12-h light dark 
cycle. Unrestrained, freely moving rats housed in 
individual chambers were exposed to 5% of 
inspired O2 for 20  s followed by room air for 
280 s applied 12 episodes/h; 8 h/day for 7, 14, 21 
and 28 days (CIH- rats). A computerized system 
based on solenoid valves control the alternating 
cycles of N2 to produce hypoxic episodes fol-
lowed by normoxic conditions. The hypoxic pat-
tern was applied from 08:30 to 16:30 h. Control 
rats were exposed to room air. Room temperature 
was kept at 22–23 °C. The protocol was approved 
by the Bioethical Committee of the Biological 
Science Faculty of the Pontificia Universidad 
Católica de Chile, Santiago.

8.2.2	 �Gene Expression 
Measurements 
of Proinflammatory Cytokines

In both Control and CIH-rats we measured the 
expression of mRNA for IL-1β, IL-6, and TNF-α 
in biopsies of the NTS using quantitative PCR 
(qPCR). Rats were euthanized with sodium pento-
barbitone (100 mg/kg) and their brainstems were 
removed and immediately frozen in dry ice and 
stored at −80 °C. The brains were cut in coronal 
sections in a cryostat at −20 °C selecting a portion 
around 300 μm thick of brainstem with the caudal 
NTS according to the coordinates of the rat brain 
atlas of Paxinos and Watson (2004). The NTS 
biopsies were excised with a chilled micro-punch 
needle of 500 μm of inner diameter and placed in 
a 1.5  mL Eppendorf tube. The mRNA was 
extracted according to the manufacturer’s protocol 
(RNAqueous Total RNA, AM1912, USA). The 
concentration of mRNA was determined with a 
spectrophotomer (Epoch 2). The cDNA synthesis 
was made with a reverse transcript kit (Invitrogen 
SuperScript III First-Strand Synthesis System for 
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RT-PCR). The mRNA levels were analyzed using 
SYBR Green Power SYBR Green (Applied 
Biosystems, USA) in a qPCR equipment (Applied 
Biosystems, 7500 fast). We used the same primer 
sequences for IL-1β, IL-6 and TNF-α employed 
by Popa et al. (2011). Rat β-2 microglobulin was 
used as housekeeping gene.

8.2.3	 �Immunofluorescence 
of Proinflammatory Cytokines

Separated experimental series were used to mea-
sure cytokines. Control and CIH-rats were anaes-
thetized with sodium pentobarbitone (60 mg/kg) 
and perfused transcardially with saline solution 
followed by 4% paraformaldehyde (PFA; Sigma-
Aldrich, Rockville, MD, USA). The brains were 
removed and post fixed 2  h by immersion and 
then placed in gradient of 30% of sucrose in 
0.01 M of phosphate buffered saline (PBS 1X) at 
4  °C.  Frozen tissues were serially sectioned at 
~20 μm in a cryostat at −20 °C. The NTS sections 
were identified according to the coordinates of the 
rat brain atlas of Paxinos and Watson at 
−13.80  mm of Bregma (Paxinos and Watson 
2004). Sections were treated during 1  h with 
blocking solution (0.5% Triton X-100 and 5% of 
gelatin from cold water fish skin [G7765, SIGMA] 
dissolved in PBS 1X). Antibodies against PIC 
TNF-α, IL-1β and IL-6 (1:50; goat anti-rabbit 
Santa Cruz, USA) were used overnight a 
4 °C. Then sections were treated with Alexa 594 
(donkey anti-goat, 1:250) 1  h at room tempera-
ture. Finally, sections were incubated during 
20  min with Hoechst (Molecular Probes, USA, 
1:500), covered with coverslip and were viewed 
under an epifluorescence microscope. The analy-
sis of fluorescence measurement was performed 
with the ImageJ (NIH, Bethesda, USA).

8.2.4	 �Data Analysis

All the data are reported as 
mean  ±  SEM.  Differences between two groups 
was assessed by Student t-test. Differences 
between more groups was assessed with one-way 

ANOVA and when significant interactions were 
detected (p < 0.05), a post hoc Dunnet’s test was 
used to determine which means were signifi-
cantly different (p  <  0.05) from each other. 
Statistical analysis was performed using 
GraphPad Prisma 6.0 (GraphPad Software, Inc., 
San Diego, CA, USA).

8.3	 �Results

8.3.1	 �CIH Increased mRNA Levels 
of Proinflammatory Cytokines 
in the NTS of Rats

The analysis of the results showed that IL-1β, 
IL-6, and TNF-α mRNA levels progressively 
increased reaching a significant difference at 
21  days of CIH exposure compared with the 
Control group (p < 0.01, one-way ANOVA fol-
lowed by Dunnett’s test). No significant changes 
were found in proinflammatory cytokine levels at 
7 or 14 days of CIH exposure related to Control 
rats (Fig. 8.1).

8.3.2	 �CIH Increased 
Proinflammatory Cytokines 
Immunoreactivity in the NTS 
of Rats

We found a significant increase of TNF-α, IL-1β 
and IL-6  in the NTS following 28 days of CIH 
exposure in the NTS compared to the control 
group (* p < 0.01; ** p < 0.002, t Student’s). No 
significant changes were found in proinflamma-
tory cytokines levels at 7 or 14 days of CIH expo-
sure related to control rats (Fig. 8.2).

8.4	 �Discussion

Our results showed that CIH exposure produced 
a significant increase of TNF-α, IL-1β and IL-6 
levels in the NTS, the first integration nucleus in 
the brainstem for chemo and baroreceptor 
afferent inputs, suggesting that proinflammatory 
cytokines may be involved in CIH-induced 
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hypertension. We found a progressive increase of 
TNF-α, IL-1β and IL-6 levels in the NTS, which 
reached a statistical significance at 21  days of 
CIH. Previously, we reported that CIH increased 
TNF-α and IL-1β immunoreactive levels in the 
rat CB, with a similar time-course (Del Rio et al. 
2011; Del Rio et al. 2012). Similarly, Lam et al. 
(2012) reported that CIH increased the mRNA 
levels of IL-1β, TNF-α and IL-6 in the CB. Thus, 
the available data suggested that proinflamma-
tory cytokines may be involved in the CB chemo-
sensory potentiation induced by 
CIH. Accordingly, we studied if the CIH-induced 
increase of TNF-α and IL-1β immunoreactivity 
in the rat CB may contribute to enhance CB che-
mosensory discharge (Del Rio et  al. 2012). We 
found that ibuprofen systemically administrated 
by osmotic pumps during CIH exposure for 
21 days prevented the increase of cytokine immu-
noreactivity in the rat CB as well as the systemic 
hypertension, but was unable to prevent the 
potentiation of CB chemosensory responses to 

hypoxia. Thus, these results indicated that the CB 
chemosensory potentiation was independent of 
the increased TNF-α and IL-1β immunoreactiv-
ity. However, these results suggest that proin-
flammatory cytokines may act on other neural 
structures of the hypoxic chemoreflex pathway to 
maintain the hypertension. Indeed, Del Rio et al. 
(2011) found that ibuprofen reduced the CIH-
induced activation of c-fos-positive neurons in 
the NTS. Taken together the available data show 
that proinflammatory cytokines may play a role 
in the activation of NTS neurons induced by CIH.

The increase of proinflammatory cytokines 
levels in the NTS started at day 21 of CIH expo-
sure and remained elevated following 28  days. 
However, it is worth to note that the arterial blood 
pressure in rats increases after 3–5  days of the 
onset of the CIH stimulation (Del Rio et  al. 
2016). Thus, our results support a plausible con-
tribution of TNF-α, IL-1β and IL-6 in the NTS on 
the maintenance, but not in the onset of the 
hypertension in CIH-exposed rats.

Fig. 8.1  mRNA levels of proinflammatory cytokines 
in the NTS of rats exposed to CIH. Bars showed qPCR 
mRNA levels of TNF-α, IL-1β and IL-6 in the NTS of rats 

exposed to 7, 14 and 21 days to CIH compared to Control 
rats (p < 0.01, one-way ANOVA followed by Dunnett’s 
test)
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Central Hypoxia Elicits Long-Term 
Expression of the Lung Motor 
Pattern in Pre-metamorphic 
Lithobates Catesbeianus

Tara A. Janes and Richard Kinkead

Abstract
During vertebrate development, the neural 
networks underlying air-breathing undergo 
changes in connectivity and functionality, 
allowing lung ventilation to emerge. Yet, the 
factors regulating development of these criti-
cal homeostatic networks remain unresolved. 
In amphibians, air-breathing occurs sporadi-
cally prior to metamorphosis. However, in 
tadpoles of Lithobates catesbeianus 
(American bullfrog), hypoxia stimulates gill 
and lung ventilation during early develop-
ment. Because accelerated metamorphosis is a 
useful strategy to escape deterioration of the 
milieu, we hypothesized that central hypoxia 
would elicit long-term expression of the lung 
motor command for air breathing in pre-
metamorphic tadpoles (TK stages VI–XIII). 
To do this, we recorded respiratory activity 
from cranial nerves V and VII in isolated 
brainstems before, during, and up to 2 h after 
exposure to 15 min of mild (PwO2 range: 114–
152  Torr) or moderate (PwO2 range: 
38–76  Torr) hypoxia. To test for stage-
dependent effects, data were compared 

between early (VI–IX) and mid (X–XIII) 
stages. Early stages responded strongly during 
moderate hypoxia with increased lung burst 
frequency (167%). Mild and moderate 
hypoxia increased lung burst frequency during 
the 2  h re-oxygenation period in early stage 
brainstems (136%, 497%, respectively), but 
produced only marginal effects on mid stage 
brainstems (39%, 31%, respectively). In con-
trast, hypoxia was not an important factor con-
trolling fictive buccal burst frequency, which 
drives continuous gill ventilation in tadpoles 
prior to metamorphosis (all stages showed 
<25% increase). These preliminary results 
suggest that central hypoxia elicits long-term 
increases in lung burst frequency in a severity- 
and stage-dependent manner.

Keywords
Hypoxia · Chemoreflex · Respiration · 
Neurodevelopment · Amphibian

9.1	 �Introduction

The emergence of lung ventilation in air breath-
ing vertebrates occurs during early development 
and requires a myriad of changes within the 
underlying neural networks. Environmental per-
turbations can influence respiratory development 
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(see reviews by Bavis and Mitchell 2008; 
Burggren and Reyna 2011). In particular, expo-
sure of the developing brain to hypoxia can be 
readily encountered in diverse environments 
(aquatic, altitude, nesting, in utero). Hypoxia, 
acting via central chemoreflexes, alters the activ-
ity of respiratory neurons (Horn and Waldrop 
1997; Solomon et al. 2000) and may exert signifi-
cant consequences for the developing respiratory 
neural networks. However, the neurological pro-
cesses by which air breathing develops, and 
hypoxia’s impacts upon these processes remain 
significant gaps-in-knowledge.

Over the years, our lab has helped to establish 
an amphibian model of respiratory development 
and identified fundamentally conserved mecha-
nisms giving rise to the air-breathing phenotype 
at adulthood (Fournier et al. 2007; Fournier and 
Kinkead 2008; Rousseau et al. 2016). The time 
course of amphibian development, from hatching 
through metamorphosis, is heavily influenced by 
environmental factors. Accordingly, amphibian 
development is not defined by time since hatch-
ing, but is categorized as physical “stages” based 
on progressive hind- and fore-limb development, 
tail regression, etc. (Taylor and Kollros 1946). 
During aquatic tadpole stages (Taylor-Kollros 
stages I–XVII, without forelimbs), respiratory 
demands are met by cutaneous gas exchange and 
gill ventilation. The latter behaviour is driven by 
a continuous low amplitude motor pattern engag-
ing the buccal musculature (similar to fish; Kogo 
et al. 1994). In response to environmental cues, 
hormonal signalling cascades trigger metamor-
phosis of tadpoles into terrestrial frogs (Denver 
1997). During metamorphosis (Taylor-Kollros 
stages XVIII–XXV, with forelimbs), the gills 
regress and lungs emerge as the primary gas 
exchange surface. This physical transformation is 
accompanied by emergence of a high amplitude, 
low frequency motor pattern driving more force-
ful lung ventilation (Kogo et  al. 1994). In the 
absence of a diaphragm, positive-pressure lung 
ventilation is accomplished, as with gill ventila-
tion, via the buccal musculature. Although the 
lungs of pre-metamorphic tadpoles are rudimen-
tary, sporadic fictive air breathing is observed in 
intact animals and brainstem preparations 

(Burggren and Doyle 1986; Fournier and Kinkead 
2008). Thus, the neural circuits producing air 
breathing are present in early development, but 
their activity is inhibited prior to metamorphosis 
(Straus et al. 2000).

Hypoxia has been shown to alter expression 
of air breathing in both intact and in vitro 
amphibian preparations. During chronic hypoxia, 
air-breath frequency increases in intact tadpoles 
(Burggren and Doyle 1986), arguing for a direct 
effect of hypoxia capable of revealing the lung 
motor pattern in pre-metamorphic stages. 
Similarly, our lab has previously shown that cen-
tral hypoxia increases fictive lung burst fre-
quency when applied to pre-metamorphic 
brainstems, but the same stimulus is inhibitory in 
adult frogs (Fournier et  al. 2007; Fournier and 
Kinkead 2008). The central oxygen chemoreflex 
of amphibians underlying the hypoxic response 
shows a developmental shift from excitatory 
(tadpoles) to inhibitory (adult frogs; Fournier 
and Kinkead 2008). Therefore, the effects of 
central hypoxia may be contingent on develop-
mental stage and studies of hypoxia-induced res-
piration in freely-behaving tadpoles support this 
contention (Burggren and Doyle 1986; Winmill 
et  al. 2005). These considerations led us to 
hypothesize that exposure of tadpole brainstems 
to acute central hypoxia would elicit long-term 
increases in lung burst frequency that are depen-
dent on both developmental stage and hypoxic 
severity.

9.2	 �Materials and Methods

9.2.1	 �Isolated Brainstem 
Preparations

Experiments were performed on Lithobates 
catesbeianus tadpoles between TK stages VI–
XIII. Isolated brainstem preparations were made 
as previously described (Fournier et al. 2007). All 
experiments complied with the guidelines of the 
Canadian Council on Animal Care and were 
approved by the institutional animal care com-
mittee. Briefly, tadpoles were anesthetized (MS-
222, 0.06 g l−1) and the cranium opened to permit 
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dissection of the brainstem and cranial nerves 
(CN’s). During dissection, neural tissue was irri-
gated continuously with cold (0–5 °C) artificial 
cerebrospinal fluid (aCSF) prepared as follows: 
(in mM): 104 NaCl, 4 KCl, 1.4 MgCl2, 2.4 CaCl2, 
25 NaHCO3, 10 D-glucose (Sigma Aldrich) and 
equilibrated with a mixture of 1.8% CO2 + 98.2% 
O2 to pH 7.90 ± 0.08.

9.2.2	 �Electrophysiological 
Recordings and Hypoxia 
Protocol

Brainstem preparations recovered for 40 mins in 
oxygenated aCSF (1.8% CO2 + 98.2% O2) before 
experiments commenced. Fictive motor activity 
was recorded simultaneously from CN’s V/ VII 
and X using suction electrodes (Fournier et  al. 
2007). Once a stable neural signal was achieved, 
20 min of baseline activity was recorded during 
perfusion with oxygenated aCSF (5–7 mL/min). 
The perfusion was then switched to hypoxic 
aCSF (1.8% CO2 + 98.2% N2) at a speed of 3 mL/
min (mild) or 10 mL/min (moderate), for 15 min. 
Finally, the preparation was perfused with oxy-
genated aCSF for 2  h. Time-matched controls 
received 3 h of oxygenated aCSF. All solutions 
were maintained at room temperature (21–23 °C) 
with a pH of 7.90 ± 0.08. Oxygen levels within 
the recording chamber were monitored using a 
MI-730 microelectrode and OM-4 Oxygen Meter 
(Microelectrodes Inc. NH, USA). Mild hypoxia 
ranged from 114–152  Torr while moderate 
hypoxia was measured to be 38–76 Torr.

9.2.3	 �Data Analysis

Tadpole brainstems produce two patterns of 
respiratory-related neural bursting (Torgerson 
et  al. 1998; Fig.  9.1). Buccal and lung bursts 
occurring in CN’s V and VII were classified as 
previously described (Sakakibara 1984a), and 
lung bursts were verified by referencing simulta-
neous activity from CN X. The frequency of buc-
cal (FB) and lung bursts (FL) were analyzed during 
the following time points: 20 min baseline, last 

10  min hypoxia, and during re-oxygenation: 
1 h–1 h 20 min, 2 h–2 h 20 min. The FL was mea-
sured during 20  min (10 mins for hypoxia), FB 
was measured for the last min of each time point, 
and both parameters were expressed as frequency 
min−1. Data for each replicate were normalized to 
their baseline in order to be expressed as absolute 
change (Δ). Results are summarized as mean Δ 
frequency ± SEM.

9.3	 �Results

Hypoxic stimulation of lung ventilation is stage-
dependent in freely-behaving tadpoles; becoming 
apparent at stage IV and significant by stage 
IX. In contrast, hypoxic enhancement of gill ven-
tilation observed in intact animals at very early 
stages becomes non-existent by stage XVI 
(Burggren and Doyle 1986). Using these reports 
as a guide, data were analyzed according to the 
following classification: stage VI–IX tadpoles 
comprised the “early stage” group, while stages 
X–XIII were considered as “mid stages”. 
Figure 9.1 presents representative neurograms of 
integrated fictive respiratory motor activity 
recorded from the cranial nerves during our pro-
tocol. Each respiratory “burst” represents the 
summation of action potentials generated by 
underlying motoneuron nuclei. Under baseline 
conditions (Fig. 9.1a–d, Baseline), motor activity 
was dominated by a high frequency, low ampli-
tude bursting pattern underlying buccal ventila-
tion in intact tadpoles (buccal bursts, min-max 
range: 31–53  min−1 for early stages and 
30–58  min−1 for mid stages). At baseline, high 
amplitude events consistent with fictive lung 
bursting occurred with low frequency (Fig. 9.1b–
d, Baseline, lung bursts) across most brainstem 
preparations (min-max range: 0.1–2.8 min−1 for 
early stages and 0.1–1.6 min−1 for mid stages). To 
control for potential time-dependent changes in 
respiratory activity over the 3  h protocol, time 
control experiments were performed. The control 
preparation shown in Fig.  9.1c did not exhibit 
changes in FL or FB during 3  h perfusion with 
oxygenated aCSF. This result was consistent for 
controls at all stages.
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9.3.1	 �Central Hypoxia Induces 
Long-Term Augmentation 
of Lung Bursting in Early 
Stage Tadpoles

During exposure to moderate central hypoxia, the 
FL in early stage brainstems increased acutely 
(versus time controls). Interestingly, this acute 
hypoxic response was absent in the same stage 
group exposed to mild hypoxia. However, both 
mild and moderate hypoxia elicited long-term 

increases in FL during the subsequent washout 
period. Figure 9.1a, b illustrates examples of the 
progressive augmentation of FL (Washout 1  h, 
2  h). Analysis of FL data from mildly hypoxic 
brainstems revealed an increase >Δ1 min−1 in 2/4 
preparations and a collective mean greater than 
controls after 1 h of re-oxygenation, but values 
returned to control levels after 2  h (Fig.  9.2a, 
Mild). The effect of moderate hypoxia was stron-
ger and more persistent, with 2/2 preparations 
exhibiting an FL  >  Δ1  min−1 after 2  h of  

Fig. 9.1  Representative neurograms comparing fictive 
respiratory activity recorded from isolated brainstems in 
early and mid stage tadpoles during baseline, central 
hypoxia and 1 h–2 h washout (re-oxygenation). Integrated 
neurograms show fictive respiratory bursting underlying 
the buccal (buccal bursts) and lung (lung bursts) motor 

rhythms. As shown, mild (a) and moderate (b) hypoxia 
increased FL, but not FB, for early stage brainstems during 
the 2 h re-oxygenation period (Washout 1 h, Washout 2 h). 
All data were compared against time-matched controls (c). 
In contrast, neither mild (d) nor moderate (not shown) 
hypoxia elicited changes in FL or FB in mid stage tadpoles
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re-oxygenation (Fig. 9.2a, Moderate). In contrast 
to the notable long-term effects on FL, mild and 
moderate hypoxia had only marginal effects on 
the FB of early stage brainstems after 2  h of 
re-oxygenation (Fig.  9.2c). Following moderate 
hypoxia, 2/2 preparations exhibited a 
FB > Δ5 min−1 (Fig. 9.2c, Wash 2 h), but due to 
the high baseline FB mean (43 ± 5), this change 
equated to only a 24% frequency increase.

9.3.2	 �Mid Stage Brainstems Do Not 
Respond to Central Hypoxia 
with Increased Lung 
Frequency

Central hypoxia applied to mid stage brainstems 
failed to elicit increased FL during hypoxic perfu-
sion, or during the subsequent re-oxygenation 
period (Figs.  9.1d and 9.2b). After 2  h of  

Fig. 9.2  Central hypoxia elicits severity-dependent, 
long-term augmentation of FL in early stage tadpole brain-
stems. (a) Treatment of early stages with moderate 
hypoxia elicited an acute hypoxic response (Hypoxia); 
mild and moderate hypoxia induced severity-dependent 
long-term augmentation of FL during re-oxygenation 
(Wash 1  h, Wash 2  h). (b) Neither mild nor moderate 

hypoxia affected FL recorded from mid stage brainstems 
as compared to time-matched controls. The FB was only 
marginally increased by hypoxia in early stage brainstems 
(c), and exhibited no change in mid stages (d) suggesting 
that the central hypoxic stimulus was specific for FL in 
pre-metamorphic tadpole brainstems
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re-oxygenation, FL increased (>Δ1 min−1) in only 
1/4 of preparations exposed to mild hypoxia, and 
0/2 moderately hypoxic brainstems. The mean 
change in FL after 2 h of washout from mild or 
moderate hypoxia was similar to that observed 
for time controls (Fig. 9.2b). Similarly, the FB in 
mid stage brainstems was consistently unaffected 
after 2  h of re-oxygenation (Fig.  9.2d). 
Specifically, 0/4 brainstems exposed to mild 
hypoxia, and 0/2 exposed to moderate hypoxia 
exhibited any change (+ or −) in FB greater than 
time controls after 2 h of washout.

9.4	 �Discussion

The present study provides preliminary evidence 
that acute central hypoxia is sufficient to elicit 
long-term expression of the motor pattern for 
lung ventilation in developing tadpoles. Further, 
these data collectively indicate that the ability of 
central hypoxia to elicit long-term augmentation 
of FL is both stage- and severity-dependent. We 
suggest that during early stages of development, 
the neural networks underlying pulmonary venti-
lation enter a ‘sensitive’ period when hypoxia 
can impact their long-term motor activity.

The most important and novel results to come 
out of the present study were that brief exposure 
of early stage brainstems to hypoxia elicited aug-
mentation of FL which persisted beyond the 
hypoxic stimulus. Previous studies support an 
acute excitatory effect of hypoxia on FL (during 
the hypoxic challenge) for early stage tadpoles 
and their isolated brainstems (Burggren and 
Doyle 1986; Fournier et  al. 2007). Our results 
build upon these previous studies by demonstrat-
ing hypoxic augmentation of FL persisting into 
the re-oxygenation period for early stage brain-
stems. In contrast, previous studies exposing iso-
lated brainstems of stage VIII–XVI tadpoles (i.e. 
mainly mid stages) to chronic severe hypoxia 
(0  Torr) reported no change in FL, further sup-
porting our results (Winmill et al. 2005). FB was 
not augmented by central hypoxia for any devel-
opmental stage (changes were marginal). This is 
not surprising given that the pattern generators 
for buccal and lung ventilation are spatially dis-

tinct (Wilson et  al. 2002), and suggests that 
hypoxic signaling pathways can independently 
modulate buccal vs. lung motor activity. For 
example, peripheral chemoreceptors might mod-
ulate FB during early development, thus explain-
ing the increased FB observed for intact 
pre-metamorphic tadpoles (Straus et  al. 2001). 
Moreover, the specificity of hypoxia for FL (and 
not FB) precludes non-specific effects of tissue 
deterioration following hypoxic exposure.

Underlying the acute hypoxic response of iso-
lated brainstems is the central chemoreflex. In 
vertebrates, the locus coeruleus (LC) is a chemo-
sensitive region of the pons rostral to CN V con-
taining neurons involved in respiratory control 
(Noronha-de-Souza et  al. 2006). While the LC 
neurons of mammals are considered to be pri-
marily CO2-sensitive, an intact LC is essential for 
the acute hypoxic response of pre-metamorphic 
tadpoles (Fournier and Kinkead 2008). Therefore, 
this structure may contribute to the observed 
long-term FL augmentation described herein. The 
amphibian central oxygen chemoreflex shows a 
developmental shift from excitatory in early 
stages to inhibitory in post-metamorphic tadpoles 
and adult frogs (Fournier and Kinkead 2008). 
This functional shift is thought to be a conse-
quence of maturing GABA-ergic systems. The 
inability of central hypoxia to elicit augmentation 
of FL in mid stage brainstems may reflect this 
chemoreflex maturation, suggesting that the 
developmental shift from excitation towards inhi-
bition is initiated around stage X in L. 
catesbienus.

In the present study, we were primarily inter-
ested in the expression of respiratory motor activ-
ity during the re-oxygenation period. Our results 
demonstrate that even brief periods of central 
hypoxia can elicit long-term FL, suggesting that 
mechanisms of neuroplasticity are invoked. 
While the precise nature of these mechanisms 
remains to be elucidated, we speculate that the 
excitatory central chemoreflex permits long-term 
plasticity of FL in early stage tadpoles. The FL 
observed under baseline conditions is low in 
early stages and increases as tadpoles approach 
metamorphosis. Interestingly, Straus et al. (2000) 
showed that central GABAB receptor antagonism 
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in pre-metamorphic tadpoles increased FL. 
Therefore, the neural networks sub serving lung 
ventilation are functional in early stage tadpoles, 
but their activity is normally inhibited until meta-
morphosis. As a consequence of this develop-
mental inhibition, there may be only weak 
activity in the neural pathways for the lung motor 
pattern under baseline conditions, and an excit-
atory stimulus (i.e. hypoxia) engaging these path-
ways would be predicted to induce plasticity. 
Whether hypoxia provides excitatory drive to 
overcome inhibition or also weakens GABAergic 
pathways remains unresolved. However, transi-
tion of the central chemoreflex to inhibition may 
end the time period during which hypoxia elicits 
long-term augmentation of FL.

A growing body of evidence demonstrates 
conservation between the respiratory control cen-
ters of vertebrate taxa (Wilson et  al. 2006). In 
fetal and neonatal mammals, research supports 
the existence of a central oxygen chemoreflex 
modulating respiratory activity and requiring 
intact pontine structures (Dawes et  al. 1983; 
Koos et al. 1992). However, the precise cellular 
identity, mechanisms and development of verte-
brate central oxygen chemoreceptors remain as 
open issues (Gourine and Funk 2017). Our com-
parative amphibian model aims to garner a fun-
damental understanding of central hypoxia’s 
effects on long-term respiratory activity during 
early neurodevelopment, and suggests involve-
ment from developing chemoreceptive pathways 
which have yet to be fully defined. Amphibian 
brainstem preparations are robust and cranial 
nerve activity is a strong indicator of respiration 
at the behavioural level (Sakakibara 1984b). One 
limitation of the present study was that elimina-
tion of peripheral sensory inputs, while informa-
tive, warrants caution as peripheral and central 
chemoreflexes interact (Smith et  al. 2010). 
However, our results correspond well with behav-
ioural studies, and agree with mechanistic find-
ings, giving us confidence in our conclusions. 
Although preliminary, these data are thus highly 
promising and current experiments aiming to 
substantiate these results are underway. The long-
term augmentation of FL we noted for early stage 
tadpoles in response to moderate hypoxia may 

depend upon specific changes in gene expression 
and protein synthesis and these mechanistic 
insights constitute an area for future study.
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Cysteine Oxidative Dynamics 
Underlies Hypertension 
and Kidney Dysfunction Induced 
by Chronic Intermittent Hypoxia
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Lucília N. Diogo, and Sofia A. Pereira

Abstract
Previous data showed the lack of efficacy of 
an adrenoceptor antagonist to revert hyperten-
sion induced by chronic intermittent hypoxia 
(CIH). We hypothesized that, in addition to 
sympathetic activation, CIH may change the 
availability and dynamics of cysteine. 
Temporal variation in total cysteine and its 
fractions, free reduced, free oxidized and 
protein-bound (CysSSP), were measured in 
homogenates of kidney cortex and medulla of 
Wistar rats. Animals were exposed to CIH for 
14, 21 and 60 days and cysteine fractions and 
fibronectin gene expression were assessed at 
these time-points. Two different phases in cys-
teine dynamics were identified. An early phase 
(14d) characterized by an increase in cysteine 
oxidation and CysSSP forms. Late events 
(>21d) were characterized by a global reduc-

tion in cysteine, minimum level of CysSSP 
and maximum overexpression of fibronectin 
in kidney cortex. In conclusion, cysteine 
dynamics is influenced by the duration of CIH 
exposure: first there is a cysteine disulfide 
stress-like adaptive response followed by a 
progressive loss of cysteine availability and a 
decrease in CysSSP fraction. Kidney fibrosis 
associated to an unbalance in cysteine dynam-
ics might contribute to the inefficacy of avail-
able antihypertensive drugs in patients with 
delayed diagnosis of sleep apnea.

Keywords
Cysteine · Protein S-cysteinylation · Disulfide 
stress · Kidney fibrosis · Systemic hyperten-
sion · Antihypertensive drug response

10.1	 �Introduction

We have previously reported the lack of efficacy 
of carvedilol (CVDL) in reversing hypertension 
induced by chronic intermittent hypoxia (CIH) in 
rats (Diogo et al. 2015). CVDL is an unselective 
beta-blocker with intrinsic anti-α1-adrenergic and 
antioxidant activities. Neither dose, bioavailabil-
ity, nor absence of beta-blocking activity were 
responsible for our findings (Diogo et al. 2015). A 
plausible explanation is that CVDL would be 
unable to stop oxidative stress and kidney inflam-
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mation in response to CIH. More, the chronicity 
of intermittent hypoxia promotes progressive car-
diometabolic disease and irreversible renal dam-
age (Wu et  al. 2015, Sun et  al. 2012) that 
compromise the antihypertensive effect of drugs, 
mainly when treatment is prescribed too late. The 
temporal variation in factors involved in kidney 
oxidative stress and inflammation during CIH is 
unknown. Additionally, the contribution of cyste-
ine to the mechanisms underlying the regulation 
of blood pressure and kidney function has been 
supported by several reports (Vasdev et al. 2009). 
Evidence on cysteine effects in fibrosis is scarce 
(Horie et al. 2003). Mechanisms have been mostly 
investigated through N-acetylcysteine and cyste-
ine supplementation (Vasdev et  al. 2009), sup-
porting that its low availability is related to kidney 
function, particularly in early phases of injury.

Cysteine availability is a net contribution of 
three pools which can dynamically exchange 
one- to-one, depending on the redox status of tis-
sue involved. The protein-bound fraction (S- cys-
teinylated proteins, CysSSP) is generated by a 
reversible post-translational modification through 
a disulfide bound between free reduced low 
molecular weight cysteine and cysteine residues 
of proteins (Rossi et al. 2009). The free cysteine 
pool includes the reduced (CysSH) and oxidized 
cysteine fractions (CysSSX). The oxidized free 
cysteine pool contains mixed disulfides, like 
cysteinyl-glutathione or the combination of two 
cysteines (cystine).

