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Preface

In the general assembly of International Society for Arterial Chemoreception 
(ISAC) at the XIV Meeting of ISAC in Philadelphia (June, 1999) the 
membership decided that tentatively the XVI Meeting of the Society will be held 
in Japan. At the conclusion of the XV ISAC Meeting held in Lyon (France) in 
November 2002, Hisatake Kondo took of the torch as president of ISAC, and 
took the responsibility of organizing the XVI Meeting of the Society in Sendai 
(Japan).

This book contains the Proceedings of XVI ISAC Meeting held at Miyagi 
Zao Royal Hotel in the suburb of Sendai, Japan, from May 9 to 12, 2005. 
Hisatake Kondo counted with a group of  colleague co-organizers from different 
Japanese institutions, including Yoshiaki Hayashida from Osaka, Katsuaki 

from Tokyo, Yuji Owada from Sendai and Hiroyuki Sakagami also from Sendai. 
The Scientific Committee was formed by some ISAC members from abroad. 
Professors Helmut Acker (Germany), Carlos Eyzaguirre (USA), Salvatore 
Fidone (USA), Robert Fitzgerald (USA), Constancio Gonzalez (Spain), 
Sukhamay Lahiri (USA), Jean Marc Pequignot (France) and Patricio Zapata 
(Chile) helped with their advice to take decisions on specific aspects of the 
scientific programme. Recommendations given by Dr. Prem Kumar (UK), acting 
treasurer of ISAC, were invaluable to solve last minute contingencies. 

In the XVI ISAC Meeting essentially all areas on Arterial Chemoreceptors 
were covered in the presentations and compiled in this volume. There were 
presentations on the structure and developmental aspects of the carotid body 
chemoreceptors, on the molecular biology and biophysical aspects of the ion 
channels expressed in chemoreceptor cells, on the neurotransmitters and their 
receptors expressed in the carotid body, on the central integration of the carotid 
body generated activity and on the systemic effects of the chemoreceptor 
reflexes. Some important studies on central chemoreceptors, on neuroepithelial 
bodies and other lung receptors, on hypoxic pulmonary vasoconstriction and on 
oxygen sensing in endothelial cells widened the scope and enriched the meeting. 
Probably the areas generating more enthusiastic discussions dealt with the 
mechanisms of chemoreception. Particularly animated were the discussions on 
the papers dealing with significance of different potassium channels in the 
hypoxic activation of chemoreceptor cells and with the role of reactive oxygen 
species as triggers or modulators of hypoxic transduction cascade. 

The Arterial Chemoreceptors meetings have a history of over half a century, 
and shows alteration of generations. Dr. A. S. Paintal passed away on December 
21, 2004. He was an excellent sensory physiologist. His skill and patience to 
record from single C-fibres allowed him to describe for the first time the J- 

Yoshizaki from Akita, Yoko Kameda from Kanagawa, Tatsumi Kusakabe 
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receptors and to characterize many sensory receptors in thoracic and abdominal 
viscera. He also contributed to enrich the field of Arterial Chemoreception with 
his studies in the aortic and carotid bodies. A tribute to the memory of the late 
Paintal was offered and presented in this volume by K. Ravi and V. K. Vijayan 
at VP Chest Institute, University of Delhi.  

The Heymans-De Castro-Neil Awards for young investigators were given to 
C. Wyatt (Scotland), T. Otsubo (USA) and R. Varas (United Kingdom). ISAC 
wishes the awardees a fruitful development of their current research projects and 
successful scientific careers.

At the business meeting the next Symposium was decided to be held in 
Valladolid, Spain, in 2008, with Constancio Gonzalez as the president. The 
following Symposium will be held in 2011 in Ontario, Canada with Colin Nurse 
as its president. During the assembly, membership discussed the future scope of 
ISAC in order to attract a more biomedical scientists. A dilemma emerged: the 
interest in widening the scope of the Arterial Chemoreception to get closer the 
oxygen (erythropoietin, hypoxic pulmonary vasoconstriction, central nervous 
system) and acid (central chemoreceptors) sensing fields, and the risk of losing 
our identity as ISAC in the diversity. There was no conclusion, but an agreement 
was reached to give the issue into the hand of C. Gonzalez, the president of both 
ISAC and the next meeting.  

The Symposium was supported by funds from Japan Society for the 
Promotion of Science (JSPS) International meeting series, Sankyo Foundation 
for Life Science Research Promotion, Tokyo, Japan and Asaoka Eye Clinic 
Foundation, Hamamatsu, Japan. We are grateful to them all.  

Finally, we are grateful to the participants who visited Sendai-Zao and 
contributed to the success of the Symposium. We are particularly grateful to Mr. 
Mike van den Bosch and Miss Marie Johnson of Springer for their expert 
management of the production of this volume.  

The Editors,
Yoshiaki Hayashida (Osaka, Japan)  

Constancio Gonzalez (Valladolid, Spain)  
Hisatake Kondo (Sendai Japan) 



A TRIBUTE TO PROFESSOR AUTAR SINGH PAINTAL
(1925-2004)

K. RAVI AND V.K. VIJAYAN 

Vallabhbhai Patel Chest Institute, University of Delhi, Delhi 110007, India 

Great men are the true men in whom nature has prospered. They are not 
extra-ordinary – they are in the true order, what they are ought to be.  They 
reached the summit by doing their jobs in hand with everything they had of 
energy, enthusiasm and hard work.  More importantly, they made every man 
who came in contact with them feel great. Autar Singh Paintal who passed away 
on December 21, 2004 in Delhi was indeed such a great man who will be 
remembered not only for his contributions in Physiology but also for his acts of 
altruism. 

Born on September 24, 1925 in the ruby-mining town of Mogok in Burma 
(now Myanmar) where his father Dr. Man Singh was a physician in the British 
Medical Services, after his initial schooling, Paintal was forced to move out of 
Burma to Lahore (presently in Pakistan) to complete his matriculation. He then 
did his intermediate examination of the Panjab University from Forman 
Christian College and subsequently obtained admission for doing MBBS at King 
George’s Medical College, Lucknow, India. During his stay at the Medical 
College (1943-1948), he won several awards and was given the coveted 
HEWITT Gold Medal for being the best graduate student of his batch. Thus, it 
appears that Paintal was born great. 

There are two things to aim at in life. First, to get what you want and 
second, to enjoy it after that. For being what he was, even though a career in 
clinical medicine was available to him, he surprised many when he decided to 
pursue M.D in Physiology. For his thesis work, he selected the topic “Electrical 
resistance of the skin in normals and psychotics” which required instrumentation 
that would record the events fast. Realising that not much technical help was 
coming forth, Paintal built his own apparatus from the ex-war disposal junk and 
collected some valuable data from these subjects (Paintal, 1951). He introduced 
a new index which came to be known as “Paintal index” for evaluation of 
galvanic skin responses which was used by clinicians successfully to diagnose 
psychosis (Elliot and Singer, 1953). Even to-day, it forms the basis of the lie 
detector test deployed for crime detection universally. After a short stint as 
lecturer in the Physiology Department of King George’s Medical college, he

1
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proceeded to work for his Ph.D degree with Prof. David  Whitteridge in the 
Physiology Department of the Medical School in Edinburgh on a Rockefeller
Fellowship. This gesture on the part of the Foundation was unprecedented as this 
Fellowship is normally given for carrying out research in the USA. From the 
spectrum of discoveries which he made since then, it is apt to say that Paintal got 
what he wanted and he enjoyed what he got, for only the wisest of mankind 
achieve the second. 

While in UK, Paintal was assigned the task of measuring the conduction 
velocities of single fibres of the vagus for which the cat used to be placed in a 
box and steam generated from an immersion heater was passed into it so that the 
nerve filaments would not dry up. Paintal felt that this procedure was 
cumbersome since proper viewing of the fibres was not possible as steam 
condensed on the glass plates. To avoid this discomfort, he started dissecting the 
filaments under a layer of liquid paraffin (Paintal, 1953a).  Even though it was a 
clear departure from the then convention, the usage of liquid paraffin 
revolutionized studies on sensory physiology. While continuing his studies on 
vagal afferent fibres, he successfully demonstrated that injection of chemicals 
into the circulation could be used as a technique to discover ‘silent’ sensory 
receptors of the viscera (Paintal, 1954). 

When we are guided by the light of reason, we must let our minds be bold.  
Paintal was such a man of courage who was full of confidence. He had the 
audacity to demonstrate that the pulmonary vascular receptors which his mentor 
Whitteridge believed were located in the small branches of the pulmonary artery, 
actually ended in the right and left atria of the heart. In the process, he used 
‘punctate’ stimulation as a method for localizing these receptors in an ‘open-
chested’ preparation. Thus, he was not only unconventional but unorthodox also. 
His Professor had the strength of character to accept his pupil’s findings 
gracefully.  More importantly, it was he who gave wide publicity for this 
discovery. Thus the ‘atrial volume receptors’ (Paintal, 1953b) which have a role 
to play in the body fluid volume regulation became conspicuous. 

After obtaining his Ph.D., he returned to India to work as a Technical Officer 
of the Defence Laboratories in Kanpur before taking up the post of Assistant 
Director at V.P. Chest Institute where he made several discoveries for which he 
is famous globally. From 1956-58, he was invited as Visiting Professor at Albert 
Einstein College of Medicine, New-York, USA, University of Utah, Salt Lake 
City, USA and University of Gottingen, Germany. He was then offered the 
position of Professor of Physiology at AIIMS where he spent 6 years from 1958-
64.It was during this period that he received his D.Sc., degree from the 
University of Edinburgh in 1960. In 1964, he returned to V.P. Chest Institute as 
the Director and stayed there till his retirement in 1990. During 1986-1991 he 
also guided the destiny of Medical Research in India as the Director General of 
Indian Council of Medical Research. Even after retirement and until his death, 
he continued his research at the Centre for Visceral Mechanisms housed at V.P. 
Chest Institute and investigated the sensory mechanisms which caused 
breathlessness and limited muscular performance especially in soldiers who 
were posted at high altitude. 

During the years 1952—1960, he discovered several sensory receptors in the 
viscera. These include the ventricular pressure receptors, the gastric stretch 
receptors, the mucosal mechanoreceptors of the intestines (Paintal, 1973, for 
review) and the pressure pain receptors of muscles (Paintal, 1960). With C.C. 
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Hunt, he coined the term “fusimotor” for the nerve fibres to intrafusal muscle of 
muscle spindles (Hunt and Paintal, 1958). His studies on nerve conduction and 
differential cooling of the nerve for blockage of nerve conduction (Paintal, 1965) 
gave Physiologists a technique to differentiate reflexes mediated by myelinated 
afferents from those mediated by non-myelinated ones. He also demonstrated 
that the Head’s Paradoxical reflex was an artefact (Paintal, 1966). 

1.   DISCOVERY OF TYPE J RECEPTORS 

Paintal is best known for the discovery of the juxtapulmonary capillary or 
type J receptors. Ever since Adrian (1933) recorded afferent activity from the 
vagus nerve, the search for receptors which accounted for ‘Hering-Breuer 
deflation reflex’ continued. Even though Knowlton and Larrabee (1946) and 
later on Widdicombe (1954) reported a group of vagal nerve endings which were 
stimulated by deflation, their activity showed rapid adaptation.  In his 
preliminary studies performed in UK, Paintal came across a few units, with 
conduction velocities in the range 2-10 m/sec, responding to deflation (Paintal, 
1953a). He continued these studies while working at V.P. Chest Institute. He 
identified several of these endings which responded specifically to suction of air 
from the lungs. They were connected mostly to non-myelinated afferents.  He 
called them ‘specific pulmonary deflation receptors’ (Paintal, 1955).  Realising 
that deflation was a weak and artificial stimulus, he later demonstrated that these 
endings were stimulated within 1.5 to 2.5 sec following the injection of the 
chemical, phenyl diguanide, into the pulmonary circulation and in 0.3 sec 
following the insufflation of halothane. Systemic injection of phenyl diguanide 
did not stimulate these endings. Additionally, occlusion of left atrio-ventricular 
junction, injection of alloxan and inhalation of chlorine gas stimulated them. 
Based upon his electrophysiological findings, he predicted that these endings 
must be located at the interstitial space between the pulmonary capillary and 
alveolus and called them ‘juxtapulmonary capillary’ or ‘type J’ receptors 
(Paintal, 1969). Indeed, histological investigations using electron microscope 
(Meyrick and Reid, 1971) reveal the presence of sensory nerve endings in this 
region. Thus Paintal had the vision, the art of seeing things invisible. He also 
proposed that the natural stimulus for these receptors was pulmonary congestion. 
Thus, conditions which caused an increase in pulmonary capillary pressure 
would cause an increase in pulmonary interstitial fluid which in turn would 
stimulate the type J receptors (Paintal, 1973). 

1.1   Physiological Mechanism 

After establishing their pathophysiological significance, Paintal tried to 
explore the physiological function of the type J receptors for he firmly believed 
that nature would not have designed something to respond only to an extreme 
situation. He visualized that the type J receptors must be stimulated by exercise 
at sea-level. During exercise, the venous return increases which will result in an 
increase in cardiac output. There will be an increase in pulmonary capillary 
pressure, an increase in interstitial fluid volume and consequently an increase in 
type J receptor activity. To prove this point, experiments were performed in cats 
in whom the left pulmonary artery was occluded and the entire cardiac output 
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was diverted into the right lung. This procedure resulted in marked activation of 
the type J receptors.  Since the increase in pulmonary blood flow observed was 
similar to that seen during moderate exercise, he considered it logical to 
conclude that the type J receptors were stimulated by moderate exercise at sea-
level also (Anand and Paintal, 1980). 

1.2   Sensations from Type J Receptors 

The type J receptors of man are stimulated by intravenous injections of 
lobeline. Besides producing the known respiratory effects namely 
apnea/tachypnea, type J receptor stimulation in man produces certain sensations 
notably choking and pressure in the throat and upper chest.  Dry cough occurred 
following intensification of the sensations (Paintal, 1995). Similar sensations 
have been reported by people who suffer from high altitude pulmonary edema. 
Most of the subjects with high altitude pulmonary edema who have 
breathlessness as a major symptom report of having pressure and choking 
sensations in the throat and upper chest. Paintal proposed that such sensations 
generated by the type J receptors must accompany the sensation of 
breathlessness (Paintal, 1995). 

1.3   J Reflex 

Besides producing tachypnea/apnea, bronchoconstriction and bradycardia, J 
receptor stimulation causes inhibition of somatic muscles (Deshpande and 
Devanandan, 1970). The last viscerosomatic response has been termed as ‘J 
Reflex’ by Paintal (Paintal, 1970). According to him, this reflex acts as a 
feedback mechanism to limit exercise. Additionally, it functions as a protective 
reflex for the lungs also. This reflex is initiated by muscular exercise which 
operates the muscle pump with the result, there will be an increase in the venous 
return, an increase in cardiac output and excessive filling of the pulmonary 
capillaries.  Consequently, there will be an increase in pulmonary capillary 
pressure and an increase in volume of the interstitial fluid which will lead to 
stimulation of type J receptors (Paintal, 1970). Experimental studies 
demonstrated that type J receptor stimulation caused inhibition of somatic 
muscle activity through cerebral pathways in the caudate nucleus of the basal 
ganglia (Kalia 1969). Thus, there would be termination of exercise itself. 
According to Paintal, in high altitude, when one gets the feeling of unusual 
weakness of the leg muscles along with the sensations of breathlessness, one 
must realize that his lungs are already congested. He warned that if these signals 
from the type J receptors were ignored, and if one continued to climb, there was 
the grave danger of precipitating pulmonary edema (Paintal, 1986). In the 
Bhopal gas tragedy of 1984, most of the victims died of pulmonary edema.  
Those who survived, complained of muscle weakness along with cough and 
breathlessness. Since methyl isocyanate gas produced pulmonary edema, Paintal 
explained that the muscle weakness must be due to the ‘J Reflex’ as there was no 
evidence of any neurological lesions (Paintal, 1986). In fact, the muscle 
weakness receded gradually in these patients when the interstitial edema became 
less and less. 
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Since type J receptors produce dry cough, breathlessness and muscle 
weakness, Paintal was of the view that these symptoms could be used for  
assessment of certain pathophysiological conditions pertaining to the heart and 
lungs.  For instance, in patients with left ventricular failure, the appearance of 
dry cough might indicate the onset of interstitial edema. The presence of muscle 
weakness would support this deduction and these symptoms would help in the 
early diagnosis and treatment of these patients (Paintal, 1986). 

2.1   Mechanical Hypothesis of Chemoreceptor Stimulation 

Paintal was of the firm opinion that in nature there existed three ways of 
transmission of neural information namely i) electrical, along nerve fibres, ii) 
chemical, at synapses and iii) mechanical, at sensory receptors and there was the 
involvement of physico-chemical process in each one of them (Paintal, 1976a). 
He held the view that all sensory receptors including chemoreceptors were 
basically mechanoreceptors (Paintal, 1976b). 

For the mechanical process of chemoreceptor stimulation, he collected 
evidence initially by the process of exclusion. Ever since Landgren and Neil 
(1951) reported that the carotid chemoreceptors were stimulated by 
haemorrhage, it was considered by many chemoreceptor physiologists that the 
stimulation must be due to accumulation of some metabolites in the vicinity of 
the receptors. This finding led to the genesis of ‘transmitter theory’ for 

2.   CONTRIBUTIONS TO CHEMORECEPTION 

Arterial chemoreceptors, the sensory receptors which respond to a decrease 
in the partial pressure of oxygen in the arterial blood, comprise of the carotid and 
aortic bodies. Ever since their discovery in 1927, there has  been a continuing 
debate on some of the stimuli to these receptors and the mechanisms behind 
sensory transduction.  There is general agreement that both these groups of 
receptors are stimulated by ventilation with hypoxic gas mixtures which lead to 
a fall in the arterial oxygen tension, a reduction in the oxygen content of arterial 
blood as in anemia or carbon monoxide poisoning and a reduction in the rate of 
oxygen carried by arterial blood as in hypotension. However, there is some 
disagreement on the role of carbon dioxide as a natural stimulus to these 
receptors. Paintal was the chief proponent of the theory that carbon dioxide, 
within physiological levels of increase, do not activate the aortic chemoreceptors 
(Paintal and Riley, 1966). Whatever excitation hypercapnia had on these 
receptors was due to local vasoconstriction in the aortic body mediated by 
increased sympathetic outflow (Anand and Paintal, 1988). He did almost all his 
investigations on the aortic chemoreceptors since he was of the opinion that in 
the studies on carotid chemoreceptors one cannot discount the contribution from 
the external environment which will have a higher partial pressure of oxygen 
than blood (Paintal, 1968). Continuing his studies on aortic chemoreceptors, he 
showed that the actual stimulus for these receptors is local Po2 which will 
depend upon arterial Po2, oxygen content and blood flow (Anand and Paintal, 
1990). 
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chemoreception. It has been proposed that hypoxic stimulus causes 
depolarization of type I glomus cells; there is calcium entry and secretion of 
neurotransmitters.  The neurotransmitters released gain access to the nerve 
terminal, depolarise it and there is the production and propagation of action 
potentials (Eyzaguirre and Abudara, 1999, for review).  Such a view is actively 
pursued by several investigators all over the world. 

But, Paintal was never afraid of waging battles. He believed that victory does 
not belong to the majority always - it is to the vigilant, the active, the brave. 
Contrary to the popular belief, he proposed the mechanical transmission 
hypothesis for chemoreception. Working with aortic chemoreceptors, he 
demonstrated that their activity fell in about 2.5 min after circulating arrest 
(Paintal, 1967). If there was the involvement of a metabolite, a transmitter, the 
activity should have continued for a longer time since there was no blood to 
wash away the metabolite/transmitter. Furthermore, there was no additional 
discharge in these units on subsequent ventilation of these animals with N2

(Paintal, 1967). As hypoxia did not depolarize the endings directly, he proposed 
that their generator region must be stimulated by mechanical deformation 
(Paintal, 1976b). He showed that compression of the area in which these 
receptors were located led to their stimulation (Paintal, 1976). According to the 
scheme proposed by him, the type I cells consumed oxygen at a very high rate 
and this consumption, depending upon the oxygen availability determined by the 
oxygen content of the arterial blood, regulated the local Po2 at the Po2 sensor 
which is the type II cell.  During hypoxia, when the local Po2 falls, there would  
be mechanical deformation (a change in the shape or size) of the type II cell 
which will affect the contact points with the generator region of the nerve ending 
leading to the production of generator potential (Paintal, 1976, Anand and 
Paintal, 2000). 

This unifying concept of the receptor mechanism though considered very 
interesting and challenging, was not welcomed by many. However, it must be 
remembered that even though this concept was proposed nearly forty years ago, 
it has withstood the test of time and has not been disproved till date. 

3.   ACADEMIC HONOURS 

His contributions came to be described as having opened a new era in 
Physiology with Cornellie Heymans and Eric Neil coining the terms “Pre- 
Paintal” versus “Post-Paintal” while referring to the impact of his discoveries. 
Pursuing a scientific career is a great game. Some play it for the sheer love of it 
while others do it for attaining prizes. Paintal was passionate about his work and 
his dedication towards his chosen field won the appreciation of many. Awards 
and honours followed naturally. He was elected to the Fellowship of the Royal 
Society of Edinburgh in 1966, followed by an election to the National Academy 
of Medical Sciences, and the Indian National Science Academy. In 1981, he was 
elected to the Royal Society (U.K.) and was the first Indian medical scientist to 
be so honoured. An honorary membership of the Physiological Society (U.K). 
and the American Physiological Society followed soon after as did an Honorary 
Fellowship of the Royal College of Physicians. His outstanding scientific 
contributions won him several National Awards and Honours viz: Dr.B.C.Roy 
award (1973), Medical Council Silver Jubilee research Award (1979). Barclay 



A Tribute to Professor Paintal  7

Medal (1982), Rameswar Birla National Award (1982), First Jawaharlal Award 
in Science (1983), Acharya J.C.Bose Medal (1985),Silver Jubilee Award, 
AIIMS (1986), C.V.Raman Award (1995), Jawaharlal Nehru Birth Centenary 
Award (2002) with the President of India bestowing on him the coveted honour 
of  “Padma Vibhushan” in 1986.  He was elected as a member of the 
International Council of Physiological Sciences in 1997 and re-elected for 
another term up to 2005 - which was an honour not only for him but also for 
India.

Throughout his career, Paintal set very high standards which were difficult to 
emulate.  He was uncompromising and went to any extent to prove his point. 
But, inside him, he had a heart full of compassion. He believed that ‘the best 
portion of a good man’s life is his little, nameless, unremembered acts of 
kindness and love’ shown towards his friends and colleagues. At the Patel Chest 
Institute, where he worked as its Director for a very long time, the popular 
saying used to be ‘Confess your sins to Him, you will be forgiven’. While one 
could get away for not being punctual, for not keeping up the work place tidy, 
one could never get away for scientific fraudulence. To prevent it, he formed 
along with like-minded scientists, a Society of Scientific Values in India and 
served as its first President. This Society, the first of its kind in the world, aimed 
to promote integrity, objectivity and ethical values in the pursuit of science. He 
was of the opinion that scientific meetings should be held in the 
university/academic environments only and not in the lavish environment of five 
star hotels. At a time when heads of departments who had little time to spend in 
the laboratories but were very happy to add their names when the work got 
published, Paintal was very different. He never took any credit unless he 
contributed significantly. Even though the physiological research of to-day is 
becoming more and more molecular with fewer and fewer scientists opting for a 
career in integrative physiology, Paintal stuck to classical physiology and proved 
that fundamental discoveries have an application in solving human problems. It 
is indeed an honour to have known him and to have worked under him. 
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1.   INTRODUCTION 

Tandem pore domain K+ channels can be divided into six subfamilies; TWIK, TASK, 
TREK, TALK, THIK and TRESK (Patel and Lazdunski, 2004). Its subfamily consists 

domains. These channels are ubiquitously expressed in the body including central and 
peripheral nervous systems. Of these channels, TASK (TWIK-related acid-sensitive K+

channels) family including TASK-1, TASK-2 and TASK-3 are inhibited by extracellular 
low pH (Lesage, 2003). In addition, it has been shown that TASK-1 and TASK-3 are 
closed by hypoxia (Hartness et al., 2001; Lewis et al., 2001). Thus, these channels are 
one of the candidates for oxygen and/or CO2/H

+ sensor in chemosensory cells. In the 
isolated glomus cells of the carotid body, Buckler et al. (2000) found TASK-like current 
with electrophysiological method and expression of TASK-1 mRNA. On the other hand, 
TREK (TWIK-related K+ channels), comprises three subunits, TREK-1, TREK-2 and 
TRAAK (Kim, 2003). These channels are regulated by polyunsaturated fatty acid, 
cellular volume, intracellular pH and general anesthetics. It has been suggested that they 
play an important role in potent neuroprotection (Lesage, 2003). Furthermore, Miller et
al. (2003) reported that acute hypoxia occluded human TREK-1 expressed in the 
HEK293 cells under ischemic and/or acidic conditions. On the contrary, other reports 
demonstrated that TREK-1 was not oxygen sensitive (Buckler and Honore, 2005; Caley 
et al., 2005). To discuss the function of the tandem pore domain K+ channels in the 
chemosensory organ, we reported that the immunoreactivities for TASK and TREK 
subfamilies in the carotid body (Yamamoto et al., 2002; Yamamoto and Taniguchi, 
2004). Furthermore, no immunoreactivity for TRAAK was found in the paraganglion 
cells in the sympathetic ganglia (Yamamoto and Taniguchi, 2003). In the present study, 
therefore, we summarize the immunohistochemical localization of tandem pore domain 
K+ channels in the rat paraganglion cells. 
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of several subunits. These channel subunits. have 4 transmembrane segments and 2 pore 
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2.   TASK AND TREK IN THE RAT CAROTID BODY 

According to our immunohistochemical results, channels belonging to TASK and 
TREK family were distributed in the rat glomus cells in the carotid body (Fig. 1,   
Table 1). We found almost all glomus cells were immunoreactive for TASK-1, TASK-2, 
TASK-3, TREK-1, TREK-2 and TRAAK. These results may indicate that various 
tandem pore domain K+ channels regulate K+ current of the glomus cells. Because 
TASK-1 and TASK-3 are suppressed by lower oxygen levels (Kemp et al., 2003), 
TASK-1 and TASK-3 in the glomus cells may participate in the sensory mechanism to 
hypoxia. Furthermore, since it has been reported that TASK channels

+

Figure 1. Immunoreactivity for TASK-1 (A), TASK-2 (B), TASK-3 (C), TREK-1 (D), TREK-2 (E) and 
TRAAK (F) in the rat carotid body. Clusters of the glomus cells (GC) are immunoreactive for these six tandem 
P domain K+ channels. NF, nerve fibers; Fb, fibroblast; EC, vascular endothelial cells. 
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Table 1. Immunoreactivity for two pore K+ channels in the rat carotid body 

TASK-1 TASK-2 TASK-3 TREK-1 TREK-2 TRAAK 

Type I cells ++ ++ ++ ++ ++ ++ 

Type II cells ++ - - ± ± - 

Nerve fibers + ++ - ++ ++ + 

Vascular smooth muscle cells
++ + ++ - - - 

Vascular endothelial cells ++ + - + + + 

++, Intensely positive; +, weakly positive; ±, faintly positive; -, negative. 

are closed by extracellular H+ (Lesage, 2003), it is suggested that such channels also play 
a role in the acid sensing of glomus cells. On the other hand, Miller et al. (2004) reported 
that human TREK-1 is inhibited during alkalosis but activated during acidosis by 
hypoxia. The existence of TREK family in the glomus cells may enhance depolarization 
by hypoxia during respiratory and/or metabolic alkalosis. However, this supposition may 
be contradictory to that TREK-1 was not oxygen sensitive (Buckler and Honore, 2005; 
Caley et al., 2005). Further studies are needed to clarify the functions of TREK family in 
the glomus cells. 

The nerve fibers in the carotid body were also immunoreactive for TASK-1, 
TASK-3, TREK-1, TREK-2 and TRAAK according to our results. It is reported that a 
part of discharges form carotid sinus nerve was independent of elevation of Ca2+ in the 
glomus cells (Roy et al., 2000). Thus, some nerve endings in the carotid body seem to be 
sensitive to hypoxia, although it is unknown whether they are also sensitive to CO2/H

+ or 
not. TASK and TREK channels may contribute to chemosensory function of the nerve 
endings in the carotid body. 

Furthermore, TASK and TREK channels were also observed in the vascular smooth 
muscle and endothelial cells in the carotid body as summerized in Table 1. These 
channels may modulate vascular constriction to regulate blood flow in the carotid body. 

3.   TANDEM PORE DOMAIN K
+
 CHANNELS IN THE 

PARAGANGLION CELLS IN THE AORTIC BODY, 
SUPERIOR LARYNGEAL NERVE AND 
SYMPATHETIC GANGLIA 

We previously reported that TASK-3 immunoreactivity was found in the glomus or 

al., 2003; Fig. 2A, B, D). Furthermore, TASK-3 immunoreactivity was also observed
paraganglion cells in the carotid and aortic bodies and sympathetic ganglia  (Yamamoto 
et 



12 Y. Yamamoto and K. Taniguchi

the paraganglion cells within the superior laryngeal nerve (Fig. 2C) which are also 
excited by hypoxia (O’Leary et al., 2004). On the other hand, the paraganglion cells in 
the sympathetic ganglia may have oxygen sensing property, because paraganglion cells 
in the superior cervical ganglion respond to hypoxia with an increase in dopamine 
turnover (Dalmaz et al., 1990). However, immunoreactivities for TREK family are 
different in the sympathetic paraganglion cells from the glomus cells in the carotid and 
aortic bodies. In the sympathetic ganglia, TRAAK immunoreactivity was not observed 
in the paraganglion cells (Yamamoto et al., 2003; Fig 2E), while immunoreactivities for 
TREK-1 and TREK-2 were observed in the paraganglion cells in addition to the nerve 
cell bodies and nerve fibers (Fig. 2F). According to these findings, absence of TRAAK 
expression in paraganglion cells in the sympathetic ganglia may indicate that membrane 

+

Figure 2. A, B, Immunoreactivity for TASK-3 (A) and TRAAK (B) in the rat aortic body. C, 
Immunoreactivity for TASK-3 in the cluster of paraganglion cells within the superior laryngeal nerve. D-F, 
Immunoreactivity for TASK-3 (D-1), TRAAK (E-1) and TREK-2 (F-1) in the paraganglion cells in the 
superior cervical ganglia. D-2, E-2 and F-2 shows the synaptophysin immunoreactivity in the same position of 
D-1, E-1 and F-1, respectively. Arrows indicate the paraganglion cells. 

in
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4.   CONCLUSION 

According to the immunohistochemical localization of TASK and TREK channels, 
tandem pore domain K+ channels seem to be important for K+ current modulation of 
glomus cells and/or afferent nerve endings in the rat carotid body. Especially, they play 
important roles on chemoreception for both hypoxia and hypercapnia. However, several 
problems remain to be unsolved at present as follows: exact function of TREK on 
chemosensing, the relationship between tandem pore domain K+ channels and another 
oxygen sensing potassium channels, e.g., voltage gated K+ channels Kv 3.4, Kv 4.1 and 
Kv 4.3, which are also expressed in the glomus cells of carotid body (Sanchez et al.,
2002), and functional significance of the heterogeneous expression of TRAAK in the 
paraganglion cells. Further experiments are needed to reveal functional significance of 
the tandem pore domain K+ channels in the glomus/paraganglion cells.

Immunolocalization of Tandem Pore +Domain  K Channels

properties of sympathetic paraganglion cells are different from those of the 
glossopharyngeal/vagal paraganglia, namely, carotid and aortic bodies. Although the 
exact function of TRAAK channels in paraganglion cells is still unknown, it is possible 
that chemosensing cells might be classified into two types on the basis of TRAAK 
expression.
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1.   INTRODUCTION 

Neuroglobin (Ngb), a 151-amino-acid protein with a predicted molecular
mass of 17 kD was recently identified as a member of the vertebrate globin 
family (Burmester and Hankeln, 2004; Mammen et al., 2002). Ngb, is 
predominantly expressed in nerve cells, particularly in the brain and in the retina 

(Burmester and Hankeln, 2004). The protein has three-on-three -helical globin
fold and are endowed with a hexa-coordinate heme-Fe atoms, which displays O2

affinities and binds CO (Burmester & Hankeln, 2004).The physiological role of 
Ngb is not well understood, but it has been proposed that Ngb participates in 
several processes such as oxygen transport, oxygen storage, and NO 
detoxification (Burmester and Hankeln, 2004). Ngb as well as hemoglobin is a 
respiratory protein that reversibly binds gaseous ligands (NO and O2) by means
of the Fe-containing porphyrin ring. Ngb is concentrated in neuronal cellular 
regions that contain mitochondria, and its distribution is correlated with oxygen 
consumption rates (Pesce et al., 2003). 

It has been proposed that Ngb enhances oxygen supply to neural components 
and may contribute to neuronal survival, because the level of Ngb is augmented 
during ischemia and hypoxia (Sun et al., 2001). Since the carotid body (CB) is 
the main oxygen chemoreceptor in the arterial blood and its high oxygen 
consumption, we tested if Ngb is present in the CB of normoxic rats and if 
chronic intermittent hypoxic may increase its level.
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(Burmester et al., 2000; Zhu et al., 2002), but is also expressed in other tissues 
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2.   METHODS 

Two groups of six male Wistar rats weighting 200-250 g were used. One
group was maintained at room air (FIO2 = 21 %) and served as controls. The 
other group was kept for 12 days in a Plexiglas chamber in chronic intermittent 
hypoxia: FIO2 10-11% for 12 hs, followed by 12 hs of normoxia. The chamber 
temperature and the PCO2 level were kept between physiological ranges. The 
rats were anaesthetized with Nembutal (40 mg/kg, ip) and the CBs were 
dissected. The CB tissue was immersed overnight in ice cold 4 % 
paraformaldehyde in 0.1 M phosphate buffered saline (PBS). Tissues were then 
rinsed in 15 % sucrose PBS for 1 hr, and stored at 4 °C in 30 % sucrose PBS for 
2 hrs. Histological section of 10 µm (n = 6 for each sample) were serially cut 
with a cryomicrotome (Reichert-Jung Frigocut 2800), thaw-mounted in 
microscope slides, fixed by immersion in acetone at 4°C for 5 min, and air-dried.  
Slides were stored at 4°C until use. 

The presence of Ngb in the CB tissue was detected by immunohistochemistry 
using a polyclonal antibody (E-16, Santa Cruz Biotech Antibodies). Slides were 
preincubated in PBS for 5 min and then with an antibody for Ngb of goat origin 
(diluted 1:100 in PBS) for 30 min. at 37 °C. Slices were then washed twice in 
PBS for 5 min, and in Tris-HCl buffer, pH 7.6 for 10 min. A second antibody, 
rabbit antigoat IgG, was added for 10 min and slides were washed with PBS. 
The Ngb immunoreactivity (NGB-ir) staining was analyzed using the software 
package Image Pro Plus 4.5 for the densitometric analysis. Five random fields 
were chosen in each CB. The Ngb immunoreactivity was measured in optic 
integrated units.

3.   RESULTS 

NGB is present in the normoxic CB, presumable in the glomus cells. The   
intensity of the Ngb immunoreactivity increased significantly in the chronic 
intermittent hypoxic CBs. Fig. 1 shows the Ngb immunohistochemistry 

The analysis of the Ngb immunoreactivity in the CB shows that the 
integrated optical intensity of Ngb increased significantly from 0.29  0.067% in 
the control to 0.62  0.086% in the hypoxic CBs (P < 0.01, Fig. 2). 

distribution in a control CB (Fig. 1 A, B) and in a hypoxic CB (Fig. 1 C, D).  
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Figure 1. Immunohistochemical analysis of NGB in the rat CB, A and B, control CB. C and D, 
hypoxic CB. B and D, after having distinguished the NGB expression by the image processing 

Figure 2. Integrated optical intensity of Ngb immunoreactivity in 6 control and 6 hypoxic CBs. 
The difference between both groups was statistically significant (P < 0.01). 

(Magnification: 400 x).
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4. DISCUSSION 

To our knowledge, this is the first study showing that Ngb is expressed in the 
CB tissue under normoxic condition, and its expression increased during 
hypoxia. Regardless the small size, the CB has the highest blood flow reported 
for any organ and high oxygen consumption (Gonzalez et al., 1994). Therefore, 
it is likely that Ngb may work in the CB as a "neuronal globin protein", 
providing oxygen to the respiratory chain of CB cells. In addition, Ngb also may 
act as a sensor to detect cellular oxygen concentration, with an affinity
comparable to myoglobin (P50 of 1-2 Torr; Burmester & Hankeln, 2004). 

Although, Ngb may storage and transport oxygen, it has been proposed that 
Ngb participates in several processes. Hypoxia upregulates the expression of 
Ngb in neurons, suggesting that Ngb protects neurons against hypoxic damage. 

cultured neurons, and antisense inhibition of Ngb expression increases hypoxic
neuronal injury, whereas overexpression of Ngb provides resistance to hypoxia. 
These findings are consistent with a role for Ngb in promoting neuronal survival 
after hypoxic insults. Ngb may also be involved in the detoxification of nitric 
oxide and other reactive oxygen species (ROS) that probably are generated 
under hypoxic conditions. Thus, the presence of Ngb as “a respiratory protein” in 
CB may have important physiological effects such as NO and ROS detoxication. 

A prominent feature of cell adaptation to hypoxia is the increased expression 
of hypoxic-inducible proteins (Bunn & Poyton, 1996; Lahiri et al., 2002). In the 
CB, it is well known that hypoxia stimulates the production of hypoxia-inducible 

All of these proteins may exert protective effects through diverse mechanisms,
but their hypoxic-responsiveness depends on O2-binding proteins such as Ngb 
(Dewilde et al., 2001), which can sense hypoxia and trigger appropriate cell 
adaptative responses (Burmester & Hankeln, 2004).

In summary, in addition to an oxygen-storage role for Ngb in the CB, we 
cannot excluded that Ngb may act as an oxygen sensor to detect tissue oxygen 
levels, or has a protective role for neuronal and glomus cell survive. Further 
studies are needed to establish the role of Ngb in the CB.  
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1.   INTRODUCTION 

Physiological responses to hypoxia involve changes in gene expression that 
are mediated by the transcriptional activator HIF-1. HIF-1 is a heterodimeric 
transcription factor consisting of two subunits, HIF-1  and HIF-1  (Semenza, 
2000; Wang et al., 1995). The expression of HIF-1  protein is closely regulated 
by oxygen tension in the cell, whereas HIF-1  expression is constitutive and 
independent of oxygen levels (Kallio et al., 1999; Semenza, 2000; Wang et al., 
1995). It has been shown that HIF-1  plays a physiological role in chronic 
hypoxia (CH). HIF-1  serves as a key controller for the transcriptional 
regulation of the expression of a spectrum of oxygen-regulated genes, such as 
erythropoietin, vascular endothelial growth factor (VEGF) and VEGF receptors, 
for the cellular response to hypoxia in tissues including the carotid body (CB) 
(Fung, 2003; Glaus et al., 2004; Semenza, 2000; Tipoe and Fung, 2003). 

The production of endothelin-1 (ET-1) by pulmonary endothelium is 
stimulated by hypoxia (Yoshimoto et al., 1991) and the expression of ET-1 is 
regulated by HIF-1 (Semenza, 2000). In the CB, ET-1 stimulates the excitability 
of the chemoreceptors (Chen et al., 2000; Chen et al., 2002) and induces mitosis 
of the chemosensitive type-I cells (Paciga et al., 1999).  Furthermore, studies 
have shown that plasma ET-1 is increased at high altitude and the level is 
inversely proportional to arterial oxygen saturation (Goerre et al., 1995; Cruden 
et al., 1999). 

Recently, it has been shown that intermittent hypoxia (IH) facilitates hypoxic 
chemosensitivity in rat CB and augments hypoxic ventilatory chemoreflex (Peng 
et al., 2004). IH also facilitates the hypoxia-evoked neurotransmitter release 
from the CB as well as PC12 cells (Kim et al., 2004). The CB plays important 
roles in pathophysiological changes in hypoxia (Prabhakar and Peng, 2004) and 
the expression of HIF-1 and ET-1 may be involved in the molecular mechanism 
for the changes of the organ in IH stress. The aim of this study was to examine 
the time-course of CB expression of HIF-1  and ET-1 in CH and IH rats in order 
to understand the molecular regulation that was significant to the ventilatory 
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acclimatization of the hypoxic response at high altitude as well as the 
development of pathophysiological events during chronic hypoxemia in disease.  

2. METHODS 

The experimental protocol for this study was approved by the Committee on 
the Use of Live Animals in Teaching and Research of The University of Hong 
Kong. Sprague-Dawley rats aged 28 days were randomly divided into normoxic, 
CH and IH group.  While the control was maintained in room air, both CH and 
IH rats were kept in acrylic chambers for normobaric hypoxia and had free 
access to water and chow. The oxygen fraction inside the chamber was kept at 
10 + 0.5%, 24 hours per day for the CH group and was cyclic from 21 to 5 +
0.5% per minute, 8 hours per day for the IH group. The desired oxygen level 
was established by a mixture of room air and nitrogen that was regulated and 
monitored by an oxygen analyzer (Vacumetrics Inc., CA, USA). Carbon dioxide 
was absorbed by soda lime granules and excess humidity was removed by a 
desiccator. The chamber was opened twice a week for an hour to clean the cages 
and replenish food and water. The rats were exposed to hypoxia for 3, 7, 14 and 
28 days and were immediately used in experiments after taken out of the 
chamber.

Following deep anesthesia with halothane, the rat was decapitated and the 
carotid bifurcation was excised rapidly.  The CB was carefully dissected free 
from the bifurcation and was fixed in neutral buffered formalin for 72 hour. 
Tissues were processed routinely for histology and embedded in paraffin blocks.  
Serial sections of 5 µm thickness were cut and mounted on silanized slides 
(DAKO, Denmark). Sections were kept in the oven overnight at 56oC.
Consequently, sections were dewaxed with xylene and rehydrated with a series 
of decreasing grade of ethanol solutions. Sections were immunostained with 
antiserum to the following proteins: HIF-1  (mouse monoclonal IgG antibody, 
1:25 dilution, Cat # 400080, Calbiochem, CA, USA); endothelin-1 (mouse 
monoclonal IgG antibody, 1:100 dilution, Cat # CP44, Oncogene, CA, USA), 
using LSAB kit (K0690, DAKO) and were deparaffinized and rehydrated.  
Sections for HIF-1  were immersed in antigen retrieval solution (0.1 M citric 
acid buffer, pH 6.0) for 10 min at 98oC.  To block endogenous peroxidase 
activity, the sections were immersed in 3% hydrogen peroxide for 5 min at room 
temperature.  All sections were immersed in a solution containing 0.01% trypsin 
and CaCl2 for 5 min at room temperature.  Sections were pre-incubated with 
20% normal serum for 2 hour to reduced non-specific binding for the antiserum.  
Then sections were incubated with the corresponding primary antibodies in 0.05 
M Tris-HCl buffer, respectively, containing 2% bovine serum albumin overnight 
at 4oC. Sections were washed three times in PBS, and then incubated with 
biotinylated link agent and streptavidin peroxidase for 30 min at room 
temperature. Finally, sections were washed and the peroxidase was visualized by 
immersing in 0.05% diaminobenzidine (DAB) containing 0.03% hydrogen 
peroxide in Tris-HCl buffer (pH 7.5) for 3-5 min. Sections were rinsed in 
distilled water and counterstained mildly with hematoxylin.  Positive staining 
was indicated by a brown color. Control sections were incubated with either 
normal mouse or rabbit IgG and stained uniformly negative (not shown in the 
figures).

S-Y. Lam et al.
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The immunoreactivities of HIF-1  and ET-1 were measured using the Leica 
QWIN Imager Analyzer (Cambridge, UK). Immunostained sections were 
captured with a CCD JVC camera using a Zeiss Axiophot microscope at 40X 
objective. The luminance incident light passing through each section was 
calibrated using the set-up menu where the grey pixel values were set to 0 and 
1.00. Once the setup was done, five fields per section from one CB of one 
animal were measured. The percent area of positive stain for ET-1 protein was 
measured by detecting the positive brown cytoplasmic stain divided by the sum 
areas of the reference field. The percentage of HIF-1  positive was calculated 
by the number of positive HIF-1  nuclei divided by the total number of nuclei in 
the reference field.  A total of 20 fields for 4 CBs from four different animals at 
each time-point namely day 3, 7, 14 and 28 were determined. The mean value of 
the 20 fields was calculated to represent each time-point. 

GraphPad Prism® software (GraphPad Software, Inc., San Diego, USA) was 
used to analyze the data. A non-parametric Mann-Whitney U-test was used to 
compare differences between time-points. A p-value < 0.05 was considered 
statistically significant. 

3.   RESULTS

Immunohistochemical studies revealed that both the HIF-1  and ET-1 
proteins were positively stained in most of cells throughout the CBs of rats 
exposed to CH and IH treatment (n=4). The HIF-1  immunoreactivity (IR) was 
mainly found in the nuclei, whereas positive staining of ET-1 was generally 
found in the cytoplasm. 

In the IH group, the IR of HIF-1  increased in 3-day IH group (Fig. 1). The 
percent of cells with positive nuclear staining reached a peak level at day 7 but 
then returned to normoxic levels by day 28 (Figs. 1A and B). In the CH group, 
the HIF-1  expression elevated initially at day 3 and gradually reached a plateau 
in 2-4 weeks (Figs. 1A and B). 

The positive cytoplasmic IR staining of ET-1 expression was markedly 
increased in the 3-day groups of both CH and IH rats, although the elevation was 
less in the IH groups than that in the CH group (Fig. 2). By day 14, the ET-1 
expression reduced to a sustained level above the control in the CH group but 
was completely recovered to the normoxic levels in the IH group (Fig. 2B). This 
indicates that the ET-1 expression play an important role in the enhancement of 
CB excitability during an early time-course of hypoxia. 

Furthermore, the immunostaining was not observed in CB of the 
corresponding control sections incubated with normal serum instead of the 
primary antibodies (Data not shown). 

4.   DISCUSSION 

Results of the HIF-1  expression in both CH and IH are in agreement with the 
hypothesis that HIF-1  plays an active role in the physiological response to 
hypoxia. CH increased the nuclear expression of HIF-1  protein in the CB cells. 
This finding is consistent with previous studies showing that protein expression 
of HIF-1  and DNA-binding activity of HIF-1 in the nucleus of cultured cells 
are increased by hypoxia (Jiang et al., 1996). Also, mRNA and protein 
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A.

B.

Figure 1. A: Immunohistochemical localization of HIF-1  in 7- and 28-day 
treatment of CH and IH and their corresponding normoxic group in rat CB.  Bar = 
40 µm.  B: Protein expression of HIF-1  in CH and IH rat CB.  Data are 
normalized with their corresponding normoxic group. 

expression of HIF-1  but not HIF-1  is elevated in the brain (Chavez et al., 2000)
and lung (Palmer et al., 1998) of rats exposed to CH. In a similar manner, IH 
increased the nuclear expression of HIF-1  protein in the CB glomus cells as 
well. Previous report showed that IH activates tyrosine hydroxylase (TH), the 
rate-limiting step in catecholamine biosynthesis, activity in PC12 cells due to 
increased serine phosphorylation, especially that of Ser-40 mediated by protein 
kinase A and Ca2+/calmodulin-dependent protein kinase and the subsequent 
removal of endogenous product inhibition of TH via disruption of catecholamine 
binding (Kumar et al., 2003). It has also been shown in humans that IH 
associated with recurrent apneas leads to the development of pathophysiological 
conditions such as hypertension (Fletcher, 2001), whereas CH, as it occurs at 

S-Y. Lam et al.
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A.

B.

Figure 2. A: Immunohistochemical localization of ET-1 in 3- and 14-day 
treatment of CH and IH and their corresponding normoxic group in rat CB.  Bar = 
40 µm. B: Protein expression of ET-1 in CH and IH rat CB.  Data are normalized 
with their corresponding normoxic group. 

high-altitude dwelling, does not result in such adverse effects. The difference in 
the pathological consequences of CH and IH suggests distinct mechanisms 
underlying these two patterns of hypoxia. The differential regulation of HIF-1 in 
CH and IH needs further elucidation. 

It is known that CH induces hypertrophy and hyperplasia in the CB. ET-1 is 
expressed in the CB (He et al., 1996; Chen et al., 2000; Chen et al., 2002) and it 
stimulates the proliferation of cultured glomus cells (Paciga et al., 1999). The 
intracellular calcium response to ET-1 in the glomus cells may play a role in the 
proliferation and structural changes of the chemoreceptors during CH. 
Accordingly, the fact that a lower amount of ET-1 expression in the IH than that 
of the CH group may account for the insignificant enlargement of CB in IH, due 
to less ET-1 mitogenic effect on the glomus cells. In addition, the elevation of 
intracellular calcium is an essential step for vesicular release of 
neurotransmitters for the chemoreception. Our results show that ET-1 expression 
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is elevated in both CH and IH treatment, suggesting ET-1 can increase the 
excitability of the chemoreceptor to hypoxia. Also, the increase in the ET-1 
expression is more significant in an early time-course of hypoxia indicating an 
important role of ET-1 in the enhancement of CB excitability in both CH and IH 
groups. Thus, results are in agreement with the hypothesis that ET-1 plays an 
active role in the physiological adaptation of the CB in response to hypoxia 
although ET-1 may have a prominent role in the hypertrophy and hyperplasia in 
the CB of CH, but not of the IH. 

In conclusion, the increased HIF-1  expression could elevate HIF-1 activity 
that increases the ET-1 expression in the CBs, despite significant differences in 
the temporal patterns of the HIF-1  and ET-1 expression between CH and IH, 
which may account for some of the morphological and functional discrepancies. 
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1.   INTRODUCTION 

Hypoxia is a crucial physiological stimulus in development and plays a key 
role in the pathophysiology of cancer, stroke, pulmonary disease, and other 
major causes of mortality (Iyer et al., 1998). Responses to changes in oxygen 
concentrations are primarily regulated by hypoxia inducible factors (HIFs). HIFs 
are heterodimeric transcription factors that regulate a number of adaptive 
responses to low oxygen tension. They are composed of oxygen-regulated - and 
a constitutive non oxygen-regulated - subunits and are belonged to the basic 
helix-loop-helix-PAS (bHLH-PAS) superfamily (Bruick, 2003). In mammals, 
three genes have been shown to encode HIF-  subunits namely HIF-1 , -2  and 
-3 . The HIF-1  protein is more widely expressed, while its homologs, HIF-
2 /Endothelial PAS domain protein (EPAS-1) (Tian et al., 1997) and HIF-3
(Gu et al., 1998) are tissue and developmental specific in their expression.  HIF-
1  is expressed in the brain, heart, lung (Jain et al., 1998) and also in the carotid 
body (CB) (Baby et al., 2003; Tipoe and Fung, 2003). Whereas HIF-2  is 
expressed in the endothelial cells of various tissues, such as brain, heart, and 
liver, and the mRNA is also observed in alveolar epithelial cells in the lung 
(Ema et al., 1997). The EPAS-1 expression in mice embryo was induced by 
hypoxia for proper cardiac function (Tian et al., 1998). Furthermore, all the HIF-

 subunits have been found in the kidney where diverse functions of the three 
had been shown. HIF-1  and -2  activate the expression of the HIF-mediated 
gene such as erythropoietin (EPO), whereas HIF-3  is likely an inhibitor of EPO 
gene transcription (Hara et al., 2001; Jelkmann, 2004). 

HIF activates transcription of genes that increase systemic oxygen delivery 
or provide cellular metabolic adaptation under conditions of hypoxia. Abnormal 
HIF expression is related to numerous diseases of the vascular system, including 
heart disease, cancer and chronic obstructive pulmonary disease (Covello and 
Simon, 2004). The expression of HIF-1  subunit in the rat CB plays an essential 
role in the transcriptional regulation of the structural remodeling and functional 
modulation of the organ in chronic hypoxia (CH) (Fung, 2003). However, less is 
known about the expression and function of HIF-2  and HIF-3  in the rat CB. 
The aim of the present study was to examine the mRNA and protein expression 
of HIF-2  and -3  in the CB of rats in normoxia and in CH breathing 10% O2 in 
isobaric chamber for up to 4 weeks. 
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2.   METHODS 

The experimental protocol for this study was approved by the Committee on 
the Use of Live Animals in Teaching and Research of The University of Hong 
Kong.  Sprague-Dawley rats aged 28 days were randomly divided into normoxic 
and CH groups (n=4 for each group in each set of experiment). While the control 
was maintained in room air, CH rats were kept in a 300-litre acrylic chamber for 
normobaric hypoxia in the same room and had free access to water and chow. 
The oxygen fraction inside the chamber was kept at 10 + 0.5%, 24 hour per day. 
The desired oxygen content was established by a mixture of room air and 
nitrogen that was regulated and monitored by an oxygen analyzer (Vacumetrics 
Inc., CA, USA). Carbon dioxide was absorbed by soda lime granules and excess 
humidity was removed by a desiccator. The chamber was opened twice a week 
for an hour to clean the cages and replenish food and water.  The rats were 
exposed to hypoxia for 7 days and were immediately used in experiments after 
taken out of the chamber. 

2.1   Immunohistochemistry 

Following deep anesthesia with halothane, the rat was decapitated and the 
carotid bifurcation was excised rapidly. The CB was carefully dissected free 
from the bifurcation and was fixed in neutral buffered formalin for 72 hour. 
Tissues were processed routinely for histology and embedded in paraffin blocks. 
Serial sections of 5 µm thickness were cut and mounted on silanized slides 
(DAKO, Denmark). Sections were kept in the oven overnight at 56oC.
Consequently, sections were dewaxed with xylene and rehydrated with a series 
of decreasing grade of ethanol solutions. Sections were immunostained with 
antiserum to the following proteins: EPAS-1 (goat polyclonal antibody, 1:200 
dilution, Cat # sc-8712, Santa Cruz, CA, USA); HIF-3  (goat polyclonal 
antibody, 1:250 dilution, Cat # sc-8718, Santa Cruz, CA, USA), using LSAB kit 
(K0690, DAKO) and were deparaffinized and rehydrated. Sections were 
immersed in antigen retrieval solution (0.1 M citric acid buffer, pH 6.0) for 10 
min at 98oC. To block endogenous peroxidase activity, the sections were 
immersed in 3% hydrogen peroxide for 5 min at room temperature. Sections 
were pre-incubated with 20% normal serum for 2 hour to reduced non-specific 
binding for the antiserum. Then sections were incubated with the corresponding 
primary antibodies in 0.05 M Tris-HCl buffer, respectively, containing 2% 
bovine serum albumin overnight at 4oC. Sections were washed three times in 
PBS, and then incubated with biotinylated link agent and streptavidin peroxidase 
for 30 min at room temperature. Finally, sections were washed and the 
peroxidase was visualized by immersing in 0.05% diaminobenzidine (DAB) 
containing 0.03% hydrogen peroxide in Tris-HCl buffer (pH 7.5) for 3-5 min.  
Sections were rinsed in distilled water and counterstained mildly with 
hematoxylin.  Positive staining was indicated by a brown color. Control sections 
were incubated with either normal mouse or rabbit IgG and stained uniformly 
negative. 

2.2   Double Staining Procedures 

DAKO Envision® Doublestain System (K-1395) and two sets of primary 
antibody were used. The first set was directed against EPAS-1 (goat polyclonal 
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antibody, 1:100 dilution, Cat # sc-8712, Santa Cruz, CA, USA) and tyrosine 
hydroxylase (TH) (rabbit IgG antibody, 1:100 dilution, Cat # AB151, Chemicon 
International Inc., CA, USA). The second set of primary antibody was directed 
against HIF-3  (goat polyclonal antibody, 1:250 dilution, Cat # sc-8718, Santa 
Cruz, CA, USA) and TH (rabbit IgG antibody, 1:100 dilution, Cat # AB151, 
Chemicon International Inc., CA, USA). After incubating with the 
corresponding first primary antibody (HIF-2  and HIF-3  respectively), sections 
were incubated with peroxidase labeled polymer for 30 min at 37oC. The 
peroxidase was visualized with substrate DAB chromogen for 5-10 min. 
Sections were then incubated in a Doublestain Block solution (from DAKO 
Doublestain kit) which served to remove any potential cross-reactivity between 
reactions along with blocking endogenous alkaline phosphatase (AP) that may 
be present. The second primary antibody (TH) was then incubated for 1 h at 
37oC. The AP was visualized by Fast Red solution for 5 min. Control sections 
were incubated with either normal goat or rabbit IgG and stained uniformly 
negative. 

2.3   Reverse Transcriptase Polymerase Chain Reaction 
(RT-PCR)

Four CBs were dissected out from the bifurcation of carotid arteries. The 
CBs were then pooled together for the isolation of total RNA and RT-PCR was 
performed on both HIF-2  and HIF-3  genes. Isolated RNA (5 µg) was 
subjected to first strand cDNA synthesis using random hexamer primers and 
Superscript II transcriptase (GIBCO, USA) in a final volume of 20 µl. After 
incubation at 42oC for 1 hour, the reaction mixture was treated with RNase H 
before proceeding PCR analysis. The final mixture (2 µl) was directly used for 
PCR amplification.  Messenger RNAs (mRNAs) of HIF-2 , HIF-3  and -actin
were detected with primers with the following sequences: HIF-2  (sense: CCC-
CAG-GGG-ATG-CTA-TTA-TT; antisense: GGC-GAA-GAG-CTT-ATA-GAT-
TA); HIF-3  (sense: AGA-GAA-CGG-AGT-GGT-GCT-GT; antisense: ATC-
AGC-CGG-AAG-AGG-ACT-TT). All RNA was shown to be free of DNA 
contamination by RT-PCR without addition of reverse transcriptase. The PCR 
conditions for: (1) HIF-2  was 35 cycles of denaturing, 95oC, 30 s; annealing, 
60oC, 1 min; elongating, 72oC, 30 s; (2) HIF-3  was 35 cycles of denaturing, 
95oC, 30 s; annealing, 60oC, 1 min; elongating, 72oC, 1 min. The amplified 
mixture was finally separated on 2% agarose gel electrophoresis and the 
amplified DNA bands were detected using ethidium bromide staining. 

GraphPad Prism® software (GraphPad Software, Inc., San Diego, USA) was 
used to analyze the data. A non-parametric Mann-Whitney U-test was used to 
compare differences between time-points. A p-value < 0.05 was considered 
statistically significant. 

3.   RESULTS 

To determine the localization of protein expression of HIF-2  and HIF-3  in 
the rat CB, immunohistochemical studies using primary monoclonal antibody 
specific to HIF-2  (EPAS-1) and HIF-3  were performed. In general, a strongly 
positive immunostaining was observed in majority of cells throughout the CBs 
of rats exposed to CH and the staining was found in both the nuclei and 
cytoplasm (Figs. 1A and C). Double-labeling studies showed that the staining 
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was colocalized with TH (Figs. 2A and C) in the type-I glomus cells. These 
suggest that both the HIF-2  and HIF-3  proteins are expressed in the type-I 
chemosensitive glomus cells of the CB and the stainings were in high intensity 
in the CH group. 

In contrast, mild expression levels of HIF-2  (Figs. 1B and 2B) and HIF-3
(Figs. 1D and 2D) protein expression were found in the normoxic group. 
Positive immunostaining was sparsely scattered and weakly expressed in the 
nuclei and cytoplasm of the type I cells in the CB sections when compared with 
those in the CH group.  Hence, the staining was more intense in the CH group 
than that of the normoxic control, indicating an upregulation of the expression. 
In addition, the immunostaining was not observed in the corresponding control 
sections incubated with normal serum instead of the primary antibodies (Data 
not shown). 

Figure 1.  Upper row: Immunohistochemical localization of HIF-2  in (A) CH and 
(B) normoxic rat CB.  Lower row: Immunohistochemical localization of HIF-3  in 
(C) CH and (D) normoxic rat CB.  Bar = 40 µm. 

Figure 2.  Immunohistochemical localization of HIF-2  and TH in the CB of (A) CH 
and (B) normoxic rat, and HIF-3  and TH in the CB of (C) CH and (D) normoxic rat.  
Immunoreactivity for HIF-2  and HIF-3  (brown stain) was localized in the nuclei 
with perinuclear TH-staining (red stain) in glomus cells clustering in glomeruli.  
Bar = 40 µm. 
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The mRNA expression of HIF-2  and HIF-3  in the CB was investigated 
using RT-PCR with specific primers. The mRNA transcripts of HIF-2  (Fig. 3) 
and HIF-3  (Fig. 4) were observed in the normoxic group. The mRNA levels 
were significantly higher in the CH than those of the normoxic group, whereas 
the -actin expression remained unchanged (Figs. 3 and 4). 

Figure 3. RT-PCR analysis of the mRNA expression of HIF-2  in normoxia (N) and 
CH rat CB.  Expected size for HIF-2  is 298 bp and for -actin is 436 bp.  The data 
are expressed as means +S.E.M. (n=5 for each group).  (*) p < 0.01. 

Figure 4. RT-PCR analysis of the mRNA expression of HIF-3  in normoxia (N) and 
CH rat CB.  Expected size for HIF-3  is 301 bp and for -actin is 436 bp.  The data 
are expressed as means +S.E.M. (n=5 for each group).  (*) p < 0.01. 
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4.   DISCUSSION 

In the present study, the expression and localization of the HIF-2  and -3
subunits were unequivocally demonstrated in the rat CB.  The results of RT-
PCR showed that rat CB expresses mRNA of HIF-2  and -3 .
Immunohistochemistry demonstrated the expression and localization of HIF-2
and -3  proteins in the CB. In addition, HIF-2  and -3  immunoreactivities were 
specifically localized in the type-I glomus cells of the CB, as shown by the 
colocalization with TH-immunostaining.  Moreover, there were increases in the 
expression of HIF-2  and -3 , in both mRNA and protein levels, induced by the 
stress of CH.  The current findings are the first to present solid evidence that 
HIF-2  and -3  are constitutively expressed in the rat CB and the expression of 
which are activated by CH. 

HIF-1  plays a central role in the transcriptional regulation of a number of 
oxygen-regulated genes for the cellular response of tissues under low oxygen 
tensions. It was shown that HIF-1  mediates the structural and physiological 
changes induced by hypoxia in the CB (Fung, 2003; Roy et al., 2004). Our 
results suggest that in addition to HIF-1 , two other known HIF-  subunits (i.e. 
HIF-2  and -3 ) are constitutively expressed in the rat CB. Although HIF-2
and HIF-1  share structural similarity, the two proteins expressed in different 
tissues and cell types. For example, HIF-2  is expressed in endothelial cells that 
line the walls of blood vessels in umbilical cord, whilst HIF-1  is expressed in 
smooth muscle cells that surround blood vessels (Tian et al., 1997). The 
difference in the expression sites might implicate functional discrepancy of the 
proteins. It was shown that the homozygous EPAS-1-deficient embryos die from 
circulatory failure during mid-gestational embryonic development, suggesting 
the elementary role of HIF-2  in the control of cardiac development. Also, the 
embryos had substantially reduced catecholamine levels as EPAS-1 is also 
expressed intensively in the organ of Zuckerkandl (OZ), the principle source of 
catecholamine production organ in mammalian embryos (Tian et al., 1998). The 
colocalization of HIF-2  and TH in the rat CB demonstrated that HIF-2  was 
specifically expressed in the chemosensitive type-I glomus cells. Hence, HIF-2
might play a role in the control of the synthesis and release of catecholamines in 
the CB. 