Herein, we hypothesized that the duration of 
intermittent hypoxia exposure changes the 
dynamics of cysteine in the kidney and decreases 
its availability, favoring kidney fibrosis and con-
sequently compromising the management of 
hypertension.

10.2	 �Methods

10.2.1	 �Animals

Thirty-five male Wistar Crl:WI (Han) (Rattus 
norvegicus L.), aged 10–13  weeks, with mean 
body weights of 293 ± 7 g were housed in poly-
carbonate cages with wire lids and maintained 

under standard laboratory conditions as follows: 
artificial 12 h light/dark cycles, room tempera-
ture (22  ±  2.0  °C) and relative humidity of 
60  ±  10%. Rats were given reverse osmosis 
water ad libitum and standard laboratory diet 
(SDS diets RM1). This diet has 2.2  g/Kg of 
methionine and 2.4 g/kg of cystine (SDS, Special 
Diets Services, UK).

All applicable institutional and governmental 
regulations concerning the ethical use of animals 
were followed and the present study was also 
approved by the Institutional Ethics Committee 
of the NOVA Medical School for animal care and 
use in research.

10.2.2	 �Chronic Intermittent Hypoxia 
(CIH) Exposure

Rats were randomly assigned and divided into six 
groups: Group 1 – CIH 14 days (n = 6), Group 
2 – normoxic conditions (Nx) 14 days (n = 5), 
Group 3 – CIH 21 days (n = 6), Group 4 – Nx 
21 days (n = 6), Group 5 – CIH 60 days (n = 6) 
and Group 6 – Nx 60 days (n = 6). A period of 
2 days was provided for chamber acclimatization 
under normoxic conditions (21% O2 + 79% N2) 
before the exposure to CIH. Normoxic rats were 
exposed for 14, 21 or 60  days, respectively, to 
21% O2 and 79% N2 in the same room as the CIH 
animal groups. Animals were kept in a eucapnic 
atmosphere inside medium A-chambers 
(Biospherix Ltd., NY, USA). O2 concentration 
inside the chambers was controlled using 100% 
nitrogen (N2) and 100% O2 via electronically 
regulated solenoid switches, which gradually 
lowered the O2 in the chamber from 21% to 5% 
O2 (OxyCycler AT series, Biospherix Ltd). 
Chambers were infused with 100% N2 for 3.5 min 
to quickly reduce the O2 concentration to 5%; 
then the chambers were infused with 100% O2 
for 7 min to restore O2 to ambient levels of 21%, 
until the next CIH cycle. Each CIH cycle lasted 
10.5  min (normoxic period: 3.5  min; hypoxic 
period: 7 min) and the rats were exposed during 
their sleep period (light phase of light/dark cycle) 
to 5.6 CIH cycles/h, 10.5 h/day (9:30–8:00 pm), 
for 14, 21 or 60 days. During the remaining time, 
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the chambers were ventilated with room air (21% 
of O2).

10.2.3	 �Gene Expression Analysis

Left kidney cortex and medulla samples were 
collected and homogenized in Trizol® (Life 
Technologies) using a tissue homogenizer 
(Heidolph DIAX 900). After total RNA extrac-
tion, cDNA was synthesized from 1  μg of 
RNA. Quantitative real time PCR (qPCR) was 
carried out in a final volume of 8.3 μL, with 
4 μL of SYBR® Green Master Mix, 10 μM of 
each primer, plus 1 μL of cDNA for each sam-
ple. Relative quantification (arbitrary units) of 
fibronectin gene expression was assessed in 
kidney samples. Rat specific primers were 
used for the housekeeping gene β-actin. Fold 
change was calculated in CIH-exposed rats in 
relation to the normoxic group for each 
time-course.

10.2.4	 �Determination of Cysteine 
Fractions

Cysteine fractions were quantified in right kidney 
cortex and medulla homogenates according to 
Grilo and co-authors by high performance liquid 
chromatography with fluorescence detection 
(Grilo et al. 2017).

10.2.5	 �Statistical Analysis

Data are presented as the ratio of CIH/Nx groups 
or as percentage of effect whenever applicable 
and as mean values with their standard devia-
tions. Differences were considered significant at 
p  <  0.05 and obtained using Two-way ANOVA 
with Bonferroni multiple comparison test or 
Student t-test whenever applicable. GraphPad 
Prism version 5 (GraphPad Software Inc., San 
Diego, CA, USA) was used to perform all the sta-
tistical analysis.

10.3	 �Results

We have previously characterized the time-course 
of blood pressure evolution with the current para-
digm of CIH (Diogo et al. 2015). Under this para-
digm, hypertension is established at day 14, the 
plateau of increased blood pressure is attained at 
day 21 and carvedilol was administered from day 
35 until day 60.

To clarify the degree of irreversible compro-
mise of the kidney, we assessed fibronectin gene 
expression at day 21 and day 60 (Fig. 10.1). At 
day 21 there was a slight increase in fibronectin 
in both cortex and medulla (p < 0.05) that was 
remarkably higher at day 60  in kidney cortex 
(p < 0.001).

Renal cortex and renal medulla of animals not 
exposed to CIH presented a total cysteine content of 
5.73 ± 1.16 and 4.83 ± 1.01 μM/mg tissue, respec-
tively. In these tissues the major fraction was repre-
sented by reduced cysteine (2.37  ±  1.14 vs. 
2.77 ± 0.64 μM/mg tissue) followed by free oxi-
dized (2.10 ± 0.95 vs. 1.1 ± 0.73 μM/mg tissue) and 
CysSSP (1.26 ± 0.92 vs. 0.97 ± 0.5 μM/mg tissue).
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Fig. 10.1  Fibronectin gene expression upon exposure to 
CIH for 21 and 60 days. Gene expression was normalized 
with β-actin and quantified by qPCR in renal tissue 
homogenates. Data are presented as the ratio of chronic 
intermittent hypoxia (CIH) by normoxia (Nx) groups. (*) 
Two-way ANOVA with Bonferroni post-test vs. day 21; 
(+) Student t-test Nx vs. CIH at each represented time-
point. Grey bar – 21 days; black bar – 60 days
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The total content of cysteine (free + protein 
bound) was quantified in order to investigate the 
impact of CIH exposure on cysteine availability. 
At day 14 the total cysteine availability in both 
renal cortex and medulla was similar to nor-
moxia. It decreased at day 21, attaining its mini-
mum in kidney medulla and remaining low until 
day 60 (Fig. 10.2a, p < 0.001).

Further, we addressed if changes in cysteine 
availability were accompanied by variation in 
cysteine dynamics. Although no loss in total cys-
teine availability was noted at day 14, it was 
already apparent an increase in CysSSP fraction 
at this time point (Fig. 10.2b, p < 0.05). This ini-
tial increase in CysSSP was maximal at day 14 of 
CIH and observed in both cortex (p < 0.05) and 
medulla (p < 0.05). Further, this cysteine fraction 
decreased over-time in both kidney cortex and 
kidney medulla, reaching its minimum at day 60 
at kidney cortex (p < 0.001). Also, at both kidney 
cortex and medulla at days 14 and 21 the redox 

couple CysSH/CysSSX shifted towards an oxi-
dized status in CIH-group and recovered to con-
trol levels at day 60 (Fig. 10.2c).

10.4	 �Discussion

Our data shows that CIH influences both avail-
ability and dynamics of cysteine in kidney 
Tissues in a time-dependent and biphasic man-
ner. Increased cysteine oxidation is an early event 
in this time-course, which is followed by a latter 
gradual decrease in protein S- cysteinylation and 
simultaneously a recovery of the cysteine redox 
couple to normoxic levels. Our hypothesis-
oriented research was motivated by the fact that 
the kidney is exposed to relatively high concen-
trations of cysteine (Stipanuk et al. 2002) and the 
availability of cysteine highly increases in devel-
oping kidney from term to adult life (Foreman 
and Segal 1987). In fact, the kidney is vital in 
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Fig. 10.2  Cysteine dynamics in kidney cortex and 
medulla upon 14, 21 and 60 days of CIH exposure. (a) 
Total content of cysteine in kidney cortex and medulla. (b) 
S-cysteinylation (CysSSP) of proteins in kidney homoge-
nates. (c) CysSH/CysSSX in kidney homogenates. Data 

are presented as percentage of effect from normoxia (Nx) 
upon CIH exposure. (*) Two-way ANOVA with Bonferroni 
post-test vs. day 14. (+) Student t-test Nx vs. CIH at each 
timepoint. White bar – 14 days; grey bar – 21 days; black 
bar – 60 days
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preventing the loss of cysteine from the organism 
(Kowalczyk-Pachel et al. 2016) and is an impor-
tant source of this amino acid with antioxidant, 
anti-inflammatory and anti-fibrotic properties 
(Vasdev et al. 2009, Horie et al. 2003). Also, cys-
teine has been described as a blood pressure reg-
ulator and a renoprotective factor (Vasdev et al. 
2009). Cysteine availability in kidney also regu-
lates cysteine metabolism (Stipanuk et al. 1992).

We must highlight that in the present work we 
measured the net content of cysteine and its frac-
tions that, to our best knowledge, was investi-
gated for the first time in kidney and particularly 
in CIH model. However, total cysteine content 
was of the same magnitude of that reported by 
others (Stipanuk et al. 2002). This allowed us to 
distinguish cysteine dynamics and relate it to 
time-course establishment of hypertension and 
progression to kidney fibrosis. For instance, 
fibrosis is concomitant with a decrease in cyste-
ine availability and proceeded by early events in 
its dynamics that were not reflected by changes in 
the total amount of cysteine.

Early after CIH exposure (day 14), the CysSH/
CysSSX ratio, which is a pivotal node for redox 
signaling (Jones et  al. 2004), shifted towards a 
more oxidized state, accompanied by an increase 
in CysSSP.  Scarce information exists on the 
physiological role of CysSSP (Rossi et al. 2009). 
Nevertheless, S-thiolation events like CysSSP, 
have a key role regulating several signaling path-
ways, which may lead to adaptive responses in 
order to surpass kidney injury (Eaton et al. 2003).

Increases in cysteine free oxidized and in 
CysSSP fractions were previously described as 
“disulfide stress” in an acute inflammation model 
of pancreatitis (Moreno et al. 2014). This disul-
fide stress would promote redox signaling (Jones 
et  al. 2004) with several targets including ribo-
nuclease inhibitor, APE1/Ref1 (Naganuma et al. 
2010), Keap1(Miyazaki et  al. 2014), phospha-
tases and protein disulfide isomerases (Wang and 
Asghar 2017) that have important roles in kidney 
and blood pressure regulation.

On the other hand, maximal fibrosis was coinci-
dent with minimum values of CysSSP. A plausible 
hypothesis is that longer exposure to intermittent 
hypoxia would inhibit the enzymes involved in 

S-thiolation process (Wouters, Fan, and Haworth 
2010). Besides its redox regulatory function (Banks 
et al. 2008), CysSSP can ensure protection of pro-
teins against irreversible oxidation  (Auclair et  al. 
2013), which is often associated with permanent 
loss of protein function and the accumulation of 
insoluble aggregates (Rossi et  al. 2009, Dalle-
Donne et al. 2007, Grilo et  al. 2017), suggesting 
that at later stages proteins are more vulnerable to 
this pro-fibrotic process (Li et al. 2007).

Our findings show that when treatment with 
carvedilol was initiated to revert hypertension 
induced by CIH a significant degree of fibrosis 
was already established, and the variations in 
cysteine redox dynamics might not be targeted by 
this adrenergic blocker.
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Abstract
Adenosine is one of the key neurotransmitters 
involved in hypoxic signaling in the carotid 
body (CB), and it was recently found to have a 
modulatory role in mediating hypercapnic 
sensitivity in the CB. Herein we have investi-
gated the contribution of adenosine to the 
hypercapnic response in the rat CB and stud-
ied the adenosine receptors responsible for 
this effect. Experiments were performed in 
Wistar rats. Adenosine release in normoxia 
(21% O2) and in response to hypercapnia 
(10% CO2) was quantified by HPLC. Carotid 
sinus nerve (CSN) chemosensory activity was 
evaluated in response to hypercapnia in the 
absence and presence of ZM241385 (300 nM), 
an A2 antagonist, and SCH58261 (20 nM), a 
selective A2A antagonist. Hypercapnia 
increased the extracellular concentrations of 
adenosine by 50.01%. Both, ZM241385 and 
SCH58261, did not modify significantly the 
basal frequency of discharges of the 
CSN.  Also, ZM241385 and SCH58261 did 
not modify the latency time and the time to 
peak in CSN chemosensory activity. CSN 
activity evoked by hypercapnia decreased by 
58.82 and 33.59% in response to ZM241385 

and to SCH58261, respectively. In conclusion, 
the effect of adenosine in mediating the hyper-
capnic response in the rat CB involves an 
effect on A2A and A2B adenosine receptors.

Keywords
Adenosine · Adenosine receptors · Carotid 
body · Carotid sinus nerve activity · 
Hypercapnia

11.1	 �Introduction

The carotid body (CB) is an arterial chemorecep-
tor activated by decreases in blood PaO2 and pH 
or increases in blood PaCO2 (Gonzalez et  al. 
1994). The CB plays a homeostatic role in 
response to high PaCO2 and low pH and, it seems 
that approximately to 30–50% of the respiratory 
drive produced by arterial hypercapnia is medi-
ated by CB (Heeringa et al. 1979; Rodman et al. 
2001), with the remaining contribution arising 
from central chemoreceptors (Nattie 1999). Also, 
CB afferent activity is essential to set hypercap-
nic sensitivity in central chemoreceptors (Blain 
et al. 2010; Smith et al. 2015). While the trans-
duction mechanisms and the neurotransmitters 
involved in the CB response to hypoxia are well 
studied, the CB chemotransduction in response 
to hypercapnia has received less attention. In 
2015, Holmes and collaborators have 
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demonstrated that adenosine have a modulatory 
role in mediating hypercapnic sensitivity in the 
CB. Herein, we have investigated the role of ade-
nosine, a key excitatory neurotransmitter involved 
in hypoxic signalling in the CB (Conde et  al. 
2009, 2012), on the CB response to hypercapnia. 
The role of adenosine was studied by testing 
ZM241385, an A2 antagonist, and SCH5826, a 
selective A2A antagonist on basal CSN chemosen-
sory activity and in response to hypercapnia. We 
also evaluated the CB release of adenosine in 
response to hypercapnia. We found that hyper-
capnia induced the CB release of adenosine and 
that this mediator is involved in the hypercapnic 
response in the rat CB via both A2A and A2B ade-
nosine receptors.

11.2	 �Methods

Experiments were performed in Wistar adult rats 
(300–380  g) obtained from vivarium of the 
NOVA Medical School|Faculdade de Ciências 
Médicas (NMS|UNL), Universidade Nova de 
Lisboa. Animals were kept under temperature 
and humidity control (21  ±  1  °C; 55  ±  10% 
humidity) with a 12  h light/12  h dark cycle. 
Animals were anaesthetized with sodium pento-
barbital (60  mg/kg, i.p.), tracheostomized and 
the carotid arteries were dissected past the 
carotid bifurcation. To quantify adenosine at the 
CB, the CBs were cleaned free of CSN nearby 
connective tissues under dissection microscope 
and incubated in Tyrode solution (Conde et  al. 
2012). For CSN recordings, the preparation 
CB-CSN was identified and processed for CSN 
recordings as previously described by Rigual 
et  al. (2002) and Conde et  al. (2012). In all 
instances animals were killed by intracardiac 
overdoses of sodium pentobarbital. Principles of 
laboratory care were followed in accordance 
with the European Union Directive for Protection 
of Vertebrates Used for Experimental and Other 
Scientific Ends (2010/63/EU). Experimental 
protocols were approved by the ethics commit-
tee of the NMS|UNL.

11.2.1	 �CB Adenosine Release 
in Response to Hypercapnia

CBs were cleaned free of CSN nearby connective 
tissues under dissection microscope and incu-
bated in Tyrode solution (Conde et al. 2012). To 
evaluate the release of adenosine from CBs in 
response to hypercapnia (10% CO2) in control 
animals, the CBs were incubated in 500 mL of 
Tyrode bicarbonate solution with 2.5  μM of 
EHNA (an inhibitor of adenosine deaminase) and 
5 μM of S-(p-nitrobenzyl)-6-thioinosine (NBTI, 
an inhibitor of equilibrative nucleoside transport 
system). Solutions were kept at 37 °C and con-
tinuously bubbled with normoxia 
(20%O2 + 5%CO2 + balanced N2), except when 
hypercapnic stimuli was applied 
(20%O2 + 10%CO2 + balanced N2). Protocol for 
adenosine release included: 2 periods of 10 min 
normoxic incubation, followed by 10 min incu-
bation in hypercapnia and 2 post-hypercapnia 
incubations in normoxia during 10  min. The 
solutions were renewed at each fixed time, and all 
fractions were collected and quantified by HPLC 
as previously described (Conde et  al. 2012). At 
the end of the experiment, the CBs have been 
placed in PCA 3 M and processed for the quanti-
fication of adenosine content.

11.2.2	 �CSN Electrophysiological 
Recordings

Extracellular recording from single or few fibers 
of CSN were performed using a suction electrode. 
The pipette potential was amplified (Neurolog 
Digimiter, Hertfordshire, UK), filtered with low 
pass (5 kHz) and high pass (10 Hz) filters, digi-
tized at 5  kHz (Axonscope, Axon Instruments, 
Molecular Devices, Workingham, UK) and stored 
on a computer. Chemoreceptor activity was iden-
tified (spontaneous generation of action potentials 
at irregular intervals) and confirmed by its increase 
in response to hypoxia (0%O2 + 5% CO2 + bal-
anced N2), which corresponds approximately to 
20 mmHg, (Conde et al. 2012).
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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 ZM241385 (300 nM), an A2 antago-
nist, and SCH58261 (20  nM), a selective A2A 
antagonist, on the CSN activity has been investi-
gated while perfusing the preparations with nor-
moxic (20% O2-equilibrated) and hypercapnic 
(10% CO2-equilibrated) solutions.

11.2.3	 �Statistical Analysis

Data were evaluated using GraphPad Prism 
Software, version 6 and was presented as the 
mean ± SEM. The significance of the differences 
between the means was calculated by unpaired t 
test and one-way analysis of variance (ANOVA) 
with Bonferoni’s multiple comparison tests. 
Differences were considered significant at p < 0.05.

11.3	 �Results

Figure 11.1 shows the effect of hypercapnia on 
adenosine release from the rat CB. Hyperca-pnia 
(10% CO2) increased significantly the extracel-
lular concentrations of adenosine with the release 
reaching 105.70 ± 11.45 (pmol/mg tissue), when 

compared with the basal normoxic release (before 
hypercapnia = 70.42 ± 8.83 pmol/mg tissue; after 
hypercapnia = 82.89 ± 22.13 pmol/mg tissue).

Figure 11.2 depicts the effect of ZM241385 
(300  nM), an A2 antagonist, and SCH58261 
(20 nM), a selective A2A antagonist, on the CSN 
chemosensory activity in response to hypercap-
nia. Basal CSN chemosensory activity was not 
modified by the application of both adenosine 
receptors antagonists (Fig.  11.2a). The applica-
tion of ZM241385 and SCH58261 showed a non-
significant tendency to increase the onset of the 
response (latency time) (Fig.  11.2b). However, 
none of the drugs tested modified significantly 
the time to reach the maximal activity (time to 
peak, Fig. 11.2c).

Figure 11.2d represents typical recordings of 
CSN chemosensory activity in response to hyper-
capnia in control conditions, in the absence of 
any drugs, and in the presence of ZM241385 and 
SCH58261. The application of both drugs 
decreased the CSN activity in response to hyper-
capnia. However, ZM241385 was more effective 
in inhibiting CSN activity than SCH58261 
(Fig. 11.2d). This result was confirmed when we 
plot the area under the curve (AUC) for the CSN 
chemosensory activity elicited by hypercapnia in 
control conditions and in the presence of 
ZM241385 and SCH58261 (Fig.  11.2e). 
ZM241385 decreased the AUC by 58.82% when 
compared with the effect of hypercapnia in the 
absence of the drugs, while SCH58261 decreased 
the AUC by 33.59% (Fig.  11.2e; AUC con-
trol  =  2150.0  ±  194.2; AUC 
ZM241385  =  885.2  ±  153.2; AUC 
SCH58261 = 1428 ± 93.2 spikes/s).

11.4	 �Discussion

The present study demonstrates that adenosine 
mediates the CSN chemosensory activity evoked 
by hypercapnia, an effect that is mediated by A2 
adenosine receptors. We have showed that both 
adenosine receptor antagonists tested did not 
modify basal CSN chemosensory activity, the 
latency time and the time to peak. Additionally, 
both ZM241385 and SCH58261 decreased the 

Fig. 11.1  Effect of hypercapnia (10% CO2) on adenosine 
release from the rat CB. Protocol included 2 periods of 
10  min in normoxia (20%O2  +  5%CO2), followed by 
10 min of hypercapnia (20%O2 + 10% CO2) followed by 
two normoxic period (n  =  6). Data are means ± 
SEM. Unpaired t test, *p < 0.05
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hypercapnia-evoked CSN chemosensory activity, 
being the effect more pronounced when 
ZM241385 was applied, suggesting that apart 
from A2A receptors, A2B adenosine receptors also 
contribute to this effect.

We have observed that hypercapnia induced 
the release of adenosine from the CB, as it hap-
pens in response to hypoxia (Conde and Monteiro 
2004). In the present study we did not evaluate 
the source of the extracellular adenosine, how-
ever we can postulate the main origin of extracel-
lular adenosine induced by hypercapnia could be 
the extracellular ATP catabolism, since Holmes 
et  al. (2015) showed that the application of an 
5′-ectonucleotidase (CD73) inhibitor, α,β-
methylene ADP (AOPCP), dramatically (98%) 
decreased the CB sensitivity to hypercapnia.

In accordance with our previous findings we 
have observed herein that ZM241385 and 
SCH58261 did not modify the basal CSN activity 
(Conde et al. 2012), which suggest that adenosine 
did not contribute significantly to fix the basal 
activity of the CB in control conditions. Moreover, 
the application of ZM231485 and SCH58261 
decreased the CSN activity elicited by hypercap-
nia, meaning that the effect of hypercapnia in the 
CB is mediated by A2 adenosine receptors. 
Additionally, the fact that ZM241385, the non-
selective A2 antagonist decreased more the 
response to hypercapnia than SCH58261, the 
selective A2A antagonist, indicated that both A2A 
and A2B adenosine receptors contribute to the 
effect of hypercapnia on the CB. In fact, from the 
observation of the Fig. 11.2d, A2A seems to con-
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Fig. 11.2  Effect of ZM241385 (300 nM), an A2 adenos-
ine receptor antagonist, and SCH58261 (20 nM), a selec-
tive A2A antagonist, on carotid sinus nerve (CSN) 
chemosensory activity elicited by hypercapnia (10%CO2). 
(a) Mean basal frequencies. (b) Latency time (the onset of 
the response). (c) Time required to reach maximal activity 
(time to peak). (d) Typical recordings of the effect of 

ZM241385 and SCH58261 on the frequency of action 
potentials of CSN during superfusion with a solution 
equilibrated with 10%CO2, respectively. (e) Area under 
the curve (AUC) obtained from the analysis of the curves 
plotted in D. Data represent means ± SEM of 5–7 animals. 
One-way ANOVA with Bonferroni multiple comparison 
tests, *p < 0.05 and ***p < 0.001 vs control values
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tribute with approximately 30% for the CSN activ-
ity in response to hypercapnia and A2B with 
approximately 25%. These values are quite similar 
with those observed for the contribution of ade-
nosine A2A and A2B receptors for the responses to 
moderate hypoxia in the CB (Conde et al. 2006). 
However, since we have not tested more intense 
hypercapnic stimuli we cannot anticipate if these 
contributions are maintained with higher or lower 
hypercapnic intensities. Both A2A and A2B adenos-
ine receptors are Gs-coupled receptors and there-
fore adenosine action through these receptors 
involves the increase in cAMP levels (Sebastião 
and Ribeiro 2009). Herein, we did not studied the 
modifications in cAMP levels induced by hyper-
capnia, but Holmes and co-workers (2015) have 
showed that SQ2236, an inhibitor of transmem-
brane adenylyl cyclases, decreased the elevation 
evoked by hypercapnia by approximately 50%, a 
value that is quite similar with the 58% of reduc-
tion in CSN activity achieved by us with the non-
selective blocker of A2 receptors in hypercapnia.

In conclusion, the effect of adenosine in medi-
ating the hypercapnic response in the CB is medi-
ated by both A2A and A2B adenosine receptors.
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Acute Effects of Systemic 
Erythropoietin Injections 
on Carotid Body Chemosensory 
Activity Following Hypoxic 
and Hypercapnic Stimulation
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Abstract
The carotid body (CB) chemoreceptors sense 
changes in arterial blood gases. Upon stimula-
tion CB chemoreceptors cells release one or 
more transmitters to excite sensory nerve 
fibers of the carotid sinus nerve. While several 
neurotransmitters have been described to con-
tribute to the CB chemosensory process less is 
known about modulatory molecules. Recent 
data suggest that erythropoietin (Epo) is 
involved in the control of ventilation, and it 
has been shown that Epo receptor is constitu-
tively expressed in the CB chemoreceptors, 

suggesting a possible role for Epo in regula-
tion of CB function. Therefore, in the present 
study we aimed to determine whether exoge-
nous applications of Epo modulate the hypoxic 
and hypercapnic CB chemosensory responses. 
Carotid sinus nerve discharge was recorded 
in-situ from anesthetized adult male and 
female Sprague Dawley rats (350  g, n  =  8) 
before and after systemic administration of 
Epo (2000  UI/kg). CB-chemosensitivity to 
hypoxia and hypercapnia was calculated by 
exposing the rat to FiO2 5–15% and FiCO2 
10% gas mixtures, respectively. During base-
line recordings at normoxia, we found no 
effects of Epo on CB activity both in male and 
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female rats. In addition, Epo had no effect on 
maximal CB response to hypoxia in both male 
and female rats. Epo injections enhanced the 
maximum CB chemosensory response to 
hypercapnia in female rats (before vs. after 
Epo, 72.5  ±  7.1  Hz vs. 108.3  ±  6.9  Hz, 
p  <  0.05). In contrast, Epo had no effect on 
maximum CB chemosensory response to 
hypercapnia in male rats but significantly 
increased the response recovery times (time 
required to return to baseline discharge fol-
lowing hypercapnic stimulus) from 2.1 ± 0.1 s 
to 8.2 ± 2.3 s (p < 0.05). Taken together, our 
results suggest that Epo has some modulatory 
effect on the CB chemosensory response to 
hypercapnia.

Keywords
Carotid Body · Carotid sinus nerve · 
Erythropoietin · Hypoxia · Hypercapnia

12.1	 �Introduction

Regulation of breathing by arterial blood gases 
depend on peripheral and central chemorecep-
tors (Feldman et al. 2003; Guyenet 2014). The 
carotid Body (CB), the main peripheral chemo-
receptor, is sensitive to changes in arterial blood 
gas composition (PO2, PCO2 and pH) (Gonzalez 
et al. 1992), initiating a ventilatory and sympa-
thetic responses to maintain cardio-respiratory 
homeostasis (Gonzalez et al. 1995; Despas et al. 
2006; Lopez-Barneo et al. 2016). Furthermore, 
recent studies indicate that peripheral chemore-
ceptors determine the sensitivity of the central 
chemoreceptors to CO2 (Smith et  al. 2015). 
Chemoreflex responses serve to maintain PCO2 
and pH within homeostatic parameters in the 
internal medium and to adjust the O2 supply 
according to the metabolic demand (Gonzalez 
et al. 1992). Upon stimulation, the CB chemore-
ceptor cells release neurotransmitters that acti-
vate the sensory nerve fibers of the carotid sinus 
nerve (CSN) which relay this information to 
brainstem neurons that regulate breathing 
(Prabhakar and Peers 2014). In addition, the CB 

is sensitive to plasma levels of Erythropoietin 
(Epo) (Soliz et al. 2005). Previous studies sug-
gest that CB chemotransduction is modulated 
by high Epo plasma levels (Soliz et  al. 2007). 
EPO’s role in synthesis of red blood cells is well 
known (Jelkmann 1992, 2011). However Epo is 
also produced by neurons and glial cells 
(Digicaylioglu et  al. 1995). Furthermore, Epo-
receptors (EpoR) are widely distributed in the 
areas known to be associated with respiratory 
control (Soliz et al. 2005) such as the Respiratory 
Rhythm Generator, the CBs and central chemo-
receptor sensitive areas (i.e. nucleus of the soli-
tarii tract and raphe). Interestingly, expression 
of Epo and its receptor has been observed in CB 
glomus cells (Lam et al. 2009). The presence of 
EpoR in these structures supports the notion that 
Epo participates in respiratory regulation and 
CB chemotransduction. Indeed, previous work 
indicates that Epo may regulate the hypoxic 
ventilatory response (HVR) in humans and mice 
in a sex-dependent manner (Jeton et  al. 2017; 
Pichon et al. 2016; Soliz 2013; Soliz et al. 2012; 
Voituron et  al. 2014). Thus, it is possible that 
Epo acting on EpoR located within the CB tis-
sue may play a role in the regulation of the 
HVR. However, there is no direct evidence for 
the role played by Epo on CB chemosensory 
function.

Our goal was to assess whether exogenous 
applications of Epo could modulate the hypoxic 
and hypercapnic CB chemosensory responses. To 
assess this, carotid sinus nerve discharge was 
recorded in-situ from anesthetized adult male and 
female Sprague Dawley rats before and after sys-
temic administration of Epo.

12.2	 �Methods

12.2.1	 �Ethical Approval

Experiments were performed in adult male 
(n = 4) and female (n = 4) Sprague Dawley rats 
(~350g). All experiments were approved by the 
Bioethical Committee of the P.  Universidad 
Católica de Chile and were carried out under the 
guidelines of the American Physiological Society, 
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the Guía para el Cuidado y Uso de los Animales 
de Laboratorio from CONICYT and the National 
Institutes of Health Guide for the Care and Use of 
Laboratory Animals.

12.2.2	 �Animal and Procedures

After deep anesthesia with sodium pentobarbital 
(40 mg/kg I.P.), rats (n = 8) were placed in supine 
position and the rectal temperature was main-
tained at 38.0 ± 0.5 °C with a regulated heating 
pad. Carotid sinus nerve discharge was recorded 
in-situ as previously described (Del Rio et  al. 
2010, 2011). Briefly, right carotid sinus nerve 
was isolated and placed on a pair of platinum 
electrodes and covered with warm mineral oil. 
Signal was then amplified (Grass P511, USA), 
filtered (30–500  Hz) and sent to an electronic 
spike-amplitude discriminator to select action 
potentials of given amplitude above the noise. 
Hyperoxic test (100% O2) was used to set the 
threshold of CB sensory activity present in the 
electrophysiological recording. The selected 
action potentials were used to evaluate the CB 
chemosensory frequency of discharge (fx 
expressed in Hz). Signals were acquired with an 
analog-digital system PowerLAB and analyzed 
with the Chart 7-Pro software (ADInstruments, 
Australia). CB-chemosensory sensitivity to 
hypoxia or hypercapnia was calculated by allow-
ing the rat to spontaneously breathe FiO2 5–15% 
and FiCO2 3–7% gas mixtures, respectively, 
before and after 60 min of systemic administra-
tion of Epo (2000 UI/kg, 100 μl i.v. bolus).

12.2.3	 �Data Analysis and Statistics

The CB chemosensory frequency discharges (fx) 
response-curves were fitted to the inspiratory PO2 
according to the following exponential function 
(Berkenbosch et al. 1991, 1997).

	
f G DPO Ax = −( ) +exp 2 	

In which, G is the overall gain, D is oxygen 
threshold and A is the value of CB chemosensory 

discharge measured during hyperoxic challenge 
(Dejour test). For the CB chemosensory response 
to hypercapnia, linear regression analysis was 
used. Results were expressed as mean ± standard 
errors of the mean (SEM). Differences were 
tested by Bonferroni test following two-ways 
ANOVA or by using Student T test. All analyses 
were performed with Graph Pad − Prism soft-
ware (Graph Pad software, La Jolla, CA, USA). 
Differences were considered significant when 
p < 0.05.

12.3	 �Results

12.3.1	 �CB Chemosensory Activity 
in Male and Female Rats

Chemosensory activity in normoxia and during 
acute hypoxia did not differ between adult male 
and female rats (Table 12.1). There is a trend to 
have higher maximal responses to severe hypoxia 
in male rats compared to females. Indeed, the CB 
responses to FiO2 5% expressed as a percent 
change compared to the values at normoxia were 
516.7  ±  31.4% in males and 404.0  ±  32.1% in 
females. However, this difference was not statis-
tically different between both groups.

12.3.2	 �Effects of Epo Injection on CB 
Activity

During baseline recordings at normoxia, we 
found no effects of Epo on CB activity both in 
male and female rats (Fig.  12.1). In addition, 
acute Epo injection showed no effects in maxi-
mal CB response to hypoxia neither in CB oxy-
gen sensitivity in male or female rats (Fig. 12.2).

Table 12.1  Carotid body chemosensory baseline activity 
in normoxia and in response to hypoxia

♂ ♀
FiO2 21% fx (Hz) 70.1 ± 14.1 80.9 ± 13.4
FiO2 10% fx (Hz) 310.6 ± 33.1 295.0 ± 29.0
FiO2 5% fx (Hz) 362.0 ± 22.0 327.0 ± 26.3

Data are showed as mean ± SEM. fx: Carotid body chemo-
sensory activity; FiO2: Fraction of inspired oxygen

12  Acute Effects of Systemic Erythropoietin Injections on Carotid Body Chemosensory Activity…
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12.3.3	 �Effects of Epo on CB 
Chemosensory Response 
to Hypercapnia

The effect of Epo injections on CB activity is 
shown in Fig. 12.3. Interestingly, Epo administra-
tion increases the maximal CB chemosensory 

response to hypercapnia 10% CO2 only in female 
rats (Fig. 12.4). Indeed, the female CB responses 
to hypercapnia were 72.5  ±  7.1  Hz vs. 
108.3 ± 6.9 Hz (P < 0.05), before and after Epo, 
respectively. Contrarily, Epo has no effect on the 
maximal CB chemosensory response to hyper-
capnia in males but significantly increases the 
response recovery times (time required to return 

Fig. 12.1  Effects of 
Epo administration on 
carotid sinus nerve 
activity in male and 
female rats. (a), 
representative recordings 
of CB chemosensory 
activity in situ from 
male rats, during 
normoxic stimulation 
(Upper panel) before 
and after Epo i.v. 
injection. Note the 
absence of Epo effects 
on baseline CB activity 
under normoxia (Lower 
Panel), CB 
chemosensory activity 
during acute hypoxic 
(20s) stimulation before 
and after Epo 
administration. No effect 
of Epo on CB response 
to hypoxia was found. 
(b), representative CB 
recordings in female rats 
before and after Epo i.v. 
injection. Note the 
absence of Epo effects 
on baseline CB activity 
under normoxia
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to baseline discharge following hypercapnic 
stimulus) from 2.1 ± 0.1 s to 8.2 ± 2.3 s (Fig. 12.4).

12.4	 �Discussion

The main findings of our study were: (i) during 
normoxic condition Epo injection did not modify 
the CB chemosensory discharge in male and 
female rats; (ii) Epo injection did not change the 
CB chemosensory responses induced by hypoxia 
(10–5% O2) neither in males nor in female rats; 
(iii) Epo injections enhanced the maximal CB che-
mosensory response to hypercapnia (10% CO2) in 
female rats, and (iv) Epo injections increased the 
time needed to return to baseline discharge levels 
following hypercapnic stimulation in male rats. 
Together these results suggest that Epo modulate 
the CB chemosensory responses to hypercapnia in 
a sex-dependent manner.

Soliz et al. (2007) found that transgenic mouse 
line (Tg6), with high plasma levels of human 
Epo, did not show significant differences in rest-
ing minute ventilation compared to wild-type 
mice. Present results showed that Epo injections 
did not change CB chemosensory discharges in 
normoxia. Then, our results suggest that Epo is 
not related to the regulation of the tonic CB activ-
ity in normoxia. Therefore, agrees and extend 
previous studies showing no effect of Epo on 
breathing regulation under normoxic conditions.

It has been shown that Epo may regulate the 
ventilatory response to hypoxia in humans and 
mice (Jeton et al. 2017; Pichon et al. 2016; Soliz 
2013; Soliz et  al. 2012; Voituron et  al. 2014). 
However, we did not observe significant differ-
ences before and after Epo injection on the CB 
chemosensory response to acute hypoxia. 
Furthermore, no sex differences were found on 
the CB chemosensory response to hypoxia. It is 

Fig. 12.2  Summary of the effects of Epo on carotid 
body chemosensory function in hypoxia. Upper panels, 
CB chemosensory response to hypoxia before and after 
Epo administration in (a) males and (b) females rats. 
P  >  0.05, for CB chemosensory curves, Bonferroni test 

following two-ways ANOVA, n = 4 per group. Lower pan-
els, Epo has no effect on oxygen threshold nor in CB 
hypoxic sensitivity in both males or females rats. P > 0.05, 
paired t test. n = 4 per group
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important to note that we only measure the effects 
of Epo on the CB chemoreceptor activity in 
response to hypoxia but not the chemoreflex-
mediated hypoxic ventilatory response. Indeed, it 
has been proposed that Epo may regulate central 
brainstem areas related to chemoreflex control of 
the ventilation (i.e. NTS). Then, it is plausible 
that Epo may regulate the HVR through a central 
mechanism rather than a peripheral modulation 
of CB chemoreceptors.

In addition, we found that Epo modulate the 
CB response to hypercapnia in a sex-dependent 
manner. Indeed, in female rats Epo injections 
results in an increase CB chemosensory response 
to CO2 without changing the duration of the 
response. In contrast, in male rats Epo only elicit 

increase in the duration of the CB chemosensory 
response to hypercapnia. Together, our data sug-
gest that Epo modulate the CB nerve activity in 
response to hypercapnia acting on different EpoR 
expressed in male CBs compared to female CBs. 
Future studies are needed to address the differ-
ences, if any, on the expression profiles of EpoR 
on male and female CBs.

In summary our data suggest that Epo could 
modulate the CB chemosensory response to 
hypercapnia, but not to hypoxia in a sex-
dependent manner. Additionally, Epo injections 
did not affects baseline CB chemosensory dis-
charge in normoxia nor in male nor in female 
rats, suggesting that Epo did not contribute to 
tonic CB activity.

Fig. 12.3  Epo modulate the CB chemosensory 
responses to hypercapnia. Representative carotid sinus 
nerve recordings obtained in one male rat during acute 
(20s) hypercapnic stimulation (10%), before and after 

Epo i.v. injection (Upper panel) and one representative 
recording obtained in one female rat (Lower panel) during 
hypercapnia, before and after Epo administration

D. C. Andrade et al.
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Carotid Body Dysfunction in Diet-
Induced Insulin Resistance Is 
Associated with Alterations  
in Its Morphology

Eliano Dos Santos, Joana F. Sacramento, 
Bernardete F. Melo, and Sílvia V. Conde

Abstract
The carotid body (CB) is organized in clusters 
of lobules containing type I cells and type II 
cells, in a ratio of approximately 4:1. The CB 
undergoes structural and functional changes 
during perinatal development, in response to a 
variety of environmental stimuli and in patho-
logical conditions. Knowing that the CB acts 
as a metabolic sensor involved in the control 
of peripheral insulin sensitivity and that its 
overactivation contributes to the genesis of 
metabolic disturbances, herein we tested if 
diet-induced insulin resistance is associated 
with morphological alterations in the propor-
tion of type I and type II cells in the CB. Diet 
induced insulin resistant model (HFHSu) was 
obtained by submitting Wistar rats to 14 weeks 
of 60% lipid-rich diet and 35% of sucrose in 
drinking water. The HFHSu group was com-
pared with an aged-matched control group. 
Glucose tolerance and insulin sensitivity were 
measured in conscious animals before diet 
administration and 14 weeks after the diet pro-
tocol. The expression of tyrosine hydroxylase 
(TH) and nestin were assessed by immunohis-

tochemistry to identify type I and type II cells, 
respectively. TH expression was also quanti-
fied by Western blot. As expected, 14 weeks of 
HFHSu diet induced a decrease in insulin sen-
sitivity as well as in glucose tolerance. HFHsu 
diet increased the number of TH-positive type 
I cells by 192% and decreased nestin-postive 
type 2 cells by 74%. This increase in type II 
cells observed by immunohistochemistry cor-
relates with an increase by 107% in TH 
expression quantified by Western blot. These 
results suggest that changes in CB morphol-
ogy are associated with metabolic distur-
bances invoked by administration of a 
hypercaloric diet.

Keywords
Carotid body · Tyrosine hydroxylase · 
Hypercaloric diet · Insulin resistance

13.1	 �Introduction

The carotid body (CB) is organized in clusters of 
lobules containing type I cells, positive for tyro-
sine hydroxylase, and type II cells, positive for 
glial fibrillary acidic protein, in a ratio of approx-
imately 4:1 (Nurse 2014). Type I cells, also 
known as glomus cells, produce many different 
neurotransmitters and peptide neuromodulators 
(Pardal et al. 2007; Porzionato et al. 2013). Type 
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I cells, also called sustentacular cells, envelop 
clusters of type I cells and have been until the 
nineties considered supportive cells. At the 
moment, type II cells have been proposed to be 
stem cell precursors for type I cells (Pardal et al. 
2007) and/or amplifiers for type I cells that co-
ordinate chemosensory transduction through 
interactions with the other cells of the carotid 
body (Tse et al. 2012; Porzionato et al. 2013). In 
fact, Nurse and Piskuric (2013) propose that 
paracrine signaling involving type II cells may 
play a role in chemotransduction, by acting as 
“ATP amplifiers”. (Nurse and Piskuric 2013).

The CB undergoes structural and functional 
changes during perinatal development, and in 
response to a variety of environmental stimuli 
(Porzionato et al. 2013). In fact, numerous stud-
ies have documented both vascular dilation as 
well as hyperplasia and hypertrophy of glomus 
type I cells, in response to prolonged exposure 
to hypoxia (Hellstrom and Pequignot 1982; 
McGregor et al. 1984; Wang and Bisgard 2002; 
Chen et  al. 2007; Conde et  al. 2012). 
Furthermore, it was also described that with 
age, CBs enlarge and that this enlargement is 
accompanied by a decrease in the percentage of 
chemoreceptor tissue that can account for the 
decreased peripheral drive of ventilation (Conde 
et al. 2006).

In the last decades, the CB has been 
described as a major metabolic sensor (for a 
review see Conde et  al. 2014). The CBs are 
involved in the control of peripheral insulin 
sensitivity, as the resection of the CB-sensitive 
nerve, the carotid sinus nerve, prevents and 
restores insulin sensitivity and glucose homeo-
stasis in hypercaloric animal models of predia-
betes and type II diabetes (Ribeiro et al. 2013; 
Sacramento et al. 2017, 2018). We have shown 
that insulin activates the CB, and proposed 
hyperinsulinemia to be one of the earliest events 
in a cascade that culminates in the CB overacti-
vation leading to insulin resistance and glucose 
intolerance (Ribeiro et al. 2013). This overacti-
vation of the CB in prediabetic animal models, 
was showed by an increase in the basal ventila-
tion and in the ventilatory responses to hypoxia, 
by an increase in the release of dopamine and 

by the enlargement of the CBs (Ribeiro et  al. 
2013). In agreement with this overactivation of 
the CB, Cramer et  al. (2014) showed that 
patients with type 2 diabetes exhibit CBs 
20–25% larger than control volunteers.

Herein we have tested if diet-induced insulin 
resistance is associated with morphological 
alterations in the proportion of type I and type II 
cells in the CB.

13.2	 �Methods

Experiments were performed in 8  weeks old 
Wistar rats obtained from the vivarium of the 
Faculdade de Ciências Médicas, Universidade 
Nova de Lisboa, Lisboa, Portugal. After 
randomization, the animals were assigned to one 
of two groups, the high fat/high sucrose (HFHSu) 
diet group, a validated animal model of insulin 
resistance, achieved by submitting the animals to 
14  weeks of 60% lipid-rich diet and 35% of 
sucrose in drinking water, and an age-matched 
control group, fed with a regular chow diet. 
Animals were kept under temperature and 
humidity control (21 ± 1 °C; 55 ± 10% humidity) 
with a 12 h light/12 h dark cycle and were given 
ad libitum access to food and water. Glucose 
tolerance and insulin sensitivity were measured 
in conscious animals before diet administration 
and 14 weeks after the diet protocol (Sacramento 
et al. 2017).

Rats were anaesthetized with sodium pento-
barbital (Sigma, Madrid, Spain) (60 mg/kg i.p.) 
and the carotid bifurcation was collected and dis-
sected along with the CB.

For immunohistochemistry analysis, CBs 
were fixed in 4% paraformaldehyde, embedded 
in OCT compound, sectioned (6 μm) into slides 
and frozen. The slides were then exposed to room 
temperature, rehydrated with distilled water and 
permeabilized with washing solution (PBS 
1%  +  0.1% Triton) before being submerged in 
blocking solution (PBS with goat serum and 
bovine serum albumin). After blocking, the slides 
were incubated overnight at 4 °C with a primary 
antibody against tyrosine hydroxylase (TH) 
(Abcam) and against Nestin (Abcam). After, the 
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slides were washed and incubated with the 
secondary antibody - IgG anti-rabbit Alexa Fluor 
594 (Abcam) washed again, incubated with DAPI 
(Santa Cruz) mounted with VECTASHIELD® 
Mounting Medium (Vector Laboratories), sealed 
with nail polish and kept in the dark at 
4 °C. Images of the immunostained tissue were 
collected on the same day using the fluorescence 
microscope and analysed to quantify TH and 
Nestin positive cells with the Fiji app for ImageJ 
(https://imagej.nih.gov/ij/).

For the quantification of TH expression by 
Western Blot, the CBs were homogenized in 
Zurich (10 mM Tris-HCl, 1 mM EDTA, 150 mM 
NaCl, 1% Triton X-100, 1% sodium cholate, 1% 
SDS) with a cocktail of protease inhibitors. 
Briefly, after blocking, the membranes were 
incubated overnight at 4 °C with a mouse primary 
antibody against TH (Sigma-Aldrich) 
immunoreactivity (bands in the 60 kDa region). 
The membranes were washed with Tris-buffered 
saline with Tween (TBST) (0.02%) and incubated 
with a biotin-conjugated secondary antibody 
against mouse (Millipore) for 90  min at room 
temperature. The membranes were then washed 
with TBST (0.02%) and again incubated with 
ImmunoPure® Streptavidin, Horseradish 
Peroxidase Conjugated (Thermo Scientific), for 
30 min at room temperature and developed with 
enhanced chemiluminescence reagents accord-
ing to the manufacturer’s instructions 
(ClarityTM Western ECL substrate, California, 
USA). Intensity of the signals was detected in a 
Chemidoc Molecular Imager (Chemidoc; 
BioRad, Madrid, Spain) and quantified using the 
Image Lab software (BioRad). The membranes 
were re-probed and tested with a mouse antibody 
for beta-actin (Sigma-Aldrich) immunoreactivity 
(bands in the 45  kDa region) to compare and 
normalize the expression of proteins with the 
amount of protein loaded.

Laboratory care was in accordance with the 
European Union Directive for Protection of 
Vertebrates Used for Experimental and Other 
Scientific Ends (2010/63/EU). Experimental 
protocols were approved by the Faculdade de 
Ciências Médicas Ethics Committee.

13.3	 �Results

As expected, 14 weeks of high-fat/high-sucrose 
(HFHsu) diet induced a decrease in insulin 
sensitivity as well as in glucose tolerance, and an 
increase in fasting glycemia (Table 13.1).

Moreover, HFHsu animals present an increase 
of 192% in the TH expression in Type I and a 
decrease of 74% in Nestin expression in type II 
cells (Fig.  13.1). This increase in type I cells 
observed by immunohistochemistry correlates 
with an increase by 107% in TH expression 
quantified by Western blot (Fig. 13.2).

13.4	 �Discussion

Herein we demonstrate that metabolic distur-
bances induced by administration of a hyperca-
loric diet induces morphological changes in the 
CB, demonstrated by an increase in TH-positive 
type I cells and a decrease in Nestin-positive type 
II cells.

The higher expression of type I cells as a con-
sequence of a hypercaloric diet agrees with sev-
eral studies that have documented structural and 
functional changes in the CB in response to a 
variety of other environmental stimuli (Porzionato 
et  al. 2013; Hellstrom and Pequignot 1982; 
McGregor et al. 1984; Wang and Bisgard 2002; 
Chen et  al. 2007). Moreover, CB hypertrophy 
occurs in several chronic diseases that occur in 
animal and humans (Kato et al. 2012; Felix et al. 
2012; Sivridis et  al. 2011; Bencini and Pulera 
1991). Alterations in the amount of type I cells 
have also been described in ageing, but with 
opposite morphological changes. In fact, although 
the CBs enlarge with age there is a decrease in 
type I cells and accumulation of extracellular 
matrix in aged animals, which is consistent with 
the decreased magnitude of hypoxic responses 
and with the decrease in the release of 
catecholamines in response to hypoxia, but little 
effect on catecholamine content and basal release 
(Conde et al. 2006).

Herein, and as previously described we 
showed that rats become resistant to insulin as a 
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consequence of administration of an HFHSu diet 
(Conde et al. 2017; Sacramento et al. 2018). We 
also showed in HFHSu animals an increase in 
the  amount of type I cells, both by 
immunohistochemistry and Western-blot 
concomitantly with a decrease in nestin-positive 
cells. As CBs structurally express insulin 
receptors (Conde et al. 2014), these changes may 
reflect a compensatory response to an 
overactivation by hyperinsulinemia. In fact, 
Cramer et al. (2014) have previously shown that 
patients with diabetes mellitus type II, a disease 
largely associated with hypercaloric diets and 
insulin resistance, have 20–25% larger CBs 
(Cramer et al. 2014).

We postulate that CBs are able to develop a 
compensatory increase in number of type I cells 
in response to an overstimulation, by recruiting 
and inducing the differentiation of Nestin-
positive type 2 cells. Also, sustained activation 
may lead to a stress state or the cells may reach 
their replication capacity inducing an apoptotic 

Fig. 13.1  Expression of tyrosine hydroxylase (TH) and 
nestin in CB cells assessed by immunohistochemistry, 
representing type I and type II cells, respectively. Bars 

represent means ± SEM; Unpaired t test: **p < 0.005 and 
****p < 0.0001, TH expression in HFHSu vs CTL groups

Fig. 13.2  Effect of HFHSu diet in TH expression in the 
rat CB, assessed by Western Blot. Data are means ± 
SEM. One-Way ANOVA with Bonferroni multicompari-
son test: *p < 0.05 comparing HFHSu with CTL values
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and/or a senescent state. Further morphology and 
physiology studies in these models must be 
performed.
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Therapeutic Targeting 
of the Carotid Body for Treating 
Sleep Apnea in a Pre-clinical 
Mouse Model

Ying-Jie Peng, Xiuli Zhang, Jayasri Nanduri, 
and Nanduri R. Prabhakar

Abstract
Sleep apnea with periodic cessation of breath-
ing during sleep is a highly prevalent respira-
tory disorder affecting an estimated 10% of 
adults. Patients with sleep apnea exhibit sev-
eral co-morbidities including hypertension, 
stroke, disrupted sleep, and neurocognitive 
and metabolic complications. Emerging 
evidence suggests that a hyperactive carotid 
body (CB) chemo reflex is an important 
driver of apneas in sleep apnea patients. 
Gasotransmitters carbon monoxide (CO) and 
hydrogen sulfide (H2S) play important roles in 
oxygen sensing by the CB.  We tested the 
hypothesis that an augmented CB chemo 
reflex stemming from disrupted CO-H2S sig-
naling may lead to sleep apnea. This possibil-
ity was tested in mice deficient in 
hemeoxygenase-2 (HO-2), an enzyme 
involved in CO synthesis, which were shown 
to exhibit hyperactive CB activity due to high 
H2S levels. We found that HO-2−/− mice 

exhibit a high incidence of apneas during 
sleep compared to wild type mice. Blocking 
the CB hyperactivity with L-propargylglycine, 
an inhibitor of cystathionine-γ-lyase (CSE), 
which catalyzes H2S synthesis, prevented 
apneas in HO-2−/− mice. These findings sug-
gest that targeting CB with inhibitors of CSE 
might be a novel therapeutic strategy for pre-
venting sleep apnea.

Keywords

Hemeoxygenase-2 · Carbon monoxide · 
Cystathionine-γ-lyase · Hydrogen sulfide · 
Obstructive · Central sleep apnea

14.1	 �Introduction

Sleep disordered breathing (SDB) with obstruc-
tive (OSA) and central apnea (CSA) is a clini-
cally prevalent respiratory disorder affecting an 
estimated 10% of the adult human population 
(Peppard et al. 2013). Patients with SDB exhibit 
a wide spectrum of pathologies including hyper-
tension, stroke, neurocognitive and metabolic 
dysfunctions and disrupted sleep (St-Onge et al. 
2016). Continuous positive airway pressure 
(CPAP) is the current treatment of choice for 
OSA (Combs et al. 2014; Ip et al. 2012; Veasey 
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Fig. 14.1  Apnea and 
hypopnea in HO-2 null 
mice

et al. 2006) and adaptive servo-ventilation is con-
sidered beneficial for CSA patients (Javaheri 
et  al. 2016; Yamauchi et  al. 2016). However, a 
substantial number of OSA patients do not 
respond to CPAP therapy (Antic et  al. 2015; 
Gilmartin et al. 2005; Quan et al. 2012). Adaptive 
ventilation in heart failure patients exhibiting 
CSA showed 30% mortality with no demonstra-
ble benefits for CSA (Cowie et al. 2015). These 
findings suggest that current treatment strategies 
are suboptimal for normalizing breathing in SDB 
patients. The estimated cost burden in unman-
aged sleep apnea patients is exorbitantly high and 
ranges between ~$65 and 165 billion per year in 
the U.S. (Frost and Sullivan 2016; Harvard 
Medical School Division of Sleep Medicine 
2010), highlighting a need for developing alter-
native therapeutic strategies for preventing 
SDB. However, development of additional thera-
peutic strategies critically depends on the avail-
ability of suitable animal model(s) exhibiting 
SDB. SDB patients often exhibit a mixed pheno-
type of OSA and CSA (Javaheri et  al. 2009; 
Morgenthaler et al. 2006). Therefore, identifying 
animal model(s) exhibiting both OSA and CSA 
will facilitate the development of alternative ther-
apeutic strategies.

Reflex arising from the carotid body (CB), the 
primary sensory organ for detecting hypoxia, is a 
major regulator of breathing (Kumar and 
Prabhakar 2012). Clinical studies have impli-
cated abnormal CB chemo reflex in both genesis 
and downstream pathologies caused by sleep 
apnea (Dempsey et  al. 2012; Kara et  al. 2003; 
Mansukhani et  al. 2015; Xie et  al. 1995). 

Emerging evidence suggests that gasotransmit-
ters play an important role in oxygen sensing by 
the CB (Makarenko et al. 2012; Peng et al. 2010, 
2014; Prabhakar and Peers 2014; Yuan et  al. 
2015). Mice lacking hemeoxygenase-2 (HO-2), 
an enzyme responsible for the generation of 
endogenous carbon monoxide (CO), exhibit 
exaggerated CB response to hypoxia, due to 
increased cystathionine-γ-lyase (CSE)-derived 
H2S synthesis (Yuan et al. 2015). These findings 
led us to hypothesize that HO-2 null mice exhibit 
high incidence of apnea, and pharmacologic 
blockade of H2S synthesis prevents apnea. We 
tested this hypothesis by monitoring breathing 
under normoxia with whole body plethysmogra-
phy continuously from 10 AM to 4 PM (which is 
the sleep time for rodents) in adult wild type and 
HO-2−/− mice of both genders.

14.2	 �Mice with Deficiency in HO-2 
Exhibit Sleep Apnea

14.2.1	 �HO-2−/− Mice Exhibit High 
Incidence of Apnea 
and Hypopnea

Figure 14.1 shows examples of tracings of breath-
ing in a wild type and a HO-2−/− mouse. Wild 
type mouse displayed relatively regular breathing 
during the 6  h period of recording. However, 
HO-2−/− mouse exhibited irregular breathing 
with apnea and hypopnea. We defined apnea as 
cessation of breathing for >2.5 breaths duration, 
excluding post sigh apnea, and hypopnea as 
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breathing events with ≥30% reduction in tidal 
volume. As shown in Table  14.1, a majority of 
HO-2−/− mice showed greater than 20 events of 
apnea per hour (apnea index), ranging from 20 to 
168 apneas/hour, whereas only 5% wild type 
mice exhibited such severe apneas. Likewise, 
56% HO-2−/− mice showed greater than 80 events 
of hypopnea per hour (hypopnea index, 
Table 14.1), whereas only 2.5% wild type mice 
displayed similar hypopnea index. Chi-squared 
test showed that the distributions of apnea and 
hypopnea were significantly different between 
wild type and HO-2−/− mice (P  <  0.01). These 
observations suggest that HO-2−/− mice exhibit 
high incidence of apnea and hypopnea.

14.2.2	 �HO-2−/− Mice Exhibit Sleep 
Apnea

Sleep-wake states significantly influence breath-
ing. To examine the impact of sleep-wake states 
on the occurrence of apneas, we simultaneously 
monitored electroencephalogram (EEG), electro-
myogram of neck muscles (EMG) and breathing 
in un-sedated wild type and HO-2−/− mice. Sleep-
wake states are determined based on analysis of 
combination of EEG spectrum and neck muscle 
tone. Wake state is characterized by EEG activity 
of mixed frequency with low amplitude and high 
muscle tone. Rapid eye movement (REM) sleep 
is identified by both the frequency of theta waves 
(6–9 Hz) and muscle atonia. Non-REM (NREM) 

sleep is characterized by high amplitude slow 
waves in the delta frequency range (1–4 Hz) and 
low muscle tone. Incidence of apnea and hypop-
nea during wake state were low and comparable 
between wild type and HO-2−/− mice (Table 14.2). 
NREM or REM sleep had little impact on apnea 
or hypopnea index in wild type mice. In striking 
contrast, apnea and hypopnea indices signifi-
cantly increased during NREM sleep, and further 
increased during REM sleep in HO-2−/− mice 
(Table  14.2). These results demonstrate that 
HO-2−/− mice exhibit sleep apnea.

14.2.3	 �HO-2−/− Mice Exhibit Both 
Central and Obstructive 
Apnea

Apneas are classified as central and obstructive in 
nature. To characterize the apnea phenotype, we 
monitored inspiratory intercostal muscle electro-
myography activity with chronically implanted 
electrodes along with breathing in un-sedated 
HO-2−/− mice (n = 12). There were incidences of 
apnea with absence of both breathing movements 
and respiratory muscle activity, which were con-
sidered as central apneas. On other hand, some of 
the apneic events were associated with increased 
inspiratory muscle activity, which were consid-
ered as obstructive apneas. We found that a given 
HO-2−/− mouse exhibited both central and 
obstructive apnea during 6  h of recording. 
Average data showed that 59% of apnea events 

Table 14.1  Incidence of apnea and hypopnea in wild 
type and HO-2−/− mice

Index (events/hr) wild type (n = 40) HO-2−/− (n = 70)
Apnea:
 � <5 20 13
 � 5~9 11 4
 � 10~19 7 13
 � ≥20 2 40
Hypopnea:
 � <20 22 4
 � 20~39 12 13
 � 40~79 5 14
 � ≥80 1 39

Table 14.2  Incidence of apnea and hypopnea during 
each state (events/stage hr) in wild type and HO-2−/− mice 
(n = 7 each)

wild type HO-2−/−

Apnea:
 � Wake 3 ± 2 5 ± 3
 � NREM 10 ± 4 29 ± 4*
 � REM 13 ± 7 60 ± 15**
Hypopnea:
 � Wake 9 ± 3 17 ± 8
 � NREM 16 ± 7 55 ± 11*
 � REM 16 ± 5 70 ± 14**

*P  <  0.05; **P  <  0.01 (vs WT), data presented as 
mean ± SEM
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are of obstructive type, and 41% are of central 
type (Table 14.3).

14.3	 �Enhanced Carotid Body (CB) 
Chemo Reflex Contributes 
to Apnea in HO-2 Null Mice

We determined whether an exaggerated CB reflex 
contributes to high incidence of apnea in HO-2−/− 
mice. Hyperoxia (90% O2), which is known to 
inhibit the CB activity, markedly reduced the 
number of apneas (Table  14.4). In contrast, 
hypoxia (15% O2), a physiological activator of 
the CB, significantly increased the incidence of 
apnea (Table 14.4). Further experiments showed 
that hyperoxia reduced the incidence of both 
obstructive and central apneas. In contrast, 
hypoxic breathing increased the incidence of 
obstructive and central apnea by 3 and 2 fold, 
respectively. Although apneas could result from 
reduced chemosensitivity to CO2 (Kumar et  al. 
2015), we found that stimulation of central CO2 
chemoreceptors with  2% CO2 caused only a 
modest reduction (~32%) in the apnea index in 
HO-2−/− mice, which was due to reduced inci-
dence of central apnea. These observations sug-
gest that the exaggerated CB reflex is a  major 
contributor to apneas in HO-2−/− mice.

14.4	 �Pharmacologic Blockade 
of H2S Synthesis Prevents 
Apneas in HO-2 Mice

HO-2−/− mice exhibit increased CSE-derived H2S 
production in the CB, and lowering H2S produc-
tion by genetic removal of CSE prevents the 
exaggerated CB response to hypoxia in HO-2−/− 

mice (Yuan et al. 2015). We found that apnea and 
hypopneas were absent in HO-2/CSE double 
knockout mice, suggesting that lowering H2S 
production may prevent apnea. While genetic 
removal of CSE might not be a practical thera-
peutic strategy to treat sleep apnea clinically, we 
explored whether pharmacologic blockade of 
CSE-derived H2S synthesis stabilizes breathing 
in HO-2−/− mice. Intra-peritoneal administration 
of L-propargylglycine (L-PAG), an inhibitor of 
CSE, reduced the incidence of apnea in a dose-
dependent manner (1  ~  150  mg/kg), with a 
median effective dose at 30 mg/kg (Table 14.5). 
L-PAG reduced both central and obstructive 
apneas. The effect of L-PAG at a dose of 30 mg.
kg on apneas was seen within 2 h after adminis-
tration and completely reversed after 24 h. More 
importantly, L-PAG (30  mg/kg) administration 
via oral route was equally effective in reducing 
the number of apneas and hypopneas. No sign of 
toxicity was observed with any of the doses of 
L-PAG tested.