Increased expression of HIF-1  in hypoxia is significant in the regulation of 
hypoxia-inducible genes in CB glomus cells (Fung, 2003). Besides, our results 
suggest an activation of mRNA and protein expression of the HIF-2  and -3  by 
CH in the rat CB. Previous study has shown that EPAS-1 expression in the OZ is 
hypoxia inducible and, at the mid-gestation of development, acting as a sensor of 
hypoxia in the embryo. In response to hypoxia, EPAS-1 can provoke the 
expression of genes required for either the synthesis or release of catecholamines, 
such as the TH gene (Tian et al., 1998). Similarly, HIF-2  may have functional 
roles in sensing hypoxia and in the upregulation of catecholamine synthesis in 
the CB type-I cells during CH. 

Less is known about the expression and function of HIF-3 . Although HIF-
3  has been found in human kidney (Hara et al., 2001) and rat liver (Kietzmann 
et al., 2001), the function of which is still uncertain. Nevertheless, transient 
transfection experiments demonstrated that the HIF-3 -ARNT interaction can 
occur in vivo, and that the activity of HIF-3  is upregulated in response to cobalt 
chloride or low oxygen tension (Gu et al., 1998). Our results undoubtedly 
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showed the expression of HIF-3  in the rat CB and the expression of which is 
activated by CH, although the functional significance is still unclear and further 
elucidation is needed. 

In conclusion, HIF-2  and HIF-3  are constitutively expressed in the rat CB 
and the transcriptional upregulation of the expression of the -subunits may play 
a complementary role to HIF-1  in the structural and functional changes of the 
CB in CH. 
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Modulation of Gene Expression in Subfamilies of 
TASK K+  Channels by Chronic Hyperoxia  Exposure 
in Rat Carotid Body 

a b a

aDept of Pediatrics, University of Arkansas Medical Sciences, Little Rock, USA, bDept of 

Pediatrics, Yale University, New Haven, USA, 

1.   INTRODUCTION 

The carotid body (CB) is a chemosensory organ which detects a decrease in 
PaO2 or pHa and increases spiking levels on the carotid sinus nerve. 

by post-natal exposure to hyperoxia, resulting in a large reduction in spiking 

have indicated that detection of hypoxia or acidity is mediated by modulation of 
a leak potassium conductance of which TASK-1 and TASK-3 are likely 
candidates. Accordingly, we hypothesized that post-natal hyperoxia exposure 
will alter the developmental profile of TASK channels within the carotid body 
cells.

Carotid body RNA was extracted from control (normoxia-exposed) rats at 
P14-P16 (N14) and rats exposed to post-natal hyperoxia from birth until P14-
P16 (H14). All 5 known TASK K+ channels, TASK-1 (Duprat, 1997; Kim, 1999), 
-2 (Reyes, 1998), -3 (Kim, 2000, Rajan, 2000), -4 (Decher, 2001), and -5 (Ashmole, 
2001; Kim, 2001), were tested using quantitative real time RT(reverse 
transcriptase)-PCR with SYBR green (iCycler IQ system) reporting system. 
Expression levels of 18s rRNA as reference gene for relative quantitative RNA 
analyses.  

Relative quantification was applied to compare gene expression levels of the 
TASK K+ channels between N14 and H14. The expression ratio was calculated 
using a mathematical model based on difference between the threshold detection 
cycle (CT ) of the target gene, TASK K+ channels, and the CT of the reference 
gene, 18s rRNA (Pfaffl, 2001). The present results demonstrate that post-natal 
hyperoxia causes a downregulation of TASK-1, TASK-2 and TASK-5 channels.  
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type I cell depolarization in response to anoxia (Kim, 2003). Previous studies 

Chemosensitivity normally increases after birth but this maturation is impaired 

rates during normoxia and hypoxia (Donnelly, 2005) and reduction in carotid 
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2.   METHODS 

2.1   Chronic Hyperoxia Treatment

For chronic hyperoxia treatment, timed-pregnant Sprague-Dawley rats were 
placed in hyperoxia (60 % O2) chamber (Oxycycler Model A84XOV, Reming 
Bioinstruments Co, Redfield, NY) 1-2 days prior to expected delivery and were 
allowed to give birth. Pups and dams were maintained in the chamber until use 
at P14-P16.

2.2   Isolation of Rat CB and tRNA Extraction

Carotid body RNA was extracted from control (normoxia-exposed) rats at 
P14-P16 (N14) and rats exposed to post-natal hyperoxia from birth until P14-
P16 (H14). Isolated CBs were placed into 1.5ml centrifuge tube and spun down, 
washed one more time with ice-cold PBS, and processed to extract the Total 
RNA(tRNA) using AquaPure RNA isolation kit (Bio-Rad). To exclude genomic 
DNA contamination, RNA was treated with RQ1 RNase-free DNase (Promega). 
cDNA was synthesized by using iScript cDNA synthesis kit (Bio-Rad). To get 
the maximum concentration of tRNA, the pelleted tRNA was reconstituted in the 
minimum volume of reconstitution solution. RNA similarly extracted from heart 
and brain served as positive controls. No-template-control (NTC) and cDNA 
without reverse transcriptase (-RT) served as negative controls.

2.3   Real Time RT-PCR

Primers for TASK channels and reference genes were designed by using 
Beacon Designer 2.0; rTASK-1 (accession # NM_033376, rat), mTASK-2 
(accession # AF319542, mouse), rTASK-3 (accession # NM_053405, rat), 
hTASK-4 (accession # AF339912, human), rTASK-5 (accession # NM_130813, 
rat), ß-actin (accession # NM_031144, rat), and 18s rRNA (accession # X01117, 
rat).

The efficiency of each TASK channel primers was tested with a series of 
cDNA dilution. To compare their gene expression levels between control rats 
and hyperoxia treated rats, relative expression ratio of each channel was utilized. 
In each PCR run, cDNAs synthesized from CB of control rats (N14) and CB of 
hyperoxia treated rats (H14) were tested simultaneously with primers of the 
target genes and the house keeping gene. The anticipated product was confirmed 
based on the melt curve. 

The relative expression ratios for the candidate gene vs the housekeeping 
genes were calculated by the following equation (Pfaffl, 2001). The ratio of a 
target gene is expressed in a sample versus a control in comparison to a reference 
gene. 
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Etarget is the real-time PCR efficiency of target gene transcript; Eref is the real-
time PCR efficiency of a reference gene transcript; CT

target is the CT of control – 
sample of the target gene transcript; CT

ref = CT control – sample of reference 
gene transcript. The relative ratio >1 means that the gene expression in N14 CB 
cells is up-regulated from N1 CB cells. The relative ratio close to 1, means that 
there are not significant changes on gene expression during CB maturation. 

3.   RESULTS 

The quality of each primer, except TASK-4 channel, was evaluated with 
series of dilution of cDNA of N14 CB. For relative quantification of TASK 
channels expression in N14 (normoxia exposure, 14 days old) and H14 
(hyperoxia exposure, 14 days old) carotid bodies, the arithmetic formula 2- CT

was used and took into account the amount of target, normalized to an 
endogenous reference (18s rRNA). The relative expression of target gene was 
determined according to the following relation: 

srRNA

T

TASK

TT CCC 18           (1) 
  Relative Expression = 1/ (2- CT ) (2)

where, CT is the cycle threshold for TASK channels or 18s rRNA determined 
empirically. The mean relative expression values and standard errors were 
calculated from the three individual sets of pooled CB.  

Preliminary results indicate that TASK-3 in carotid bodies from N14 and 
H14 was the most highly expressed.  In N14 CB cells, TASK-3 was many-fold 
more highly expressed than TASK-1. TASK-5 was also expressed more than 
TASK-1, but TASK-2 was expressed slightly less than TASK-1 (TASK-3> 
TASK-5> TASK-1> TASK-2). In H14 CB, TASK-3 was also many-fold more 
highly expressed than TASK-1, and both TASK-5 and TASK-2 were expressed 
more than TASK-1 (TASK-3> TASK-5> TASK-2> TASK-1).

Comparing N14 vs. H14, results to-date show a profound reduction in 
TASK-1, -2, and -5 channel gene expression in carotid bodies from the H14 
group.  In the hyperoxia exposed group, TASK-1, -3, and TASK-5 expression 
were down-regulated by >70%, while TASK-2 expression was not significantly 
affected.

These data suggest that reduced expression of TASK K+ channels, TASK-1, 
TASK-3, and TASK-5 channels, might play a role in the impairment of CB O2

sensitivity due to 2 weeks postpartum hyperoxia exposure, resulting in a large 
reduction in spiking rates during normoxia and hypoxia and reduction in carotid 
type I cell depolarization in response to anoxia. 
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4.   DISCUSSION

These preliminary results suggest that post-natal hyperoxia exposure causes 
a major reduction in expression of several TASK K+ channels in the carotid 
body. Previously, TASK channels have been implicated as serving an important 
role in hypoxia sensing/transduction in carotid body glomus cells, and the 
present results are consistent with this role. 

We used real-time PCR on whole carotid body to the study the effects of 
perinatal hyperoxia on TASK channel expression. Based on total mRNA 
extracted from carotid bodies, the message for TASK1 and TASK3 are 
significantly downregulated by post-natal hyperoxia. Some caution is necessary 
in interpreting the results since the reference gene expression (18s rRNA) would 
be expressed in all cell types within the carotid body. Thus, a reduced expression 
of TASK channels could be due to an alteration in the proportion of glomus cells 
to total glomic tissue. However, Erickson and colleagues found that post-natal 
hyperoxia reduced carotid volume but the proportion of glomus cells to total 
tissue was unchanged (Erickson, 1998). Thus, perinatal hyperoxia in the rat 
decreases glomic and non-glomic compartments proportionally, strongly 
suggesting that our findings reflect changes in TASK channel expression rather 
than hyperoxia-induced changes in cell type proportion. Therefore, the use of 
whole CB as an initial approach to examining the effects of hyperoxia on TASK 
K+ channel expression seems justified. Additional studies using single-cell or 
few-cell real-time PCR to study glomus cell ion channel expression are currently 
underway in our laboratory. 

Previous results from our laboratory (Donnelly, 2005), demonstrated that 
immediately following a period of post-natal hyperoxia, spiking activity is 
profoundly reduced on single, chemoreceptor receptor afferent nerves. This 
compliments previous work demonstrating a reduced ventilatory response to 
acute hypoxia and reduced chemoreceptor nerve spiking activity following a 
period of post-natal hyperoxia followed by a recovery period of 4-5 months 
(Bisgard, 2003). The mechanistic basis for the reduced chemoreceptor response 
to hypoxia is a focus of our present laboratory work, and the present results 
suggest that part of the impairment may be due to reductions in TASK channel 
expression.

TASK channels have been previously implicated as important in glomus cell 
hypoxia sensing/transduction. Previous work by Buckler and colleagues 
demonstrate that a TASK-like current mediates glomus cell depolarization 
during hypoxia and work in our laboratory demonstrated that this current is 
upregulated during normal development. Thus, the most direct interpretation of 
the present result is that post-natal hyperoxia impairs the normal increase in 
expression of TASK channels and this accounts for the reduced chemoreceptor 
response to acute hypoxia. 
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1.   INTRODUCTION 

The carotid body (CB) is a chemosensory organ monitoring blood O2 level, 
CO2 level, and pH. It is known that CB O2 sensitivity is minimal after birth and 
increases with age (Bamford, 1999), but the mechanisms of CB development are 
poorly understood. Previous studies have shown that CB glomus cell 
background K+ current is inhibited by acute hypoxia and glomus cell O2-
sensitive background currents increase with age (Kim, 2003). It has been 
proposed these currents are carried by TASK-like K+ channels. Therefore, we 
hypothesized that expression of one or several TASK K+ channels might change 
during CB development and contribute to the development of glomus cell 
oxygen sensitivity.

The TASK (TWIK-related acid-sensitive K+) channel family includes   five 
subfamilies; TASK-1 (Duprat, 1997; Kim, 1999), TASK-2 (Reyes, 1998), TASK-
3 (Kim, 2000, Rajan, 2000), TASK-4 (Decher, 2001), and TASK-5 (Ashmole, 
2001; Kim, 2001). Among the TASK five subfamilies, TASK-1 and TASK-3 

2

Hartness, 2001). Therefore, TASK-1 and TASK-3 channels would be likely 
candidates for differential expression during carotid body development. 
However, possible differential gene expression of other TASK subfamilies 
during CB development cannot be excluded. To detect the developmental 
differences of TASK channel gene expression, real time quantitative PCR 
(qPCR) was utilized. All five TASK channels were tested on total RNA (tRNA) 
extracted from CB of normoxic P0-P1day old (N1) and P14-P16 days old (N14) 
rats. 18s rRNA gene was used as the reference gene. In neonatal rats, reared in 
normoxia, relative quantification was applied to compare gene expression levels 
of the CB TASK K+ channels on day 1 (N1) vs. day 14 (N14).  The ratio was 
calculated using a mathematical model based on the difference between CT of 
target gene, TASK K+ channels, and CT of reference gene, 18s rRNA (Pfaffl, 
2001).
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2.   METHODS 

2.1    Isolation of Rat CB and tRNA Extraction

Carotid body (CB) was isolated from 2 age groups, P0-P1 (N1) and P14-P16 
(N14) day old rats, as described previously (Wasikco et al., 1999). Timed 
pregnant Sprague-Dawley rats were reared in the ACHRI animal facilities. For 
CB isolation, rats were anesthetized with isoflurane and decapitated. The carotid 
bifurcations were dissected and placed in ice-cold phosphate buffered saline, 
removed from the bifurcations and placed in cold sterile PBS. Isolated CBs were 
placed into 1.5ml centrifuge tube and spun down, washed one more time with 
ice-cold PBS, and processed to extract the total RNA(tRNA) using AquaPure 
RNA isolation kit (Bio-Rad). To get the maximum concentration of tRNA, the 
pelleted tRNA was reconstituted in the minimum volume of reconstitution 
solution. Positive controls for the gene expression of each channel, were 
determined with tRNA of rat heart or brain tissue.

2.2    Real Time RT-PCR  

Primers for TASK channels and reference gene were designed by using 
Beacon Designer 2.0; rTASK-1 (against rat gene), mTASK-2 (against mouse 
gene), rTASK-3 (against rat gene), hTASK-4 (against human gene), rTASK-5 
(against rat gene), and 18s rRNA (against rat gene). Designed primers were 
ordered from Integrated DNA Technologies (IDT) and tested on cDNA from 
positive control tissues prior to testing on cDNA of CB. As the reference gene, 
18S rRNA was used. All primers were tested on cDNA of brain tissues 
(cerebellum) or heart (ventricle) as positive control. 

To exclude genomic DNA contamination, tRNA was treated with RQ1 
RNase-free DNase (Promega). cDNA was synthesized by using iScript cDNA 
synthesis kit (Bio-Rad). To check the DNA contamination, cDNA without 
reverse transcriptase (-RT) was synthesized. The efficiency of each TASK 
channel primer was tested with series of cDNA dilution. To compare their gene 
expression levels between immature and matured CB, a relative expression ratio 
of each channel was utilized. In each PCR run, cDNAs synthesized from 
immature (N1) and mature (N14) CB were tested with primers of the target gene 
and the house keeping gene simultaneously. To prevent false detection with the 
real time PCR, no-template-control (NTC) was tested on every run for each 
testing primer set. For each running, each sample was tested as triplet. The real 
time PCR run on iCycler iQ real-time Detection system (Bio-Rad) by using 
SYBR Green Supermix (Bio-Rad).  

3.   RESULTS 

To detect genomic contamination during tRNA extraction, cDNAs without 
reverse transcriptase (-RT cDNA) were synthesized for every extracted tRNA
and tested on real time PCR. None of PCR products was detected from -RT 
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cDNA. To test all designed primers for the five TASK channels, TASK-1, -2, -3, 
-4, and -5, and 18s rRNA, were tested with positive control tissues. TASK-1 and 
TASK-5 primer sets could produce PCR product from cDNA of rat heart. 
TASK-2 and TASK-3 primer sets could produce the PCR products from cDNA 
of rat cerebellum. But, TASK-4 primer set could not detect any PCR product 
from neither rat heart nor rat cerebellum cDNA. The quality of each primer, 
except TASK-4 channel, was evaluated with series of dilution of cDNA of rat 
N14 CB. The corresponding real-time PCR efficiency rate (E) in an exponential 
phase was calculated according to the equation:  

E= 10[-1/slope] (Pfaffl, 2001). 
The cDNAs synthesized from N1 and N14 rat CB were run at the same time 

on real time PCR.  All five TASK primer sets as target genes as well as 18s 
rRNA primer set as the reference gene were tested at the same time. The 
hTASK-4 primer set won’t produce the PCR product from neither N1 nor N14 
CB cDNA, as in the case of control tissues cDNA, heart or brain. The rest of 
TASK channels and 18s rRNA were detected from both N1 and N14 CB cDNA. 
The relative expression of TASK channels were calculated using the following 
equation. 

For relative expression of TASK channels in each N1 or N14 CB, the 
arithmetic formula 2- CT was used and took into account the amount of target, 
normalized to an endogenous reference (18sr RNA). The relative expression of a 
target gene was determined according to the following relation: 

srRNA

T

TASK

TT CCC 18           (1) 
  Relative Expression = 1/ (2- CT ), (2)

where  CT is the cycle threshold for TASK channels or 18s rRNA determined 
empirically. The mean relative expression values and standard errors were 
calculated from the three individual sets of pooled CB.  

Preliminary results indicate that TASK-3, in both N1 and N14 CB, was the 
most highly expressed.  In N1 (immature) CB cells, TASK-3 was expressed ~10 
times higher than TASK-1, and both TASK-5 and TASK-2 were expressed more 
than TASK-1 (TASK-3> TASK-5> TASK-2> TASK-1). In N14 (mature) CB 
cells, TASK-3 was also expressed ~10 times higher than TASK-1. TASK-5 was 
expressed more than TASK-1, but TASK-2 was expressed slightly less than 
TASK-1 (TASK-3> TASK-5> TASK-1> TASK-2). 
     The relative ratios of TASK channel gene expression between N1(immature) 
vs. N14 (mature) CB cells, were calculated by the following equation which is a 
mathematical model of a relative expression ratio in real-time PCR (Pfaffl 2001). 
The ratio of a target gene is expressed in a sample versus a control in comparison 
to a reference gene. 
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Etarget is the real-time PCR efficiency of a target gene transcript; Eref is the real-
time PCR efficiency of a reference gene transcript; CT

target is the CT of control 
(N1) – sample (N14) of the target gene transcript; CT

ref = CT control (N1) –
sample (N14) of a reference gene transcript. The relative ratio >1 means that the 
gene expression in N14 CB cells is up-regulated from N1 CB cells. The relative 
ratio of 1 means that there are no significant changes in gene expression during 
CB maturation.

Results to date show that TASK-1 and TASK-3 were up regulated by ~50% 
during CB maturation, while TASK-2 and TASK-5 expression did not change 
with development.  These data suggest that up-regulation of TASK-1 and 
TASK-3 genes may play a role in postnatal development of O2 sensitivity during 
CB maturation. 

4.   DISCUSSION 

The small size of the rat carotid body presents numerous technical 
challenges for the study of glomus cell K+ channel expression during postnatal 
development.  We chose, as a first approach to this question, to apply real-time 
PCR to the study of TASK channel expression levels using whole carotid bodies.  
Although results were referenced to 18s rRNA and provide a composite view of 
changes in TASK gene expression in the whole CB, our findings do not provide 
information on TASK channel expression at the individual glomus cell level.   
Using the whole CB approach, for a TASK channel subtype expressed only in 
glomus cells, a postnatal change in the relative proportion of glomus cells to 
other cell types may give the appearance of changing expression during 
development.  Unfortunately, the relative proportion of cell types in rat CB 
between birth and 14 days of age has not been previously studied.   However, 
Kariya et al. reported that the rabbit carotid body is ultrastructurally mature at 
birth, although synapses may continue to develop after birth (Kariya 1990). 
Therefore, the use of whole CB as an initial approach to examining development 
of TASK K+ channel expression seems justified.   Additional studies using 
single-cell or few-cell real-time PCR to study glomus cell ion channel 
expression are currently underway in our laboratory. 
     It has been shown that glomus cell K+ channels with the properties of TASK-
1 and TASK-3 are inhibited by hypoxia and therefore are O2-sensitive (Buckler 
2000; Kemp 2001). In rats, glomus cell O2 sensitivity, measured as the [Ca++]i

response to acute hypoxia challenge, develops after birth and achieves apparent 
maturity in 2-3 weeks postpartum (Bamford 1999). However, the mechanism of 
glomus cell O2 sensitivity maturation is not yet known. Our findings are 
consistent with the hypothesis that the developmental increase of O2 sensitivity 
in rat CB glomus cells is due, at least in part, increased expression of TASK-1 
and/or TASK-3 K+ channels. Although the relative quantification analysis 
showed that TASK-5 and TASK-2 channels are relatively highly expressed, 
their expression level did not change with age.  
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1.   INTRODUCTION

The carotid bodies are enlarged in the rats exposed to long term hypoxia. In 
some studies the animals were exposed to hypoxia for relatively short periods, 
and in other studies for relatively long periods.  However, most authors use the 
term "chronic hypoxia" in their publications. This terminology can cause much 
confusion.  On the other hand, there are no morphological studies of the carotid 
bodies after the termination of chronic hypoxia except in a few instances (Heath 
et al., 1973). Recently high altitude training has been used to try to improve 
some physical conditions. High altitude exercise can help to make clear 
morphological changes in chemoreceptor organs during acclimatization to 
hypoxia and during deacclimatization after chronic hypoxia is terminated. 

We summarize the morphological changes and changes in the peptidergic 
innervation in rat carotid bodies during the course of hypoxic adaptation, and 
during the course of recovery to evaluate the different levels of acclimatization 
and deacclimatization. The original findings have been detailed in the recent 
publications (Kusakabe et al., 2003, 2004). 

2. MORPHOLOGICAL CHANGES IN THE CAROTID 
BODIES AFTER HYPOXIC EXPOSURE AND AFTER 
THE TERMINATION OF CHRONIC HYPOXIA 

The carotid bodies of rats exposed to hypoxia for 2, 4, and 8 weeks were 
found to be enlarged several fold in comparison with those of normoxic control 
rats. The rate of enlargement was different for the carotid bodies exposed for 
three different periods (Fig. 1). The mean short axis of the carotid bodies of the 
rats exposed to hypoxia for 2, 4, and 8 weeks was 1.2, 1.3, and 1.5 times longer 
than in normoxic controls, respectively (Fig. 2). The mean long axis was 1.3, 1.6, 
and 1.7 times longer than in normoxic controls, respectively (Fig. 2). With a 
prolonged hypoxic exposure, the percentage of blood vessels with relatively 
wide lumens, more than 21 µm, increased, and the percentage of vessels with 
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relatively narrow lumens, less than 5-10 µm, decreased (Fig. 3). Thus, the 
enlargement of the hypoxic carotid bodies was mainly due to vascular dilation as 
suggested by Blessing and Wolff (1973), and Laidler and Kay (1975). Pequignot 

carotid bodies after 1 week of exposure to hypoxia. It seems likely that the 
enlargement of the carotid bodies with vascular expansion begins soon after the 
start of hypoxic exposure. As far as enlargement of the carotid bodies is 
concerned, the use of the term "chronic hypoxia" has little meaning as a general 
expression regardless of the duration of hypoxic exposure. 

The carotid bodies 1 week after the termination of chronic hypoxia were 
significantly diminished in size in comparison with the carotid bodies of rats 
exposed to hypoxia for 8 weeks, and the carotid bodies 8 weeks after the 
termination of hypoxia were similar to the normoxic controls in size (Figs.1  
and 2). This indicates that recovery in the carotid bodies had already started 
relatively early, i.e., 1 week after the termination of chronic hypoxia, and 
complete recovery occurred by 4-8 weeks after the termination of hypoxia. In 
carotid bodies 1 week after the termination of the chronic hypoxia, the 
percentage of blood vessels with relatively wide lumens greater than 26 µm 
decreased, and the percentage of vessels with relatively narrow lumens of less 
than 5 µm increased (Fig. 3). These percentages of vasculature are similar to 
those in normoxic control carotid bodies. As stated above, the enlargement of 
chronically hypoxic carotid bodies is mainly due to vascular dilation (Blessing 
and Wolff, 1973; Laidler and Kay, 1975; Pequignot and Hellström, 1984). 
Naturally, shrinking of the carotid bodies after the termination of hypoxia may 

Figure 1. Hematoxylin-eosin stained sections from the center of a control normoxic carotid body 
(Norm-Cont), a carotid body after 2, 4, and 8 weeks of hypocapnic hypoxic exposure (Hypo-2W, 
-4W, and -8W),  and a carotid body 1, 2 , 4 , and 8 weeks after the termination of chronically 
hypocapnic hypoxia (1W, 2W, 4W, and 8w after Hypo).  The hypoxic carotid bodies are enlarged 
with vascular expansion in comparison with normoxic controls.  The carotid bodies after the 
termination of chronic hypoxia were diminished in size (T. Kusakabe et al., 2005). 

and Hellström (1984) reported that vascular dilation is already evident in the rat 
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be due to vascular contraction. In the course of recovery, vascular contraction is 
also evident in the carotid bodies 1 week after the termination of hypoxia. Thus, 
it seems likely that shrinking of the carotid bodies with vascular contraction 
begins soon after the termination of hypoxic exposure. 

Figure 2.  Histograms comparing the short and long axes of normoxic control carotid bodies, 
after 2, 4, and 8 weeks of hypoxic exposure, and 1, 2, 4, and 8 weeks after the termination of 
hypoxia.  *1 p<0.01, and *2 p<0.005 in comparison with the normoxic control column.  *3 
p<0.01, and *4 p<0.005 in comparison with the Hypo-8W column (T. Kusakabe et al., 2005).

Figure 3.  Histograms representing the percentage of blood vessels of seven ranges of diameter in 
normoxic control carotid bodies, after 2, 4, and 8 weeks of hypoxic exposure, and 1, 2, 4, and 8 
weeks after the termination of hypoxia. 
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carotid bodies (Norm-Cont), after 2, 4, and 8 weeks of hypoxic exposure, and 1, 2, 4,and 8 weeks 
after the termination of hypoxia. *1 p<0.01, and *2 p<0.005 in comparison with the normoxic 
control column, and *3 p<0.005 in comparison with the 4-week column.  *4 p<0.005, *5 p<0.01, 

3.  PEPTIDERGIC INNERVATION IN THE CAROTID 
BODIES AFTER HYPOXIC EXPOSURE AND 
AFTER TERMINATION OF CHRONIC HYPOXIA  

In the case of changes in peptidergic innervation, differing durations of 
hypoxic exposure become an important subject for discussion. Mean density per 
unit area of substance P (SP) and calcitonin gene-related peptide (CGRP) 
immunoreactive fibers was transiently high in the carotid bodies after 4 weeks of 
hypoxic exposure, and decreased significantly to nearly or under 50% after 8 
weeks of hypoxic exposure (Fig. 4). Density of vasoactive intestinal polypeptide 
(VIP) immunoreactive fibers increased significantly in all periods of hypoxic 
exposure, and was especially high after 4 weeks of hypoxic exposure (Fig. 4). 
Density of neuropeptide Y (NPY) immunoreactive fibers was unchanged in the 
carotid bodies during hypoxic exposure (Fig. 4). SP and CGRP fibers in the 
carotid bodies after 4 weeks of hypoxic exposure may be involved in both 
chemosensory and vascular dilatory systems, although we previously reported 
that SP and CGRP fibers in carotid bodies after 3 months of hypoxic exposure 
may not be involved in chemosensory mechanisms because the density of 
immunoreactive fibers at this stage decreases to under 50% (Kusakabe et al., 
1998, 2000). It seems likely that VIP is more effective in the carotid bodies after 
4 weeks of exposure than in carotid bodies after longer exposure, and that 
physiological involvement of NPY fibers is invariable from short to prolonged 
hypoxic exposure. Considered together with our recent findings (Kusakabe et al., 
2000), the peptidergic innervation after 4-8 weeks of hypoxic exposure have 
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acclimatizing stages, and the innervation after 3 months of exposure indicates a 
completely acclimatized stage. 

 We previously speculated that at least 

indirectly involved in chemosensory mechanisms by controlling local carotid 

NPY is thought to have a vasoconstrictory effect (Brain et al., 1985; Edvinsson 
et al., 1983; Lundberg et al., 1982). The percentage of blood vessels with 
relatively narrow lumens decreased in the carotid bodies 1 week after the 
termination of chronic hypoxia. It seems likely that shrinking of the carotid body 
with vascular contraction is caused by the increased density of vasoconstrictive 
NPY. At least part of the vascular constriction in the carotid bodies in recovery 
stages may depend on the vasoconstrictory effect of NPY. The morphological 
changes during recovery stages may be under the control of peptidergic 
innervation. 
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Acclimatization and Deacclimatization to Hypoxia

In the period of 1-8 weeks after the termination of chronic hypoxia, the most 

part 
of the vascular dilation in the chronically hypoxic rat carotid bodies may 

body circulation (Kusakabe et al., 1998). In various mammalian vasculatures, 

striking features of the peptidergic innervations are the maintenance, or even  

depend on the vasodilatory effect of VIP, and concluded that VIP fibers are 

the increase, in the density of NPY fibers, and an immediate decrease in 
the density of VIP fibers (Fig. 4). 
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1.   INTRODUCTION

Three types of hypoxia with different levels of carbon dioxide (hypocapnic, 
isocapnic, and hypercapnic hypoxia) have been called systemic hypoxia 
(Hirakawa et al., 1997).  Recently, the changes in general morphology and in 
peptidergic innervation in the carotid bodies of rats exposed to systemic hypoxia 
were examined to evaluate the effect of arterial CO2 tension (Kusakabe et al., 
1998, 2000, 2002).  The carotid bodies of the systemic hypoxic rats were found 
to be enlarged several fold, but the degree of enlargement was different for each 
(Kusakabe et al., 2003).  The mean diameter of the hypercapnic hypoxic carotid 
bodies were smaller than the hypocapnic and isocapnic hypoxic carotid bodies. 
The vasculature in the carotid bodies of chronically hypercapnic hypoxic rats 
was found to be enlarged in comparison with that of normoxic control rats, but 
the rate of vascular enlargement was smaller than that in hypocapnic and 
isocapnic hypoxic carotid bodies.  This indicates that the morphological 
changes in the hypoxic carotid bodies may depend on the arterial CO2 tension. 
However this hypothesis may be restricted to the carotid bodies in hypoxic 
conditions.  To clarify this we compared the morphological changes and those 
in the peptidergic innervation between the carotid bodies of the rats exposed to 
hypercapnic hypoxia and those exposed to normoxic hypercapnia.  

2.   MATERIALS AND METHODS  

Eight-week-old rats were placed in an air-tight acrylic chamber with two 
holes.  One hole, located at the top of a side wall of the chamber, was 
connected to a multi-flowmeter (MODEL-1203, KOFLOC, Japan), and was 
used to deliver a gas mixture (hypercapnic hypoxia: 10% O2 in N2 and 6% CO2:
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2.1   Hypercapnic Exposure 
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total 10 L/min; normoxic hypercapnia: 16% O2 in N2 and 6% CO2, total 20 
L/min) into the chamber.  The second hole was located at the bottom of the 
opposite wall of the chamber, and was used to flush out the gas mixture.  In 
normoxic conditions, O2 concentration in the chamber was decreased to 16% to 
avoid hyperoxia due to tachypnea.  The CO2 was added to the hypoxic gas 
mixture at the concentration of 6% because this much was necessary to maintain 
an arterial partial pressure of CO2 close to hypercapnic measured during 
exposure.  The flow of air, N2, and CO2 was regulated by a multi-flowmeter, 
and O2 and CO2 concentration within the chamber were monitored with a gas 
analyzer (Respina IH 26, San-ei, Japan).  The temperature within the chamber 
was maintained at 25°C.  This hypoxic condition has been confirmed to be 
hypercapnic to rats in a previous study (Hayashida et al., 1996).  Animals were 
exposed in this chamber for 8 weeks with food and water available ad libitum.

period in the same chamber. The 
chamber was opened for 10 min every 3 days for husbandry. 

All experiments with animals were performed in accordance with "Principles 
of laboratory animal care" (NIH publ. no. 86-23, revised 1985) and with 
"Guiding Principles for the Care and Use of Animals in the Fields of 
Physiological Sciences" published by the Physiological Society of Japan.  

2.2   Tissue Preparation 

The animals were intraperitoneally anesthetized with sodium pentobarbital 
(0.05 mg/g), and perfused through a thin nylon tube inserted into the ventricle 
with 0.1M heparinized phosphate buffer saline (PBS), followed by freshly 
prepared Zamboni's fixative solution (4% paraformaldehyde and 0.2% picric 
acid in 0.1M PBS) at a constant flow rate.  The pair of carotid bodies was then 
removed under a dissecting microscope, and immersed in the same fixative for 
an additional 6-8 h at 4°C.  After a brief washing in PBS, the specimens were 
transferred to 30% sucrose in PBS at 4°C for 24 h.  The specimens were cut 
serially at 16 µm on a cryostat, and mounted in four series on poly-L-lysine 
coated slides. 

2.3   Immunohistochemistry 

The sections were processed for immunohistochemistry according to the 
peroxidase-antiperoxidase (PAP) method.  The immunostaining procedure has 
been detailed in a previous report (Kusakabe, et al., 1991).  In brief, the 
sections were incubated at 4°C overnight with the primary antisera against the 
following neuropeptides: SP (1:1500; Cambridge Research Biochemicals, 
Northwich, UK), CGRP (1:1500; Cambridge Research Biochemicals, Northwich, 
UK), VIP (1:2000; Incstar, Stillwater, USA), and NPY (1:2000; Incstar, 
Stillwater, USA).  The peroxidase activity was demonstrated with 
3,3´-diaminobenzidine.  The reaction for neuropeptides was verified by treating 
sections with primary antibody which had been inactivated by overnight 
incubation with 50-100 µM of its peptide.  Some sections were also stained 
with hematoxylin eosin for general histology.   

Control rats were housed  for the  same 
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2.4   Data Analysis 

In hematoxylin and eosin stained sections through the center of the carotid 
bodies, their short and long axes and the diameter of blood vessels were 
measured with an ARGUS 100 computer and image processor 
(Hamamatsu-Photonics, Japan).  The measurement was performed on 6 
sections taken from 6 carotid bodies of 3 rats exposed to hypercapnia and 
exposed to air for each of three periods.  The values taken from hypercapnic 
carotid bodies were expressed as means ± S.D. (n=6), and those from normoxic 
control carotid bodies were also expressed as means ± S.D. (n=6).  The number 
of blood vessels of seven different ranges of diameter, less than 5 µm (~5), 6-10 
µm  (~10), 11-15 µm,  (~15) 16-20 µm  (~20), 21-25 µm  (~25), 26-30 µm  
(~30), and 31-35 µm  (~35), in normoxic control and hypercapnic carotid 
bodies was expressed as percentage of total number of blood vessels.   

The density of immunoreactive fibers in the normoxic and hypoxic carotid 
bodies was represented as the number of varicosities per unit area (104 µm2) of 
parenchyma.  The manner of  measurement is detailed in recent reports 
(Kusakabe et al., 1998, 2000, 2002).  The number of varicosities was counted 
on 6 sections of hypercapnic carotid bodies, and on 6 sections from normoxic 
control carotid bodies.   

The values were expressed as means ± S.D., and statistical comparisons 
between the control and experimental values were determined using Student's 
t-test.   

3.   RESULTS 

3.1   General Histology of Normoxic Carotid Bodies and of Carotid 
Bodies After 8 Weeks of Hypercapnic Exposure 

In hematoxylin and eosin stained sections through the center of the normoxic 
rat carotid bodies, the bodies were oval in shape and were mainly composed of 
clusters of glomus cells and blood vessels with narrow lumens (Fig. 1A).  The 
mean short and long axes of the normoxic carotid bodies were 329.0±35.3 µm 

The carotid bodies of hypercapnic hypoxic rats were found to be enlarged 
several-fold in comparison with the carotid bodies of normoxic controls (Fig. 
1B).  The enlarged hypoxic carotid bodies contained many blood vessels whose 
diameter was larger than vessels in normoxic carotid bodies, but the rate of 
vascular enlargement in the hypercapnic hypoxic carotid bodies was smaller 
than in previously reported isocapnic and hypocapnic hypoxic carotid bodies 
(Kusakabe et al. 1998, 2000).  The mean short and long axes of the hypercapnic 
hypoxic carotid bodies were 390.6±37.9 µm and 664.5±59.6 µm, respectively 
(Fig. 2).  These values were significantly (p<0.005) larger than those in the 
normoxic controls. 

The carotid bodies of normoxic hypercapnic rats were similar in size  to 
those of normoxic controls (Fig. 1C).  In the sections through the center     
of the carotid bodies, the mean short and long axes  were 308.0±12.6 µm and 

and 439.7±28.5 µm, respectively (Fig. 2).  
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Figure 1.  A comparison of hematoxylin-eosin stained sections of the control normoxic (A), 
hypercapnic hypoxic (B), and normoxic hypercapnic (C) carotid bodies. 

Figure 2.  A comparison of the diameter of the carotid body in normoxia, 
hypercapnic hypoxia, and normoxic hypercapnia. 

436.9±39.7 µm, respectively (Fig. 2).  There was no significant difference 
between the diameter of the hypercapnic carotid bodies and those of the 
normoxic controls.   

In the normoxic control carotid bodies, about 90% of the blood vessels were 
small with diameters less than 10 µm, and blood vessels of greater than 15 µm in 
diameter were under 10% (Fig. 3A).  In the hypercapnic hypoxic carotid bodies, 
the percentage of relatively small vessels and the percentage of  relatively  
large vessels were similar to the percentage in normoxic control carotid   
bodies, although the carotid bodies  themselves were significantly larger than in  

( µm )

*1 p < 0.005 (between Normoxia and Hyper-H)
*2 p < 0.005 (between Hyper-H and Hyper-N)
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normoxic controls (Fig. 3B).  The percentage of blood vessels of seven 
different ranges of diameter in the normoxic hypercapnic carotid bodies was 
similar to the percentage in normoxic control bodies (Fig. 3C).       

Figure 3.  A comparison of the diameter (short axis) of blood vessels within the 
carotid body in normoxia, hypercapnic hypoxia, and normoxic hypercapnia. 

3.2   Peptidergic Nerve Fibers in Control and Hypercapnic Carotid 
Bodies

Immunoreactivity of different four neuropeptides, SP, CGRP, VIP, and NPY, 
was recognized in the nerve fibers distributed throughout the parenchyma of the 
carotid body  (Kusakabe et al., 1998b, 2000, 2002).  These immunoreactive 
fibers appeared as thin processes with a number of varicosities.  
NPY-immunoreactive varicose fibers were more numerous than SP-, CGRP-, 
and VIP-immunoreactive fibers.  Most of them were associated with the vessels 
within the carotid body.  The mean density of varicosities of SP, CGRP, VIP, 
and NPY fibers per unit area (104 µm2)  was 6.1±0.8, 14.8±1.8, 13.1±2.2, and 
45.7±4.8, respectively.   

In the hypercapnic hypoxic carotid bodies, the density of NPY fibers per unit 
area (104 µm2) was significantly (p<0.005) increased from 45.7±4.8 to 64.8±7.1, 
although the density of SP and CGRP fibers per unit area was significantly 
decreased, and the density of VIP fibers was unchanged.   

µm

µm

µm

A

B

C
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Figure 4.  Histogram comparing the density of varicosities of SP, CGRP, VIP, and 
NPY immunoreactive fibers per unit area in normoxic control conditions and 
normoxic hypercapnia.  

In the normoxic hypercapnic carotid bodies, the distribution pattern and the 
density of SP, CGRP, VIP, and NPY immunoreactive fibers was similar to that in 
the control carotid bodies (Fig. 4).     

No glomus cells with the immunoreactivity of these four neuropeptides were 
observed in the normoxic and hypercapnic carotid bodies. 

4.   DISCUSSION 

It has been suggested that hypercapnia increases the cerebral and 
gastrointestinal blood flow (Fensternacher and Rapoport, 1984).  Thus, CO2

tension causes vasodilation in both central and peripheral vascular systems.  In 
this study, the percentage of vascular enlargement in hypercapnic hypoxic 
carotid bodies is smaller than in previously reported chronically hypocapnic and 
isocapnic hypoxic carotid bodies (Kusakabe et al., 1998a, 2000), and the 
percentage of blood vessels of seven different ranges of diameter in normoxic 
hypercapnic carotid bodies was similar to that in normoxic controls.  This may 
indicate that high CO2 tension in hypoxic conditions causes the carotid body 
vasculature to constrict, and high CO2 tension in normoxic conditions does not 
cause vascular dilation in the carotid body.   

According to Fukuda et al., (1987), increases in the carotid sinus nerve 
discharge produced by hypercapnia are smaller than increases caused by hypoxia.  
The responses to CO2 may be relatively low in the rat carotid body.         

In conclusion, high CO2 tension in normoxic conditions does not cause  
morphological changes in the rat carotid body or changes in the peptidergic 
innervation within the carotid body.  Considered together with our recent 
findings on the carotid bodies in systemic hypoxia, CO2 may have some additive 
effects on the chemoreceptor organs in hypoxic conditions. 

µ
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1. INTRODUCTION

Adequate cellular oxygen tension is essential for maintaining a variety of 
physiological process. Disorder of oxygen delivery eventually leads to the cell 
dysfunction. Therefore, sensing mechanism of cellular hypoxia is critical. Under 
hypoxic condition, a lot of protein is induced in mammalian cells for preventing 
hypoxic stress. Hypoxia inducible factor-1 (HIF-1) is a transcription factor 
protein that thought to be a one of the key molecule as gatekeeper of cellular 
hypoxia. HIF-1 regulates the expression of series of genes involved in 

products utilize for the maintaining O2 homeostasis. HIF-1 is composed of two 
subunit called HIF-1  and HIF1  (3). In normoxic and hypoxic condition, 

protein level, HIF-1  is hydroxylated at Pro402 and Pro564 by the enzyme 
designated prolyl hydroxylase domain containing protein (PHD) under normoxia 
(5, 6).  Hydroxylated HIF-1  binds to the von Hippel Lindau protein (pVHL), 

rapidly degraded under normoxia by the ubiquitin-protease pathway (8, 9, 10). 
When cells are exposed to hypoxia, HIF-1  protein escapes from this 
degradation system. Subsequently, accumulated HIF-1  protein translocates to 
the nucleus, and dimerizes with HIF-1  11). This heterodimeric protein binds to 
hypoxia-responsive element (HRE) and induces transcription of downstream 

HIF-1  expression.  
It is accepted that hypoxia, transition metal such as CoCl2 directly inhibit 

S-nitrosoglutathione (SNOG), chemically diverse NO donor, also induced 
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angiogenesis, oxygen transport and glucose metabolism (1, 2). Most of these gene 

HIF-1  and HIF1  mRNA are constitutively expressed (4). With regard to the 

which is the substrate for ubiquitin ligase complex (7). Therefore, HIF-1  is 

genes (12). Thus, transcriptional activity of HIF-1 is primarily dependent on the 

PHD (6). Recently, several reports demonstrate that nitric oxide (NO) and 
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endothelial cell has not been understood well. In this study, we examined effect 
of SNOG on two different pulmonary artery endothelial cells with regard to 
HIF-1  expression.  

2.   MATERIALS AND METHODS 

2.1 Materials 

S-nitrosoglutathione (SNOG) was obtained from TOCRIS (Ellisville, MO, 
USA). Cycloheximide and cobalt chloride were from Sigma Chemical Co. (St. 
Louis, MO, USA). HIF-1  antibody and secondary antibody were purchased 
from BD Bioscience (Tokyo, Japan), New England Biolabs (Beverley, MA, 
USA), respectively.  

2.2   Cell Culture 

Human pulmonary artery endothelial cells (HPAEC) and human micro vessel 
endothelial cell-lung (HMVEC-L) were obtained from Cell Applications Inc. 
(San Diego, CA, USA), BioWhittaker (Walkersville, MD, USA), respectively. 
Cells were grown in the medium that provided by the manufactures and kept in a 
humidified chamber of 5% CO2 in air at 37oC.

2.3   ELISA Based HIF-1 DNA Binding Assay 

HIF-1 binding to the hypoxic responsive element (HRE) activity was 
performed using ELISA based binding assay kit (Active Motif) (Carlsbad, CA, 
USA) according to manufacture’s instruction. Nuclear extracts were prepared 
using nuclear extract kit (Active Motif).  Ten microgram of nuclear protein was 
subjected to the analysis. Relative absorbance is standardized with unstimulated 
control.

2.4   Western Blot Analysis 

HIF-1  protein expression was evaluated by western blot analysis.  The 
nuclear protein (10µg) was added to same volume of Laemmli buffer and boiled 
for 3 min.  The proteins were separated on a  5-20 %  (w/v) gradient SDS 
polyacrylamide gel and transferred to PVDF membrane using wet transfer 
module. Blots were washed twice with TBST (150mM NaCl, 40mM Tris-HCl, 

skim milk for 1h.  The HIF-1  antibody (1:250 dilutions in TBST with 5% 
skim milk) was added and incubated overnight at 4oC. Afterward, the blot was 
washed for 30 min with TBST.  Then blot was incubated with goat antimouse 
secondary antibody conjugated with peroxidase (1:2500 in TBST with 5% skim 
milk) (New England Biolabs) for 1h, followed by chemiluminescence detection 
system (Amersham, Buckinghamshire, UK). 

HIF-1  (13, 14, 15). However, the effect of SNOG on pulmonary artery 

pH7.4, 0.1% Tween20). Unspecific binding was blocked with TBST and 5% 
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2.5   Semi-quantitative RT-PCR Analysis for VEGF and 

HIF-1  mRNA 

HPAEC and HMVEC-L (1x105) were grown in 6 well dishes. Total RNA 
was isolated using the RNeasy kit (Qiagen, Tokyo, Japan) and eluted to 30µl of 
DEPC water.  Five out of 30 µl RNA solutions was applied to perform the 
reverse transcription with Omniscirpt RT kit (Qiagen). The real time 
quantification of VEGF, HIF-1  and 18s rRNA gene were carried out using 
specific primer and probe kit (Applied Biosystem, Tokyo, Japan) with ABI 7900 
gene detection system (Applied Biosystem). Relative mRNA expression of 
target genes were standardized with 18s rRNA expression as internal control. 

3.   RESULT

3.1  HIF-1  Protein Expression and HIF-1 DNA Binding 
Activity were Induced by SNOG in HPAEC but not 
in HMVEC-L 

HPAEC and HMVEC-L were cultured with SNOG (0.2, 0.4, 1mM) for 4h or 
with 1mM SNOG for 15 min to 4h. Nuclear extracts (5 µg) were subjected to 
western blot analyses. In HPAEC, HIF-1  expression was seen in time and 
SNOG dose dependent manner, however, only marginal expression was seen in 
HMVEC-L (Figure 1).  

Figure 1. HIF-1  protein expression in HPAEC and HMVEC-L by SNOG. HPAEC and 
HMVEC-L were cultured with 1mM SNOG for 15 min to 4h or with SNOG (0.2, 0.4, 1mM) for 
4h. HIF-1  was induced time- and SNOG dose dependently in HPAEC. By contrast, only marginal 
expression was seen in HMVEC-L. HIF-1  accumulation appeared 15 min after stimulation, 
lasting for 4 h. 

HIF-1 DNA binding assay demonstrated that SNOG induced binding activity 
in HPAEC but not in HMVEC-L (Figure 2).  
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Figure 2. HIF-1 DNA binding activity analyzed by ELISA based assay. SNOG (1mM) or CoCl2 
(250µM) was added to the medium for 4 h. In HPAEC, relative absorbance was increased to 4.5, 
2.7 fold by the addition of SNOG, CoCl2, respectively. However, SNOG increased activity by 1.9 
fold while CoCl2 induced activity by 5.7 fold compared with control in HMVEC-L. Experiment 
performed at least three times as duplicate. (*: p <0.05 vs. control)

On the other hand, CoCl2 induced either HIF-1  protein expression or HIF-1 
DNA binding activity in both cells. These results indicated that SNOG sensing 
mechanism under normoxic condition is different between HPAEC and 
HMVEC-L.     

3.2   VEGF mRNA Expression after SNOG Stimulation 

HIF-1 induces several downstream genes that related to oxygen homeostasis. 
In order to elucidate whether induced HIF-1  protein by SNOG was biologically 
active, we analyzed VEGF mRNA expression.  Vascular endothelial growth 
factor (VEGF) is one of the HIF-1 target genes. VEGF involved in development 
of vascular to the tissue in which low oxygen tension. SNOG (1mM) or CoCl2
(250µM) was added to the medium for 4h, followed by total RNA isolation.  
Semi-quantitative RT-PCR was performed employing TaqMan PCR method.  
Data were shown as relative mRNA expression standardized by unstimulated 
18s rRNA gene as internal control. Although SNOG increased VEGF mRNA 
expression in HPAEC, there was no effect in HMVEC-L. These results 
suggested that HIF-1 activity induced by SNOG confirmed with DNA binding 
experiment is functional (Figure 3). 
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Figure 3. EGF mRNA expression after SNOG stimulation. SNOG (1mM) or CoCl2 (250µM) was 
added to the medium for 4 h. After RT reaction, VEGF mRNA expression was analyzed 
semi-quantitatively as described in materials and methods.  In HPAEC (open bar), relative mRNA 
expression to 10.5, 3.7 fold by the addition of SNOG, CoCl2, respectively. However, SNOG 
increased activity by 1.2 fold while CoCl2 induced activity by 6.2 fold compared with control in 
HMVEC-L (hatched bar). These are the similar result seen in the HIF-1 DNA binding assay. 
Experiment performed triplicate. (*: p <0.05 vs. control) 

3.3   HIF-1  mRNA Expression  

We next examined whether SNOG affects HIF-1  mRNA expression. 
Semi-quantitative RT-PCR analyses revealed that HIF-1  mRNA expression was 
unchanged regardless of presence or absence with SNOG (1mM) and CoCl2 
(250µM) (Figure 4). To date, HIF-1  protein expression is regulated at post 
translational modification. Similar with the previous study, these results 
indicated that HIF-1  protein expression by SNOG is unlikely regulated 
transcriptional level. 



68 S. Fujiuchi et al.

was added to the medium for 4 h. After RT reaction, HIF-1  mRNA expression was analyzed 
semi-quantitatively as described in materials and methods. Either SNOG or CoCl2 did not change 
HIF-1  mRNA expression in HPAEC and HMVEC-L. HPAEC (open bar), HMVEC-L (hatched 
bar)

Figure 5. HIF-1  protein stabilization with SNOG. Cells were stimulated with SNOG (1mM) for 4 
h followed by the addition of cycloheximide (100 µM). The addition of SNOG resulted in 
sustained protein expression over 60 min even if blocking of translation. This result suggested 
SNOG stabilizes already translated HIF-1  protein. 
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0     15     30     60    120
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Figure 4. HIF-1  mRNA expression after SNOG stimulation. SNOG (1mM) or CoCl2 (250µM) 
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3.4   HIF-1  Protein is Stabilized by SNOG  

  To investigate whether HIF-1  protein synthesis is affected by SNOG, cells 
were stimulated with SNOG (1mM) for 4 h followed by the addition of 
cycloheximide (100 µM) to block de novo protein synthesis.  Although the 
half-life of HIF-1  protein is estimated less than 10 min, the addition of SNOG 
resulted in sustained protein expression over 60 min even if blocking of 

 protein.   

4.   DISCUSSION 

The effect of NO has been extensively studied in this decade.  Nitric oxide 
involves a variety of cardiopulmonary, immunological, neuronal and apoptotic 

vascular endothelial cells, vascular smooth muscle cells, macrophages and 
bronchial epithelial cells upon stimulation such as inflammation, hypoxic stress 

respiratory distress syndrome (IRDS), primary pulmonary hypertension (PPH) 

it is important to explore the unexpected effects of NO in cultured human 
pulmonary vessel endothelial cells. 

Hypoxia-inducible factor-1  is a transcriptional factor that regulates a series 

normoxia, HIF-1  is hydroxylated at Pro402 and Pro564 by the enzyme termed 
prolyl hydroxylase domain containing protein (PHD).  The hydroxylated 
HIF-1  associates with pVHL.  Since this complex is the target for ubiquitin 

are exposed to hypoxia, dehydroxylation occurs at Pro402 and Pro564 by the 
inhibition of PHD enzymatic activity. The dehydroxylated HIF-1  no longer 
forms complex with pVHL. This results in HIF-1  protein accumulation in 

constitutively expressed regardless of oxygen tension. This heterodimeric 
protein binds to hypoxia-responsive element (HRE) and induces transcription of 

dependent on the HIF-1  protein expression.  
There are several factors that modulate HIF-1 activity. Although earlier 

report demonstrated that NO inhibits HIF-1  expression under hypoxia, or after 

donor such as SNOG or NO evokes HIF-1  expression in cultured cells under 

the effect of SNOG with regard to HIF-1  expression on two different human 
pulmonary artery endothelial cells which derived from main (HPAEC) and micro 
(HMVEC-L) pulmonary artery.  As the result, we found that the different 
profile of HIF-1  protein expression by SNOG under normoxic condition in 
HPAEC and HMVEC-L. Our data suggested that HIF-1  activation upon NO 
might have different mechanism between main and peripheral pulmonary artery 
endothelial cells.  

translation (Figure 5).  This result suggested SNOG stabilizes translated HIF-1 

the therapy of persistent pulmonary hypertension of the neonate (PPHN) (17) 
(16).  In addition to this endogenous NO production, inhaled NO is utilized for 

process as a mediator (16). In the human lung system, NO is produced from 

(18). Since the pharmacological effects other than vasodilator has been described, 

of genes which involves cellular and systemic O2 homeostasis (1, 2). HIF-1 is 
heterodimeric protein that composed of HIF-1  and HIF-1  (3).  Under 

protease system (7), HIF-1  protein is undetectable under normoxia.  Once cells 

cytoplasm, translocation to the nucleus and dimerization with HIF-1  (11) which 

downstream genes (12). Thus, transcriptional activity of HIF-1 is primarily 

treatment with CoCl2 (19, 20), recent study indicated that co-culture with NO 

normoxia (13, 21, 22).  Since it has not been fully understood yet, we examined 
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In addition to endogenous NO that is produced by vascular endothelial cells, 
micro pulmonary vascular endothelial cells are likely to be exposed to 
exogenous NO from activated alveolar macrophages. Another possible clinical 
situation, the patients under inhaled NO therapy in which micro pulmonary 
artery endothelial cells are likely to be exposed to high concentration NO.  

homologues identified in mammalian cells and termed prolylhydroxylase 
domain containing protein (PHD) 1-4. Hypoxia or transition metal such as 

activity in both cells.  These results suggested that PHD functions as sensors of 
transition metal in both cell lines. Interestingly, NO activates HIF-1  by 

HIF-1  degradation pathway (23). There might have different protein degradation 
pathway between HPAEC and HMVEC-L. 

There are some other possibilities that could explain this difference. In order 
to obtain sufficient HIF-1 transcriptional activity, it is necessary to recruit 

this issue.   
In conclusion, our data demonstrated that even if pulmonary vascular 

endothelial cell, HIF-1  induction by SNOG is different according to the 
anatomical region. Further investigation will be required for clarify molecular 
mechanism with regard to HIF-1  activity in pulmonary endothelial cells.
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1.   INTRODUCTION 

Hibernators survive repeated cycles of torpor and arousal during the hibernation season.  
During torpor, hibernating animals drastically reduce their heart rate, respiratory rate, body 
temperature, blood flow and oxygen consumption; however, during periodic arousal, this 
suppressed physiological state rapidly surges and returns to euthermy (Daan, 1991; 
Waßmer et al., 1997; Fukuhara et al., 2003; 2004).  

The carotid body consists of two different cell types (type I and type II cells), 
vasculature and connective tissues.  Type I cells may be chemoreceptor cells sensitive to 
hypoxia, low pH and hypercapnea, and have various neuroactive substances (Lundberg et 
al., 1979; Oomori et al., 1994).  During hibernation, these substances such as tyrosine 
hydroxylase (TH), methionine-enkephaline and GABA increased in the chipmunk carotid 
body (Fukuhara et al., 2004).  For TH in carotid bodies, the increased level during 
hibernation drastically fell during 2 h of arousal after hibernation in chipmunks (Fukuhara 
et al., 2004) and in bats (Fukuhara et al., 2003).  Type I cells enlarged during hibernation, 
and in contrast, the diameter of blood vessels around type I cells decreased by 13% during 
hibernation (Fukuhara et al., 2004).  These data suggest that the carotid body plays a role 
in the regulation mechanism of chemoreception, which occurs in response to not only the 
hibernating state but also to periodical arousal from hibernation.    

Hibernating animals awaken periodically, and 60-80% of their winter energy resources 
are consumed during arousal (Wang, 1978).  During these periods, oxygen consumption 
increases markedly, and then mitochondria may be exposed to various oxidative stresses.  
Mitochondria may be a major source of reactive oxygen species (ROS) production within 
cells as a by-product of aerobic energy metabolism.  The mitochondrial protein SP-22 
was originally isolated from the bovine adrenal cortex as a substrate protein for 
mitochondrial ATP-dependent protease (Watabe et al., 1994; 1995) and it is reported to 
play an important role in the antioxidant defense mechanism of mitochondria (Araki et al., 
1999; Shibata et al., 2003).  
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In this study, we examined immunohistochemical changes in SP-22 in carotid bodies 
during the euthermic, hibernation and arousal phases.  Moreover, we observed 
morphological changes in blood vessels within the carotid body parenchyma during 
hibernation, and 1 h and 2 h after the onset of arousal from hibernation.  

2.   MATERIALS AND METHODS 

2.1   Materials

Twelve adult chipmunks (Tamias sibiricus) weighing 80-100g were used in this study.  
They were housed individually with free access to food and water, and were placed in a 
refrigerated incubator with ventilation in constant darkness.  The temperature was initially 
set at 14°C, was gradually reduced by 8 C over a 2-month period, and was maintained at 8 
± 2 C during the hibernation season.  The hibernation state was verified daily by 
checking the excrement. Hibernating chipmunks were those who had been followed up 
for a week after the first verification of hibernation and were still hibernating.  
Hibernation was tested by the response to mechanical stimulus. Hibernating animals 
were divided into three groups: hibernating group, 1 h arousal group and 2 h arousal group.  
Arousal was induced by removal from the refrigerated incubator to room temperature 
(20 C) because chipmunks are very susceptible to mechanical and thermal disturbance.  
Euthermic animals were those maintained under the same conditions conducive to 
hibernation but who failed to hibernate.

2.2   Tissue Preparation 

Animals in euthermic and those aroused from hibernation were anesthetized with an 
intraperitoneal injection of sodium pentobarbital (50 mg/kg body weight), while 
hibernating animals were under low-temperature anesthesia.  For fixation, these animals 
were perfused through the heart with ice-cold 4% (v/v) paraformaldehyde and 0.2% (v/v) 
picric acid in 0.1 M phosphate buffer (pH 7.4) at a constant flow rate.  Carotid bodies 
containing the common carotid artery and its branches were dissected out and these tissues 
were post-fixed in the same fixative for 8–12 h at 4 C.  After washing briefly in 10 mM 
phosphate-buffered saline (PBS, pH 7.4), the carotid bodies were removed from adjacent 
tissues and rinsed for 12–24 h in 10 mM PBS containing 30% (w/v) sucrose.  They were 
then frozen and sectioned at 10 m with a cryostat (Histostat Microtome 2200, Meiwa 
Shoji Co., Ltd., Japan).  The sections were mounted on silane-coated slides (Matsunami,
Japan).

2.3   Immunohistochemistry

The carotid bodies were subjected to immunohistochemical investigation using 
polyclonal rabbit antibodies against SP-22, which was originally isolated from the bovine 
adrenal cortex as a substrate protein for mitochondrial ATP-dependent protease (Watabe et 
al., 1994; 1995). The sections were processed for immunohistochemistry according to 
the peroxidase–antiperoxidase method, as described previously (Fukuhara et al., 2003).  
In brief, the sections were incubated with the antibody against SP-22 (1:100) in 10 mM 
PBS with 0.2% (v/v) Triton-X for 18–24 h at room temperature.  After rinsing in PBS-T, 
the sections were incubated with goat anti-rabbit IgG (1:200; Jackson, USA) in 10 mM 
PBS-T (pH 7.4) for 2 h.  Next, the sections were rinsed with PBS-T, and then reacted 
with rabbit peroxidase-antiperoxidase complex (1:200; Dako, Denmark) in 10 mM PBS-T 

µ



for 2 h.  Peroxide activity was visualized with 0.05% (w/v) 3,3'-diaminobenzidine 
tetrahydrochloride (Sigma, St. Louis, MO, USA) in 50 mM Tris-HCl buffer (pH 7.5) 
containing 0.01% (v/v) hydrogen peroxide for 10 min. 

2.4   Measurements

Morphometric analysis of SP-22-immunostained sections was performed using 
NIH-Image public domain software.  The diameters of small blood vessels were 
measured on micrographs at a final magnification of 1,220.  The results were expressed 
as the mean ± standard deviations. 

3.   RESULTS 

3.1  Immunohistochemical Results 

Immunoreactive SP-22 was widely distributed in the cytoplasm in type I cells of 
carotid bodies in euthermic, hibernating, and 1 h and 2 h after the onset of arousal from 
hibernation groups, respectively (Fig. 1).  The immunoreactive area of SP-22 in type I 
cells under hibernation increased in comparison with that under euthermic animals. At 2 
h after the onset of arousal from hibernation, not only the immunoreactive area but also the 
intensity of SP-22 increased in comparison with during torpor. The ratio of the SP-22 
immunostained area to the unit area in carotid bodies increased by 13.5% during torpor, 
and then further increased by 30.8% 2 h after the onset of arousal from torpor compared 
with the level during euthermia (Fig. 2).  

Figure 1. SP-22 immunoreactivity in chipmunk carotid bodies during euthermia (A), hibernation (B), 1 h 
(C) and 2 h (D) after the onset of arousal from hibernation. Scale bar = 30 µm. 
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Figure 2. The percentage of the 
SP-22 immunostained area per section 
from euthermic (NH), hibernating (H), 1h 
(Ar-1h) and 2h (Ar-2h) after the onset of 
arousal from hibernation.  Data were 31.2 
± 2.1% (n = 5, NH), 35.4 ± 2.4% (n = 5, H), 
34.8 ± 6.6% (n = 7, Ar-1h) and 40.8 ± 3.8% 
(n = 11, Ar-2h), respectively. 

3.2   Morphometric Changes of Blood Vessels 

The diameter of small blood vessels in the carotid body parenchyma showed a 36% 
reduction during torpor compared with normothermia, but the diameter was enlarged 
approximately 2-fold 2 h after the onset of arousal from torpor, up to a 16% increase 
compared to that during euthermia.. Data are expressed as the mean ± SD (small blood 

Figure 3. The mean diameter of small blood 
vessels in the carotid body parenchyma during 
euthermic (NH), hibernating (H), 1h (Ar-1h) 
and 2h (Ar-2h) after the onset of arousal from 
hibernation.  Data of the mean diameter was 
11.2 ± 3.3 (n = 291,NH), 7.0 ± 2.9 (n = 242, H) 
10.0 ± 2.6 (n = 130, Ar-1h) and 13.2 ± 4.6 (n = 
156, Ar-2h). 

4.   DISCUSSION 

Hypothermia during hibernation is not continuous. Chipmunks wake at regular 
intervals, ranging from 1 to 7 days.  During arousal, the body temperature increases to 
37°C and they maintain this elevated body temperature for ~16 hours, subsequently 
reentering hibernation and maintaining a low body temperature until the next arousal.  
The progression from euthermy during arousal to torpor during hibernation takes about 24 
hours but arousal from hibernation takes only 2 hours or less (Wang, 1988; Daan, 1991; 
Wa mer et al., 1997).  Lee et al. (2002) observed about an 8-fold increase in oxygen 
consumption in the bat brain during 30 min of arousal from hibernation.  In this study, the 
diameter of small blood vessels in the carotid body parenchyma showed 36% reduction 
during torpor compared with euthermia, but the diameter was enlarged approximately 
2-fold 2 h after the onset of arousal from torpor.  Vascular enlargement has been reported 
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in rat carotid bodies after 8 weeks of hypoxic exposure (Kusakabe et al., 2004).  It is 
considered that the hypoxic condition occurs during the course of periodical arousal from 
torpor.  Urate levels as evidence of oxidative stress peaked at the time of maximal oxygen 
consumption during arousal and were lowest in torpid squirrels (Toien O et al., 2001).  
Drastic changes in blood flow and oxygen consumption during arousal from hibernation 
induced an increase in the risk of oxidative stress to sensitive tissues.  Excess ROS as a 
hazardous substance is generated during arousal from hibernation (Toien et al., 2001;Drew 
et al., 2002; Hermes-Lima and Zenteno-Savin, 2002).  

Hibernating animals may be considered to have an enhanced antioxidant defense 
system to protect their cells and organisms from oxidative damage during periodical 
arousal from hibernation.  Previous studies indicate that several antioxidant substances 
participate in protection against oxidative damage during hibernation.  Plasma ascorbate 
increased 3-4 fold in arctic and 13-lined squirrels during torpor (Drew KL et al., 1999), in 
contrast, tissue ascorbate concentrations increased significantly during arousal in the liver 
and spleen (Toien O et al., 2001).  The activities of superoxide dismutase, ascorbate and 
glutathione peroxidase in brown adipose tissue are increased during hibernation (Buzadzic 
et al., 1990; Carey et al., 2003).  

The carotid body is a highly vascularized organ. Stereological studies indicate that 
some 25% of the total volume of the carotid body is composed of blood vessels (Pallot DJ, 
1987), and the carotid body has an enormous blood flow.  It is suggested that oxygen 
consumption is some 70% greater within the carotid body than that in the cerebral cortex 
(Pallot DJ, 1987).  Consequently, mitochondria may be exposed to several oxidative 
stresses during periodic arousal.  Compared with summer-active squirrels, the levels of 
mitochondrial stress protein GRP75 were consistently higher in the intestinal mucosa of 
hibernators in each of five hibernation states (entrance, short-bout torpor, long-bout torpor, 
arousal and interbout euthermia) (Carey et al., 1999).  Ultrastructural studies in dormice 
showed enlarged mitochondria with abundant vesicular cristae during hibernation in the 

brown adipocytes (Malatesta M, 2001).  
An antioxidant protein, SP-22, is specifically localized in mitochondria and is believed 

to play important roles in the regulation of cellular redox status by serving as a primary line 
of defense against H2O2 produced during respiration.  The expression of SP-22 protein 
was enhanced about 1.5-4.6-fold when bovine aortic endotherial cells (BAEC) were 
exposed to various oxidative stresses (Araki et al., 1999).  BAEC with an increased level 
of SP-22 protein caused by pretreatment with mild oxidative stress became tolerant to 
subsequent intense oxidative stress.  In this study, the SP-22 immunostained area to the 
unit area in carotid bodies increased by 13.5% during torpor bouts, and then furthermore 
increased by 30.8% 2 h after the onset of arousal from torpor compared with the euthermic 
level.  It is considered that SP-22 protein in carotid bodies may counter increased ROS 
production generated by the rapid increase in mitochondrial activity during periodic 
arousal from hibernation and may function as an antioxidant during the hibernation season.

These results indicated that the SP-22 of carotid bodies in hibernating animals may 
participate in maintaining the hibernation state and in marked physiological changes in 
periodic arousal during the hibernation season.  
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1.   INTRODUCTION 

Exposure of the neonate to episodes of acute hypoxia during birth results in a 
variety of adaptive changes that include fluid re-absorption and secretion of 
surfactant in the lungs to promote air breathing (Slotkin and Seidler 1988).  
These physiological responses depend critically on catecholamine secretion from 
adrenomedullary chromaffin cells (AMC), which express a direct, 
developmentally-regulated hypoxia sensing mechanism, independent of the 

hypoxic response in neonatal AMC, as well as their immortalized counterparts 
(i.e. MAH cells), appears to be mediated via inhibition of O2-sensitive K+

channels, though the signaling pathway is not completely understood (Fearon et 
2

+

conductance Ca2+-dependent K+, i.e. BK or maxi-K+, and delayed rectifier K+

channels is thought to facilitate membrane depolarization, voltage-gated Ca2+

entry and catecholamine secretion (Thompson et al., 1997; Thompson and Nurse, 
1998, 2000).

Though still controversial, a variety of mechanisms has been proposed to 
explain the O2-sensitivity of specialized cells (Lopez-Barneo et al., 2001). A 
popular signaling pathway is based on hypoxia-induced changes in reactive 
oxygen species (ROS) derived from the protein complex NADPH oxidase (Fu et 
al. 2000) or the mitochondrial electron transport chain (ETC; Lopez-Barneo et al., 
2001; Michelakis et al., 2004; Waypa et al., 2001).  In neonatal AMC, reduction 
of ROS levels via NADPH oxidase does not appear to play a role in O2- sensing 
since the hypoxic response in cells from NADPH oxidase-deficient mice 
(lacking the gp91phox subunit) was indistinguishable from that in wild type cells 
(Thompson et al., 2002).  However, this does not preclude the possibility that 
hypoxia may cause changes in ROS levels via other isoforms of NADPH 
oxidase, the mitochondrial ETC or Krebs cycle intermediates; e.g. 

-ketoglutarate dehydrogenase (Michelakis et al., 2004; Starkov et al., 2004; 
Waypa et al.,  2001). 

There are conflicting reports on the critical sites of ROS changes in the 
mitochondria and whether the levels are increased or decreased during hypoxia 
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nervous system (Slotkin and Seidler 1988, 1986; Thompson et al., 1997).  The  

al 2002; Thompson et al., 1997).  These O -sensitive K  channels include large 

channels (Thompson and Nurse 1998; Thompson et al., 2002). Inhibition of these 

(Michelakis et al., 2002; Starkov et al., 2004; Waypa et al., 2001). In this 
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communication, we consider the hypothesis that hypoxia sensing in AMC 
involves a decrease in mitochondrial-derived ROS. To explore this possibility, 
we use primary cultures of neonatal AMC as well as cultures of immortalized 
MAH cells, with and without functioning mitochondria. 

2.   EXPERIMENTAL PROCEDURES 

2.1   Cell Culture  

Adrenomedullary Chromaffin Cells (AMC): Primary cultures enriched in 
adrenal chromaffin cells were prepared from neonatal (1 day- old) Wistar rats 
(Charles River, Quebec; Harlan, Madison, WI) as previously described 

guidelines of the Canadian Council on Animal Care (CCAC).  

MAH cell line: MAH cells (a generous gift from Dr. David Anderson and Dr. 
Laurie Doering) were grown in modified L-15/CO2 as previously described 
(Fearon et al., 2002). Cultures were fed every 1–2 days and passaged every 3–4 
days. Cells were then plated onto 35 mm culture dishes, coated with 
poly-D-lysine and laminin to promote cell adhesion. 

Mitochondrial deficient MAH cells (
0
 MAH cells): MAH cells were grown in 

modified L-15/CO2 medium supplemented with 0.6 % glucose, 1% 
penicillin/streptomycin, 10 % fetal bovine serum, 5 µM dexamethasone, 10 mM 
sodium pyruvate, 2 mM uridine, and 20 ng/ml of ethidium bromide, to inhibit 

changed every 1-2 days.  In these experiments, 0 cells were plated at a density 
of 3 x 104 cells per ml. The 0 status, i.e. the absence of mitochondrial DNA, 
was confirmed by testing for the lack of expression of mitochondrial 
DNA-encoded cytochrome oxidase I gene using PCR techniques. PCR 
amplification of the -actin gene was used as control.  

2.2   Electrophysiology 

Voltage clamp data from neonatal AMC, wild type MAH, and 0 MAH cells 
were obtained using the nystatin perforated-patch configuration of the whole-cell 
patch clamp technique as previously described (Thompson and Nurse, 1998; 
Thompson et al., 2002).  Cells were held at -60 mV and step depolarized to the 
indicated test potential (between -70 and +70 mV in 10 mV increments) for 100 
ms at a frequency of 0.1 Hz. In some experiments, ramp depolarizations from 
–100 to + 50 mV were used. The pipette solution contained in mM: K gluconate, 
95; KCl, 35; NaCl, 5; CaCl2, 2; HEPES, 10; at pH 7.2, and nystatin (300-450 
µg/ml). In these experiments, the bathing solution contained in mM: NaCl, 135; 
KCl, 5; CaCl2, 2; MgCl2, 2; glucose, 10; and HEPES, 10, at pH 7.4.  

2.3   Luminol and Luciferase Chemiluminescence 

Modified 24 well dishes were used in all chemiluminescence experiments 
designed to measure ROS levels using luminol, or ATP secretion using the 

(Thompson et al., 1997). All procedures were carried out according to the 

mitochondrial function and division (Park et al., 2001).  The medium was 
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luciferin-luciferase assay.  Cells were plated on a layer of matrigel or laminin.  
Prior to obtaining chemiluminescence readings (relative light units or RLU), the 
growth medium was removed and replaced with 900 µl of Hepes-buffered 
bathing solution (see electrophysiology above).  Following the addition of 200 
µl of luciferin-luciferase solution (ATP determination kit; Molecular probes# 
A22066), or of bathing solution containing 120 µM luminol, the dish was placed 
in a Labsystem LuminoskanTM luminometer connected to a Pentium III 
computer as previously described (Buttigieg and Nurse, 2004).  For stimulus 
application, 900 µl of normoxic (control) bathing solution was replaced with an 
equal volume of hypoxic solution (PO2 = 15-20 mmHg). All luminescence 
records were obtained at 37oC.  

3.   RESULTS 

3.1  Proximal but not Distal Mitochondrial Blockers 
Mimic Hypoxia 

As previously reported (Thompson et al., 1997,2002; Thompson and Nurse 
1998), acute hypoxia caused a reversible inhibition of outward K+ current in 
neonatal AMC (Fig 1A).  Application of the complex I blocker rotenone (1 
µM) also caused a reversible inhibition of whole-cell outward K+ current, similar 
to hypoxia (Fig 1B).  Moreover, the presence of rotenone occluded the effect of 
hypoxia (Fig. 1B), suggesting both agents acted via a common pathway. In 
contrast, application of the complex IV blocker cyanide (2 mM) had negligible 
effect on outward K+ current in several neonatal AMC (Fig 1C).  In a few cases 
application of cyanide caused a reversible enhancement of outward K+ current 
(not shown). 

Since ATP is co-stored and co-released with catecholamines (Winkler and 
Westhead 1980), we monitored chromaffin cell secretion using the 
luciferin-luciferase assay for detection of extracellular ATP (Bumttigieg and 

chemiluinescence signal (RLU) relative to that in normoxia (Fig. 1D), and this 
effect was mimicked by the complex I blocker rotenone (1 µM) (Fig. 1E; n =3).  
Consistent with the voltage clamp data, cyanide failed to stimulate ATP release 
from these cells (Fig 1F).  Taken together, these data suggest that proximal, but 
not distal, ETC blockers mimic the effects of hypoxia in neonatal AMC.  

3.2  Hypoxia and Rotenone Decrease ROS Levels in 

To test directly whether ROS levels are altered during hypoxia we measured 
intracellular ROS production with the chemiluminescent probe, luminol 
(Michelakis et al., 2002). As exemplified in Fig. 2A, hypoxia caused a reversible 
decrease in ROS levels in neonatal AMC, and this effect was mimicked by 
rotenone (Fig. 2B).  In contrast, cyanide (2-5 mM; n=3) produced an increase 
in ROS levels after 2 min exposure (not shown).  These data support the 
hypothesis that O2 sensing by neonatal AMC occurs via a decrease in 
intracellular ROS levels.  

Nurse, 2004). In neonatal AMC, hypoxia increased the luciferin-luciferase 

Neonatal Chromaffin Cells 
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3.3   O2-sensing in MAH Cells: Role of Mitochondria 

We tested further for the importance of mitochondria in O2-sensing in 
chromaffin cells by using the immortalized MAH cell line.  
Chromaffin-derived MAH cells deficient in functional mitochondria (i.e. 0

MAH cells) were generated following exposure to low concentrations of 
ethidium bromide (Park et al., 2001).   After multiple passages, 0 MAH cells 
were generated and confirmation that they lacked functional mitochondria was 
obtained using PCR to probe for the mitochondrial marker, cytochrome oxidase 
I (COX I); this marker was absent in 0 MAH cells (data not shown).  

Preliminary data suggest that though normally-appearing K+ currents could 
be recorded from 0 MAH cells, there was no detectable hypoxic inhibition of 
outward K+ currents as seen in wild type MAH cells (Fig 3).  These data 
support a role for functioning mitochondria in O2-sensing by MAH cells.   
Preliminary data also indicate that the secretory machinery in 0 MAH cells is 
still intact since depolarization with 30 mM K+ still evoked ATP release 
(unpublished observations).   

Figure 1. Effects of proximal and distal ETC inhibitors on K+ current in neonatal AMC. Currents 
were evoked following ramp depolarizations from –100 to +50 mV; holding potential was –60 
mV. Hypoxia (h) caused a reversible decrease in outward K+ current (A), that was mimicked by 
the complex I blocker rotenone (r; 1 µM). The combined effect of hypoxia and rotenone (h + r) 

cells (C), or increased K+ current in others (not shown). Both hypoxia and rotenone increased 
secretion from neonatal AMC in D and E respectively, as monitored by ATP release using the 
luciferin-luciferase assay. In contrast, cyanide (2 mM) had no effect on secretion (F). 

was non-additive (B). Application of the complex IV blocker cyanide (2 mM) had no effect in some 
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Figure 2. Effects of hypoxia and rotenone on ROS levels in neonatal AMC. Using luminol 
chemiluminescence (RLU) to measure ROS levels, both hypoxia and rotenone caused a reversible 
decrease in ROS in A and B respectively. 

Figure 3. Hypoxia-evoked inhibition of K+ current is dependent on functional mitochondria in 
2

decrease in outward K+ current at more positive potentials; holding potential was -60 mV and the 
voltage was stepped from –100 to +60 mV in 10 mV increments. The corresponding I-V plot is 

on K+ currents in mitochondrial-deficient ( 0) MAH cells, generated by the ethidium bromide 
technique (see Methods).

A comparison of outward currents in WT-MAH and 0 MAH cells

WT-MAH 0 MAH

shown to the right of sample traces for a typical example. Right, hypoxia had no detectable effect 

immortalized chromaffin (MAH) cells. Left, hypoxia (PO = 5-20 mmHg) caused a reversible 
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4.   DISCUSSION

The mechanisms of O2-sensing in the neonatal AMC are not well 
understood, though there is strong evidence that hypoxia acts via inhibition of 
outward K+ current, which enhances cell depolarization and catecholamine 
secretion (Thompson et al., 1997, 2002; Thompson and Nurse 1998, 2000). In 
the present study we provide evidence supporting the hypothesis that hypoxia 
sensing in these cells involves the mitochondrial electron transport chain (ETC) 
and a decrease in ROS generation. The experimental approaches utilized 
blockers of the proximal and distal ETC, as well as the generation of 
mitochondrial-deficient 0 cells, derived from an O2-sensitive adrenal 
chromaffin cell line (MAH; Fearon et al., 2002). 

Our data suggest that proximal but not distal ETC inhibitors mimic the 
hypoxic response in neonatal AMC.  Thus, the complex I blocker rotenone 
mimicked hypoxia in causing inhibition of outward K+ current and ATP 
secretion, whereas the complex IV blocker cyanide did not.  Moreover, the 
combined effects of hypoxia and rotenone were non-additive, suggesting both 
acted via a common pathway. Additionally, both hypoxia and rotenone caused a 
reversible decrease in ROS levels, thereby supporting a role for changes in 
intracellular ROS as a key link between the O2-sensor and K+ channel inhibition. 
The hypothesis that functional mitochondria were required for O2-sensing was 
supported in preliminary experiments on mitochondria-deficient 0 MAH cells. 
These cells failed to respond to hypoxia with inhibition of K+ current, as did 
their wild type counterparts (see Fearon et al., 2002). In our current working 
model for O2-sensing in neonatal AMC, hypoxia causes a decrease in ROS 
levels (e.g. H2O2) possibly through interaction with some site in the proximal 
ETC.  This decrease in ROS levels is proposed to lead, either directly or 
indirectly, to modulation of K+ channel activity (Ortega-Saenz 2003; Michelakis 
et al., 2002; Ward et al., 2004), and catecholamine secretion. Further studies are 
required to test some of the predictions of this model.  
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1.   INTRODUCTION 

Control of cellular functions by extracellular signal-induced elevation of 
intracellular Ca is a common theme in excitable biosystems including the carotid 
body chemoreception. The Ca-signal is delivered to appropriate intracellular 
target proteins via phosphorylation catalyzed by multifunctional Ca/calmodulin-
dependent protein kinases (CaM kinases), which are composed of types I, II and 
IV (Hanson and Schulman, 1992; Sakagami and Kondo, 1998). In order to see 
how CaM kinases are involved in the chemoreception, the present study 
examined the localization of CaM kinase I in immuno-light and electron 
microscopy in the rat carotid body as well as its adjacent superior cervical 
ganglion. The latter contains SIF (small intensely fluorescent) cells, at least 
some of which exhibit cytological features including the innervation similar to 
those of the carotid body chief cells (Kondo, 1977). 

2.   MATERIALS AND METHODS 

2.1   Production and Characterization of the Antibody 

Against CaM Kinase I

The entire coding region of CaM kinase I  was amplified by PCR with a rat 
brain first-strand cDNA library and a combination of primers (sense, 

5’AGAATTC (EcoRI) TCAGTCCATGGCCCTAGAGCTTGG3’) . After  
digested with EcoRI restriction enzyme, the cDNA fragment was subcloned into 
the EcoRI site of the pGEX4T-1 expression vector (Pharmacia LKB 
Biotechnology, Piscataway, NJ, USA). The glutathione-S-transferase (GST)-
CaM kinase I fusion protein was induced in bacteria by addition of 
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5’TGAATTC(EcoRI) ATGCCAGGGGCAGTGGAAGGCCCC3’; antisense, 
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isopropyl  D-thiogalactopyranoside and purified with glutathione-Sepharose 
4B (Pharmacia LKB Biotechnology, Piscataway, NJ, USA) according to the 
manufacturer’s protocols. Two New Zealand White rabbits were immunized by 
intradermal injection of GST-CaMKI  fusion protein in Freund’s adjuvant 

characterize the specificity of the antibody, HeLa cells were transfected with an 
empty vector or the expression vectors encoding either FLAG-tagged CaMKI ,

sample buffer, the lysates were subjected to immunoblot analysis. As a result, 
the obtained antibody reacted with synthetic rat CaM kinase I  and I , but not I
or I  in a single band respectively. More details on the procedure of the 
production of the polyclonal rabbit anti-rat CaM kinase I is described elsewhere 
(Sakagami et al., 2005) 

2.2   Immunohistochemistry 

Wistar-Imamichi rats on postnatal 7 weeks were perfused transcardially with 
0.9% saline, followed by 4% paraformaldehyde in 0.1 M phosphate buffer (PB) 
under anesthesia of sodium pentobarbital (35 mg/kg body weight). Following 
perfusion, the carotid bifurcation including the carotid body and the superior 
cervical ganglion were immediately removed and postfixed in the same fixative 
overnight. After immersion in 30% sucrose/0.1 M PB overnight at 4C, the tissue 
blocks were sectioned on a cryostat and mounted onto gelatin-coated slide 
glasses. The sections were incubated with the present antiserum at a dilution of 
1:1000 in PBS overnight at 4C. After washing three times with PBS, the sections 
were incubated in biotinylated goat anti-rabbit IgG for 1 h. The antigen-antibody 
reaction sites were detected by a method employing the avidin-biotin-HRP 
complex (Vector ABC kit, Vector Labs) and DAB (diamino benzidine). For 
immuno-electron microscopy, tissue sections after detection of the immune 
reaction sites were postfixed with 0.5 %OsO4 in PBS and embedded in Epon 
and sectioned with the ultramicrotome. In the control experiment, sections were 
incubated in the primary antiserum preabsorbed with 1 mM CaM kinase I  or 
I -MBP fusion protein, but all other steps were identical to those described 
above, and no significant immunoreaction was detected in any sections. 

3.   RESULTS 

In immuno-light microscopy, numerous cells immunoreactive with the present 
antibody were found in the carotid body and they were closely aggregated in 
small groups to form lobules around capillaries (Fig 1a). In immuno-electron 
microscopy, the immunoreactive cells were characterized by numerous granular 
vesicles, 100-200 nm in diameter (Figs 2a, 2b), and they were identified as the 
chief cells (Kondo, 1971, 1976). The immunoreactive material was localized in 
the cytoplasm and it was not homogeneously distributed throughout the cells, 
but much denser in close association with the granular vesicles whose cores 
were electron-dense. No immunoreaction was detected in the nuclei. All the 

CaMKI 2, CaMKI 1, or CaMKI . After harvested with boiling SDS-PAGE 

(Difco Laboratories, Detroit, MI, USA) six times at a 3 weeks interval. To 
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chief cells were not immunoreactive, but there were a substantial number of the 
chief cells which exhibited the immunoreactivity at negligible levels and located 
in direct apposition to the immunopositive chief cells (Fig 2b). No marked 
differences were discerned between the immunopositive and immunonegative 
chief cells in terms of the size of granular vesicles, their population density and 
other cytological features. No immunoreactivity was detected in nerve fibers 
innervating the chief cells, or sustentacular cells, or capillary endothelial cells. 

Figure 1a and 1b. Immuno-light micrographs of the carotid body (CB) and its adjacent superior 
cervical ganglion (SCG) of adult rat. Note numerous chief cells intensely immunoreactive for CaM 
kinase I in the carotid body (Fig 1a) and a few intensely immunoreactive SIF cells (arrows) within 
SCG, in contrast to the weak immunoreactivity in principal ganglion cells (asterisks) (Fig 1b). 
X150 (Fig 1a)  X1,500(Fig 1b). 
Figure 2a and 2b. Immuno-electron micrographs of chief cells of the carotid body. The 
immunoreactive material is deposited more densely in the cytoplasm in close association with the 
characteristic granular vesicles in immunopositive cell (Fig 2a). Note immunonegative chief cells 
(*) in apposition to the immunopositive chief cell (Fig 2b). Also note the absence of the 
immunoreactivity in nerve fibers (n) or sustentacular cells (s). X 16,000. 

In the superior cervical ganglion, the immunoreactivity for CaM kinase I was 
weak in all the principal ganglion cells, In contrast, a few clusters of small cells 
were occasionally found to be intensely immunoreactive among weakly 
immunoreactive ganglion cells (Fig 1b). In immunoelectron microscopy the 
small and intensely immunoreactive cells were characterized by granular 
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vesicles, 100-200 nm in diameter (Figs 3a, 3b), and they were identified as small 
intensely fluorescent (SIF) cells or small granule-containing cells (Matthews
and Raisman, 1969). Similar to the chief cells, the immunoreactivity was 
localized in the cytoplasm and it was especially evident in close association with 
the granular vesicles whose cores were electron-dense. Immunonegative SIF 
cells were often seen next to immunoreactive SIF cells. No significant 
immunoreaction was seen in nerve fibers close to and within the SIF cell clusters, 
or ganglionic satellite cells or Schwann cells.

Figure 3a and 3b. Immuno-electron micrographs of ganglionic SIF cells. An area enclosed by a 
rectangle in Fig 3a is shown at higher magnification in Fig 3b. Note the immunoreactive material 
deposited more densely in the cytoplasm in close association with the characteristic granular 
vesicles and also note the occurrence of cell (*) immunonegative for CaM kinase I in close 
apposition to the immunopositive cell. G: principal ganglion cell. X 3,500 (Fig 3a), X16,000     
(Fig 3b).

4.   DISCUSSION 

This is the first report demonstrating the intense immunoreactivity for CaM 
kinase I in the chief cells of the carotid body chemoreceptor. Because of the 
limited resolution in the ABC and DAB method for detection of the antigen-
antibody reaction sites, the exact localization of the antigen CaM kinase I in the 
cytoplasm at ultrastructural levels requires for the re-examination using the 
immuno-gold method. However, the much denser localization of the DAB 
reaction deposits in portions of the cytoplasm close to the granular vesicles 
suggests some intimate functional relation of CaM kinase I with the secretion of 
catecholamines from the granular vesicles in the chief cells. However, since the 
present study disclosed the immunoreactivity for CaM kinase I in the adrenal 
chromaffin cells to be much weaker than that in the carotid body chief cells (data 
not shown), the intense immunoreactivity for CaM kinase I in the chief cells 
suggests that there may be some specific mechanisms in the secretion and/or 
postsecretion of catecholamines from the granular vesicles in these cells 
different from the chromaffin cells. It is further suggested that the specific 
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mechanisms requiring CaM kinase I-involvement may be intimately related to 
the chemosensory transduction. 

The occurrence of chief cells immunonegative for CaM kinase I in apposition 
to the immunopositive chief cells should also be noted when considering the 
significance of CaM kinase I in the carotid body. Although there have been 
reports suggesting the heterogenous population of the chief cells in terms of the 
granular vesicle size and shape, and the catecholamine species in the granular 
vesicles (McDonald and Mitchell, 1975), no clear differences were noted in the 
cytological features of the granular vesicles between the immunopositive chief 
cells and immunonegative ones in the present study. This suggests that the 
difference in the immunoreactivity for CaM kinase I represents the variety in 
some functional state of the chief cells. Therefore, it is necessary to examine 
whether or not the expression and/or localization of CaM kinase I is changeable 
in response to the chemoreceptive stimuli. In this regard, a previous finding 
should be noted that the expression of CaM kinase I in the retina is regulated by 
light stimulation (Tsumura et al., 1999). 

The present study also disclosed for the first time the intense 
immunoreactivity for CaM kinase I in the ganglionic SIF cells. Because SIF 
cells immunonegative for CaM kinase I were found in close proximity to the 
positive SIF cells, and because the frequency of occurrence of the 
immunopositive SIF cells seems to be smaller than the frequency of occurrence 
of the cells by the conventional catecholamine-fluorescence (Matthews and 
Raisman, 1969), the CaM kinase I-immunopositive SIF cells represent a 
subpopulation, but not all, of the ganglionic SIF cells. 

What is the functional significance of the occurrence of intense CaM kinase I-
immunoreactivity in the ganglionic SIF cells in common with the carotid body 
chief cells?  In this regard, the previous findings by Kondo (1976, 1977) should 
be noted:  Some SIF cells receive an innervation similar to the carotid body chief 
cells in terms of the dominancy of afferent synapses in en-passant forms along 
the trajectory of innervating nerve fibers, suggesting that some SIF cells play 
chemoreceptive roles in the same way as the carotid body chief cells. Therefore, 
the intense immunoreactivity for CaM kinase I in the cytoplasm of these two cell 
types in common may suggest some specific involvement of CaMKI in the 
chemoreception played by the two cells in common. 

It is necessary as the next step to obtain antibodies individually specific to 
each of CaM kinase I  and I , and to clarify exactly which of the two isoforms 
is responsible for the present immunoreactivity. It is further important to clarify 
the exact mechanism for the isoform(s) of CaM kinase I to be involved in the 
chemoreception.
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1.  INTRODUCTION 

The carotid body is the main arterial chemoreceptor that senses oxygen 
levels in the blood.  In mammalian species, the carotid body is localized in the 
carotid bifurcation and innervated by the carotid sinus nerve consisting of 
sensory fibers from the glossopharyngeal nerve.  The organ also receives the 
ganglioglomerular nerve issuing from the superior cervical ganglion of 
sympathetic trunk (Verna, 1979).  In the mouse, especially, the carotid body 
joins with the superior cervical ganglion and is penetrated by nerve bundles 
derived from the ganglion (Kameda et al., 2002).  In contrast to mammalian 
species, the carotid body of chickens is situated in the cervico-thoracic region 
together with the thyroid, parathyroid and ultimobranchial glands, which form a 
continuous series along the common carotid artery.  The organ is located 
between the distal (nodose) ganglion of the vagus nerve and the recurrent 
laryngeal nerve and supplied richly with their branches (see Kameda, 2002 for 
references).    

The carotid body is made up of two cell types, glomus cells (chief cells or 
type I cells) and sustentacular cells (type II cells).  The glomus cells contain 
many dense-cored vesicles which store biogenic amines including serotonin 
(5-HT), dopamine and noradrenaline, catecholamine-synthesizing enzymes such 
as tyrosine hydroxylase (TH) and dopamine -hydroxylase, and neuropeptides 
including enkephalin and neuropeptide Y (NPY)(Chiocchio et al, 1966; Oomori 
et al., 1994; Kameda et al., 2002).  The glomus cell groups are enveloped by 
processes of sustentacular cells which are immunoreactive for glial markers, i.e., 
glial fibrillary acid protein (GFAP), S-100 protein and vimentin (Kameda, 1996; 
Nurse and Fearon, 2002; Kameda, 2005).  The sustentacular cells contain 
aggregations of intermediate filaments in both cell bodies and processes and 
have supporting function.  The glomus cells of the mouse carotid body share 
TuJ1, PGP9.5, TH and NPY immunoreactivities with the sympathetic ganglion.  
The cells also exhibit immunoreactivity for 5-HT, whereas the sympathetic 
neurons do not.  
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2.  DEVELOPMENT OF THE CAROTID BODY  

   A specific condensation of mesenchymal cells in the wall of the third arch 
artery represents the first morphological sign of carotid body development in 
both mammals and birds (Kondo, 1975; Kameda et al., 1994).  It is well known 
that the outer walls of the branchial arch arteries are formed by the neural crest 
cells that migrate from the hindbrain neural folds (Le Lièvre and Le Douarin, 
1975; Waldo et al., 1999; Jiang et al., 2000).  In the mouse embryos, the carotid 
body primordium is first recognized in the wall of the third arch artery at E 13.0.  
At this stage, the primordium is enclosed with the neuronal progenitors and 
nerve fibers immunoreactive for TuJ1 and PGP 9.5, which are continuous with 
the superior cervical sympathetic ganglion (Kameda et al., 2002).  The neuronal 
progenitors also exhibit immunoreactivity for TH.  From E 13.5, the cells 
immunoreactive for TuJ1, PGP9.5 and TH began to appear in the carotid body 
primordium.  At E 15.5, the carotid body is filled with cells displaying neuronal 
markers, TuJ1 and PGP9.5, and there are also many TH- and 
NPY-immunoreactive cells in it.  5-HT-immunoreactive cells began to appear 
in the carotid body at E 16.5. 
   In the chick embryos, the carotid body rudiment is formed in the wall of the 
third arch artery at E 8.0.  The rudiment is located close to the distal vagal 
ganglion which exhibits immunoreactivity for TuJ1, PGP9.5 and HNK-1.  The 
cells exhibiting the neuronal markers, TuJ1, PGP9.5 and HNK-1, first surround 
and then invade the carotid body rudiment.  The neuronal cells also represent 
glomus cell markers, TH, NPY, 5-HT and chromogranin A.  They are 
distributed in the connective tissue surrounding the carotid body primordium at 
E 9 and appear within the primordium from 10 days onwards (Kameda et al., 
1990).  Furthermore, electron microscopic study has demonstrated that the 
epithelial cells containing secretory granules are first detected around the carotid 
body rudiment which still consists of mesenchymal cells and nerve fibers, and 
then appear within the rudiment (Kameda, 1994).  The neuronal progenitors 
derived from the distal vagal ganglion invade not only the carotid body 
primordium but also the wall of the third arch artery.  Therefore, the chicken 
glomus cells are widely distributed in the wall of the common carotid artery and 
its branches supplying the endocrine organs such as the carotid body, thyroid, 
parathyroid and ultimobranchial glands (Kameda, 2002).  It has been shown by 
immunoelectron microscopy and in situ hybridization that glomus cells 
distributed in the wall of the common carotid artery contain many dense-cored 
vesicles immunoreactive for NPY and also express intense signals for NPY 
mRNA (Kameda et al., 1999). 

3. THE DEFECT OF CAROTID BODY FORMATION IN 
HOXA3 NULL MUTANT MOUSE

Hoxa3 is a member of the Hox family of transcription factors, which 
mediate the formation of the mammalian body plan along the antero-posterior 
axis (Trainor and Krumlauf, 2000).  Hoxa3 is expressed in ectomesenchymal 
neural crest cells that contribute to the development and differentiation of the 
third pharyngeal arch (Watari et al., 2001).  Mice with a targeted disruption of 
the Hoxa3 gene fail to initiate formation of the thymus and parathyroid 
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primordia, which arise from the third pharyngeal pouch endoderm through 
interactions with surrounding neural crest cells (Kameda et al, 2004).  
Furthermore, the Hoxa3 homozygous null mutants show the bilateral defects of 
the common carotid artery, which is derived from the third branchial arch artery 
(Kameda et al., 2003).  The tunica media of the great arteries derived from the 
arch arteries are formed by the ectomesenchymal neural crest cells.  To assess 
the cause of the regression of the third arch artery, we have examined whether 
the neural crest cells of the Hoxa3 null mutants are able to colonize the third 
pharyngeal arch.  To visualize the neural crest cells, the Hoxa3 heterozygous 
mutants were crossed with connexin43-lacZ transgenic mice in which 

-galactosidase expression is restricted to the derivatives of neural crest (Lo et al., 
1997).  The migration of neural crest cells from the neural tube to the third 
branchial arch is not affected in the Hoxa3 homozygous mutants (Chisaka and 
Kameda, 2005).  The initial formation of the third arch artery is not disturbed. 
   The artery, however, regresses in the null mutants at E 11.5, when 
differentiation of the third pharyngeal arch begins.  The pharyngeal arches are 
transient embryonic structure.  In particular, the third arch rapidly grows and 
differentiates during E 11.5 – E 12.5.  In the Hoxa3 null mutant, the 
differentiation of the third pharyngeal arch is delayed and the hypoplastic third 
arch still remains at E 12.5.  The number of proliferating cells in the third arch 
of null mutants is markedly decreased, compared with that in wild-type embryos.  
Taken together, these results indicate that Hoxa3 is required for the growth and 
differentiation of the third pharyngeal arch and its defective development may 
induce the regression of the third arch artery. 

The Hoxa3 homozygous null mutant mice have the absence of the carotid body 
(Kameda et al., 2002).  The null mutant embryos are unable to initiate formation 
of the carotid body primordium at E 13.0, because the third arch artery 
disappears at E 11.5.  The superior cervical sympathetic ganglion develops 
normally and its projections enclose the internal carotid artery in the Hoxa3 null 
mutants.  The neuronal precursors derived from the ganglion, however, fail to 
differentiate into glomus cells due to the absence of the carotid body primordium.  
The precursors may not acquire a glomus cell phenotype unless they colonize 
the carotid body primordium.  In the mutant mice, the superior cervical 
ganglion exhibits hypetrophy, probably reflecting a defect in its target organ, the 
carotid body. 

4.  ABSENCE OF GLOMUS CELLS IN MASH1 NULL 
MUTANT MICE 

Mash1, a mammalian homologue of Drosophila achaete-scute (asc) genes, 
is expressed in the three main divisions of the developing autonomic nervous 
system: the sympathetic, parasympathetic and enteric systems (Johnson et al, 
1990; Guillemot et al., 1993).  The sympathetic nervous system is derived from 
the neural crest cells that condense adjacent to the dorsal aorta (Le Douarin and 
Kalcheim, 1999).  In Mash1 homozygous null mutant mice, the neural crest 
cells arrive to the dorsal aorta and give rise to sympathetic progenitors, but the 
progenitors fail to undergo complete differentiation, resulting in the absence of 
the sympathetic ganglia (Hirsch et al., 1998).   The Mash1 null mutant embryos 
exhibit the normal formation of the carotid body rudiment at E 13.0 and the 
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rudiment continues to develop.  However, there are no cells expressing 
neuronal and glomus cell markers such as TuJ1, PGP 9.5, TH and NPY in the 
carotid body throughout development (Kameda, 2005).  Furthermore, no 5-HT 
cells appear in the carotid body.  Because the superior cervical ganglion is 
absent, neuronal progenitors derived from the ganglion lack in the mutant 
carotid body rudiment, resulting in the defect of the glomus cell formation.  On 
the other hand, many cells immunoreactive for S-100 protein, a sustentacular 
cell marker, appear in the mutant carotid body at E 15.5, when the wild-type 
carotid body yet contains few S-100 immunoreactive cells.  Electron 
microscopic study has demonstrated that in the Mash1 null mutants at birth, 
most of the carotid body consists of the cells exhibiting mesenchymal-like 
morphology and of unmyelinated nerve fibers (Kameda, 2005).  These 
ultrastructural features of the null mutant carotid body resemble those of the E 
8.0 chick carotid body rudiment before it receives neuronal precursors from the 
distal vagal ganglion (Kameda, 1994).   Thus, the carotid body of newborn 
Mash1 null mutants is made up of sustentacular cells but lacks glomus cells. 
   In conclusion, the results indicate that the mouse carotid body is formed by 
at least two distinct lineages of precursors.  One is derived from the superior 
cervical ganglion, Mash1-dependent and gives rise to glomus cells 
immunoreactive for TuJ1, PGP9.5, TH, NPY and 5-HT.  The other is derived 
from mesenchymal cells of the third arch artery wall, Hoxa3-dependent and 
gives rise to sustentacular cells expressing S100, GFAP and vimentin. 
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1.   INTRODUCTION 

The role of the carotid body (CB) in response to hypoxia is very well defined 
(Fitzgerald and Shirahata, 1997). The hypoxic ventilatory response (HVR) is 
characterized by an increase in ventilation, but this response remains variable 
among individuals (Eisele et al., 1992; Vizek et al., 1987; Weil 1970). Genetics 
may play a critical role in explaining this variability.  Indeed, longitudinal and 
twin studies do demonstrate the role of genetics in the HVR (Collins et al., 1978; 
Kawakami et al., 1982). Studies utilizing inbred strains of mice have also 
demonstrated the effect of genetics on the response to hypoxia (Tankersley et al., 
1994 & 2000). Two strains of mice in these studies were identified as having 
extreme responses to hypoxia. The DBA/2J strain demonstrated the highest 
HVR, whereas the A/J strain demonstrated the lowest HVR (Tankersley et al., 
1994). In another study analyzing the role of genetics in a mouse model of sleep-
induced hypoxia, the DBA/2J strain demonstrated an increased sensitivity to 
hypoxia during sleep, compared to that of the A/J strain (Rubin et al., 2004). In 
order to elucidate a potential explanation that may contribute to this difference in 
hypoxic sensitivity, we examined CB morphology and volume in adult DBA/2J 
and A/J strains (Yamaguchi et al., 2003).  Results demonstrated a significantly 
larger volume as well as an increased glomus cell quantity in the CB of DBA/2J 
strain compared to that of the A/J strain. A question arises whether these 
differences exist from early neonatal ages. Or, developmental plasticity may 
contribute to these strain differences. In this study, we analyzed CB volume, 
glomus cell quantity, and ventilation during development in the DBA/2J and A/J 
strains of mice.  We also introduced a glimpse into the genetic influence on 
chemoreceptor development with emphasis on the role of glial-cell-line-derived 
neurotrophic factor (GDNF). 
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2.   METHODS 

2.1   Tissue Preparation 

Based on methodology previously reported (Yamaguchi et al., 2003), weight-
matched, male, DBA/2J and A/J strains ages new-born (1D), one-week (1W), 
four-weeks (4W) and six-weeks (6W) were anesthetized with ketamine (100-150 
mg/kg, i.p.) and pentobarbital (100-150 mg/kg, i.p.).  CBs were bilaterally 
harvested.  One CB was used for volumetric analysis and the other used for 
glomus cell immunohistochemistry for tyrosine hydroxylase (TH).     

2.2   Volumetric Analysis 

 CBs were fixed in 4% paraformaldehyde, embedded in plastic, sectioned at 3 
m on glass slides, and stained with toluidine blue. Slides were subsequently 

analyzed under a light microscope (Olympus BH-2, Japan) and volumetric 
measurements were determined as follows: 1) Each section of CB tissue was 
delineated and area measurements were calculated utilizing Image Pro software. 
2) Volume of the whole carotid body ( m3) was calculated as: {the area of 
each section ( m2) x 3 m (the thickness of each section)}.

2.3   Glomus Cell Immunohistochemistry 

For glomus cell quantitification, immunohistostaining for tyrosine 
hydroxylase (TH) was used (Yamaguchi et al., 2003). CBs were fixed in zinc 
fixative, embedded in paraffin, sectioned at 4-5 m, and mounted on a poly-L-
lysine coated slide.  Sections were deparaffinized with a series of xylene and 
ethanol washes.  Endogenous peroxidase was quenched with 1% H2O2 in PBS, 
and endogenous biotin was blocked with an avidin biotin blocking kit (Vector, 
CA). Other nonspecific binding was blocked with normal goat serum (1:75) and 
casein (CAS block; Zymed Laboratories, CA). A polyclonal antibody against 
TH (Chemicon International, CA; dilution: 1/500-1/1000; made in the rabbit) 
was applied overnight at 4 C followed by an application of biotinylated anti-
rabbit IgG made in the goat (1:2000) for 1 h at room temperature. As negative 
control, normal rabbit serum was used instead of anti-TH antibody. 
Subsequently, standard avidin biotin peroxidase techniques were applied using 
VECTASTAIN Elite ABC kits (Vector). As a chromogen, Vector® SG (Vector) 
was used. Between each step the slides were washed in 0.1M phosphate buffer 
saline (PBS).  TH immunoreactivity was examined using a light microscope. 
The largest section of each carotid body was selected for analysis. Carotid body 
area of the section and TH positive area were calculated utilizing Image Pro 
Software.
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2.4   Ventilatory Function 

Ventilatory function was assessed by whole body plethysmography under 
unanesthetized and unrestrained conditions. Chamber temperature was 
monitored and was maintained within 30-32°C. Compressed air was humidified 
and directed through the chamber at a flow rate ~ 500ml/min. Ventilatory 
functions were measured for 1 minute (for newborn) or 2 minutes for 1-week-
old mice. Inspired gases were air for baseline and 15% O2/air for mild hypoxia. 
Breathing frequency (f) and tidal volume were recorded on a strip chart recorder 
(model 7D polygraph, Grass). Due to extremely small tidal volumes, we 
analyzed only f.

2.5   RT-PCR for GDNF 

The CBs were obtained from deeply anesthetized male mice as described 
above. Total RNA of the CBs from each mouse was separately isolated in 
TRIzol, and genomic DNA was digested with RQI DNase I (Invitrogen) for 15 
min at room temperature. First strand cDNA was obtained using SuperScript 
IIITM (Invitrogen), and multiplex PCR was performed following the 
manufacture’s instruction (Quiagen). The primer pairs used were -actin and 
GDNF (final concentrations: 0.5 µM for -actin and 5 µM for GDNF). The 
conditions for PCR amplification were as follows.  The template was denatured 
at 95 °C for 15 min followed by 35 cycles of denaturation at 94 °C for 30 sec, 
annealing of primers at 60 °C for 1.5 min, extension at 72 °C for 1.5 min. Final 
cycle was 72 °C for 10 min. Positive tissue control was cDNA from the SCG. 
The negative reaction controls were total RNA and water as templates for PCR.

3.   RESULTS 

3.1   Volumetric Analysis

CBs and glomus cells at 1D (Figure 1, left) and 1W animals demonstrated 
very similar morphology in both strains. However, CBs of A/J mice at 4W begin 
to exhibit their adult phenotype of distorted glomus cell morphology.  In regard 
to volume measurements, the CBs of both strains were similar in volume at 
birth, but as they age to 4W, the CB of DBA/2J mice grows in volume and the 
growth of AJ’s CB was stunted (Figure 1, right). 
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Figure 1. Left panel: The largest parts of the CBs in 1-day-old mice. The CB is outlined. Right

panel: The summary indicates developmental differences in the growth of the CB in these two 
strains of mice. Open square, DBA/2J mice; closed circle, A/J mice.

3.2   Glomus Cell Immunohistochemistry 

At 1D TH positive ratio (TH positive area / CB area) of glomus cells in both 
strains of mice was significantly greater than their adult counterparts.  (Table 1).  
In the DBA/2J strain, TH positive ratio decreased from 1D to 6W and appears to 
plateau through adult (8-24wks). However, the A/J strain exhibited a continuous 
decline in TH positive ratio through adult (Table 1).    

       

                  1-Day     1-Week       4-Weeks        6-Weeks   8-24 Weeks 

A/J  24.6 ± 3.1  22.3 ± 2.8  15.5 ± 1.2  13.5 ± 3.5  5.6 ± 0.1  

DBA/2J 31.1 ± 2.6  29.4 ± 2.3  23.6 ± 2.1  20.6 ± 1.6  22.2 ± 1.9 

 Data are presented as mean ± SE. 

3.3   Ventilatory Function 

At 1D, DBA/2J mice showed a steady f (1.80Hz ±0.06, n=5) with a slight 
increase in response to mild hypoxia. The A/J mice demonstrated predominantly 
apneic breathing with a very low f. At 1W, however, A/J mice exhibited a 
robust, baseline frequency (5.18Hz ±0.20, n=5) with a significant increase in f to 
mild hypoxia (5.82Hz±0.14, P<0.05). In 1W DBA/2J mice baseline f increased 
compared to newborn animals (3.43Hz±0.18, n=6). In response to hypoxia, f 
significantly increased (3.99Hz±0.109, P<0.05).

3.4   RT-PCR for GDNF 

 GDNF mRNA is expressed at a higher ratio in the CB of DBA/2J mice 
compared to that of A/J mice at 1 week and 4-week of age (Fig. 2, left).  In order 

Table 1. TH positive ratio (%) 
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to quantify overall expression, relative ratios of GDNF versus -actin controls 
were calculated using Kodak Electrophoresis Documentation and Analysis 
System 290 (Fig. 2, right). 

Figure 2. Left panel: Agarose gel electrophoresis of RT-PCR amplified products of mRNA for -
actin and GDNF. The CBs were obtained from 4-week-old mice. Right panel: GDNF mRNA 
levels were expressed relative to -actin. The values at 4 week of age are significantly different 
(p<0.01), and those at 1 week of age are almost significantly different (p=0.08). 

4.   DISCUSSION 

Our results demonstrate that at the neonatal stage (1D) CBs of both strains 
are similar in volume, TH positive ratio, and overall morphological structure. 
However, overall CB features of the two strains diverge during postnatal 
development.  The CB volume of DBA/2J mice increased from 1D to adult 
while that of A/J mice remained constant. In regard to the TH positive ratio, both 
strains demonstrated a decline in this ratio through 6W.  The TH ratio of 
DBA/2J mice appears to plateau at 6W while that of A/J mice continues 
declining up to adulthood.  TH staining data in conjunction with CB volume data 
indicate an increase in glomus cell quantity in the DBA/2J strain compared to a 
decrease in the A/J stain.

In whole-body plethysmography experiments of 1D animals, we discovered 
that they differ in their basic respiratory patterns. Thus, similar morphology of 
the CB and of glomus cells in newborn mice does not appear to be reflected in 
their ventilation. On the other hand, the CBs of DBA/2J and A/J mice respond to 
hypoxia at 1W. Many studies indicate that the response of the carotid body to 
hypoxia is minimal at birth, and then gradually reaches the adult level (Carroll, 
2003). Our data agree with those obtained from rats and larger animals. It 
remains to be seen whether developmental differences in the CB after 1W would 
contribute to ventilatory responses to hypoxia.

GDNF supports the development and survival of dopaminergic neurons, 
spinal motoneurons, subpopulations of peripheral ganglion neurons (Baloh et al., 
2000). The expression of mRNA for GDNF in the rat carotid body has been 
shown (Nostrat et al., 1996; Toledo-Aral et al., 2003). Because GDNF content in 
the near-term rat carotid body was reduced by prenatal exposure to cocaine 
(Lipton et al., 1999), which impairs HVR (Lipton et al., 1996), we have 
speculated that GDNF plays a role in the strain differences in carotid body 
development. Our RT-PCR analysis shows that GDNF mRNA is expressed 
more in the CB of DBA/2J mice than that of A/J mice. Hence, its absence may 

DBA/2J A/J

1 W 0.43±0.14 (n=4) 0.12 0.08 (n=5)

4 W 0.31 0.03 (n=7) 0.03 0.01 (n=7)
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be a contributing factor in the decline of glomus cells in the developing CB of 
A/J mice.

These results in two inbred strains of mice demonstrate the fact that genetics 
play a critical role in the development of the CB as well as the development of 
the HVR.

The study was supported by HL 72293 and AHA 0255358N. 
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1.   INTRODUCTION 

The carotid body is a major chemosensory organ for hypoxia, hypercapnia 
and acidosis in the arterial blood (Fitzgerald and Shirahata 1997; Gonzalez 
et al., 1994). During hypoxia, the neural output from the carotid body increases 
and reflexly modifies several variables in the respiratory system. A prominent 
response is an increase in ventilation, but the hypoxic ventilatory response 
(HVR) among individuals varies widely (Eisele et al., 1992; Vizek et al., 
1987). Studies in humans (Collins et al., 1978; Kawakami et al., 1982; 
Nishimura et al., 1991; Thomas et al., 1993) suggest that genetic factors 
significantly contribute to those differences. Similarly, studies in mice 
(Tankersley et al., 1994) and rats (Weil et al., 1998) clearly indicate that 
genetic determinants robustly influenced HVR. Among several inbred strains of 
mice the DBA/2J mice demonstrated the highest HVR and the A/J mice the 
lowest HVR (Tankersley et al., 1994). The differences in HVR between these 
two strains of mice may be closely related to the structural differences of the 
carotid body (Yamaguchi et al., 2003). The size of the carotid body and the 
quantity of glomus cells in the DBA/2J mice are significantly larger than those 
in the A/J mice. Those differences were clearly segregated between the strains, 
suggesting that genetic factors strongly influence the observed phenotypic 
differences between the DBA/2J and A/J mice. The purpose of the current study 
was to confirm that the morphological characteristic differences in the carotid 
body between the DBA/2J and A/J mice are controlled by genetic factors. Thus, 
we generated the first-filial progeny (F1) by a crossing the DBA/2J (female) and 
A/J (male) strains of mice, and examined the morphological differences of the 
carotid body in the DBA/2J, A/J and their F1 mice. 
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2.   METHODS 

2.1   Experimental Animals 

We used the DBA/2J and A/J strains of mice and their first-filial progeny (8 
to 26-week old). DBA/2J and A/J strains of mice were initially purchased from 
Jackson Laboratories (Bar Harbor, ME), then bred in the Johns Hopkins 
Bloomberg School of Public Health animal center together with F1. All mice 
were housed in a facility where the temperature and light cycles (12 hour cycle) 
were controlled. All animal protocols were approved by the Animal Care and 
Use Committee of the Johns Hopkins University. 

2.2   Morphology and Immunocytochemistry 

Mice were deeply anesthetized with ketamine (100 –150 mg/kg, i.p.) and 
pentobarbital (100 –150 mg/kg, i.p.). The heart was removed to avoid bleeding 
in the neck, and both carotid bifurcations with carotid bodies were harvested 
immediately. One carotid body was used for morphological assessment, and the 
other was used for immunostaining for tyrosine hydroxylase (TH). Procedures 
for morphological studies were similar to those described before (Yamaguchi et 

embedded in plastic, sectioned at 3 µm thickness, mounted on glass slides, and 
stained with toluidine blue. Structural differences among each mouse were 
examined with a standered bright field microscope. The size of the carotid 
bodies was measured by using a computer imaging program (Sonic Image Beta 
4.02, Scion, Frederick, MD). The carotid body in each section was delineated, 
and the area of the carotid body was calculated. Subsequently, the volume of the 
whole carotid body (µm3) was estimated as: {the area of each section (µm2) × 3 
µm (the thickness of each section)}.  

The quantity of glomus cells in the carotid body from each mouse was 
estimated by the immunocytochemical signal for TH. The carotid bifurcation 
was immersed in the zinc fixative, embedded in paraffin, sectioned at 4–5  µm, 
and mounted on a poly-L-lysine-coated slide. After deparaffinization, the 
sections were treated in boiling 0.01 M citric acid buffer (pH 8.0) for 5 min to 
retrieve antigens (Shi et al., 1997), then, endogeneous peroxidase was 
quenched with 1% H2O2 in PBS. Endogenous biotin was blocked (avidin 
biotin-blocking kit: Vector Lab.), and other nonspecific binding was blocked 
with normal goat serum (1:75) and casein (CAS block, Zymed Laboratories). 
The sections were incubated with a polyclonal antibody against TH (Chemicon 
International; dilution: 1:500 to 1:1,000; made in the rabbit) overnight at 4 ˚C
followed by an application of biotinylated anti-rabbit IgG made in the goat 
(1:2,000) for 1 h at room temperature. As negative control, normal rabbit serum 
was used instead of anti-TH antibody. Subsequently, standard 
avidin-biotin-peroxidase techniques were applied. As a chromogen, Vector SG 
(Vector) was used. Between each step, the slides were washed in 0.1 M PBS. 
The largest section of each carotid body was selected, when possible. The area 
of the carotid body and the stained area for TH were measured by the imaging 
software (Scion Image Beta 4.02). Then, TH-positive ratios were determined: 
TH-positive ratio (%) = (the stained area for TH / the area of the carotid body) × 
100.

al., 2003). In short, the carotid bifurcation was fixed in buffered 4% formalin, 
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All data are presented as means±SE. The Kruskal-Wallis test was used to 
evaluate the significant differences among strains. Differences were considered 
to be statistically significant when P < 0.05.  

3.   RESULTS 

3.1   Morphology 

We detected four major characteristics in morphology of the carotid body in 
F1 mice. First, the boundary of the carotid body of F1 mice was not smooth (Fig. 
1B). The carotid body and other tissues, including connective tissues, bundles of 
nerves, and large vessels, were entangled. These characteristics are different 
from DBA/2J mice, but similar to A/J mice (Fig. 1A). Second, many glomeruli, 
which contained several glomus cells surrounded by sheath cells, were observed 
in F1 mice, similar to the DBA/2J mice. Third, many glomus cells in the carotid 
body of the F1 mice showed typical large and round nuclei and abundant 
cytoplasm, similar to the DBA/2J mice (Fig. 1B). Fourth, the carotid body 
volume of F1 mice was intermediate that of the DBA/2J and A/J mice (Table 1).  

Figure 1. A: Histology of the carotid bodies in the DBA/2J, A/J and F1 mice. Each section shows 

the largest part of the carotid body in each mouse. Dotted borders outline the entire carotid body of 

each strain. B: With higher magnification, many typical glomus cells (abundant cytoplasm with a 

large, round nucleus) are observed in the DBA/2J and F1, but only a few were evident in the A/J 

mice. Some glomus cells are indicated by arrows. 
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Table 1. The volume of the carotid body. 

        

Mice  DBA/2J  F1  A/J 

 Volume (106 µm3)   5.9 ± 1.0     3.5 ± 0.8   1.6 ± 0.6 

The values were significantly different from each other. 

3.2   Immunohistochemistry 

immunoreactivity is easily observed in the cytoplasm of glomus cells in the 
DBA/2J and F1 mice. Fewer TH-positive cells were seen in the A/J mice. 
Glomus cell quantity was expressed in two ways. TH positive ratio  presents 
the density of glomus cells within the carotid body. The ratios for DBA/2J, F1 
and A/J mice were 23.3±3.7, 20.9±2.3, and 5.6±1.7%, respectively. The ratio of 
F1 mice is significantly different from that of A/J mice, but not from that of 
DBA/2J mice. We also calculated glomus cell number index (= carotid body 
volume × TH ratio) which is roughly proportional to the total number of glomus 
cells.  The index for the F1 mice (74±12, n=8; arbitrary unit) was 
significantly lower than that for DBA/2J mice (139±7, n=8) and higher than that 
for A/J mice (9±2, n=8).  

4.   DISCUSSION 

The structural characteristics and the size of the carotid body can be 
influenced by environmental and genetic factors. For example, as environmental 
factors, hypoxia (Barer et al., 1972), hypertension (Habeck, 1991), and high 
altitude (Lahiri, 2000) have been known to increase the size of the carotid body 
and change its cellular components. In this study, we demonstrated distinctive 
differences in morphological characteristics between DBA/2J, A/J, and F1 mice. 
F1 mice inherited the morphological characteristics of the carotid body from the 
DBA/2J and A/J mice. Inheritance patterns suggest that several genetic factors 
may separately regulate the morphology of the carotid body and glomus cells. 
Together with our previous study (Yamaguchi et al., 2003), we recognized at 
least four prominent phenotypes in the morphology of the carotid body as 
mentioned above. F1 mice resemble to DBA/2J in the “typical” morphology of 
glomus cells and clearly delineated glomeruli. These may be reflected by similar 
TH ratio of F1 and DBA/2J mice. The demarcation of the carotid body of F1 
mice is similar to A/J mice. On the other hand, the volume of the carotid body is 
intermediate between the two parental strains. Thus, F1 mice inherited several 
genes for determining characteristics of the carotid body, glomeruli and glomus 
cells from their parental strains. These results agree with our hypothesis which 
states the morphological characteristics are controlled by genetic factors and 
several determinants separately regulate the carotid body and glomus cells.  

In agreement with the light microscopic observation (Fig. 1B), TH 
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The Effect of Hyperoxia on Reactive Oxygen 
Species (ROS) in Petrosal and Nodose Ganglion 
Neurons during Development (Using Organotypic 
Slices)
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Peripheral arterial chemoreceptors, within the carotid body (CB), are critical 
in maintaining respiratory and cardiac hemostasis by uniquely sensing changes 
in O2 tension. The components of the peripheral arterial chemoreceptors are 
found within the CB, but the physiologic effects of activation of these 

located in the bifurcation of the carotid artery and consists of three major 
neuronal components that include: 1) type I chemosensory cells, also known as 
glomus cells, which contain neurotransmitters and autoreceptors; 2) type II cells, 
which are similar to supportive glial cells; and 3) chemoafferent nerve fibers 
from the carotid sinus nerve, a branch of the IX cranial nerve, with cell bodies in 
the petrosal ganglion (PG) (Verna 1997).

Numerous studies, in several mammalian models, support a role for 
peripheral arterial chemoreceptors in contributing to stable ventilation at a 
critical period of development during early postnatal life, which establishes 
rhythmogenesis that is sustained throughout life (for review, Gauda et al. 2004; 
Carroll 2003). Chronic hyperoxia, during early postnatal development (PND), 
depresses ventilatory responses to subsequent acute hypoxia in newborn animals 
and in premature infants (Ling et al., 1997; Ling et al., 1997).  Furthermore, 
histological evidence suggests that hyperoxia is cytotoxic to the CB and its 
associated chemoafferent neurons (Erickson et al. 1998).  In other model 
systems, hyperoxia is associated with increased production of reactive oxygen 
species (ROS), including superoxide (O2-), hydroxyl radical (OH ), and 

2 2

between intracellular oxidants and antioxidants is disturbed, ROS contribute to 
cellular damage via lipid peroxidation, enzyme inactivation, and protein and 
nucleic acid oxidation, resulting in apoptosis or necrosis. We hypothesize that 
hyperoxia leads to an increased production of ROS and subsequent cytotoxic 
response in PG neurons. 
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chemoreceptors are widespread and significant (Gonzalez et al., 1994). The CB is 

hydrogen peroxide (H O ) (for review, Jamieson et al., 1986).  If the balance 

1.   INTRODUCTION 

D. J. KWAK, S. D. KWAK AND E. B. GAUDA 
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2.   METHODS 

CBs and petrosal-nodose ganglia (PG/NG) from Sprague-Dawley rat pups 
(n=10 and 9, respectively, for each age group) at day of life (DOL) 5-6 and 17-
18 were rapidly removed, embedded in 3% Agar or 3% low melting point 
agarose, and sectioned at 45 microns. 

2.1   Organotypic Slice Culture 

Tissue slices were incubated at 37o C (21% O2/5% CO2) overnight.  Tissues 
were exposed to hypoxia (8% O2), normoxia (21% O2) or hyperoxia (95% O2)
for 4 hours in the presence or absence of the ROS-sensitive fluorescent indicator, 
5-(and 6)-chloromethyl-2', 7'-dichlorodihydrofluorescein diacetate, acetyl ester 
(CM-H2DCFDA, 2 M, Molecular Probes, Eugene, OR).  Tissue slices were also 
exposed to hyperoxia in the presence or absence of the antioxidants: N-Acetyl-
L-cysteine (NAC, 20mM, Sigma, St. Louis, MO) and 4-((9- acridinecarbonyl)
amino)-2,2,6,6-tetramethylpiperidin-1-oxyl, free radical (TEMPO-9-AC, 10mM,

 Molecular Probes, Eugene, OR).  Propidium iodide (PI,  500nM, Molecular Probes, 
Eugene, OR) was used to determine the effect of  hyperoxia on cell death in

 PG/NG neurons in the presence or absence of antioxidants. Sections were 
fixed in 2% paraformaldehyde and then  mounted onto slides using

 
Anti-Fade 

to apply cover slips.   