14.5	 �Summary and Perspective

Our study establishes that HO-2 null mice exhibit 
a high incidence of apnea and hypopnea during 
sleep and might serve as a pre-clinical murine 
model of sleep apnea. Like patients with sleep 
apnea, HO-2 null mice display both central and 
obstructive apneas. The enhanced CB chemo 
reflex mediated by CSE-produced H2S contrib-
utes to high incidence of apneas. Lowing H2S 
production by pharmacologic blockade of CSE 
significantly prevent apneas in HO-2 null mice. 
Since sleep apnea is a multi-factorial respiratory 
disease, it would be important to determine 
whether CSE inhibitors prevent apneas in patients 

Table 14.3  Incidence of obstructive versus central apnea 
in HO-2−/− mice

Obstructive Apnea Central Apnea
Apneas (% of 
Total)

59 ± 5 41 ± 5*

*P < 0.05, data presented as mean ± SEM

Table 14.4  Effect of hyperoxia and hypoxia on inci-
dence of apnea in HO-2−/− mice

21% O2 90% O2 15% O2

Apnea index 100 ± 13 34 ± 5** 350 ± 62**
(% of 21% O2)

**P < 0.01 (vs 21% O2), data presented as mean ± SEM

Y.-J. Peng et al.



113

with sleep apnea caused by other etiologies, such 
as heart failure, renal insufficiency and stroke.
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Role of Estradiol Receptor Beta 
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Abstract
We tested the hypothesis that ERβ is involved 
in respiratory control in female mice. We 
used young adult (5–6 months-old) and aged 
(17–18  months-old) ERβKO or wild-type 
controls (WT) female mice to assess arterial 
blood pressure (via a tail-cuff sensor) and 
indices of respiratory pattern (sighs and 
apneas  – recorded by whole body plethys-
mography at rest). We also measured respi-
ratory parameters at rest and in response to 
brief (<10  min) exposure to hypoxia (12% 
O2) or hypercapnia (5% CO2). Because ERβ 

is localized in mitochondria, and because 
estradiol and ERβ agonist increase mito-
chondrial O2 consumption, we assessed the 
mitochondrial respiration (with a high-reso-
lution oxygraph system) and the in  vitro 
activity of the complex I of the electron 
transfer chain in samples of brain cortex in 
aged wild-type and ERβKO female mice. 
Compared to young WT mice, young 
ERβKO mice had elevated arterial blood 
pressure, but similar ventilatory responses to 
hypoxia and hypercapnia. In old ERβKO 
female mice compared to old WT mice, the 
arterial blood pressure was lower, the fre-
quency of sighs was higher and the fre-
quency of apneas was lower, and the hypoxic 
and hypercapnic ventilatory responses were 
reduced. In old ERβKO mice mitochondrial 
respiration and complex I activities in the 
brain cortex were lower than in WT mice. 
We conclude that ERβ has age-specific 
effects on vascular and respiratory functions 
in female mice.
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15.1	 �Introduction

Through their effects in the central nervous sys-
tem, steroid hormones such as estradiol or pro-
gesterone play an essential role in the regulation 
of sexual behavior (Brinton et al. 2008; Micevych 
et al. 2015). These hormones are also involved 
in processes governing mood or cognition 
(Marrocco and McEwen 2016), and regulate 
homeostatic functions such as thermoregulation 
(Charkoudian et al. 2017) or respiratory control 
(Boukari et al. 2016, 2017; Behan and Wenninger 
2008). Because the occurrence of sleep apnea is 
higher in men than in women and increases after 
menopause in women (Block et al. 1979; Bixler 
et  al. 2001), it is of clinical relevance to better 
understand the effects of ovarian hormones on 
respiratory regulation. Earlier studies performed 
in cats suggested that the main effect of estradiol 
was limited to increase the expression of the pro-
gesterone receptor, thereby increasing the respi-
ratory effect of progesterone (Bayliss et  al. 
1990). Thus, the effects of estradiol, and the role 
of the classical estradiol receptors (ERα and 
ERβ) in respiratory control remain poorly inves-
tigated. Nonetheless, we have reported that in 
newborn rats, long-term treatment with estradiol 
slightly reduced respiratory frequency and 
increased the frequency and length of apnea 
under resting conditions (Lefter et  al. 2008). 
During hypoxia, estradiol treatment suppressed 
the normal decrease of body temperature, with-
out altering the ventilatory response (Lefter et al. 
2008). Furthermore, we showed recently that 
estradiol protects against the increased chemore-
flex activity and respiratory instabilities induced 
by exposure to intermittent hypoxia (Laouafa 
et  al. 2017b), conceivably due to protective 
effects of estradiol against the oxidative stress 
induced by intermittent hypoxia (Laouafa et al. 
2017b), and likely involve effect of estradiol on 
mitochondrial respiration and production of 
reactive oxygen species in female rats exposed 
to intermittent hypoxia (Laouafa et  al. 2017a). 
These results indicate that estradiol could have 
important roles on respiratory regulation that 
remains poorly understood. The effects of estra-
diol could be more important under specific 

pathophysiological conditions, and/or may be 
specific to sex- or age.

Classical ERs belong to the superfamily of 
steroid receptors, acting as transcription factors 
able to modulate the expression of target genes 
that have an “Estrogen Response Element” in 
their promoter region (Harris 2007). Two ERs 
have been described, ERα and ERβ, that are 
coded by different genes (Kuiper et al. 1996). We 
previously reported by immunohistochemistry 
that ERβ is expressed in the peripheral chemore-
ceptors of adult rats (Joseph et al. 2006), and ERβ 
mRNA and protein are densely expressed in cen-
tral areas involved in respiratory control includ-
ing the nucleus tractus solitarius, locus coeruleus, 
and the parabrachial nucleus (Shughrue et  al. 
1997; Shughrue and Merchenthaler 2001).

In the present study, we tested the hypothesis 
that ERβ is involved in respiratory control in 
female mice. We used young adult (5–6 months-
old) and aged (17–18  months-old) ERβKO 
female mice to assess respiratory parameters at 
rest and in response to brief (<10 min) exposure 
to hypoxia (12% O2) or hypercapnia (5% CO2). 
Because previous studies showed elevated arte-
rial pressure in young ERβKO female mice (Zhu 
et al. 2002), we also recorded arterial pressure in 
young and aged mice. Finally, because ERβ is 
localized to mitochondria, and because ERβ ago-
nist and estradiol increase mitochondrial O2 con-
sumption (Irwin et  al. 2012), we assessed the 
mitochondrial respiration and the in vitro activity 
of the complex I of the electron transfer chain in 
samples of brain cortex in aged wild-type and 
ERβKO female mice.

15.2	 �Material and Methods

We used female ERβKO mice (Krege et al. 1998) 
(B6.129P2-Esr2tm1Unc/J; n = 9) and their rec-
ommended wild-type control (WT: C57BL/6  J; 
n  =  7) from The Jackson laboratory. The mice 
were kept in our animal care facility under stan-
dard conditions with food and water available ad-
libitum. All experiments were approved by our 
local ethic committee (Ref: 2014–156) and 
strictly adhered to the rules of the Canadian 
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Council on Animal Care. We used the same mice 
at the age of 5–6  months (young) and 
17–18 months (old) to perform measurement of 
arterial pressure and respiratory recordings. Old 
mice were sacrificed a few days after the last 
measurements and brain samples were used to 
assess mitochondrial respiration and in  vitro 
activities of mitochondrial complex I.

15.2.1	 �Measurements of Arterial 
Pressure

Arterial blood pressure was measured as described 
previously in female rats (Laouafa et al. 2017b) 
by the tail cuff method and volume-pressure 
recording (CODA system  – Kent Scientific, 
Torrington, CT, USA). Conscious mice were 
placed in a restrainer tube over a warmed blanket. 
After 30  min of habituation, several recordings 
were performed, separated at least by 5 min. We 
report the mean of the 3 lowest values for systolic, 
diastolic, and mean arterial pressures.

15.2.2	 �Respiratory and Metabolic 
Recordings

All recordings were performed as previously 
described for adult mice (Boukari et  al. 2016; 
Marcouiller et  al. 2014). Briefly, animals were 
placed in a whole-body plethysmograph chamber 
(Emka Technologies  – Paris, France), flushed 
with fresh room air. For each animal, the flow 
rate was adjusted to avoid excessive built-up of 
CO2 within the recording chamber. Flow rate 
fluctuated between 160 and 250 ml/min, CO2 was 
measured in the outflowing air and was between 
0.4 and 0.6%. Mice were left undisturbed for 4 h 
under room air to ensure a period of normoxic 
recordings representative of a resting state, dur-
ing which mice spend much of their time asleep 
(Marcouiller et al. 2014; Bastianini et al. 2017). 
A subsampling pump was connected to the cham-
ber for analysis of O2%, CO2%, and water pres-
sure using dedicated gas analyzers (FC-10, 
CA-10 and RH-300 respectively, Sable Systems 
International, Las vegas, NV, USA). During 

recordings, values of O2%, CO2% and water pres-
sure in the inflowing gas line were periodically 
measured and later used for calculation of O2 
consumption and CO2 production using standard 
equations (Boukari et al. 2016). Rectal tempera-
ture was measured at the end of the normoxic 
recording period. Following the 4  h periods of 
recordings, the animals were exposed to brief 
periods of hypoxia (12% O2–10 mins) and hyper-
capnia (5% CO2–10  min) in randomized order, 
with 10–15 minutes between each test.

15.2.3	 �Analysis of Respiratory 
and Metabolic Rate Variables

All respiratory and metabolic variables were ana-
lyzed as performed previously in adult rats or 
mice (Laouafa et al. 2017b; Boukari et al. 2016; 
Marcouiller et al. 2014), to report respiratory fre-
quency, tidal volume, minute ventilation, O2 con-
sumption rate, and CO2 production under 
normoxic conditions and in response to hypoxia 
or hypercapnia. Because exposure to hypoxia 
was short (<10 min) and measurements are typi-
cally taken around the 5th minute of exposure, 
we estimated that rectal temperature and meta-
bolic rate were similar in hypoxia and normoxia. 
We used standard criteria to report sigh, post-sigh 
apnea, and spontaneous apnea frequency under 
resting conditions (Laouafa et al. 2017b; Boukari 
et al. 2016; Marcouiller et al. 2014).

15.2.4	 �Mitochondrial Respiration 
Recordings on Permeabilized 
Brain Samples

In old mice, a few days after the respiratory mea-
surements, the animals were sacrificed with an 
overdose of anesthetic (ketamine/xylasine), the 
brain cortex was rapidly dissected and immedi-
ately used to perform measurements of mito-
chondrial respiratory functions using an O2K 
Oroboros respirometer (Oroboros Instruments, 
Innsbruck, Austria).

After calibration of the Oroboros chambers, 
cortex samples were weighted (2–3  mg), and 
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recordings of O2 consumption performed at 37 °C 
in a respiration buffer (0.5  mM EGTA, 3  mM 
MgCl2, 60  mM potassium lactobionate, 10  mM 
KH2PO4, 20 mM Hepes, 110 mM sucrose, 1 g/l 
BSA). Based on a previous study establishing the 
optimal conditions for measurements of mito-
chondrial respiration in permeabilized brain sam-
ples (Herbst and Holloway 2015), the samples are 
incubated in the recording chamber for 20  min 
with saponin (50  μg/ml). For each sample, we 
have differentiated mitochondrial respiration 
linked to NADH oxidation through the mitochon-
drial respiratory complex I (using pyruvate 5 mM, 
malate 0.2  mM, and glutamate 10  mM as sub-
strates), and mitochondrial respiration linked to 
FADH2 oxidation through the mitochondrial 
respiratory complex II (succinate 5 mM and rote-
none 4  μM to block complex I activity). After 
equilibration with the substrates, ADP (500 μM) 
is added to the chambers to measure O2 consump-
tion under normal phosphorylating state (ATP 
synthesis – mitochondrial respiratory state 3). We 
then add cytochrome-c to assess the integrity of 
mitochondrial membranes, then oligomycin 
(2 μg/mg tissue) was added to block ATP synthe-
sis and measure O2 consumption due to leakage of 
protons in non-phosphorylating state (no ATP 
synthesis – state 4). Uncoupling is further exag-
gerated by adding graded bolus of carbonyl cya-
nide m-chlorophenylhydrazone (CCCP – 0.5 μM 
in 1 μl/bolus) until reaching stable O2 consump-
tion. We then blocked the activity of the complex 
3 with antimycin A (2.5  μM) to measure non-
mitochondrial O2 consumption due to cytosolic 
oxidases. Finally, the maximum activity of the 
complex 4 (cytochrome c oxidase) is measured by 
using ascorbate (2  mM) and tetramethyl-p-
phenylenediamine dihydrochloride (TMPD; 
0.5 mM).

15.2.5	 �In vitro Activity 
of the Mitochondrial 
Complex I

Frozen cortex (20 mg/ml) were homogenized in 
100 mM phosphate buffer KPI (100 mM K2HP04, 
100 mM KH2PO4, PH7,4) + EDTA 2 mM. Then, 

the tissues were centrifuged for 10 min at 1500 g, 
and the supernatant was collected and kept frozen 
at −80  °C.  The concentration of proteins was 
determined by a standard colorimetric BCA 
assay kit (Thermo Scientific, catalogue # 23225) 
and complex I activity was normalized to protein 
concentration.

Complex I activity was assessed by measuring 
the disappearance rate of NADH by spectropho-
tometry. Briefly, the day of measurement, a solu-
tion containing 50 mM KPI buffer, 1 mM EDTA, 
100 μM decylubiquinone, and 3.75 mg/ml BSA 
(10%) was prepared. A similar solution was pre-
pared with rotenone (10 μM: inhibitor of com-
plex I activity). 4 μl of each sample was added in 
two different wells. In the first well, we added 
250 μl of solution containing rotenone, and in the 
second well we added 250 μl of cocktail without 
rotenone. We then added 3  mM of NADH into 
each well, and read the absorbance at 340  nm 
every 15 s for 3 min to monitor the rate of NADH 
disappearance. Since NADH can be consumed 
by complex I of the mitochondria and by cyto-
chrome b5 reductase, the activity of the complex 
I was obtained by subtracting the slope of the 
well with rotenone (activity without complex I) 
from the slope of the well without rotenone (total 
activity).

15.2.6	 �Statistics

For arterial blood pressure, we used a student’s 
t-test to assess if significant differences appeared 
between WT and ERβKO mice at each age. For 
respiratory variables at rest, we used a one-way 
ANOVA to assess if significant differences 
appear between groups (Young WT, young 
ERβKO, old WT, old ERβKO). When the 
ANOVA reported a significant effect (P < 0.05) 
we used a Fisher’s LSD test to assess differences 
between WT and ERβKO mice with each age, 
and differences between old and young mice for 
each genotype. For the hypoxic or hypercapnic 
ventilatory response, we used 2 way-ANOVA for 
repeated measures, with genotype and gas expo-
sure as grouping variables, followed by a post-
hoc Fisher LSD test if significant effect of 
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genotype or significant interaction between geno-
type and gas exposure appeared. All analyses 
were performed using GraphPad Prism 7. All val-
ues are reported as mean ± sem.

15.3	 �Results

15.3.1	 �Arterial Pressure in Young 
and Old WT and ERβKO 
Female Mice

As previously reported in ERβKO mice (Zhu 
et al. 2002), the systolic, mean, and diastolic arte-
rial pressures were elevated in young ERβKO 
compared to wild-type (Fig.15.1 – upper panels). 

However, in older mice there was an opposite 
effect, with ERβKO mice showing reduced dia-
stolic and mean arterial pressures than wild-type 
(Fig. 15.1 – lower panels).

15.3.2	 �Body Weight, Respiratory 
and Metabolic Variables 
at Rest in Young and Old WT 
and ERβKO Female Mice

Body weight was higher in ERβKO vs wild-type 
mice at both ages (Table 15.1), the mean of the 
difference between the WT and KO mice was 
1.8 ± 0.8 g in young mice, and 14.2 ± 2.7 g in 
older mice, thus indicating a gradual increase in 

Fig. 15.1  Systolic, mean, and diastolic arterial pressure in young and old wild-type (WT) and ERβKO female mice. *, 
**, ****: p < 0.05, p < 0.01, and p < 0.0001 ERβKO vs WT
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body weight during aging in ERβKO mice. 
Previous studies reported an increased body 
weight in ERβKO mice, which was associated 
with increased fat mass when mice reached 
10–12  months of age (Seidlova-Wuttke et  al. 
2012) but not in younger (4 months-old) animals 
(Ohlsson et al. 2000). This suggests an important 
role of ERβ to avoid excessive adipose tissue 
accumulation during aging in female mice, but 
this remains poorly documented (Davis et  al. 
2013).

All respiratory and metabolic parameters 
measured at rest were similar between WT and 
ERβKO mice. Compared to young ERβKO, in 
old KO mice respiratory frequency was higher, 
and CO2 production rate was lower (Table 15.1). 
Interestingly, in old ERβKO mice the frequency 
of sigh was more elevated than in WT mice and 
in young KO mice (Fig. 15.2). The frequency of 
post-sigh apnea was reduced by aging, and in 
aged ERβKO mice the frequency of post-sigh 

and spontaneous apnea were drastically reduced 
compared to aged WT mice.

15.3.3	 �Hypoxic and Hypercapnic 
Ventilatory Responses 
in Young and Old WT 
and ERβKO Female Mice

During the exposures to hypoxia and hypercap-
nia in young mice, there were no differences 
between wild-type and ERβKO (Fig. 15.3). In 
aged mice, compared to wild-type controls 
ERβKO aged mice had a reduced ventilatory 
response to hypoxia due to a lower tidal vol-
ume (Fig.  15.4  – upper rows). In response to 
CO2 exposure, minute ventilation was 39% 
lower in ERβKO compared to wild-type mice 
(Fig.  15.4 lower rows), again due to a lower 
elevation of tidal volume in response to the 
CO2 exposure.

Table 15.1  Respiratory and metabolic variables recorded at rest in young (5–6 months) and old (17–18 months) wild-
type (WT) and ERβKO female mice

WT βERKO
BW Young

Old
19.8 ± 0.3
28.4 ± 1.2°°°

21.5 ± 0.7*
42.5 ± 2.2***/°°°°

Tr Young
Old

36.0 ± 0.5
36.3 ± 0.3

37.0 ± 0.2
36.3 ± 0.3

fR Young
Old

163 ± 7
162 ± 9

149 ± 6
184 ± 9*/°°

VT ml/100 g Young
Old

0.50 ± 0.10
0.65 ± 0.07

0.52 ± 0.08
0.58 ± 0.08

VE ml/min/100 g Young
Old

83.5 ± 19.7
105 ± 14

80.8 ± 14.9
107 ± 20

VO2 ml/min/100 g Young
Old

5.0 ± 0.6
4.3 ± 0.5

5.3 ± 0.7
4.1 ± 0.4

VCO2 ml/min Young
Old

3.7 ± 0.4
2.9 ± 0.2

3.8 ± 0.4
2.7 ± 0.7°

VCO2/VO2 Young
Old

0.772 ± 0.06
0.703 ± 0.059

0.733 ± 0.02
0.670 ± 0.028

Number of animals into each group: Young (7 WT and 8 KO), Old (6 WT and 9 KO)
BW body weight (grams), Tr rectal temperature (°C), fR respiratory frequency (breaths/min), VT tidal volume (ml/100 g), 
VE minute ventilation (=fR x VT, in ml/min/100 g), VO2 O2 consumption rate (ml/min/100 g), VCO2 CO2 production rate 
(ml/min/100 g), VCO2/VO2 respiratory exchange ratio
*, ***p < 0.05, and p < 0.001 ERβKO vs WT (same age)
°°, °°°, °°°°p < 0.01, p < 0.001, and p < 0.0001 old vs young (same genotype)
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15.3.4	 �Mitochondrial Respiration 
and In vitro Activity 
of Electron Transport Chain 
Complexes in Young and Old 
WT and ERβKO Female Mice

Mitochondrial respiration was measured only in 
old WT and ERβKO mice using permeabilized 
cortical brain samples. When the respiratory 
activity was activated by substrates of complex I, 
the mitochondrial O2 consumption was lower in 
ERβKO mice compared to WT control (Fig. 15.5). 
This was not observed with substrates of com-
plex II, and there was no significant difference 
for the maximum activity of complex IV (cyto-
chrome oxidase) between wild-type and ERβKO 
mice.

The activity of complex I measured in vitro by 
the disappearance rate of NADH was lower in 
ERβKO mice compared to WT (Fig. 15.5).

15.4	 �Discussion

The present studies show that deletion of ERβ in 
female mice leads to age-specific alterations of 
the cardio-vascular and respiratory systems. 
Interestingly, while elevated blood pressure was 
present in young ERβKO female mice, our results 
indicate that this effect does not persist in older 
ERβKO mice. In fact, in old ERβKO mice arte-
rial blood pressure was lower than in old WT. In 
contrast, alterations in the respiratory pattern and 
chemoreflex functions appeared in old, but not in 

Fig. 15.2  Typical respiratory recordings from an old WT 
and an old ERβKO mice showing the occurrence of a sigh 
followed by apneas in the WT but not in the ERβKO mice. 
Lower panels: frequency of sigh, post-sigh apnea, and 

spontaneous apnea recorded at rest in young and old WT 
and ERβKO mice. *p < 0.05 ERβKO vs WT (same age). 
°, °°p < 0.05 and p < 0.01 old vs young (same genotype)
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young ERβKO female mice. In older mice, our 
results also show a reduced mitochondrial respi-
ration in brain cortex through alteration of com-
plex I activity.

15.4.1	 �Role of ERβ on the 
Cardiovascular System  
in Old Vs Young Female Mice

A recent systematic review based on the analysis 
of 88 studies (mostly on animal models or tis-
sues) provides a comprehensive overview on the 
role of ERβ in the female cardiovascular system 
(Muka et al. 2016). ERβ is expressed in endothe-
lial cells, and has an important role by a direct, 

vasodilatory action on blood vessels. ERβ regu-
lates nitric oxide (NO) bio-availability and 
inflammatory markers in arterial walls, thus con-
tributing to the regulation of arterial pressure 
(Muka et al. 2016). Our results showing elevated 
blood pressure in young female ERβKO mice are 
in line with previous studies, showing similar 
results (Zhu et al. 2002). We’ve been surprised to 
observe that arterial pressure is reduced in old 
ERβKO mice compared to their wild-type con-
trols, and we are not aware of previous published 
report showing this effect. While it has been con-
cluded that ERβ plays a vasodilatory role (Muka 
et  al. 2016), some studies have reported that 
vasodilation mediated by an ERβ agonist does 
not require NO signaling, and that ERβ might 

Fig. 15.3  Ventilatory responses to hypoxia (upper panels) and hypercapnia (lower panels) in young (5–6 months) wild-
type (WT) and ERβKO female mice
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downregulate ERα- and NO-mediated vasodila-
tion (Cruz et al. 2006). Furthermore, in a mouse 
model of accelerated senescence, age profoundly 
impacts the effect of estrogen-mediated regula-
tion of NO and oxidative stress systems. In young 
females, estrogen increases the expression of 
endothelial NO synthase (eNOS) and decreases 
oxidative stress, but in aged mice estradiol treat-
ment does not modulate eNOS expression. In iso-
lated aorta of aged mice estradiol increases the 
expression of the NADPH oxidase subunit 
NOX1, and increases generation of superoxide 
anion (O2

−, one of the major reactive oxygen spe-
cies) by NADPH oxidase (Novensa et al. 2011). 
Interestingly, such reversal of estrogen action on 

the vascular system in aged mice was associated 
to increased expression level of ERβ and reduced 
expression level of ERα, leading to a high ratio of 
ERβ/ERα expression, (Novensa et  al. 2011). It 
has been reported that ERβ inhibits ERα-
dependent gene expression, and might thus 
opposes the vascular effects of ERα (Matthews 
and Gustafsson 2003). Since ERα is a potent 
modulator of vasodilation and NO synthesis 
(Traupe et al. 2007), we might therefore hypoth-
esize that in aged ERβKO mice ERα signaling in 
blood vessels is increased, leading to vasodila-
tion and reduced blood pressure. This scenario 
remains speculative, but we believe that it helps 
understanding our results.

Fig. 15.4  Ventilatory responses to hypoxia (upper panels) and hypercapnia (lower panels) in old (17–18 months) wild-
type (WT) and ERβKO female mice. **, ***p < 0.01, and p < 0.001 ERβKO vs WT
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15.4.2	 �Role of ERβ on the Respiratory 
Control System in Old Vs 
Young Female Mice

Contrasting with data showing higher blood pres-
sure in young ERβKO mice, there was no evi-
dence of changes of the respiratory control 
system in these animals. However, compared to 
their wild-type controls, old ERβKO had several 
alterations, including higher frequency of sighs 
recorded during sleep, but a much lower occur-
rence of post-sigh and spontaneous apneas, and 
reduced hypoxic and hypercapnic ventilatory 
responses. As mentioned in the introduction, ERβ 
mRNA and protein are both expressed in brain-
stem areas involved in respiratory control (such 
as the nucleus tractus solitarius, locus coeruleus, 
parabrachial nucleus), in hypothalamic nuclei 
(Shughrue and Merchenthaler 2001; Shughrue 

et  al. 1997), and in peripheral chemoreceptors 
(Joseph et al. 2006). The fact that ERβ is present 
in the peripheral chemoreceptors and in the 
nucleus tractus solitarius, the main projection site 
of the peripheral chemoreceptors in the brain-
stem (Finley and Katz 1992), lend support to the 
hypothesis that ERβ modulates responses elicited 
by activation of the peripheral chemoreceptor, 
which is in line with the drastically attenuated 
hypoxic response in ERβKO female mice. 
Interestingly, the hypercapnic ventilatory 
response was not completely abolished but 
reduced by about 50–55% in ERβKO mice com-
pared to wild-type controls. Furthermore, 
responses to hypoxia and hypercapnia were both 
reduced owing to a lower tidal volume, and the 
magnitude of the difference observed between 
WT and ERβKO for both hypoxic and hypercap-
nic ventilatory responses were similar. These 

Fig. 15.5  Mitochondrial function in samples of permea-
bilized brain cortex in old (17–18  months) WT and 
ERβKO female mice. Upper panels: O2 consumption rate 
(pmol O2/second/mg tissue) with substrates of complex I 
(left – NADH-linked respiration), and substrates of com-
plex II (right  – FADH2- linked respiration). PMG: 
Pyruvate, malate, glutamate (substrates of complex I), SR 

succinate, rotenone (substrate of complex II and blockade 
of complex I), ADP adenosine di-phosphate, OligoM 
Oligomycin A, CCCP carbonyl cyanide 
m-chlorophenylhydrazone. See text for further details. 
Lower panels: activity of complex I and IV of the electron 
transport chain (see text). *, **p  <  0.05, and p  <  0.01 
ERβKO vs WT
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findings suggest a common mechanism might be 
responsible for the altered hypoxic and 
hypercapnic ventilatory responses, possibly 
involving a reduction of the peripheral chemore-
ceptor drive in response to hypoxia and hyper-
capnia. Alternatively, a central inhibition and/or 
altered integrative processes common to respira-
tory responses to hypoxia and hypercapnia could 
also explain these results.

Other interesting aspects of our data are the 
differences of sigh and apnea frequency in nor-
moxia between WT and ERβKO mice. As 
reported for alterations of the chemoreflex 
responses, these effects are observed only in old 
mice. Sighs are very common, and play an impor-
tant, but often overlooked, role to regulate the 
respiratory control system, and could possibly 
have functions extending well beyond this sys-
tem (Ramirez 2014). Because they are readily 
observable in brainstem slices, sighs are likely an 
intrinsic property of the respiratory control sys-
tem, and in most cases, in vitro and in vivo sighs 
are followed by a cessation of breathing, referred 
to as “post-sigh apneas” (Ramirez 2014). 
Interestingly, while sigh frequency was increased 
in ERβKO mice compared to WT controls, the 
frequency of post-sigh apnea was drastically 
reduced in ERβKO mice. While we could specu-
late on the significance of these findings in light 
of our most recent understanding of sigh func-
tions and underlying neurobiology (Ramirez 
2014), we prefer to remain cautious, and simply 
report this intriguing phenotype observed in aged 
ERβKO female mice.

15.4.3	 �Role of ERβ on Mitochondrial 
Respiration in Old Female 
Mice

Finally, our data shows that ERβ deletion reduces 
mitochondrial respiratory activity and activity of 
electron transfer chain complex I in brain cortex 
samples. These results are intriguing because at 
the level of the peripheral chemoreceptors recent 
data support the hypothesis that the mitochon-
drial activity contributes to oxygen sensing 
(Fernandez-Aguera et  al. 2015; Chang 2017; 

McElroy and Chandel 2017). Therefore, if simi-
lar effects of ERβ deletion are present in the 
peripheral chemoreceptors of ERβKO mice, this 
may likely contribute to the reduced hypoxic 
ventilatory response in older mice. These data are 
in line with the effect of estradiol on mitochon-
drial function, which are mediated by ERα and 
ERβ (Yang et al. 2004; Irwin et al. 2012; Razmara 
et  al. 2008). The modulations of mitochondrial 
function by E2 and ERs are thought to contribute 
to cardio-vascular and neurological protective 
effects in women before menopause, and to 
explain the longer life expectancy of women 
compared to men (Nilsen and Brinton 2004; 
Arnold et  al. 2012; Irwin et  al. 2012; Razmara 
et al. 2008).

15.5	 �Conclusion

We conclude that KO mice are a reliable model to 
assess the role of specific estradiol receptor on 
respiratory regulation. We started our studies 
with young ERβKO mice, and because there was 
no evidence for altered respiratory control sys-
tem, we decided to keep these animals until they 
reached an older age. Our data reveal that in 
17–18  months-old mice, the deletion of ERβ 
leads to several alterations of the respiratory con-
trol system, including reductions of chemoreflex 
functions. Because this is associated with a lower 
mitochondrial respiratory activity in the central 
nervous system, our results show that ERβ acts at 
different levels of the oxygen transport cascade 
(from pulmonary ventilation to mitochondrial O2 
consumption). This may be relevant in pathologi-
cal or physiological conditions in which O2 
homeostasis is compromised (sleep apnea, alti-
tude, lung diseases), and research efforts to fur-
ther understand the role of estradiol and ERs in 
these conditions should be further developed.
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Chronic Heart Failure Abolishes 
Circadian Rhythms in Resting 
and Chemoreflex Breathing

Robert Lewis, Bryan T. Hackfort, 
and Harold D. Schultz

Abstract
Physiological systems often display 24  h 
rhythms that vary with the light/dark cycle. 
Disruption of circadian physiological rhythms 
have been linked to the progression of various 
cardiovascular diseases, and advances in the 
understanding of these rhythms have led to 
novel interventions and improved clinical out-
comes. Although respiratory function has been 
known to vary between the light and dark peri-
ods, circadian rhythms in breathing have been 
understudied in clinical conditions. In the cur-
rent study, we have begun to assess light/dark 
variations in respiration in chronic heart failure 
(CHF), a condition associated with abnormal 
resting and chemoreflex breathing as well as 
exercise intolerance. CHF was induced using 
coronary artery ligation and verified using 
echocardiography. Sham animals underwent a 
thoracotomy without coronary artery ligation. 
Tidal volume, respiratory frequency, and min-
ute ventilation were all determined by whole 
body plethysmography under resting condi-
tions and in response to chemoreflex challenges 
during the light and dark periods. Light/dark 

differences in voluntary exercise were assessed 
using a running wheel. The sham control group 
showed light/dark differences in resting and 
chemoreflex breathing, as well as arterial pres-
sure, and these effects were eliminated in the 
CHF group. Both groups completed more rota-
tions on the running wheel during the dark 
period compared to during the light period. The 
data suggest that CHF disrupts cardiovascular 
and respiratory circadian rhythms.

Keywords
Circadian rhythm · Chronic heart failure · 
Chronobiology · Plethysmography

16.1	 �Introduction

Many cellular and physiological processes dis-
play cyclic patterns with the same periodicity as 
the 24 h. light/dark cycle (Partch et al. 2014), and 
these circadian rhythms appear to be disrupted in 
a variety of clinical conditions (Durgan and 
Young 2010; Ayala et al. 2013). Among the circa-
dian rhythms in physiology, rhythmic changes in 
cardiovascular function have perhaps been most 
studied. Research into circadian rhythms in car-
diovascular physiology and pathophysiology has 
led to recent clinical efforts to utilize knowledge 
of these rhythms in treating cardiovascular dis-
eases (Tsimakouridze et  al. 2015), and these 
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efforts have been shown to reduce adverse cardiac 
remodeling, buffer the morning surge in blood 
pressure, and reduce the number of adverse car-
diovascular events (Tsimakouridze et  al. 2015). 
While advances in chronobiology have improved 
outcomes for patients with cardiovascular dis-
eases, less is known about circadian rhythms in 
breathing.

Chronic heart failure (CHF) is a condition 
characterized by disordered breathing, intermit-
tent hypoxia, exercise intolerance, and chroni-
cally elevated sympathetic tone (Morrissey et al. 
2011). Patients with reduced ejection fraction 
CHF do not show circadian rhythms in blood 
pressure (Komori et  al. 2016). Typically, in 
healthy humans, blood pressure decreases during 
the night by about 10–20% of the mean daytime 
values (Floras et al. 1978). CHF patients are more 
likely than the general population to show abnor-
mal light/dark blood pressure rhythms, and the 
particular pattern of blood pressure rhythm 
appears to vary with the type of CHF (Komori 
et al. 2016). CHF with preserved ejection fraction 
shows a “riser” pattern in which blood pressure is 
greater during the sleeping period, and CHF 
patients with reduced ejection fraction fail to 
show light/dark variations in blood pressure 
(Komori et al. 2016). While circadian cardiovas-
cular rhythms have been examined in CHF, no 
one has yet to assess circadian rhythms in 
breathing.

Respiratory function has been shown to vary 
with the light/dark cycle (Mortola 2004). While 
light/dark variations in breathing have consis-
tently been observed using continuous monitoring 
of respiration (Mortola and Seifert 2002; Seifert 
and Mortola 2002), respiratory measurements 
taken at two discrete time points have produced 
conflicting results. Light/dark variations in resting 
breathing were detected in neonate rats (Saiki and 
Mortola 1995) but not in adult rats (Peever and 
Stephenson 1997) when observed at two time 
points. Peever and Stephenson (1997) assessed 
ventilation in Sprague-Dawley rats at two time-
points and found that chemoreflex breathing to 
hypercapnia increased during the night, but rest-
ing breathing showed no change between the light 
and dark periods. Notably, the respiratory rates 

for these animals at rest were considerably fast 
(96 ± 6 bpm during the day and 103 ± 8 during the 
night), which may have masked differences 
between the light and dark periods. In our experi-
ence, respiratory rates of adult Sprague-Dawley 
rats are much faster after first placing the animal 
in the plethysmography chamber, and respiratory 
rates decline to around 50–70 bpm during the day. 
It is unclear why the respiratory rates in the Peever 
and Stephenson study remained elevated during 
the day. In the current study, we assessed resting 
and chemoreflex breathing using whole body 
plethysmography at two time points, separated by 
about 12 h, in a sham operated control group and 
a group with CHF induced by coronary artery 
ligation. Subsequently, light/dark variations in 
spontaneous exercise were also assessed using a 
running wheel.

16.2	 �Methods

16.2.1	 �Animals

Adult male Sprague Dawley rats (300–450  g) 
were used in this study. Animals were held under 
a 12:12 light/dark cycle with lights on at 6 am. 
All procedures were approved by the Institutional 
Animal Care and Use Committee at the University 
of Nebraska Medical Center.

16.2.2	 �Whole Body Plethysmography

Tidal volume (VT), respiratory frequency (fR), 
and minute ventilation (VE) were all determined 
by whole body plethysmography. VT was mea-
sured using a differential pressure transducer 
(Kent Scientific) and amplifier (MP45, Validyne 
Engineering Corporation) prior to recording 
through a Power Lab System (AD Instruments) 
and Lab Chart v8.1.5. Rats were given at least 
45  min to acclimate to the chamber, and then 
exposed to a series of gas challenges (10% O2 
with 2% CO2, 5% CO2, 90% O2, 5% CO2 with 
90% O2) with 3–5  min of recovery time in 
between in each challenge. Chemoreflex breath-
ing was assessed during the day (8 am–2 pm) and 
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during the night (8 pm–2 am). VT was normalized 
to body weight (kg). Chemoreflex sensitivity was 
quantified by subtracting VE during a given chal-
lenge (10%O2, 5% CO2, and 90%O2 with 5%CO2) 
from baseline VE.

16.2.3	 �Coronary Artery Ligation

Heart failure was induced via coronary artery 
ligation (n = 5) as previously described (Del Rio 
et al. 2013). Sham animals underwent thoracot-
omy without coronary artery ligation (n = 5). Six 
weeks following surgery, heart failure was veri-
fied using echocardiography (Vevo 770; 
Visualsonics). Two-dimensional short-axis view 
of the left ventricle was used to assess end-
diastolic and end-systolic diameter as well as 
end-diastolic and end-systolic volume of the left 
ventricle. Animals with an ejection fraction 
<45% were considered to be in heart failure.

16.2.4	 �Scurry Wheel

Voluntary exercise was assessed using Scurry 
Wheel (Lafayette Instruments, Model 80859S) 
which consists of a running wheel (inner diame-
ter 35.56  cm; width 10.92  cm) inside a cage 
(40.64  x  50.80  x  20.96  cm). The scurry wheel 
was connected to an eight channel Powerlab (AD 
Instruments), and wheel rotations were recorded 
in LabChart v8.1. To reduce the effects of the 
novel environment on behavior, each animal was 
given 24 h to acclimate to the cage. Animals had 
ad libitum access to food and water during the 
scurry wheel experiment. One heart failure ani-
mal died before completing the scurry wheel, 
reducing the n for the CHF group to four.

16.2.5	 �Blood Pressure

To assess light/dark variations in blood pressure, 
a separate group of animals were implanted with 
blood pressure telemetry (Datasciences 
International, either PA-C40 or HD-S10) in the 
left femoral artery. Surgical implantation 

occurred under 2–5% isoflurane balanced with 
oxygen, and animals were given at least 2 weeks 
to recover. Following recovery from telemetry 
implantation, these animals underwent either 
coronary artery ligation (n = 5) or a sham surgery 
(n = 4), as described above. At least 2 weeks after 
the thoracotomy, these animals were placed in 
the cage with the running wheel, as described 
above, and blood pressure was recorded along 
with running wheel rotations. Segments of the 
blood pressure recordings in which the animal 
remained at rest for an extended period of time 
(>25 min) were selected to assess light/dark vari-
ations in blood pressure. Two animals that were 
infarcted had ejection fractions greater than 45%, 
so they were excluded from the study.

16.2.6	 �Statistics

All data are presented as mean  ±  SEM, unless 
otherwise noted. One-way or two-way ANOVAs 
with Fisher’s LSD used for pairwise comparisons 
were used to analyze the data. p < 0.05 was con-
sidered statistically significant.

16.3	 �Results

16.3.1	 �Echocardiographic Data

Bodyweights between the sham (366 ± 12) and 
CHF (339 ± 7) groups did not differ (p = 0.08). 
Differences were seen in cardiac structure and 
function (Table 16.1). The CHF group had greater 
end-diastolic (p  <  0.01) and end-systolic 
(p  <  0.01) volumes, greater end-diastolic 
(p = 0.02) and end-systolic (p < 0.01) diameters, 
and lower ejection fraction (p < 0.0001) and frac-
tional shortening (p < 0.0001).

16.3.2	 �Circadian Rhythms in Resting 
and Chemoreflex Breathing

Resting and chemoreflex breathing was assessed 
using whole-body plethysmography at two dis-
creet time points, separated by approximately 

16  Chronic Heart Failure Abolishes Circadian Rhythms in Resting and Chemoreflex Breathing



132

12 h. The sham-operated control group displayed 
light/dark variations in VE when breathing room 
air under baseline (p = 0.040) and post-baseline 
(p  =  0.038) conditions (Fig.  16.1a). The sham 
group also showed light/dark differences in VE 
during chemoreflex breathing, specifically 
hypoxia (p  <  0.001), hypercapnia (p  <  0.001), 
and hyperoxia with hypercapnia (p  <  0.001) 
(Fig.  16.1a). In contrast, chronic heart failure 
eliminated circadian rhythms in resting breathing 
under the baseline (p = 0.57) and post-baseline 
(p = 0.32) conditions as well as during chemore-
flex breathing (hypoxia p  =  0.87, hypercapnia 
p  =  0.07, and hyperoxia with hypercapnia 
p  =  0.47) (Fig.  16.1a). There was also a main 
effect of heart failure status (p < 0.001) with the 
CHF group displaying greater VE than the sham 
control group (Fig. 16.1a).

Analysis of fR data showed a main effect of 
heart failure status (p  <  0.001) with the CHF 
showing greater respiratory rates and a main 
effect of time (p  =  0.02) with respiratory rates 
increasing during the dark (Fig. 16.1b). The sham 
group showed light/dark differences in fR under 
resting conditions (baseline: p  =  0.02; post-
baseline: p  =  0.04) and in response to hypoxia 
(p  =  0.01), but not in response to hypercapnia 
(p  =  0.54), hyperoxia (p  =  0.22), or hyperoxia 
with hypercapnia (p  =  0.15) (Fig.  16.1b). 
Respiratory rate did not differ between light and 
dark periods in the CHF group (p  =  0.16) 
(Fig. 16.1b).

CHF animals had greater VT than did sham 
animals (p  <  0.05), but no main effect of time 
(p  =  0.06) or interaction (p  =  0.48) was seen 
(Fig. 16.1c).

16.3.3	 �Circadian Rhythms 
in Chemoreflex Sensitivity

Chemoreflex sensitivity was also assessed in 
sham and CHF animals during the light and dark 
periods. The data showed a statistically signifi-
cant time x condition interaction (p  =  0.005), 
with the sham group displaying greater sensitiv-
ity during the dark compared to during the light 
period (p = 0.01) while the CHF group showed 
no difference in chemoreflex sensitivity between 
the day and the night (p = 0.12) (Fig. 16.2).

16.3.4	 �Circadian Rhythms 
in Voluntary Exercise

Voluntary locomotor activity was assessed using 
a running wheel, following a 24  h. period in 
which each animal acclimated to the novel cage 
containing the running wheel (Fig.  16.3). The 
total number of rotations was determined for the 
light and for the dark periods. Wheel running 
showed a main effect of time (p < 0.001) with no 
main effect of heart failure status (p = 0.69) or 
interaction (p  =  0.73). The sham group ran 
128  ±  14 rotations during the light period and 
582  ±  241 rotations during the dark period 
(p < 0.05). The CHF group also ran more during 
the dark.  However, there was no differ-
ence between the sham and CHF groups.

16.3.5	 �Circadian Rhythms in Blood 
Pressure

Circadian rhythms in blood pressure and volun-
tary exercise were assessed in rats with chroni-
cally implanted telemetry. Mean arterial pressure 

Table 16.1  Cardiac function

Condition BW (g) LVEDD (mm) LVESD (mm) LVEDV (μL) LVESV (μL) SV (μL) EF (%) FS (%)

Sham 441 ± 27.8 0.83 ± 0.06 0.56 ± 0.05 132 ± 25 44 ± 8 88 ± 17 66.8 ± 3.55 31.8 ± 3.24
CHF 484 ± 16.9 1.21 ± 0.07* 1.03 ± 0.07* 353 ± 51* 228 ± 39* 123 ± 12* 36.4 ± 2.65* 15.5 ± 1.26*

*Statistically different from sham; sham, n = 5; chf n = 5

R. Lewis et al.



133

Fig. 16.1  Light/Dark 
variations in resting and 
chemoreflex breathing. 
(a) Minute ventilation 
(VE), (b) respiratory 
frequency (fR), and 
(c) tidal volume (VT) 
were measured during 
the light and dark 
periods. Data are 
presented as 
mean ± SEM
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(MAP) differed between the light and dark peri-
ods in the sham (light, 102 ± 2.13 mmHg; dark, 
111 ± 3.49 mmHg; p = 0.03) but not in the CHF 
group (light, 97  ±  3.80  mmHg; dark, 
85 ± 1.36 mmHg; p > 0.05). Similarly, systolic 
pressure was greater during the dark compared to 
the light in the sham group (light, 
128  ±  1.14  mmHg; dark, 136  ±  1.62  mmHg; 
p  =  0.03) but not the CHF group (light, 
119  ±  8.96  mmHg; dark, 123  ±  9.42  mmHg; 
p  >  0.05). Diastolic pressure did not differ 
between the light and dark periods in either the 
sham (light, 95  ±  4.86  mmHg; dark, 
93 ± 4.6 mmHg; p = 0.75) or CHF group (light, 
85  ±  1.36  mmHg; dark, 88  ±  2.93  mmHg; 
p = 0.82). The sham and CHF groups did not dif-
fer from each other in MAP (p = 0.14), systolic 

pressure (p  =  0.21), or diastolic pressure 
(p = 0.22).

16.4	 �Discussion

Respiratory function has been shown to have a 
circadian periodicity and vary with the light/dark 
cycle (Mortola 2004). A previous study that 
acquired respiratory measurements at discrete 
time points did not find light/dark differences in 
resting breathing in adult Sprague-Dawley rats 
(Peever and Stephenson 1997); however, we 
assessed breathing during the light and dark peri-
ods, and we detected light/dark variations in VE 
in both resting and chemoreflex breathing as well 
as light/dark differences in chemoreflex sensitiv-
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ity in the control group. The elevated respiratory 
rates (~90  bpm) of the former study may have 
masked light/dark variations in resting breathing. 
In contrast, the control group of the current study 
showed respiratory rates of 70 ± 3.87 bpm during 
the light period and 81  ±  3.73  bpm during the 
dark. The current study demonstrates that mea-
surements of respiratory function taken at dis-
crete time points can be used to detect light/dark 
variations in breathing in healthy adult rats. 
Theses findings are consistent with previous 
studies that found greater HVR (Seifert and 
Mortola 2002) and HCVR (Peever and 
Stephenson 1997) during the dark in rats.

In addition to finding circadian rhythms in 
resting and chemoreflex breathing in healthy 
adult rats, we also assessed these rhythms in CHF 
rats with reduced ejection. To our knowledge, 
this is the first study to assess circadian rhythms 
in respiration in CHF.  Light/dark variations in 
respiration and arterial pressure appear to be 
abolished in CHF with reduced ejection fraction. 
Our study corroborates previous work on blood 
pressure rhythms in human heart failure patients 
(Komori et al. 2016) and mice with myocardial 
infarctions (Mousa et al. 2014). The current study 
expands previous findings in showing that CHF 
also eliminates respiratory circadian rhythms. 
Although CHF rats did not show a circadian 
rhythm in breathing, chemoreflex sensitivity, or 
blood pressure, the CHF group showed light/dark 
variation in voluntary exercise. These results sug-
gest that CHF impairs circadian rhythmicity of 
autonomic function with respect to neural control 
of breathing and cardiovascular function before 
significantly impacting circadian variations in 
behavioral locomotor activity.

Also, surprisingly, the CHF group exercised 
the same amount as the sham control group. The 
reason for this finding is unclear. Exercise intol-
erance in CHF appears to be mediated largely by 
skeletal muscle myopathy (Piepoli and Crisafulli 
2014). Thus, it is conceivable that while ejection 
fraction was decreased and respiratory function 
was abnormal, skeletal muscle myopathy was not 
sufficiently advanced to impair locomotor 
activity.

The mechanism underlying the respiratory 
circadian rhythm in the control group and the 
lack of light/dark variations in the CHF group 
have not been determined but 24 h variations in 
carotid body chemoreceptor sensitivity is a prom-
ising target. A series of ex  vivo experiments in 
the rat carotid body suggest that carotid body 
sensitivity varies between the light and dark peri-
ods (Chen et al. 2005; Tjong et al. 2006). The fir-
ing rate of the rat carotid body increases 
significantly in response to hypoxia in the pres-
ence of melatonin (Chen et al. 2005; Tjong et al. 
2006), a hormone that is released during the night 
in both humans (Grivas and Savvidou 2007) and 
rats (Lynch et  al. 1984). Altered carotid body 
function may explain the lack of light/dark varia-
tions in breathing in CHF. While the responsive-
ness of the carotid body in the presence of 
melatonin may promote light/dark variations in 
healthy controls, carotid body function is exag-
gerated at rest and in response to hypoxia and 
hypercapnia in CHF (Andrade et al. 2015). The 
heightened activity of chemosensory cells of the 
carotid body induced by CHF may mask light/
dark differences in resting and chemoreflex 
breathing. Future studies should assess the role of 
melatonin in modulating resting and chemoreflex 
breathing during the light and dark periods in 
healthy controls and explore how this process 
may be altered in CHF.
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High Fat Feeding in Rats Alters 
Respiratory Parameters 
by a Mechanism That Is Unlikely 
to Be Mediated by Carotid Body 
Type I Cells

Ryan J. Rakoczy, Richard L. Pye, Tariq H. Fayyad, 
Joseph M. Santin, Barbara L. Barr, 
and Christopher N. Wyatt

Abstract
The carotid bodies (CB) respond to changes in 
blood gases with neurotransmitter release, 
thereby increasing carotid sinus nerve firing 
frequency and ultimately correcting the pat-
tern of breathing. It has previously been dem-
onstrated that acute application of the 
adipokine leptin augments the hypoxic sen-
sory response of the intact in-vitro CB (Pye 
RL, Roy A, Wilson RJ, Wyatt CN. FASEB J 
30(1 Supplement):983.1, 2016) and isolated 
CB type I cell (Pye RL, Dunn EJ, Ricker EM, 
Jurcsisn JG, Barr BL, Wyatt CN. Arterial che-
moreceptors in physiology and pathophysiol-
ogy. Advances in experimental medicine and 
biology. Springer, Cham, 2015). This study’s 
aim was to examine, in-vivo, if elevated leptin 
modulated CB function and breathing.

Rats were fed high fat or control chow for 
16-weeks. High fat fed (HFF) animals gained 

significantly more weight compared to con-
trol fed (CF) animals and had significantly 
higher serum leptin levels compared to 
CF.  Utilizing whole-body plethysmography, 
HFF animals demonstrated significantly 
depressed breathing compared to CF at rest 
and during hypoxia. However, amplitudes in 
the change in breathing from rest to hypoxia 
were not significantly different between 
groups. CB type I cells were isolated and 
intracellular calcium levels recorded. 
Averaged and peak cellular hypoxic 
responses were not significantly different.

Despite a small but significant rise in leptin, 
differences in breathing caused by high fat 
feeding are unlikely caused by an effect of 
leptin on CB type I cells. However, the possi-
bility remains that leptin may have in-vivo 
postsynaptic effects on the carotid sinus nerve; 
this remains to be investigated.
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17.1	 �Introduction

Obese individuals suffer from many pathologies, 
one of particular interest being obesity hypoven-
tilatory syndrome (OHS) (Berger et  al. 2009). 
The adipokine leptin, found in excess in the cir-
culating serum of the obese, has been shown to 
have profound effects on increasing breathing in 
wild-type animals and those unable to produce 
functional leptin proteins (ob−/ob−). For example, 
focal injections of leptin into central breathing 
centers (i.e., nucleus tractus solitarius) causes 
dose-dependent increases in minute ventilation in 
wild-type rats (Inyushkina et al. 2009). Ob−/ob− 
mice, normally suffering from hypoventilation, 
also show significant increases in minute ventila-
tion after exogenous, peripheral infusion of obese 
levels of leptin (O’Donnell et al. 1999). However, 
despite high circulating levels of this respiratory 
stimulant in obese individuals, hypoventilation 
persists (Campo et al. 2007).

Capable of crossing the blood brain barrier and 
interacting with central regions to trigger satiety 
(i.e., hypothalamus) and increase ventilation (i.e., 
NTS), leptin also has receptors in the periphery 
through which it may act to modulate breathing. It 
was recently demonstrated that functional leptin 
receptors, both long (Ob-Rb) and short isoforms 
(Ob-Ra – Ob-Rf) exist on the type I cell of the rat 
and human carotid body (Porzionato et al. 2011). 
Pye et al. (2016) observed that obese quantities of 
exogenous leptin (200  ng/mL) administered in 
acute doses to intact, arterially perfused carotid 
bodies, increased their baseline firing rates and 
sensory responses to hypoxia. This experimental 
evidence demonstrated leptin’s potential ability to 
modulate breathing via its actions on the carotid 
body.

It was the aim of the following study to build 
upon the work completed by Pye et al. in 2015 
and 2016. In the present study, we aimed to 
increase circulating serum leptin levels, in-vivo, 
through a high fat feeding paradigm. High fat 
feeding has been demonstrated to lead to exces-
sive weight gain and a subsequent rise in serum 
leptin levels (Van Heek et al. 1997; Knight et al. 
2010). We hypothesized that chronic overstimu-

lation of leptin receptors (i.e., due to hyperlepti-
nemia) on carotid body type I cells would cause 
their downregulation and/or insensitivity to 
leptin, potentially leading to a blunting of the 
carotid body mediated hypoxic response. 
Whole-body plethysmography was used to test 
breathing parameters and measure the acute 
hypoxic ventilatory response (HVR). 
Intracellular calcium measurement, in isolated 
type I cells, was used to indicate whether any 
depression in breathing was due to leptin’s 
actions on these oxygen-sensing organs. We 
hypothesized that HFF animals would have 
blunted hypoxic responses due to a decrease in 
the hypoxic sensory responses of the type I cells 
of the carotid body.

17.2	 �Methods

Thirty-six adult, male, Sprague-Dawley rats 
(Envigo) were randomly assigned to either a con-
trol chow (CF; n = 18; TD.06414, Harlan) or an 
ingredient-matched high-fat chow (HFF; n = 18; 
TD.08806, Harlan) for 16 weeks ad libitum; ani-
mals weight was measured weekly.

17.2.1	 �Ethics

All procedures and experiments were conducted 
in accordance with local, state, and federal guide-
lines relating to animal welfare and treatment. 
Wright State University’s Institutional Animal 
Care and Use Committee approved experimental 
protocols described herein. Authors declare no 
conflict of interest.

17.2.2	 �Metabolism

Resting metabolism was assessed after 16 weeks 
of feeding using an indirect calorimetric method 
as previously described by Frappel et al. (1992). 
A respiratory exchange ratio [RER: VCO2 (mL of 
CO2 min−1 kg−1)/VO2 (mL of O2 min−1 kg−1)] was 
then calculated for each animal.
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17.2.3	 �Whole-Body 
Plethysmography

Breathing parameters (tidal volume, frequency) 
were measured using whole-body plethysmogra-
phy (DSI Finepointe) as previously described by 
Nirogi et al. (2012). Briefly, acclimated animals 
had baseline breathing recordings collected in 
room air before exposure to an acute hypoxic 
stimulus (10% O2).

17.2.4	 �Carotid Body Dissection & 
Type I Cell Isolation

After 16-weeks of feeding, unfasted, adult 
Sprague-Dawley rats were deeply anesthetized 
(isoflurane: 4.5% in O2) before euthanasia via 
decapitation. Carotid bodies were then dissected 
and type I cells isolated as previously described 
(Burlon et al. 2009).

17.2.5	 �Blood Collection & Leptin 
Assay

Immediately post-decapitation, whole blood was 
collected passively by draining of the euthanized 
animal’s trunk. Blood was centrifuged and serum 
aliquoted and frozen −15 °C (<4 months) before 
being thawed, diluted both 5- and 20-fold, and 
used for quantification of leptin via ELISA 
(KRC2281; Novex). Samples were diluted and 
tested (Syngery H1; BioTek) in duplicates while 

following manufacturers protocol, equating to 
four tests per sample of serum.

17.2.6	 �Carotid Body Type I Cell 
Ca2+-Imaging

A ratiometric calcium-sensitive fluorescent dye, 
FURA-2AM (Invitrogen) was used to visualize 
and quantify intracellular calcium in isolated 
carotid body type I cells as previously described 
(Pye et al. 2015).

17.2.7	 �Statistics

Two-tailed Student’s unpaired t-tests were used 
to analyze data with significance set at p < 0.05. 
Data are presented as means ± the standard error 
of the mean. One star: p < .05; two stars: p < .01; 
three stars: p < .001; four stars: p < .0001.

17.3	 �Results

17.3.1	 �Effects of Diet on Physiology

Thirty-six male Sprague-Dawley rats, separated 
into two equal groups (n = 18), were fed either a 
high fat or control chow for 16  weeks. After 
16  weeks, HFF animals weighed significantly 
more than CF (512.6 ± 14.70 vs. 444.1 ± 7.090 g, 
p < .001, Fig. 17.1a). Respiratory exchange ratios 
(RER) at rest were calculated using an indirect 

Fig. 17.1  (a) Evolution of animals’ weights over 16 weeks with the final weight taken at the end of the sixteenth week. 
(b) Serum leptin concentrations were significantly higher in the HFF group compared to the CF group (n = 18/n = 18)
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calorimetric method. After 16 weeks on the diet 
HFF animals’ metabolic fuel shifted toward the 
use of fatty acids (0.77 ± 0.018 vs. 0.88 ± 0.037 
RER, p  <  .01); a function of lowered CO2-
production in HFF animals (10.02 ± 0.1609 vs. 
12.15 ± 0.418 mL CO2 min−1 kg−1, p <  .0001). 
Oxygen consumption between groups was not 
significantly different.

After the 16th week on the diet regimen, ani-
mals were sacrificed, blood collected and pro-
cessed, before being used for quantification of 
endogenous leptin levels via ELISA.  Standards 
ran in duplicate were significantly correlated (r2: 
0.997, p < .05). Sixteen weeks of HFF resulted in 
significantly higher leptin levels in HFF animals 
compared to CF (3.05 ± 0.24 vs. 1.29 ± 0.12 ng/
mL, p < 0.0001, Fig. 17.1b).

17.3.2	 �Effects of Diet on Breathing

Whole-body plethysmography was used to mea-
sure breathing parameters in unrestrained, con-
scious animals during rest and acute exposure to 
hypoxia. HFF animals demonstrated significantly 
depressed baseline breathing compared to CF 
(373.9 ± 13.46 vs. 442.8 ± 15.29 mL min−1 kg−1, 
p < .01). HFF animals also exhibited attenuated 
breathing during exposure to hypoxia 
(1084.1 ± 46.25 vs. 1298.2 ± 52.61 mL min−1 kg−1, 
p <  .01, Fig. 17.2a). Attenuated minute ventila-
tion was a function of lowered tidal volume, not 

frequency, among HFF animals compared to CF 
during rest (6.412 ± 0.212 vs. 8.163 ± 0.263 mL 
breath−1  kg−1, p  <  .0001) and hypoxia 
(8.587 ± 0.287 vs. 10.63 ± 0.354 mL breath−1 kg−1, 
p < .0001).

Assessment of oxygen sensitivity at the level 
of the whole animal was accomplished by sub-
tracting the VE values during hypoxia from those 
taken during baseline. This simple transforma-
tion allows for comparison of the absolute change 
in breathing between groups. Oxygen sensitivity 
at the level of the whole animal remained 
unchanged between CF and HFF groups, data 
shown in Fig. 17.2b.

17.3.3	 �Effects of Diet on CB Type 
I Cell O2-Sensing

A calcium-sensitive dye, FURA-2, was used to 
measure intracellular calcium levels in iso-
lated CB type I cells from HFF and CF ani-
mals. Analyzing both the peak cellular 
responses (Fig. 17.3c) and the averaged cellu-
lar responses (Fig.  17.3d) during hypoxic 
exposure shows nearly identical responses 
from cells of HFF (n  =  16) and CF (n  =  16) 
animals. Cellular data is time-matched to the 
whole-animal breathing data; both analyses 
concur in suggesting O2-sensitivity is not 
changed by a high fat diet at the level of the 
whole-animal and CB type I cell.

Fig. 17.2  (a) Minute ventilation (VE) during rest or exposure to a 10% O2 hypoxic stimulus. (b) Assessment of oxygen-
sensitivity by analyzing the amplitude of the change in breathing (ΔVE) from baseline to hypoxia
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17.4	 �Conclusion

These experiments demonstrated that a high fat 
diet in rats led to significant physiological 
changes including weight gain, hyperleptinemia, 
lowered carbohydrate metabolism (decreased 
RER), and depression of breathing during base-
line and hypoxic exposure. Although respiratory 
depression is evident, the mechanism underpin-
ning this attenuation does not appear to be medi-
ated by the CB type I cell. Similar hypoxic 
responses (ΔVE) between groups (see Fig. 17.2b), 
during the CB-mediated phase of the biphasic 
hypoxic response (≤90 s; Cummings and Wilson 
2005), provide further evidence for lack of 
involvement of the carotid bodies in the develop-
ment of respiratory depression.

Future experiments would aim to further 
increase the animal weight on HFF, and thus 
leptin levels, through addition of simple sugars to 
drinking water, lengthening the time on the diet, 

and/or supplementing the chow with ingredient-
matched treats. Leptin levels in the experiments 
by Pye et al.’s (2015, 2016) were nearly 65-fold 
larger than measured in our HFF animals and 
likely explain why differences were not seen at 
the CB type I cellular level.
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Leptin in the Commissural Nucleus 
Tractus Solitarii Increases 
the Glucose Responses to Carotid 
Chemoreceptors Activation 
by Cyanide

Mónica Lemus, Cynthia Mojarro, Sergio Montero, 
Valery Melnikov, Mario Ramírez-Flores, 
and Elena Roces de Álvarez-Buylla

Abstract

Leptin is a protein hormone that plays a key 
role in the regulation of energy balance and 
glucose homeostasis. Leptin and all leptin 
receptor isoforms are present in the carotid 
bodies, but its precise function in glucose 
regulation and metabolism is not yet known. 
The aim of this study was to determine 
whether exogenous leptin, microinjected into 
the commissural nucleus tractus solitarii 
(cNTS), preceding sodium cyanide (NaCN) 
injection into the circulatory isolated carotid 

sinus (ICS), in vivo, modifies hyperglycemic 
reflex (HR) and brain glucose retention 
(BGR). In anesthetized Wistar rats (sodium 
pentobarbital, i.p. 3.3 mg/100 g/saline, Pfizer, 
Mex), arterial and venous blood samples 
were collected from silastic catheters 
implanted in the abdominal aorta and jugular 
sinus. Exogenous leptin (50  ng/20  nL of 
aCSF) or leptin vehicle (20  nL of aCSF) 
microinjected (stereotaxically) into the cNTS 
4 min before NaCN (5 μg/100 g/50 μL saline 
into ICS) (experimental 1 [E1] and control 
1[C1] groups, respectively) significantly 
increased HR and BGR compared with their 
basal values, but the increase was bigger in 
the E1 group. When leptin or aCSF were 
injected into the cNTS before saline (E2 and 
C2 groups, respectively) glucose responses 
did not vary when compared with their basal 
levels. Leptin and its receptors in the cNTS 
cells probably contribute to their sensitiza-
tion during hypoxia.