2.2   Data Analysis 

CM-H2DCFDA fluorescent signals were examined with fluorescent 
microscopy and analyzed using IPLAB image program.  After subtracting for 
background fluorescence and normalization, gray level intensities for 200 
neurons of the PG/NG complex were measured.  At each developmental age and 
O2 tension exposure, a group mean was determined and differences were 
analyzed by one-way ANOVA and posthoc analysis.  Significance was set at P< 
0.05.

3.   RESULTS 

In tissues removed from rats at DOL 5-6 and DOL 17-18, increasing O2

tension augmented the level of ROS production in PG/NG neurons.  In rats at 
DOL 5-6, normoxic exposure increased ROS production in PG/NG neurons, by 
19.2% in comparison to hypoxic exposure (P<0.01) with a further increase of 
54.8% from normoxia to hyperoxia (P<0.001), as shown in the figure.  The 
greatest increase in fluorescence intensity was observed from hypoxia to 
hyperoxia, which was 84.7% (P<0.001).  However, in rats at DOL 17-18 PG/NG 
neurons had a decreased response to changes in O2 tension, as compared to the 
younger animals. In rats at DOL 17-18, normoxic exposure increased ROS 
production in PG/NG neurons by 8.2% in comparison to hypoxic exposure 
(P<0.01) with a further increase of 31.2% from normoxia to hyperoxia 
(P<0.001).  In the older animals the greatest increase in fluorescence intensity, 
was observed from hypoxia to hyperoxia, which was 42.2% (P<0.001), in 
contrast to the 84.7% observed in the younger animals, see figure.  In a subset of 
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rat pups (n=3 each age group), tissues were exposed to hyperoxia in the presence 
and absence of the antioxidants, NAC and TEMPO-9-AC.  There was a decrease 
of 18% ± 3.3 and 10.9% ± 2.2 in hyperoxia-induced ROS production in NG/PG 
neurons in tissues from rats at DOL 5-6 and DOL 17-18 respectively.  PI was 
used to indicate the level of cell death of PG/NG neurons as a result of oxygen 
exposure in both age groups.  There was a greater increase in cell death, 
evidenced by a greater level of fluorescent intensity in tissues from the younger 
animals, in each oxygen tension in compared to tissues from the older animals, 
P<0.05, ANOVA. 

Bar graph depicting developmental increases in relative percent difference in grey-level intensity 
from one oxygen tension level to another.  The percent differences were greater for the younger 
animals than the older animals, with the greatest relative difference demonstrated in the hypo-
hyperoxia comparison.  p<0.001, ANOVA

4.   DISCUSSION 

Perinatal hyperoxic exposure severely depress responses to subsequent 
hypoxia, as recorded from carotid sinus nerves of kittens (Hanson et al. 1989) 
and adult rats (Vidruk et al., 1996), suggesting impairment of CB chemoreflex 
function.  Chronic hyperoxic exposure in newborn rats decreases the number of 
unmyelinated axons in the carotid sinus nerve, and causes degeneration of 
chemoafferent neurons and marked hypoplasia of the CB (Erickson et al. 1998).  
However, less is known about the effects of ROS-induced hyperoxia on the CB, 
and the PG/NG in newborn animal models. 

Using the novel technique of organotypic slices of the CB and PG/NG 
complex, our data show a direct correlation between the level of O2 tension 
exposure and ROS production in NG/PG neurons. Younger rat pups have a more 
augmented production of ROS in PG/NG neurons in response to hyperoxia than 
do older rat pups.  Cell death, as measured by PI fluorescence, increased with 
increasing O2 tension in the younger animals.  Increased ROS production within 
chemoafferent cell bodies may account for histological evidence of cytotoxicity 
and ablation of hypoxic chemosensitivity in these cells, in newborns exposed to 
hyperoxia (Calder et al., 1994).  We speculate that blunted chemoreceptor 

0

10

20

30

40

50

60

70

80

90

100

hypo-normoxia normo-

hyperoxia

hypo-hyperoxia

p
e

rc
e

n
t 

d
if

fe
re

n
c

e

DOL 5-6

DOL 17-18

*

*

*

P<0.001



114 D.J. Kwak et al.

responses in newborn infants with chronic lung disease (Katz-Salamon et al., 
1995) may be, in part, related to hyperoxia-induced cytotoxicity of key cells and 
neurons in the peripheral arterial chemoreceptors. 
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1.   INTRODUCTION 

The development of oxygen chemosensitivity in carotid chemoreceptor cells, 
i.e. type I cell (glomus cell), is reported to continue postnatally (Wasicko et al., 
1999), and it has been suggested that environmental experiences such as episode 
of hypoxia and chronic hypoxia during critical period of maturation may result 
in long-term alterations in the structure or function of the respiratory control 
neural network (Carroll, 2003). In the previous studies, we have observed no 
apparent effect on the hypoxic ventilatory response (HVR) in the day 7 newborn 
rats, which had daily episode of anoxia from day 1 to day 6 (day 0 = day of 
birth) (Saiki and Mortola, 1994), but significantly higher HVR in the 
3-weeks-old rats, which had an episode of anoxia on day 3-4 after birth (Saiki 
and Matsumoto, 1999). These results suggest that the severity of anoxia and the 
timing of the anoxic episode as well as the assessment of HVR may be important 
factors, and that an episode of anoxia during the neonatal period has long-lasting 
effects on the control of ventilation in rats. Because no further information is 
available on the effects, including carotid body chemoreceptors, we examined 
whether or not an episode of anoxia in neonatal period induces changes in the 
carotid body and glomus cell structures in the three-weeks-old rats. 

2.   MATERIALS AND METHODS 

On day 3 (day 0 = date of birth), rats were exposed to anoxia (100%N2) for 
20 min (EXP rats). By switching 100%N2 to air, all EXP rats were 
autoresuscitated. After the recovery, they were reared by their dam for 3 weeks 
with the litter mates, which exposed to air, instead of 100%N2, on day 3 (CONT 
rats). The procedure was similar to the HVR measurements described in a 
previous study (Saiki and Matsumoto, 1999).  

On day 25, the CONT and EXP rats were anesthetized with sodium 
pentobarbital (45 mg/kg, i.p.), and perfused with 0.01M phosphate buffer saline 
(PBS), followed by 4% paraformaldehyde solution. The carotid bodies were 
excised, infiltrated with 30% sucrose in PBS, and embedded and frozen in O.C.T. 
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compound, then stored at -80°C until use. All experiments with animals were 
performed in accord with “Guiding Principles for the Care and Use of Animals 
in the Fields of Physiological Sciences” published by the Physiological Society 
of Japan. 

The frozen sections (10µm) were cut through the entire bifurcation and 
thaw-mounted onto silan-coated microscope slides, and were processed for 
immunohistochemistry according to the immunofluorescence method. The 
sections were air dried, rinsed in PBS for 30 min (10 min x 3 times), and soaked 
in dilution buffer (2% bovine serum albumin in PBS with 10% normal goat 
serum) for 1-2 hours at room temperature, and incubated at 4°C overnight with 
the primary antisera, i.e. polyclonal rabbit anti-PGP9.5 (1:750-1000, Neuromics) 
or rabbit anti-tyrosine hydroxylase (TH; 1:750-1000, Chemicon International). 
After rinsed in PBS for 30min (10min x 3 times), the sections were transferred 
for 1-2 hours to secondary antibodies (Alexa Fluor® 568 goat anti-rabbit IgG, 
1:1000, Molecular Probes) at room temperature, rinsed in PBS, and coverslipped 
with mounting medium containing DAPI (4·6 diamidino-2-phenylindole, a 
counterstain for DNA) (Vector laboratories). Serial sections of the carotid body 
immunostained for PGP9.5 were used for carotid body volume measurements. 
The volume of the carotid body and the area occupied by glomus cells were 
determined using image analysis software, and values were calculated based on 
the cross-sectional areas of the carotid body compartment, section thickness and 
total number of sections containing the carotid body. In addition, in the sections 
through around the center of the carotid body (in total, 24 sections from 12 
carotid bodies) were used to evaluate the volume proportion of glomus cells and 
vessels, and this examination was performed in the sections immunostained not 
only for PGP9.5, but also for TH to see whether or not different results between 
CONT and EXP rats could be obtained by PGP9.5 and TH. The 
immunoreactivity for both PGP9.5 and TH is known to detect glomus cells in 
the carotid body (Kent and Rowe, 1992; Erickson et al., 1998; Kusakabe et al., 
1998). Values were expressed as mean±SEM. Statistical comparisons between 
the control and experimental values were determined using the two-tailed t test. 

3.   RESULTS 

3.1  Somatic Growth  

Figure 1 shows the individual data points for body weight of CONT and 
EXP rats between days 3 and 25 after birth. At any age, body weight was similar 
between CONT and EXP rats. At times of the study (i.e. day 25), body weights 
of CONT and EXP rats were 78±2g and 76±2g, respectively (n=8 in each rat 
group).

3.2  Immunohistochemical Results 

The immunoreactivity for PGP9.5 was similar between CONT and EXP rats 
(Figure 2). The calculated total carotid body volume (106 µm3) of 4 CBs was not 
significantly different between CONT and EXP rats [28.5 ± 1.3 (n=4) and 25.9 ± 
2.1 (n=4) , respectively], and the volume proportions (%) of glomus cells and 
vessels, which were examined in 12 sections from 6 CBs, between CONT and 
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EXP rats [37.5 ± 2.0 (n=6) and 41.9 ± 2.1 (n=6) for glomus cells, and 11.1 ± 0.6 
(n=6) and 9.6 ± 1.4 (n=6) for vessels] were not significantly different. 

Figure 1. Body weight vs. postnatal age in CONT rats (open symbols, 32 points from 8 rats of 3 
litters) and EXP rats (solid symbols, 32 points from 8 rats of 3 litters). 

Figure 2.  PGP9.5 immunoreactivities in CONT (A) and EXP (B) rats carotid bodies. 

The immunoreactivity for PGP9.5 was also used to estimate the diameter of 
glomus cell nuclei (long axis and short axis) and the number of glomus cells per 
106 µm3 glomus tissue (Figure 3). We obtained 16-18 cells from 4 CBs in each 
rat group. The calculated diameter of glomus cell nuclei (µm) was not 
significantly different between CONT and EXP rats [7.7 ± 0.3 (n=18) and 7.9 ± 
0.2 (n=16) for long axis, and 5.4 ± 0.3 (n=18) and 5.8 ± 0.2 (n=16) for short 
axis]. The number of glomus cells in 106 µm3 glomic tissue was calculated from 
23 PGP9.5 positive clusters from 4 CBs in each rat group and the values 
between CONT and EXP rats [1653 ± 71 (n=23) and 1613 ± 69 (n=23)] was not 
significantly different. 

A B
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The immunoreactivity for TH was similar to that for PGP9.5, and was 
similar between CONT and EXP rats. Although TH was not used for the 
calculated total carotid body volume, the volume proportions (%) of glomus 
cells between CONT and EXP rats [31.3 ± 3.1 (n=6) and 31.6 ± 3.7 (n=6)] and 
those of vessels between CONT and EXP rats [9.1 ± 1.2 (n=6) and 9.4 ± 0.8 
(n=6)] were not significantly different. 

Figure 3.  PGP9.5 immunoreactivities (indicated by arrows) in CONT (A) and EXP (B) rat 
carotid bodies. Nuclei are stained with DAPI.

4.   DISCUSSION 

At three weeks after the episode, we found that the volume of carotid body 
and the area occupied with glomus cells and/or vessels were not significantly 
influenced by an episode of neonatal anoxia. The results are consistent with a 
previous observation showing that a significant increase in ventilation occurred 
only at acute hypoxia but not in normoxia in the developing rats with an anoxic 
episode in neonatal period (Saiki and Matsumoto, 1999). These results suggest 
that the long-lasting effects of one episode of neonatal anoxia may become 
apparent exclusively at hypoxic exposure at their weaning age, i.e. about 25 days 
after birth.  

Long-lasting effects of neonatal hypoxia in the first week after birth are well 
known, and in the cases, the rats at 7 weeks of age increase their resting 
ventilation but reduce the HVR (Okubo and Mortola, 1988; 1990). Although our 
previous findings are opposite to the results obtained in neonatal hypoxia, a 
recent study has reported that intermittent hypoxia augments carotid body and 
ventilatory response in neonatal rat pups (Peng et al., 2004) and the results 
suggest that episodes of hypoxia during neonatal period may also act to facilitate 
carotid body sensory response to hypoxia. In another study, chronic intermittent 
hypoxia was reported to evoke long-lasting facilitation of carotid body sensory 
activity with no changes in carotid body morphology in adult rats (Peng et al., 
2003). These observations suggest that the influence of neonatal hypoxia on the 
HVR may be not uniform and that the difference in the severity of hypoxia and 
the timings of the hypoxic episode as well as the assessment of HVR may bring 
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different results on the HVR in developing animals. In addition, it should be 
considered that the influence of hypoxia and anoxia (i.e. 0% O2) on the 
respiratory control system may be different.  

In conclusion, although further examinations are needed to clarify how 
hypoxic episodes change the ventilatory control mechanisms, the earlier studies 
and our present results suggest the possibility that hypoxic ventilatory responses 
of the rat having an episode of neonatal anoxia may be facilitated three weeks 
after the episode, but those ventilatory alterations could occur exclusively at 
hypoxia without changing their carotid body structures. 
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1.   INTRODUCTION 

The peripheral arterial chemoreceptors in the carotid body (CB) are the first 
step in a closed–loop feedback control system that acts to normalize arterial 
oxygen and carbon dioxide levels by rapidly modulating ventilation. Type I cells 

2
+

1995; Montoro et al., 1996; Wyatt et al., 1995).  Reduction of K+ conductance in  
response to hypoxia is the signal that triggers Type I cell depolarization, Ca2+

entry, and secretion of neurotransmitters that bind to receptors on the first order 
sensory nerve endings of the carotid sinus nerve with cell bodies in the petrosal 
ganglion {(Gonzalez et al., 1994;Gonzalez et al., 1992). These first order sensory 
neurons (chemoafferents) project to second order neurons within the nucleus 
tractus solitarii (nTS), which send projections to the muscles of respiration.  
While the cascade of molecular and cellular events occurs in multiple CB 
preparations from multiple mammalian species, key aspects of the cascade are 
still unknown, particularly identification of the specific oxygen sensor within the 
Type I cell that initiates the cascade and the specific excitatory neurotransmitter 
systems that are involved in chemoexcitation.  Furthermore, in multiple immature

 mammalian species, including human infants, hypoxic chemosensitivity matures 
during the  first several weeks of postnatal life.  Specific mechanisms mediating 
that maturation are unknown. 

Adenosine (ADO) is an ubiquitous molecule that is released from 
metabolically active cells by facilitated diffusion or is generated extracellularly 
by degradation of released ATP (Zimmermann & Braun, 1996).  ADO levels 
increase in response to hypoxia.  ADO modifies cellular function by binding to 
specific cell-surface receptors.  All four identified ADO-Rs (A1-R, A2a-R, A2b-
R, and A3-R) are members of the superfamily of G protein-coupled receptors 
(GPCRs).  A1- and A3-Rs interact with pertussis toxin-sensitive G proteins (Gi 
and Go), inhibit adenylyl cyclase (AC), and hyperpolarize cells by G protein-
coupled K+ channels, whereas A2a- and A2b-Rs interact with G proteins and 
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in the CB are excitable and contain O - sensitive K  channels (Gonzalez et al.,
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activate AC (Fredholm et al., 2000). In response to hypoxia there is an initial 
increase in ventilation followed by gradual decline.  While the role of ADO in 
the gradual decline, known as the hypoxic “ roll-off,” is through ADO inhibiting 
central networks modulating ventilation in both adult and immature models, the 
role of ADO on the initial increase in ventilation, is through ADO exciting  
influence on peripheral arterial chemoreceptor in adult models.  Studies in 
newborn rabbits suggest that ADO may also have an inhibitory role at the level 
of the peripheral arterial chemoreceptors.  Using semi-quanitative in situ 
hybridization (ISHH) immunohistochemistry, and real time quantitative 
polymerase chain reaction, we tested the hypothesis that the ADO-R profile in 
the peripheral arterial chemoreceptors shifts from an inhibitory profile to an 
excitatory profile with postnatal maturation.

2.   METHODS 

Tissues were removed from Sprague-Dawley rats within the first 3 weeks of 
postnatal development.  All animals were briefly anesthetized with halothane 
and decapitated.  The bifurcation of the carotid artery with the carotid body and 
the nodose/petrosal ganglion (NPG) complex were quickly removed “en bloc”, 
placed in embedding media and quick frozen on dry ice. The tissue was later 
sectioned and processed for either ISHH or immunohistochemistry. Tissues 
samples used for real-time PCR were homogenates of the NPG from 6-8 animals 
at each of the ages examined.

2.1   ISHH 

(Gauda et al., 2000) and briefly summarized. Tissue blocks were cut in to 12 µM 
sections on a cryostat.  Serial sections were thaw-mounted onto gelatin-chrome, 
alum-subbed slides. Slide-mounted sections were fixed in 4% paraformaldehyde, 
acetylated in fresh 0.25% acetic anhydride in 0.1M triethanolamine, dehydrated 
in ascending series of alcohols, delipidated in chloroform, and then rehydrated in 
a descending series of alcohols. 35S-UTP-antisense ribonucleotide probes were 
used for the detection of mRNAs for A2a-Rs and A1- Rs.  The antisense 
nucleotide probes were constructed from complementary DNAs (cDNA) 100-
426 base pairs of the rat A2a-R gene  , (Fink et al., 1992) and 396-842 base pairs 
of the rat A1- R gene (Weaver, 1996).  Probes were labeled with 1.2-1.5 x 106

dpm of labeled probes were added to 100 µl of hybridization buffer (Gauda et al.,
2000) .  Hybridization was performed at 550 C overnight.  The slides were then 

0

mins x 4,  then rinsed in deionized water and air dried, dipped in Kodak 
photographic emulsion, dried and exposed in the dark at -200C for 8-12 weeks.  
After exposure, the slides were thawed at room temperature and developed with 
Dektol and counterstained with thionin and coverslips applied with Permount.    

Slides were qualitatively and semi-quantitatively analyzed for the pattern of 
expression of the silver grains in the carotid body and PNG complex and for the 
change in the mean number of cluster silver grains over ganglion cells for the 
entire NPG complex for animals at postnatal day 5, 15 and 22.  Silver grains 
generated by 35S in the emulsion were analyzed by counting algorithm of the 

washed, treated with RNAase A (20mg/ml), washed in 60 C in 0.2 X SSC, for 10 

Radioactive ISHH was performed as previously described  Gauda et al. 
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NIH image analysis program.  The darkfield image was captured and digitized at 
400 X.

2.2   Single and Double-labeled Immunofluorescence

The pattern of A1-R and A2A-R immunoreactivity  (-ir) in the CB and NPG 
was determined with immunofluorescence.  Frozen, slide-mounted, 12µm 
sections of the CB and NPG complex were thawed at room temperature then 
fixed in 4% paraformaldehyde in 0.9% normal saline for 10min, washed three 
times for 5mins with 1X TBS, pH 7, permeabilized in 100% ice cold acetone for 
10mins, and subsequently washed three times with TBS. Tissue endoperoxidases 

washed with TBS and non-specific binding was blocked by incubating the slides 
in 3% BSA containing 0.3% Triton X-100 (Sigma-Aldrich, Inc., St. Louis, MO) 
for 60mins at room temperature. Afterwards slides were incubated in primary 

0.3% 
Triton X-100 and 3% BSA.   

Slides were incubated in primary anti-rat A2a-R monoclonal antibody  (1.5 
µg/ml; Upstate, Lake Placid, NY), overnight at room temperature,  washed three 
times for 5mins with 1X TBS, then incubated with rhodamine-conjugated anti-
mouse secondary antibody (1:400; Santa Cruz Biotechnology, Inc., Santa Cruz, 
CA).  Next, the slides were washed with 1X TBS and incubated with anti- rat 
A1-R- polyclonal antibody raised in rabbit (1:400 Sigma Aldrich, Inc. St. Louis, 
MO) in 1X TBS for 2 hrs at room temperature, washed 3X and then incubated 
with Alexa Flour® 488 goat anti-rabbit secondary antibody (1ug/ml; Molecular 
Probes, Inc., Eugene, OR) for 2hrs at room temperature. Lastly, slides were 
washed with 1X TBS and coverslips applied with ProLong® antifade reagent 
(Molecular Probes, Inc., Eugene, OR) and examined with fluorescent 
microscopy.  

Fluorescent images were examined with a fluorescent microscope (Nikon 
Eclipse E-400) captured at 40 X with an attached CCD camera (Photometrics 
CoolSnap FX). The images where then stored in an image analysis program 
(IPLab version 3.5). The fluorescent cells were detected using filters for 
rhodamine (abs/em 555/580) and for FITC (abs/em 494/519). Sequential 
capturing of both fluorescent images with each filter set was done for each tissue 
section to determine co-expression of A1-R and A2a-R-ir.  Background 
fluorescence was subtracted by comparing images with primary antibody with 
sections that were processed without primary antibody.  Slides were 
qualitatively analyzed for the pattern of A1 and A2a-R –ir in the CB and NPG 
complex in animals at postnatal day 3 and 14. 

3.   RESULTS 

During postnatal development, A2a-R mRNA was abundantly expressed in 
the CB of all the animals at each postnatal age while A1-R mRNA was not 
detected in the CB of any of the animals examined (data not shown).  In 
contrast, A1-R mRNA was highly expressed in essentially all the ganglion cells 
in the NPG complex for animals at each postnatal age as seen qualitatively in 

were quenched in 2% hydrogen peroxide for 5mins. The slides were then 

dary antibodies were diluted in 1 X Tris-buffered saline (TBS) containing 
antibodies followed by secondary antibodies as outlined. All primary and secon- 
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Figure 1 for animals at 0, 3 and 14 PNDs.  As shown in Figure 2, A1-R mRNA 
(A ,C) and A2a-R mRNA (B,D) expression in the NPG complex for animals at 6 
(A,B) and 16 (C,D) PNDs shows  more extensive expression pattern for the A1-
R mRNA than that of the A2a-R at both postnatal ages.  Similar findings were 
seen for animals at PND 0, 14 and 22..  With developmnt A2a-mRNA 
expression was characterized by greater number of cluster of silver grains in the 
ganglion cells of the NPG complex while the number of clusters for A1 mRNA 
remained constant with development (Figures 3 and 4). The increase in 
expression of A2a-mRNA was confirmed by real- time PCR which showed a 
two fold increase in A2a-mRNA expression in the pooled homogenates of the 
NPG from 6 animals at PND 5 to PND 22 each.  These data suggested to us that 
the ratio of A1-R to A2a-R mRNA expression decreased with postnatal 
development, shifting the ratio to a more excitatory receptor profile for the 
binding of ADO in response to hypoxia.

Figure 1. Representative low power photomicrograph depicting A1-mRNA expression as multiple 
white dots (silver grains) throughout the NPG complex for three animals at PNDs 0, 3 and 14.  
Also note the absence of A1-mRNA expression in the CB (arrow) shown in the photomicrograph 
of a representative animal at PND 3. PND is  postnatal day and CB is carotid body. 
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Figure 2.  Low power photomicrograph depicting A1-mRNA and A2a-mRNA expression  
(multiple white dots) on serial sections of the NPG complex from 2 animals at PNDs 6 and 16.

Figure 3.  High power darkfield photomicrograph depicting the effect of  postnatal development 
on the expression pattern of A2a-R  (A-C) and A1-R mRNA (D-F) expression in ganglion cells in 
the  petrosal ganglion in 3 animals at PNDs 5, 15 and 22. Note the increased clusters of silver 
grains for A2a-R mRNA while the expression pattern for A1-R mRNA remains consistent with 
development.
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Figure 4. Bar graph showing the effect of development on the number of clusters of silver grains 
over ganglion cells per NPG complex for A1-R and A2a-R mRNAs.  N=5 for each age group.

The pattern of  A1-R and A2a-R  protein expression was also determined in 
tissue sections of the CB and NPG complex during postnatal development.   
A2a-R –ir was abundantly expressed throughout the CB at all gestational ages as 
shown for one representative animal at DOL 3. The intensity of the A2aR-ir in 
the CB was high and appeared consistent during development.  The pattern of 
A1-R- ir appeared lacey throughout the CB suggesting to us that the localization 

The intensity A1-R -ir in the carotid body was greater in animals at PND 3 than 
at PND 14 as shown in Figure 5.  A2a-R-ir and A1-R-ir was also abundantly 
expressed in the NPG complex at both ages.  Of interest, the pattern of A2a-ir 
localized to the nucleus of the ganglion cells while the A1-R –ir  localized to the 
cytoplasm of the same cells (Figure 6).  Confocal fluorescent microscopy 
confirmed the nuclear localization of the A2a-R- ir to in ganglion cells while 
nuclear localization of A2a-R- ir in type I cells in the CB was demonstrated with 
immunoelectromicroscopy (data not shown).   

Figure 5. High power photomicrographs of immunoflourescence microscopy showing the 
expression pattern for A2a-R immunoreacivity in the CB from one animal at PND 3 and A1-R 
immunoreactivity for two animals at PND 3 and PND 14.  Note the lacey and linear (arrows) 
pattern of expression for A1-R immunoreactivity.

of A1-R-ir may be in nerve fibers innervating the CB (arrows, Figure 5). 
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Figure 6. High power photomicrographs of double-labeled immunoflourescence  microscopy of 
the petrosal ganglion cell bodies showing the expression pattern in for A2a-R (red) and A1-R 
immunoreactivity (green) for two animals at PND 3 and PND 14.  Note the cytoplasmic 
expression of the A1-R-ir and the nuclear pattern of expression for A2a-R-ir.  Also note that the 
intensity of the A2a-R –ir is greater in the animal at PND 14.  

4.   DISCUSSION

Using immunohistochemical techniques we describe the pattern of gene and 
protein expression for A1 and A2a-R in peripheral arterial chemoreceptors 
during postnatal development.  We confirm and extend our previous findings 

Rs is not present in type cells in the CB but is abundantly expressed in 
essentially all cells in the NPG which contains the cell bodies for 
chemoafferents, 2)  A1-R mRNA expression in the NPG complex remains 
constant throughout development while A2a-R mRNA expression increases 
during development, 3) immunoreactivity for inhibitory A1-Rs is present in the 
CB and the pattern of expression suggest  that the A1-R –ir is within the nerve 
fibers innervating the CB, and lastly  4) A2a-R-ir is present in cell bodies of 
chemoafferents but localization within in the cells is nuclear which differs from 
the cytoplasmic localization of A1-R -ir.

Several lines of evidence suggest that ADO plays an excitatory role in 
hypoxic chemosensitivity via binding to postsynaptic A2a-Rs.  Hypoxic induced 
ventilation is increased following intracarotid injections of either exogenous 
ADO or enzymatic blockers that inhibit the degradation of endogenous ADO 
(Monteiro & Ribeiro, 1987; Monteiro & Ribeiro, 1989).  Carotid sinus nerve 
denervation or exposure to exogenous A2a-R antagonists abolished ADO-
mediated hypoxic ventilatory responses (Monteiro & Ribeiro, 1987; Monteiro & 
Ribeiro, 1989) in adult rats. In adult cats, the dose-dependent increase in 
chemoexcitation was blocked by theophylline, a nonspecific adenosine receptor 
antagonist (McQueen & Ribeiro, 1981). Experiments in a superfused adult CB 
preparation have also shown that exogenous ADO induces chemoexcitation in 
response to hypoxia (Runold et al., 1990).  We and others have shown that -ir 
and mRNA for excitatory A2a-Rs have been identified in the CB, whereas 

(Gauda et al., 2000) by demonstrating that 1) gene expression for  inhibitory A1-
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mRNA for the inhibitory A1- and A3-Rs have not been detected by ISHH 
(Gauda et al., 2000, Kobayashi et al., 2000) or by PCR (Kobayashi et al., 2000).

While the central inhibitory effects of ADO are well described for newborns, 
the role of ADO in modulating hypoxic chemosensitivity in peripheral arterial 
chemoreceptors is less well described even though non-specific ADO receptor 
blockers are one of the most common classes of drugs used for the treatment of 
apnea of prematurity in human infants.  Studies in newborn rabbits suggest that 
ADO at the level of peripheral arterial chemoreceptors is also inhibitory via an 
A1-R mechanism (Runold M et al., 1989).  By demonstrating the presence of  –ir 
and the absence of mRNA for A1-Rs in the CB and the presence of both mRNA 
and -ir for A1-Rs in the petrosal ganglion, our data corroborate the findings of 
(Runold M et al., 1989).  We speculate that ADO functions as a major inhibitory 
neuromodulator that acts through postsynaptic A1-Rs in immature animals. The 
decrease in the ratio of postsynaptic A1-Rs to A2a-Rs on chemoafferents with 
postnatal development may in part contribute to the maturation of hypoxic 
chemosensitivity that occurs with postnatal development in newborn animals 
and human infants.  
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1.   INTRODUCTION 

Perinatal adrenal medulla responds to hypoxia by increasing the release of 
catecholamine (CA) that are responsible for metabolic, cardio-circulatory and 
respiratory mechanisms crucial to the adaptation to the extrauterine life (3, 11). In 
neonatal rat, hypoxia elicits directly this secretory response since splachnic 
innervation of AM is not mature until the second week of postnatal life (10).  

Despite of the similarities in the proposed hypoxic transduction cascades in CB 
chemoreceptor cells (1) and in perinatal adrenomedullary chromaffin cells (5, 12) it 
has never been compared the final product of both transduction cascades, i.e., the 
release of CA, which in the case of the CB would act as neurotransmitters, and in 
the case of the AM they would act as hormones. This comparison would allow 
making straightforward conclusions on the thresholds and on the overall gain of 
both transduction cascades in both organs.

2.   MATERIAL AND METHODS 

Rats of 1-2 days and 3 months old were anaesthetized with sodium 
pentobarbitone (60 mg/kg i.p.). After a longitudinal incision in the abdomen, 
adrenal glands were removed and placed in a lucite chamber filled with ice cold 
Tyrode-bicarbonate solution (in mM: NaCl, 116; KCl, 5; CaCl2, 2; MgCl2, 1.1; 
NaHCO3, 23; glucose, 5; pH = 7.4) equilibrated with 95%O2-5%CO2. Adrenal 
glands were gently cleaned of adrenal cortex with fine forceps under a dissecting 
microscope (see Rigual et al., 2002). Carotid artery bifurcations were removed 
and CB cleaned of surrounding connective tissue in the same conditions (see ref 
13). After dissection, in order to facilitate the penetration of the carbon fiber 
electrode inside the tissue, CB from 3 months old rats were incubated in a dilute 
enzymatic solution (Tyrode-bicarbonate equilibrated with 95%O2-5%CO2

containing 0.1% collagenase (Worthington type I) for 5 min at 37ºC. Tissues 
were transferred to a thermostatic lucite recording chamber and superfused by 
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gravity with Tyrode-bicarbonate control solution equilibrated with 
20%O2,5%CO2 and 75%N2 (3-4ml/min, 37º C).

Both tissues, neonatal AM and adult CB were placed side to side in the 
recording chamber and were impaled with paired carbon electrodes (single 5-

m; Dagan Corporation) under microscope. Free CA concentration inside tissue 
was used as an index of the secretory response. This experimental setting allows 
the recording for both preparations simultaneously to assure identical recording 
conditions The electrodes were attached to an EI-400 potentiostat (Ensman 
Instrumentation). Recordings were undertaken with a fixed voltage (0.5 V 
amperometric mode). Currents, proportional to free tissue CA concentrations, 
were sampled at 5 Hz, digitalized and recorded by computer (Digidata 1322, 
Axoscope 9; Axon Instruments) for offline analysis (Microcal Origin). After a 
superfusion period of 30-40 min the amperometric recording was stable and 
preparations were subjected to different experimental protocols detailed in the 
Results section. Prior to and after the recording from the tissues the carbon fiber 
electrode was advanced into the bath chamber and calibrated by switching 
between normal Tyrode and Tyrode containing 10 M epinephrine.  

3.   RESULTS 

With one isolated adult CB and one isolated neonatal AM (1-2days) placed in 
the recording chamber side by side, we stimulated the preparations with severe 
(solution equilibrated with 0 %O2; PO2 15-20mm Hg in the chamber; 3min) 
and mild hypoxia (solution equilibrated with 5% O2; PO2  48mmHg; 3min) and 
to depolarizing solution (30mM KCl; 1min). Figure 1A shows a record from a 
sample experiment.  

The intensity of the secretory responses evoked by hypoxia in adult CB and in 
neonatal AM was similar, but the response to 30mM KCl was much higher in 
neonatal AM than in the CB. Figure 1B shows mean results from 4 experiments. 
The responses evoked by hypoxia are quite similar in the CB and AM: mild 
hypoxia produced a release response in CB that yielded a free CA tissue 
concentration of 2.8 ± 1.0 M, and an AM tissue concentration of 3.9 ± 1.0 M;
severe hypoxia also rose free CA tissue concentrations by comparable 
magnitudes: 11.5 ± 4.4 M in the CB and 12.5 ± 3.3 M in the AM (mean ± 
SEM; n=4). However the depolarizing solution (30mM KCl) evoked responses 
were markedly different. In the CB concentration of free tissue CAs rose to 6,6 ± 
5,1 M and in AM they rose to 399,9 ± 97,7 µM. When the CA released by 
hypoxia are calculated as percentage of that the evoked by high K+, it was found 
that for severe hypoxia (0%O2) the percentage were 372.0 ±128.0% and 3,6 ± 
0.9% for adult CB and neonatal AM, respectively. Since the measurement of the 
release is made as free tissue CA concentration, the absolute values of free CA 

by the stored concentrations of CA in each tissue (CA 
content/mg wet tissue). Therefore in Figure 1C we have represented the ratios 
of CA release/stored CA 

comparable in both tissues (20.6 ± 16.0 for adult CB and 
24.9 ± 6.1 for neonatal 

tissue concentration in both organs. For high K+ 
as stimulus the ratio is 

are greatly determined 

AM), while for mild and severe hypoxia the ratios are 
completely different: 8.9 ± 3.1 in the CB and 0.2 ± 0.1 in the AM, for 5% O2, 
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Figure 1. Release of CA in response to hypoxia from in vitro superfused adult CB and neonatal (1-
2 days) AM. A, representative example of the effects of 3 min mild (5%O2), severe (0%O2)
hypoxic and depolarizing stimuli (30mM KCl, 1min) on free-CA tissue concentration from adult 
CB and neonatal AM (1-2days old). B, upper part on the left represents averaged results of the 
free-CA tissue concentration peaks evoked by hypoxic and depolarizing stimuli applied on adult 
CB and neonatal AM as in part A; upper part on the right represents the quotient between the free- 
tissue CA peaks evoked by hypoxic stimuli and that evoked by depolarizing stimulus of [(CA 
secreted by hypoxia / CA secreted by K+) x 100]. C, shows ratios between free- tissue CA peaks 
evoked by stimuli and CA content in the organs.  Values represent means± SEM  of 4-7 data from 
4 experiments as in A.   *P < 0.05, **P < 0.01.(Student´s unpaired t test).  

and 0.8 ± 0.2 for the AM, for 0% O2. Both 
comparisons indicate that the transduction cascade coupling the hypoxic stimulus 
to exocytosis is 30-100times more efficient in the adult CB than in the 
neonatal AM, while the efficiency of the stimulus-secretion coupling for high 
external K+ stimuli is comparable in the adult CB and in the neonatal AM.

and 36.3 ± 13.8  for the CB 
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4.   CONCLUSION 

AM from 1-2 days old AM secretes CA in response to hypoxia, in increasing 
amounts as the intensity of hypoxia increases. The hypoxic threshold for the 
neonatal AM response is a PO2 of 50 mmHg or higher and in the same range to 
that described earlier for in vitro preparations of the adult rabbit CB (6, 9) and 
very similar to that found for CB in vivo (PO2=70-75 mmHg) (2). However, as 
we have already mentioned in the Results, the gain of the hypoxic transduction 
cascade to activate the exocytotic machinery is much lower in the neonatal AM, 
while the efficiency of the stimulus-secretion coupling for high external K+

depolarization is comparable in the adult CB and in the neonatal AM. This 
comparison is extremely interesting when it is considered that the magnitude of 
Ca2+currents is over ten times larger in the rat adrenomedullary cells than in the 
CB chemoreceptor cells (4 vs 7), even though the size of both cells is nearly 
identical. These facts would imply that chemoreceptor cells should express some 
mechanism, presently unknown, that facilitates the coupling of Ca2+ to 
exocytotic machinery during high K+ depolarization and much more strongly 
during hypoxic stimulation.  
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1.   INTRODUCTION 

Detecting and reacting to acute perturbation in the partial pressure of 
atmospheric oxygen (pO2), particularly hypoxia, is a fundamental adaptive 
mechanism which is conserved throughout the animal kingdom. In mammals, a 
number of cellular systems respond, often co-operatively as oxygen availability 
becomes compromised, with the express aim of maximising oxygen uptake by 
the lungs and of optimising its delivery to the metabolically most active tissues. 
Thus, during hypoxia, ventilation rate and depth are increased to maximize air 
flow across the gaseous exchange surface, local lung perfusion rates become 
rapidly matched to local alveolar ventilation and systemic arteriolar dilatation 
ensures that tissue and cerebral blood flow become swiftly optimized. Central to 
many of the oxygen-sensitive responses is hypoxic inhibition of large 
conductance, Ca2+-activated potassium (BK, maxiK or slo) channels. Thus, BK 
channels are strongly implicated as critical components of the acute O2

signalling cascade in; a) carotid body chemoreceptors (Peers, 1990; Riesco-
Fagundo et al., 2001), where low arterial pO2 is detected by BK channels and the 
resulting depolarizing signal is ultimately transduced into increased ventilation; 
b) fetal and postnatal pulmonary arteriolar myocytes, where BK channels may 
contribute to both persistent prenatal (Cornfield et al., 1996) and acute postnatal 
hypoxic pulmonary vasoconstriction (Peng et al., 1999; Cornfield et al., 1996) in 
order to match ventilation to perfusion; c) neonatal adrenomedullary chromaffin 
cells (Thompson & Nurse, 1998), where hypoxic inhibition of BK channels 
induces the huge surge in catecholamine secretion crucial for preparing the 
newborn’s lung for air-breathing by activating alveolar fluid reabsorption and 
surfactant secretion and; d) central neurones (Liu et al., 1999; Jiang & Haddad, 
1994b; Jiang & Haddad, 1994a), where hypoxic depression of BK channel 
activity may contribute to the excitotoxicity which results from increased 
neuronal excitability.  
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Although a number of mechanisms of hypoxic regulation of K+ channels in 
general, and BK channels in particular, have been proposed see (Lopez-Barneo 
et al., 2001) for recent review,  the  nature of the sensor is still unclear. Indeed, 
there are varying reports which have suggested involvement of either cytosolic 
factors e.g. (Wyatt & Peers, 1995),  direct channel modulation e.g. (Liu et al.,
1999; Riesco-Fagundo et al., 2001; Jiang & Haddad, 1994a)  and  membrane-
delimited regulation via activation/inhibition of associated BK channel protein 
partners (Lewis et al., 2002). To investigate the later, we have employed 
HEK293 cells stably co-expressing identified - and -subunits of a human BK 
channel in order to examine the O2-sensitivity of these recombinant K+ channels 
at the single channel level. Furthermore, we have employed a sequential strategy 
(termed functional proteomics) to determine; 1) potential protein partners of BK 

-subunit; 2) the role of particular protein partners in both BK regulation and 
hypoxic inhibition of BK activity and; 3) the effect of specific protein knock-
down using post transcriptional gene suppression on BK regulation by hypoxia. 
Finally, we have used these data to inform experiments aimed at determining the 
role of hemeoxygenase-2 in hypoxic inhibition of BK channels natively 
expressed in rat carotid body glomus cells (Williams et al., 2004a).

Funded by The Wellcome Trust and The British Heart Foundation 

2.   METHODS

2.1   Membrane Preparation and Immunoprecipitation 

Cell pellets were homogenised in 1 ml ice-cold homogenization buffer and 
centrifuged at 1,000g for 5 minutes. The supernatants were transferred to fresh 
tubes and further spun at 16,000g for 30 minutes at 4oC. Pellets were solubilised 
by addition of Triton X-100. Suspensions were incubated with antibodies at 4oC
for 1 hour before further incubation with Protein G beads for 4 hours. The beads 
were pelleted at 7,000g.

2.2   Electrophoresis and Protein Visualisation 

For single dimension SDS-PAGE, pelleted immunoprecipitates were taken 
up in sample buffer, heated to 100oC for 3 minutes and loaded onto SDS-
polyacrylamide gels comprising 4% stacking and 10% resolving gels For 2-D 
electrophoresis, the pelleted immunoprecipitates were resuspended in 250 l
rehydration buffer, sonicated for 20 minutes and loaded onto 11 cm, pI 4 - 7, 
IPG strips. After focussing, the IPG gel strips were equilibrated for 15 minutes 
in 15 ml reducing solution and 15 minutes in alkylating solution and then loaded 
onto 8 – 18% precast gels.  

2.3   In-gel Trypsin Digestion and Peptide Mass Mapping 

Bands of interest were excised from the gels, dehydrated in 0.5 ml 
acetonitrile for 10 minutes and dried in air. Proteins were reduced by incubation 
in 50 l 10 mM DTT, 50 mM NH4HCO3 for 1 h at 56oC. Upon cooling, the DTT 
solution was replaced by 55 mM iodoacetamide, 50 mM NH4HCO3. The gel was 
then hydrated at 4oC for 45 minutes in trypsinisation buffer (20 ng/ l trypsin, 50 
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mM NH4HCO3). Digestion was carried out overnight at 37oC. 1.5 l of the 
digest was mixed with 1.5 l MALDI matrix solution (10 mg/ml -cyano-4-
hydroxycinnamic acid in 50% v/v ethanol/50% v/v acetonitrile) and dried onto a 
MALDI target. The sample was analysed on a Micromass TofSpec 
MALDI/TOF-mass spectrometer. Monoisotopic peptide fingerprints were used 
to search databases.

2.4 siRNA Design, and Transfection into HEK293 Cells

Two short interfering (si) RNAs were designed to target nucleotides 212 - 
232 (HO-2 siRNA1) and 481 - 501 (HO-2 siRNA2) of the HO-2 coding 
sequence and the following oligonucleotide templates were designed (underlined 
bases are complimentary to the HO-2 coding sequence): 
Antisense1; 5'- AGCACACGACCGGGCAGAAACCTGTCTC -3';
Sense1;  5'- AATTTCTGCCCGGTCGTGTGCCCTGTCTC -3'.  
Antisense2; 5'- AGTACGTGGAGCGGATCCACCCTGTCTC -3'; 
Sense2;  5'- AAGTGGATCCGCTCCACGTACCCTGTCTC -3'.

For transfections, 125 pmol duplex, Cy3-labelled siRNA was diluted into 490 
l Optimem and 10 l Lipofectamine. The mixture was incubated at room 

temperature for 20 minutes before being added to the cells. Cells were cultured 
or a further 48 hours before electrophysiological analyses  

2.5 Electrophysiology – Inside-out Patches 

BK channels were recorded from inside-out patched of wild type HEK293, 
BK  HEK 293 and rat carotid body glomus cells (prepared as described 
previously (Hatton et al., 1997)). Pipette solution contained: 135 mM NaCl, 5 
mM KCl, 1.2 mM MgCl2, 2.5 mM CaCl2, 5 mM HEPES, 10 mM glucose. 
Osmolarity of the solution was adjusted to 300 mOsm.L-1with sucrose. pH was 
adjusted to 7.4 with 1M NaOH. Bath solution contained 10 mM NaCl, 117 mM 
KCl, 2 mM MgCl2, 11 mM HEPES, 0.15 mM EGTA, 0.1 mM CaCl2. The pH 
was adjusted to pH 7.2 using KOH. Free ionised Ca2+ [Ca2+]i was 336 nM. 
Normoxic solutions (pO2 ~ 150 mmHg) were bubbled with medical air and 
hypoxic (15-25 mmHg) solutions were bubbled with N2.  Patches  were  held  at 
+20 mV (-Vp).

Proteins which potentially associate with the -subunit of recombinant 
human (BK ) were immunoprecipitated with a specific BK  antibody from 
lysates of HEK293 cells stably co-expressing both human BK 1 (KCNMA1) and 
BK 1 (KCNMB1) and separated by 2-D (Figure 1A, right panel) and 1-D 
(Figure 1B, right lane) gel electrophoresis. Parallel immunoprecipitation 
experiments were performed on untransfected, wild type HEK293 cells for 
comparison purposes (Figure 1A, left panel; Figure 1B, left lane). Of the unique 
proteins that immunoprecipitated from the stable BK  cell line, peptide mass 
mapping using mass spectroscopy of trypsin digests consistently identified 
gamma glutamyl transpeptidase (GGT) and hemeoxygenase-2 (HO-2) as 

3.   RESULTS AND DISCUSSION 
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potential protein partners. Although GGT associates directly with BK , we have 
recently demonstrated that it is not involved in hypoxic inhibition of BK 
channels (Williams et al., 2004b). 

Western blot of BK  cell lysates demonstrated the expected BK  subunit 
immunoreactivity only in transfected cells, whereas there was constitutive 
expression of HO-2 in both cell lines (Figure 1C). Biochemical interaction 
between BK  subunit and HO-2 was confirmed by co-immunoprecipitation of 
BK  with an HO-2 antibody, and vice versa, only in cells stably co-expressing 
either BK  (Figure 1D) or BK  alone (Figure 1E). Specificity of this 
interaction was demonstrated by the inability of BK  to immunoprecipitate 
either endothelial nitric oxide synthase (eNOS) or the -subunit of the Na+/K+-
ATPase (Figure 1D) despite both proteins being abundantly expressed

 (Figure 1C).

Figure 1. Hemeoxygenase-2 as a BK  protein partner. (A) 2-D gel electrophoresis of proteins 
immunoprecipitated with a BK  antibody from wild type (wt) and BK  HEK293 cells. Boxed 
area indicates location of protein spots selected for MALDI/TOF analysis. (B) SDS-PAGE of 
immunoprecipitates from wt and BK  cells. Bands removed for MALDI/TOF analysis are 
indicated by the asterisk. Linear pH gradients and/or molecular weight markers (in KDa) are 
shown. (C) Western blot analyses from lysates of wt and BK  cells show HO-2, endothelial nitric 
oxide (eNOS) and -subunit of Na+/K+-ATPase (pump) are constitutively expressed. (D) Western
blot identification of BK  and HO-2 following immunoprecipitation (IP) with the antibodies 
shown to the right (top two blots). Neither eNOS nor the pump immunoprecipiated with BK
(lower two blots). (E) Western blot identification of HO-2 following IP with the BK  antibody 
using lysates from BK  cells and BK  cells (with no  subunit). Adapted from Williams et al., 
2004a.
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Figure 2. Hemeoxygenase metabolites activate BK channels. (A) Exemplar current recording from 
an inside-out patch excised from a BK  cell. Periods of application of CO-donor and its control 
(Product) are shown above the trace. (B) mean NPo plot showing effect of CO-donor. (C) Mean 
NPo plot showing additive effects of biliverdin and CO-donor. Patch potential (-Vp) = +20 mV, 
[Ca2+]i = 335 nM, in this and all subsequent figures. P values are shown above bars and are from 
ANOVA/Bonferroni post hoc test. Adapted from Williams et al., 2004a. 

Figure 3. Hemeoxygenase substrates augment BK  channel activity and hypoxic inhibition. 
Exemplar traces and mean NPo plots indicating modest hypoxic channel inhibition in untreated 
patches (A-D), increased baseline channel activity by 1nM heme/1 µM NADPH (E-H) and 
augmentation of the hypoxic inhibition in the continued presence of heme/NADPH (I-L). All 
traces from inside-out patches excised from BK  cells. Student’s t-test. Adapted from Williams 
et al., 2004a. 
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In the presence of O2 and NADPH, hemeoxygenases catalyse the breakdown of 
heme to biliverdin, iron and CO (Prabhakar, 1999). BK  channel activity was robustly 
and reversibly activated by 30 µM of the chemical CO-donor, [Ru(CO)3Cl2]2; 30 µM of 
the breakdown product of this compound, RuCl2(DMSO)4, which does not release CO 
and, therefore, acts as control, did not affect channel activity indicating that CO strongly 
activates BK channels in inside-out patches (Figure 2A). Normalised NPo was increased 
15-fold by the CO-donor (Figure 2B; n = 13) 10 µM biliverdin evoked a more modest, 
but significant 4-fold activation of BK  channel activity (Figure 2C; n = 12). In patches 
treated sequentially with biliverdin and the CO-donor, the activation was additive with 
the CO-donor causing a further increase to 28-fold above control (Figure 2C; n=5). Wild 
type HEK293 cells did not display BK currents (data not shown but see (Lewis et al.,
2002)) and no activation was observed upon addition of the CO-donor (data not shown). 

Consistent with earlier reports (Lewis et al., 2002; Williams et al., 2004b), 
acute hypoxia resulted in a modest depression in NPo of inside-out patches 
excised from BK  cells (Figure 3A-2D; n = 14). In the presence of O2, addition 
of the HO-2 co-substrates, heme (1nM) and NADPH (1µM), evoked a large 
increase in patch NPo (Figure 3E-2H; n = 15). 1nM heme alone has been 
previously shown not to modulate recombinant BK  channel activity (Tang et 
al., 2003), an observation which we have extended to BK  since NPo in the 
absence 0.252 ± 0.236 or presence 0.312 ±0.233of 1nM heme were not 
significantly different from each other (P > 0.25, n = 8, data  not shown).

 Importantly, in the continued  presence  of  the  HO-2  co-substrates, hypoxia
 evoked a dramatic decrease in channel activity of over 70% suggesting 

that the enzymatic activity of HO-2 confers a significant enhancement to the O2

sensing ability of the HO-2/BK protein complex (Figure 3I-L; n = 10). Thus, O2

sensing by human BK  channels consists of two components of which the HO-
2-dependent part is quantitatively more important. 

Selective knock-down of HO-2 protein at 48 h was achieved by transfecting 
cells with siRNA species. Successful transfection of Cy3-labelled siRNA, 
designed against either a scrambled human GAPDH coding sequence or the 
human HO-2 coding sequence was followed using fluorescence microscopy. No 
knock-down of HO-2 immunoreactivity was observed using the scrambled 
siRNA. In complete contrast, almost total loss of HO-2 immunoreactivity was 
achieved with the specific HO-2 siRNA (data not shown). Identification of 
successfully transfected cells was achieved by observing Cy3 fluorescence prior 
to seal formation. The NADPH/heme-dependent hypoxic suppression seen in 
untreated cells was maintained following 48h incubation with the scrambled, 
control siRNA (Figure 4A-D; n = 10). Following post-transcriptional gene 
suppression of HO-2 for 48 h with HO-2 siRNA, mean patch NPo was 
dramatically depressed and NADPH/heme-dependent hypoxic suppression was 
completely absent (Fig 4E-H; n = 7). However, the CO-donor was able to rescue 
this loss-of-function in all patches tested (Fig. 4I-L; n = 3).  
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Figure 4. Modulation of heme/NADPH-dependent hypoxic inhibition in BK  cells following 
protein knock-down of HO-2 by siRNA. Exemplar traces and mean NPo plots NADPH/heme-
dependent hypoxic channel inhibition in

loss of channel activity by in HO-2 treated patches (E-H) and rescue of channel activity by 
the CO-donor in HO-2 treated patches (I- L).  All traces are from inside-out patches excised from 
BK  cells identified as siRNA-positive by Cy3 fluorescence prior to patch clamp. Statistical 
comparisons made by paired Student’s t-test. Adapted from Williams et al., 2004a. 

The physiological relevance of this novel enzyme-linked O2 sensing by large 
conductance Ca2+-dependent K+ channels is illustrated in Figure 5 which shows 
the result of activating hemeoxygenase in inside-out patches excised from the 
membrane of rat carotid body glomus cells. Consistent with previous data 
obtained in native carotid body (Riesco-Fagundo et al., 2001), the large 
conductance K+ channel was only modestly inhibited by hypoxia (Fig. 5A, B, C 
and G; n = 7). Similar to the recombinant system, supplying the channel 
complex with hemeoxygenase substrates (heme and NADPH - Fig 5G) or 
addition of the CO-donor increased patch NPo (35-fold, n = 7; data not shown). 
More importantly, NADPH/heme-dependent hypoxic inhibition was greatly 
augmented suggesting that the HO-2-dependent O2 system is fully operable in 
native carotid body glomus cells (Figure 5 D - G; n = 7).

Amongst the numerous proteins which directly associate with the -subunit
of BK, HO-2 is notable in that it is concentrated in neuronal and chemosensing 
tissues, including carotid body glomus cells, where it is constitutively expressed 
(Prabhakar, 1999; Maines, 1997; Verma et al., 1993; Prabhakar et al., 1995). 
Such constitutive expression also holds true for the recombinant system in which 
we have chosen to study human BK channels, HEK 293 cells (Ahring et al.,
1997). HO-1 immunoreactivity was not detected in HEK293 cells and has 
previously been discounted in rat carotid glomus cells (Prabhakar et al., 1995). 
Importantly, immunoprecipitation of proteins from BK  cells provides direct 
evidence that HO-2 is associated with the BK -subunit. That the system is still 
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functionally intact in excised patches suggests strongly that the protein-protein 
interaction is membrane-delimited. Whether this interaction is direct or whether 
it occurs via intermediate proteins is uncertain; either way, it is clear that such a 
co-localization of BK  with HO-2 is necessary for both  

Figure 5. Augmentation of carotid body glomus cell BK channel activity by hemeoxygenase substrates.  
Exemplar traces indicating the modest hypoxic channel inhibition observed in untreated patches 
(A-C), increased baseline channel activity by 1nM heme/1 µM NADPH (C-D) and augmentation 
of the hypoxic inhibition in the continued presence of heme/NADPH (D-F). Corresponding mean 
NPo values are shown in (G). All traces are from inside-out patches excised from carotid body 
glomus cells. Patch potential (-Vp) = +20 mV, [Ca2+]i = 335 nM. Statistical comparisons made by 
paired Student’s t-test. Adapted from Williams et al., 2004a. 

basal and O2-dependent activity. That it is necessary for basal BK activity is 
demonstrated by the observation that HO-2 knock-out results in a dramatic loss 
of channel activity which is fully rescued by the HO-2 product, CO. Activation 
by CO gas has been reported in glomus cells, supporting our suggestion that 
HO-2 activity is crucial to native BK channel regulation (Riesco-Fagundo et al.,
2001). Together with the data presented herein, the presence of HO-2 in the BK 
channel complex provides a molecular explanation for the observation that HO 
inhibition results in carotid body excitation (Prabhakar et al., 1995) and that HO-
2 knock-out promotes blunted hypoxic ventilatory responses (Adachi et al.,
2004). In the proposed model (Williams et al., 2004a), O2-sensing is conferred 
upon the BK channel by co-localization with HO-2. In normoxia, tonic HO-2 
activity generates CO and biliverdin, both of which maintain the open state 
probability of the channel at a relatively high level. Our data show that the 
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presence of CO and biliverdin together evoke BK channel activation which is 
more than additive, this may represent a means by which the normoxic signal is 
amplified. However, since biliverdin is rapidly broken down to bilirubin by the 
actions of biliverdin reductase, it seems likely that the physiological messenger 
is CO. At this juncture, one can only speculate on the mechanism of CO action. 
In the absence of other second messenger systems (such as gas-activation of 
guanylate cyclase) an appealing candidate, based on earlier data in native 
vascular tissue (Wang & Wu, 1997), is conformational regulation through direct 
interaction of CO with a histidine residue, potentially in the heme-binding 
domain of BK  (Wood & Vogeli, 1997; Tang et al., 2003). Whatever the 
molecular nature of the CO effect, cellular CO levels are reduced during hypoxic 
challenge as HO-2 substrate (O2) becomes scarce, and rapidly fall below the 
critical threshold for the maintenance of BK channel activity at the tonically 
high level. In other words, HO-2 functions as a sensor of O2 by regulating BK 
channel activity primarily through the production of CO.  
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1.   INTRODUCTION 

Pulmonary arteries constricts in response to hypoxia and thereby aid 
ventilation-perfusion matching in the lung1.  Although O2-sensitive
mechanisms independent of mitochondria may also play a role, it is generally 
accepted that relatively mild hypoxia inhibits mitochondrial oxidative 
phosphorylation and that this underpins, at least in part, cell activation2-6.
Despite this consensus, the mechanism by which inhibition of mitochondrial 
oxidative phosphorylation couples to Ca2+-dependent vasoconstriction has 
remained elusive.  To date, the field has focussed on the role of the cellular 
energy status (ATP)7, reduced redox couples3 and reactive oxygen species4,5,
respectively, but investigation of these hypotheses has delivered conflicting data 
and failed to unite the field8.   

Recently, the AMPK cascade has come to prominence as a sensor of 
metabolic stress that appears to be ubiquitous throughout eukaryotes9,10. AMPK 
complexes are heterotrimers comprising a catalytic  subunit and regulatory 
and  subunits9, which monitor the cellular AMP/ATP ratio as an index of 
metabolic stress9. Binding of AMP to two sites in the  subunits triggers 
activation of the kinase via phosphorylation of the  subunit at Thr-172, an 
effect antagonized by high concentrations of ATP9,10,12.  This phosphorylation 
is catalyzed by upstream kinases (AMPK kinases) the major form of which is a 
complex between the tumour suppressor kinase, LKB1, and two accessory 
subunits, STRAD and MO2514,15. Given that inhibition of mitochondrial 
oxidative phosphorylation by hypoxia would be expected to promote a rise in 
the AMP/ATP ratio9 we considered the proposal16 that AMPK activation may 
mediate, in part, pulmonary artery constriction by hypoxia.   
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2.   MATERIALS AND METHODS 

2.1   Tissue and Cell Isolation   

All experiments were performed under the UK Animals (Scientific 
Procedures) Act 1986. Pulmonary arteries were excised from male Wistar rats 
(150-300g) after cervical dislocation and smooth muscle cells were obtained as 
described previously17.

2.2   AMPK Isoforms and Activities 

AMPK subunit protein expression was analysed using pre-cast 4-12% 
Bis-Tris gels in MOPS buffer. Proteins were transferred to nitrocellulose 
membranes using an Xcell II Blot Module and probed with antibodies against 
AMPK subunits18. Isoform-specific AMPK activities were determined by 
immunoprecipitating 100 mg of tissue lysate with antibodies raised against 1,

2, 1, 2 or 3 subunits bound to protein-G Sepharose beads, and quantified 
using the AMARA peptide and [ -32P] ATP substrates19. Adenine nucleotide 
content of arterial smooth muscle lysates was determined by capillary 
electrophoresis20.

2.3   Immunocytochemistry 

Cells were fixed using ice cold methanol (15 min), permeabilised with 0.3% 
Triton X-100 and incubated overnight at 4oC with antibodies against the AMPK 

1 subunit (1:500). Coverslips were washed with blocking solution and 
incubated (1hr, 22oC, dark) with FITC-conjugated secondary antibodies (1:200; 
excitation 490 nm, emission 518 nm). Images were acquired using a Deltavision 
microscope system (Applied Precision), on an Olympus IX70 microscope using 
a 60x, 1.40 n.a., oil immersion objective and photometric CH300 CCD camera. 
Single or multiple Z sections (0.2 m) were taken through a cell. Images were 
deconvolved and analysed off-line via Softworx (Applied Precision). 

2.4   Ca
2+

 Imaging 

Intracellular Ca2+ concentration was reported by Fura-2 fluorescence ratio 
(F340 / F380 excitation; 510 nm emission). Emitted fluorescence was recorded 
at 22°C with a sampling frequency of 0.02 Hz using a Hamamatsu 4880 CCD 
camera via a Zeiss Fluar 40x, 1.3 n.a. oil immersion lens and Leica DMIRBE 
microscope. Background subtraction was performed on-line. Analysis was via 
Openlab (Improvision, UK)17. Pharmacological agents were applied 
extracellularly by a micro-superfusion system via a flow pipe positioned close to 
the cell under investigation, as described previously17.

2.5   Tension Recording

Records were from pulmonary artery branches (i.d. 300 – 400 µm; 2-3 mm 
in length) via small vessel myographs (AM10, Cambustion Biological, 
Cambridge) as described previously17.  Experimental chambers were filled with 
PSS-B: 118 NaCl, 4 KCl, 1 MgSO4, 1.2 NaH2PO4, 24 NaHCO3, 2 CaCl2, 2 
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MgCl2, 5.6 glucose, pH 7.4, 37°C, and bubbled with 75% N2, 20% O2, 5% CO2

(normoxia:150-160 Torr;) or 93% N2, 2% O2, 5% CO2 (hypoxia:16-21 Torr) via 
a gas-mixer (Columbus, USA). 

3.   RESULTS 

3.1   AMPK Subunit Isoforms in Pulmonary Artetrial 
Smooth Muscle and AMPK Activation by Hypoxia  

Western blot analysis in combination with co-immunoprecipitation identified 
the presence of the 1, 2, 2, 1 and 3 subunits of AMPK in smooth muscle 
lysates from 2nd and 3rd order branches of the pulmonary arterial tree (Figure 
1A-B).  Anti- 2 antibodies were not sufficiently specific in Western blotting to 
confirm the presence of the 2 subunit. However, they do not cross-react with 
anti- 1 or - 2 antibodies and immunoprecipitate kinase assays revealed that 2
accounted for 40% and 1 for 60% of the total AMPK activity, with 3
accounting for an insignificant fraction (Figure 1B (i); n = 3, 32 arteries, 8 
animals).  Furthermore, anti- 1 and - 2 antibodies showed that 1 accounted 
for 80-90%, and 2 only 10-20%, of the total catalytic activity (Figure 1B (ii)).  
Thus, AMPK 1 2 1 predominates over other combinations (i.e. ,

 and ).

Figure 1.  AMPK subunit isoforms in pulmonary versus systemic arterial smooth muscle and 
AMPK activation in pulmonary arterial smooth muscle by hypoxia. A, Western blot of AMPK- 1,
- 2, - 1, - 2, - 1, and – 3 expression: 1 and 2, pulmonary arterial smooth muscle; 3, rat liver. B(i) 
AMPK activity immunoprecipitated from pulmonary arterial smooth muscle with anti- 1+ 2
(total), - 1, - 2 and – 3 antibodies and (ii) AMPK activity immunoprecipitated from pulmonary 
and systemic arterial smooth muscle with anti- 1 and – 2 antibodies. C, activation of AMPK- 1
in pulmonary arterial smooth muscle by switching from normoxia (154-160 Torr; 1hr) to hypoxia 
(16-21 Torr, 1hr).