Keywords
Brain glucose retention · Carotid body 
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18.1	 �Introduction

It has been hypothesized that chronic exposure of 
different organs (adipose tissue, liver, pancreas 
and skeletal muscle) to high levels of leptin causes 
insulin resistance and hyperglycemia (Denroche 
et  al. 2012), however the precise mechanism 
involved in the above effect is still not clear 
(Wjidan et  al. 2015). Since the central nervous 
system (CNS) plays a critical role in mediating 
the majority of leptin actions on energy homeo-
stasis, we and others believe that the glucose-
increasing effects of this hormone are mediated 
by the CNS (Morton and Schwartz 2011). In the 
CNS, leptin inhibits glucose production and 
increases tissue glucose utilization in diabetic ani-
mals (Elmquist et al. 1999), besides, leptin could 
be an effective treatment in lipoatrophic diabetic 
mice (Gavrilova et al. 2000). Recent studies have 
shown that Ob-Rb leptin receptors expressed, pre-
dominantly, in the commissural nucleus tractus 
solitarii (cNTS) (Ciriello and Moreau 2013), 
could be essential in the hyperglycemic reflex 
(HR) and brain glucose retention (BGR) estab-
lishment induced by the local application of 
sodium cyanide (NaCN) to the carotid body che-
moreceptors (CBch) (Alvarez-Buylla and de 
Alvarez-Buylla 1988; Montero et  al. 2000). We 
showed that exogenous leptin, microinjected into 
the cNTS before a NaCN infusion in the circula-
tory isolated carotid sinus (ICS) in vivo increased 
HR with BGR, and further establish that the cNTS 
has an ability to participate in glucose homeosta-
sis due to leptin sensitization during hypoxia.

18.2	 �Materials and Methods

18.2.1	 �Ethics statement

All procedures were carried out in accordance 
with the United States National Institutes of Health 
Guide for the Care and Use of Laboratory Animals, 
and the Bioethics and Biosecurity Committee of 
the University of Colima (No. 2013–02).

18.2.2	 �Animals and General Surgery

Experiments were conducted on Wistar rats 
(280–300 g), housed individually under a 12:12-h 
light-dark cycle at 22–23 °C. The rats were fed a 
laboratory rodent diet with water ad libitum, but 
food was removed 12 h before surgery. Silastic 
catheters filled with heparin (1000  IU/mL, 
Inhepar, Pisa, Mexico) were inserted into the 
carotid artery, abdominal aorta, and into the jug-
ular sinus without interrupting their circula-
tion as previously described (Alvarez-Buylla and 
de Alvarez-Buylla 1988). Briefly, the rats were 
anesthetized with sodium pentobarbital 
(3.3  mg/100  g/saline i.p, Pfizer, México), and 
anesthesia was maintained by continuous i.p. 
infusion of sodium pentobarbital (0.063 mg/100 g/
min/saline). Buprenorphine analgesia (0.03 mg/
kg, Temgesic, Schering-Plough, Mexico) was 
provided before the surgical procedures. The 
correct placement of the catheters was verified at 
the end of the experiments. The rats were 
artificially ventilated; respiratory rate and tidal 
volume were adjusted to maintain the pO2, pCO2 
and pH homeostatic values.

18.2.3	 �Drugs

Buprenorphine (Schering Plough, Temgesic, 
México, 0.005  mg/100  g i.m.) (Cowan et  al. 
1977). Cerebrospinal fluid, freshly prepared 
(aCSF, NaCl 145  mM, KCl 2.7  mM, MgCl2 
1.0  mM, CaCl2 1.2  mM, ascorbic acid C6H8O6 
0.2  mM, NaH2PO4 2.0  mM, in 100  mL tri-
distilled water with a pH of 7.3–7.4) (20  nL) 
(McNay and Sherwin 2004). Leptin (Sigma, 
México) (50  ng/20  nL of aCSF). Saline (Pisa, 
México) (0.9% 50  nL) (Alvarez-Buylla and de 
Alvarez-Buylla 1988). Sodium cyanide 
(NaCN) (Fluka Biochemika, Sigma, Mexico  – 
5  μg/100  g/50  nL saline) in the ICS (Alvarez-
Buylla and de Alvarez-Buylla 1988). Sodium 
pentobarbital (Pfizer, Méx.) (3 mg/100 g saline) 
(Alvarez-Buylla and de Alvarez-Buylla1988).
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18.2.4	 �Experimental Protocol

Thirty two rats were used. The animals were 
divided at random in 4 groups: (a) experimental 
1, infusion of leptin in the cNTS and NaCN in the 
ICS (n = 8); (b) experimental 2, infusion of leptin 
in the cNTS and saline in the ICS (n  =  8); c) 
control 1, infusion of the vehicle of leptin (aCSF) 
in the cNTS and NaCN in the ICS (n  =  8); d) 
control 2, infusion of aCSF in the cNTS and 
saline in the ICS (n = 8).

18.2.5	 �Measurements

Glucose concentration in blood was determined 
with a digital glucometer (ACCU -CHEK 
Performa, Roche, Mexico) in μmol/mL. Arterial 
blood (5  μL) was collected via the catheter 
inserted into the abdominal aorta. Venous blood 
(5 μL) was collected from the jugular sinus, via 
de jugular catheter. In each rat, two arterial and 
two venous basal samples were taken, with a 
5 min interval; the values were then averaged to 
obtain a basal level of glucose concentration. 
After the injection of NaCN or saline into the 
ICS (t  =  0), four experimental samples were 
then collected at t = 5 min, t = 10 min, t = 20 min 
and t = 30 min. The blood volume taken from 
the cannulated vessels amounted ~ 0.3% of the 
total circulating volume. In order to compensate 
the volume of blood, after each pair of samples 
taken, 10 μL of saline was injected i.v. Carotid 
blood flow was monitored with an ultrasonic 
pulsed doppler flowmeter (Bioengineering, 
Univ. Iowa), placed around the right common 
carotid artery without altering blood circulation, 
and was recorded in mL/g/min (Alvarez-Buylla 
et  al. 2003; Lemus et  al. 2011). Brain glucose 
retention was calculated in μmoL/g/min multi-
plying the arterio-venous glucose differences by 
the carotid blood flow. Arterio-venous glucose 
difference was determined as mentioned before 
(Alvarez-Buylla and de Alvarez-Buylla1988) 
(Fig. 18.1).

18.2.6	 �Microinjections into the cNTS

After placing the rats’ head in the stereotaxic 
(Stoelting stereotaxic frame, Wood Dale, IL 
USA), and adjusting the incisor bar to get a flat 
skull position (Paxinos and Watson 1986), occip-
ital craniotomy was performed with a 1/32-inch 
burr to expose the brain surface after cutting the 
dura membrane. Access to cNTS was done with a 
glass micropipette (40–50 μm tip diameter) con-
nected to a Hamilton microsyringe (0.1–0.5 μL) 
with silastic tubing (Alvarez-Buylla and de 
Alvarez-Buylla 1988). The pipette was lowered 
into the cNTS, using lambda as midpoint region 
(the lambda coordinates were: AP  = −5.1  mm, 
L = −0.1 mm, V = 8.1 mm). The injected volume 
was measured by direct observation of the fluid 
meniscus in the micropipette. After fitting the 
catheters, the rats were stabilized for 30 min in 
order to minimize surgery effects on the experi-
mental results. At the end of each experiment, the 
injection site was marked with methylene blue 
(50 nL) injected by the same pipette (Lemus et al. 
2011). At the end of the experiments, the anesthe-
tized rats were decapitated and the brains kept at 
−70 °C (Ultra freezer Thermo Scientific Revco, 
Walthan, MA. USA). The brainstems were cut in 
coronal sections (40  μm) in a cryomicrotome 
(Leica CM-1800) after 0.5% cresyl violet stain-
ing (Lemus et  al. 2011). Dehydrated sections 
were cover slipped with Entellan (Merck, 
Darmstadt, Germany). The slides were analyzed 
under an Axio Imager bright-field microscope 
(Axio Imager, Carl Zeiss, Munich Germany) 
equipped with a digital camera using AxioVision 
(version 4.8, 2009) software (Carl Zeiss, Munich, 
Germany).

18.2.7	 �Carotid Body Chemoreceptor 
Stimulation

Was performed by slowly injecting 5  μg/kg of 
NaCN in 0.25  mL saline through a 27-gauge 
needle and a thin catheter (PE-10; Clay Adams) 
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into the left ICS, to avoid baroreceptor 
stimulation. The technique to isolate de left CS 
from general circulation is described in detail in a 
previous paper (Alvarez-Buylla and de Alvarez-
Buylla 1988). The brief interruption of carotid 
circulation during NaCN stimulation does not 
produce cerebral ischemia (Ueki et  al. 1988). 
With this technique, only the left ICS was 
exposed to NaCN, which was cleared out into a 
washing catheter within 15–16 s.

18.2.8	 �Data Analysis

The data are means ± S.E.M. Basal arterial blood 
glucose values in our anesthetized animals at 
t = 0 min were stable and ranged between 0.42 
and 0.47  μmol/mL.  The comparisons between 
groups were made with analysis of variance 
(ANOVA) and t-test. Paired Student t-test 
compares basal vs experimental data in the same 
animal.

18.3	 �Results

When leptin was infused into the cNTS 4  min 
before NaCN injection or saline in the ICS (E1 
and E2 experimental groups, respectively, n = 8), 

a significant increase in HR (p < 0.05) and BGR 
were observed at all the times studied only in E1 
group, when compared to rats in control 1 group 
that only received aCSF, the vehicle to leptin 
(n  =  8); the HR rose from 5.2  ±  0.05 to 
9.6 ± 0.13 μmol/mL (p < 0.05), reaching a BGR 
rise up to 1.8 ± 0.09 μmol/g/min) (p < 0.05). By 
the contrary, the rats in experimental 2 group 
(n = 8) that received saline in the ICS after leptin 
in the cNTS, did not change the HR nor the BGR 
(Fig. 18.2).

In C1 and C2 control groups, that received 
aCSF instead of leptin in the cNTS, arterial 
glucose concentration only rose when NaCN was 
injected into the ICS, and the levels increased 
from 5.2 ± 0.05 to 7.8 ± 0.30 μmol/mL at 20 min 
post injection (p < 0.05) (Fig. 18.2). With respect 
to BGR, only control 1 group, with NaCN into 
the ICS, showed significant increases in all the 
times studied with a maximum rise at 10 min post 
injection, from 0.32 ± 0.08 to 1.3 ± 0.09 μmol/g/
min (p < 0.05) (Fig. 18.2).

When saline infusion was made in the ICS 
after aCSF in the cNTS (control 2 group, n = 8), 
no changes were observed, neither in the HR nor 
in the BGR (Fig.  18.2). Importantly, leptin 
vehicle (aCSF) in the cNTS induced a small 
increase in BGR between t = 15 and t = 30 min, 
and this increase was significantly smaller than 

Fig. 18.1  Experimental design. aCSF artificial cerebrospinal fluid, cNTS commissural nucleus tractus solitarii, ICS 
isolated carotid sinus, NaCN sodium cyanide
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the one obtained with NaCN. It is interesting to 
note that HR and BGR only rose when the CBR 
received the NaCN stimulus.

18.4	 �Discussion

This study provided the first evidence of cNTS 
leptin potentiating effect on glucose responses, 
induced by the activation of the carotid body 
chemoreceptor reflex (CBch) by NaCN.  Leptin 
infusion into the cNTS before CBch by anoxic 
stimulation (NaCN) in the ICS, significantly 
increased HR and BGR when compared with 
control rats, in which CBch were stimulated 
without a central leptin injection. In the same 
way, when mean BGR levels were compared 
with their own basal, an increase was also 
observed between both groups, beginning at 
5 min after the NaCN injection into the ICS. These 
results indicated a potentiating effect of leptin on 

glucose regulation. Discrete microinjections of 
leptin into the caudal NTS pressor sites elicites 
an increase in cardiovascular variables due to 
both, parasympathetic inhibition and sympathetic 
excitation (Ciriello and Caverson 2014). 
Although we did not measure autonomic activity 
in our study, the changes observed in HR and 
BGR could be due to an increased sympathetic 
activity following CBch activation by NaCN 
(Alvarez-Buylla et  al. 1997). The effects of 
glycemic potentiation after leptin, analyzed here, 
are probably due to a decrease in insulin secretion 
(García-Jiménez et  al. 2015) followed by an 
increase in blood glucose levels (Denroche et al. 
2012). Intracerebroventricular administration of 
leptin promotes hepatic gluconeogenesis (Liu 
et al. 1998) decreasing insulin levels, through the 
sympathetic nervous system activation (Park 
et  al. 2010). Therefore, leptin injected into the 
cNTS seems to potentiate the hyperglycemic 
response after anoxic stimulation of CBch 

Fig. 18.2  Hyperglycemic reflex and brain glucose reten-
tion after leptin infusion or aCSF in the cNTS, applied 
4 min before the carotid body chemoreceptors stimulation 
with cyanide or control experiments with saline. 
Commissural nucleus tratus solitarius (cNTS); isolated 

carotid sinus (ICS). *Significantly different from its basal 
value; #significantly different from experimental 2 group 
(leptin + Sal); & significantly different from control 1 
group (aCSF + NaCN). Values are means ± SEM, p < 0.05
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through the excitation of sympathetic nervous 
system with insulin secretion inhibition and 
glucagon secretion activation (Mizuno et  al. 
1998). Our results suggested that this adipocyte-
derived hormone could be an important factor 
linking obesity, metabolic syndrome, type-2 
diabetes, and cardiovascular disease (García-
Jiménez et al. 2015).

The lack of leptin effects on glycemic vari-
ables in the absence of CBch anoxic stimulation 
observed in this study could be due to a lack of 
phosphorylation of STAT 3 or cFos protein 
expression in POMC neurons in NTS (Huo et al. 
2006). Intermittent hypoxia did not alter STAT3 
levels within the carotid body, suggesting that 
STAT3 activation in the carotid bodies of animals 
exposed to hypoxia is the result of Ob-Rb receptor 
activation (Messenger et  al. 2013). The 
subsequent reduction in Ob-Rb levels after 
hypoxia is likely due to the increased exposure of 
this receptor to leptin, which is known to induce 
a down-regulation of Ob-Rb (Uotani et al. 1999). 
In conclusion our results showed that leptin in the 
cNTS increases both, the HR and the BGR, in 
response to anoxic stimulus applied to the CBch. 
This leptin effect was not observed in rats without 
the anoxic stimulus in the CBch. It will be 
interesting to investigate further if Ob-Rb 
antagonist administration in the cNTS reverts 
leptin effects on HR and BGR observed after 
CBch anoxic stimulation.
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Chronic Intermittent Hypoxia 
in Premature Infants: The Link 
Between Low Fat Stores, 
Adiponectin Receptor Signaling 
and Lung Injury

Na-Young Kang, Julijana Ivanovska, Liran  
Tamir-Hostovsky, Jaques Belik, and Estelle B. Gauda

Abstract
Premature infants have chronic intermittent 
hypoxia (CIH) that increases morbidity, and 
the youngest and the smallest premature 
infants are at the greatest risk. The combina-
tion of lung injury from inflammation/oxida-
tive stress causing low functional residual 
capacity combined with frequent short 
apneas leads to CIH. Adiponectin (APN) is an 
adipose-derived adipokine that protects the 
lung from inflammation and oxidative stress. 
Premature and small for gestational age (SGA) 
infants have minimal body fat and low levels 
of circulating APN. To begin to understand the 
potential role of APN in lung protection dur-
ing lung development, we characterized the 
developmental profile of APN and APN recep-
tors (AdipoR1 and AdipoR2) protein and 
mRNA expression in the newborn rat lung at 
fetal day (FD) 19, and postnatal days (PD) 1, 
4, 7, 10, 14, 21, and 28. Protein levels in lung 

homogenates were measured by western blot 
analyses; relative mRNA expression was 
detected by quantitative PCR (qPCR); and 
serum high molecular weight (HMW) APN 
was measured using enzyme-linked immuno-
sorbent assay (ELISA). Results: APN protein 
and mRNA levels were lowest at FD19 and 
PD1, increased 2.2-fold at PD4, decreased at 
PD10, and then increased again at PD21. 
AdipoR1 protein and mRNA levels peaked at 
PD1, followed by a threefold drop by PD4, 
and remained low until PD21. AdipoR2 pro-
tein and mRNA levels also peaked at PD1, but 
remained high at PD4, followed by a 1.7-fold 
drop by PD10 that remained low by PD21. 
Serum APN levels detected by ELISA did not 
differ from PD4 to PD28. To date, this is the 
first report characterizing APN and APN 
receptor protein and mRNA expression in the 
rat lung during development. The develop-
mental stage of the newborn rat lung models 
that of the premature human infant; both are in 
the saccular stage of lung development. In the 
newborn rat lung, alveolarization begins at 
PD4, peaks at PD10, and ends at PD21. 
Importantly, we found that AdipoR1 receptor 
protein and mRNA expression is lowest dur-
ing lung alveolarization (PD4 to PD21). Thus, 
we speculate that low levels of AdipoR1 dur-
ing lung alveolarization contributes to the 
increased susceptibility to developing  acute 
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lung edema and chronic lung injury such 
as bronchopulmonary dysplasia (BPD) in pre-
mature human infants.

Keywords

Adiponectin · Alveolarization · 
Bronchopulmonary dysplasia · 
Developmental profile · Lung development

19.1	 �Introduction

CIH that occurs in premature infants is the com-
bination of several biological and physiological 
factors that come together to create the perfect 
storm (Di Fiore et al. 2013; Gauda and McMaster 
2017). These factors include (1) the influence of 
the carotid body on baseline breathing  and 
(2)  low functional residual capacity decreasing 
oxygen stores. The carotid body contributes 40% 
to baseline breathing in premature infants, and 
thus their breathing is characterized by short 
apneas and periodic breathing. Because of lung 
injury resulting in low functional residual capac-
ity, rapid oxygen desaturations occurs with even 
short apneas. Adiponectin (APN) is a pleiotropic 
adipokine, produced mainly by adipocytes. It  is 
best known for its role in metabolism, promoting 
insulin-sensitivity and improved glucose uptake. 
Relevant to our work, APN also has potent anti-
inflammatory and antioxidant effects (Sliman 
et  al. 2013). APN mediates its effects via APN 
receptors, AdipoR1 and AdipoR2. AdipoR1 and 
AdipoR2 are ubiquitously expressed throughout 
the body including the lung, with the highest 
level of AdipoR1 expression in skeletal muscle, 
while AdipoR2 is predominately expressed in the 
liver. Premature and small for gestational age 
(SGA) infants have minimal body fat, and there-
fore, low levels of circulating APN.  Moreover, 
premature infants have immature lungs and are 
susceptible to acute lung injury from exposure to 
inflammation and oxidative stress. We speculate 
that the low levels of APN may cause or at least 
contribute to their increased risk for early lung 
edema and later bronchopulmonary dysplasia 

(BPD). In adult models, APN protects the lung 
from inflammatory and oxidative injury (Sliman 
et al. 2013; Xu et al. 2013). However, the biologi-
cal role of APN in the lung during early develop-
ment, and how the lack of endogenous APN 
contributes to an increased susceptibility to acute 
and chronic lung injury, has yet to be explored. 
Thus, we studied the developmental profile of 
APN and APN receptor (AdipoR1 and AdipoR2) 
protein and mRNA expression in the newborn 
rat, in which lung development during the first 
2  weeks after birth parallels that of premature 
human infants born between 23 and 25  weeks 
of gestation.

19.2	 �Methods

19.2.1	 �Animals

Experiments involving animals were conducted 
in accordance with the Canadian Council on 
Animal Care Guidelines, and the use and care of 
animals were in accordance with the Declaration 
of Helsinki Conventions. Animal studies were 
approved by the Animal Care Committee of 
The Hospital for Sick Children. Sprague-Dawley 
rat pups from fetal day (FD) 19 to postnatal day 
(PD) 21  were used. At different time-points 
(FD19, PD1, PD4, PD7, PD10, PD14, PD21, and 
PD28) 8 male pups were euthanized. Lung and 
heart tissues were then collected and flash frozen 
in liquid nitrogen. Blood was also taken, and 
serum was separated and frozen. A total of 12 lit-
ters (n = 8 male pups per litter) were studied for 
each time point.

19.2.2	 �Western Blot Analyses

 Tissues previously stored at –80 °C were homog-
enized in RIPA cell lysis buffer (0.1 M NaPO4, 1% 
(wt/vol) sodium deoxycholate, 1% (vol/vol) 
Nonidet P-40, 20% SDS, 0.877% (wt/vol) NaCl, 
0.074% (wt/vol) EDTA, pH 7.2) containing prote-
ase and phosphatase inhibitors. The homogenates 
were  incubated for  20  min on ice  and then 
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sonicated for 20 s, vortexed and incubated for 10 
min  on ice.    Samples  were then centrifuged at 
12,000 RPM for 10  min. Protein concentrations 
were quantified by Bradford spectrophotometry 
assay, using known concentrations of bovine 
serum albumin (BSA) as a standard. Lung tissue 
lysates containing 50  μg of total protein were 
boiled for 5 min in SDS sample buffer (0.125 M 
Tris·HCl, 4% SDS, 20% glycerol, and 10% 2-mer-
captoethanol, 0.004% bromphenol blue, pH 6.8). 
Equal amounts of protein were then loaded onto a 
gel, subjected to SDS polyacrylamide gel electro-
phoresis for 1  h at 150  V, and transferred onto 
polyvinylidene difluoride membranes. The mem-
branes were blocked in TBST (20 mM Tris base, 
150 mM NaCl, pH 8.0, with 0.1% Tween 20) for 
1 h and then incubated with anti-adiponectin anti-
body (26 kDa, Novus Biologicals), anti-AdipoR1 
antibody (43  kDa, Novus Biologicals), or anti-
AdipoR2 antibody (44  kDa, Novus Biologicals) 
overnight at 4°C. To compensate for differences in 
protein loading, each membrane was incubated 
with the anti-beta-actin (β-actin) antibody (42 kDa, 
Santa Cruz Biotechnologies) for 2 h at room tem-
perature. The membrane was washed and incu-
bated with anti-rabbit IgG secondary antibody 
conjugated to horseradish peroxidase for 1  h at 
room temperature. After several washes with 
TBST, protein bands were visualized using an 
enhanced chemiluminescence method. Images 
were digitally captured using a MicroChemi che-
miluminescent system, and band intensities were 
quantified using ImageJ software.

19.2.3	 �qPCR

RNA was extracted and reverse transcribed from 
tissue samples stored in RNAlater®. qPCR was 
performed on a Stratagene MX3000P qPCR sys-

tem using SYBR Green qPCR Master Mix 
(Qiagen). Cycling conditions were 95°C for 
10 min followed by 40 cycles of 95°C for 15 s 
and 60°C for 60  s. A standard curve for each 
primer set was performed using rat lung cDNA 
standard (Agilent), to ensure that reaction effi-
ciency was equivalent to primers for the house-
keeping gene, β-actin.  The expression of 
β-actin was unaffected by the experimental con-
ditions. Primer sequences are listed in Table 19.1. 
Following each standard curve reaction, molecu-
lar weight standards (O-GeneRuler; Fermentas, 
Burlington, Ontario, Canada) and PCR products 
underwent DNA gel electrophoresis to confirm 
the presence of a single product of predicted 
length. A dissociation (melt) curve and a no-
template control were run for each set of samples 
to exclude nonspecific product formation and 
reaction contamination. Samples were run in 
duplicate, and expression of the gene of interest 
was normalized to β-actin. Change in expression 
relative to the calibrator samples was calculated 
by the 2Δct method using Stratagene MxPro 
software (version 4.01).

19.2.4	 �Elisa

Rat HMW APN ELISA kits from Amsbio 
(Cambridge, MA, USA) were used to detect the 
serum concentrations of HMW APN.  Frozen 
serum samples were thawed and all reagents 
were allowed to reach room temperature. Samples 
and HMW APN standards were applied to an 
antibody-precoated microplate, and then the con-
jugate was added. After incubating and washing, 
samples were incubated with substrate and the 
reaction was stopped using stop solution. Optical 
density was determined using a microplate reader 
at 450 nm.

Table 19.1  Rat (Rattus Norvegicus) primer sequences for quantitative PCR (qPCR)

Gene (RefSeq accession No.) Forward 5′–3′ Reverse 5′–3′
Rat adiponectin (NM_144744.3) GAGACGCAGGTGTTCTTGGT GGAACATTGGGGACAGTGAC
Rat ADIPOR1 (NM_207587.1) GTTGTACCCACCATGCACTTT GGTTGGACACCCCATAGAAGT
Rat ADIPOR2 (NM_001037979.1) GCCATTATCGTCTCTCAGTGG GTCACATTTGCCAGGAAAGAA
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19.2.5	 �Statistical Analysis

All values are expressed as means ± SE (n = 7–8 
per group). Data were subjected to one-way anal-
ysis of variance (ANOVA) followed by pairwise 
multiple comparisons using the Holm-Sidak 
method with p < 0.05 indicating significance.

19.3	 �Results

19.3.1	 �Adiponectin Protein 
Developmental Profile

As shown in Table 19.2, total lung APN protein 
levels were lowest at FD19 and PD1 which then 
increased fourfold by PD7, followed by a twofold 
decrease from PD7 to PD10. Thereafter, APN 
protein levels increased from PD10 by PD21 and 
then decreased slightly at PD28.

19.3.2	 �AdipoR1 Protein 
Developmental Profile

As shown in Table 19.3, total lung AdipoR1 pro-
tein levels peaked at PD1, decreased threefold by 
PD4, and remained low until PD14. AdipoR1 
protein levels then increased at PD14 to levels 
comparable to levels at PD1. There was a subse-

quent fall in AdipoR1 at PD21 and levels 
remained low thereafter.

19.3.3	 �AdipoR2 Protein 
Developmental Profile

As shown in Table 19.4, total lung AdipoR2 pro-
tein levels increased by 1.8-fold from FD19 to 
PD1 and peaked at PD1. There was a threefold 
drop from PD4 to PD10, and then an increase at 
PD14 to levels comparable to levels at PD1. 
AdipoR2 protein levels subsequently dropped at 
PD21, and then increased again at PD28 to levels 
comparable to levels at PD1.

Table 19.2  Western blot analysis for total lung expres-
sion of APN (26 kDa) normalized to β-actin (43 kDa) in 
the newborn rat at fetal day (FD) 19, and postnatal days 
(PD) 1, 4, 7, 10, 14, 21 and 28

Age Mean ± SE
FD19 0.43 ± 0.03
PD1 0.57 ± 0.06
PD4 1.27 ± 0.09*

PD7 1.61 ± 0.07
PD10 0.82 ± 0.09**

PD14 0.94 ± 0.06
PD21 1.25 ± 0.11***

PD28 0.98 ± 0.07

Note. Values represent means ± SE for n = 7–8 samples 
per group analyzed by one-way ANOVA. *p < 0.05 com-
pared to all groups except PD21 and PD28. **p  <  0.05 
compared to FD19, PD4, PD7, and PD21. ***p  <  0.05 
compared to FD19, PD1, PD7, PD10, and PD14

Table 19.3  Western blot analysis for total lung expres-
sion of AdipoR1 (43 kDa) normalized to β-actin (43 kDa) 
in the newborn rat at fetal day (FD) 19, and postnatal days 
(PD) 1, 4, 7, 10, 14, 21 and 28

Age Mean ± SE
FD19 0.74 ± 0.10
PD1 1.33 ± 0.31
PD4 0.45 ± 0.07*

PD7 0.73 ± 0.04
PD10 0.57 ± 0.12*

PD14 1.30 ± 0.12
PD21 0.69 ± 0.09*

PD28 0.89 ± 0.05

Note. Values represent means ± SE for n = 7–8 samples 
per group analyzed by one-way ANOVA. *p < 0.05 com-
pared to PD1 and PD14

Table 19.4  Western blot analysis for total lung expres-
sion of AdipoR2 (44 kDa) normalized to β-actin (43 kDa) 
in the newborn rat at fetal day (FD) 19, and postnatal days 
(PD) 1, 4, 7, 10, 14, 21 and 28

Age. Mean ± SE
FD19 0.90 ± 0.08
PD1 1.23 ± 0.08
PD4 1.02 ± 0.10*

PD7 0.77 ± 0.04
PD10 0.60 ± 0.06**

PD14 0.96 ± 0.15
PD21 0.61 ± 0.07**

PD28 1.22 ± 0.05

Note. Values represent means ± SE for n = 7–8 samples 
per group analyzed by one-way ANOVA. *p < 0.05 com-
pared to PD10 and PD21. **p < 0.05 compared to PD1, 
PD4, PD14, and PD28
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19.3.4	 �Adiponectin, AdipoR1, 
and AdipoR2 Western Blot 
Analyses 
During Alveolarization

As shown in Fig.  19.1, APN protein levels are 
highest at PD4, decreased at PD10, and then at 
PD21 increased to levels comparable to PD4 lev-
els. AdipoR1 protein levels are lowest at PD4 and 
increased slightly at PD10 and again at PD21. 
AdipoR2 protein levels are highest at PD4, sub-
sequently decreased at PD10, and remained low 
at PD21.

19.3.5	 �Adiponectin, AdipoR1, 
and AdipoR2 mRNA 
Developmental Profile

The pattern of mRNA relative expression for 
lung APN, AdipoR1, and AdipoR2 mirrored the 
protein expression (data not shown).

19.4	 �Discussion

The major finding from this preliminary study is 
that APN and AdipoR1 and AdipoR2  protein 
expression  in the lung undergo significant 
changes during the first 3 weeks of development 
in the newborn rat. Specifically, we found that 
total lung (1) APN protein expression does not 
significantly increase until PD4, (2) AdipoR1 
receptors remain low throughout the phase of 
alveolarization (PD4-PD21), while AdipoR2 
expression is consistently low from PD7-PD21. 
At birth, the newborn rat is in the saccular stage 
of lung development, alveolarization starts at 
PD4, peaks at PD10, and is complete by PD21. 
Infants who are born preterm at 23–26  weeks 
of  gestation are in the saccular stage of lung 
development while alveolarization continues 
throughout the first week of life.

Infants born prematurely sustain interruptions 
in lung development and alveolarization and are 
more susceptible to developing chronic lung dis-
ease, such as BPD (Jobe and Ikegami 2000). This 

Fig. 19.1  Western blot analysis for total lung expression 
of adiponectin (26 kDa), AdipoR1 (43 kDa), and AdipoR2 
(44 kDa) normalized to β-actin in the newborn rat during 
alveolarization (postnatal days (PD) 4, 10 and 21). APN is 

adiponectin, AdR1 and AdR2 are adiponectin receptor 1 
and 2, respectively. See Tables 19.1, 19.2 and 19.3 for a 
more complete expression profile
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increased susceptibility can be attributed to the 
immaturity of lung development at birth and an 
imbalance between anti-inflammatory and 
pro-inflammatory mediators, favoring the latter 
(reviewed in Speer 2003). As a result of this 
imbalance, the inflammatory responses that occur 
in the lung can overwhelm the system and create 
acute lung injury presenting as lung edema. This 
initial damage then leads to further injury affect-
ing alveolar development and abnormal develop-
ment of the pulmonary vasculature leading to 
BPD (reviewed in Speer 2003). Infants who are 
SGA from intrauterine growth restriction are at 
particular risk for developing BPD and have the 
lowest levels of plasma APN at birth (Hansen-
Pupp et al. 2015). APN signaling is complex but 
appears to mediate lung protection in multiple 
ways: decreases endothelial leak, decreases 
inflammation, and decreases oxidative stress. 
Although the mechanism has not been eluci-
dated, APN signaling also  does appear to be 
involved in normal lung development since APN 
knockout mice have abnormal alveolarization 
(Bianco et  al. 2013). Zana-Taieb et  al. (2015), 
using postnatal genome-wide analysis, reported 
that in a newborn rat model of growth restriction 
alveolarization  is impaired,  and the peroxisome 
proliferator-activated receptor (PPAR) pathway 
is affected. PPARs are ligand-activated nuclear 
transcription factors that regulate the expression 
of genes encoding APN, AdipoR1, and AdipoR2 
(Zana-Taieb et al. 2015). Moreover, giving PPAR 
agonists increased the expression of APN, and 
nebulization of the agonist blocked hyperoxic 
lung injury in a newborn rat model of BPD 
(Morales et al. 2014).

We found that total lung APN levels are lowest 
immediately before birth and during the first 
week of life in our animal model. APN modulates 
innate immunity, decreasing inflammation by 
binding to receptors on macrophages (M1 and 
M2) and neutrophils. APN suppresses M1 activa-
tion which produces pro-inflammatory cytokines, 
and promotes M2 macrophage proliferation 
which is involved in tissue repair and produces 
anti-inflammatory cytokines (Luo and Liu 2016). 
APN also reduces the production of reactive oxy-
gen species (ROS)  from activated neutrophils. 

Neutrophil infiltration from the blood into the 
lung produces a significant inflammatory 
response and contributes to the development of 
acute and chronic lung injury. Low levels of APN 
in the lung during the saccular stage of lung 
development may increase the vulnerability to 
inflammatory injury causing abnormal alveolar-
ization, which occurs in infants with 
BPD. Moreover, we detected the lowest level of 
APN expression at FD19, suggesting that the 
lungs are at risk during inflammation that may 
occur prior to birth.

 AdipoR1s are  expressed on human airway 
epithelial cells (Miller et  al. 2009) and both 
AdipoR1s and AdipoR2s are expressed on alveo-
lar epithelial cells (A549 cells) (Nigro et  al. 
2013). However, it appears that AdipoR1 is the 
primary receptor protecting alveolar epithe-
lial cells from inflammatory injury and apoptosis. 
More specifically, the AdipoR1 receptor blocked 
TNF-α-mediated translocation of NF-Kappa β in 
alveolar epithelial cells and increased the produc-
tion of IL-10, an anti-inflammatory cytokine 
(Nigro et al. 2013). We found that AdipoR1 levels 
were lowest throughout the stage of alveolariza-
tion in the rat lung. Less is known about the func-
tion of AdipoR2 receptors on cells and tissues 
other than the liver, although they are present on 
cells in  multiple tissues including the lung. 
Globular APN activates AdipoR1 while the full 
length  HMW APN binds AdipoR2. From the 
available literature, AdipoR1 appears to be  the 
most functional receptor on lung cells, including 
airway and alveolar epithelial cells (Miller et al. 
2009), pulmonary artery smooth muscle 
cells (Weng et al. 2011), and vascular endothelial 
cells (Chen et  al. 2015). We speculate that 
AdipoR1 receptors are expressed on both airway 
and alveolar epithelial cells during lung develop-
ment in our model. The significance of our find-
ings that AdipoR2 are also present in the lung 
during early development requires additional 
studies to determine the localization and function 
of these receptors. Of note, at PD4, the start of 
alveolarization, AdipoR1 protein expression is 
lower than AdipoR2.

Interpretation of our data is limited by the fact 
that we measured gene and protein expression for 
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APN, AdipoR1, and AdipoR2  in lung homoge-
nates and thus, we are unable to know the spe-
cific cells that are expressing these proteins and 
their function. Neither do we know whether APN 
might have  anti-inflammatory  or pro-
inflammatory properties since APN can, in 
fact, have pro-inflammatory effects, by stimulat-
ing the expression of cytosolic phospholipase A2, 
cyclooxygenase-2, and ROS such as it does  in 
human alveolar type II cells (Chen et al. 2016). 
Nevertheless, we observed significant changes in 
total lung APN and APN receptor protein and 
mRNA expression, especially during alveolariza-
tion. Although we are the first to characterize the 
pattern of expression of this important adipokine 
and its receptors during early lung development, 
we know that key experiments will need to be 
done to determine APN and APN receptor local-
ization and its role in lung protection in a model 
of lung injury. 

In conclusion, the youngest and the smallest 
infants are at risk for significant lung injury that 
contributes to the expression of CIH. We know 
that plasma and serum APN are low in these 
infants during the first weeks of life. If the devel-
opmental profile of the expression of APN, 
AdipoR1, and AdipoR2  protein in the human 
infant is similar to what we described for the rat, 
low levels of APN protein expression during the 
first 3  days of life and low levels of AdipoR1 
receptors throughout alveolarization 
could increase the risk of developing inflamma-
tory and oxidative lung injury.
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Myo-inositol Effects 
on the Developing Respiratory 
Neural Control System

Peter M. MacFarlane and Juliann M. Di Fiore

Abstract
Myo-inositol is a highly abundant stereoiso-
mer of the inositol family of sugar alcohols 
and forms the structural basis for a variety of 
polyphosphate derivatives including second 
messengers and membrane phospholipids. 
These derivatives regulate numerous cell pro-
cesses including gene transcription, mem-
brane excitability, vesicular trafficking, 
intracellular calcium signaling, and neuronal 
growth and development. Myo-inositol can be 
formed endogenously from the breakdown of 
glucose, is found in a variety of foods includ-
ing breastmilk and is commercially available 
as a nutritional supplement. Abnormal myo-
inositol metabolism has been shown to under-
lie the pathophysiology of a variety of clinical 
conditions including Down Syndrome, trau-
matic brain injury, bronchopulmonary dyspla-
sia (BPD), and respiratory distress syndrome 
(RDS). Several animal studies have shown 
that myo-inositol may play a critical role in 
development of both the central and periph-
eral respiratory neural control system; a nota-
ble example is the neonatal apnea and 
respiratory insufficiency that manifests in a 
mouse model of myo-inositol depletion, an 

effect that is also postnatally lethal. This 
review focuses on myo-inositol (and some of 
its derivatives) and how it may play a role in 
respiratory neural control; we also discuss 
clinical evidence demonstrating a link between 
serum myo-inositol levels and the incidence 
of intermittent hypoxemia (IH) events (a sur-
rogate measure of apnea of prematurity 
(AOP)) in preterm infants. Further, there are 
both animal and human infant studies that 
have demonstrated respiratory benefits fol-
lowing supplementation with myo-inositol, 
which highlights the prospects that nutritional 
requirements are important for appropriate 
development and maturation of the respiratory 
system.

Keywords
Myo-inositol · Respiratory neural develop-
ment · Control of breathing

20.1	 �Introduction

Myo-inositol is a naturally occurring sugar deriv-
ative found in most foods including fruits, beans, 
and breast milk. Dietary/nutritional habits, there-
fore, can be an important determinant of biologi-
cal myo-inositol expression. Endogenous 
formation of myo-inositol, however, can come 
from the breakdown of glucose and the conversion 
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of D-glucose-6-phosphate, as well as through 
recycling of cellular phosphatidylinositol. It 
is the most abundant form of eight other stereo-
isomers of inositol which play major roles in a 
variety of metabolic pathways. Importantly, its 
phosphorylated derivatives comprise a variety of 
phosphoinositide stereoisomers, including inosi-
tol-1-4-5-trisphosphate (IP3) and diaglycerol 
(DAG), which act as second messengers regulat-
ing Ca2+ signaling and PKC activity, respectively. 
Further variations in phosphorylation of the 
hydroxyl group(s) yield several different myo-
inositol containing phosphatidylinositol phos-
phate (PIP) derivatives (Halub 1986).

The multitude of various derivatives play 
important roles in regulating membrane vesicle 
fission and fusion, lipid raft formation, structure 
and function of the cytoskeleton, chemotaxis, 
osmoregulation, and glucose homeostasis 
(Ogimoto et al. 2000; Collins et al. 2002; Harlan 
et al. 1994; De Camilli et al. 1996; Wurmser et al. 
1999). Biologically there is a high abundance of 
myo-inositol in a variety of different tissues 
throughout the body. Millimolar concentrations 
of myo-inositol have been detected within brain 
neurons (Godfrey et  al. 1982) and the sixfold 
higher brain concentration compared to whole 
body levels at birth highlights a heavy depen-
dence on in utero brain development (Berry et al. 
2003). It is not surprising, therefore, that myo-
inositol may play a critical role in development of 
the respiratory control system. There are several 
types of membrane-bound transporters that regu-
late intracellular levels of myo-inositol of which 
the sodium(Na+)/myo-inositol cotransporter 1 
(SMIT1) and 2 (SMIT2) are the most abundant. 
SMIT1 is expressed in a variety of tissue includ-
ing kidney, skeletal muscle, pancreas, heart, lung, 
placenta and brain (Berry et  al. 1995) whereas 
SMIT2 is relatively weakly expressed in the brain 
(Roll et al. 2002).

Abnormalities in myo-inositol metabolism 
have been implicated in the pathophysiology of a 
variety of clinical settings including diabetic neu-
ropathy, Down Syndrome, gestational diabetes, 
polycystic ovary syndrome, bronchopulmonary 
dysplasia, and acute respiratory distress syndrome. 
In the present review, we discuss the limited 

available literature describing a link between 
myo-inositol (and its derivatives) and respiratory 
neural control.

20.2	 �Myo-inositol 
and the Respiratory System

There are several examples demonstrating either 
a direct or indirect role for myo-inositol in regu-
lating development and function of the respira-
tory neural control system. One example is the 
SMIT1 knockout mice which are almost com-
pletely depleted of myo-inositol (Berry et  al. 
2003; Chau et al. 2005; Buccafusca et al. 2008); 
the neonate expires soon after birth arguably 
from respiratory failure  – although there are 
ambiguities over the cause of death and whether 
the respiratory insufficiency is due to peripheral 
or central abnormalities in respiratory control. 
Myo-inositol could also exhibit an indirect 
effect on breathing via its derivatives, which 
have been shown to influence excitability of 
central (brainstem) and peripheral (carotid body 
chemoreceptor) respiratory-related neurons. 
The following section briefly describes some of 
these findings, and concludes with a clinical 
example in which there is an association 
between a postnatal decline in endogenous 
myo-inositol levels in preterm infants, which 
parallels an increase in the incidence of inter-
mittent hypoxemia events.

20.2.1	 �SMIT 1 KO Mice 
and Myo-inositol

One intriguing example demonstrating how myo-
inositol affects the respiratory neural control sys-
tem is through genetic deletion of one of its 
co-transporters, SMIT1 (also known as Slc5a3). 
In this mouse model, SMIT1 null mice (SMIT1−/−) 
exhibit >90% reduction in brain, and to a similar 
extent peripheral, myo-inositol levels (Berry 
et al. 2003; Chau et al. 2005; Buccafusca et al. 
2008). The embryo survives gestation although 
the newborn appears to exhibit major respiratory 
insufficiency, expressed as irregular breathing, 
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hypoventilation and apnea. The neonates die sev-
eral days after birth which has largely been attrib-
uted to respiratory failure, although there are 
conflicting data about the precise nature of the 
respiratory effects of myo-inositol and the exact 
cause of death. Regardless, the following section 
briefly assesses some of the phenotypic charac-
teristics of the SMIT1 mouse to highlight the 
profound (and in some cases controversial) 
effects myo-inositol deficiency has on the respi-
ratory neural control system.

20.2.1.1	 �Development 
of the Peripheral Nervous 
System

There are several versions of SMIT1 KO mice, 
which are characteristically almost depleted of 
myo-inositol. There are however, discrepancies 
over whether it is accompanied by functional 
and/or morphological abnormalities of the 
peripheral nervous system and whether such 
abnormalities contribute to the lethality. Chau 
et  al. (2005) demonstrated gross morphological 
deficiencies in vagal, phrenic and intercostal 
nerve development of the fetus compared to WT 
littermates. The sciatic nerve, which was also 
poorly developed, had a marked reduction in 
nerve conduction velocity, which correlates func-
tional abnormalities with morphological ones. 
Clearly, poorly developed phrenic and intercostal 
nerves would compromise motor control of 
breathing, whereas the vagal abnormalities could 
diminish pulmonary afferent inputs. The possi-
bility that carotid body chemoafferents could 
also be impaired is of interest from the viewpoint 
that neonatal mortality has been observed fol-
lowing transection of the carotid sinus nerves 
(Serra et  al. 2001). However, functional abnor-
malities in the SMIT1 mice have not been 
investigated (Chau et  al. 2005). Further, abnor-
malities in peripheral nerve morphological were 
not observed in a different line of SMIT1 KO 
mice, which questions whether the lethality is the 
result of abnormal peripheral nerve development 
(Chau et  al. 2005). There is perhaps more con-
vincing evidence of abnormalities in brainstem 
respiratory control regions.

20.2.1.2	 �Development of Brainstem 
Respiratory Control Regions

There are compelling data that respiratory insuf-
ficiency (apnea and hypoventilation) of neonatal 
SMIT1 mice originates from abnormalities in 
central (e.g., brainstem) respiratory neural con-
trol regions. Diaphragm EMG recordings from 
the brainstem-spinal cord preparation of E18.5 
mice revealed an irregular respiratory pattern 
compared to WT mice, which consisted of pro-
longed apneas and augmented breaths (Berry 
et  al. 2003; Buccafusca et  al. 2008). Further, 
electrophysiological recordings from neurons of 
the preBötzinger complex (preBötC) using the 
brainstem slice preparation (Berry et  al. 2003) 
revealed abnormal inspiratory activity (Fig. 20.1). 
Collectively, these data suggest that the respira-
tory abnormalities of the neonate are likely of 
central origin. Interestingly, however, gross anal-
ysis of neurokinin-1 receptor positive neurons 
(NK1R), which label pre-BötC neurons (and 
adjacent nucleus ambiguus) revealed no apparent 
morphological abnormalities (Buccafusca et  al. 
2008). It was concluded, therefore, that the post-
natal lethality of myo-inositol deficiency likely 
results from respiratory failure due to functional 
abnormalities in central mechanisms of respira-
tory control (Buccafusca et al. 2008). These data 
raise the question of whether myo-inositol sup-
plementation could rescue the respiratory insuf-
ficiency and prevent the associated lethality.

20.2.1.3	 �Myo-inositol 
Supplementation

Given the profound respiratory disturbances of 
SMIT1 KO mice, one impending question is 
whether supplementation with myo-inositol con-
fers protection against its genetic deficiency. A 
notable benefit of myo-inositol supplementation 
early in utero (beginning earlier than E0.9; Chau 
et al. 2005) was improved survival (Buccafusca 
et  al. 2008). However, later supplementation 
(E15.5) appeared to be ineffective, suggesting the 
window of opportunity for whatever mechanisms 
of development myo-inositol might be necessary 
for has passed. Indeed, gestation appears to be a 
critical period for peripheral nerve development 
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with, for example, the phrenic nerve beginning to 
innervate the diaphragm around E13–14 (Greer 
et al. 1999). Although the mortality could be pre-
vented by maternal supplementation with myo-
inositol during pregnancy, reversal of apnea or 
the abnormal respiratory rhythm has not been 
assessed either in vivo or using the in vitro prepa-
rations outlined above. An understanding of the 
biochemical mechanisms underlying such bene-
fits is also difficult to determine because maternal 
supplementation only modestly increased myo-
inositol levels in the offspring. Further, neither 
depletion or supplementation with myo-inositol 
translated into changes in expression of any of its 
derivatives (IP5 or IP6) or mRNA levels for sev-
eral components involved in myo-inositol metab-
olism (Buccafusca et al. 2008). This is surprising 
since there are several studies that have investi-
gated the direct effects of various derivatives of 
myo-inositol on both central and peripheral 
mechanisms of respiratory neural control.

20.3	 �Derivatives of Myo-inositol

Although the above studies showed very little 
effect of myo-inositol depletion (or supplementa-
tion) on the expression of its derivatives in either 

the central or peripheral nervous system, several 
studies have demonstrated a direct effect of deriv-
atives on various sites of respiratory control.

20.3.1	 �Respiratory Rhythm 
Generation

Acute application of bath-applied myo-inositol 
(1 mM) to the E18.5 mouse brainstem-spinal cord 
preparation had no immediate effect on rhythmic 
respiratory activity in either WT or SMIT1 KO 
mice (Buccafusca et al. 2008), which suggests it 
does not play a direct role in respiratory rhythm 
generation or pattern of respiratory bursting. One 
study, however, demonstrated that various deriva-
tives of myo-inositol influence bursting of pre-
BötC neurons. Using the in vitro brainstem slice 
preparation from neonatal mice, micro-injection 
of a PIP2 analogue directly into a preBötC neuron 
increased the amplitude and frequency of inspira-
tory drive potentials whereas depletion of PIP2 
had the opposite effect (Crowder et  al. 2007). 
Inhibiting IP3 receptors also decreased inspira-
tory drive potential, which suggests that these 
derivatives may play an important role in main-
taining the robustness of respiratory rhythm gen-
eration (Crowder et al. 2007).

Fig. 20.1  Recordings of integrated and rectified inspi-
ratory neuronal discharge in brainstem slice prepara-
tions isolated from E18.5 wildtype (a) and 
SMIT1−/− (b) fetuses. Representative recordings of 
the preBötzinger Complex (preBötC; the putative 
respiratory rhythm generating center) represent neuro-

nal populations; the hypoglossal (XII) recordings were 
obtained directly from the nerve rootlet. Note the irreg-
ular respiratory rhythm and higher prevalence of apnea 
and also augmented breaths in the SMIT1−/− mouse 
compared to wildtype (WT). (Modified with permis-
sion from Berry et al. 2003)
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20.3.2	 �Carotid Body Signaling

Presumably the SMIT transporters are present in 
the carotid body since inositol phosphates and 
phosphoinositides have been labeled using 
3H-myo-inositol (Rigual et  al. 1999). Although 
there are no data that we are aware of that has 
demonstrated direct effects of myo-inositol on 
carotid body function, there are indirect evidence 
for a role of its derivatives. This may be obvious 
since carotid body sensitivity requires Ca2+ sig-
naling. Hypoxia exposure, for example increased 
phospholipase C which catalyzes IP3 and DAG 
formation (Pokorsky and Strosznajder 1993; 
Berridge 1987). Rigual et  al. (1999), however, 
showed decreased expression of various inositol 
phosphates (IP1, IP2, IP3) and phosphoinositides 
(PIP2, PIP4) in the rabbit carotid body during 
hypoxia. How these changes affect hypoxia sen-
sitivity or afferent signaling is unclear. However, 
endothelin increased carotid body IP3 levels, 
which was associated with a potentiated carotid 
sinus nerve response to acute hypoxia (He et al. 
1996; McQueen et  al. 1995; Chen et  al. 2000). 
Thus, the role of myo-inositol and its derivatives 
on carotid body function may depend on the ini-
tiating stimulus, which is important in the context 
that there is emerging evidence that the carotid 
body serves several functions beyond hypoxia 
sensing, including immuno- and glucose-sensing 
(Kumar and Prabhakar 2012).

20.3.3	 �Nucleus Tractus Solitarius 
(nTS)

The nTS is the site of integration of afferent 
information from the vagus nerve and is an 
important brainstem respiratory neural control 
center. The caudal region comprises neurons that 
receive and relay afferent inputs from the carotid 
body and, therefore, plays an important role in 
the reflex response to hypoxia. Several studies 
have explored the direct and immediate effects of 
myo-inositol derivatives on nTS neuron excit-
ability and associated physiological responses 
including heart rate and respiratory activity. For 
example, microinjections of IP6 into the caudal 

nTS of spontaneously breathing anesthetized rats 
dose-dependently decreased both mean arterial 
blood pressure and respiratory rate, and caused 
transient apnea (Baracco et  al. 1989). Both IP5 
and IP6 also caused bradycardia although IP6 
appears to exhibit the most potent properties 
(Vallejo et al. 1987; Hanley et al. 1988). Further, 
micro-injections of vasopressin into the nTS of 
rats increased myo-inositol-derived phos-
phoinositide turnover (Moratalla et  al. 1988). 
These data emphasize not just the important role 
that myo-inositol derivatives may play in regulat-
ing central mechanisms of respiratory control, 
but their roles extend into modulating other phys-
iological mechanisms underlying important car-
diovascular responses to adverse challenges.

20.4	 �Associations 
Between Endogenous Myo-
inositol and Intermittent 
Hypoxia in Preterm Infants

Major consequences of preterm birth (<38 weeks 
gestation) are the respiratory complications asso-
ciated with the infant’s immature, poorly devel-
oped respiratory system. Respiratory related 
concerns such as periodic breathing, apnea, and 
accompanying falls in oxygenation/intermittent 
hypoxemia (IH), are universal in extremely pre-
term infants (Di Fiore et al. 2010). IH, a surrogate 
measure of apnea, is of primary concern as it may 
exacerbate other morbidities (Poets et al. 2015); 
however, apnea and IH continue to be major 
problems despite the use of various modes of 
respiratory interventions including supplemental 
O2, positive pressure support and caffeine (Di 
Fiore et  al. 2010; Poets et  al. 2015). Pulse 
oximeter monitoring of O2 saturation has revealed 
a dynamic profile in the postnatal incidence of IH 
events. For unknown reasons the number of IH 
events is “low” in the first week of postnatal life 
in preterm infants, then increases sevenfold over 
the following 2–3 weeks before reaching a pla-
teau (~4 weeks of age) and gradually declining 
thereafter (Di Fiore et al. 2010). These postnatal 
changes in IH events define several developmen-
tal “windows” or “phases” during which the vul-
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nerability of respiratory neural control 
mechanisms underlying breathing stability may 
vary (Fig. 20.2). Further, throughout this 4 week 
time period of changes in IH events, there is an 
inverse relationship in serum myo-inositol levels. 
Specifically, serum myo-inositol are high in the 
first week of postnatal life followed by a rapid 
decrease of about 65% (Hallman et al. 1992) in 
the first postnatal weeks when the IH events 
increase (Fig.  20.2). Whether changing myo-
inositol expression is a cause or consequence of 
the IH events is unknown, but this association, 
together with the animal literature described 
above, raises the possibility that there may be 
therapeutic benefit from myo-inositol supple-
mentation as a mechanism to improve breathing 
stability and prevent apnea and IH.

Data relating myo-inositol to respiratory 
stability in preterm infants is limited but worthy 
of exploration. For example, myo-inositol has 
been shown to improve pulmonary function in 
premature infants with respiratory distress syn-
drome (Hallman et al. 1992). Additional factors 
including “low” levels of continuous baseline O2 
saturation (Di Fiore et  al. 2012) and infection 
may exacerbate apnea and IH (Hofstetter et  al. 

2008; Stock et  al. 2010). Interestingly, animal 
studies have shown that neonatal hypoxia expo-
sure (Raman et  al. 2005) and respiratory viral 
infection (Conrad et  al. 2015) decreased brain 
myo-inositol suggesting disruption of brain 
energy metabolism. Taken together, these data 
suggest that myo-inositol levels may play a role 
in respiratory stability in preterm infants, but the 
relationship may be confounded by the clinical 
status and postnatal age.

20.5	 �Summary

Although the observations that decreased myo-
inositol may or may not result in inappropriate 
peripheral (or central) morphological abnormali-
ties in respiratory neural control, even modest 
changes in myo-inositol can translate into major 
functional complications. This may be particu-
larly important to the pathophysiological mecha-
nisms underlying various respiratory morbidities 
including apnea of prematurity when myo-inositol 
levels decrease dramatically during the first post-
natal weeks. The possibility that such changes in 
myo-inositol can contribute to the etiology of 

Fig. 20.2  Association between postnatal changes in IH 
events in preterm infants and serum myo-inositol levels. 
Note the incidence of IH (square symbols) events in the 
first week of life is low (phase I), but increases markedly 
over the following weeks (phase II), reaching a plateau 
at ~4 weeks of age and declining thereafter (phase III). 
These specific changes are highlighted by the 3 different 
phases, which could represent different windows of 

respiratory neural development (infants were between 
24 and 28 gestation; data were obtained via pulse oxim-
etry; values obtained from Di Fiore et al. 2010). Further, 
note the inverse relationship between the IH events and 
serum (open circles) myo-inositol levels of preterm 
infants (24–32  weeks gestational age) over the same 
2  month postnatal time period (values obtained from 
Hallman et al. 1992)
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respiratory morbidities such as apnea of prematu-
rity either directly or indirectly is an attractive 
hypothesis. The high prevalence of apnea and IH 
events in this vulnerable population offers unique 
opportunities to test for potential beneficial effects 
of myo-inositol supplementation.
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Adrenal Medulla Chemo 
Sensitivity Does Not Compensate 
the Lack of Hypoxia Driven Carotid 
Body Chemo Reflex in Guinea Pigs
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Abstract
Guinea pigs (GP), originally from the Andes, 
have absence of hypoxia-driven carotid body 
(CB) reflex. Neonatal mammals have an 
immature CB chemo reflex and respond to 
hypoxia with metabolic changes arising from 
direct effects of hypoxia on adrenal medulla 
(AM). Our working hypothesis is that adult 
GP would mimic neonatal mammals. Plasma 
epinephrine (E) has an AM origin, while nor-
epinephrine (NE) is mainly originated in sym-
pathetic endings, implying that specific GP 
changes in plasma E/NE ratio, and in blood 
glucose and lactate levels during hypoxia 
would be observed. Experiments were per-

formed on young adult GP and rats. Hypoxic 
ventilation (10% O2) increased E and NE 
plasma levels similarly in both species but 
PaO2 was lower in GP than in rats. Plasma E/
NE ratio in GP was higher (≈1.0) than in rats 
(≈0.5). The hypoxia-evoked increases in 
blood glucose and lactate were smaller in GP 
than in the rat. The AM of both species contain 
comparable E content, but NE was four times 
lower in GP than in rats. GP superior cervical 
ganglion also had lower NE content than rats 
and an unusual high level of dopamine, a neg-
ative modulator of sympathetic transmission. 
Isolated AM from GP released half of E and 
one tenth of NE than the rat AM, and hypoxia 
did not alter the time course of CA outflow. 
These data indicate the absence of direct 
effects of hypoxia on AM in the GP, and a 
lower noradrenergic tone in this species. 
Pathways for hypoxic sympatho-adrenal sys-
tem activation in GP are discussed.
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21.1	 �Introduction

The carotid body (CB) chemoreceptors are arte-
rial oxygen sensors, suited for monitoring 
changes in arterial blood PO2 and capable of 
reflexly adjust ventilation to correct the drop of 
PO2. It is currently accepted that hypoxia directly 
or indirectly through mitochondrial mechanisms, 
inhibits K+-channels in the chemoreceptor cell 
membrane, leading to depolarization and release 
of neurotransmitters that activate the sensory 
nerve terminals of the carotid sinus nerve 
(Gonzalez et al. 1994). Afferent information from 
the carotid body is transmitted to the nucleus of 
the tractus solitaries (NTS) and rostroventrolateral 
medulla (RVLM) to increase breathing and 
sympathetic activation, respectively, during 
hypoxia (Marshall 1994; Guyenet 2000).

Although the CB chemoreceptor reflex is not 
completely functional at birth, direct activation 
of the chromaffin cells of the adrenal medulla 
(AM) by hypoxia in the fetus and newborn 
animals (Seidl and Slotkin 1985) leads to 
catecholamine (CA) release, which aside from 
cardiovascular and respiratory adjustments 
promote glycogenolysis and lipolysis. The 
resulting increase in glycemia and free fatty acids 
provides metabolic fuels to the newborn (Padbury 
et al. 1987). The direct CA secretory response to 
hypoxia from AM in neonatal rats is greatly 
attenuated in 14  days old animals, when 
maturation of splanchnic innervation occurs 
(Seidl and Slotkin 1986; Rico et  al. 2005). 
Postnatal maturation of the CB and AM causes 
the hypoxic activation of the AM and, sympathetic 
activation, to become a reflex response (Marshall 
1994). Only chromaffin cells isolated from young 
adult guinea pig (GP) apparently retain some 
oxygen sensing properties (Inoue et al. 1998).

Guinea pigs have a poor or no hyperventila-
tory response to hypoxia, when compared to 
other rodents (Schwenke et al. 2007; Gonzalez-
Obeso et al. 2017). We have tested the hypothesis 
that adult GP could mimic neonatal mammals, 
using adrenal medullary derived CA to drive met-
abolic responses to defend from hypoxia. Animals 
were subjected to episodes of acute hypoxia, and 

blood PO2, glucose and lactate and plasma CA 
were monitored; we also measured the direct 
effect of hypoxia on the release of CA in isolated 
in vitro AM. To strengthen the potential specific-
ity and significance of our observations in GP, we 
have run parallel experiments on rats. Our find-
ings fail to confirm the hypothesis; general 
responses in the intact animal and in vitro AM 
were identical in both species, including the lack 
of AM “direct” chemo sensitivity to hypoxia.

21.2	 �Methods

Animals  Male Hartley guinea pigs (2–4 months 
old) and male adult Wistar rats (2–4 months old) 
with free access to food and water, were 
maintained under controlled conditions of 
temperature and humidity and a stationary 12-h 
light–dark cycle. Protocols were approved by the 
University of Valladolid Institutional Committee 
for Animal Care and Use following international 
laws and policies (European Union Directive for 
Protection of Vertebrates Used for Experimental 
and Other Scientific Ends (2010/63/EU). Animals 
were euthanized by a cardiac overdose of sodium 
pentobarbital.

Blood Gas Plasma CA, Glucose and Lactate 
Measurements  Animals were anesthetized with 
intraperitoneal administration of Ketamine 
(100  mg/Kg) and diazepam (2  mg/Kg) 
tracheostomized and mechanically ventilated 
with room air (CL Palmer; 60 cycles/min, and a 
positive expiratory pressure of 2  cm H2O). To 
examine the effect of hypoxia, the inlet of the 
respirator was connected to a hypoxic gas mixture 
(10% O2, 90% N2). Blood PO2, PCO2 and pH 
were measured in blood samples taken during 
normoxic conditions (air ventilated) or 
immediately after 15 and 30  min of hypoxic 
challenge with an Automatic Blood Gas System 
(ABL5, Radiometer Copenhagen). To measure 
CA content, 2 mL aliquot of blood samples were 
withdrawn in the same conditions. Citrated-blood 
was centrifuged at 1000  g for 5  min at room 
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temperature. Supernatant was transferred to tubes 
containing 60  mg/ml sodium metabisulfite and 
frozen at −80  °C until the HPLC analysis of 
CA was performed. Detailed procedures for 
measurement of CA by HPLC have been 
described in detail elsewhere (Olea et al. 2014). 
Glucose and lactate in blood were measured 
with glucose and lactate meters (Ascensia 
Breeze 2, Bayer; Lactate Pro, Arkray).

CA Secretion and Endogenous Content 
from AM  After anesthesia, adrenal glands were 
removed and placed in a Lucite chamber filled 
with ice-cold Tyrode solution (in mM: 140 NaCl, 
5 KCl, 2 CaCl2, 1.1 MgCl2, and 5 glucose; 
pH  7.4). Adrenal glands were de-capsulated 
under a dissecting microscope; AM were trans-
ferred to a glass tube with Tyrode-HCO3

- solu-
tion equilibrated with 20% O2-5% CO2- remainder 
N2 at 37 °C and maintained in a shaker bath dur-
ing 30 min, to recover from surgical stress. Later, 
each AM was transferred to vials containing 
500  μl of Tyrode-HCO3

- solution equilibrated 
either with 20% O2–5% CO2-N2 (normoxic solu-
tion) or with 5% O2-5% CO2-N2 (hypoxic solu-
tion). Superfusion media were collected every 
10 min in eppendorf tubes containing 200 μl of 
0.4 N perchloric acid (PCA), 0.1 mM EDTA and 
frozen at −80 °C until the HPLC-ED analysis of 
CA was performed. For analysis of endogenous 
CA content of AM and superior cervical ganglia 
(SCG), supernatants of glass-to-glass (0.1  N 
PCA, 0.1 mM EDTA) homogenized tissue were 
directly injected in the HPLC-ED system and 
chromatograms were analyzed with Peak Sample 
Data Chromatography System software (Buck 
Scientific, East Norwalk, CT).

Statistical Analysis  Data are presented as 
mean  ±  SEM.  The significance of differences 
between means was calculated by one and two-
way analysis of variance (ANOVA) for repeated 
measures (when applicable) with Dunnett and 
Bonferroni multiple comparison tests, respec-
tively. Significance was taken as p < 0.05.