Capillary electrophoresis analysis on pulmonary arterial smooth muscle 
lysates (32 arteries, 8 animals) showed that the AMP/ATP ratio rose from 0.040 
under normoxia (155-160 Torr, 2 hr) to 0.083 under hypoxic conditions (16-21 
Torr, 1 hr; following 1 hr normoxia). Most significantly, immunoprecipitate 
kinase assays demonstrated that the increase in the AMP/ATP ratio was 
associated with a concomitant, 2-fold increase in AMPK- 1 activity (Figure 1D; 
n = 3, 32 arteries, 8 animals).  
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Figure 2.  AMPK activation elicits cADPR-dependent SR Ca2+ release in pulmonary arterial 
smooth muscle. Ai, brightfield image of a pulmonary arterial smooth muscle cell; (ii) z-section 
showing staining by antibodies to AMPK- 1; (iii) 3D reconstruction. B, effect on Fura-2 
fluorescence ratio (F340/F380) in an isolated pulmonary arterial smooth muscle cell of AICAR (1 
mM) with and without extracellular Ca2+ (+ 1mM EGTA), and the mean increase in the Fura-2 
fluorescence ratio ± s.e.m. (n  7) in the presence and absence of Ca2+, ryanodine (10 M) + 
caffeine (10 mM) and 8-bromo-cADPR (100 M).

3.2  AMPK Activation Initiates cADPR-dependent Ca
2+

Release from the Sarcoplasmic Reticulum  

Our previous studies have established that cADPR-dependent Ca2+ release 
from smooth muscle SR stores is required for the full expression of HPV21,22.
Consistent with a role in this process, immunocytochemistry showed that 
AMPK- 1 was distributed throughout the cytoplasm in pulmonary arterial 
smooth muscle (Figure 2A). To determine whether or not AMPK activation 
mimicked the effects of hypoxia, we employed AICAR (1 mM). AICAR is 
taken up into cells, metabolised to yield the AMP mimetic ZMP (AICAR 
monophosphate) and thereby selectively activates AMPK without affecting the 
cellular AMP/ATP ratio23.  AICAR (1 mM) induced an increase in intracellular 
Ca2+ concentration in isolated pulmonary arterial smooth muscle cells (20-22 oC),
as reported by an increase in the Fura-2 fluorescence ratio (F340/F380) by 0.10 

 0.01 (n = 22; Figure 2B). This increase remained unaffected upon removal of 
extracellular Ca2+, but was virtually abolished upon: (1) block of SR stores by 
pre-incubation of cells with ryanodine (10 M) and caffeine (10 mM), (2) block 
of the Ca2+ mobilising messenger cADPR24,25 using a selective cADPR 
antagonist, 8-bromo-cADPR (100 M)22.

3.3  AMPK Activation Elicits Pulmonary Artery 
Constriction Via the Mechanisms that Underpin HPV 

To ascertain whether or not AMPK plays a functional role in HPV, we 
compared the effects of hypoxia and AMPK activation by AICAR on isolated 
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pulmonary arteries at 37 oC. Consistent with the maintained phase of 
constriction by hypoxia21,22, AICAR (1 mM) induced a slow, sustained 
constriction of pulmonary artery rings from 1.3  0.4 to 3.2  0.9 mN mm-1 (n = 
4; Figure 3A, left panel). This was reversed rapidly on washing, consistent with 
ZMP being metabolised rapidly at 37oC23.  Removal of the pulmonary artery 
endothelium reduced the constriction in response to AICAR (1 mM; n = 4; right 
panel) and hypoxia (16-21 Torr) by approximately 29% and 28%, respectively 
(Figure 3B). Furthermore, the endothelium-dependent component of constriction 
by AICAR (1 mM; n = 4) and hypoxia (16-21 Torr; n = 3), respectively, was 
abolished upon removal of extracellular Ca2+. In contrast, constriction mediated 
by mechanisms intrinsic to the smooth muscle was not, although it is notable 
that this component of constriction was attenuated in the absence of extracellular 
Ca2+.  Significantly, therefore, block of SR Ca2+ stores with caffeine (10 mM) 
and ryanodine (10 M) or blockade of cADPR with 8-bromo-cADPR (100 M)
completely abolished the constriction of pulmonary arteries, with or without 
endothelium, by both AICAR (1 mM) and hypoxia (16-21 Torr).  Thus, the 
partial dependence of smooth muscle constriction on extracellular Ca2+ must be 
due to SR store depletion-activated Ca2+ influx / store-refilling, which is not 
mediated by AMPK activation by AICAR nor hypoxia per se (Figure 3B). 

Figure 3. AMPK activation by AICAR replicates hypoxic pulmonary vasoconstriction. A, records 
show pulmonary artery constriction in response to AMPK activation by AICAR (1 mM) with (left 
panel) and without (right panel) the endothelium. F, mean constriction ± s.e.m. (n  3) of isolated 
pulmonary artery rings by AICAR (1 mM; left panel) and hypoxia (right panel) under the 
following conditions: E = endothelium, RC= ryanodine and caffeine, 8Br = 8-bromo-cADPR.

4.   DISCUSSION 

Our findings suggest that hypoxia increases the AMP/ATP ratio in 
pulmonary arterial smooth muscle and consequently activates AMPK. We 
identified a number of possible AMPK subunit isoform combinations in 
pulmonary arterial smooth muscle, although it seems likely that the 
combination predominates. Most significantly, however, we find that activation 
of AMPK by AICAR mimicked precisely the mechanism of pulmonary artery 
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constriction by hypoxia: (1) cADPR-dependent SR Ca2+ release in the smooth 
muscle (2) a secondary component of constriction driven by calcium influx into 
the pulmonary artery endothelium17,21,22.

Figure 4.  Proposed mechanism of chemotransduction by AMPK in pulmonary arterial smooth 
muscle cells.  

We propose, therefore, that AMPK may act as a primary metabolic sensor in 
O2-sensing cells, and the primary effector of HPV. This novel role for AMPK 
may therefore unite for the first time the mitochondrial and Ca2+ signalling 
hypotheses for chemotransduction by hypoxia8. This process would be 
exquisitely sensitive to metabolic stress by hypoxia because of the triple 
mechanism by which AMPK is activated: adenylate kinase converts any rise in 
the cellular ADP/ATP ratio into a rise in the AMP/ATP ratio11, whilst AMP 
binding to the  subunits of AMPK not only promotes phosphorylation by LKB1 
but also inhibits dephosphorylation by protein phosphatases and causes allosteric 
activation of the phosphorylated enzyme9,10.  The acute sensitivity of 
O2-sensing cells to relatively small changes in pO2 may, therefore, be conferred 
by: (1) The expression of specific AMPK isoforms in a given cell type, (2) The 
subcellular distribution of specific subunit combinations and (3) The reliance on 
mitochondrial oxidative phosphorylation for ATP production.  

Studies funded by The Wellcome Trust (Grant Ref. 070772), the European 
Commission (LSHM-CT-2004-005272). 
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1.   INTRODUCTION 

O2-sensing in the carotid body occurs in neuroectoderm-derived type I 
glomus cells, where hypoxia elicits a complex chemotransduction cascade 
involving membrane depolarization, Ca2+ entry and the release of excitatory 
neurotransmitters.  Efforts to understand the exquisite O2-sensitivity of these 
cells have focused primarily on the relationship between PO2 and the activity of 
K+-channels.  An important hypothesis developed by Acker and his colleagues 
suggests that coupling between local PO2 and the open-closed state of K+-
channels is mediated by reactive oxygen species (ROS) generated by a 
phagocytic-like multisubunit enzyme, NADPH oxidase (Nox)(1).  According to 
this scheme, ROS production will occur in proportion to the prevailing PO2, and 
a subset of K+-channels which control the EM, should close as ROS levels 
decrease. In O2-sensitive cells contained in lung neuroepithelial bodies (NEB), 
experiments have confirmed that ROS levels decrease in hypoxia, and that EM

and K+-channel activity are indeed controlled by ROS produced by an Nox 
isoform similar, if not identical to the enzyme expressed in phagocytic cells that 
use ROS as part of an extracellular killing mechanism activated in response to 
invading micro-organisms(8; 15).

ROS-generating phagocytic Nox is a complex enzyme comprised of two 
trans-membrane and four cytosolic subunits. The large 91 kD glycoprotein 
(gp91phox ; phox: phagocytic oxidase) and a 22 kD protein (p22phox) form a 
membrane bound cytochrome b558(2).  Immunologic stimulation initiates a 
protein kinase C (PKC)-dependent process in which cytosolic subunits, 
including p67phox, p40phox, p47phox and a small GTPase (Rac-1 or Rac-2), unite at 
the membrane to form the active enzyme.  An electron is then transferred from 
NADPH (produced in the pentose phosphate shunt [PPS] pathway of glucose  
metabolism) to O2, thus forming O2  plus NADP+.  In non-phagocytic cells, 
recent studies have demonstrated Nox activity consistent with ROS involvement 
in intracellular signaling(3; 21).  For example, vascular endothelial cells contain 
Nox in which cytochrome b558 and the cytosolic subunits are preassembled on 
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cytoskeletal elements in the perinuclear region, where they are engaged in 
constitutive production of intracellular ROS(13).   Moreover, homologs of 
gp91phox have been cloned (designated Nox1-Nox5, plus Duox 1 and Duox2) and 
sequenced from a variety of cell types, suggesting that multiple forms of the 
enzyme are adapted to function in specific signaling pathways in diverse 
tissues(12).  These alternative forms of Nox have likewise been proposed as O2-
sensors which produce ROS in proportion to local levels of PO2 (19).

Although ROS have been proposed as intracellular mediators of 
chemotransduction events in O2-sensitive type I cells in the carotid body, efforts 
to determine the precise mode(s) of involvement of Nox in low-O2 sensing have 
resulted in conflicting views(16). A fundamental tenet of this hypothesis  
suggests that H2O2 derived from O2 X by the action of SOD would facilitate 
K+-channel activity.  Indeed, application of low concentrations of H2O2 to the in
vitro rat carotid body/CSN preparation has been shown to depress 
chemoreceptor nerve activity(1), and an inhibitor of the oxidase, 
diphenyleneiodonium (DPI), alters nerve activity evoked by hypoxia(6). 
Furthermore, certain subunits common to the phagocytic and non-phagocytic 
forms of the enzyme, including p22phox, gp91phox, p47phox, and p67phox (phox: 
phagocytic oxidase), have been localized to type I cells by immunocytochemical 
staining techniques(11). 

Opposing these positive findings are multiple observations which question 
the validity of the Nox hypothesis of chemotransduction.  First, recent studies in 
the rat  have shown that the heme-binding molecule, carbon monoxide (CO), 
activates K+-channels, and blocks the inhibitory effects of hypoxia, suggesting 
that a heme-protein mediates the effects of hypoxia on channel activity(14).  
Second, although early studies demonstrated that maxiK and TASK-1 channels 
fail to respond to hypoxia following excision of membrane patches from type I 
cells(4; 23), more recent studies have obtained opposite results indicating that 
cytosolic factors (i.e., subunits of NADPH oxidase) are not required for low-O2

inhibition of the voltage-dependent K+-current(20).  Third, pharmacological 
inhibitors of Nox fail to evoke catecholamine release from carotid bodies, 
suggesting that hypoxia excites type I cells via a mechanism independent of 
Nox(16). Finally, our studies using genetically modified mice lacking the 
gp91phox subunit (Nox2) demonstrated normal inhibition of IK by hypoxia in type 
I cells, as well as normal hypoxia-evoked Ca2+-responses and CSN activity(10).  

None of the above cited studies of Nox in type I cells have addressed the 
relationship between PO2 and ROS production, nor have they investigated 
possible target molecules in the chemotransduction machinery which could be 
affected by ROS. We have embarked on a series of experiments to examine 
fundamental issues of ROS biology in the carotid body. In a recent study of 
mouse type I cells, we established that hypoxia activates Nox, thus increasing 
ROS production, a finding which is inconsistent with the fundamental notion of 
the Nox hypothesis(9).  Moreover, this response was absent in Nox deficient 
cells in which the p47phox subunit had been gene-deleted.  The role of ROS in 
chemotransduction was indicated in experiments which demonstrated increased 
hypoxia-induced depression of K+-current, and elevated hypoxia-evoked 
chemoreceptor activity in p47phox gene-deleted preparations.  These findings 
indicate that ROS facilitate K+-channel activity following cell depolarization, 
thereby modulating cell excitability.  In the present study, we have applied 
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similar techniques to rat type I cells to examine ROS production and the effect 
of Nox inhibition on K+-current.

2.   METHODS 

Dissociation and culture of carotid body type I cells. Carotid bodies were 
removed from anesthetized young adult rats (~100g), cleaned of connective 
tissue and cut into pieces, which were placed on a coverslip and incubated in 
100 l of Ham's F-12 medium (Ca2+-and Mg2+-free) containing collagenase and 
trypsin (0.2%; 30 min) in a CO2 incubator. Tissue fragments were rinsed in F-12 
medium (Ca2+- and Mg2+-free) and transferred to poly-L-lysine coated glass 
coverslips, where they were triturated with a polished Pasteur pipette in 100 l
of F-12 medium containing 10% fetal calf serum and 5 µg/ml insulin. Coverslips 
containing isolated cells were maintained in a CO2 incubator for later recording 
(2-6 hours). 

Perforated Whole-Cell Patch-Clamp Recordings. Coverslips containing 
carotid body type I cells were positioned in a 0.3 ml flow-chamber mounted on 
the stage of an inverted microscope and perfused (0.5 ml/min) at 35-36.5 °C. 
Bath solution contained in mM: NaCl, 141; KCl, 4.7; MgCl2, 1.2, CaCl2, 1.8; 
glucose, 10; HEPES, 10, (pH 7.40) and was routinely air-equilibrated (PO2 =120 
mmHg). Pipette solution (K-glutamate, 145; KCl, 15; MgCl2, 2; HEPES, 20; pH 
7.2 and 37 °C) also contained nystatin (150-200 µg/ml); pipette resistances 
varied from 2 to 10 M . Hypoxic solutions have a PO2 of 30-32 mmHg, similar 
to that in CB tissue during moderate hypoxia (5). Whole cell voltage-dependent 
K+ currents (IK) were evoked by step voltage changes from a holding potential of 
-70 mV, recorded (Axopatch 200A patch-clamp amplifier and a CV 201A 
headstage; Axon Instruments, Inc.), displayed on an oscilloscope and digitized 
with a DigiData 1200 computer interface for analysis (PCLAMP, 5.0 software; 
Axon Instruments, Inc.). The series resistance (typically 40 m ) was not 
compensated. Junction potentials (2-4 mV) were canceled at the onset of the 
experiment. Capacitance and leakage currents were subtracted. 

Measurement of ROS production. Chemoreceptor type I cells attached to 
coverslips were loaded with 5µM dihydroethidium (DHE) in the CO2 incubator 
(30 min). Coverslips were superfused in a recording chamber (Tyrode solution; 
perfusion rate, 1.0-1.2 ml/min; 32-34°C) mounted into a Zeiss/Attofluor 
workstation equipped with an excitation wavelength selector and an intensified 
charge-coupled device camera system. DHE fluorescence (excitation at 535 nm) 
was recorded at 645 nm (sampling rate 100 msec/4 sec). Data were collected and 
analyzed using Attofluor Ratiovision software. Much of the fluorescent oxidized 
form of DHE is cell trapped; fluorescence gradually increases due to basal ROS 
production, and any stimulus which elevates ROS production increases the 
signal slope (22).

3.   RESULTS 

Assessment of ROS production in a rat type I cells is shown in figure 1.  
Basal fluorescence established at PO2 ~ 120 Torr was flat or increased only 
slighty.  The introduction of hypoxic media equilibrated at PO2 ~ 24-26 Torr 
elicited slow increase in fluorescence, consistent with elevated ROS production. 
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The slope of the fluorescence signal increased substantially as hypoxia 
continued for several minutes.  Moreover, superfusion with hypoxic media 
containing the specific NADPH oxidase inhibitor, 4-(2-aminoethyl)-
benzenesulfonyl fluoride (AEBSF, 3 mM (7)), elicited a marked decrease in the 
fluorescence emission, and following washout of the drug, the signal again  
indicated increased ROS production which subsided upon re-introduction of 
normoxic media.  Subsequently, exposure to the cytochrome oxidase inhibitor, 
azide (5 µM) elicited a large increase in fluorescence, demonstrating ROS 
production from a viable cell containing metabolically active mitochondria. 

The records in figure 2A demonstrate the effect of 100 µM H2O2 on hypoxia-
induced depression of K+-current.  In accord with the notion that the open-state 
of K+-channels in type I cells is facilitated by an oxidative shift in the redox 
environment, H2O2 hampered current depression in hypoxia.  Figure 2B shows 
that the Nox inhibitor, AEBSF enhances the hypoxia-evoked current depression, 
further implicating endogenous ROS in regulation of channel function. 

4.   DISCUSSION 

The current observations from rat carotid body type I cells confirm our 
recent studies in mouse, which demonstrated increased AEBSF-sensitive ROS 

Figure 1.  Effect of hypoxia on fluorescence
in a type I cell loaded with dihydroethidum
(DHE).  The NADPH oxdiase inhibitor,
AEBSF (3 mM), attenuates hypoxia-evoked
fluorescence.  Azide (5 µM), a cytochrome
oxidase inhibitor, elicits a large increase in
fluorescence, consistent with reactive oxygen
species production in mitochondria. 

Figure 2.  (A) H2O2 (100 µM) hampers
hypoxia-evoked depression of voltage-
dependent K+-currents in rat carotid body type I
cell.  (B) Current depression in hypoxia is
enhanced in the presence of the NADPH
oxidase inhibitor, AEBSF (3 mM). 



NADPH Oxidase and Signaling by ROS 159 

production induced by hypoxia, as well as enhanced hypoxia induced depression 
of K+-current after p47phox gene-deletion or Nox inhibition(9).  These findings 
support the notion that ROS produced by Nox modulate type I cell activity by 
facilitating the open-state of voltage-dependent K+-channels. In earlier studies, 
we showed that hypoxia triggers ouabain-sensitive glucose uptake in type I cells, 
consistent with increased Na/K ATPase activity following cell 
depolarization(17). Because the primary source of the Nox cofactor, NADPH, is 
via the PPS pathway, the enzyme may be activated in hypoxia due to increased 
metabolic flux, resulting in enhanced ROS production and modulation of cell 
excitability.  Indeed, preliminary experiments in our laboratory suggest that 
hypoxia-evoked ROS production in type I cells is attenuated in the presence of 
PPS inhibitors.    In conclusion, our findings indicate that Nox homologs are 
adapted to diverse roles in the O2-sensing machinery contained in arterial versus 
airway chemoreceptors(18). 
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1.   INTRODUCTION 

All nucleated cells depend on heme for their survival, as heme senses or uses 
oxygen.  In fact, heme is a prosthetic moiety of various hemoproteins such as 
hemoglobin, myoglobin, and cytochromes. Accordingly, heme must be 
synthesized and degraded within an individual cell, because heme cannot be 
recycled among different cells, except for senescent erythrocytes, which are 
phagocytosed by macrophages in the reticuloendothelial system (for review, 
Shibahara, 2003). Heme, derived from hemoproteins, is broken down by heme 
oxygenase, which catalyzes the oxidative breakdown of heme, generating 
biliverdin, carbon monoxide (CO), and iron (Fig. 1). These heme degradation 
products are important bioactive molecules (For review, Shibahara, 2003 and 
references therein). Bilirubin functions as a chain-breaking antioxidant. CO 
represents a direct marker for heme catabolism, and binds to hemoglobin to form 
carboxyhemoglobin, which is transported to the lungs and is excreted in exhaled 
air. CO has received much attention because of its physiological functions 
similar to those of NO. Iron is transported to the entire tissues, especially bone 
marrow, and is reutilized for erythropoiesis and heme biosynthesis. 

2.   TWO ISOZYMES ARE BETTER THAN ONE  

Heme oxygenase consists of two isozymes: heme oxygenase-1 (HO-1) and heme 
oxygenase-2 (HO-2) (Shibahara et al., 1985; Maines et al., 1986). Human HO-1 
and HO-2 share 43% amino acid sequence identity (Yoshida et al., 1988; 
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Figure 1. Heme catabolism in mammalian cells. In a typical nucleated cell, heme is derived from 
turnover of hemoproteins and is cleaved by heme oxygenase (either HO-1 or HO-2) to generate 
CO, biliverdin and ferrous iron. Reduction of biliverdin to bilirubin represents the final step of the 
heme breakdown reaction. Iron is used for heme synthesis in the cell or transported via transferrin 
to other tissues, mainly the bone marrow. Bilirubin is transported to the liver, where bilirubin is 
conjugated and excreted into bile. CO is transported to the lung and exhaled. Note that hemoglobin 

McCoubrey et al., 1992; Ishikawa et al., 1995). Human HO-1 consists of 288 
amino acids and contains no cysteine residues (Yoshida et al., 1988) (Figure 2). 
In contrast, human HO-2 of 316 amino acids contains two copies of cysteine and 
proline (CP motif), a potential heme-binding site, which are not involved in 
heme breakdown reaction (McCoubrey et al., 1997). HO-2 may therefore 
possess a hitherto unknown function besides heme catabolism. In addition, there 
is a remarkable difference in the regulation of expression of the two HO 
isozymes. Expression of HO-1 is inducible (Shibahara et al., 1987) or repressible 
(Takahashi et al., 1999; Nakayama et al., 2000; Kitamuro et al., 2003) depending 
on cellular microenvironments, whereas expression levels of HO-2 are largely 
unchanged (Ewing and Maines, 1991; Shibahara et al., 1993; Takahashi et al., 
1996). Such a difference suggests separate roles of HO-1 and HO-2. These 
topics are discussed in a comprehensive review (Shibahara, 2003). 

Figure 2. Structures of human HO-1 and HO-2. The conserved catalytic domain is shown as 
stippled, and the number indicates the amino acid sequence identity to human HO-1. Human HO-2 
contains three copies of CP motif, and one of them, marked with (?), is not conserved in mouse 
and rat HO-2. In contrast, human HO-1 contains no Cys residues.

HO-2 deficient mice are fertile and survive normally for at least one year 
(Poss et al., 1995), and thus show milder phenotypes than those of HO-1 
deficient mice, which are characterized by infertility and prenatal lethality (Poss 
and Tonegawa 1997). Subsequent studies revealed that ejaculatory abnormalities

derived from senescent erythrocytes is a major source of heme in macrophages. 
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and reduced mating behavior in male HO-2 (-/-) mice (Burnett et al., 1998) and 
increased susceptibility to hyperoxic lung damage (Dennery et al., 1998). These 
results indicate that the function of HO-2 is not completely compensated by HO-
1. In fact, recent studies have identified a novel role of HO-2 for oxygen sensing
(Adachi et al., 2004; Williams et al., 2004).

3.   UNEXPECTED ABNORMALITIES IN HO-2
-/-

 MICE 

3.1   Hypoxemia 

Hypoxemia is a common manifestation of various respiratory diseases and is 
caused by one of four mechanisms: a decrease in O2 pressure in inspired gas, 
hypoventilation, shunting (vascular or intra-pulmonary), and ventilation-
perfusion mismatching. HO-2-/- mice exhibited hypoxemia, as judged by lower 
arterial oxygen tension (PaO2) and lower oxygen contents compared to those of 
the wild-type mice, but normal PaCO2 (Adachi et al., 2004). 
Carboxyhemoglobin level, which represents the amount of in vivo heme 
degradation, is also decreased in HO-2-/- mice. There are no significant 
differences in hemoglobin levels and pH between HO-2+/+ and HO-2-/- mice. In 
addition, there are no noticeable morphological changes in bronchioles, alveoli, 
and pulmonary arterioles of the mutant lung. These findings suggest that
hypoxemia may be due to ventilation-perfusion mismatch. There are at least two 
types of the chemoreceptors in the lung, which are responsible for ventilation-
perfusion matching: airway neuroepithelial bodies that are clusters of amine- and 
peptide-producing cells distributed throughout the airway mucosa (Youngson et
al., 1993; Kemp et al., 2002) and pulmonary artery smooth muscle cells
(Prabhakar, 1998). These chemoreceptors initiate vasoconstriction of the 
pulmonary arterioles by sensing hypoxia, thereby maintaining ventilation-
perfusion matching. We therefore propose that the function of  neuroepithelial
bodies and/or pulmonary artery smooth muscle cells may be partially impaired 
in HO-2-/- mice, which leads to ventilation-perfusion mismatch and eventually
causes hypoxemia.

3.2 Attenuated Hypoxic Ventilatory Responses

We analyzed the lung function of unanesthetized HO-2-/- mice by whole-
body plethysmography (Mizusawa et al., 1994), which allowed us to record the 
basal breathing patterns of freely moving HO-2-/- mice. There are no noticeable 
differences under basal conditions between HO-2+/+ and HO-2-/- mice in the 
following parameters: respiratory frequency (f), tidal volume (TV/g), and minute 
ventilation (VE/g) (Adachi et al., 2004). Thus, HO-2-/- mice maintain normal 
ventilation, thereby excluding hypoventilation as a cause of hypoxemia.

To evaluate the function of neuroepithelial bodies and/or pulmonary arteries
in unanesthetized mice, we assessed the function of the carotid body that senses
reduced arterial oxygen tension to enhance ventilation. In this context, a 
common mechanism involving K+ channels has been implicated in oxygen 
sensing at glomus cells, neuroepithelial bodies, and pulmonary artery smooth 
muscle cells (Prabhakar, 1998; Kemp, et al., 2002). Accordingly, we analyzed
the immediate ventilatory responses of freely moving HO-2-/- mice by whole-
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body plethysmography; we measured the initial phase of ventilatory responses to 
acute hypoxia (10% O2) or acute hypercapnia (10% CO2), which were detected 
within 20 sec after challenge (Adachi et al., 2004). Notably, the tidal volume 
(TV/g) and minute ventilation (VE/g) to acute hypoxia were significantly lower 
in HO-2-/-mice, indicating that acute hypoxic responses are attenuated in HO-2-/-

mice. In contrast, the hypercapnic ventilatory responses are maintained in HO-2-

/- mice from those in HO-2+/+ mice. These results suggest the normal function of 
the central chemoreceptor and respiratory controller for hypercapnic 
chemoreception in the HO-2-/- brain, but indicate the impaired function of the 
oxygen-chemosensors in the carotid body and/or in the lung.

3.3   Hypertrophied Pulmonary Venous Myocardium

There are two unexpected changes in the pulmonary veins of HO-2-/- mice:
thickening of the vascular walls of the pulmonary veins and over-expression of 
HO-1 protein in the thickened venous walls (Adachi et al., 2004). The entire 
vascular walls of the major pulmonary veins are thicker in HO-2-/- mice than 
those in the HO-2+/+ mice. The thickening of the venous walls is due to the 
hypertrophy of the pulmonary venous myocardium, which represents the 
extension of atrial myocardium into the vascular walls of the pulmonary veins
(Klavins, 1963). In addition, HO-1 protein is detected in the pulmonary venous
myocardium in HO-2+/+ mice, and is over-expressed in the hypertrophied venous
myocardium of HO-2-/-mice. The thickening of the venous myocardium may 
represent the adaptation to hypoxemia (Wagenvoort and Wagenvoort, 1976). 
Importantly, there are no detectable changes in pulmonary arteries and arterioles
in HO-2-/- mice, despite the hypoxemia, which could induce remodeling of the 
pulmonary arteries and cause pulmonary hypertension. In fact, we did not notice 
any changes in the size and weight of their hearts, suggesting that HO-2-/- mice
may maintain normal blood pressure of the pulmonary artery.

4.   EXPRESSION OF HO-2 IN HUMAN LUNG CELLS 

In contrast to the systemic arteries that exhibit hypoxic vasodilatation, the 
pulmonary arteries constrict in response to hypoxia, which is an essential
mechanism that optimizes the oxygenation of pulmonary blood at alveoli. An 
important question remains to be answered is a cellular basis for the ventilation-
perfusion mismatch in HO-2-/- mice, as we were unable to detect the expression 
of HO-2 protein in the wild-type lung by immunohistochemical analysis. To 
explore the expression of HO-2 in the lung cells, we analyzed its expression in 
primary cultures of smooth muscle cells derived from human pulmonary artery,
A549 human lung cancer cells, and H146 human small cell lung cancer cells.
HO-2 mRNA and protein are expressed in these cell types (data not shown), 
supporting the notion that HO-2 is expressed in pulmonary artery smooth muscle 
cells and neuroepithelial bodies.

5.   IMPLICATIONS

Hypoxic vasoconstriction of the pulmonary artery is essential for ventilation-
perfusion matching, which ensures efficient oxygenation of pulmonary blood 
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and maintains normal PaO2. Conversely, ventilation–perfusion mismatch is the 
most common cause of hypoxemia, and is seen in a variety of disease processes 
that affect the airways or the pulmonary parenchyma, such as chronic 
obstructive pulmonary disease, asthma, and pneumonia, which account for 
common causes of disability and death in the developed world. Recently, it has 
been shown that human HO-2 represents a part of a large conductance, calcium-
sensitive potassium channel (the BK channel); namely, HO-2 interacts with BK 

-subunit and functions as an oxygen sensor for a BK channel (Williams et al., 
2004). Hypoxia inhibits the BK channel through HO-2, thereby enhancing 
ventilation. However, this hypoxic inhibition of the BK channel might be 
impaired in HO-2-/- mice.

In summary, HO-2-/- mice exhibit hypoxemia with normal PaCO2 and intact 
alveolar architecture, hypertrophy of the myocardium localized within the 
pulmonary venous walls, and attenuated hypoxic ventilatory responses (Adachi 
et al., 2004). The presence of hypoxemia with normal PaCO2 and intact alveolar 
architecture suggests that loss of HO-2 may impair oxygen sensing at the lung 
chemoreceptors, which leads to ventilation-perfusion mismatching. Taken 
together with the fact that HO-2 functions as a component of the BK channel 
(Williams et al., 2004), we propose that HO-2 is involved in oxygen sensing and 
may be responsible for the hypoxic pulmonary vasoconstriction.  

This work was supported in part by Grants-in-Aid for Scientific Research 
(B) (to S.S.) and for Exploratory Research (to S.S.) from the Ministry of 
Education, Science, Sports, and Culture of Japan, and by the 21st Century COE 
Program Special Research Grant “the Center for Innovative Therapeutic 
Development for Common Diseases” from the Ministry of Education, Science, 
Sports and Culture of Japan.  
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Regulation of a TASK-like Potassium Channel in 
Rat Carotid Body Type I Cells by ATP 
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University Laboratory of Physiology, Parks Road, Oxford, OX1 3PT, U.K. 

1.  INTRODUCTION 

The carotid body plays a central role in initiating cardiovascular and 
respiratory responses to hypoxia. Previous work from this laboratory has 
demonstrated that hypoxia inhibits TASK-like K+ -channels in isolated neonatal 

background K+-current  leads to type-1 cell membrane depolarisation (Buckler, 
1997), voltage-gated calcium entry and thus excitation of the carotid body. The 
mechanisms by which hypoxia modulates these K+ channels is still unknown, 
however the effects of hypoxia are mimicked by a wide range of inhibitors of 
oxidative phosphorylation. Uncouplers, electron transport inhibitors (e.g. 
cyanide, rotenone & myxothiazol) and inhibitors of ATP synthase (oligomycin) 
are all potent stimulants of the carotid body (Anichkov & Belen`kii, 1963; 
Gonzalez et al., 1994) and potent inhibitors of background K+-current (Wyatt & 
Buckler, 2004).  Moreover background K+-current sensitivity to hypoxia is lost 
in the presence of metabolic inhibitors (Wyatt & Buckler, 2004) suggesting that 
ATP synthesis may be a prerequisite for the expression of oxygen sensitivity. 
Further support for the idea that background K+-channel activity may be 
dependent upon cellular ATP levels comes from the observation that following 
patch excision (from the cell attached to the inside out configuration) there is an 
abrupt rundown of background K+-channel activity which can be partially 
reversed by the addition of mM levels of ATP to the intracellular solution 
(Williams & Buckler, 2004). In this study we have further investigated the 
action of ATP on background K+-channels in order to evaluate the potential role 
for ATP in modulating channel activity and to identify general mechanisms by 
which ATP might act.  

2.  METHODS 

Carotid bodies were excised from anaesthetized (4% halothane) Sprague-
Dawley neonatal rats (11- 15 days old) and put in ice-cold saline solution. The 
rats were then killed by decapitation whilst still anaesthetized. The carotid 
bodies were enzymically dissociated as previously described (Buckler 1997). 
Isolated cells were plated onto poly-D-lysine coated coverslips and kept at 37 
°C, in Ham’s F-12 medium (supplemented with 10% heat-inactivated foetal calf 
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rat carotid body type I cells (Buckler et al., 2000). The consequent reduction in 
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serum, 100 U/ml penicillin, 100 µg/ml streptomycin and 84 U/l insulin) 
equilibrated with %5 CO2 in air until use (2-6 hrs).

Experiments were conducted using the inside-out configuration of the patch 
clamp technique. Single channels recordings were preformed using an Axopatch 
200B amplifier. Membrane currents were filtered at 2 kHz and recorded at a 
sampling frequency of 20 kHz (using a CED Power 1401). Electrodes were 
fabricated from borosilicate glass capillaries and were Silgard coated and fire-
polished before use. Electrode resistance was between 5-15 M  and seal 
resistances were 10 G . Inside out single channel recordings were performed 
at a membrane potential of -70 mV. 

Cells were bathed with standard HCO3
--buffered saline prior to, and during, 

patch formation in the cell attached configuration. Cells were then transferred to 
an intracellular (inside out) solution prior to patch excision and recording in the 
inside-out configuration. Standard HCO3

--buffered saline contained (in mM) 117 
NaCl, 4.5 KCl, 23 NaHCO3, 1.0 MgCl2, 2.5 CaCl2 and 11 glucose; and was 
bubbled with 5% CO2 and 95% air (pH 7.4- 7.45). Intracellular (inside-out) 
solution contained (in mM) 130 KCl, 5 MgCl2, 10 EGTA, 10 HEPES, 10 
glucose, pH 7.2 (adjusted with KOH, final K+ concentration = 152 mM). Pipette 
(extracellular) solutions contained (mM) 140 KCl, 4 MgCl2, 1 EGTA, 10 
HEPES, 10 tetraethylammonium (TEA)-Cl and 5 4-aminopyridine, pH 7.4 
(adjusted with KOH, final K+ concentration: 146 mM). K2ATP, K2ADP and 
AMP-PCP ( , -methylene ATP) were added directly to the saline solution 
before use. In experiments with mM K2ATP, Mg2+ was increased in order to 
maintain a free Mg2+ level of approx 3-4 mM. Experiments were conducted at 28 
to 32 ˚C.

Single channel recordings were analysed with Spike software (4.0, 
Cambridge Electronic Design). Open events were defined using the 50% 
threshold criteria with events of 150%, 250%, etc. of threshold counted as 
multiple channel openings. Channel activity is reported as the open probability 
times the number of channels in a given patch (NPo). Mean values are expressed 
as MEAN ± SEM.

Sigmaplot 8.0 (Chicago, IL) was used to calculate nonlinear regression of 
plotted data. Statistical significance of the dose dependent activation of the 
channel by ATP was assessed using one-way analysis of variance followed by 
post-hoc test (Bonferroni). When comparing the effects of ATP and AMP-PCP 
the two-tail paired Student’s t-test was used. 

3.  RESULTS 

3.1   Background K
+
 Channel Activity in Inside-out Patches 

of Carotid Body Type I Cells 

As previously reported, single channel activity ran down rapidly upon patch 
excision (the transition from the cell-attached to the inside-out configuration). 
After completion of rundown (~40 sec), the most commonly observed form of 
channel activity consisted of brief flickery openings with a main single current 
amplitude of ~1.3 pA (Figure 1, see also Williams & Buckler 2004). On 
occasion we have also observed other forms of channel activity but, due to their 
low frequency of occurrence, these other types of channels have not been studied 
further.
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3.2   Effect of ATP on Background K
+
 Channel Activity 

After completion of channel rundown addition of ATP to the cytosolic side 
of membrane patches produce a rapid and reversible increase in channel activity 
in the majority of patches tested.  Figure 2 shows a recording in which there is a 
very rapid increase in channel activity upon switching from a control inside out 
solution to one containing 10 mM ATP. We investigated the effects of ATP over 
a wide range of different concentrations ranging from 0.1 to 20 mM. Stimulation 
of channel activity was detectable at concentrations of ATP as low as 0.5 mM 
ATP (basal NPo= 0.02 ± 0.01, 0.5 mM ATP= 0.03 ± 0.01, p <0.05) and 
increased in a dose dependent manner to reach a maximum at around 10 mM 
ATP, where a ~6 fold increase in channel activity was observed (NPo= 0.17 ± 
0.01, P< 0.02). Figure 3 summarises this dose dependent activation of channel 
activity by ATP.

3.3   Effects of AMP-PCP and ADP on Background K
+

In order to investigate the mechanisms by which ATP regulates channel 
activity we have studied the effects of the non-hydrolysable ATP analogue 
AMP-PCP. In all seven patches studied, 10 mM AMP-PCP increased 
background K+ channel activity to a level comparable (~5 fold P < 0.05) to that 
obtained with 10 mM ATP (a comparison of the effects of 10 mM AMP-PCP 
with those of 10 mM ATP showed no statistically significant difference).  Figure 
4 shows recording from the same patch in the presence of 10 mM ATP (Fig 4a) 
and 10 mM AMP-PCP (Fig 4b). 
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Channel Activity

Figure 1. A, representative trace of an excised patch showing single channel activity at -70 mV 



170 R. Varas and K.J. Buckler

Figure 2. A, a single channel recording at -70 mV membrane potential showing that when ATP is 
applied to the cytosolic side of the membrane patch there is a rapid increase in channel activity. B,
data from the same patch depicted in A showing increase in channel activity due to ATP at higher 
temporal resolution. C, closed; 1 open level 1; 2, open level 2. 

Figure 3. Dose dependent activation of background potassium channel by ATP. Plot of the 
normalised channel activity (NPo/NPobasal) as a function of the ATP concentration in the bathing 
solution. Bars indicate standard error of the mean. 
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Figure 4. Channel activity recorded at -70 mV membrane potential showing increase in channel 
activity in the presence of a) a maximally effective concentration of ATP (10 mM) and b) an equal 
concentration of the non-hydrolysable ATP analogue AMP-PCP.

4.   CONCLUSION 

This report shows that background K+ channels are very sensitive to changes 
in ATP levels within the physiological range (i.e. mid to low mM). In addition, 
the non-hydrolysable ATP analogue AMP-PCP also increases channel activity to 
a level comparable to the maximal stimulation seen with ATP, suggesting that 
ATP sensitivity is likely to be mediated through nucleotide binding rather than 
through protein phosphorylation. Thus direct ATP sensing by the channel, or 
associated regulatory protein, could account for the potent stimulatory effects of 
metabolic poisons on chemoreceptor activity. These data are also consistent with 
the metabolic theory of oxygen sensing wherein oxygen is indirectly sensed 
through changes in mitochondrial ATP synthesis.  
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1.   INTRODUCTION 

Exogenously administered dopamine (DA) is liable to penetrate into the carotid 
body, which, as opposed to the brain, has no endothelial barrier. DA is stored in 
the secretory vesicles of chemoreceptor cells. The vesicles are reminiscent of 
micelle-like entities and the hydrophilic properties of DA molecules make it 
dubious that DA could be packed and stay sustained in such an environment. 
The possible problems with the intravesicular arrangement of DA molecules 
may be one reason for thecomplex, often erratic, and as yet not full well 
understood DA action in the chemosensing process. DA displays a spate of 
varying effects, from stimulation to inhibition, on carotid chemosensory 
discharge and ventilation, depending on the species, the dose, and the 
presynaptic or postsynaptic dopamine D2 receptor it interacts with (see for 
review Gonzales et al., 1994).  

The present study was focused on extending the understanding of how the 
physicochemical properties of DA molecules could influence DA absorption by 
the carotid body. We investigated the hypothesis of whether administration of a 
substance in which the DA molecule is attached to a fatty acid chain motif could 
enhance carotid body uptake of DA. We chose N-oleoyl-dopamine (N-OL-DA)
for the study, a product of bonding of the oleic acid chain to DA at its amino 
terminal, belonging to a class of novel biologically active lipid compounds, 
known under the summary name of dopamides (Pokorski and Matysiak, 1998). 
Recently, N-OL-DA has been identified as an endogenous participant of 
mammalian brain biochemistry with potent affinity to the central vanilloid VR1 
receptor (Chu et al., 2003). N-OL-DA also is an active regulator of intracellular 
Ca2+ (Chu et, 2003) and injected intracarotidly causes a transient inhibition of 
respiratory drive in the cat (unpublished observation), which recalls the 
respiratory effects of exogenous DA (Ide et al., 1995). This study seeks to  
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determine the uptake of a radiolabeled N-OL-DA by the carotid body and to 
compare it with that of DA alone. To this end, we started off by synthesizing N-
OL-DA de novo and tagging it with a radioactive tritium. 

2.   MATERIALS AND METHODS 

The animals from which the carotid body data outlined below were derived 
also were used for another study in which the uptake of radiolabeled N-oleoyl-
dopamine by the brain was assessed. The results of that study were published 
elsewhere (Pokorski et al., 2003). The carotid body ramification of the 
experiment, perceived as a single unrelated object and a disconnected technical 
and research issue, was analyzed separately and presented herein. The study 
protocol was approved by a local Ethics Committee. 

2.1   Synthesis of Unlabeled and Tritium Labeled N-Oleoyl-

Dopamine

Details of the process of N-OL-DA synthesis can be found elsewhere 
(Czarnocki et al., 1998). For the unlabeled synthesis, briefly, N-OL-DA was 
prepared from dopamine hydrochloride and an equimolar amount of oleic acid 
mixed in the presence of benzotriazol-l-yloxy-tris (dimethylamino)-
phosphonium hexafluorophosphate reagent in dry tetrahydrofuran. The 
purification of the product was performed with column chromatography. N-OL-
DA purity was checked with thin-layer-chromatography. The radiolabeled 
synthesis was a two-step process (Pokorski et al., 2003). First, the isotope 
exchange procedure was optimized using deuterium oxide (D2O). N-OL-DA was 
treated with D2O in the presence of sodium hydroxide under argon atmosphere 
at 90oC for 8 h, and the product purified with column chromatography. The 
1HNMR spectrum taken on a sample of the product showed that deuterium 
combined only with the C2', C5', and C6' carbon atoms. The second step 
consisted of tritiation. Tritium labeling of N-OL-DA was accomplished by 
isotope exchange between the dopamide and tritiated water. The exchange was 
done in alkaline medium, elevated temperature, and the atmosphere free of 
oxygen. After a series of sequential steps to accomplish the isotope exchange, 
tritium was removed from the labile positions of the labeled product by use of 
the reverse isotope exchange technique. Then, the labeled product underwent a 
series of lyophilization procedures until its specific activity settled at a constant 
level. The finishing step was the product extraction with diethyl ether and 
evaporation to dryness. The end result was 1 mg of the labeled N-OL-DA of a 
total radioactivity of 7 µCi. 

2.2   Animal Preparation and Experimental Paradigm 

The data were collected from 17 anesthetized (chloral hydrate; 300 mg/kg 
intraperitoneally), tracheostomized, and spontaneously breathing female Wistar 
rats that received injections of  [3H]N-OL-DA, 1.33 µCi/ml, and [3H]DA (NEN  
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Perkin Elmer, Life Science Products, Boston, MA), 10 µCi/ml. There were 7 
injections of [3H]N-OL-DA and 6 of [3H]DA into the right common carotid 
artery just downstream the carotid body, after ligation of both common carotid 
and external carotid arteries, and 2 each injections into the right femoral artery. 
[3H]N-OL-DA was dissolved in 0.3 ml DMSO and [3H]DA in 1 ml physiological 
saline. Each animal was used for one injection once. The animals were sacrificed 
15 min after the injections by inducing cardioplegia with a saturated KCl 
solution and 1 cm long regions of the carotid bifurcation containing the carotid 
body from the side of injection, the contralateral side, and a distal to the carotid 
body segment of the contralateral common carotid artery wall were excised. The 
3H radioactivity was measured in a Beckman LS5000TA liquid scintillation 
counter (Beckman Instruments, Fullerton, CA) after an overnight digestion by a 
tissue solubilizer (Soluene 350, Packard, Canberra Co., Meriden, CT). Standards 
consisted of 1:10 and 1:100 dilutions of the injected dose of radioactivity. 
Radioactivity was measured in disintegrations per minute (dpm).  

Results are expressed as mean ±SE values of the percentage of the entire 
dose of radioactivity injected per gram of tissue. Differences in the level of 
radioactivity resulting from injections of either labeled compound across the 
three carotid artery fragments studied were analyzed with one-way ANOVA 
followed the Scheffe post hoc test. Other statistical comparisons were made with 
a two-tailed paired or unpaired t-test as required. 

3.   RESULTS 

The ability of carotid bodies to accumulate both labeled derivatives of DA 
after intracarotid injections is demonstrated in Fig. 1. The carotid body at the 
side of injection accumulated, on average, over 30% of the entire radioactivity 
tagged to [3H]N-OL-DA. This accumulation was about 3-fold greater than that 
for the ipsilateral [3H]DA. At the contralateral side, carotid body uptake of 
[3H]N-OL-DA and [3H]DA was about 4.5-fold and 2-fold smaller, respectively. 
The contralateral carotid body uptake of the labeled compounds was similar to 
the background uptake by a segment of the common carotid artery wall distant to 
the carotid body location (data shown in Table 1). 

After intravenous injections, the uptake of both labeled compounds was but a 
fraction of the afore mentioned for the intracarotid route and the distribution of 
radioactivity for either compound was about even in the samples studied, 
irrespective of the injection side (Table 1). The uptake of the intravenous [3H]N-
OL-DA remained, however, 4-5 times greater than for [3H]DA. It should be 
pointed out that the calculated differences between the uptake of [3H]N-OL-DA
and [3H]DA, given both intravenously and intracarotidly, did not take into 
consideration that the load of radioactivity carried by the intravenous [3H]DA
was several-fold greater. Although the intravenous injection is liable to dilute the 
compound, the  ability of  the carotid body to accumulate [3H] N-OL-DA could
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Figure 1. Accumulation of the labeled N-oleoyl-dopamine (dopamide) and dopamine in the carotid 
bodies (CB), ipsilateral and contralateral to intracarotid injection side. *Significant difference 
between the level of [3H]dopamide and [3H]dopamine at the side of injection at P<0.006; 
†Significant differences in the level of corresponding compounds between the ipsilateral and 
contralateral sides at P<0.007 for [3H]dopamide and P<0.02 for [3H]dopamine.

Data are means ±SE of a percent of the entire radioactivity injected, expressed per gram of tissue. 
No SE values are provided for the intravenous route, as there were only two injections of each 
compound in this group. *Significantly different from the other two at P<0.01, one-way ANOVA. 

 have been much more than it was measured had  the radioactive load 
been equal. The  mean  values of the measured level of radioactivity in  the three 
carotid artery fragments for both intracarotid and intravenous injections of 
[3H]N-OL-DA and [3H]DA are presented in Table 1. 

4.   DISCUSSION 

Here we report that the carotid body absorbs, to a significant extent, N-OL-
DA loaded into the incoming blood. Moreover, this absorption is several times 
greater than that for DA. N-OL-DA is thus the preferred form of DA transport 
into the organ.

Table 1. Radioactivity level in the extracts of carotid artery fragments studied after 
intracarotid and intravenous injections of  labeled N-oleoyl-dopamine ([3H]N-OL-DA) and 
dopamine ([3H]DA).

 Carotid body;  
contralateral 

Carotid body; 
side of injection 

Contralateral carotid 
artery segment; 
distal to carotid body 

INTRACAROTID   
[3H]N-OL-DA 7.03 ±1.14 31.22 ±5.01* 6.60 ±1.13 
[3H]DA 6.47 ±1.41 11.26 ±1.24* 5.42 ±0.73 
INTRAVENOUS   
[3H]N-OL-DA 7.59 6.73 5.29
[3H]DA 1.48 1.77 1.15
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DA has a wide range of physiological functions. One of such function is its 
role as a major putative neurotransmitter in the sensory organ of the carotid body 
that generates hypoxic hyperventilation. The importance of DA in carotid body 
function swings back and forth over the years. The results vary diametrically; 
from ascribing parallelism between the rate of DA synthesis and release and the 
level of carotid body neural discharge (Gonzalez et al, 1992) to disavowing the 
determinative role of DA in chemosensing by showing that its release from the 
organ lags behind the hypoxic stimulation of chemoreceptor discharge and that 
the pool of DA is exhausted during the repetitive hypoxic stimulation, as 
opposed to the sustained ability of the chemoreceptor discharge to rise (Donnelly, 
1995).

The contentious results of DA studies may, in part, stem from the properties 
of DA molecules. The hydrophilicity of DA makes it inaccessible to the 
membrane signaling target sites and may erratically hamper the stability of its 
enclosure in secretory vesicles, which all may be the source of a blur on DA 
effects. Such problems are circumvented by N-OL-DA, in which DA is 
functionalized with a long chain polyunsaturated fatty acid. N-OL-DA has 
recently been recognized as an endovanilloid with a high affinity to the brain 
VR1 receptor and a participant of essential for the cell functioning processes, 
such as Ca2+ trafficking (Chu et al., 2003). Carotid body predilection to 
accumulate N-OL-DA demonstrated in the present study gives rise to the 
following assumptions. The DA moiety of the compound, carried along, could 
interact with the D2 receptors present on the chemoreceptor cell membrane 
(Gonzalez et al., 1994). This interaction could help unleash the signaling cascade, 
e.g., phosphoinosities that seem operative in shaping cellular responses in the 
carotid body (Pokorski et al., 2000), which might help streamline the hypoxia-
sensing process. In this regard, it is of interest to note that another flag dopamide, 
N-arachidonoyl-dopamine, shows little interaction with the D2 receptor 
(Bisogno et al., 2000). That, however, hardly precludes the potential interaction 
of N-OL-DA with DA receptors, by far an unstudied aspect of N-OL-DA 
metabolism, since dopamides do not act biologically in like manner. Another 
possibility might be that N-OL-DA exercises its high affinity to the VR1 
receptor after being taken up by the tissue. That, in turn, would incriminate the 
VR1 receptor in carotid body function, but the presence of this receptor beyond 
the brain has not yet been substantiated. 

The present study does not resolve the enigma of the exact determinants of 
DA role in the carotid body. We believe, however, we have shown that making 
DA lipophilic offers an attractive alternative to circumvent the drawbacks linked 
to DA inability to penetrate and stabilize in the signaling target areas of carotid 
body cells. The demand for DA in such areas is apparently substantial, as 
evidenced by a markedly higher uptake of exogenous [3H]N-OL-DA compared 
with [3H]DA. N-OL-DA seems the right compound to take part in the elaborate 
signaling process at the carotid body. The possibility arises that dopamides may 
integrate the use of lipid signals in DA-mediated signal transduction. We 
conclude that the recent progress in unraveling the biological role of dopamides 
opens up new leads of researching the DA role in chemosensing.  
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1.   INTRODUCTION 

Excitatory effects on carotid body (CB) chemotransduction have been 
described for both adenosine and ATP. Adenosine when applied exogenously 
increases carotid sinus nerve (CSN) discharges in the cat, in vivo (McQueen and 
Ribeiro, 1983) and in vitro (Runold et al., 1990). Administration of adenosine 
and drugs that increase its endogenous levels stimulate ventilation in rats, an 
effect abolished by the section of CSN and mediated by A2 receptors (Monteiro 
and Ribeiro, 1987, 1989; Ribeiro and Monteiro, 1991). In humans, the 
intravenous infusion of adenosine causes hyperventilation and dyspnoea, an 
effect attributed to the activation of CB (Watt and Routledge, 1985, Watt et al., 
1987; Maxwell et al., 1986; 1987, Uematsu et al., 2000). The excitatory effect of 
ATP at the CB described by Zhang et al. (2000) in co-cultures of type I cells 
with petrosal neurons was further supported by the finding that mice deficient in 
P2X2 showed a markedly attenuated ventilatory response to hypoxia (Rong et 
al., 2003) and by the detection of hypoxia- evoked ATP release from 
chemoreceptor cells of the rat carotid body (Buttigieg and Nurse, 2004).

Two metabolic sources of extracellular adenosine, catabolism of ATP by 
ecto-5’-nucleotidase and adenosine transport by equilibrative nucleoside 
transporters were demonstrated for the rat CB (Conde and Monteiro, 2004). The 
hypothesis that both adenosine and ATP contribute to chemosensory activity and 
that the balance between their extracellular concentrations is dependent on the 
intensity of the hypoxic stimuli was tested in the present work. We also 
investigated the role of external calcium mobilization in the release of both 
mediators at the CB. 

2.   METHODS 

The present work was carried out in Wistar rats (250-350g), anaesthetized 
with sodium pentobarbital (60 mg/kg ip., Sigma). The rats were tracheostomized 
and breathed spontaneously during surgical procedure. Carotid bodies, superior 
cervical ganglion (SCG) and common carotid arterial tissue were removed in
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situ, under a Nikon SMZ-2B dissection scope and placed in 500 l of ice-cold 
95% O2+ 5% CO2 equilibrated medium containing different drugs in accordance 
with the protocol used. The incubation medium composition was (mM): NaCl 
116; NaHCO3 24; KCl 5; CaCl2 2; MgCl2 1.1; HEPES 10; glucose 5.5; pH 7.42. 
After removal of the tissues, the animals were sacrificed by an intracardiac 
injection of a lethal dose of pentobarbital in agreement with the directives of the 
European Union (Portuguese law nº 1005/92 and 1131/97). After 30 min of pre-
incubation in hyperoxia (95% O2 + 5% CO2) at 37ºC, the CBs, SCG and arterial 
tissue were incubated during 10 min in normoxia (20% O2 + 5% CO2), hypoxia 
(2%, 5% and 10%O2 + 5%CO2) or hyperoxia (95% O2 + 5% CO2) in a medium 
containing erythro-9-(2-hydroxy-3-nonyl)adenine (EHNA, 2.5 M, Sigma), 
inhibitor of adenosine deamination. The effect of extracellular Ca2+ on the 
release of ATP and adenosine from CBs was assessed in normoxia and 10% O2

in incubation medium with   0 Ca2+ and with 10 mM of EDTA. In some 
experiments the inhibitor of 5’-ectonucleotidase, , -methylene-ADP (AOPCP, 
100 M, Sigma) was also added to the incubation medium. After the incubation 
period, nucleotides were extracted from the incubation medium and aliquots of 
the neutralized supernatants were kept at –20ºC until subsequent analysis. 
Adenosine was quantified by reverse-phase HPLC with UV detection at 254nm 
(Conde and Monteiro, 2004). For ATP quantification 100 L of the samples 
were added to 100 L of luciferine-luciferase (FLE50, Sigma) and to 4 mL of 
buffer (in mM: HEPES 20; MgCl2 25; Na2HPO4 5). The reaction starts when the 
enzyme is added to the mixture and the samples were analyzed in triplicate, for 1 
minute, by bioluminescence using a luminescence counter (Beckham). Data 
were evaluated using Graph Pad Prism (Graph Pad Software Inc., San Diego, 
CA, USA) software and were presented as mean ± SEM values. The significance 
of the differences between the groups’ means was calculated by One-Way or 
Two-Way ANOVA with Dunnett’s and Bonferroni multiple comparison post 
tests, respectively. Values of P<0.05 were considered as representing significant 
differences.

3. RESULTS

Adenosine and ATP extracellular concentrations obtained in basal conditions 
(20% O2) were respectively 67.23 ± 5.36 pmol/CB (n=5) and 6.05 ± 0.70 
pmol/CB (n=8).  The effect of different O2 concentrations on the release of 
adenosine and ATP from CBs is shown in Fig. 1. Hyperoxia did not modify the 
basal release of adenosine and ATP. Both moderate (10% O2) and intense 
hypoxia (2% O2) increased adenosine extracellular concentrations with the 
maximal effect (60.8 ± 17.7 %) being achieved with moderate hypoxia (Fig. 1). 
The effect of hypoxia on ATP extracellular concentrations was more pronounced 
and maximal concentrations of 16.09 ± 2.64 pmol/CB (n=6) were obtained 
during intense hypoxic conditions. 
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The effect of different O2 concentrations (2, 5, 10, 20 and 95%) on the release 
of ATP from SCG and arterial tissue is shown in Fig. 2.  ATP extracellular 
concentrations obtained during normoxic conditions in SCG and arterial tissue 
were respectively 16.23 ± 3.61 pmol/mg (n=6) and 24.68 ± 7.42 pmol/mg. No 
changes in ATP concentrations in response to O2 were found in arterial tissue 
(Fig. 2). In contrast, increases in ATP concentrations of about 154% and 298% 
were observed in SCG during intense (respectively 5 and 2% O2) hypoxic 
conditions. Moderate hypoxia did not cause significant increases in ATP 
concentrations in SCG. 
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(10% O2) are summarized in Table 1. Removal of extracellular calcium did not 
modify the basal release of either adenosine or ATP in normoxic conditions but 
completely abolished the release of those transmitters evoked by moderate 
hypoxia (Table 1). The reduction in the release of adenosine and ATP in 
moderate hypoxia caused by the absence of extracellular calcium was of the 
same magnitude (  50%) for both transmitters. 

Table 1. – Influence of external calcium mobilization on adenosine and ATP release from rat 
carotid body.

Adenosine

(pmol/CB)
ATP

(pmol/CB)
20% O2 10% O2 20% O2 10% O2

Control 67.56 ± 6.32 
(6)

107.1 ± 11.55++

(6)
6.05 ± 0.70 

(6)
13.21 ± 1.97++

(6)
0Ca2+ + 
EDTA  

70.73 ±7.30 
(4)

53.14 ± 6.43 *** 
(5)

6.65 ± 1.02 
(11)

6.59 ± 0.63*** 
(13) 

Values represent mean ± SEM (n). ++ P<0.01, compared with 20% O2 in control conditions; *** 
P<0.001 compared with 10% O2 in control conditions (Two-Way ANOVA with Bonferroni 
multiple comparison test)

In order to investigate whether the amount of adenosine released in hypoxia 
by the CB through an extracellular Ca2+-dependent mechanism came from 
primary ATP release and its further catabolism, experiments were performed in 
the presence of the inhibitor of 5’-ectonucleotidases, AOPCP.  In the absence of 
extracellular calcium, AOPCP reduced adenosine concentrations from 70.73 ± 
7.3 pmol/CB to 45.90 ± 5.11 pmol/CB (n=6) in normoxia (*P<0.05). In contrast, 
no statistically significant differences were found between adenosine 
concentrations measured in the absence of extracellular calcium in moderate 
hypoxia, before (53.14 ± 6.43 pmol/CB) and after (42.76 ± 4.37 pmol/CB, n=8) 
the addition of AOPCP to the medium. 

4.   DISCUSSION 

In response to hypoxia, the CB releases both adenosine and ATP and 
moderate hypoxia (10% O2) was a strong enough stimulus to trigger the release 
of both transmitters increasing the ATP/adenosine ratio with the intensity of the 
hypoxic conditions. 

The magnitude of the effect of moderate hypoxia on adenosine extracellular 
concentrations at the CB is in agreement with that previously described (Conde 
and Monteiro, 2004) in the rat but the effect of more intense hypoxic 
stimulations have never been reported. The release of ATP from the CB was first 
shown by Buttigieg and Nurse (2004) in the rat in vitro in response to intense 
hypoxic stimulations (15 - 20 mmHg  2% O2). In the present work extracellular 
concentrations of adenosine and ATP were measured in the same CB and in 
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response to different O2 concentrations in order to understand the relative 
contribution of both transmitters to chemosensory activity.  

Maximal effect on adenosine extracellular concentrations was achieved with 
moderate hypoxia suggesting that the contribution of adenosine receptor 
activation at the CB is probably particularly relevant in these circumstances.  
Extracellular concentrations of adenosine depend on extracellular catabolism of 
ATP but are also regulated by bi-directional equilibrative nucleoside 
transporters. An enhanced uptake activity of these transporters induced by 
extracellular accumulation of adenosine can explain how adenosine 
concentrations are higher in moderate hypoxia than in strong acute conditions.  
In turn, the profile of ATP release showing a direct linear correlation with the 
intensity of the hypoxic stimulus is in agreement with the CSN discharge pattern 
in response to oxygen concentrations obtained in vivo in mice deficient in 
P2X2/P2X3 receptors (Rong et al., 2003). Further comparisons based on the 
absolute values of adenosine/ATP extracellular concentrations are not possible 
because all the experiments were performed in the presence of an inhibitor of 
adenosine deamination. ATP extracellular concentrations quantified in the CB 
were similar to those found by Cunha et al., (2001) in rat hippocampus slices but 
are about 10 times lower than those described in CB homogenates in cats (Acker 
and Starlinger, 1984; Obeso et al., 1986) and in rabbits (Verna et al., 1990).  

Since the present experiments were performed in whole CB preparations the 
cell origin of ATP and adenosine cannot be advanced and the release of ATP 
from SCG terminals in response to hypoxia can of course contribute to the 
values quantified in the CB. However, 10% O2 does not seem to be a strong 
enough stimulus to induce the release of adenosine (Conde and Monteiro, 2004) 
and ATP (present) in SCG and arterial tissue.  

The results of the present work confirmed that in normoxia, approximately 
35% of the adenosine released from the CB comes from ATP extracellular 
catabolism (Conde and Monteiro, 2004) but also provided evidence that the 
amount of ATP further catalyzed in adenosine by 5’-ectonucleotidases in 
normoxia originates from an extracellular Ca2+-independent mechanism. 

The increase in the release of both adenosine and ATP triggered by moderate 
hypoxia was completely prevented by removal of extracellular calcium. From 
this finding we first advanced with the hypothesis that in moderate hypoxia ATP 
is released from vesicles and extracellular adenosine comes from its catabolism. 
Further inhibition of 5’-ectonucleotidases did not reduce adenosine 
concentrations quantified in the absence of extracellular calcium supporting the 
hypothesis that actually all adenosine originating in moderate hypoxia from ATP 
is dependent on vesicular release of the nucleotide. 

Independently of the cellular and molecular origin of extracellular adenosine 
in the CB, the nucleoside accumulation in response to hypoxia supports its 
excitatory effects on ventilation and together with the activation of ATP-P2X 
receptors can contribute to CSN responses to hypoxia. 
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Hypoxic modulation of K+ channels is now firmly established in a variety of 
tissue types (Lopez-Barneo et al., 1988; Weir and Archer, 1998; Franco-
Obregon et al., 1995; Youngson et al., 1993; Hool, 2001; Jiang and Haddad, 
1994; Rychkov et al., 1998), and hypoxic modulation of specific channel types 
can also be reproduced in recombinant expression systems (Fearon et al., 2000; 
Lewis et al., 2001; Lewis et al., 2002; Williams et al., 2004), providing an 
opportunity to probe the molecular mechanism(s) of O2 sensing by ion channels 
(see e.g. Kemp et al., this volume).  In addition, the consequences for cell 
function of hypoxic ion channel modulation are fairly well established. In most 
cases, an appropriate response to hypoxia (such as systemic vasodilation, 
pulmonary vasoconstriction or carotid body glomus cell transmitter release – see 
(Lopez-Barneo et al., 2001) for review) involves modulation of [Ca2+]i and this 
occurs primarily via modulation of Ca2+ influx (but in the lung vasculature this is 
contentious - see e.g. (Evans and Dipp, 2002)). Ca2+ influx can be regulated 
either through control of membrane potential via modulation of K+ channel 
activity (Buckler and Vaughan-Jones, 1994; Wyatt et al., 1995; Osipenko et al., 
1997; Weir and Archer, 1998), or via a direct effect on Ca2+ channels (Franco-
Obregon et al., 1995; Hool, 2001).   

Currently, scant attention is paid to the effects of hypoxia on non-excitable 
cells, which express voltage-gated Ca2+ channels only at very low levels, if at all. 
Such cells (e.g. astrocytes and endothelial cells), are worthy of study with 
respect to hypoxic responses, as they influence the physiological activity of 
neighbouring excitable cells (e.g. neurones and vascular smooth muscle). 
Furthermore, many of their vital roles depend on the precise control of [Ca2+]i.
For these reasons, we have explored the ability of acute hypoxia to modulate 
[Ca2+]i in both primary cultures of rat cortical astrocytes and human saphenous 
vein endothelial cells. [Ca2+]i was monitored in Fura-2 loaded cells following 
incubation with the acetoxymethylester form of the dye. Cells were excited 
alternately at 340 and 380nm and emitted light collected at 510nm whilst cells 
were perfused with a HEPES-buffered physiological saline. For Ca2+-free
solutions, Ca2+ was omitted and replaced with 1mM EGTA. All protocols and 
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procedures have been detailed elsewhere e.g (Smith et al., 2003; Budd et al., 
1991).

In the absence of extracellular Ca2+, application of agonists (ATP for 
endothelial cells, bradykinin (BK) for astrocytes), caused transient, receptor-
dependent dependent rises of [Ca2+]i (Figure 1A,C). Following agonist washout, 
exposure of either cell type to hypoxia (pO2 20-30mmHg) was without effect on 
[Ca2+]i (Figure 1A,C). However, when this protocol was reversed and cells were 
exposed firstly to hypoxia, small transient rises of [Ca2+]i were apparent in the 
majority of recordings (>80%) from both cell types (Figure 1B,D). Following 
restoration of normoxia, applications of agonists also evoked transient rises of 
[Ca2+]i  in both cell types (Figure 1B,D). These were attenuated when compared 
to responses evoked before exposure to hypoxia, suggesting that hypoxia 
mobilized Ca2+ from an agonist-sensitive pool in both cell types.

Figure 1. Acute hypoxia mobilizes Ca2+ from an intracellular pool. Example recordings of [Ca2+]i

in endothelial cells (A,B) and astrocytes (C,D). In each case, cells were exposed to an agonist 
(either 10 M ATP; or 100nM bradykinin (BK)) for the periods indicated by the open horizontal 
bars, and to hypoxia (pO2 20-30mmHg) for the periods indicated by the solid horizontal bars (in B, 
this has been enlarged in the boxed section for clarity). Throughout these experiments, Ca2+ was 
omitted from the extracellular solution and replaced with 1mM EGTA. 

Further support for this idea came from the observations that in both cell 
types neither hypoxia nor the relevant agonist could evoke changes in [Ca2+]i

following store depletion by pre-treatment of cells with the endoplasmic 
reticulum Ca2+-ATPase inhibitor, thapsigargin (not shown). 

Some effects of hypoxia have been attributed to a seemingly paradoxical 
increase in reactive oxygen species (ROS) generation (Chandel et al., 1998; 
Chandel and Schumacker, 2000; Duranteau et al., 1998; Pearlstein et al., 2002; 
Waypa et al., 2001; Leach et al., 2001). We therefore tested the ability of two 
distinct antioxidants to interfere with such hypoxic signalling; trolox (McClain 
et al., 1995) and TEMPO (with catalase (Abramov et al., 2004)). Both 
manoeuvres fully prevented rises in [Ca2+]i evoked by hypoxia in both cell types 
(not shown), indicating that hypoxic mobilization of Ca2+ from an intracellular 
pool(s) requires ROS formation. There are numerous sites where ROS can be 
generated including mitochondria; hypoxia can lead to a rise of ROS derived 
from site(s) within the electron transport chain (Chandel et al., 2000; Chandel et 
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al., 1998; Chandel and Schumacker, 2000). We therefore examined responses to 
hypoxia during mitochondrial uncoupling with FCCP (10µM, applied with 
2.5µg/ml oligomycin). In endothelial cells, FCCP and oligomycin caused a 
transient rise of [Ca2+]i (Figure 2A) and, although hypoxic rises of [Ca2+]i could 
still be detected, they were attenuated as compared with responses seen in cells 
with functional mitochondria (Figure 2A,B). Responses in astrocytes were very 
different (Figure 2C,D). FCCP and oligomycin caused small rises of [Ca2+]i (see 
also (Smith et al., 2003)) but, in its presence, responses to hypoxia were greater 
than those seen in the absence of inhibitors (Figure 2C,D). 

Figure 2. Modulation of hypoxic responses by mitochondrial uncoupling. (A) Example recording 
of [Ca2+]i in an endothelial cell which was exposed to 10µM FCCP together with 2.5µg/ml 
oligomycin for the period indicated by the open bar. For the period indicated by the solid bar, the 
cell was also exposed to hypoxic solution (pO2 20-30mmHg). (B) Bar graph shows mean (± 
s.e.m.) peak rise of [Ca2+]i evoked by hypoxia alone (open bar) or in the presence of FCCP and 
oligomycin (hatched bar). (C) As (A),(D) as (B) except that data were acquired in astrocytes. Note 
the opposite effect on hypoxic changes of [Ca2+]i caused by mitochondrial inhibition.

Given that hypoxia was capable of partially depleting intracellular stores in 
both cell types, it was possible that it may initiate capacitative Ca2+ entry (CCE), 
an influx pathway important for various cell functions (Putney, 2001; Putney, Jr. 
et al., 2001). To investigate this, we first exposed both endothelial cells and 
astrocytes to Ca2+-free perfusate (under normoxic conditions), then re-admitted 
Ca2+ to the perfusate. As exemplified in Figure 3 (A, C), this caused no marked 
change in [Ca2+]i in either cell type. However, when cells were exposed to 
hypoxia during perfusion with Ca2+-free solution, subsequent re-addition of Ca2+

caused marked rises of [Ca2+]i Figure 3B, D). These rises could be blocked fully 
by co-application of Gd3+ (1mM; not shown). These data indicate that acute 
hypoxia, by stimulating Ca2+ release from intracellular pools, can activate CCE. 
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Figure 3. Acute hypoxia stimulates capacitative Ca2+ entry. (A, C) Example recordings of [Ca2+]i

in an endothelial cell (A) and an astrocyte (C) during perfusion with a Ca2+-free perfusate in 
normoxia. For the period represented by the open horizontal bar in each case, Ca2+ (2.5mM) was 
readmitted to the perfusate. (B, D) as (A, C), except that before re-admission of Ca2+ to the 
perfusate, cells were exposed to hypoxia (pO2 20-30mmHg) for the period indicated by the 
horizontal bar. Note the marked rise of [Ca2+]i when Ca2+ is added to the perfusate. Scale bars 
apply to all traces.

A number of important issues concerning cellular responses to hypoxia arise 
from the present work. Most importantly, we have demonstrated in two cell 
types that hypoxia can mobilize Ca2+ from intracellular pools that are also 
susceptible to depletion by agonists; presumably, this pool is the endoplasmic 
reticulum. Whilst the rises of cytosolic [Ca2+] were modest when compared to 
those evoked by agonists, they were sufficient to trigger CCE, an important Ca2+

influx pathway for various cellular functions (Putney, 2001; Putney, Jr. et al., 
2001). Clearly, these responses to hypoxia were dependent on cellular 
production of ROS, since they were abolished in both cell types by antioxidants. 
However, cell-specific responses to hypoxia were revealed during mitochondrial 
uncoupling, indicating that potential roles for mitochondria in hypoxic Ca2+

signalling differed between the two cell types. In endothelial cells hypoxic 
responses were suppressed by FCCP and oligomycin, a finding consistent with 
the idea that mitochondria are the primary source of ROS in these cells during 
hypoxia. By contrast, hypoxic responses in astrocytes were strikingly potentiated 
by FCCP and oligomycin. This finding suggests that ROS are generated in 
astrocytes during hypoxia from a non-mitochondrial source and also that 
mitochondria serve an additional function, since their inhibition caused 
potentiation of the hypoxic response. In this regard, our previous studies have 
shown that mitochondria can be an important sink for Ca2+ in these cells (Smith 
et al., 2003), raising the possibility that mitochondria are effective as buffers for 
hypoxia-evoked rises of cytosolic [Ca2+]. Thus, their inhibition uncovers a much 
greater effect of hypoxia to mobilize Ca2+.

Both endothelial cells and astrocytes have a strict requirement for closely 
controlled regulation of [Ca2+]i in order to perform many of their specific 
functions (Adams and Hill, 2004; Verkhratsky et al., 1998). Clearly, episodes of 
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hypoxia are likely to interfere with such functions through disruption of Ca2+

signalling. However, it should be borne in mind that both cell types exist under 
physiological conditions in environments of relative hypoxia, and so the effects 
of hypoxia described here may reflect physiological rather than potentially 
pathophysiological effects of hypoxia. 
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1.   INTRODUCTION 

The carotid bodies are the primary peripheral chemoreceptors. They respond 
to a fall in blood pO2, a rise in blood pCO2 and consequent fall in pH by 
releasing neurotransmitters. These increase the firing frequency of the carotid 
sinus nerves which then correct the pattern of breathing via an action at the 
brainstem. It is now generally accepted that the type 1 or glomus cells are the 
chemosensory element within the carotid body. However, the precise 
mechanism by which a fall in pO2 excites the neurotransmitter rich type 1 cells 
has been the subject of hearty debate for decades now. 

It has been known for many years that agents that inhibit mitochondrial 
function excite the carotid body (Heymans et al., 1931; Krylov and Anichkov, 
1968). These observations led to work which suggested that O2-sensing in the 
carotid body was mediated by an aspect of mitochondrial function (Mills and 
Jobsis, 1972). More recently it has been demonstrated that hypoxia and 
mitochondrial inhibitors excite carotid body type 1 cells via inhibition of 
membrane K+ currents, causing depolarization and voltage-gated calcium entry 
(Peers, 1990; Buckler and Vaughan-Jones, 1994; Barbé et al., 2002; Wyatt and 
Buckler, 2004). However, the mechanism by which inhibition of oxidative 
phosphorylation couples to K+ channel closure remains unknown. 

In this article we present our preliminary findings indicating that the 
‘metabolic fuel gauge’, AMP-activated protein kinase (AMPK), may be the 
missing link in the hypoxic chemotransduction pathway. It is known that any 
small decrease in the cellular ATP/ADP ratio, such as would be seen with 
hypoxic inhibition of oxidative phosphorylation, is translated into an increase in 
the AMP/ATP ratio via the adenylate kinase reaction. Adenylate kinase converts 
2 molecules of ADP to ATP + AMP in an attempt to maintain ATP levels. The 
increased AMP/ATP ratio leads to subsequent activation of the enzyme AMP-
kinase (Hardie, 2004). Whilst the majority of work on AMPK has focused on its 
role in energy metabolism, recent data has indicated that AMP-kinase can affect 
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considered the proposal (Evans, 2004) that in carotid body type 1 cells, hypoxic 
inhibition of oxidative phosphorylation may activate AMPK and that AMPK 
may then mediate cell depolarization, voltage-gated calcium entry, transmitter 
release and hence an increase in the firing frequency of the carotid sinus nerve 

2.   METHODS 

Neonatal rat carotid body type 1 cells were isolated as previously described 
(Wyatt and Peers, 1993). Cells were allowed to adhere to poly-d-lysine coated 
coverslips before being used for immunocytochemistry, calcium imaging or 
electrophysiology. 

2.1   Immunocytochemistry 

Cells were fixed in ice cold methanol for 15 min, permeabilised and 
incubated overnight at 4oC with antibodies against the AMPK 1 subunit 
(1:500). Coverslips were washed with blocking solution and incubated (1hr, 
22oC, dark) with FITC-conjugated secondary antibodies. Images were acquired 
using a Deltavision microscope system (Applied Precision), on an Olympus 
IX70 microscope, x60 objective (1.4 n.a.). Images were deconvolved and 
analysed off-line via Softworx (Applied Precision). 

2.2   Electrophysiology 

at 35oC. Solutions were as follows. Pipette solution (in mM): K2SO4, 55; KCl, 
30; MgCl2, 5; EGTA, 1; glucose, 10; HEPES, 20, adjusted to pH 7.2 with 
NaOH. Extracellular solution (in mM): KCl, 4.5; NaCl, 140; CaCl2, 2.5; MgCl2,
1; glucose, 11; HEPES, 20, adjusted to pH 7.4. Records were obtained in the 

at 2 kHz. Access resistance was typically 15M  and was not compensated for. 

2.3   Ca
2+

 Imaging 

Intracellular Ca2+ concentration was reported by Fura-2 fluorescence ratio 
(F340 / F380 excitation; emission 510 nm). Emitted fluorescence was recorded 
at 22°C with a sampling frequency of 0.02 Hz, using a Hamamatsu 4880 CCD 
camera via a Nikon Fluor 40x, 1.3 n.a. oil immersion lens and an inverted Nikon 
microscope. Image analysis was via Openlab (Improvision, UK). Background 
subtraction was performed on-line. 

2.4   Carotid Sinus Nerve Recording 

Rats were anaesthetized with 1-4% halothane in O2 (Pepper et al., 1995), 
killed and exsanguinated. Left and right carotid bifurcations were identified and 
removed, pinned on Sylgard (184, Farnell, U.K.) in a 0.2 ml chamber and 
perfused (3 ml min-1) with PSS-C (mM): 125 NaCl, 3 KCl, 1.25 NaH2PO4, 5 

membrane ion channels (Hallows et al., 2003; Light et al., 2003). We therefore 

(CSN; Evans et al., 2005; Wyatt et al., 2004). 

current-clamp (I=0) configuration with a sampling frequency of 0.1 kHz, filtered 

Cells were recorded using the amphotericin perforated-patch technique 
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Na2SO4, 1.3 MgSO4, 24 NaHCO2, 2.4 CaCl2, 10 glucose, pH 7.4, 37°C. 
Perfusate was equilibrated to 40 Torr PCO2 and 400 Torr PO2 via precision flow 
valves (Cole-Parmer, USA). The sinus nerve was sectioned at the junction with 
the glossopharyngeal nerve, extracellular recordings of afferent fibre spike 
activity were made with glass suction electrodes, recorded on video tape, and 
action potentials sampled digitally via LabVIEW 2 (National Instruments Co). 

3.   RESULTS 

3.1   Immunocytochemistry 

AMPK 1 staining was observed in type 1 cells. It was predominantly 
expressed at the plasma membrane although there was some cytoplasmic 
staining (Fig. 1). 

A.                          B.                           C. 

Figure 1.  AMPK 1 staining in a typical carotid body  type 1 cell.  A. Transmission. B.  z-section. 
C. 3d reconstruction. Scale bar 10µm.

3.2   Electrophysiology and Ca
2+

 Imaging 

At 37oC the AMP mimetic 5-aminoimidizole-4-carboxamide riboside 
(AICAR, 1 mM), a compound commonly used to activate AMPK, caused 6 of 8 
type 1 cells to depolarize by 12.6 ± 0.9mV (n=6, current clamp I=0, see Fig 2A) 
the other 2 cells failed to respond. 

Figure 2. A, Example current-clamp recording showing effect of AICAR on carotid body type 1 
cell resting membrane potential. B, Effect of AICAR on type 1 cell intracellular Ca2+

concentration. The effects of removal of extracellular Ca2+ and block of voltage-gated Ca2+ entry 
with Cd2+ are also shown.
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Membrane depolarization by AICAR (1 mM) was associated with an 
increase in intracellular Ca2+ concentration in acutely isolated carotid body type 
1 cells, the Fura-2 fluorescence ratio increasing by 0.07  0.02 (n = 11). This 
increase in intracellular Ca2+ concentration was abolished by removal of 
extracellular Ca2+ (n = 6) and attenuated by blockade of voltage-gated Ca2+

influx with Cd2+ (100 M; 0.009  0.006, n = 6; Fig. 2B). 

3.3

In the in vitro carotid body preparation hypoxia causes a rise in carotid sinus 
nerve activity which is reversed upon removal of extracellular Ca2+. Consistent 
with the effects of hypoxia the application of AICAR (1mM) to this preparation 
induced a relatively rapid and reversible, ca. 10-fold increase in single fibre 
sensory afferent discharge from 0.22  0.03 to 2.8  0.56 spikes s-1 (n = 19, 

2+ (0.11  0.03 
spikes s-1, n = 5) and was attenuated by blockade of voltage-gated Ca2+ influx
with Cd2+ (100 M; 0.91  0.18 spikes s-1, n = 5). 

Figure 3. Example trace showing effect of AICAR on multiple fibre sensory afferent discharge 
and the effect of removal of extracellular Ca2+.

4.   DISCUSSION 

Our findings demonstrate that AMPK is predominantly targeted to the 
plasma membrane of carotid body type 1 cells. This localization is ideal if 
AMPK is to interact with membrane ion channels as has been demonstrated in 
other tissues. AMPK activation by AICAR mirrored the effect of hypoxia on the 
carotid body. In isolated type 1 cells AICAR induced membrane depolarization 
and caused transmembrane Ca2+ influx resulting in an increase in sensory 
afferent discharge in the in vitro carotid body. 

action

potentials (mV)

-.75
0

+.75

AICAR 1mM

action

potentials (mV)

-.75
0

+.75

AICAR 1mM

0 Ca2+

0

20

1 min

(m
V

)
(H

z
)

In Vitro Carotid Body Preparation

Fig. 3). This too was abolished by removal of extracellular Ca
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These results are consistent with our proposal (Evans, 2004; Evans et al.,
2005; Wyatt et al., 2004) that AMPK may mediate carotid body excitation in 
response to hypoxia. Indeed, they present compelling evidence that AMPK may 
be the missing link between hypoxic inhibition of mitochondrial oxidative 
phosphorylation and excitation of carotid body type 1 cells. 

Therefore, we propose that hypoxia inhibits mitochondrial oxidative 
phosphorylation and thus ATP production in type 1 cells. A consequent rise in 
the ADP/ATP ratio may then be converted to a rise in the AMP/ATP ratio by  
adenylate kinase in an effort to maintain ATP supply. This rise in the AMP/ATP  
ratio leads to AMP-kinase activation resulting in depolarisation, voltage-gated 
Ca2+ entry, neurotransmitter release and hence increased carotid sinus nerve 
activity (Fig 4). 

Figure 4. Schematic showing the proposed mechanism by which  hypoxic inhibition of mitochondrial 
oxidative phosphorylation couples to type 1 cell depolarization, voltage-gated Ca2+ entry,  
neurotransmitter release and a consequent increase in carotid sinus nerve activity. 

These data taken together with our results investigating the role of AMPK in 
hypoxicpulmonary vasoconstriction (Evans et al., 2005) strongly suggest that 
AMPK may couple a fall in pO2 to Ca2+ signalling mechanisms in O2-sensing
cells. 
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1.  INTRODUCTION 

Exposure to chronic hypoxia (CH) initiates cellular responses designed to 
counteract this deleterious stimulus, providing a physiological response to low 
oxygen. However, long-term exposure to CH, such as that which occurs in 
cardiorespiratory diseases such as ischaemic stroke, can also have pathological 
consequences. In many cases, CH alters the transcription of genes encoding 
numerous proteins, secondary to accumulation of the transcriptional activator 
hypoxia inducible factor-1 (HIF-1) (Schofield and Ratcliffe, 2004). In contrast, 
we recently reported that hypoxic regulation of the plasma membrane expression 
of L-type Ca2+ channel 1C subunits occurred in a post-transcriptional manner 
due to the trafficking of these subunits towards, and / or their retention within, 
the plasma membrane (Scragg et al., 2004). This process involved the altered 
production of amyloid  peptides (A Ps), since it was inhibited by selective 
inhibitors of the secretases involved in the production of these peptides, and 
mimicked by exogenous A P. This regulation of the functional membrane 
expression of a voltage-gated Ca2+ channel may contribute to the Ca2+

dyshomeostasis seen in Alzheimer’s disease, a prevalent disorder in which 
hypoxia / ischaemia is a predisposing factor (Moroney et al., 1996). 

While CH enhances Ca2+ currents, the full pathway connecting lowered O2

levels and 1C subunit expression has yet to be elucidated. To address this, in the 
present study we investigated the mechanisms underlying CH and A P-mediated 
regulation of the 1C subunit. We demonstrate that during CH reactive oxygen 
species (ROS) production by complex I of the mitochondrial electron transport 
chain (ETC) precedes the production of A Ps and Ca2+ current enhancement. 
These studies provide compelling evidence for the temporal contributions of 
mitochondrial ROS and A Ps in the O2 sensing pathway.  
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2.   METHODS 

2.1  Electrophysiology

Ca2+ currents were recorded in HEK293 cells stably transfected with the 1C

subunit of the L-type Ca2+ channel (Hudasek et al., 2004) using the whole-cell 
configuration of the patch-clamp technique. Cells were perfused with a solution 
composed of (mM): NaCl, 95; CsCl, 5; MgC12, 0.6; BaCl2 20; Hepes, 5; 
D-glucose, 10; TEA-Cl, 20 (pH7.4 with NaOH). Patch electrodes were filled 
with (mM): CsCl, 120; TEA-Cl, 20; MgC12, 2; EGTA, 10; Hepes, 10; ATP, 2 
(pH7.2 with CsOH). Cells were voltage-clamped at -80mV, and whole-cell 
currents evoked by step depolarising the membrane to various test potentials for 
100ms at a frequency of 0.1Hz. All recordings were made at room temperature 
(22±2°C).

2.2   Tissue Culture 

The culture media used was described previously (Hudasek et al., 2004). 
Cells were incubated in a humidified atmosphere of air/CO2 (95%:5%). In
experiments examining the effects of CH, cells were incubated for 24 h in an 
humidified environment of 6% O2 / 5% CO2 / 89% N2 or 2.5% O2 / 5% CO2 / 
92.5% N2.

2.3   Creation of 
0
 HEK293 Cells 

Cells depleted of a functional mitochondrial ETC ( 0 cells) were created by 
incubating cells for >2 months in 2 g/ml ethidium bromide. Culture media was 
supplemented with 50 g/ml uridine and 1 mM pyruvate, to stimulate cell growth 
(King and Attardi, 1989). 0 cells were deficient in the mitochondrially-encoded 
gene for cytochrome C oxidase and failed to take up reduced mitotracker red 
(CM- H2XROS; Invitrogen; Figure 1). This probe does not fluoresce until it 
enters an actively respiring cell, where it is oxidized to the corresponding 
fluorescent mitochondrion-selective probe and sequestered into the 
mitochondria.  

3.   RESULTS 

Exposure of HEK293 cells to CH enhanced the functional expression of 1C

subunits. At a test potential of +10mV (the peak of the I-V relationship), currents 
in cells incubated in normoxia were -7.8±0.8pA/pF (n=20),  while  following 
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Figure 1. 0 cells do not take up the mitochondria-selective dye, reduced mitotracker red 

2
0

2

at 37 ºC in normal culture media. Cells were then fixed in 4% paraformaldehyde in PBS 
and mounted onto slides using Vectashield hardset mounting media. Slides were visualised on a Zeiss 
Axioplan 2 upright microscope equipped with epifluorescence and a rhodamine filter set. Images 
were taken with a QImaging QICAM 12 bit monochrome digital camera and QCapture Pro 5.0 
software. 

exposure to CH (6% O2 for 24 h) currents were -13.1±2.5pA/pF (n=18; P<0.05, 
unpaired Students’ t-test; Figure 2). Enhancement of Ca2+ currents was due to 
the production of oxidant molecules, since it was abolished by the antioxidants 
ascorbic acid (200 M) and TROLOX (500 M; Figure 2). This enhancement 
was also abolished by selective inhibitors of  and  secretases (Scragg et al.,
2004) which are essential for amyloid  peptide formation (Mattson, 1997). This 
suggests that CH enhanced Ca2+ currents in a manner involving ROS and ABP 
production.  

0

-4
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-12

-16

nox CH CH + asc

CH +

TROLOX

I (pA/pF)

Figure 2. Hypoxic enhancement of Ca2+

currents involves cellular oxidant production. 
Each bar shows the mean (± s.e.m.) current 
density evoked when step depolarising cells to 
+10mV (holding potential, -80mV). Currents 
were evoked in cells incubated under 
normoxic and hypoxic conditions, as 
indicated. The antioxidants ascorbic acid 
(200 M) and TROLOX (500 M) abolished 
hypoxic enhancement of Ca2+ currents. 

To test the hypothesis that altered function of the mitochondrial ETC 
mediates the response to CH, we examined hypoxic regulation of 1C subunits in 
cells depleted of a functional ETC. In these 0 cells, CH failed to enhance Ca2+

current amplitudes. Thus, mean (±s.e.m.) currents were -6.5±0.6pA/pF (n=30) in 

A B

(CM-H XROS).  Wild-type  (left) and  (right) cells were incubated in 500nM CM-H XROS for

 15min 
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cells incubated in normoxia and -5.6±0.7pA/pF (n=16) in cells incubated under 
CH conditions (P>0.05, unpaired Students’ t-test). Hypoxic enhancement was 
similarly abolished when cells were co-incubated with the complex I inhibitor 
rotenone (1 M) under hypoxic conditions. In the 0 cells, Ca2+ currents were 
enhanced (to -10.8±1.3pA/pF) following a 6h incubation in the superoxide 
generation system, xanthine/xanthine oxidase (X/XO; 100 M/5mUml-1), a 
response abolished by secretase inhibitors (data not shown). Taken together, 
these data suggest that hypoxic enhancement of Ca2+ currents involves 
superoxide production in the mitochondrial ETC.  

To investigate whether A P production occurs upstream or downstream of 
altered mitochondrial function during CH, we applied A P1-40 (50nM) to 0 cells 
expressing 1C subunits. In these cells, Ca2+ currents were increased 
from -6.5±0.6pA/pF (n=30) in control cells to -9.3±1.0pA/pF (n=12) following 
incubation in A P1-40 (P<0.05, unpaired Student’s t-test). This effect was not 
altered by co-incubating cells with A P1-40 and ascorbic acid (200 M). Thus, 
altered mitochondrial function during CH lies upstream of A P production in 
this O2-sensing pathway. 

4.   DISCUSSION 

Previously, we demonstrated the role of A P production in the enhancement 
of Ca2+ currents due to CH (Scragg et al., 2004). Here, we have extended this 
work to demonstrate that during CH, ROS production in the mitochondrial ETC 
provides a stimulus for altered synthesis of A Ps. These data provide convincing 
evidence for the temporal sequence of events linking CH to Ca2+ channel 
expression.  

A Ps themselves have been shown to produce ROS in vitro [Hensley et al.,
1994]. Furthermore, a recent study demonstrated that A Ps caused 
mitochondrial dysfunction and ROS production, although these effects were 
observed in isolated astrocytes but not neurones, suggestive of cell specificity of 
this process [Abramov et al., 2004]. Contrastingly, there is evidence to suggest 
that compromised mitochondrial function and the ensuing ROS production are 
responsible for elevating A P levels, as part of a physiological neuroprotective 
mechanism with the ability to utilise A Ps as antioxidants [Smith et al., 2002]. 
Here, A P1-40 enhanced Ca2+ currents in HEK293 cells depleted of a functional 
mitochondrial ETC. This is in stark contrast to the lack of effect of CH in these 

0 cells. Thus, CH causes altered mitochondrial function, which is a trigger for 
A P production and subsequently for the trafficking / membrane retention of 1C

subunits [Scragg et al., 2004]. Thus, these data provide strong evidence that, in 
terms of Ca2+ dyshomeostasis due to CH, altered mitochondrial function 
temporally precedes enhanced A P production.  
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1.   INTRODUCTION 

Hypoxic inhibition of O2-sensitive K+ channels plays a key role in mediating 
numerous cellular responses which counteract the deleterious effects of hypoxia. 
In type I cells of the carotid body (CB), a neurosecretory organ that responds to 
hypoxia by releasing neurotransmitters from specialized O2-sensing type I cells 
onto sensory nerve endings, hypoxic inhibition of K+ channels underlies the 

2+ entry 
and neurotransmitter release (Urena et al., 1994). In other neurosecretory cells, 
such as those located in the neuroepithelial cell bodies of the lung (Youngson et
al., 1993) and the adrenal medulla (Thompson and Nurse, 1998), hypoxic
inhibition of K+ channels provides a critical link between O2 levels and the 
appropriate cellular responses. 

In rat CB type I cells, acute hypoxia inhibits both voltage-dependent 
Ca2+-activated K+ (BK) channels (Peers, 1990) and a member of the tandem pore
domain family of background K+ channels (TASK-like; Buckler et al., 2000). 
Background K+ channels are constitutively active ionic channels responsible for
regulating cell resting membrane potential, and play a dominant role in cell 
firing and excitability (Goldstein et al., 2001). Since the initial demonstration of 
the O2-sensitivity of a TASK-1-like conductance in the rat CB, hypoxic 
inhibition of this and other background K+ channels has been reported in 
cerebellar granule neurons (Plant et al., 2002), glossopharyngeal neurons 
(Campanucci et al., 2003), and the lung neuroepithelial cell line H146 (Kemp et
al., 2002). These findings are supported by the O2-sensitivity of these channels 
in recombinant expression systems (Lewis et al., 2001; Miller et al., 2003).

Nitric oxide synthase containing neurons of the petrosal ganglion and 
glossopharyngeal nerve (GPN) mediate efferent inhibition of the CB 
chemoreceptors (Wang et al., 1994; 1995). GPN neurons themselves possess 
intrinsic O2 sensitivity via the hypoxic inhibition of a background K+
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membrane depolarisation (Lopez-Barneo et al., 1988) that stimulates Ca
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conductance (Campanucci et al., 2003), which leads to increased excitability 
(Campanucci & Nurse, 2005). The properties of this conductance strongly 
resembled those of the recently-described TWIK-related halothane-inhibitable 
K+ channel THIK-1 (Kcnk12; Rajan et al., 2001) channel. Here, we directly 
examined the O2-sensitivity of THIK-1, which we stably expressed in HEK293 
cells. Hypoxia inhibited THIK-1 currents and depolarised cells in which the 
channel was expressed. Thus THIK-1 is an O2-sensitive K+ channel. We further 
demonstrate that the mechanism underlying its O2 sensitivity differs from that 
proposed for a further background K+ channel family member, TASK-1 (Wyatt 
& Buckler, 2004).  

2.  METHODS 

In transient transfection studies, wild-type HEK293 cells were split prior to 
the day of transfection such that cells were 60-70% confluent in 35mm dishes 
when transfected. Cells were transfected with 5 g of either pCDNA3.1-THIK-1 
or pCDNA3.1-THIK-2 using ExGen 500 (Fermentas, Burlington, ON, Canada), 
according to the manufacturer’s instructions. The following day, the medium 
was removed and cells were washed with PBS and fresh medium added. To 
allow visual selection of transfected cells, they were co-transfected with 0.5 g
of pEGFP-C1 (Clontech, Mississauga, ON, Canada), causing the co-expression 
of the enhanced green fluorescent protein in successfully transfected cells. Cells 
were used in electrophysiological studies 48h post-transfection. To create a cell 
line stably expressing THIK-1, cells were initially transfected as described above. 
Three days after transfection, the medium was supplemented with 400 g/ml
G418 (Invitrogen; Mississauga, ON, Canada). Selection was applied for 2 weeks, 
after which time individual colonies were picked and transferred to 35mm dishes 
for further culture and examination of K+ currents. A single clone was identified 
for further study based on expression levels within this clone. 

K+ currents were recorded using the perforated-patch (nystatin, 500 g/ml)
and whole-cell configurations of the patch-clamp technique. Cells were perfused 
with (mM): NaCl, 135; KCl, 5; MgCl2, 2; CaCl2, 2; Hepes, 10 and D-glucose, 10 
(pH 7.4 with NaOH). Patch electrodes were filled with (mM): KCl, 135; NaCl, 5; 
CaCl2, 2; EGTA, 11; Hepes, 10 and MgATP, 2 (pH 7.2 with KOH.

Hypoxia was produced by bubbling the extracellular perfusate with 100% N2

gas for >30minutes prior to experimentation. Bath Po2 was measured using a 
polarised (-600mV) carbon fibre electrode, and was always stable at ~20mmHg 
within 30-45s of exchanging solution. Bubbling with N2 caused no change in the 
either the pH or the osmolarity of the extracellular perfusate. In control studies, 
the perfusate was bubbled with compressed air. 

3.   RESULTS 

The majority of untransfected (wild-type; WT) HEK293 cells displayed little 
or no outward K+ current in asymmetrical K+ solutions. However, in ~5% of 
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cells, ramp depolarisations evoked small, outwardly-rectifying currents (see e.g. 
Figure 1). These currents were small, being around 5 pA/pF in magnitude at a 
highly depolarised test potential (+50mV). The O2-sensitive K+ current we 
describe below cannot be attributed to these endogenous currents, since 
O2-sensitive difference currents in transfected cells were much larger, even at 
less depolarised test potentials. 
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Figure 1. Endogenous K+ current in a WT 
HEK293 cell. These currents were seen in 
~5% of cells examined. The current was 
evoked by ramp depolarising cells 
between -150 and +50mV over a period of 1s.

In cells co-transfected with pCDNA3.1-THIK-1 and pEGFP-C1 constructs 
and exhibiting positive GFP fluorescence, step depolarisations evoked large, 
moderately outwardly-rectifying K+ currents in each of 7 cells examined (e.g. 
Figure 2). These currents reversed close to the estimated equilibrium potential 
for K+ ions (Ek). The mean (±s.e.m.) membrane potential (Vm) of these cells 
was -71.3±2.1 mV. In contrast, when transiently expressing pCDNA3.1-THIK-2 
and pEGFP-C1, GFP-positive cells displayed no discernible K+ currents (n=10). 
The mean Vm of these cells was not significantly different to that seen in WT 
cells.
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In cells stably expressing THIK-1, currents were reversibly inhibited (by 
~40%) by the inhalational anaesthetic, halothane (5mM). Currents were 
enhanced by ~40% in the presence of 5 M arachidonic acid. Thus, the 
recombinant channel displayed pharmacological properties of THIK-1. 

Exposure to acute hypoxia caused a reversible reduction in THIK-1 current 
amplitudes (see e.g. Figure 3). In 6 cells examined, currents were reduced to 
~87% of control values. The O2-sensitive difference current (IKO2) reversed at 
the estimated Ek. In control experiments, THIK-1 current amplitudes were 
unchanged when cells were perfused with a solution that had been continuously 

Figure 2. K+ current in a HEK293 cell 
transiently expressing THIK-1. The cell was 
identified by positive GFP fluorescence  
ing co-transfection of pCDNA3.1-THIK-1 and
pEGFP-C1. The current was evoked by ramp
depolarising cells between -150 and  +50m
V over a period of 1s. 

follow-
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bubbled with compressed air for 1h. Hypoxic inhibition of K+ currents was 
completely occluded in the presence of 5mM halothane, demonstrating that the 
O2-sensitive channel was attributable to THIK-1. Hypoxic inhibition was 
unaltered in the presence of the mitochondrial complex I inhibitor rotenone, at a 
concentration (1 M) which ablated the hypoxic response of a TASK-1-like 
channel in rat carotid body type I cells (Wyatt & Buckler, 2004).  

-150 -100 -50 50

-20

20

40

60

80

100

IKO
2

hypoxia

I (pA/pF)

V (mV)

normoxia

Figure 3. Hypoxic inhibition of THIK-1.. 
Currents were evoked by ramp depolarising 
cells between -150 and +50mV over a period 
of 1s. Recordings were made under normoxic 
and hypoxic (Po2, 20mmHg) as indicated. 
IKO2, calculated O2-sensitive difference 
current.  

4.   DISCUSSION 

In specialised chemosensing cells such as CB type I and lung neuroepithelial 
cells, and also in non-specialised cells such as vascular smooth muscle, acute 
hypoxia regulates K+ channels in the cell membrane. This function mediates 
homeostatic, physiological responses designed to maintain an O2 supply 
commensurate with demand. Recently, attention has moved towards a role for 
tandem-pore (2P) domain background K+ channels (Goldstein et al., 2001) in the 
acute O2 sensitivity of CB type I cells (Buckler et al., 2000), cerebellar granule 
neurones (Plant et al., 2002), and H146 cells (O’Kelly et al., 1999). These 
findings are supported by the O2 sensitivity of these channels in recombinant 
systems (Lewis et al., 2001; Miller et al., 2003). 

Similar to these studies, the data presented here expressing THIK-1 in a 
recombinant system support our previous finding of an O2-sensitive THIK-like 
background K+ conductance in neurones of the glossopharyngeal nerve (GPN; 
Campanucci et al., 2003). Like the IKO2 in the GPN neurones, the recombinant 
O2-sensitive current was inhibited by halothane, a defining characteristic of the 
THIK-1 channel (Rajan et al., 2001).

The O2-sensitivity of a TASK-1-like background K+ channel in carotid body 
type I cells was occluded by 1 M rotenone, an inhibitor of complex I of the 
mitochondrial electron transport chain (ETC). In direct contrast, hypoxia 
robustly inhibited recombinant THIK-1 in the presence of the inhibitor, 
suggesting that hypoxic regulation of different members of the tandem-pore 
background K+ channel family does not share a common molecular sensor. The 
exact mechanism by which THIK-1 senses low O2 has yet to be elucidated. 
However this recombinant system will likely form an excellent paradigm in 
which to uncover the mechanisms of O2 sensing by this channel. 
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1.   INTRODUCTION 

Oxygen sensitivity of voltage-dependent K channels (Kv channels) in 
chemosensory glomus cells is responsible for hypoxic chemotransduction 
processes in the carotid body. Human studies in twins and in individuals over 
time suggest that hypoxic sensitivity of the carotid body is genetically controlled 
(Collins et al., 1978; Kawakami et al., 1982; Nishimura et al., 1991; Thomas et 
al., 1993). The concept is further confirmed in the studies using inbred strains of 
mice (Tankersley et al., 1994; Campen et al., 2004) and rats (Weil et al., 1998) 
which are genetically almost identical within a strain. In these studies, 
respiratory or cardiovascular responses to hypoxia vary among several strains, 
but are similar within a strain. Thus, some proteins which are differentially 
expressed in individuals due to genetic differences likely cause variable carotid 
body responses. We have hypothesized that differential expression of oxygen-
sensitive Kv channels contributes to the differences in hypoxic sensitivity of 
DBA/2J and A/J strains of mice.  

2.   MATERIALS AND METHODS 

2.1  Patch Clamp Experiments

Male DBA/2J and A/J mice (3-6 weeks old) were used. They were deeply 
anesthetized with 50 mg/kg ketamine and 100 mg/kg sodium pentobarbital (i.p.). 
After the heart was removed to avoid bleeding in the neck, the carotid body was 
harvested together with the carotid bifurcation, cleaned, and then placed in a 
recording chamber which was attached to a stage of an upright microscope 
(Axioskop 2, Zeiss). After the tissue was treated with 0.0375% collagenase 
(Type IX; Sigma) in Krebs solution (in mM : NaCl, 118; KCl, 4.7; CaCl2, 1.8; 
KH2PO4, 1.2; MgSO4·7H2O, 1.2; NaHCO3, 25; glucose, 11.1; EDTA, 0.0016; 
pH, 7.4 with 5% CO2/air), the carotid body was visualized using a water  
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immersion lens (ACHROPLAN, 40X) combined with an infrared differential 
interference video camera (DAGE-MTI Inc.). All experiments were performed 
approximately at 37.0 °C. A conventional tight-seal whole-cell recording was 
applied using the patch electrodes with resistance of 4~6M  (the internal 
solution in mM: K gluconate, 90; KCl, 33; NaCl, 10; CaCl2, 1; EGTA, 10; 
MgATP, 5; HEPES, 10; pH 7.2 with KOH). Voltage-dependent whole cell 
current was evoked by a voltage clamp pulse (from 80 mV of holding potential 
to +20 mV) for 100 ms. The current was processed using an Axopatch 200B 
patch-clamp amplifier with the combination of Digidata 1320A, and pCLAMP 
8.1 (Axon Instrument). Iberiotoxin (Alomon Labs) was included in Krebs 
solution when necessary. Hypoxia was applied by switching Krebs solutions 
from the one saturated with 5% CO2/air to another saturated with 5% CO2/0%
O2 for 5 minutes. PO2 in the chamber was measured with a small oxygen 
electrode (MI-730 Oxygen Electrode, OM-4 Oxygen Meter; Microelectrodes, 
Inc) in separate experiments. 

2.2   RT-PCR Analysis   

The carotid bodies were harvested as described above. Total RNA of the 
carotid body was isolated in TRIzol, and genomic DNA was digested with RQI 
DNase I (Invitrogen). First strand cDNA was obtained using SuperScript IIITM

(Invitrogen), and multiplex PCR was performed following the manufacture’s 
instruction (Quiagen). Previous studies have shown that Kv1.2, Kv4.3 and 
voltage-dependent Ca2+-activatec K (BK) channels are inhibited by hypoxia. 
Hence, the primer pairs were designed for -actin, Kv1.2 , Kv4.3 , BK , BK 2,
and BK 4 subunit (final concentrations: 1 µM for -actin and 5 µM for other 
primers). The conditions for PCR amplification were as follows.  The template 
was denatured at 95 °C for 15 min followed by 35 cycles of denaturation at 94 
°C for 30 sec, annealing of primers at 60 °C for 1.5 min, extension at 72 °C for 
1.5 min. Final cycle was 72 °C for 10 min. Positive tissue control was cDNA 
from the SCG. The negative reaction controls were total RNA and water as 
templates for PCR.

3.   RESULTS 

Hypoxic sensitivity of Kv current in glomus cells was tested by applying 
Krebs solution which was saturated with 5% CO2/0% O2. Changes in Kv current 
were recorded at 1 minute, 3 minutes, and 5 minutes after switching the Krebs 
solution (Fig. 1). Kv current was significantly reduced along with the decrease in 
PO2 in the chamber in DBA/2J mice. The inhibitory effect was reversible. In A/J 
mice, Kv current in glomus cells was not significantly affected. To evaluate the 
contribution of BK channels to hypoxic sensitivity, the effect of hypoxia on Kv 
current was monitored with a presence of iberiotoxin (200 nM). Mild hypoxia 
did not significantly influence Kv current with a presence of iberiotoxin in either 
strain of mice (Fig. 2).
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Figure 1. The effect of mild hypoxia on Kv current in glomus cells of DBA/2J and A/J mice. Kv
current was almost lineally inhibited with decreasing PO2 in glomus cells of DBA/2J mice, but not 
of A/J mice. *, significantly different from control (cont) and recovery (p<0.01). §, significantly 
different between DBA/2J and A/J mice. There is no statistical difference between control and 
recovery.

Figure 2. The effect of mild hypoxia on Kv current of glomus cells in DBA/2J and A/J mice with 
iberiotoxin. Initially the carotid body was superfused with Krebs equilibrated with 5% CO2/air. 
With the presence of iberiotoxin K current was not further affected by mild hypoxia in either 
strain. The effects of iberiotoxin and hypoxia were reversible. *, significantly different from 
control and recovery (p<0.01). §, significantly different from DBA/2J mice. There is no statistical 
difference between control and recovery.

 PCR products from whole carotid bodies showed clear bands for -actin, 

was very weak in both strains and not always observed. Clear diff
erences between two strains were observed in BK subunits. BK  and 2 subunits 
were  more expressed in the carotid body of DBA/2J mice than those of A/J mice. The  

Kv1.2 , and BK  subunit in both DBA/2J and A/J mice (Fig. 3). The band for 
Kv4.3
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expression of BK 4 subunit mRNA in relative to BK 2 subunit was low in the 
carotid body of DBA/2J mice, but high in that of A/J mice.  

Figure 3. Agarose gel electrophoresis of mRNAs for Kv channel subunits in the carotid body of 4-
week-old mice. Carotid bodies from five mice in each strain were separately harvested, RNA was 
extracted, reverse transcribed, and multiplex PCR was performed for -actin, Kv1.2 , Kv4.3 ,
BK , BK 2, and BK 4 subunits. For negative reaction controls, total RNA (RT-) and water (data 
not shown; no bands) was used as templates in PCR. Similar data were obtained in other four mice 
in each strain. 

4.   DISCUSSION 

Major findings of this study are threefold. First, Kv channels in glomus cells 
of DBA/2J mice are more sensitive to hypoxia than those of A/J mice. Second, 
BK channels, which are sensitive to iberiotoxin, are major O2-sensitive Kv 
channels in glomus cells of DBA/2J mice. Third, differential expression of BK 
channel subunits was seen between the two strains and this difference may result 
in different hypoxic sensitivity of glomus cells in these mice. 

The different sensitivity of the carotid body to hypoxia between DBA/2J and 
A/J mice could be, at least in part, based on the morphological differences in the 
carotid bodies. That is, the carotid body of DBA/2J mice is larger and contains 
more glomus cells than that of A/J mice (Yamaguchi et al., 2003). However, the 
current study has clearly shown that the function of glomus cells differs between 
these strains of mice. A decrease in O2 tension significantly reduced Kv current 
in glomus cells of DBA/2J mice, but not in those of A/J mice.  

A type of O2-sensitive Kv channels in glomus cells differs among the rabbit, 
the rat, and the cat (Shirahata and Sham, 1999).  Molecular biological techniques 
have been extensively applied to rabbit glomus cells, and Kv channels including 
Kv4.1  and Kv4.3  subunits are suggested to be O2-sensitive components 
(Sanchez et al., 2002). These channels are fast inactivating channels. However, 
in glomus cells of DBA/2J and A/J mice, a major part of Kv current was not 
fast-inactivating current (data not shown). Further, the expression of mRNA for 
Kv4.3  subunits was very low (Fig. 3).  Hence, it is unlikely that the Kv4.3 
channel is a major O2-sensitive Kv channel in these mice. With application of 
iberiotoxin, hypoxia did not further influence Kv current. The data suggest that 
O2-sensitive Kv channels in glomus cells of DBA/2J mice are most likely BK 
channels. A question remains whether Kv1.2 channels in these mice are 
sensitive to hypoxia. mRNA for Kv1.2  subunits was strongly expressed in the 
carotid bodies of both strains. Hypoxic inhibition of Kv1.2 channels has been 
shown in PC12 cells (Conforti et al., 2000). Our current data clearly indicate that 
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mild hypoxia mainly inhibits BK channels. However, we cannot dismiss a 
possibility that severe hypoxia inhibits Kv1.2 channels in these mice. 

Pharmacological studies using iberiotoxin indicate that Kv channels in 
glomus cells of A/J mice are mostly insensitive to this blocker. However, RT-
PCR analysis suggests that  subunits of BK channels exist in glomus cells in 
A/J mice as well. BK channels consist of the four  subunits, which form the 
pore of the channel, and the auxiliary  subunits ( 1-4). Although  subunits 
alone can form functional channels when expressed in some cell lines, in native 
tissues they are likely associated with  subunits. Distribution of  subunits has 
been recently investigated, and 1 mRNA is high in smooth muscle; 2, in 
chromaffin cells and brain; 3, in testis, pancreas, and spleen; and 4, in brain 
(Gribkoff et al., 2001;Orio et al., 2002). Because the carotid body is originated 
from the neural crest, we focused on , 2 and 4 mRNA levels in the carotid 
body of the two strains of mice. It appears that  mRNAs for  and 2 subunits 
were significantly more expressed in the carotid body of DBA/2J than those of 
A/J mice (Fig. 3). Further, relative expression of 4 subunits to  and 2
subunits was higher in glomus cells of A/J mice, suggesting that 4 subunits 
contribute more as an associated protein in BK channels in glomus cells of A/J 
mice. When  subunits are expressed together with 4 subunits in HEK293 or 
CHO cells, I-V curve of BK current is shifted to the right by 50 mV. Further, 
neither iberiotoxin nor charybdotoxin inhibits the channel activity (Weiger et al., 
2000b; Meera et al., 2000). It is likely that BK channels in glomus cells of A/J 
mice are insensitive to iberiotoxin, because of close association of subunits 
with 4 subunits. The functional presence of oxygen-sensitive BK channels may 
result in differential hypoxic sensitivity of carotid bodies between DBA/2J and 
A/J mice. 

This work was supported by AHA0255358N, NHLBI HL61596, and NHLBI 
HL72293.
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1.   INTRODUCTION 

Carotid body (CB) chemoreceptors sense arterial PO2 and PCO2/pH
becoming activated in hypoxic hypoxia and in all types of acidosis. The sensing 
structures in the CB are chemoreceptor cells (CBCC), which are connected 
synaptically with the sensory nerve endings of the carotid sinus nerve (CSN). In 
situations of hypoxia and acidosis, CBCC are activated and their rate of release 
of neurotransmitters (NT) increase, promoting an increase in the activity of the 
CSN and subsequent ventilatory and cardiovascular reflexes (5). 

The release of NT induced by natural stimuli is dependent on the presence of 
Ca2+ in the extracellular milieu (4, 10). Ca2+ enters the cells via voltage 
operated-Ca2+ channels (VOCC; 10, 11) and triggers the exocytotic release of 
NT. However, there are several aspects of the homeostasis of Ca2+ by CBCC 
during stimulation and the recovery of basal Ca2+ levels in the post stimulus 
period that have nor been studied.  

Figure 1 summarizes the main aspects of Ca2+ metabolism in excitable 
mammalian cells. Labeled as 1 are represented the main pathways for Ca2+ entry, 
represented by VOCC. In rabbit CBCC it is known that basically all members of 
the VOCC, except for the T-channels, are expressed but only the L and P/Q 
subtypes participate in the exocytotic responses (11); in the rat it is known that 
L-type are expressed and support around 70% of increase in [Ca2+]i elicited by 
hypoxia (1). Labeled 2 are represented the ryanodine- and IP3-receptors/channels 
located in the endoplasmic reticulum, which represents the main Ca2+-storing
organelle in most cells. In rabbit CBCC the apparent capacity of this store is 
very limited as activation or inhibition of the ryanodine/IP3 receptors produced 
very small alterations in the [Ca2+]i and did not alter the exocytotic responses 
(14). In rat CBCC there are no data regarding the potential contribution of the 
Ca2+ stores to the exocytosis. Label as 3 are the endoplasmic reticulum ATPases 
that load the stores with Ca2+. Rabbit CBCC inhibition of this pump did not alter 
the [Ca2+]i nor the exocytotic responses (14), but there are not comparable data 
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for the rat CBCC. Label as 4 and 5 are the plasma membrane Ca2+-ATPase and 
the Na+/Ca2+ exchanger, which represent the two unique pathways of efflux of 
Ca2+ of the cells against its electrochemical gradient; they are responsible for 
returning the [Ca2+]i levels to basal in the post stimulus periods. Label as 6 are 
other potential intracellular Ca2+ stores that have not been explored in the 
CBCC. Labeled with a 7 are mitochondria, which usually contribute to buffer 
Ca2+ in the stimulus and immediate post stimulus periods; later they dispose Ca2+

to cell cytoplasm slowly so that the [Ca2+]i does not reach levels high enough to 
trigger Ca2+-dependent responses  (8). Finally, label 8 is a family of Ca2+

channels (cationic channels), which represent additional pathways for Ca2+ entry 
and include, among others, store- and receptor-operated Ca2+ channels (13). 
There are not data on these channels in CBCC.  

Figure 1. Schema showing the main pathways involved in the homeostasis of Ca2+ in mammalian 
excitable cells. 

  In the present study we have performed experiments to characterize the 
significance of mechanisms 1, 2, 3, 4 and 5 in the homeostasis of Ca2+ assessed 
by their participation in the exocytotic release of catecholamines (CA), which 
are the most abundant NT in CBCC. 

2.   METHODS 

  Surgical procedures. The experiments were performed in intact CB of adult 
New Zealand rabbits and adult Wistar rats anaesthetized with sodium 
pentobarbital, 40 (i.v.) and 60 (i.p.) mg/Kg, respectively. After tracheostomy, a 
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block of tissue containing the carotid artery bifurcation was removed and placed 
in a lucite chamber filled with ice-cold 100% O2 Hepes-buffered Tyrode and the 
CBs were cleaned of surrounding tissues under a dissecting microscope. 

Measurement of the release of  CA. To label the CA stores, the CBs 
(6-8/experiment) were incubated during 2 h in small vials containing 0.5ml of  
100% O2 Hepes-buffered Tyrode (in mM: NaCl, 140; KCl, 5; CaCl2, 2; MgCl2,
1.1; glucose, 5.5; HEPES, 10) and placed in a metabolic shaker at 37 ºC. The 
incubating solution contained 3H-tyrosine (20-30 M) with high specific activity 
(30 and 50 Ci/mmol for rabbit and rat CBs, respectively), 100 M
6-methyl-tetrahydropterine and 1 mM ascorbic acid as cofactors for tyrosine 
hydroxylase and dopamine- -hydroxylase, respectively. At the end of the 
labeling period individual CB were transferred to a glass vial containing 4 ml of 
precursor-free Tyrode bicarbonate solution (24 mM NaCl was substituted by 24 
mM NaHCO3), and kept at 37 ºC for the rest of the experiment. Solutions were 
continuously bubbled with a gas mixture saturated with water vapor of 
composition 20% O2/5% CO2/75% N2, except when hypoxia was applied (see 
Results). When high external K+-containing solutions were used as stimulus, 
equimolar amounts of Na+ were removed. The incubating solutions were 
renewed every 20 min. for 2 hours (rabbit) and 1 h (rat) and discarded. 
Thereafter, incubating solutions were collected and saved for analyses in 3H-CA 
content. Specific protocols for stimulus and drug application and for incubating 
solutions are shown in the Results. 
    Analytical procedures. The analysis of 3H-catechols present in the 
collected solutions included: adsorption to alumina (100 mg) at alkaline pH 
(obtained by the addition under shaking of 5 ml of 2.5 M TRIS-buffer, pH=8.6), 
extensive washing of the alumina with distilled water, bulk elution of all 
3H-catechols with 1 ml of 1 N HCl and liquid scintillation counting of the 
eluates. No further analysis of the radioactivity present in the eluates was 
performed because previous studies from our laboratory have shown that most of 
the tritium in the eluates corresponds to 3H-DA plus is catabolite 3H-dihydroxy 
phenyl acetic acid. (14, 15). At the end of the experiments, the CBs were 
transferred to cold eppendorf tubes containing 200 l of 0.4 N perchloric acid. 
Thereafter the tissues were weighed in an electrobalance (Supermicro, 
Sartorius), homogenized at 0-4 ºC and the homogenates analyzed for their 
3H-CA content. 

3. RESULTS 

  Figure 2 shows experiments directed to explore the identity of VOCC 
supporting the exocytotic release of 3H-CA. Part A (left) shows single 
experiments in the rabbit CB in which the release of 3H-CA induced by hypoxia 
(7% O2-equilibtaed solutions) in control conditions, in the presence 2 M
nisoldipine (a blocker of L-type Ca2+ channels) and in the presence of 2 M
nisoldipine + 3 M MVIIC (a toxin blocker of N and P/Q Ca2+ channels). 
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Similar experiments were conducted for 30 mM K+ as stimulus. In the right 
panel of part A are shown mean results of 6-10 individual values.

Figure 2. Effects of different blockers of VOCC on the release of 3H-CA induced by hypoxia and 
high external K+ (A, rabbit CB; B; rat CB). 

  Note that nisoldipine inhibited the release by about 60% and in combination 
with MVIIC fully inhibited the release. In additional experiments (not-shown) 
GVIA (a toxin blocker of N-type channels) did not affect the release. Figure 2 
part B shows alike experiments carried out with rat CB and the results are 
comparable. L-type channels supported around 75% of the release response 
elicited by hypoxic stimuli, but it remains to be identified the subtypes of Ca2+

responsible for the 25% of the release that being in part sensitive to Cd2+ is not 
blocked by nisoldipine. The release induced by high K+ was fully sensitive to the 
blocker of L-type channels in both species. 
  Figure 3 shows the effects of inhibition of the Na+/Ca2+ exchanger on the 
release response elicited by high external K+ in the rabbit (left) and rat (right) 
CBs. Inhibition of the Na+/Ca2+ exchanger was achieved by removing Na+ from 
the incubation solution. The Figure shows mean results of the time course of 6 
experiments. Note that in both species the short period of incubation in Na+-free
solutions did not alter basal release of 3H-CA, but in the Na+-free solutions the 
release induced by high external K+ was dramatically potentiated to nearly 
double the release induced by the same [K+] in normal Na+-containing solutions.   
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  Attempts to block the plasma membrane Ca2+-ATPase with 300 M La3+ in 
CBs incubated in Na+-free solutions did not produce further enhancement of the 
release response elicited by high external K+ in neither species (Figure 4). 

Figure 3. Effects of inhibition of the Na+/Ca2+ exchanger by removal of extracellular Na+ on the 
release of 3H-CA induced by high external K+.

Figure 4. Effects of inhibition of the Na+/Ca2+ exchanger and subsequently of the plasma 
membrane Ca2+-ATPase on the release of 3H-CA induced by high external K+. Note that 
application of La3+ was immediately after K+ stimulation because in addition to the Ca2+ pump it 
also inhibits VOCC. 

  Manipulation of the intracellular Ca2+ stores with ryanodine at concentrations 
that activate the ryanodine receptors, or the IP3 receptors by incubating with 
muscarinic IP3-generating agonists, and the endoplasmic reticulum 
Ca2+-ATPases by incubating with thapsigargine did not produce changes in the 
release of 3H-CA elicited by high external K+ in either species (Table I). Only 
terbutyl-hydroquinone, that in addition of a blocker of the reticulum ATPase, is 
also a powerful inhibitor of VOCC (9), altered the evoked release response. 

4.   DISCUSSION

    The data related to the role of VOCC and to drugs affecting intracellular 
Ca2+-storing organelles in the rabbit CB were already known (11, 14), but the 
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rest of the data in the rabbit CB and all data related to rat CB are reported here 
by the first time. However, we have wanted to present the data for both species 
side to side to emphasize that there are minimal differences in both species 
regarding the homeostasis of Ca2+ in CBCC, evaluated by the Ca2+-dependent 
exocytotic release of 3H-CA, in spite of marked differences between them in the 
density of Na+ and Ca2+ currents and in the nature of K+ currents (6, 7), and 
marked differences in the turnover rates of their CA content (3, 15). 

2+ stores on the basal and 
high external K+-induced release of 3H-CA.

  In both species the release of 3H-CA by chemoreceptor cells in response to 
hypoxic and high external K+ stimuli is reduced by around 95-98% in nominally 
Ca2+-free solutions (10, 15). In both species, Ca2+ enters during hypoxic and high 
K+ stimulation via VOCC, mainly trough L-type channels, although other types 
of VOCC also provide Ca2+ for the exocytotic release of NT (Figure 2). The 
present data using the release of NT as an index of Ca2+ dynamics in rat CB are 
nearly identical to the findings of Buckler and Vaughan Jones (1) showing that 
about 70% of the increase in [Ca2+]i was suppressed by blocker of L-type Ca2+

channels. In the rat we have not yet characterized the VOCC subtypes providing 
the remaining Ca2+ supporting the dihydropyrine unsensitive secretion, but in the 
rabbit CBCC, P/Q channels are complementary to L-channels (Figure 2), being 
their contribution greater as the intensity of the hypoxic stimulation increases 
(11).
  Ca2+ that has entered the cells during stimulation must efflux in the post 
stimulus period to restore the cells to resting state. Our data of Figures 3 and 4 
are the first ones addressing the pathways for Ca2+ efflux in CBCC and evidence 
the prime importance of Na+/Ca2+ exchanger. The significance of plasma 
membrane Ca2+ pump seems to be small. With the same protocol used in our 
experiments, Sasaki et al. (12) have evidenced a very important role for the 
plasma membrane Ca2+ pump in neurohypophysial terminals, where La3+ nearly 
doubled the secretory response, but has not effect in our preparation. This 
finding suggest that the role of the plasma membrane Ca2+ pump in CBCC is 
small, or alternatively, that La3+ is not efficacious to block the isoform of the 
plasma membrane Ca2+ pump expressed in rat and rabbit CBCC. 
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No effect
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No effect
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Table 1. Effects of different agents capable of altering the intracellular Ca
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  The negligible significance of intracellular Ca2+ stores in the homeostasis of 
Ca2+ was evidenced in rabbit CBCC by Vicario et al. (14) using the tools shown 
in Table I, and additional ones. In rat CBCC, we expected a greater role for the 
intracellular stores owed to the smaller amplitude of VOCC (7), but results 
indicate that also in this species the intracellular Ca2+ stores have a small 
capacity, or alternatively, that the Ca2+ they can provide or buffer is not coupled 
to the exocytotic machinery. In this regard is worth mentioning that Dasso et al. 
(2) showed that muscarinic agonists produced a significant increase in [Ca2+]i in 
a subpopulation of rat CBCC, yet the same agonists did not modify the 
exocytosis of 3H-CA either in the rat or in the rabbit CBCC. 
  As depicted in Figure 1, to complete the picture of the homeostasis of Ca2+ in 
CBCC it remains to be explored the potential role of mitochondria, of 
unidentified intracellular Ca2+ stores and of cationic channels of the TRP family 
in different experimental situations. 
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Midbrain Neurotransmitters in Acute Hypoxic 
Ventilatory Response 
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1.   INTRODUCTION 

In control ventilation, chemical stimuli are paramount in setting the level of 
ventilation. These are primarily changes in concentration of hydrogen ions, as 
well as changes in PO2 and PCO2.  A number of receptors, both in the periphery 
and in the central nervous system, respond to these changes.  Of the three so-
called “chemical” stimuli, the response to CO2 is most prominent and for any 1 
mm change in PCO2, ventilation changes by about 2 to 2.5 L/min.  The 
ventilatory response to hypoxia becomes quite prominent once arterial PO2 has 
reached values of about 60 mm Hg.  It has been well documented that the 
primary effect of hypoxia is stimulation of the carotid chemoreceptors with 
transmission of signal to the NTS. With acute hypoxia, there is a biphasic 
ventilatory response with an initial hyperventilation followed by a fall in 
ventilation, the so-called “roll-off”, to values above those in the pre-hypoxic 
level.  This biphasic response is present in man as well as in a large number of 
other mammals tested and central neurotransmitters are essential in this response 
(4,5,7-10).  This presentation will concentrate on the effects of acute hypoxia on 
the ventilatory response in anesthetized dog and rat, and the relationship 
between the ventilatory response and the release of neurotransmitters in the 
central nervous system, but in particular, in the medial chemosensitive area on 
the ventral surface of the medulla and summarizes the work from our laboratory 
from the past decade.  The amino acids of interest are those that excite 
ventilation, which are primarily glutamate and aspartate; and those that depress 
ventilation, which include GABA, taurine, and glycine (3).  Earlier work from 
this laboratory showed that inhibition of glutamate by intravenous 
administration of the specific NMDA receptor antagonist MK801 in anesthetized 
dog leads to a significant reduction in the hyperventilatory response to hypoxia 
(1).  The subsequent studies in anesthetized rat showed that ventricular cisternal 
perfusion of MK801 abolished hyperventilatory response of acute hypoxia and 
infusion of GABA antagonist bicuculline caused augmentation of the 
hyperventilatory response to acute hypoxia and the “roll-off” was no longer 
observed (10).
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These observations led to a series of experiments in our laboratory with 
microinjections of both agonists and antagonists at specific sites on the ventral 
surface of the medulla to identify areas of interest for subsequent microdialysis 
during acute hypoxia (2).    