21.3	 �Results

Arterial Blood PO2 in Normoxic and Hypoxic 
Conditions  Figure 21.1a shows levels of PaO2 
in GP and rats under normoxic and hypoxic 
conditions. Animals were mechanically venti-
lated with room air for 10  min, followed by 
30 min of hypoxic ventilation (10% O2, remain-
der N2). Blood samples were withdrawn just 
before starting the hypoxic ventilation, and after 
15 and 30 min of hypoxia, to measure blood PO2, 
glucose and lactate and plasma CA. Arterial PO2 
values under normoxia were lower in GP than in 
rats (PO2 66 ± 3 mmHg in GP and 80 ± 3 mmHg 
in rat). After 15 and 30 min of hypoxic ventila-
tion, PaO2 decreased to 20  ±  1  mm Hg and 
42 ±3 mm Hg in GP and rats, respectively, GP 
showing a 71% and rats a 48% decrease in PaO2 
(***p  <  0.001 vs. air in both cases). However, 
PaCO2 values were comparable between both 
species.

Blood Glucose and Lactate 
Levels  Measurements of glucose and lactate in 
blood were made in the same conditions as those 
used to measure PaO2. Glucose levels in normoxia 
were similar in both species (146 ± 9 in GP and 
188 ± 22 mg/dl in rats; n = 5–8; Fig. 21.1b). In 
GP, hypoxia increased glucose levels to 282 ± 31 
after 15 min and to 407 ± 71 mg/dl after 30 min. 
In rats, glucose levels were increased to 451 ± 44 
and 588 ± 12 mg/dl at 15 and 30 min of hypoxic 
exposure, respectively. Changes in lactate levels 
paralled with those of glucose (Fig.  21.1c). 
Hypoxia elevated lactate from 1.4  ±  0.1 to 
3.5 ± 0.5 (15 min hypoxia) and to 5.1 ± 1.1 mmol/L 
(30 min hypoxia; p < 0.001) in GP. Rat lactate 
level in normoxia was higher than in GP, 
2.8  ±  0.5  mmol/L, and after 15 and 30  min of 
hypoxia were 11.5 ± 1.0 and 9.9 ±1.1 mmol/L, 
respectively (p < 0.001).

Effect of Hypoxia on Plasma CA Levels  Plasma 
CA content was measured in the same blood 
samples used for determining glucose and lactate. 
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Data presented in Fig. 21.2a show responses of 
NE and E were comparable between both species. 
Levels of NE in GP ventilated with air were 
3.1 ± 0.3 pmol/ml of plasma and they increased 
to 4.7 ± 0.6 and 6.9 ± 1.6 after 15 and 30 min of 
hypoxia. Levels of E followed a similar pattern 
from 3.1 ± 0.5 to 5.6 ± 0.3 and to 9.1 ± 0.9 pmol/
ml of plasma. This pattern of plasma CA changes 
yielded E/NE ratios of 1.01, 1.20, and 1.32 for 
normoxia and hypoxia (15 and 30  min) 
respectively. Comparable values of both CA in 
GP have been reported by other authors 

(Macquin-Mavier et al. 1988). Plasma DA levels 
were around 5 times lower and not significantly 
modified by hypoxia (data not shown). In 
normoxic conditions, rat plasma NE levels were 
higher (4.7  ±  1.5  pmol/ml) and E levels were 
lower (2.4 ± 0.9) than those found in GP. After 15 
and 30  min of hypoxia, NE levels were about 
double while E levels increased by 2 and 5 times, 
respectively. The E/NE ratios obtained during 
normoxia and hypoxia (15 and 30  min) were, 
0.52, 0.57, and 1.30, respectively. The data 
obtained in the last hypoxic period from rats 

Fig. 21.1  (a). PaO2 
from guinea pigs and 
rats mechanically 
ventilated, breathing in 
normoxic and hypoxic 
(10% O2) conditions 
(10 min air, 15 min 10% 
O2 and additional 15 min 
10% O2). (b). Glucose 
and (c), lactate blood 
levels in guinea pigs and 
rats in normoxic and 
hypoxic conditions. Data 
are mean ± SEM; n = 9, 
except for the last period 
of hypoxia in rats (n = 3; 
animals died before 
30 min of hypoxic 
exposure). *p < 0.05; 
**p < 0.01; *p < 0.001 
vs air breathing

E. Olea et al.



171

should be interpreted cautiously because only 3 
out the 7 animals completed the 30  min of 
hypoxia. Levels of plasma DA (0.4 ± 0.1 pmol/
ml), were minimally modified in the initial 15 min 
of hypoxia and augmented disproportionally 
after 30 min (data not shown).

Adrenal Medulla and Superior Cervical 
Ganglion Catecholamine Content  Figure 
21.2b shows CA content in AM from GP and rat. 
NE content in GP adrenal medulla was 
1.5 ± 0.1 nmol/mg of tissue (n = 14) and rats had 
levels almost 4 times higher, 5.2 ± 0.4 nmol NE /
mg tissue (n  =  10). However, E content was 
similar in both species, 22.2  ±  2.5 and 
21.5  ±  1.5  nmol/mg of tissue in GP and rat, 
respectively. Comparable levels of E and NE 
content in GP (Macquin-Mavier et al. 1988) and 
rat (Kumar et al. 2006) have been reported. The 
ratio E/NE was 15  in GP and 4.2  in rats, 
suggesting a potentially more intense role of GP 

AM in metabolism control, whereas in rats, AM 
would contribute more to the vascular control 
(Goldstein et al. 2003).

Figure 21.2c shows the CA content of the 
sympathetic ganglia. Levels of NE in the SCG of 
GP were about half of those of rats (62.4 ± 4.5 vs. 
107.3  ±  4.6 pmole/mg tissue), while DA levels 
were 6 times higher in GP (48.8 ± 6.1 vs. 8.3 ± 1.9 
pmole/mg tissue). DA/NE ratio was much higher 
in GP than in rats (0.78 vs 0.08), suggesting a 
strong dopaminergic modulation of sympathetic 
activity mediated by the dopaminergic 
interneurons, small intensely fluorescent cells 
(SIF cells; Eranko 1978).

Release of CA from the AM  To further test our 
hypothesis of the possible direct hypoxic 
sensitivity of GP adrenomedullary chromaffin 
cells, we studied the effects of hypoxia in the 
isolated AM time course of CA outflow from 

Fig. 21.2  (a). Plasma CA levels from guinea pigs and 
rats. CA were measured when animals were mechanically 
ventilated with room air and at the end of 15 and 30 min 
of the hypoxic period. Data are mean ± SEM (n  =  9) 

except for the last period of hypoxia in rats (n = 3). (b). 
CA levels in AM from guinea pigs and rats. (c). CA levels 
in SCG from guinea pigs and rats. Data are mean ± SEM 
(n = 14 in GP; n = 10 in rats). **p < 0.01; ***p < 0.001 vs 
air; +p < 0.05 hypoxia 15 min vs 30 min
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both species. Results presented in Fig. 21.3 show 
that hypoxia does not elicit increased CA efflux 
(i.e., does not alter the ongoing time course of the 
outflow) from AM in either of the species. In 
normoxic conditions (C), the amount of E in the 
incubation solution was 946 ± 160 pmol/mg of 
tissue in GP, and NE was much lower, 
43.5 ± 7 pmol/mg of tissue. The E/NE ratio was 
15  in the AM and in the incubation solutions it 
was around 22, suggesting that E turnover is 
faster than NE.

Under the same conditions the amount of E 
and NE in the effluent of rat AM were 
1981 ± 291 pmol/mg tissue and 451 ± 81 pmol/
mg tissue. The E/NE ratio was 4.2 in AM tissue 
and 4.4  in the incubating solution, with a 
comparable turnover for both CA. Data showed 
that in vitro hypoxia does not increase CA release 
from AM neither in GP nor in rats. The release of 

DA was much smaller in both species, nearly par-
alleling tissue content (data not shown).

21.4	 �Discussion

Main findings in the present study include: (1) 
The AM of GP and rats have comparable E levels, 
NE being four times higher in rats; E/NE ratios 
were 15 in GP and 4 in rat. In the SCG of GP, NE 
levels were half of those in rats. These data would 
suggest a lower noradrenergic tone in GP.  The 
SCG of the GP has an unusual high level of DA, 
a negative modulator of sympathetic transmission. 
(2) GP has unexpectedly low PaO2. (3) Hypoxia 
seems to be less effective increasing glucose and 
lactate levels in GP than in rats. (4) Plasma levels 
of E and NE are nearly identical in GP (E/NE ≈ 
1), while in rat E was lower and NE was higher 
(E/NE ≈ 0.5). (5) In vitro, E and NE outflows 

Fig. 21.3  Time course of CA outflow. Effect of hypoxia 
(5% O2) on the outflow of E (Fig.  21.3a) and NE 
(Fig.  21.3b) from isolated guinea pig AM.  Effect of 

hypoxia (5% O2) on the outflow of E (Fig. 21.3c) and NE 
(Fig. 21.3d) from isolated rat AM. Data are mean ± SEM 
(n = 10 in GP; n = 8 in rats)
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from AM of the GP are not proportional to tissue 
content: NE outflow is slower than expected, sug-
gesting a slower turnover rate of NE in GP.  In 
rats, the outflow of E is nearly twice as high as in 
GP, and both CA appear in the effluents in 
proportion identical to tissue content. In neither 
of the species hypoxia altered the time course of 
the outflow.

The sympathetic nervous system (SNS) and 
AM are considered to function as a unit, and 
indeed they do so in adjusting the bodily functions 
in the fight and flight response. NE is the SNS 
neurotransmitter responsible for the maintenance 
of resting tone for cardiovascular function, as 
well as for the reflex responses that endanger 
cardiovascular normal functioning. E, the 
principal AM hormone, is mainly responsible for 
adjusting and coordinating metabolic responses 
in any situation that menaces the homeostasis of 
the organism (Goldstein et  al. 1983). Systemic 
hypoxia represents a stressful condition 
endangering cell survival, and probably the most 
efficient response of mammals is hyperventilation 
triggered by CB chemoreceptors, a response that 
GP lacks (Schwenke et al. 2007; Gonzalez-Obeso 
et  al. 2017). Therefore, we envisioned the 
possibility that non-ventilatory, mostly metabolic 
responses would be more developed in GP as a 
result of the intrinsic sensitivity of AM to 
hypoxia, mimicking the situation of neonatal 
animals. However, findings have not uncovered 
striking differences in the sympatho-adrenal 
mediated responses between GP and rats, the 
later with well-developed CB chemoreflex. On 
one hand, hypoxia causes comparable trends in 
plasma CA, glucose and lactate in GP and rats; 
on the other hand, in vitro experiments indicate 
that hypoxia does not activate CA release from 
the in vitro AM of either species. The lack of 
response of adult rat AM to hypoxia was expected 
from previously published findings in the intact 
animal and in isolated adrenomedullary cells 
(Seidler and Slotkin 1985, 1986), but in adult GP 
it would appear that chromaffin cells could 
directly be sensitive to hypoxia (Inoue et  al. 
1998). However, these authors called mild 
hypoxia to a superfusion with N2-equilibrated 

solution that produced a small or no secretory 
response in the GP chromaffin cells; secretory 
response was only consistent when they added 
sodium dithionite to the N2-equilibrated medium 
(i.e, pure anoxia and a strongly reducing milieu). 
Similarly, the level of chemical (histotoxic) 
hypoxia used by Inoue et  al. (1998) was really 
strong as evidenced by a dose-response curve to 
cyanide shifted to the right by nearly two orders 
of magnitude in comparison to the curve in the 
CB (Obeso et al. 1989).

The near equivalence of the sympathetic-AM 
response to hypoxia in adult rats and GP forces to 
question how the sympatho-adrenal activation is 
achieved in GP.  In the rat most of the response 
would be reflexly triggered by the CB (Marshall 
1994), but in GP, owing to the lack of functional 
CB, there must be additional hypoxia-sensitive 
structures capable of triggering the sympatho-
adrenal activation. In this regard, several studies 
have identified regions of the caudal hypothalamus 
and rostral ventrolateral medulla (RVLM) in 
some species that are directly excited by hypoxia 
which, when activated, increase sympathetic 
discharges and cause increased blood pressure 
and heart rate (Guyenet 2000). A recent study has 
shown that in brainstem slices comprising 
RVLM, hypoxia releases lactate and ATP which 
augment recorded neuronal activity; the study 
also shows that in vivo application of lactate and 
ATP in the ventral surface of the medulla 
oblongata increases sympathetic nerve activity 
and arterial blood pressure (Marina et al. 2015). 
These considerations lead to suggest that while in 
the rat the sympatho-adrenal activation elicited 
by hypoxia would mostly be a reflex in origin, it 
would be directly mediated by hypothalamic and 
RVLM sensitivity to hypoxia in GP.  In this 
context, it might be suggested that GP could 
represent a simplified model to study the brain-
stem, and, in general, the central nervous system, 
sensitivity to hypoxia and the cardiovascular-
endocrine responses elicited by low PaO2.
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�A Tribute to Machiko Shirahata, 
M.D., D.M.Sc. (1950–2016)

James S. K. Sham and Estelle B. Gauda

Machiko Shirahata, M.D., D.M.Sc., an interna-
tionally recognized leader in the study of carotid 
body chemoreception, and a beloved member 
and friend of ISAC died of lung cancer on April 
25, 2016 in Baltimore. She was known to many 
as a dedicated and innovative scientist, a kind and 
generous colleague, a devoted and beloved men-
tor, and a very dear friend.

Machiko was born April 28, 1950 in Saitama, 
Japan. Her name in Japanese (眞知子) literally 
means a person of true understanding and real 
knowledge, a perfect description of her as a sci-
entist and a teacher. Machiko received her M.D. 

in 1976 and residency training in anesthesiology 
from Chiba University School of Medicine. She 
developed strong interest in research early in her 
career, and began research training in cardiac 
metabolism and sympathetic regulation of car-
diovascular function in the National 
Cardiovascular Research Institute, Osaka, from 
1979 to 1982. She returned to Chiba, served as 
the chief anesthesiologist at the National Chiba 
Hospital from 1982 to 1985. In the same period 
of time, she completed her thesis research on the 
effects of hypercapnia on renal nerve activity and 
received the degree of Doctor of Medical 
Sciences (Ph.D. equivalent) from Chiba 
University in physiology and anesthesiology. In 
1985, she came to the United States for post-
doctoral research training at the Department of 
Physiology of University of Pennsylvania with 
Professor Sukhamay Lahiri, a world leader in the 
study of oxygen sensing and carotid body. In 
1988, she joined the faculty of the Department of 
Anesthesiology in the Johns Hopkins University 
School of Medicine. She subsequently joined the 
faculty of the Department of Environmental 
Health Sciences in the Johns Hopkins School of 
Public health in 1990, advanced to full professor 
in 2005 and spent her entire career there until she 
passed.

During her career, Machiko published over 
100 research articles and book chapters. She 
made seminal contributions and led the way in 
defining many critical aspects of the chemo-
sensing properties of the carotid body. In the 
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90’s, Machiko and Professor Robert Fitzgerald 
revisited the previously rejected cholinergic 
hypothesis of carotid body chemoreception 
(Fitzgerald and Shirahata 1994). Through a 
series of elegant studies, she identified the 
expression of various nicotinic receptor sub-
units and muscarinic receptor subtypes, and 
demonstrated the acetylcholine-induced modu-
lation of ion currents, intracellular Ca2+ and 
membrane excitability in the glomus cells and 
afferent neurons of petrosal ganglion. 
Substantiating with the observations of hypoxia-
induced acetylcholine release from carotid bod-
ies, they successfully established an important 
role of acetylcholine in hypoxic neurotransmis-
sion in carotid body (Shirahata et al. 2007).

In the early 2000’s, Machiko started a new 
research direction for studying the genetic regu-
lation of carotid body morphology, physiology 
and development (Yamaguchi et al. 2003). Mouse 
was the model of choice because of the availabil-
ity of different genetic inbred stains and knock-
out mice. But the experimentation was inherently 
difficult and even formidable due to the extremely 
small size of the mouse carotid body. To over-
come this limitation, Machiko and her associates 
systematically developed a set of innovative tech-
niques for Ca2+ measurement of cultured glomus 
cells; patch-clamp recording of ion currents in 
glomus cells of an intact carotid body; and 
recording carotid sinus nerve activity in vitro and 
in anesthetized mice in vivo. By applying these 
techniques on different strains of inbred mice in 
conjunction with the morphological analysis and 
the microarray analysis to determine the differen-
tial gene expression in carotid body, Machiko’s 
team provided the most convincing evidence for 
the important genetic influence on the carotid 
body functions and development (Balbir et  al. 
2007; Kostuk et al. 2012).

In the personal side, Machiko was a very kind 
and generous person. She always selflessly 
shared her ideas, resources and expertise on the 
carotid body with her colleagues; and eagerly 
guided young faculty members in their career. 
These interactions often turned into long lasting 
collaborations, and the ideas evolved into many 
still on-going projects related to the novel roles 

of carotid body in a variety of pathophysiological 
conditions and human diseases, including sleep 
apnea and intermittent hypoxia; inflammation 
and carotid body development in neonates; epi-
genetic modification of carotid body functions in 
neonates; and obesity-induced hypertension. Her 
devotion to her work and colleagues was truly 
admirable. Even during the advanced stage of her 
illness, she continued to participate in the studies 
and successfully wrote grants for the collabora-
tive projects. Her passion for science and her 
faithfulness in friendship were unsurpassed. 
Machiko was a beloved mentor for numerous 
doctoral and postdoctoral trainees. Her devotion 
for mentoring trainees in science and her tireless 
support of her trainees was known to all. It was a 
common feeling for all her trainees that they 
were not only joined Machiko’s laboratory but 
reborn into her family. As a former chief anesthe-
siologist, Machiko maintained close interaction 
with her colleagues in Japan, and provided 
research training for many young Japanese anes-
thesiologists who later developed very successful 
careers in Japan.

It is important to note that Machiko’s passion 
for science is a reflection for her passion for life 
in general. She was a loving mother and was the 
number one fan of her son, Akira Fitzgerald, who 
is a professional soccer player. She would never 
miss any Akira’s game by either traveling long 
distance to watch the game in person or inviting 
friends to come over to enjoy on television. 
Machiko loved to exercise and was a very good 
horseback-rider. She enjoyed singing and playing 
the piano and was a huge supporter of the 
Baltimore School of Music. Most importantly, 
she was a dear friend for those who had the good 
fortune to know her. There were so many won-
derful memories of her working with colleagues 
and trainees in the laboratory and the department, 
giving stimulating lectures and sage discussions 
in scientific meetings (especially in the every 
ISAC meetings she attended since 1989), and 
cordially sharing in many parties and home din-
ners. Machiko had influenced the people around 
her in many positive ways both scientifically and 
personally. She will be missed by all very dearly.

A Tribute to Machiko Shirahata, M.D., D.M.Sc. (1950–2016)
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�A Tribute Constancio González 
Martinez, M.D., Ph.D. (1949–2015)

Nanduri R. Prabhakar and Estelle B. Gauda

In 2015, ISAC lost an amazing person and scien-
tist, Constancio González Martinez, 
M.D. Constancio served as ISAC President from 
2005 to 2008, was a superb scientist and dear 
friend to many, whose seminal work on the 
carotid body chemotransduction, neurotransmis-
sion and oxygen sensing, informed so many of 
us. His remarkable scientific career served as a 
model to inspire many to pursue work in the area 
of arterial chemoreception.

Constancio, was born in 1949 in the village of 
Renedo de Valderaduey in the Spanish province 
of León, a place that he had many fond memories 
of and a place he spoke of with incredible pride. 
He received his medical degree in 1974 from the 
University of Valladolid in Spain. He published 
his thesis, entitled Neurotransmission in the 
Carotid Body (under Professor Carlos Belmonte) 
in 1977 and pursued postdoctoral training with 
Professor Carlos Eyzaguirre at the University of 
Utah from 1976 to 1980. Subsequently, 
Constancio returned to Valladolid where he 
advanced to the rank of Professor of Physiology, 
becoming the Director of the Department of 

Biochemistry and Molecular Biology and 
Physiology of the Medicine Faculty in 1995, a 
position he held until his death.

Constancio received numerous accolades and 
awards. To mention a few, he was the President of 
the Spanish Society of Physiological Sciences 
and Editor of Respiratory Physiology of 
Neurobiology. In 2011, he received the presti-
gious Castilla y León Award for Scientific and 
Technical Research, for his excellence in 
research, teaching and his contributions to arte-
rial chemoreception that laid the foundation for 
understanding other pathologies. He has co-
authored over 200 articles in international jour-
nals, books and monographs, publishing 
landmark articles on arterial chemoreceptors and 
state-of-the-art reviews for the Handbook of 
Physiology, Physiological Reviews and the 
Neurosciences Encyclopedia.

In 1977, he along with Professor Sal J. Fidone 
published a seminal paper demonstrating that 
hypoxia stimulated the release of dopamine from 
the carotid body (González C & Fidone 
S.  Neurosci. Lett. 6: 95–99, 1977), a finding 
which we all use today as an index of cellular 
response of the carotid body. His discoveries also 
contributed to the “membrane hypothesis” of 
hypoxic sensory transduction demonstrating O2 
sensitivity of K+ channels in glomus cells.

His leadership and vision substantially con-
tributed to the creation of the Institute of 
Molecular Biology and Genetics (IBGM), a joint 
research center of the University of Valladolid 
and the Consejo Superior de Investigaciones 
Científicas (CSIC).

N. R. Prabhakar 
Institute for Integrative Physiology and Center for 
Systems Biology of Oxygen Sensing, Biological 
Sciences Division, University of Chicago,  
Chicago, IL, USA

E. B. Gauda ()
Department of Pediatrics, The Hospital  
for Sick Children, University of Toronto,  
Toronto, ON, Canada
e-mail: estelle.gauda@sickkids.ca 

mailto:estelle.gauda@sickkids.ca
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Many of us will remember him as tireless 
with an insatiable thirst for knowledge, as a lov-
ing husband and father, as a patient teacher and 

mentor, as a great dancer and as a gracious host 
who loved his country, his profession and life 
(Figs. 1 and 2).

Fig. 1  Constancio González (middle) at ISAC meeting in Valladolid, Spain in 2008 with Krishna Lahiri (left) and 
Sukhamay Lahiri (right)

Fig. 2  Constancio González with family at the University of Valladolid, Spain in 2011. Children (left to right) Ana, 
Constancio (middle), Elvira (right) and wife and scientific partner Ana Obeso

A Tribute Constancio González Martinez, M.D., Ph.D. (1949–2015)
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Future generations are coming and the challenge 
of understanding the role of chemoreceptors in dis-
ease is still present

This volume of advances in experimental biol-
ogy and medicine reflects much more than just 
the state of the art in the field of arterial chemore-
ceptors. It reflects the leadership of Professor 
Estelle Gauda in her role as President of the 
International Society of Arterial Chemoreceptors 
(ISAC) and Chair of the Organizing Committee 
of the XX ISAC meeting held July 23–27, 2017 
at the Charles Commons of Johns Hopkins 
University, Baltimore, Maryland, USA.

The organization of the meeting coincided 
with the change of Professor Gauda from 
Baltimore to the University of Toronto where she 
started a new position. In these circumstances, 
the high quality of the meeting was only possible 
thanks to its enormous capacity of work and her 
management skills of a very efficient team. They 
have given us a meeting with an excellent scien-
tific program and rich in social activities that 
have contributed to a very pleasant environment, 
conducive to the creation of new collaborations 
and scientific innovation. On behalf of the par-
ticipants, I can not fail to emphasize my thanks to 
Professor Gauda and her team: Rosie Silva, 
Setsuko Takase, Sam Singh, George Kim and 
Sonia Dos Santos. Thanks also to the sponsors 
who made the meeting possible, highlighting the 
generosity of Akira Fitzgerald and Bob Fitzgerald.

The meeting was a landmark in the articula-
tion between the past and the present in both 
research on the carotid body and in the responses 
to hypoxia and in the renewal of generations of 

researchers. Thanks to Professor Fitzgerald for 
taking up the challenge to publish a historical 
review of the carotid body that surpassed all 
expectations.

A tribute to Professors Constancio González 
and Machiko Shirahata who early passed away 
was due, but always insufficient. Professor 
González of the Department of Biochemistry and 
Molecular Biology and Physiology of the Faculty 
of Medicine of the University of Valladolid, 
Spain, was past President of ISAC and organizer 
of the ISAC meeting in 2008. The contribution of 
Constancio González to understanding carotid 
body function in health and disease has probably 
been the most consistent, comprehensive and 
long lasting worldwide. His passion and accurate 
knowledge about the carotid body is well docu-
mented not only in the landmark papers but also 
in minor contexts like the concluding remarks of 
the 2006 volume of advances in experimental 
biology and medicine book edited by Hayashida 
et  al. He was an odd mentor who has inspired 
several generations of researchers. I would like to 
emphasize his detrimental role in the develop-
ment of the research group in NOVA Medical 
School in Lisbon namely, mentoring the 
Portuguese Sílvia Conde, one of the most active 
new group leaders in the carotid body field. The 
meeting in Baltimore speaks for itself: six com-
munications originated in his Valladolid group, 
one De Castro Award and the continuity under 
the clear leadership of Professor Obeso. Professor 
Gonzalez certainly has reasons to be proud.

The Department of Anesthesiology and 
Critical Care Medicine at Johns Hopkins 

�Concluding Remarks
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University School of Medicine has hosted 
Machiko Shirahata since 1988. She reciprocated 
giving international visibility to her department’s 
investigation of the role of the carotid body in a 
variety of human diseases (sudden infant death, 
obstructive sleep apnea, hypertension and diabe-
tes). The tribute to Machiko was an example of 
the relevance of human qualities to the impact of 
science. As part of her legacy she wanted to sup-
port trainees with interest in hypoxic chemosen-
sitivity to attend the ISAC international meeting. 
In her honor, her son Akira Fitzgerald, has made 
the Machiko Shirahata Trainee ISAC Award pos-
sible. The first Machiko Shirahata PhD Student 
awardees supported to attend ISAC 2017 were: 
Bernardete F.  Melo (Portugal); Erin Leonard 
(Canada); Hortensia Torres-Torrelo (Spain); Ian 
Wenker (USA); Inmaculada Docio (Spain); 
Maria Paz Oyarce (Chile); Nicholas Jendzjowsky 
(Canada); Robert Lewis (USA); Ryan Rakoczy 
(USA); Tara Janes (Canada).

From the sessions I highlight two points: the 
concept underlying their organization and the 
identification of cutting edge topics in the inves-
tigation of arterial chemoreceptors and hypoxic 
response. The organization model included 1-h 
plenary lectures by keynote speakers and oral 
presentations by young researchers. The histori-
cal evolution of research on each topic, the results 
with the latest technologies and the current con-
troversies were particularly important for the 
training of the younger audience and to trigger a 
highly participated discussion by the audience. 
The model resulted in fullness mainly thanks to 
the quality of keynote speakers.

In the first session Greg Semenza presented 
the state of the art in the Role of the Hypoxia-
Inducible Factors in the Carotid Body and the 
oral communications brought to the floor cell-
cell interactions and microRNA expression in the 
carotid body; spinal oxygen sensors as cardiovas-
cular sensors and an index to be used in acute 
mountain sickness.

The second session was dedicated to oxygen 
central chemoreception and J. M. (Nino) Ramirez 
gave a talk on Oxygen Sensing in the Central 
Respiratory Network: Relevance to Disordered 
Breathing and Cardiorespiratory Control. The 

oral communications included CNS mechanisms 
of cardiorespiratory homeostasis; Pro-
Inflammatory Cytokines in the Nucleus of the 
Solitary Tract of Hypertensive Rats Exposed to 
Chronic Intermittent Hypoxia and Acute Hypoxia 
and Rhythm Generator for Lung Breathing in 
Brainstem Preparations.

The plenary lecture of the third session was 
given by Chis N.  Wyatt and reviewed the pros 
and cons of the different hypothesis to explain the 
molecular mechanisms involved in Acute 
Oxygen-Sensing by the Carotid Body. The oral 
communications identified ectonucleotidases and 
cysteine redox cycle as emerging targets to 
manipulate the responses to chronic hypoxia.

The fourth session was aimed to address new 
Perspectives on (Mal)adaptive Responses to 
Hypoxia and began with the plenary lecture by 
J. Nanduri on Epigenetics Regulation of Carotid 
Body Oxygen Sensing: Physiological 
Consequences from Fetus to Adult. During the 
oral communications, we found results on mech-
anisms of Carotid Body Long-Term Facilitation 
without CIH Preconditioning; the contribution of 
Relative Leptin and Adiponectin Deficiencies to 
Chronic Intermittent Hypoxia in Premature 
Infants and Spontaneous Tumorigenesis in 
chronic intermittent hypoxia.

Session five and six were centered on the Role 
of Chemoreception in disease. Rodrigo Iturriaga 
in his lecture: Translating Carotid Body Function 
in Clinical Medicine mainly addressed hyperten-
sion and Michael Joyner addressed glucose 
homeostasis and thermo regulation. The oral 
communications provided new insights about the 
effects of Acute and Chronic Progesterone 
Administration on Apnea Frequency in Newborn 
Male and Female Rats; about the effects of Leptin 
on Blood Pressure Acting in the Carotid Body 
and about Inflammation and Carotid Sinus Nerve 
Activity. Recent evidences were also provided on 
the effects of Carotid Sinus Nerve Resection on 
Decrease Weight Gain and Fat Mass in a Rodent 
Model of Obesity. Over activation of Carotid 
Sinus Nerve Activity in High-Fat Animals was 
shown to be mediated by A2 Adenosine Receptors 
and Carotid Body CBS has been proposed as a 
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Therapeutic Target for Treating Sleep Apnea in a 
Pre-Clinical Model.

Session seven was focused on development. 
Andrea Porzionato centered the plenary lecture 
in the pathological features of Peripheral and 
Central Chemoreceptors in Sudden Infant Death 
Syndrome. The oral communications provided 
new insights about the effects of Myo-Inositol on 
Respiratory Neural Control During Postnatal 
Development and the protective effects from 
SIDS of milk.

The last outstanding plenary lectures were 
about aging and carbon dioxide chemoreception. 
Camillo Di Giulio gave a comprehensive revision 
about “The Aging Carotid Body.” Patrice Guyenet 
showed cutting edge science about Neural 
Circuits and Molecular Mechanisms of CO2 
Sensing controlled by the Retrotrapezoid Nucleus 
(RTN). Finally, Cormac Taylor dedicated his talk 
to the Regulation of Inflammatory Gene 
Expression by Hypoxia and Hypercapnia.

From the poster session, I would highlight: 
new insights on BK/Kv, Task, FastK, T-type 
Ca++, channels in glomus cells and Connexin-
based hemichannel blockers; advances in Chronic 
Intermittent Hypoxia mechanisms; lactate 

Sensing by Carotid Body Glomus Cells; Effects 
of Systemic Erythropoietin Injections on Carotid 
Body Chemosensory; the interesting interaction 
between Chronic Heart Failure and Chemoreflexes 
and non-invasive measurements of human sym-
pathetic reactivity.

In summary, the science presented in ISAC 
2017 is in line with emerging translational topics 
and advances in understanding co-morbidities 
and the high quality of graduate students and 
junior group leaders and ensures an optimistic 
future for ISAC.

We thank Estelle Gauda and all the Scientific 
Organizing Committee members, Nanduri 
Prabhakar, Harold Schultz and Chris Wyatt for 
this amazing opportunity to discuss science in a 
very stimulating and friendly environment.

I would finalize, thanking Sílvia Conde for 
agreeing to co-organize the next meeting – ISAC 
XXI and to invite you all to Lisbon, Portugal in 
2020.

Emilia Monteiro
NOVA Medical School

Universidade NOVA de Lisboa
Lisbon, Portugal
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