2.   METHODS 

The experimental model utilized in our studies was the anesthetized rat, 
mechanically ventilated to maintain normal arterial pH as well as normal PaCO2.
They underwent bilateral vagotomy in the neck and subsequently microdialysis 
catheters were placed 1.5 mm below the ventral surface of the medulla in the 
intermediate chemosensitive area.  The microdialysis with artificial SCF was 
continuous during experiments, and samples collected during 20 minutes of 
normoxia every 1-3 minutes. Subsequently, the animals were exposed to 
hypoxia (10% oxygen), and microdialysis continued during 20 minutes of 
hypoxia and 10 minutes of recovery on room air.  Continuous phrenic nerve 
recordings were made during the entire experimental procedure, and the data 
from the phrenic nerve tracings were divided into frequency and amplitude 
burst.  In another group of rats the same experimental procedure was carried out 
after bilateral chemodenervation of the carotid bodies at the bifurcation of the 
carotid arteries. 

More recently we have conducted a limited number of experiments with 
placement of the dialysate catheters in the caudal region of the NTS. 

3.   RESULTS 

During acute hypoxia, the classic biphasic response in phrenic nerve output 
was observed with a rise in output during the first three minutes of hypoxia and 
a subsequent reduction over the next 5-7 minutes to a new steady stage for the 
remainder of the hypoxic period. The biphasic response was seen in both 
frequency and amplitude burst of the phrenic nerve discharge. After bilateral 
peripheral chemodenervation, there was no rise in phrenic output during hypoxia 
and instead there was a progressive fall in output during the period of hypoxia.  
There was a rise in concentration of glutamate from the dialysate during acute 
hypoxia in the intact animals, but not in those who had undergone bilateral 
chemodenervation.  GABA increased in the dialysate after the first three minutes 
of hypoxia, and was as prominent in chemodenervated animals as intact animals. 

Taurine showed a biphasic response, initially falling and subsequently 
increasing after about 4 minutes of hypoxia.  There were no significant changes 
in aspartate or glycine in any of these experiments.   

4.   DISCUSSION 

These results demonstrate that simulation of peripheral chemoreception by 
hypoxia leads to release of glutamate in the midbrain, which causes the observed 
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hyperventilatory response. In chemodenervated animal there was no rise in 
midbrain glutamate and no increased phrenic output during acute hypoxia. 

The rise in GABA, a ventilatory depressant, occurred in the midbrain during 
hypoxia with or without chemodenervation, suggesting the direct effect of 
hypoxia on the brain.  In order to relate the changes in amino acids to the phrenic 
output during hypoxia in intact or chemodenervated animals we utilized a 
mathematical model. In this model we calculated the expected change in phrenic 
output for any change in the concentration of any single amino acid during the 
experimental procedures.  Then, we plotted arithmetic sum of changes in 
ventilation expected for the changes in amino acid concentration, be it excitatory 
or inhibitory, and plotted the theoretical output of the phrenic nerve based on 
these calculations and compared that to the measured changes in phrenic nerve 
output at any given moment during hypoxia with or without chemodenervation.  
The measured values very closely matched the calculated values for phrenic 
output during the entire period of hypoxia in both intact and chemodenervated 
animals (2, 6).  In summary, stimulation of peripheral chemoreceptors leads to 
the release of glutamate centrally and the effect of hypoxia on the brain itself 
leads to change in concentration of amino acids in respiratory related nuclei, 
with release of GABA, and biphasic change in concentration of taurine. Level of 
ventilation at any instant depends on interaction between amino acid 
neurotransmitters in the midbrain, producing the final integrated ventilatory 
response.  
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Chronic Intermittent Hypoxia Enhances Carotid 
Body Chemosensory Responses to Acute Hypoxia 
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Chronic intermittent hypoxia (CIH), characterized by short episodes of 
hypoxia followed by normoxia, is a common feature of obstructive sleep apnea 
(OSA). It has been proposed that CIH enhances the hypoxic ventilatory response 
(HVR) leading to hypertension, upregulation of catecholaminergic and renin-
angiotensin systems (Fletcher, 2000; Prabhakar and Peng, 2004). Most of the 
information of the effects of CIH on peripheral chemoreflex control of 
cardiovascular and respiratory systems has been obtained from studies 
performed on OSA patients. However, conclusions from these studies are 
conflictive because of comorbidities associated with OSA (Narkiewicz et al., 
1999). Experiments performed in rats showed that CIH enhances HVR (Ling et 
al., 2001) and produces long-term facilitation of respiratory motor activity 
(McGuire et al., 2003; Peng & Prabhakar, 2003). The facilitator effect of CIH on 
HVR has been attributed to a potentiation of the carotid body (CB) 
chemosensory responses to acute hypoxia. However, it is a matter of debate if 
the ventilatory potentiation induced by CIH is due to a CB enhanced activity or 
secondary to central facilitation of chemosensory input. Peng et al., (2001) found 
that basal CB discharges and chemosensory responses to acute hypoxia were 
enhanced in rats exposed to a pattern of 5% O2 for 15s followed by normoxia 
for 5 min, repeated 8 hours/day for 10 days. However, this observation has not 
been confirmed in other animal models of CIH. Using a protocol of short 
hypoxic episodes, we studied the effects of CIH on cat cardiorespiratory reflexes 
and CB chemosensory responses induced by hypoxia. 

2.   METHODS 

Male cats were placed in a chamber (35.2 l volume) flushed alternatively with 
100% N2 (13 l/min for 90s) or compressed air (20 l/min for 270s). This gas 
alternation  produced  a  see-saw pattern of PO2, which dropped to a minimum 
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~  75 Torr in 100s and then returned to near 150 Torr, reducing the PO2 below 
100 Torr for 60s. This pattern was repeated 10 times/hour during 8 hours for 4 
days. Acute experiments were performed the morning of the day after the end of 
hypoxic exposure. As a control group, male cats were kept in normoxic 
conditions. Cats were anaesthetized with pentobarbital (40 mg/Kg, I.P.) 
followed by additional doses (8-12 mg, I.V.) to maintain a level of surgical 
anaesthesia. End tidal PO2 (PETCO2) was measured, and minute inspiratory 
volume (VI), tidal volume (VT) and respiratory frequency (fR) were obtained from 
the airflow signal. Heart rate was obtained from the ECG and mean arterial 
pressure (BP) from the arterial pressure recording. Physiological variables were 
recorded with an analog-digital Power Lab system connected to a computer. 
Under anesthesia and prior to any maneuver the ECG was recorded for 5 min at 
2 KHz. The heart rate variability was analyzed with software produced by The 
Biomedical Signal Analysis Group, University of Kuopio Finland (Tarvainen et
al., 2001). To assess the effects of CIH on peripheral chemoreceptor reflexes, we 
studied the ventilatory and cardiovascular responses to several isocapnic levels 
of PO2 maintained during 1 min. After finishing the study of cardiorespiratory 
reflexes, the CB chemosensory discharge was recorded as previously described 

ganglioglomerular nerves were dissected and cut. The CSN was placed on 
platinum electrodes and the neural signal was preamplified, amplified and fed to 
a spike-amplitude discriminator to select action potentials of given amplitude 
above the noise. Barosensory fibers were eliminated by crushing the common 
carotid artery wall between the carotid sinus and the CB. Chemosensory 
discharge was counted with a frequency meter and the frequency of 
chemosensory discharge ( x) was expressed in Hz. x was measured at several 
isocapnic levels of PO2 maintained for 1 min. Results are expressed as mean ± 
SEM. Statistical differences were analyzed by a two-way ANOVA and post hoc 
analyses with the Bonferroni test. The level of significance was P <0.05. 

3.   RESULTS 

Basal VT, VI, PETCO2, BP, and fH in CIH cats were not significantly different 
from those observed in control cats (P> 0.05) and were similar to those 

1998). Exposure of cats to CIH for 4 days enhanced VI responses to acute 
hypoxia due to an increase in VT over fR in response to hypoxia. The effect of 
CIH on VI measured in response to several PO2 levels (fIO2= 21 to 0.3%) is 
shown in Fig. 1. The VI was significantly higher in CIH cats as compared with 
control cats (P<0.001, two way ANOVA). The Bonferroni test showed that VI

was statistically higher at a PO2 of about 20 Torr.  Hypoxia (fIO2= 3%) increased 
BP and heart rate in both groups, but CIH did not enhance the responses with 
respect to the control group (P> 0.05, two-way ANOVA). However, the spectral 
analysis of heart rate variability showed that CIH modified the distribution of 
low (LF = 0.02-0.15 Hz) and high (HF = 0.15-0.60 Hz) components of heart rate 
variability without changing the peak frequencies. 

of 

previously reported in cats anesthetized with pentobarbital (Iturriaga et al.,

(Iturriaga et al., 1998). One carotid sinus nerve (CSN) and the ipsilateral 
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Figure 1. Effects of CIH on VT induced by hypoxia in 4 cats compared with 6 control cats (***, P 
< 0.001, Bonferroni test after two way ANOVA).

Fig. 2 shows the distribution of the spectral components of heart rate variability 
normalized to the total power in one CIH and one control cat. 

Figure 2. Effect of CIH on power spectral density of heart rate variability in one control (A) and 
one CIH cat (B). PSD, power spectral density in normalized units (n.u.). 

In CIH cats, the power spectral density analysis showed a prevalence of low 
frequency over the high frequency components, while the opposite situation is 
observed in control animals. In fact, CIH cats showed a significantly higher 
LF/HF ratio of 2.4  0.1 vs. 0.6  0.1 in control cats (P < 0.001, n=6). The basal 

x measured at the beginning of the recordings was significantly higher (P < 
0.05) in cats exposed to CIH (63.2  7.3 Hz, n= 6) than basal x measured in 
control cats (36.3  5.1 Hz, n = 6). In addition, chemosensory responses to acute 
hypoxia were enhanced in CIH cats as is shown in Fig. 3. The statistical analysis 
showed that the chemosensory responses for PO2 were different in CIH cats (P 
<0.001), while the Bonferroni test showed that the x was higher (P < 0.001) in 
the lowest hypoxic range in CIH cats.  
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Figure 3. Effects of CIH on x induced by hypoxia in 4 cats compared with 6 control cats (***, P 
< 0.001, Bonferroni test after two way ANOVA). 

4.   DISCUSSION 

We found that cats exposed to short hypoxic episodes (PO2  75 Torr) 
followed by normoxia, during 8 hours for 4 days showed an enhanced 
ventilatory and CB chemosensory responses to acute hypoxia. Present results 

found that CIH enhances CB chemosensory response to acute hypoxia in rats. In 
addition, we found that CIH did not increase BP and heart rate responses to 
acute hypoxia, but the spectral analysis of basal heart rate variability shows an 
increase of the LF/HF ratio. Thus, our results support the idea that few days of 
CIH are enough to enhance the CB reactivity to hypoxia, which may contribute 
to the augmented ventilatory response, and to early alterations in the autonomic 
balance of heart rate variability. 

Chronic intermittent hypoxia has been related with augmented HVR in OSA 

sympathetic and cardiovascular reflex responses to acute hypoxia were 
enhanced in patients with recently diagnosed OSA. Studies performed in rats 

phrenic HVR was enhanced in rats exposed to 5 min of 10% O2, followed by 5 

2

30s of normoxia, for 8 hours/day during 10 days. Thus, it is likely that effects of 
CIH on HVR are dependent on the pattern and severity of CIH. Our results 

hypoxia after few days. In addition, long-term CIH may lead to hypertension, 
which has been attributed to an increased sympathetic outflow due to repetitive 

confirm and extend previous observations of Peng et al.  (2001; 2003) who 

not find any differences in HVR in rats exposed for 30s to 7% O  followed by 

show that CIH enhances cat CB chemosensory and ventilatory responses to 

min of air, 12 hours/night during 7 nights. However, Greenberg et al. (1999) did 

found an elevated BP in rats after 35 days of CIH exposure, but not after 10 

that systolic BP increases after 7 days of CIH. Our results indicate that the time 
days. On the contrary, Sica et al.  (2000) and Peng & Prabhakar (2003) found 

CB stimulation (Greenberg et al., 1999; Fletcher, 2000). Fletcher et al. (1992) 

patients and animal models. Narkiewicz et al. (1999) found that ventilatory, 

have shown different effects of CIH on HVR. Ling et al.  (2001) found that 
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required for increasing BP and heart rate is longer than the time required to 
enhance HVR. Four days of intermittent hypoxia seem to be insufficient to
increase basal BP and cardiovascular responses to hypoxia. However, the 
spectral analysis of the RR interval data suggests that autonomic modulation of 
heart rate variability is early modified by CIH. Indeed, the LF/HF ratio was 
significantly higher in CIH cats. The spectral analysis shows an effect of CIH 
that resembles what is observed in OSA patients. In fact, patients with OSA 
show an increased LF/HF ratio, with a relative predominance of the LF 

autonomic influences on heart rate (Task Force, 1996). The HF band has been 
related to cardiac parasympathetic efferent activity, and the LF band is 
modulated by sympathetic output to the heart (Task Force, 1996).  
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1.   INTRODUCTION 

The group of Loeschcke established that the superficial ventrolateral medulla 

conducted experiments of acetazolamide microinjection that induced local tissue 

medullary chemosensitive regions using a more physiological stimulation 
technique, we microinjected CO2-enriched saline into various regions of the in 
vivo and in vitro rat medulla, and found that the superficial midline, 

ventrolateral medulla is chemosensitive. 
Fukuda et al.  used a medullary slice preparation to analyze neuronal 

responses to pH and found chemosensitive neurons in the rat superficial 
ventrolateral medulla. Since then, there have been several reports on in vitro 
analyses of neuronal chemoresponsiveness, and it has been accepted that 
chemosensitive neurons are located in widespread brainstem sites including the 
nucleus tractus solitarii, ventrolateral medullary regions, raphe and locus 

chemosensitive cells in the medulla and succeeded in mapping the chemosensitive 
cell distribution in the surface layer of the ventrolateral medulla. This technique 

that chemosensitive cells are located in widespread brainstem sites including the 
ventrolateral medulla, parapyramidal region, raphe, locus coeruleus and nucleus
tractus solitarii. The technique of c-fos immunohistology has enabled us to 

we propose that chemosensitive cells in the thickened marginal glial layer are 
primary chemoreceptor cells. These cells are small and have morphological 
characteristics similar to glial cells. We, therefore, consider that glial cells may be 

contains chemosensitive regions (see the reviews [1-3]). Later, the group of Nattie 

locus coeruleus are also chemosensitive (see the review [4]). To map the 

parapyramidal and ventrolateral regions are chemosensitive [5]. These findings 

acidosis, and found that the midline region (raphe), nucleus tractus solitarii and

extend other microinjection studies [6,7] that showed only that the superficial 

coeruleus [9-13]. Sato et al. [14] first applied c-fos immunohistology to identify 

also has been applied by other investigators [15-18], and it has been demonstrated 

analyze the anatomical structure of the central respiratory chemoreceptor [18], and 

© 2006 Springer. Printed in the Netherlands.
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primary chemoreceptor cells. This idea is compatible with the report by Fukuda et 

medullary layer. On the other hand, the group of Guyenet has reported that some 
surface neurons in the ventral medulla are glutamatergic, and they argue that these 

of the central respiratory chemoreceptor has not been identified. Our 
morphological and functional studies have led us to believe that the central 
respiratory chemoreceptor primarily senses the perivascular chemical 

architecture model for the central respiratory chemoreceptor that consists of 
primary chemoreceptor cells and vessels near the medullary surface. 

2.  ANATOMICAL RELATIONSHIP OF MEDULLARY 
SURFACE LARGE VESSELS WITH CHEMO- 
SENSITIVE REGIONS 

We analyzed the anatomical relationship of large vessels and CO2-activated

the superficial ventral medullary midline, parapyramidal and ventrolateral regions 
where chemosensitive cells are concentrated; in each area the medullary surface 
shows an indentation covered by a large surface vessel, and the marginal glial 
layer is thickened. Because we carried out the histological processing by 
embedding medullary preparations in paraffin, detachment of surface vessels was 
prevented, and we could thus observe this intimate anatomical relationship 
between surface vessels and chemosensitive cells. We demonstrated that the 
midline region lies beneath the basilar artery, the parapyramidal region lies 
beneath the inferior petrosal sinus, and the rostrolateral and caudolateral medulla 
lies beneath rich anastomoses of the anterior and posterior inferior cerebellar and 
paraolivary arteries. In transverse brain sections, several ventral medullary 
surface areas consistently display concave shapes, apparently compressed by 
surface vessels (Fig. 1). 

Schematic presentation of the ventral 
medullary chemosensitive regions shown as 
black areas. In the midline (RP), parapyramidal 
(PPY) and ventrolateral (VLM) chemosensitive 
regions, the medullary surface portions are 
covered and compressed by surface vessels, 
indented, and have the thickened marginal glial 
layer. Amb, nucleus ambiguus. 

We consider that primary chemoreceptor cells respond to CO2 that diffuse out 
of these surface vessels. This consideration is compatible with the observations by 

superficial ventral medullary tissue pH reflects arterial PCO2. The concept that 

tal data and other previous reports, we are led to propose a morphological 

Although the sites of chemoreception and the cellular mechanism for central 

composition in the lower brainstem surface. After reviewing our experimen- 

neurons are respiratory chemoreceptors [20,21]. 

chemoreception have been extensively studied [2-4,22], the anatomical structure 

al. [19] who found silent cells that are depolarized by lowered pH in the superficial 

cells in the ventral medulla [18] and found a common anatomical architecture in 

Figure 1.   

Eldridge et al. [23] and Kiley et al. [24] who demonstrated that not CSF pH but 
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the central respiratory chemoreceptor responds not to CSF pH but to superficial 
ventral medullary tissue pH is further supported by our studies; selective injection 
of hypercapnic blood into various branches of cat brainstem arteries induced rapid 
respiratory augmentation, especially when injection was into the rostral 

serotonergic neurons are closely associated with large medullary arteries, and 
claimed that these neurons are respiratory chemoreceptors, although they were 
criticized by the group of Guyenet who argued that these serotonergic neurons are 
not respiratory chemoreceptors but are innervating sympathetic efferent 

 Although the superficial ventral medulla is important in central 
chemosensitivity, deep medullary regions may also play a role in central 

CO2-saturated saline into the cat vertebral artery evokes acidic shift of local tissue 
pH with a time course analogous to ventilatory augmentation, not only in the 
superficial but also in various deep regions of the ventrolateral medulla. 

3.      ANATOMICAL RELATIONSHIP OF CHEMO- 
SENSITIVE CELLS WITH FINE PENETRATING 
VESSELS IN THE SUPERFICIAL MEDULLARY 
LAYER 

It has been reported that the marginal glial layer is thickened in the classical 

anatomical studies, and the physiological significance of the thickened marginal 
glial layer has not been elucidated. As noted above, we found a characteristic 
architecture in the thickened marginal glial layer; small cells, which are 

blockers

of carbonic anhydrase in the classical chemosensitive areas of the cat medulla, 
and proposed that carbonic anhydrase accelerates CO2/pH equilibration. These 
studies led us to consider that small chemosensitive cells surrounding fine vessels 
in the surface medullary layer sense perivascular PCO2/pH acting as primary 
chemoreceptor cells. This idea is compatible with the theoretical study by Adams 
et al. , who showed that perivascular tissue PCO2 around a small artery can 
easily be in equilibrium with blood PCO2 of the small artery. 

4.     THE CELL-VESSEL ARCHITECTURE
MODEL FOR THE CENTRAL RESPIRATORY 
CHEMO-RECEPTOR

On the basis of these findings, we propose a cell-vessel architecture model for 
the central respiratory chemoreceptor. Primary chemoreceptor cells are mainly 

ventrolateral medulla [25-26]. Bradley et al. [27] also reported that chemosensitive 

neurons [20,21]. 

chemosensitivity; Ichikawa et al. [28] demonstrated that injection of 

chemosensitive area in the ventral medulla [29-31]. However, these were purely 

glial layer from the ventral medullary surface [18]. Just beneath the marginal glial 
.   Their chemosensitivity is lost with synaptic 

al. [32] studied the morphological relationship between neurons and vessels in the 

intrinsically chemosensitive, surround fine vessels that penetrate into the marginal

,  and we consider these as relay neurons (discussed later).  Pan  et

rat superficial ventral medulla, and found a group of neurons closely associated

 [18]
layer, large neurons are located [18]

with the walls of blood vessels. Hanson et al. [33] have demonstrated the existence 

 [34]
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located beneath large surface vessels in the superficial layer of the medulla, and 
surround fine penetrating vessels that branch from a large surface vessel (Fig. 2). 
These vessels are mainly arterial vessels, but can also be venous vessels. 

The cell-vessel architecture 
model for the central respiratory 
chemoreceptor. Primary chemoreceptor 
cells (shown in black) surround superficial 
parts of fine vessels that penetrate into the 
medulla. Primary chemoreceptor cells are 
covered by a large surface vessel from the 
surface side. 

These primary chemoreceptor cells monitor the perivascular PCO2/pH level. 
Responding to elevated PCO2 in arterial and/or venous blood, primary 
chemoreceptor cells are depolarized, secrete neurotransmitter, and excite 
secondary relay neurons. Chemosensitive neurons in the ventrolateral medulla 
have been reported to have dendritic projections toward the medullary surface, 
and it has been proposed that surface-projecting dendrites may be responsible for 

however, consider that these surface-projecting dendrites are extending from 
secondary relay neurons and form synapses with primary chemoreceptor cells. 
The relay neurons convey the information to the deep respiratory neuronal 
network and work as amplifiers. Some respiratory neurons also send dendrites to 

receive information from primary chemoreceptor cells (Fig 3). 

model for the chemoreceptor complex. 
Primary chemoreceptor cells that are 
located beneath a large surface vessel 
surround fine vessels or capillaries in the 
marginal glial layer and sense 
perivascular PCO2/pH. Relay neurons 
beneath the marginal glila layer and 
some ventral respiratory group (VRG) 
neurons receive the chemical 
information from chemoreceptor cells 
and transmit the information to the VRG 
neuronal network. 

In the present model proposal, we have focused on the superficial ventral 
medulla. However, some respiratory neurons in the medulla are intrinsically 

outside the medulla, e.g., in the pontine regions (locus coeruleus and A5 

central respiratory chemoreceptors located elsewhere than at the ventral 

Figure 2.

directly sampling the chemical environment on the medullary surface [12]. We, 

the ventral medullary surface [12], and may directly form synapses with and 

Figure 3. The anatomical architecture 

chemosensitive [12,35]. Also, central respiratory chemoreceptors appear to exist 

region) [4,13,16,36] and in the hypothalamus [37]. The anatomical structure of 
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medullary surface may be different from that we propose here, and should be the 
subject of future studies. 
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1.   INTRODUCTION 

     Considerations from control theory revealed that an elevated gain of the 
feedback loop may lead to instability of the respiratory system, e.g. during sleep 

2004]. In respiratory medicine, the carbonic anhydrase (CA) inhibitor 
acetazolamide is known to reduce the incidence of apneas in mountain sickness 
[Swenson et al., 1991]or sleep disordered breathing [Tojima et al., 1988; 
Verbraecken et al., 1998]. Other clinical studies revealed that patients prone to 
sleep apnea showed an increased sodium/proton exchange activity in their 
lymphocytes [Tepel et al., 2000]. To predict possible protective effects of 
substances inhibiting either carbonic anhydrase activity or sodium/proton 
exchange, we evaluated steady state feedback loop characteristics of the 
respiratory control system from previous studies in anaesthetized rabbits 
[Kiwull-Schöne et al., 2001a,b]. Steady state loop gain (G) was assessed as 
ratio of the slope of the CO2 response (S) and that of the metabolic hyperbola 

L

which also the arterial set point 22CO COspP  (P )  is determined.

2.   METHODS 

     The experiments were performed in two groups (each N= 7) of adult male 
rabbits (average weight ±SEM: 3.6 ±0.1 kg). They were anaesthetized 
intravenously by pentobarbital sodium (initial dose: 58 ± 2 mg·kg-1; continuous 
infusion: 7.6 ± 0.2 mg·kg-1·h-1).
 Details of methods have been described previously [Kiwull-Schöne et al.,
2001a,b]. Briefly, tidal volume (VT) and inspiratory/expiratory durations (TI, TE)
were continuously measured by pneumotachography, endtidal 22CO COetP  (P )  by 
infrared absorption. For artificial ventilation, animals were paralysed (Alloferin (R) , 
Sandoz) and provided with a small animal respirator. Phrenic nerve compound 
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[Longobardo et al.,1982; Honda et al., 1983; Khoo, 2000; Dempsey et al.,

(S ) [Honda et al., 1983; Khoo, 2000] at the intersection of both curves, by 
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potentials were processed by leakage integration. Throughout the experiment, 
arterial

2OP values were maintained in the range of 150 mmHg. The arterial CO2

pressure (
2COaP ) was determined indirectly from pH measurements by the two gas 

equilibration method at 38°C, the controlled body temperature. 
 Experimental protocol. In the first group (Fig. 1A), CO2-responses of 

spontaneous  ventilation were tested at different levels of elevated arterial 
2COP ,

before and after low-dose injections of acetazolamide up to an average cumulative 
low dose of  4.64 ± 0.22 mg·kg-1. The second group of rabbits was also studied first 
during spontaneous breathing. Thereafter, the animals were vagotomized, paralysed 
and mechanically ventilated. The apneic threshold 

2COaP was approached by 
hyperventilation. The CO2-response of the phrenic nerve activity was tested at 
different steady-state levels of 

2COaP above the individual threshold value (Fig. 
1C). The role of the sodium/proton exchanger type 3 (NHE3) was studied during 
infusion of the brain-permeant NHE3 inhibitor S8218 (Sanofi-Aventis), at plasma 
levels maintained in the range of 0.3 µg/ml (10-6 M). Under these conditions, 
measurements at apneic threshold and at the different CO2 levels above were 
repeated and compared to controls. 

Evaluation. Pulmonary ventilation (V) was obtained under steady state 
conditions, calculated as 60·VT/(TI+TE). The arbitrary units of the integrated tidal 
phrenic nerve amplitude (IPNA) were normalized to VT under initial eucapnic 
conditions in each individual, thus phrenic minute activity (Fig. 1C) being the 
analogue of V  (Fig. 1A). Dead space ventilation was estimated from the 
anatomical plus equipmental dead space, along with the non-perfused portion of 
the alveolar space, given by the arterio-endtidal 

2COP  difference in relation to 

2COaP  [Kiwull-Schöne and Kiwull, 1997]. The metabolic CO2 production 

STPD2CO(V )  is then given by the relationship between alveolar ventilation BTPSA(V )
and

2COaP , representing the metabolic hyperbola. 
Statistics. Non-linear regression analysis was performed of either ventilation or 

phrenic minute activity as functions of arterial 
2COP under steady state conditions. 

By this method, individual 
2COaP values at apneic threshold 2COthr(P ) were 

determined, as well as the set point 
2COP  ( 2COspP ) at the intersection of the CO2

response curve and the metabolic hyperbola. At this intercept of both curves, the 
steady state loop gain (G) of the control system was assessed as ratio of the slope 
of the respiratory CO2 response (S) and that of the metabolic hyperbola (SL),
whereby SL = 863·

STPD2CO(V ) /( 2COspP )2 [Honda et al., 1983; Khoo, 2005]. 
Means ±SEM were calculated for the two groups of rabbits. Differences between 
controls and treatments were analyzed by paired t-tests and regarded as being 
significant at least for P  0.05. Statistical analysis was in part carried out by SPSS 
8.0 for Windows software (SPSS Inc. Chicago, IL, USA). 

3.   RESULTS 

3.1   CA Inhibition

The table shows that application of low-dose acetazolamide significantly 
reduced the set point 22CO COspP (P ) at the intercept of the CO2 response curve 
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and the metabolic hyperbola (Fig. 1A). The overall loop gain was lowered by a 
higher slope of the metabolic hyperbola and a lower slope of the CO2 response 
curve, whereas the metabolic CO2 production remained unaffected. Fig. 1B 
shows the mean values of G before and after CA inhibition, as well as the 
theoretical impact of both, 2COspP  level and CO2 sensitivity on the loop gain at 
constant metabolic rate.  

Table 1. The role of carbonic anhydrase and Na+/H+ exchanger 3 for respiratory control

The table shows means ±SEM (N=7). Abbreviations: Arterial 
2COP  at apneic threshold 

2COthr(P ) and at the set point
2

spCO(P ) , metabolic CO2 production 
2CO(V ) , slope of the metabolic 

hyperbola (SL),  slope of the ventilatory CO2  response curve (S). 

3.2    NHE3 Inhibition

As can be seen from Table 1 and Fig. 1C, NHE3 inhibition likewise 
enhanced the slope (SL) of the metabolic hyperbola at the intercept with the CO2

response curve by shifting 2COspP   towards lower values, while it had no 
significant effect on the metabolic rate. In contrast to acetazolamide, there was 
no effect on the slope S of the CO2 response curve, so that the small decrease in 
overall loop gain G did not reach the level of significance. In analogy to Fig. 1B, 
the role of both, 2COspP  and CO2 sensitivity on the loop  gain is shown in Fig. 1D, 
together with mean values of G before and after NHE3 inhibition.

4. DISCUSSION

By theoretical reasons, the steady state loop gain of the respiratory control 
system can be reduced by three factors, namely by an elevated metabolic rate, a 

 Control 
Inhibition of 

Carbonic
Anhydrase

Control
Inhibition of 

Sodium/Proton
Exchanger

2COthrP  [mmHg]  26.7±1.7  19.5±2.8**  22.9±1.4  19.5±1.3** 

2
spCOP  [mmHg]  33.1±1.8  30.3±1.4**  27.3±1.6  23.8±1.4* 

2CO(V )  [ml·min-1
STPD]  17.4±0.9  17.3±1.0  20.1±0.8  20.5±0.8 

SL [ml·min-1
BTPS· mmHg-1]  -14.5±1.6  -16.4±1.4*  -24.9±3.2  -30.9±4.4* 

S [ml·min-1
BTPS· mmHg-1]        152±29        111±31*          271±55          272±61 

Loop gain  (G=S/SL) 10.4 ±1.6     6.3 ±1.6**      11.4 ±2.6        8.5 ±1.0
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Figure 1. Factors affecting the loop gain of respiratory control. (A) Mean CO2 response curves of 
pulmonary ventilation and metabolic hyperbolas before and after low-dose application of 
acetazolamide. (B) Mean loop gain ±SEM calculated from individual slopes at the intersection of 
these curves. (C) Mean CO2 response curves of phrenic minute activity (normalized to 
spontaneous breathing) and metabolic hyperbolas of  mechanically ventilated rabbits before and 
after application of the NHE3 inhibitor. (D) Mean loop gain ±SEM of these animals calculated in 
analogy to diagram B. The CO2 response curves are obtained during hyperoxia and based on data 
from Kiwull-Schöne et al., 2001a,b. Diagrams B and D illustrate   how the loop gain G depends 
on both, set point 22CO COspP (P )  and slope of the CO2 response (S), the latter indicated by iso-
slope lines for different theoretical values of S [ml·min-1

BTPS ·mmHg-1] at constant metabolic rate. 

lowered set point 
2COP and a diminished ventilatory CO2 sensitivity. A low loop 

gain implies protective properties against the incidence of periodic breathing 

Khoo, 2000; Dempsey et al., 2004]. 
Carbonic anhydrase inhibition by low-dose acetazolamide significantly 

reduced the loop gain first, by shifting the set point 
2COP towards a steeper part 

(SL) of the metabolic hyperbola and second, by attenuating the slope (S) of the 
CO2 response curve (controller function), while metabolic rate remained 
unchanged. 

As discussed elsewhere in detail [Kiwull-Schöne et al., 2001a], the leftward 
shift of the CO2 response curve may have been caused by  peripheral 
chemoreflex activation due to a slight renal metabolic acidosis or by inhibition 

and apnea, e.g. during sleep [Longobardo et al., 1982; Honda et al., 1983; 
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of a membrane-bound carbonic anhydrase in brain capillaries, leading to a rise 
in tissue

2COP . As far as the slope of the CO2 response curve is concerned, the 
same study showed clearly that the CA inhibitor acetazolamide considerably 
reduced the effectiveness of the CO2-induced phrenic neural drive to mediate an 
appropriate rise in tidal volume. Thus, interpretation of the ventilatory CO2

response, besides central chemosensitivity, has also to consider an attenuating 
component of acetazolamide on respiratory muscle function. 

Selective inhibition of the Na+/H+ exchanger 3 likewise shifted the set point 

2COP  towards a steeper part (SL) of the metabolic hyperbola without any 
change in metabolic rate, but did not attenuate the slope of the neural respiratory 
CO2 response. Thus, the slight decrease in loop gain that could be discerned did 
not reach the level of significance. Although experiments with vagotomized 
rabbits on mechanical ventilation are useful to exclude secondary effects on 
central CO2 sensitivity [Kiwull-Schöne et al., 2001b], interpretation of results is 
then merely restricted to the central neural chemoreflex output. Up to now, it is 
unknown whether NHE3 inhibitors may also influence the transmission of 
neural respiratory drive into lung functions, as has been shown for 
acetazolamide. Likewise, nothing is known about possible additive effects of 
NHE3 inhibitors on fluid balance of the bronchial mucous membrane and/or 
pulmonary vagal sensory nerve endings. Nevertheless, recent observations 
further underline the role of NHE3 for the adjustment of set point 

2COaP  also in 
awake rabbits. The level of NHE3 mRNA expression in the medulla oblongata 
was inversely correlated with alveolar ventilation at constant metabolic rate, 
thus being involved in setting the baseline 

2COP  [Wiemann et al., 2005]. 
Generally, factors that influence the loop gain of the respiratory control 

system should be further integrated in physiological and pharmacological 
experimentation for better understanding the development and treatment of 
irregular breathing disorders.  
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1.   INTRODUCTION 

Alveolar ventilation rises proportionally with metabolic rate during exercise 
and thus arterial Pco2 remains constant or may even fall slightly. The mechanism 
underlying this isocapnic hyperpnea, by which ventilation is coupled so 
precisely to metabolism, however, remains unclear. We have shown recently 
(Bin-Jaliah et al., 2004), that an increased metabolic rate, induced by insulin 
infusion, could produce an isocapnic hyperpnoea in an anaesthetized rat and 
subsequently, we showed that this hyperpnoea was correlated with an increase in 
the CO2 sensitivity, or gain, of the carotid body such that ventilation could be 
increased without hypercapnia. Low glucose can stimulate catecholamine release 
from carotid body tissue (Pardal & Lopez Barneo, 2002) but we demonstrated 
that the effect we observed in vivo could not be due to an insulin-induced fall in 
blood glucose concentration (Bin-Jaliah et al., 2005). We speculated that some 
other blood borne factor may be involved, and we in this present study, we 
evaluated the role of circulating adrenaline in the augmentation of 
chemoreceptor gain. Adrenaline has long been mooted as a possible feed 
forward factor involved in exercise hyperpnoea (Linton et al., 1992) and is know 
to be released in both hypoglycaemic states (Vollmer et al., 1997) and during 
exercise (Christensen et al., 1983).

2.   MATERIALS & METHODS 

2.1   Animal and Surgical Preparation

Adult male Wistar rats (326.57 ± 5.6 g, n = 16) were anaesthetized with 
halothane (3 - 4% in oxygen), anaesthesia was then maintained with 650 mg.kg–1

 of 25% w/v ethyl carbamate (Urethane) via an indwelling cannula located in 
the left femoral vein. Circulating plasma adrenaline levels were measured using 
a dialysis probe (CMA/12, Microdialysis, Chelmsford, MA) inserted into the left 
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femoral artery. The probe was continuously perfused with saline throughout the 
experimental procedure. Dialysate samples were collected into ice-cold tubes 
containing 10 ml of 0.25 M acetic acid at a rate of 1 ml.min-1 for 10 min. Blood 
pressure was recorded via an indwelling cannula located in the left femoral 
artery. The trachea was exposed and cannulated. Body temperature was 
monitored using a rectal thermometer and maintained at 36.0  0.5oC using a 
small homeothermic blanket system. The carotid sinus nerves (CSNs) were 
either sectioned bilaterally (CSNX) or left intact (sham) as described previously 
(Bin-Jaliah et al., 2005). Denervation was confirmed by absence of hypoxia-
induced hyperventilation prior to experiments. At the end of the experiment, 
animals were killed with a pentobarbitone overdose and cervical dislocation. 
Adequacy of anaesthesia was confirmed throughout the procedure by continuous 
measurement of arterial blood pressure and lack of cardiovascular response to a 
strong paw pinch. Supplementary anaesthesia, urethane (50 mg kg-1; I.V.) was 
given as required.

Data are expressed as means ± S.E.M. and significance (P<0.05) tested with 
a paired t test. 

2.2   Re-Breathing Techniques

Animals were allowed 30 - 60 min to recover from surgery, when baseline 
cardiovascular and respiratory variables were stable, experimental protocols 
consisted of a determination CO2 sensitivity using a modified Read re-breathing 
technique (Read, 1967) in hyperoxia (Pa,O2 >300 mmHg) as previously 

baseline CO2 sensitivity with a 15 minute recovery period between each re-
breathe to allow the animal to recover. Adrenaline was infused for 10 minutes 
(10 g.kg-1.min-1) with or without concomitant propranolol infusion (0.3 
mg.kg-1.min-1, a non specific -adrenoceptor antagonist) or with CSNX. 
Ventilatory CO2 chemosensitivity was determined at the end of each adrenaline 
infusion. Each infusion and ventilatory CO2 chemosensitivity was repeated 
twice. In all groups of animals, partial pressures of O2 and CO2 as well as pH 
and glucose concentration of the arterial blood were sampled before and after 
each re-breathe. 

2.3   HPLC Adrenaline Analysis

The dialysate plasma samples were assayed using High Performance Liquid 
Chromatography (HPLC) with electrochemical detection. Adrenaline was 
separated on a 3mm, 100 x 2.0 mm, C18 Reverse Phase Column. The mobile 
phase consisted of Ammonium acetate (50mM), Glacial acetic acid (1.25%), 
sodium dodecyl sulphate (4mM), EDTA (0.27mM) and Methanol (25%). 
Adrenaline was oxidised during exposure to a glassy carbon electrode set to a 
potential of 0.6V versus Ag/AgCl. Data was acquired with the use of 
ChromPerfect software and calculations were based on peak areas. 

described (Bin-Jaliah et al., 2005). Three re-breathes were performed to give a 
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3.1 Adrenaline Infusion Increases Baseline Ventilation and 

Venous infusion of adrenaline (10 g.kg-1.min-1) caused a significant and 
considerable increase in plasma adrenaline concentration from 45.8  11.6 fmol 
to 1213.5  258.1 fmol (P < 0.05, n = 4). This increase in plasma adrenaline was 
associated with an increase in basal VE from 461.5  18.2 ml.min-1.kg-1 to 673.01 

 18.6 ml.min-1.kg-1 (P < 0.05, n = 3) in spontaneously breathing rats (see fig. 1). 
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Figure 1. Representative traces of integrated inspiratory tracheal airflow (inspiration upwards) 
from a sham animal taken just before adrenaline infusion (upper trace) and 10 minutes after the 
infusion of adrenaline began (lower trace). 

3.2   Effect of Adrenaline Infusion Upon Arterial Blood 

Parameters

The increase in plasma adrenaline was associated with an increase in blood 
glucose from the basal control levels 8.7  0.34 mmol l-1 to 11.37  0.75 mmol l-

1 (P < 0.05, n = 4). Blood pH (from 7.48  0.01 to 7.45  0.01, n = 4), PaCO2

(from 32.6  1.7 mmHg to 33.0  2.5 mmHg, n = 4), PaO2 (from 84.1  2.4 to 
76.6  5.4 mmHg, n = 4), HCO3

- (from 24.7  1.0 mmol l-1 to 22.8  1.1 mmol l-1

, n = 4), lactate (from 1.31  0.08 mmol l-1 to 1.5  0.55 mmol l-1, n = 4) and K+

(from 3.88  0.15 mmol l-1 to 3.90  0.20 mmol l-1, n = 4) were not significantly 
altered from basal levels.   

3.   RESULTS 

Plasma Adrenaline Levels 
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3.3   Ventilatory CO2 Chemosensitivity Increased During 

Adrenaline Infusion in Sham but not in CSNX or 

Propranolol Infused Animals 

The relation between VE and the percentage of inspired CO2 during re-
breathing was used to determine ventilatory CO2 chemosensitivity. Pre-
adrenaline infused levels of ventilatory CO2 chemosensitivity were not 
significantly different between sham and CSNX animals (data not shown). On 
application of adrenaline the ventilatory CO2 chemosensitivity was significantly 
increased by 40%, an effect abolished by CSNX or by concomitant application 
of propranolol (0.3mg kg-1min-1).

Sham Adrenaline CSNX Propranolol
0

10

20

30

40

50

60

70

80

90 *

C
O

2
 S

e
n

s
it

iv
it

y

(m
l 

m
in

-1
 k

g
-1

 m
m

H
g

-1
)

Figure 2. Means ± SEM of CO2 chemosensitivity in Sham (pre-adrenaline infusion, n = 7), 
adrenaline infused (10 g kg-1min-1 for 10 minutes, n = 5), CSN section (CSNX) (n = 3) and 
adrenaline infusion with co-application of propranolol (0.3mg kg-1min-1) (n = 3). A significant 
increase in CO2 sensitivity was observed on infusion of adrenaline. This significant increase was 
abolished upon either CSNX nerve section or the concomitant application of propranolol with 

4.   DISCUSSION 

Exercise hyperpnoea acts to maintain PaCO2 constant during mild to 
moderate, dynamic exercise (Dempsey, 1995) and a combination of neural and 
humoral control appears to be involved, with a high degree of redundancy 
existing between the various systems (Paterson, 1994). The initial studies of the 
effect of catecholamine infusion upon ventilation in man, were performed over 
80 years ago (Tompkins et al., 1919) although the effect in rat has not previously 
been reported. We now show that the infusion of adrenaline, at 10 g.kg-1.min-1,
caused a 26-fold increase in rat arterial adrenaline levels as determined by the 
HPLC analysis of arterial dialysates. This is similar to the 22-fold increase in 
adrenaline levels seen in the insulin mediated hypoglycemia study of Vollmer 
(1997), where blood glucose levels fell to approx 2 mmol.l-1 in conscious rats. 
We demonstrated that this increase in [adrenaline] was associated with a 50%
increase in basal ventilation with no significant change in PaCO2 suggesting that 
the observed elevated ventilation was an appropriate hyperpnoeic response 

adrenaline. * P<0.05 compared to sham (one way ANOVA). 
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presumably due to an elevated metabolism. These findings are thus confirmatory 
of previous reports of adrenaline or isoprenaline infusions where, in cats, it has 
been shown to increase carotid chemoreceptor discharge and ventilation, an 
effect abolished by carotid sinus nerve section (Joels and White, 1968) and 
propranolol (Folgering et al., 1982).

One of the possible elements controlling exercise hyperpnoea is an increase 

exercise, an increase in sympatho-adrenergic activity occurs in which arterial 
plasma concentrations of adrenaline increase linearly with exercise duration and 
exponentially with intensity (Kjaer, 1992). Our present study demonstrates an 
adrenaline mediated, carotid body-dependent increase in CO2 chemosensitivity, 
via a -receptor mediated mechanism, that might account for our previous 

isoprenaline infusion could induce an upward, but parallel shift in the position of 
the VE-CO2 relation, i.e. no increase in gain. Whether this is a species effect is 
not known.

Linton et al (1992) showed that the elevated ventilation observed during 
adrenaline infusion might be accounted for either by a concurrent elevation in 
arterial K+ levels and/or via an increase in the amplitude or slope of CO2 arterial 
blood gas oscillations derived from the increased metabolism. In our previous 
study (Bin-Jaliah et al., 2004) we excluded any effect of elevated K+ as this was 
decreased by the insulin and so could not account for the observed hyperpnea. It 
has not yet proved possible to measure chemoreceptor discharge oscillations in
vivo in the rat, but this should be studied, as it cannot be discounted in our 
studies.  

In conclusion, our data demonstrates that ventilation can be increased 
isocapnically in the rat by infusion of adrenaline through a stimulatory effect at 
the carotid body and we suggest that this may play a role in the hyperpnea of 
exercise.
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1.   INTRODUCTION 

It has been reported that hypoxic ventilatory response can be enhanced by an 

it is still vague about how the muscular exercise produces the enhanced 
ventilatory responsiveness to hypoxia. Previous studies suggested that afferent 
nerve activity from carotid body was stimulated by some humoral factors related 

+

This study was designed to estimate the contribution of peripheral 
chemoreceptor activity (PCA) related to O2 sensing on exercise-induced 
hyperpnea in human. In addition, the relationship between PCA and the humoral 
factors related to muscular exercise was investigated. 

2.   METHODS 

The PCA was studied in ten healthy volunteers (38 +/- 9 yr, 75 +/- 16 kg, 
mean +/- SD) during rest and exercise. The study was approved by the institute 
committee of human studies, and informed consent was obtained from each 
subject. They performed cycle ergometer exercise increasing by 25 W every 10 
min in the stepwise manner. Arterial blood was sampled to analyze blood gases 
and to measure serum [K+], [lactate] and [noradrenaline] at rest, and in early 
phase (3 min) and in late phase (10 min) of each step of exercise. 

The PCA related to O2 sensing was estimated by measurement of decline of 
minute ventilation ( V’I) during 5 to 15 sec after transient two breaths of pure 
oxygen (Fig. 1). In this test, the high inspired O2 fractions suppress peripheral 
chemosensory contribution to ventilatory drive before change the condition of 
central chemoreceptor (Dejours, 1964). The measurements of V’I were 
practiced at rest, and in early phase and in late phase of each step of exercise. 
The contribution of PCA in entire ventilatory gain (% V’I) was calculated as 
follows:
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increase in work rate of exercise (Weil et al., 1972; Grover et al., 2002). However, 

1986) and K  (Band et al., 1985). 
to muscular exercise, i.e. circulating catecholamine, lactate (Wasserman et al., 
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% V’I = V’I / V’I before two breaths of pure oxygen x 100

Figure 1. Time course of inspiratory minute ventilatory responses (V˙I) to the abrupt inhalation of 
100% O2 test under normoxic conditions for a typical subject. 

Data were analyzed using ANOVA with repeated measures, and 
Student-Newman-Keuls’ test for multiple comparisons when appropriate. 

3.   RESULTS 

During the exercise test, arterial blood gases were not changed significantly 
(Table 1). Therefore, it was unlikely that the alternation of arterial blood gases 
during exercise affected PCA in the present study. 

Table 1. Arterial blood gases during rest and exercise. 

 Rest 25 W 50 W 75 W 

pH 7.44 ± 0.01 7.42 ± 0.01 7.41 ± 0.01 7.41 ± 0.01 

PaCO2 (Torr) 35.8 ± 0.9 37.9 ± 1.2 38.7 ± 0.7 38.7 ± 1.2 

PaO2 (Torr) 96.8 ± 3.1 101.1 ± 4.0 98.1 ± 2.7 94.1 ± 2.7

Mean +/- SEM. 

Increases of serum [K+], [lactate] and [noradrenaline] were correlated to the 
increase of exercise load (Fig. 2a). Also, the increases of humoral factors were 
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tightly correlated to the increase of V’I (Fig. 2b, c, d).
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Figure 2. Relationships between increase of minute ventilation and humoral factors during the 
exercise test. %K, percent of serum [K+] at rest; %lactate, percent of serum [lactate] at 
rest; %noradrenaline, percent of serum [noradrenaline] at rest; %VI, percent of inspiratory minute 
ventilation at rest. Mean +/- SEM. 

The % V’I in early phase was decreased with the increase of exercise (Fig. 
3a). However, the % V’I in late phase of exercise was not changed with the 
increase of exercise (Fig. 3b). Accordingly, there was difference between the 
contribution of PCA in the early phase of exercise and that of the late phase of 
exercise. On the other hand, neither serum [K+], [lactate], nor [noradrenaline] 
was correlated to % V’I.

Figure 3. Results ofperipheral chemoreceptor activity in early phase (3 min) of each exercise step 
and that in late phase (10 min) of each exercise step. Mean +/- SEM. *, P < 0.05 vs. 25 W. #, P 
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4.   DISCUSSION 

In the present study, the contribution of PCA in the early phase of exercise is 
different from that in the late phase of exercise. Since the PCA in the early phase 
of exercise was reduced with the rise of muscle activity, it is likely that the role 
of the PCA is insignificant in this phase. In contrast, the PCA in the late phase of 
exercise was nearly constant regardless of exercise intensity. Accordingly, the 
PCA in the late phase of exercise was proportionally augmented with the 
exercise intensity. 

In the previous report, it has been demonstrated that the PCA seems to have 
little effect on initial and early phases of exercise hyperpnea in humans 
(Cunningham, 1974; Dejours, 1975). However, late phase of exercise hyperpnea 
seems to be modulated by the carotid bodies in humans because stimulation of 
carotid chemosensitivity can accelerate the kinetics of hyperpnea (Whipp and 
Ward, 1991). Also, the contribution of PCA appears to amount to approximately 
20% of the steady state of exercise hyperpnea response (Whipp, 1994). Our data 
was corresponding to those previous findings. 

On the other hand, there was no significant relationship between the PCA 
during exercise and the humoral factors which were rised by the intensity of 
exercise load. Therefore, our data suggested that there is little effect of those 
factors on the PCA during exercise. 

So far, various hypotheses about exercise-induced hyperpnea have been given 
(Wasserman, 1986). However, there remains much controversy in those 
hypotheses. Recently, it has been showed the the hypermetabolism stimulates 
the PCA and augments ventilation (Bin-Jaliah, 2005). Because the ventilation is 
tightly link to metablism (Casaburi 1978), this mechanism might be one possible 
mechanism of exercise-induced hyperpnea. Hereafter, the relationship between 
PCA and metabolism during exercise should be studied in detail. 

5.   CONCLUSION

In conclusion, there is differences between the PCA in the early phase of 
exercise and that in the late phase of exercise. Also, It is unlikely that the serum 
[K+], [lactate] and [noradrenaline] affect the PCA related to O2 sensing. 
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1.   INTRODUCTION 

Inhibitors of carbonic anhydrase (CA) have complex effects on respiration. 
Many cells and tissues that are involved in the control of breathing contain 
various isoforms of CA, e.g., red cells, carotid bodies, lung and brain capillary 
endothelial cells, muscle and neurons closely associated with central 
chemoreceptors (1-9). In human and cats, low intravenous doses of 
acetazolamide have both stimulatory and inhibitory effects on the control of 
breathing. (10, 11). One of the inhibitory effects applies to the peripheral 
chemoreceptors because acetazolamide has been shown to reduce the hypoxic 
response and also the O2-CO2 interaction that is known to reside the carotid 
bodies (10,12,13). The mechanism by which this occurs is unclear: however, due 
to its physical-chemical properties acetazolamide does not easily cross biological 
membranes (1, 2) so that at low dose this inhibiting effect is unlikely due to 
inhibition of an intracellular isoform of CA in the carotid bodies. 
Methazolamide, another CA inhibitor with an about equal affinity for 
sulfonamide-sensitive CA isoforms is much more lipophilic and rapidly 
permeates into cells (1, 2). Therefore, this agent would be a suitable tool to study 
the effect to intracellular CA inhibition on carotid body-mediated responses. 
Another difference between acetazolamide and methazolamide refers to their 
effects on large-conductance Ca2+- dependent potassium (BK) channels: while 
acetazolamide specifically opens these channels, methazolamide is without any 
stimulating effect on them (14). Because BK channels may play a crucial role in 
the hypoxic response of type-I carotid body cells (15), it is therefore interesting 
to compare the effects of both agents on the carotid body responses to both 
hypoxia and hypercapnia.  

Dynamic end-tidal CO2 forcing (DEF) is a suitable means to study the 
separate effects of pharmacological agents on the CO2 sensitivity of the 
peripheral and central chemoreflex loops (16). In this study we have applied this 
technique to study the effects of low-dose methazolamide on the control of 
breathing in the cat. 

257

Y. Hayashida et al. (eds.), The Arterial Chemoreceptors, 257–262. 
© 2006 Springer. Printed in the Netherlands.



258 J.H.L. Bijl et al.

2.   METHODS AND DATA ANALYSIS

Animals and Measurements. Experiments were performed in nine female 
adult cats (weight 2.5-4.1 kg).  The Ethical Committee for Animal Experiments 
of the University of Leiden approved the use of animals. The animals were 
sedated with 10 mg kg-1 ketamine hydrochloride (i.m.). Anaesthesia was induced 
with 2% sevoflurane in 30 % O2 in N2. The right femoral artery and vein were 
cannulated, 20 mg kg-1 alpha-chloralose and 100 mg kg-1 urethan were slowly 
administered intravenously, and the volatile anaesthetic was gradually 
withdrawn. About 1 h later, an infusion of an alpha-chloralose-urethan solution 
was started at a rate 1.0-1.5 mg kg-1 h-1 alpha-chloralose and 5.0-7.5 mg kg-1 h-1

urethan.  
The trachea was cannulated at midcervical level and connected to a 

respiratory circuit. Tidal volume was measured electronically by integrating 
airway gas flow obtained from a pneumotachograph (number 0 flow transducer, 
Fleisch) connected to a differential pressure transducer (Statham PM 197). The 
respiratory fractions of O2 and CO2 were continuously measured with a Datex 
gas monitor (Multicap), which was calibrated with gas mixtures of known 
composition. The inspiratory gas concentrations were made with computer-
steered mass flow controllers (type AFC 260, Advanced Semiconductor 
Materials). Arterial blood pressure was measured using a Statham pressure 
transducer ((P23ac). Arterial blood samples were taken for blood gas analysis 
(Radiometer ABL 700). 

Experimental design. Using the technique of end-tidal CO2 forcing, we 
performed step changes in end-tidal PCO2

before and after intravenous infusion 
of 3 mg.kg -1 methazolamide (purchased from Sigma), dissolved in 0.1 N NaOH 
and 0.1 N HCl (pH was adjusted to 7-3-7.4). End-tidal PO2 was kept constant 
throughout the experiments at a nomoxic level of 14 kPa.  Both before and after 
methazolamide administration, 2-4 dynamic end-tidal forcing (DEF) runs were 
performed and the dynamic ventilatory responses analysed (see below). The 
PETCO

2
pattern during a DEF run was as follows. After a 10- to 15 min period of 

steady state ventilation at constant end-tidal PCO2 (about 0.5 kPa above the 
apnoeic threshold), the PETCO

2
 was increased by 1-1.5 kPa in a step-wise fashion 

and kept constant for 7 min. thereafter; the PETCO
2

was returned to its previous 
value and maintained for another 7 min. 

Dynamic end-tidal forcing. The steady-state relation of inspiratory 
ventilation V

.

I  to PETCO
2
at constant PETO2

 can be described by: 

V
.

I = (SP + Sc )(PETCO
2
 - B) 

Where SP = the carbon dioxide sensitivity of the peripheral chemoreflex loop, Sc

= the carbon dioxide sensitivity of the central chemoreflex loop, and B = the 
apnoeic threshold or extrapolated PETCO

2
 at zero V

.

I . The sum of SP and Sc is the 
overall carbon dioxide sensitivity. 

For the analysis of the dynamic response of ventilation to a step-wise change 
in PETCO

2
 we used a two-compartment model (16):   

V
.

p (t) + tau p d/dt V
.

p (t) = SP (PETCO
2

[t - Tp] - B) 

V
.

c (t) +  tau c d/dt V
.

c (t) = Sc (PETCO
2

[t - Tc] - B) 
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Where tau p and tau c = the time constants of the peripheral and central 
chemoreflex loops, respectively, V

.

p (t) and V
.

c (t) = the outputs of the peripheral 
and central chemoreflex loops, respectively, PETCO

2
 [t - TP] = the stimulus to the 

peripheral chemoreflex loop delayed by the peripheral transport delay time (TP),
and PETCO

2
 [t - Tc] = the stimulus to the central chemoreflex loop delayed by the 

central transport delay time (Tc).
 To allow the time constant of the ventilatory on transient to be different 
from that of the off transient  tau c is written as:  

tau c = x.tau on + (1 – x) tau off

tau on = the time constant of the ventilatory on transient, tau off = the time 
constant of the off transient, and   x = 1 when PETCO

2
 is high, while x = 0 when 

PETCO
2
 is low. 

In most experiments a small drift in ventilation was present. We therefore 
included a drift term (C· t) in our model. The total ventilatory response V

.

I (t) is 
made up of the contributions of the central and peripheral chemoreflex loops and 
C· t 

V
.

I (t) = V
.

p (t) + V
.

c (t) + C· t 

The parameters of the model were estimated by fitting the model to the 
breath-by-breath data with a least-squares method. To obtain optimal time 
delays, a grid search was applied, and all combinations of TP and Tc, with 
increments of 1 s and with Tp smaller or equal than Tc, were tried until a 
minimum in the residual sum of squares was obtained. The minimum time delay 
was chosen, arbitrarily, to be 1 s, the tau p was constrained to be at least 0.3 s. 

Statistical analysis. To compare the means of the values obtained from the 
analysis of the DEF runs in the control situation with those obtained after 
methazolamide infusion, analysis of variance was performed on individual data. 
The level of significance was set at P = 0.05. Results are given as means of the 
means per cat ± S.D. 

3.   RESULTS

The dose of 3 mg.kg –1 methazolamide did not cause an appreciable arterial-
to-end- tidal PCO2 gradient indicating the absence of effective erythrocytic CA 
inhibition (P(a-ET)CO2 differences  were –0.14 ± 0.27 kPa in control and 0.18 ± 
0.27 kPa after methazolamide, P = 0.11). Altogether 58 DEF runs (32 before and 
25 after methazolamide) were analysed and the results are summarized in table 1. 

 B Sc Sp Base Excess 
Control 3.60 ± 0.72 0.68 ± 0.27 0.08 ± 0.04 -6.65 ± 1.75 

Methazolamide 1.77 ± 1.41 0.44 ± 0.22 0.06 ± 0.03 -7.84 ± 1.90 
P 0.00006 0.013 0.13 0.009 

Table 1. Effects of methazolamide on respiratory parameters. Sp and Sc are the CO2 sensitivities 
of the peripheral and central chemoreflex loops, respectively (in l.min-1.kPa-1). B is the intercept 
on the PETCO2 axis of the CO2 ventilatory response curve.Base Excess in mM. Values are means 
of the means per cat ± S.D.(n =9) 
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Methazolamide reduced the apnoeic threshold B and the CO2 sensitivity Sc  of 
the central chemoreflex loop. The CO2 sensitivity of the peripheral chemoreflex 
loop was not significantly reduced. The individual data are shown in figure 1. 
Time constants, delays and drift were not significantly influenced by 
methazolamide (data not shown). 

4.   DISCUSSION 

Our data show a clear decrease in apnoeic threshold and central CO2

sensitivity by low-dose methazolamide. However, we could not demonstrate a 
significant decrease in Sp in our animals. The agent caused a small but 
significant decrease in Base Excess. 

Previously, we have attributed the decrease in apnoeic threshold by low-dose 
acetazolamide to a possible effect on the relationship between cerebral blood 
flow and brain tissue PCO2 (PtCO2; 11). Similar to our previous experiments 
with low-dose acetazolamide, a significant arterial-to-end-tidal PCO2 gradient 
was also absent after methazolamide, albeit at a somewhat lower dose. 
Methazolamide, however, is a much more permeable inhibitor with an about 
equal affinity for carbonic anhydrase II (1,2), so that compared to acetazolamide 
(4 mg.kg-1) after 3 mg.kg-1 methazolamide the fractional inhibition of 
intracellular CA can be expected to be at least equal if not larger. Avoiding 
complete inhibition is important to prevent large tissue acidosis, which then 
could have explained the large decrease in apnoeic threshold. Our data show that 
the decrease in mean B was considerably larger than after low-dose 

Figure 1. Scatterdiagrams of the respiratory effects of methazolamide. Sp and Sc are the CO2

sensitivities of the peripheral and central chemoreflex loops, respectively. B is the intercept on the
PETCO2 axis of the CO2 ventilatory response curve. 
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acetazolamide, and this may be caused by additional inhibition of intracellular 
CA in brain capillary cells. 

A change in the CBF- PtCO2 relationship may also result in a change in CO2

sensitivity of the central chemoreflex loop. Compared to acetazolamide, we now 
find a smaller decrease in Sc. After low-dose methazolamide, however, 
inhibition of CNS carbonic anhydrase could have altered central chemoreceptors 
CO2 sensitivity for at least two reasons. First, carbonic anhydrase has been 
shown to be present in rostroventrolateral medullary structures associated with 
central chemoreceptors (8,9) and second, in a previous study we showed that a 
high dose methazolamide caused an increase in CO2 sensitivity independently of 
extracellular and erythrocytic CA inhibition (17). Inhibition of brain carbonic 
anhydrase is followed by decease in intracellular buffer capacity against CO2

(18). Intracellular pH changes play a crucial role in central CO2 chemoreception 
(references see 19). In conclusion, the lower decrease in Sc by methazolamide 
compared to that by acetazolamide may be caused by a combined effect of the 
former on the CBF-PtCO2 relationship (tending to decrease the CO2 sensitivity 
of the central chemoreflex loop) and on the buffer capacity of central 
chemoreceptors (tending to increase their sensitivity to changes in PCO2).

An interesting finding was that, in contrast to acetazolamide (11) 
methazolamide did not significantly reduce the CO2 sensitivity of the peripheral 
chemoreflex loop. The carotid bodies contain several CA isoforms (4-6; 20). 
Because 3 mg.kg-1 methazolamide will be sufficient for complete inhibition of 
sulfonamide-sensitive carbonic anhydrases within the carotid bodies (but not in 
erythrocytes due to their very large CA content – 1,2), its failure to reduce Sp 
may seem surprising. Causing extracellular rather than extracellular and
intracellular CA inhibition, low-dose acetazolamide induces a clear reduction in 
Sp, while the steady state hypoxic response is reduced by 50% (11,12). Our 
findings are reminiscent of data obtained from in vitro carotid body preparations 
in which complete CA appeared to reduce the fast initial rather than the steady 
state CO2 response (21). One possible explanation of the different effects of 
methazolamide and acetazolamide on the peripheral chemoreflex loop may be 
related to a specific effect of acetazolamide on Ca2+-dependent large-
conductance potassium (BK) channels that is not shared by methazolamide (14). 
While acetazolamide has a specific, powerful stimulating effect on these 
channels (i.e. BK channels from skeletal muscles of K+-deficient rat), 
methazolamide entirely lacks such an opening effect (14). As recently shown by 
Williams et al (15) BK channels may play a crucial role in the response of type-I 
carotid body cells to hypoxia. Preliminary data from our lab indicate that in 
contrast to acetazolamide, low-dose methazolamide does not reduce the steady 
state hypoxic response in the cat indicating that BK channels may indeed be 
involved in the inhibiting effect of acetazolamide and that CA inhibition in the 
carotid bodies not necessarily reduces their steady state response to changes in 
PO2 and PCO2.

REFERENCES

1. Maren T.H., 1967. Carbonic anhydrase: Chemistry, Physiology and inhibition. Physiol. Rev. 
47: 595-781.

2. Maren T.H., 1977. Use of inhibitors in physiological studies of carbonic anhydrase. Am. J. 
Physiol. 232:F291-297. 



262 J.H.L. Bijl et al.

3. Effros R.M., Chang R.S., Silverman P.,1978. Acceleration of plasma bicarbonate conversion 
to carbon dioxide by pulmonary carbonic anhydrase. Science 199: 1292-1298 

4. Ridderstråle Y., Hanson M.A., 1984.Histochemical localization of carbonic anhydrase in the 
cat carotid body. Proc. N.Y. Acad. Sci. 429: 398-400. 

5. Nurse C.A., 1990. Carbonic anhydrase and neuronal enzymes in cultured glomus cells of the 
carotid body of the rat. Cell Tissue Res. 261:65-71. 

6. Rigual C., Iñiguez C., Carreres J., Gonzales C., 1985. Carbonic anhydrase in the carotid body 
and the carotid sinus nerve. Histochem. 82:577-580 

7. Geers C., Gros G., 2000. Carbon dioxide transport and carbonic anhydrase in blood and 
muscle. Physiol. Rev. 80:681-715. 

8. Ridderstråle Y., Hanson M.A., 1985. Histochemical study of the distribution of carbonic 
anhydrase in the cat brain. Acta Physiol. Scand. 124:557-564. 

9. Torrance R.W., 1993. Carbonic anhydrase near central chemoreceptors. Adv. Exp. Med. 
Biol. 337: 235-239. 

10. Swenson E.R., Hughes J.M.B., 1993. Effects of acute and chronic acetazolamide on resting 
ventilation and ventilatory responses in man. J. Appl. Physiol. 74:230-237. 

11. Wagenaar M., Teppema L.J., Berkenbosch A., Olievier C.N., Folgering H., 1996. The effect 
of low-dose acetazolamide on the ventilatory CO2 response curve in the anaesthetized cat. J. 
Physiol. (Lond.) 495:227-237. 

12. Teppema,L.J., Dahan A., 2004. Low-dose acetazolamide reduces the hypoxic ventilatory 
response in the anaesthetized cat, Respir. Physiol. Neurobiol. 140:43-51. 

13. Teppema L.J., Dahan A., Olievier C.N., 2001. Low-dose acetazolamide reduces CO2-O2

stimulus interaction within peripheral chemoreceptors in the anaesthetized cat. J. Physiol. 
(Lond.) 537: 221-229. 

14. Tricarico D., Barbieri M., Mele, A., Carbonara G., Camerino D.C., 2004. Carbonic anhydrase 
inhibitors are specific openers of skeletal muscle BK channel of K+ deficient rats. FASEB J. 
18:760-761.

15. Williams S.E., Wootton P, Mason MS, Bould J, Iles D.E., Riccardi D., Peers C., Kemp P.J., 
2004. Hemoxygenase-2 is an oxygen sensor for a calcium-sensitive potassium channel. 
Science. 17: 306(5704):2093-2097.. 

16. DeGoede J., Berkenbosch A., Ward D.S., Bellville J.W., Olievier C.N., 1985. Comparison of 
chemoreflex gains obtained with two different methods in cats. J. Appl. Physiol. 59:170-179. 

17. Teppema L., Berkenbosch A., DeGoede J., Olievier C., 1995. Carbonic anhydrase and 
control of breathing: different effects of benzolamide and methazolamide in the anaesthetized 
cat. J. Physiol. (Lond.) 488:767-777. 

18. Kjällquist A., Messeter K., Siesjö B.K., 1970. The in vivo buffer capacity of the rat brain 
tissue under carbonic anhydrase inhibition. Acta Physiol. Scand. 78: 94-102. 

19. Teppema L.J., Dahan A., 2005. “Central chemoreceptors”. In: Pharmacology and 

Pathophysiology of the Control of Breathing , D.S. Ward, A. Dahan, L.J. Teppema eds. 
Series: Lung Biology in Health and Disease. Marcel Dekker Inc. New York 2005. 

20. Yamamoto Y., Fujimura M., Nishita T., Nishijima K., Atoji Y., Suzuki Y., 2003. 
Immunohistochemical localization of carbonic anhydrase isoenzymes in the rat carotid body. 
J. Anat. 202: 573-577. 

21. Iturriaga R., Mokashi A., Lahiri S., 1933. Dynamics of carotid body responses in vitro in the 
presence of CO2-HCO3: role of carbonic anhydrase. J. Appl. Physiol. 75:1587-1594.



Stimulus Interaction between Hypoxia and 
Hypercapnia in the Human Peripheral 
Chemoreceptors

TORU TAKAHASHI, SHINOBU  OSANAI, SHOKO NAKAO, MASAAKI 
TAKAHASHI, HITOSHI NAKANO, YOSHINOBU OHSAKI, KENJIRO 
KIKUCHI

First Department of Medicine, Asahikawa Medical College, 2-1-1-1 Midorigaoka Higashi, 

Asahikawa 078-8510, Japan 

1.   INTRODUCTION 

The combined effects of hypoxia and hypercapnia on ventilation were 

interaction between hypoxia and hypercapnia in peripheral chemoreceptors has 
been clearly demonstrated in experimental animals, there have been limited 
studies targeted in human. It is difficult to distinguish peripheral chemoreception 
from central chemoreception in steady-state ventilatory response to hypercapnia, 
since inspired hypercapnic gas stimulates both peripheral and central 
chemoreceptor. On the contrary, “two breaths method” has been used to estimate 
the peripheral chemoreceptor activity in human. In this method, transient 
alteration of ventilation with two breaths of hypoxic gas or hypercapnic gas may 
show the peripheral chemoreceptor activity. In the present study, we evaluate the 
ventilatory response to combined effects of hypoxia and hypercapnia in the 
peripheral chemosensitivity in healthy human by using two breaths method. 

2.   METHODS 

The subjects were all healthy adult male-volunteers (25-39 yr.). They were 
explained of the study design and gave informed consent to participate in the 
study.

Subjects seated quietly with nose clip and breathed though a mouthpiece 
attached with one-way valve. End-tidal partial pressure of carbon dioxide 
(PETCO2) and oxygen (PETO2), respiratory rate (RR), inspiratory tidal volume 
(TV), inspiratory minute volume (V’I), and arterial oxygen saturation (SaO2)
were continuously monitored.  

Two breaths of hypercapnic gas (12% CO2) were performed in three levels of 
SaO2 (approximately 80%, 95% and 100%), which were controlled by regulation 
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demonstrated synergistic  in mammalian. ( Neilson 1952). Although stimulus 
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of FIO2. V’I, RR and TV were measured during 5 to 15 sec after two breaths of 
hypercapnic gas. 

2.1   Data Analysis 

All results were presented as means ± S.E.M. Statistical significance was 
assessed using the Student’s two-tailed paired t-test for comparison between 
hypoxic challenge and hypoxic hypercapnic challenge. Analysis of variance was 
used in order to perform a multiple comparisons among each challenge. If a 
significant value was indicated, Scheffe’s F test was done. Statistical 
significance was assumed at P < 0.05. 

3.   RESULTS 

Increments of VI responded to CO2 ( V’I) at the three levels of SaO2 were 1.0 
l/min (at hyperoxia), 1.8 l/min (at normoxia) and 2.3 l/min (at hypoxia), 
respectively (Figure 1). The V’I were significantly increased by the decrease of 
SaO2. Slope of peripheral hypercapnic response ( V’I/ PETCO2) were also 
increased at each degree of SaO2 (Figure 2). The physiological value of 
peripheral chemosensitivity of this study was 0.21 l/min/mmHg. It was 
demonstrated that the increments of VI response to both hypoxia and 
hypercapnia depended on TV, but not RR (Figure 3). Stimulus effects of hypoxia 
and hypercapnia on peripheral chemoreception increased V’I elicited by 
increasing of TV. 

Figure 1. Hypoxic challenges under both normocapnia (open circles) and hypercapnia (open 
squares) by two-breath method. V’I is differences between normocapnic hypoxia and 
hypercapnic hypoxia at each SaO2 (closed circles). *: P<0.05 vs. hyperoxia. **: P<0.01 vs. 
normocapnia. +: P<0.05 vs. normoxia.
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Figure 2. Interactions between hypoxia and hypercapnia presented by slope of peripheral 
hypercapnic response ( V’I/ PETCO2). *: P<0.05 vs. hyperoxia. +: P<0.05 vs. normoxia.

Figure 3. Analysis of increments of tidal volume (TV) and respiratory rate (RR) response to both 

hypoxia and hypercapnia. RR: open circles and TV: open squares. *: P<0.05 vs. hyperoxia. +:

P<0.05 vs. normoxia.
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4.   DISCUSSION

We studied the interaction between hypoxia and hypercapnia on the 
peripheral chemosensitivity in the human by using two breaths method. The 
present study showed that two breaths method can provide a useful assessment 
to estimate the peripheral chemosensitivity.

The modulations of peripheral chemosensitivity are implicated in various 
diseases, including sleep-disordered breathing, congestive heart failure, and 
certain forms of hypertension (Osanai 1999, Prabhakar 2004). But, it is still 
controversial whether the chemoreception is augmented or not. Hereafter, the 
interaction between hypoxia and hypercapnia on peripheral chemosensitivity in 
those patients should be studied for solution of this issue.
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1.   INTRODUCTION 

The respiratory response to extracellular acidosis by hypercapnia is mediated 
by central chemoreceptor neurons in the medulla oblongata [1]. There are actually 
two defined groups of respiratory neurons. The dorsal group of neurons is located 
in and near the nucleus of the tractus solitarius and their activity is regulated by 
changes in the arterial partial pressure of CO2 (Pco2), O2 (Po2) or H+. The ventral 
group is a long column of neurons that extends through the nucleus ambiguous 
and retroambiguous in the ventrolateral medulla. In addition to reacting to 
peripheral stimuli, the ventral neurons detect changes in the H+ and/or CO2

concentrations in the cerebrospinal fluid (CSF) and brain interstitial fluid [2]. The 
capacity to detect these changes is called central chemosensitivity. 

According to the finding that in cats the discharge frequency of ventral 
medullary surface (VMS) neurons is increased with lowered pH of CSF, the H+

concentration seems to be a stimulant of central chemosensitivity [3-6]. Carbon 
dioxide readily penetrates membranes, whereas H+ and HCO3

- penetrate slowly. 
The CO2 that enters the brain and CSF is promptly hydrated. The H2CO3

dissociates, so that the local H+ concentration rises. Therefore, the effects of CO2

on respiration are mainly due to CO2 movement into the CSF, where it increases 
the H+ concentration and stimulates receptors/sensors for H+. Thus, the direct 
stimulant of the central chemosensitive neurons may be H+ rather than CO2 [7, 8].  

It is still not clear how H+ excites the H+-sensitive (chemosensitive) neurons in 
the VMS. There is some evidence for H+-sensing ionic channels in sensory 
neurons: H+ activates Na+ conductance in small neurons of the rat trigeminal 
ganglion [9]; H+ activates Ca2+ channel in rat sensory neurons [10]; a stepwise 
reduction in extracellular pH induced an increase in Na+ current in small dorsal 
root ganglion cells of the frog [11]; and H+ and capsaicin share a common 
mechanism of neuronal activation in rat dorsal root ganglion cells [12]. The 
H+-sensitive neurons in the VMS may also have H+-sensing ionic 
channels/sensors or similar mechanisms for reacting to extracellular H+ changes. 
Few studies have investigated the identification of chemosensitive molecules 
responsible for respiratory regulation in the VMS. Not long ago, Waldmann et al.
succeeded in cloning the H+-gated cation channel (ASIC, for acid-sensing ionic 
channel) that belongs to the amiloride-sensitive Na+ channel/degenerin family of 
ion channels [13]. ASIC is expressed in dorsal root ganglia and is also distributed 
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widely throughout the brain.  The H+-gated cation cannel is activated transiently 
by rapid extracellular acidification and induces cation (Na+, Ca2+, K+) influx. 
More recently, it has been shown that ovarian cancer G-protein-coupled receptor 1 
(OGR1), previously described as a receptor for sphingosylphosphorylcholine, 
acts as an H+-sensing receptor stimulating inositol phosphate (IP) formation [14].  
The receptor is stabilized in an inactive state at pH 7.8, and fully activated at pH 
6.8. Pertussis toxin did not inhibit IP formation measured at pH 7.0, indicating that 
OGR1 acts through Gq. Ovarian cancer G-protein-coupled receptor 4 (OGR4) 
also responds to pH changes, the receptor promotes cAMP formation through Gs. 
ASIC, OGR1 and 4 are candidates for chemosensitive molecules responsible for 
respiratory regulation in the VMS. However, it has been no evidence that these 
channel/receptors are involved in the central chemosensitivity for respiratory 
regulation.  

Finally, several advances have been made in understanding central 
chemosensitivity at the cellular and functional levels. Here, we describe the 
detection of genes that were stimulated by acidosis after hypercapnia (increased 
arterial CO2) and the intracellular signal transduction by extracellular acidosis.

2.   ANALYSIS OF ACIDOSIS-INDUCED GENES 

To elucidate the cellular response at molecular level to the acidosis of 
neuronal cells, we screened genes that were stimulated by acidosis after 
hypercapnic stimulation. We applied the differential display technique to adult rat 
brains and compared gene expression under normocapnic and hypercapnic 
conditions. Differential display is an established technique that provides the 
microanalysis of transcriptional changes occurring in a given cell or tissue [15]. 
Rats inhaled either air (normocapnic stimulation, 0.04% CO2) or air containing 
7% CO2 (hypercapnic stimulation) for 5 min to stimulate the medullary 
chemosensitive neurons [16]. The RNA derived from the VMS after either air or 
7% CO2 inhalation was used for polymerase chain reaction (PCR) amplification. 
Over 11,500 PCR products were generated, and 14 (0.12%) of the observed bands 
exhibited gene profiles of high expression as a result of hypercapnic stimulation. 
We found that the sequences of eight clones were novel and that six other clones 
had already been reported to be genes readily induced by hypercapnia (Table 1). 
Several representative clones are also shown below. 

2.1   Fos/Jun Family 

At the end of the 1980s, proto-oncogene c-fos was found to serve as a marker 
for activated neurons. Several investigators have shown that the c-fos expression 
is rapidly and transiently activated after hypercapnic stimulation. Sato et al. [17] 
found that the c-Fos protein was expressed in the neurons of the VMS and NTS in 
rats after the animals inhaled 10-15% CO2. Since then, increasing evidence has 
shown that the c-Fos protein is expressed in neurons of the VMS and putative 
chemosensitive sites in response to hypercapnic stimulation [18-20]. Miura et al.
have reported a topological map of acidosis-sensitive neurons after hypercapnic 
stimulation in the VMS and the morphological and immunochemical properties of 
these neurons by the c-Fos immunohistochemistry [16]. We also detected genes 
for Fos/Jun by differential display technique for the identification of 
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high-expressed genes at hypercapnic stimulation in the VMS and therefore, the 
technique indicates reliable for screening of acidosis-induced genes. 

2.2   Maf Protein Family  

We found that hypercapnic stimulation induced the gene expression of mafG
[21], a member of the Maf protein family of basic leucine zipper (bZIP) 
transcription factors. It has been reported that MafG forms heterodimers with 
c-Fos at each leucine zipper structure and that the Maf complex recognizes two 
palindromic DNA sequences, TGCTGACTCAGCA and TGCTGACGTCAGCA 
[22]. The middle parts of the two consensus binding sequences for Maf are 
identical with two binding sequences for Fos/Jun (TGACTCA and TGACGTCA). 
MafG may be involved in the signal transduction of H+-sensitivity and respiration 
with Fos/Jun protein, either competing for binding sites or interacting directly 
with Fos/Jun. MafG-2 is a novel splice variant of MafG and differs from MafG by 
an insertion of 27 amino acids [23]. Sequence analysis of the protein has shown 
that the basic domain for DNA binding and the leucine zipper structure are 
conserved in MafG-2. Because expression of mafG-2 mRNA increases when 
extracellular pH is decreased gradually from 7.40 to 7.20, both MafG and MafG-2 
may be involved in signal transduction of extracellular pH change. 

Recently, we analyzed the properties of gene expression, protein interaction 
and DNA binding activity of Maf and FosB during extracellular acidification [24]. 
When cells were incubated in low pH medium, the expression of small Maf 
proteins (MafG, MafK and MafF) and FosB were clearly increased in an 
extracellular pH-dependent manner showing a peak after 1-2 h of stimulation.  

Table 1.  Acidosis-induced genes. 

Gene                  Characteristics

Fos/Jun              Transcriptional regulator of genes having AP-1 site 
MafG                 Basic leucine zipper transcription factor  
MafG-2              Novel splice variant of MafG   
Rhombex-29      New member of PLP/DM20-M6 family  
Past-A                pH-dependent sugar transporter  

found that MafG-FosB complexes are able to bind to AP-1 consensus sequence, 
TGACTCA. To investigate whether extracellular acidification influences to 
dimerization and DNA binding activity of MafG and FosB, extracellular pH of 
cultured cells was decreased from 7.40 to 6.80. The decrease in extracellular pH 
gave rise to an enhanced dimerization of MafG with FosB leading to 
augmentation of the DNA binding activity of the heterodimer to AP-1 consensus 
sequence. Taken together, these results suggest that MafG-FosB complexes are 
involved in transcriptional regulation in response to extracellular acidification. 

2.3 Past-A  

Lately, we cloned a new sugar transporter and named as Past-A 
(proton-associated sugar transporter-A), which is induced in the brain after 

Immunofluorescence and  protein binding studies indicated that MafG 
was partially co-localized with FosB in the nucleus and MafG

can form heterodimers with FosB at extracellular pH 7.40. Moreover, we 
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hypercapnic stimulation [25]. Past-A mRNA is expressed highly in the VMS, 
moderately in the cerebral cortex and cerebellum, extremely poorly in the heart 
and kidneys. In response to hypercapnic stimulation, the number of Past-A 
immunoreactive neurons in the VMS was about four times greater than that of 
after air inhalation. 

The cDNA of Past-A contains an open reading frame encoding a sequence of 
751 amino acids, and the relative molecular weight of the residues was calculated 
as approximately 82 kDa. Analysis of the predicted amino acid sequence 
suggested the presence of 12 putative membrane-spanning helices with a long 
cytoplasmic loop between transmembrane (TM) helices TM6 and TM7, and with 
cytoplasmically oriented NH2 and COOH termini (Fig. 1). Primary structure 
analysis indicated that the Past-A protein belongs to a sugar transporter family in 
the major facilitator superfamily (MFS) [26]. In addition, Past-A has the same 
membrane topology as the glucose transporters conserving the important motifs 
for glucose transport activity such as the RXGRR motif (where X denotes any 
amino acid), the PESP, and the QLS motif. Supporting this, transient transfection 
of Past-A in COS-7 cells leads to the expression of a membrane-associated 82 kDa 
protein that possesses a glucose transport activity. The acidification of 
extracellular medium facilitated glucose uptake, whereas the addition of carbonyl 
cyanide m-chlorophenylhydrazone, a protonophore, inhibited glucose import.  

Expression of Past-A is significantly increased in neurons of the VMS in 
response to decreased extracellular pH following hypercapnia. Our results also 
indicate that Past-A has a functional role in controlling glucose uptake along the 
pH gradient, suggesting that hypercapnia may stimulate the uptake of glucose, the 
primary energy source, into acidosis-stressed neurons of VMS. Signal 
transduction of Past-A-related sugar homeostasis in neuronal cells after 
hypercapnia is under investigation. AMP-activated protein kinase (AMPK) is a 
metabolic stress sensing protein kinase that plays a key role in regulation of 
energy homeostasis [27], more specifically, in glucose uptake. The kinase is 
activated by an elevated AMP:ATP ratio due to cellular and environmental stress, 
such as hypoxia, ischemia and heat shock [28]. It is intriguing to speculate that the 
promotion of the gene expression and translocation to membrane of Past-A is 
regulated through the AMPK signaling pathway. Future functional analysis of 
Past-A may provide new insights into the biochemical regulation of 
glucose-sensing mechanisms in the brain.  

Figure 1. Proposed structural model of the Past-A protein. Shaded areas show the amino acid 
segment forming a putative transmembrane region.  Three proline-rich regions are indicated by open 
rectangles. The leucine repeats are marked with black. The sucrose-H+ transport motif is indicated 
with bold line. 

NH2

COOH
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3.  SIGNAL TRASDUCTION OF ACIDOSIS-INDUCED 
c-JUN EXPRESSION

As mentioned above, an increase of the H+ concentration in the cerebrospinal 
fluid and brain interstitial fluid by hypercapnic stimulation induces expression of 
several bZIP transcription factors, such as c-Jun, Fos and small Maf proteins, in 
specific nuclei in the central nervous system [16-19, 21]. Among such proteins, 
c-Jun immunoreactive neurons are distributed in the respiration-related motor 
nuclei of the medulla oblongata and spinal cord, and in the central chemoreceptive 
area of the ventral medullary surface of the medulla after hypercapnic stimulation. 
In in vitro study, we found significant increase in c-jun mRNA with decrease in 
extracellular pH from 7.40 to 7.20 [29]. The acidosis-induced c-jun mRNA 
expression was inhibited with the Ca2+/calmodulin inhibitor trifluoperazine, 
indicating that the expression of c-jun mRNA by an increase in extracellular H+ is 
mediated partly by this system. Calmodulin, a ubiquitous intracellular Ca2+

receptor, binds to short peptide sequences of many target proteins upon binding 
Ca2+. Such interaction is thought to induce a conformational change on the target, 
resulting in its activation, e.g. phosphorylation. Targets include the 
Ca2+/calmodulin-dependent  protein kinases (CaM kinases) and Calcineurin [30]. 
This study may clarify the mechanisms of our findings that the hyperventilatory 
response to the CO2 inhalation is abolished when the intercellular Ca2+ chelator 
BAPTA-AM (1, 2-bis [2-amino-4-fluorophenoxy] ethane-N, N, N’, N’-tetraacetic
acid, tetraacetoxymethyl ester) is applied to the VMS [31]. On the other hand, 
Kuo et al. [32] reported that protein kinase C  (PKC ) is a possible mediator in 
H+-induced c-Fos expression, and that PKC  may be activated by Ca2+. Activated 
PKC  could lead to an increase in the phosphorylation of Raf-1 kinase, which in 
turn activates mitogen-activated protein (MAP) kinases so enhancing the 
expression of c-fos mRNA. Taken together, it is highly probable that an increase 
in the concentration of extracellular H+ induces c-Jun/Fos through 
Ca2+/calmodulin and MAP kinase pathways. 

In a recent study, we found another intracellular signaling pathway for 
extracellular H+-induced c-Jun expression in several cell lines (HEK293, COS-7 
and PC12)[33]. When cells were incubated in low pH medium, the 
phosphorylation of JNK and expression of c-Jun were clearly observed in cells in 
an extracellular pH- and time-dependent manner. We also demonstrated that after 
being phosphorylated in the cytoplasm due to an increase in extracellular H+

concentration, the JNK is accumulated in the nucleus. Many tumor cells have 
relatively acidic extracellular pH and are killed by intracellular acid-induced 
injury. The acid-induced cell death depends on bax, a proapoptotic binding 
partner of bcl-2, and on JNK signaling pathways [34]. Recently, Yamamoto et al.
reported that acidification of the cytoplasm using cycloprodigiosin hydrochloride 
(cPrG HCl), a novel H+/Cl- symport drug, gives rise to apoptosis in cancer cells 
through up-regulation of Fas ligand, JNK and caspase [35]. Taken together, an 
increase in concentration of extracellular H+ leads to phosphorylation of JNK, and 
then the phosphorylated JNK translocates to the nucleus to augment the 
transcriptional activity of c-Jun. 

On the other hand, electrophysiological studies showed that a rapid shift in 
extracellular pH from 7.4 to 6.9 caused an inward current, probably due to an 
increase in Na+ and K+ permeability across the membrane [36], and that an 
increase in the concentration of extracellular H+ induced H+-gated Na+ current in 
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the hypothalamic neurons [37]. H+-induced Na+ current produces depolarization 
of the membrane and then provokes influx of extracellular Ca2+ via voltage-gated 
Ca2+ channels [38, 39]. From these observations, we examined whether the Ca2+

influx is involved in extracellular H+-induced JNK phosphorylation and c-Jun 
expression using nimodipine, pharmacological agent known as a blocker of 
voltage-gated Ca2+ channels [33]. Nimodipine prevented partly phosphorylation 
of JNK and expression of c-Jun. This result indicates that extracellular 
H+-induced JNK phosphorylation and c-Jun expression are mediated partially by 
the increase of intracellular Ca2+ concentration. Taken together, our results 
suggest a novel pathway to acidosis-induced c-Jun expression: an increase of 
extracellular H+ provokes Ca2+ influx by depolarization through Na+ influx, and 
the increase of intracellular Ca2+ concentration induces c-Jun expression through 
phosphorylation of JNK. Critical molecules and pathways involved in signal 
transduction for extracellular acidification are shown in Fig. 2. 

Figure 2. Signaling pathways in extracellular acidification. Extracellular acidification induces JNK 
phosphorylation and c-Jun expression via partly extracellular Ca2+ influx through voltage-gated 
Ca2+ channels. Elevation of intracellular Ca2+ concentration after IgE- and antigen-dependent 
stimulation in rat basophilic leukemia mast cells increases JNK activity, possibly through the 
calmodulin pathway [40].  Activation of the CaMK pathway increased JNK kinase activity through 
regulating the PKC pathway [41]. Increase of extracellular H+ concentration activates dimerization 
and DNA binding activities between FosB and MafG and also induces nuclear transcription factors 
such as Fos and Maf through PKC-MAP kinases and Ca2+/calmodulin system. AMPK plays a key 
role in regulation of glucose homeostasis. AMPK phosphorylation at Thr172 by the upstream kinase 
AMPKK is required for its activation [42].
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4.   CONCLUSIONS AND FUTURE PERSPECTIVES 

How neuronal cells sense and respond to changes in pH in their environment is 
one of fundamental questions in neurophysiology. Recent findings indicate the 
existence of different mechanisms elicited by different types of neurons involved 
in respiratory regulation. It is also becoming clear that several intracellular signal 
transduction pathways are implicated in the regulation of gene transcription that 
provides the appropriate set of early responsive genes to acidosis by hypercapnia. 
These novel discoveries may provide new insights into the design for new drugs 
and understanding of neurological disorders. 
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the Cat Carotid Glomus Cell
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1.   INTRODUCTION 

The carotid body is a primary sensory organ for arterial hypoxia.  
Chemosensory glomus cells in the carotid body release neurotransmitters, 
including ACh, in response to hypoxia. The release of neurotransmitters from 
the glomus cell, a putative chemoreceptor cell, appears to be triggered by an 
influx of calcium and subsequent increase in intracellular calcium ([Ca2+]i).
Several reports indicate that L-type and some other types of voltage-gated 

(Gonzalez et al., 1994). These channels are activated by depolarization of the 
cell membrane. However, the speed and the degree of depolarization in glomus 
cells may not be sufficient to activate voltage-gated Ca2+ channels at mild 
hypoxia (Chou et al., 1998), where afferent neural activity from the carotid body 
starts increasing. This discrepancy led us to search for other mechanisms which 
elevate [Ca2+]i followed by neurotransmitter release. 

Pharmacolgical studies have indicated that Ca2+

2+

homeostasis of glomus cells. The activation of nAChRs in glomus cells 
increases the release of neurotransmitters such as catecholamines (Dinger et al., 
1985; Gomez-Nino et al., 1990; Obeso et al., 1997). Several subunits of 
neuronal nicotinic nAChRs are present in the carotid body (Hirasawa et al., 
2003). We have also shown that the nAChR subunits expressed in N1E115 
neuroblastoma cells are similar to those in glomus cells. Further, the activity of 
nAChRs in N1E115 neuroblastoma cells is enhanced by mild hypoxia using 
patch clamp and microfluorometric techniques (Shirahata et al., 2003). A 
question arises whether the activity of nAChRs in glomus cells is also enhanced 
by mild hypoxia. If this happens, these receptors could contribute to further 
release of neurotransmitter from glomus cells at the beginning of hypoxia.
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al., 1997), and therefore, nAChRs could play an important role in Ca

 influx into the glomus cell 

calcium channels are responsible for neurotranmitter release from glomus cells 

can occur via nicotinic ACh receptors (nAChRs) (Dasso et al,. 1997; Shirahata et 
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2.   METHODS

2.1   Cell Culture 

Carotid body cells were cultured as described previously (Shirahata et al., 
1994). Cats were euthanized with ketamine (30-50 mg/kg, ip) and pentobarbital 
(50-100 mg/kg, iv), and decapitated to avoid bleeding in the area of the carotid 
body. The carotid bodies were harvested, cleaned, and dissociated with 
collagenase and gentle trituration. The cells are seeded in wells made of a round 
glass coverslip (bottom) and a plastic cylinder (side). Cells are cultured in a 
defined medium in a CO2 incubator (5% CO2/air) at 37 ºC for up to two weeks. 
The medium is changed twice a week. The basic nutrient solution is a 1:1 
mixture of Dulbecco's modified Eagle's medium and Ham's F12 medium 
supplemented with bovine serum albumin, bovine transferrin, bovine insulin, 
sodium selenite, 7s-nerve growth factor and pyruvate.  

2.2   Fluorescent Imaging 

Cells cultured on a glass coverslip were incubated with Fura-2/AM for 90 
min. The cells were moved to the recording chamber on an inverted microscope 
and washed for 5-10 min by superfusing Krebs solution at a flow rate of 
1.5ml/minute. The composition of Krebs solution was (in mM): NaCl 118, KCl 
4.7, MgSO4·7H2O 1.2, KH2PO4 1.2, NaHCO3 25, EDTA 0.0016, and glucose 
11.1, pH 7.4 equilibrated with 5% CO2/air at 37 °C. Images were collected 
through a 510 nm interference filter with a cooled CCD camera during alternate 
excitations at 340 and 380 nm. A PC based computer and ImageMaster software 
(Photon Technology International) were used for the acquisition of the data. 
Several cells in one frame were selected. After subtracting background (taken 
from the area without cells) data for each cell were analyzed by averaging the 
fluorescent ratio values in all pixels within the selected field. In most analysis 
relative changes from the control values were used for describing [Ca2+]i
changes. 

2.3   Protocol for Experimental Set 1

The experiments were designed to test if desensitization of nAChRs is 
modified by mild hypoxia. The cells were continually superfused with Krebs 
solution equilibrated with 5% CO2/ air (normoxic Krebs). Cholinergic agonists 
(ACh or Nicotine: 100 µM) were added in Krebs and applied for one minute.  
Cells were exposed 3 times to cholinergic agonists with 10 minute resting 
periods between exposures.  Five minutes prior to the second exposure of drug, 
Krebs solution either remained the same or was changed to one equilibrated with 
5%CO2/ 10% O2/ 85% N2 (hypoxic Krebs) 4 minutes after the exposure to drug, 
if the oxygen level was changed, it was returned to original levels.   

In a subset of experiments, ACh was repeatedly administered as described 
above with the superfusion of normoxic Krebs.  However, 5 minutes prior, 
during, and 4 minutes after the second exposure to ACh, Dithiothreitol (DTT: 1 
mM) was added to the perfusion. 
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2.4   Protocol for Experimental Set 2

The second set of experiments was conducted similar to the previous set 
described using cholinergic agonists (ACh, nicotine: 100 µM; muscarine: 300-
600 µM). However, the resting interval was increased to 20 minutes between 
exposures. DTT was not used for this set. 

3.   RESULTS 

3.1   Experimental Set 1 

We observed that ACh increases [Ca2+]i of glomus cells, but repeated 
applications of ACh in normoxic Krebs with 10 minute intervals resulted in 
graded decreases in the [Ca2+]i response (desensitization). Perfusion with 10% 
O2 (PO2~70mmHg) reduced desensitization of ACh-induced [Ca2+]i response 
(Figs. 1 & 2). Dithiothreitol (DTT) perfusion during the second exposure to ACh 
also reduced the desensitization of the second response (data not shown).  

Figure 1. The top panel shows increases in [Ca2+]i from a single cell exposed to ACh under 
normoxic conditions, and the lower panel shows the responses of another single cell to repeated 
exposures to ACh when conditions are changed from normoxic to hypoxic for the second 
exposure.
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Figure 2. [Ca2+]i responses of glomus cells to repeated exposures to ACh with 10 minute resting 
periods between exposures. * significantly different from the first exposure.  +, siginificantly 
different between different O2 levels. 

Nicotine increased [Ca2+]i of glomus cells. In contrast to ACh response, 
desensitization of nicotine-induced [Ca2+]i responses was smaller and did not 
occur until the third exposure during normoxic Krebs superfusion.  However, 
desensitization was clearly observed at the second and the third exposures when 
the cells were superfused with hypoxic Krebs during the second exposure to 
nicotine (Fig. 3).

Figure 3. Glomus cell responses to repeated 
exposures to nicotine with 10 minute 
intervals.  * significantly different from the 
first exposure.  +, siginificantly different 
between different O2 levels.

3.2   Experimental Set 2 

When we increased resting intervals between Ach exposures, we observed 
that the ACh-induced [Ca2+]i response remained stable in both the normoxic and 
hypoxia Krebs superfusions (Fig. 4A). 

The nicotine-induced [Ca2+]i response was stable with repeated application 
of nicotine with 20 minute resting intervals and normoxic Krebs superfusion. 
However, when given hypoxic Krebs during the second nicotine exposure, a 
small but significant decrease in the [Ca2+]i response was observed (Fig. 4B). 
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Figure 4.  [Ca2+]i responses of glomus cells to ACh and nicotine with 20 minute resting periods 
between exposures. *, siginificantly different from control. 

Muscarine was administered in the same manner as ACh and nicotine. 
Muscarine-induced [Ca2+]i responses were variable among the three consecutive 
exposures, and the responses did not show siginificant differences. There was no 
significant differences in [Ca2+]i responses between cells perfused with 

4.   DISCUSSION 

This study showed that desensitization of AChR-induced [Ca2+]i response in 
glomus cells was attenuated with repeated applications with short intervals. 
However, when mild hypoxia was introduced during the second application of 
ACh, the response was maintained. Neuronal nAChRs exist in several different 
states (Quick and Lester, 2002). The current results suggest that a balance 
between the active state and the desensitized state of cholinergic receptors shift 
toward the active state with mild hypoxia. Based on our previous data used 
neuroblastoma cells (Shirahat et al., 2003), we speculated that nAChRs are 
responsible for this phenomenon. However, further experiments using nicotine 
suggest that desensitization of nAChRs with repeated and short interval 
applications of nicotine is enhanced, not reduced, by mild hypoxia. Further, 
while ACh-induced [Ca2+]i increase was maintained with repeated and long 
interval applications at normoxia and hypoxia, nicotine-induced [Ca2+]i increase 
was again attenuated during hypoxic condition. Thus, the current data did not 
support our original hypothesis stating that onset of hypoxia (mild hypoxia) 
increases the activity of nAChRs in glomus cells. Because desensitization of 
ACh-induced [Ca2+]i response of glomus cells is attenuated by mild hypoxia, 
muscarinic receptors appear play a role in this phenomenon. Further studies are 
required to elucidate how muscarinic receptors are involved in reduced 
desensitization during mild hypoxia and whether different levels of hypoxia 
modify cholinergic functions. 

normoxic and hypoxic Krebs solutions (data not shown).  
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1.   INTRODUCTION 

Previous investigators have suggested the existence of "CO2 sensors" in the 
lung and an important role of these receptors in detecting the increase in venous 
CO2 flux and in regulating ventilatory response to meet the metabolic demand 
during exercise (38). However, no direct and definitive evidence has been 
established in identifying the CO2 receptor in the lung.

When the conduction of myelinated fibers in both vagus nerves was 
selectively blocked by differential cooling (29) or by anodal hyperpolarization 
(32), the increase in respiratory rate during the hypercapnic challenge persisted, 
suggesting the involvement of bronchopulmonary C-fibers in the hyperpneic 
response to CO2 (29, 32). Recent studies have shown that pulmonary C-fibers are 
consistently activated when pH in the arterial blood (pulmonary venous blood) is 
lowered to ~7.1 by a bolus intravenous injection of acid solution (e.g., lactic acid, 
formic acid) (19, 24). Thus, an increase in alveolar CO2 during hypercapnia 
challenge may lead to a decrease in the pulmonary interstitial pH, which can then 
activate the pulmonary C-fibers. This study was, therefore, carried out to 
determine whether pulmonary C-fibers are activated by an increase in the CO2

concentration of alveolar gas. 
Recent studies have clearly demonstrated that airway mucosal inflammation 

induces a pronounced increase in the sensitivity of pulmonary C-fiber afferents to 
various stimuli including hydrogen ion (25, 26). Since both airway inflammation 
and hypercapnia are common symptoms encountered in patients who suffer from 
either acute or chronic obstructive pulmonary diseases, the second aim of this 
study was to determine if the CO2 sensitivity of these afferents is altered during 
airway inflammation and, if so, whether the action is mediated through the 
production of hydrogen ions. 

2.  EXPERIMENTAL PROCEDURES AND PROTOCOLS 

Male Sprague-Dawley rats (body weight, 320 470 g) were anesthetized with 
intraperitoneal injection of -chloralose (100 mg/kg) and urethane (500 mg/kg). 
The right femoral artery and vein, and the left jugular vein were cannulated for 

281

Y. Hayashida et al. (eds.), The Arterial Chemoreceptors, 281–292. 
© 2006 Springer. Printed in the Netherlands.



282 L.Y. Lee et al.

recording arterial blood pressure (ABP), infusion and injection of various 
chemical agents, respectively. The trachea was cannulated, and the lungs were 
artificially ventilated with a respirator. Tidal volume (VT) and respiratory 
frequency were set at 8 10 ml/kg and 50 breaths/min, respectively, to mimic 
those of unilaterally vagotomized rats. The end-tidal CO2 concentration,
monitored by a CO2 gas analyzer (Novametrix 1260), was maintained within 
normal physiological range (4.5 5.1%). A mid-line thoracotomy was performed, 
and the expiratory outlet of the respirator was placed under water to maintain a 
3-cmH2O pressure and a near-normal functional residual capacity. Body 
temperature was maintained at 36 C throughout the experiment by a heating 
pad placed under the animal.

Single-unit pulmonary C-fiber activity was recorded from sectioned right 
vagus nerve as previously described (14, 19, 20). Pulmonary C-fibers were 
identified by: 1) an immediate (delay < 1 s) response to bolus injection of 
capsaicin (0.5 1.0 g/kg) into the right atrium (e.g., Fig. 1A); 2) a mild response 
to hyperinflation of the lung (3 4  VT); and 3) the physical location of the 
receptor field in the lung structures. To induce an abrupt increase in alveolar CO2

concentration and to avoid any lingering systemic effects of hypercapnia (HPC), 
a transient HPC was induced by connecting a balloon containing a CO2-enriched
gas mixture (25 30% CO2, 21% O2, balance N2) to the inlet of the respirator for 
5 8 consecutive breaths (average ~6 breaths). 

Four series of experiments were carried out with the following aims: Study 1,
to determine whether bronchopulmonary C-fibers were stimulated by transient 
HPC under control conditions; Study 2, to investigate if the C-fiber response to 
HPC was altered by airway mucosal inflammation; Study 3, to determine if the 
effect of HPC on C-fiber afferents is mediated through the action of hydrogen 
ions; Study 4, to investigate the relative involvements of the transient receptor 
potential vanilloid type 1 (TRPV1) channel (5) and the amiloride-sensitive 
acid-sensing ion (ASIC) channels (36, 37) in the C-fiber response to CO2.

3.   RESULTS 

A total of 97 vagal bronchopulmonary C-fibers were studied in 87 rats. The 
locations of these C-fiber endings are: upper lobe, 13; middle lobe, 33; lower lobe, 
31; and accessory lobe, 3. Two other receptors were found in the left lung. The 
locations of the remaining 15 fibers were not identified. 

Study 1: During the transient HPC challenge, the end-tidal (alveolar) CO2

concentration increased rapidly and progressively to near or above 13% at the end 
of the HPC challenge (e.g., Fig. 1B). The arterial blood pH (pHa) decreased from 
7.43 ± 0.05 at base-line to 7.10 ± 0.05 at the end of the HPC challenge (P < 0.01;
n = 7) (Fig. 1C). However, transient HPC did not generate a significant 
stimulatory effect on these C-fibers ( FA = 0.21 ± 0.11 imp/s; P > 0.05; n = 77; 
Fig. 1D). The HPC challenge evoked only a mild stimulation ( FA > 0.5 imp/s) 
in 10 of the 77 (12.9%) bronchopulmonary C-fibers tested; an example is shown 
in Fig. 1B. In these 10 fibers, the discharges began to emerge when the end-tidal 
CO2 concentration exceeded 10%, and ceased shortly after the termination of 
HPC. A mild hypotension frequently developed toward the end of the HPC 
challenge (e.g., Fig. 1B), but returned to control after 20 40 s. 
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Figure 1. Response of pulmonary C-fibers to transient alveolar hypercapnia (HPC). A: Experimental 
records illustrating the response to a right-atrial bolus injection of capsaicin (1 µg/kg) of a 
pulmonary C-fiber arising from the ending in the right upper lobe of an anesthetized, open-chest rat 
(370 g). B: response to HPC challenge, which was induced by administering a CO2-enriched gas 
mixture (30% CO2, 21% O2, balance N2) via the respirator for 8 breaths (between the two arrows). 
AP, action potentials; Pt, tracheal pressure; CO2, CO2 concentration measured in the tracheal 
cannula; because the display limit of the CO2 monitor was only 13%, the inspired CO2 concentration 
(30%) during the HPC challenge was not expressed to the full scale. A gray line was added to the 
CO2 trace to depict the continuous change in end-tidal (alveolar) CO2 concentration during the HPC 
challenge. C: Group data showing the change in arterial blood pH (pHa) measured from blood 
samples drawn during the base-line (BL) and at the end of the HPC challenge (HPC) in 7 rats. D:
Group response indicated no statistically significant increase in the C-fiber activity (FA) generated 
by the HPC (25 30% CO2) challenge (P > 0.1; n = 77). BL, base-line FA averaged over 20 s; HPC, 
the peak FA during the HPC challenge (2-s average). Data are means ± SE. *Significantly different 
from the base-line data.

Study 2: The sensitivity of bronchopulmonary C-fibers to transient HPC was 
clearly elevated by airway mucosal inflammation (e.g., Fig. 2), which is distinctly 
different from the weak and inconsistent HPC responses observed in Study 1. For 
example, after the intratracheal instillation of poly-L-lysine (PLL; 0.25 mg/ml, 
0.1 ml), a synthetic cationic protein known to induce mucosal inflammation (7, 
34), transient HPC activated 7 of the 8 (87.5%) pulmonary C-fibers tested; the 
peak response of these afferents to the same HPC challenge was markedly 
enhanced ( FA = 0.06 ± 0.06 imp/s at control and 6.59 ± 1.78 imp/s after PLL; 
P < 0.01; n = 8; Fig. 3). This enhanced response to HPC gradually returned to 
control after 60 120 min (e.g., Fig. 2D). Similarly, after acute exposure to O3 (2.5 
ppm; 30 45 min), an oxidant that is known to cause airway inflammation and 
hyperresponsiveness in a number of species including humans (10, 16, 17, 40), 
the same HPC challenge evoked a consistent and pronounced stimulatory effect 
on pulmonary C-fibers (P < 0.05, n = 6; Fig. 4A). Furthermore, when 
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prostaglandin E2 (PGE2; 1 2 µg/kg/min) and adenosine (Ado; 40 120 µg/kg/min) 
were administered, the C-fiber responses to HPC were also clearly augmented 
(Fig. 4B and 4C); both PGE2 and Ado are common inflammatory mediators in the 
airways, and have been shown to enhance the sensitivity of these afferents (12, 14, 
20, 22, 23).

Figure 2. Experimental records illustrating the effect of intratracheal instillation of poly-L-lysine 
(PLL) on the response to HPC in a pulmonary C-fiber. A: response to an intravenous bolus injection 
of capsaicin (1 µg/kg). B, C and D: response to a HPC challenge (between the two arrows) before, 
20 and 100 min after the administration of PLL (0.25 mg/ml; 0.1 ml), respectively. Receptor 
location: right lower lobe. Rat weight: 430 g. See legend of Fig. 1 for further explanation. (Modified 
from reference  27). 

Study 3: The C-fiber responses to the same HPC challenges were compared in 
the same fibers between before and during a constant infusion of sodium 
bicarbonate (NaHCO3; 1.82 mmol/kg/min) in order to prevent the acidosis caused 
by the HPC challenge. Infusion of NaHCO3, completely abolished the enhanced 
C-fiber response to HPC induced by PLL ( FA = 4.16 ± 2.5 imp/s and 0.56 ± 0.26 
imp/s, respectively, before and during infusion of NaHCO3 (P < 0.05, n = 6; Fig. 
3A). Similar attenuating effect of NaHCO3 was also found when the C-fiber 
sensitivity to HPC was augmented by adenosine infusion (n = 8) (27). 

Before the instillation of PLL, the HPC challenge caused the base-line pHa to 
decrease from 7.42 ± 0.01 to 7.16 ± 0.03 (n = 6); after PLL, HPC decreased pHa

from 7.40 ± 0.02 to 7.13 ± 0.03. During infusion of NaHCO3, the base-line pHa

was elevated to 7.54 ± 0.03 after PLL, and was only reduced to 7.31 ± 0.03 at the 
peak of HPC challenge (Fig. 3B).
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Figure 3. Effect of PLL on response to HPC challenge. A: Effect of intratracheal instillation of PLL 
(0.25 mg/ml; 0.1 ml) on pulmonary C-fiber responses to HPC challenge (n = 8; 30% CO2, 21% O2,
balance N2; 5 8 breaths) before and during infusion of NaHCO3 (1.82 mmol/kg/min; 35 s). FA, fiber 
activity; BL, base-line FA averaged over 20 s; HPC, the peak FA during the HPC challenge (2-s 
average). B: Corresponding changes in pHa (n = 6) in response to the same HPC challenge before 
and during infusion of NaHCO3. BL and HPC are pHa measured during the base-line and at the end 
of HPC challenge, respectively. *Significantly different from the corresponding base-line. 
†Significantly different from the corresponding control response. #Significantly different between 
the corresponding data of before and during NaHCO3 infusion. Data are means ± SE. (Modified 
from reference 27) 

Study 4: During the infusion of capsazepine (0.3 mg/kg/min, 5 min, i.v.), a 
selective antagonist of TRPV1, the increase in sensitivity to HPC challenge induced
by PLL was reduced to ~43% in the same C-fiber afferents ( FA = 2.50 ± 0.45 
imp/s and 1.33 ± 0.30 imp/s, respectively, before and after capsazepine; P < 0.05; 
n = 12; Fig. 5A). The attenuating effect of capsazepine subsided 20 40 min after 
termination of the infusion. On the other hand, infusion of amiloride (2 10
mg/kg/min, 5 min, i.v.), a blocking agent of the ASIC channels (36), did not 
attenuate the PLL-induced increase in sensitivity of pulmonary C-fibers to HPC 
( FA = 2.33 ± 0.46 imp/s and 1.83 ± 0.35 imp/s, respectively, before and after 
amiloride; P > 0.05; n = 9; Fig. 5B).



286 L.Y. Lee et al.

Figure 4. Effect of airway inflammation on pulmonary C-fiber responses to HPC challenge. Effects 
of ozone exposure (O3; 2.5 ppm for 30 45 min; panel A), intravenous infusion of adenosine (Ado; 
40 120 µg/kg/min for 2 min; panel B) and prostaglandin E2 (PGE2; 1 2 µg/kg/min for 3 min; panel 
C) on pulmonary C-fiber responses to the HPC (25 30% CO2, 21% O2, balance N2; 5 8 breaths) 
challenge. FA, fiber activity; BL, base-line FA averaged over 20 s; HPC, the peak FA during the 
HPC challenge (2-s average). Numbers of C-fibers studied were 6, 15 and 12 for O3, Ado and PGE2,
respectively. Recovery data were obtained 20 30 and 20 30 min after the treatments of Ado and 
PGE2, respectively; the recovery data were not obtained in the study of O3. *Significantly different 
from the corresponding base-line. †Significantly different from the corresponding control response. 
(Modified from reference 27). 

Figure 5. Effects of capsazepine (CPZ) and amiloride (AML) on the enhanced sensitivity of 
pulmonary C-fibers to HPC generated by PLL. A: Effect of intratracheal instillation of PLL (0.25 
mg/ml; 0.1 ml) on pulmonary C-fiber responses to HPC challenge (30% CO2, 21% O2, balance N2;
7 breaths) before and during infusion of CPZ (0.3 mg/kg/min; 5 min). B: Effect of PLL on 
pulmonary C-fiber responses to the same HPC challenge before and during infusion of AML (2-10 
mg/kg/min; 5 min). FA, fiber activity; BL, base-line FA averaged over 20 s; HPC, the peak FA 
during the HPC challenge (2-s average). *Significantly different from the corresponding base-line. 
†Significantly different from the corresponding control response. #Significantly different between 
the corresponding data of before and during infusion of CPZ. Data are means ± SE of 12 and 9 fibers 
in panels A and B, respectively. 
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Figure 6. Schematic illustration of the mechanisms possibly involved in augmenting the action of 
CO2 on pulmonary C-fiber endings during airway inflammation. H+, hydrogen ion. HCO3

-,
bicarbonate ion.  C.A., carbonic anhydrase. N, C-fiber ending.  Alv, alveoli.  Eos, eosinophil. Er, 
erythrocyte.  PGE2, prostaglandin E2.  Ado, adenosine.

4.   DISCUSSION

Results of this study suggest that vagal bronchopulmonary C-fibers do not act 
as the CO2 sensor in the lung under normal physiological conditions. This 
conclusion is based upon our observation that only ~13% of these afferents 
exhibit sensitivity to CO2; even in those CO2-sensitive C-fibers, their responses to 
an intense alveolar hypercapnia (alveolar CO2 concentration > 13%) were 
relatively weak. In sharp contrast, the CO2 sensitivity of the same afferent endings 
is drastically and consistently elevated during airway inflammation, making them 
a potential candidate in detecting a high CO2 concentration in the lung under these 
pathophysiological conditions. The stimulatory effect of CO2 observed in this 
study was probably mediated through the action of H+ ions on the terminal 
membrane of these C-fiber afferents because the enhanced C-fiber sensitivity to 
CO2 was significantly attenuated by infusion of HCO3

- that prevented the 
HPC-induced acidosis in the pulmonary venous blood. Presumably, after CO2

enters the pulmonary capillary from alveoli, its hydration releases H+ in the blood; 
this reaction is catalyzed by the enzymatic action of carbonic anhydrase (Fig. 6). 
In addition, during the HCO3

- infusion, the same HPC challenge produced a 
higher arterial CO2 partial pressure because of the additional CO2 generated by the 
reaction between H+ and HCO3

- ions in the blood. Thus, our results further 
indicated that CO2 itself was not responsible for the stimulatory effect of HPC on 
these afferents. 

Ventilation increases during exercise in proportional to the intensity level of 
exercise or the rate of CO2 production. Interestingly, there is, in general, no 
detectable increase in the level of arterial CO2 partial pressure during exercise, 
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which led to the speculation that “CO2 sensors” are present in the systemic venous 
or pulmonary circulatory systems and can therefore detect the increase in CO2 in 
the venous blood (39). Based upon the observations made in the experiments after 
the myelinated fibers in the vagus nerves were selectively blocked, previous 
investigators have suggested an important role of bronchopulmonary C-fibers in 
the increase in respiratory rate during hypercapnia (29, 32). Therefore, a plausible 
explanation could be that the increase in the level of venous blood PCO2 during 
exercise decreases the pulmonary interstitial pH, which in turn activates the 
pulmonary C-fibers. In support of this hypothesis, Delpierre et al. reported a 
paradoxical stimulatory effect of CO2 on pulmonary C-fibers in cats (9). In 
comparison, our study showed a much smaller percentage of pulmonary C-fibers 
activated by CO2 in rats under normal conditions.

The finding that transient HPC does not stimulate pulmonary C-fiber endings 
during control (without inflammation) is somewhat surprising because a decrease 
in arterial pH generated by right atrial injection of various acid solutions (e.g., 
lactic acid, formic acid, etc.) to approximately the same level (pHa at 7.1)
consistently induced a pronounced stimulatory effect on these afferents (19, 24). 
We speculate that several factors may have contributed to this discrepancy: 1) the 
pH in the systemic arterial blood (pulmonary venous blood) may not accurately 
represent the local pH in the tissue or interstitial fluid surrounding these sensory 
terminals of which the afferent activity was recorded. Because these C-fiber 
endings are located either in the walls of alveoli and intrapulmonary airways (Fig. 
6), a direct and precise measurement of the local interstitial fluid pH was not 
feasible. Alternatively, we measured the changes of pH in mixed pulmonary 
"venous" blood (i.e., systemic arterial blood) as an estimation of the overall 
change of interstitial fluid pH in the whole lung. Our assumption is based upon the 
fact that H+ exchanges freely between the blood and the interstitial fluid through 
the pores (the inter-endothelial junctions) existing in the capillary wall as the 
blood flows through the pulmonary capillary (8). We further assume that the 
diffusion of H+ between capillary blood and interstitial fluid reaches an 
"equilibrium" before the blood leaves the capillary; whether the equilibrium is 
reached during transient HPC remains to be determined.  2) The production of H+

from CO2 may also take place in pulmonary interstitial fluid, but the rate of 
reduction in pH there may be substantially slower because the rate of CO2

hydration is critically dependent on the activity of carbonic anhydrase that is 
present at a higher level in erythrocytes than in other pulmonary tissues (13). 3) It 
is also possible that the sensory terminals of these afferents are located upstream 
to the pulmonary capillaries (e.g., at or proximal to the pulmonary arterioles) or 
remote form the capillaries (e.g., innervating the wall of small airways) (1, 3). If 
this is the case, they are expected to be relatively insensitive to the change in 
blood pH induced by the increase in CO2 content in the alveolar gas during the 
HPC challenge in this study.

In sharp contrast, pulmonary C-fibers were consistently activated by the same 
level of alveolar hypercapnia after acute exposure of the lungs to either PLL or 
O3. Both of these agents have been shown to induce airway mucosal inflammation 
and injury, accompanied by airway hyperresponsiveness (7, 10, 16, 17, 34). The 
possible involvement of vagal pulmonary C-fiber afferents in the airway 
hyperresponsiveness induced by PLL or O3 has been suggested (7, 11, 15, 39). 
Our study furthered showed that administration of individual inflammatory 
mediators such as PGE2 and adenosine also significantly enhanced the CO2
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sensitivity in pulmonary C-fibers. PGE2 is a potent autacoid derived from 
arachidonic acid metabolism through the enzymatic action of cyclooxygenase and 
PGE synthase. The airway epithelium, which is the main target of initial assault 
by the inhaled irritants, is also the primary cell type that releases this autacoid 
(18). Adenosine is a purine nucleoside product of ATP metabolism and is 
produced by virtually all metabolically active cells, particularly when the energy 
demand cannot be matched by oxygen supply such as during hypoxia or tissue 
inflammation. Published evidence has strongly suggested the involvement of 
PGE2 and adenosine as inflammatory mediators in the pathogenesis of airway 
hyperreactivity (18, 28, 30). 

The mechanisms underlying the action of H+ ions on the pulmonary C-fiber 
endings cannot be determined in this study, but several possible transduction 
mechanisms should be considered. The fact that pretreatment with capsazepine 
markedly attenuated the PLL-induced CO2 sensitivity in these afferents suggests 
the involvement of TRPV1. In agreement with our contention, a recent study 
using an isolated airway-nerve preparation demonstrated that an activation of 
TRPV1 receptor plays a part in the stimulation of airway C-fiber afferents by 
sustained acidification of the airway tissue (21). Indeed, it is known that hydrogen 
ion can modulate the channel properties of the TRPV1 and enhance its sensitivity 
to capsaicin (5). Alternatively, it is also possible that certain chemical mediators 
(e.g., lipoxygenase metabolites, anandamide, etc.) are released from the 
surrounding tissue upon the action of H+, which in turn can either activate the 
TRPV1 receptor or lower its activation threshold. Indeed, the observation that the 
CO2 sensitivity of pulmonary C-fibers is enhanced during airway inflammation in 
this study is consistent with a recent report demonstrating that the excitability of 
TRPV1 can be elevated by PGE2 via an activation of the cAMP/protein kinase A 
transduction pathway (22, 26). On the other hand, the expression of acid-sensitive 
ion channels (ASICs) have been reported in rat dorsal root ganglion nociceptors 
(36, 37), the counterpart of bronchopulmonary C-fiber afferents in other organ 
systems. The ASICs are H+-gated cation channels and members of the 
amiloride-sensitive Na+ channel/degenerin family (36); the ASICs have an 
activation threshold of pH around or slightly below 7.0 and are rapidly inactivated 
following the activation by H+. A non-inactivating subunit of the ASICs that is 
less sensitive to H+ (pH threshold <6.0) and expressed selectively in nociceptor 
neurons has also been identified (37). Interestingly, tissue inflammation has been 
shown to up-regulate the expression of ASICs in nociceptors (35). Nevertheless, 
the possible role of amiloride-sensitive ASICs in the stimulatory effect of CO2 can 
be ruled out in this study because pretreatment with amiloride did not 
significantly attenuate the CO2 sensitivity of these afferents (Fig. 5B).

An alternative explanation is that the observed effect of H+ was on the 
voltage-sensitive ion channels which became active when membrane 
depolarization occurred as a result of activation of ligand-gated channels (e.g., 
TRPV1). Indeed, changes in intracellular H+ have been shown to modify several 
types of voltage-gated ion channels, including Ca2+ channels (9), inward rectifier 
K+ (Kir) channels (33), delayed rectifier K+ channels (38) and Na+ channels (4). 
Although more than one channel species are probably involved in the regulation 
of membrane excitability during HPC, K+ channels, especially the Kir channels, 
may play a potentially significant role (31). Recent studies have shown that 
several Kir channels are inhibited by high CO2 (31, 33, 41). The Kir channels play 
an important role in the regulation of resting membrane potential; inhibition of 
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these K+ channels leads to depolarization and increase of membrane excitability. 
The change in intracellular pH during HPC could not be determined in our study, 
but presumably was in parallel with that in the extracellular fluid. 

Bronchopulmonary C-fibers represent > 75% of vagal afferents innervating 
the respiratory tract (2).  Responses evoked by activating these afferents are 
mediated by both central reflex pathways and by local or axon reflexes involving 
the release of tachykinins from sensory endings (25, 26). The overall responses to 
C-fiber stimulation include bronchoconstriction, hypersecretion of mucus, edema 
of airway mucosa and cough (6, 25, 26). Considering the high probability of 
simultaneous occurrence of airway inflammation and alveolar hypercapnia in 
various types of obstructive lung diseases, a potential involvement of this 
stimulatory effect on C-fiber afferents in the pathogenesis of airway dysfunctions 
should be further explored. 

In summary, under normal conditions only 13% of the vagal 
bronchopulmonary C-fiber afferents exhibit mild sensitivity to transient alveolar 
hypercapnia. However, both the percentage of C-fibers activated and the response 
of the same afferents to CO2 to the same HPC challenge markedly increased when 
mucosal inflammation was induced in the airways. The enhanced stimulatory 
effect of CO2 on these afferents is mediated through the action of H+, and an 
activation of TRPV1 is partially responsible. 

ACKNOWLEDGEMENTS

The authors thank Robert F. Morton and Dr. Ting Ruan for their technical 
assistance. This study was supported by grants from the National Institutes of 
Health (HL58686, HL67379). 

REFERENCES

1. Adriaensen D, Timmermans JP, Brouns I, Berthoud HR, Neuhuber WL, and Scheuermann 
DW. Pulmonary intraepithelial vagal nodose afferent nerve terminals are confined to 
neuroepithelial bodies: an anterograde tracing and confocal microscopy study in adult rats. Celi

Tissue Res 293: 395-405, 1998. 
2. Agostoni E, Chinnock JE, De Daly MB, and Murray JG. Functional and histological studies of 

the vagus nerve and its branches to the heart, lungs and abdominal viscera in the cat. J Physiol

135: 182-205, 1957. 
3. Baluk P, Nadel JA, and McDonald, DM. Substance P-immunoreactive sensory axons in the rat 

respiratory tract: a quantitative study of their distribution and role in neurogenic inflammation. 
J Comp Neurol 319: 586-598, 1992. 

4. Brodwick MS and Eaton DC. Sodium channel inactivation in squid axon is removed by high 
internal pH or tyrosine-specific reagents. Science 200: 1494-1496, 1978. 

5. Caterina MJ, Schumacher MA, Tominaga M, Rosen TA, Levine JD, and Julius D. The 
capsaicin receptor: a heat-activated ion channel in the pain pathway. Nature 389: 816-824, 
1997.

6. Coleridge JC and Coleridge HM. Afferent vagal C fibre innervation of the lungs and airways 
and its functional significance. Rev Physiol Biochem Pharmacol 99: 1-110, 1984. 

7. Coyle AJ, Perretti F, Manzini S, and Irvin CG. Cationic protein-induced sensory nerve 
activation: role of substance P in airway hyperresponsiveness and plasma protein 
extravasation. J Clin Invest 94: 2301-2306, 1994. 

8. Crone C and Levitt DG. Capillary permeability to small solutes. In: Handbook of Physiology.
Bethesda, MD: Am. Physiol. Soc, 1984, sect. 2, vol. IV, chapt. 10, p. 411-466. 



Stimulation of C-fibers by CO2  291 

9. Delpierre S, Grimaud C, Jammes Y, and Mei N. Changes in activity of vagal 
broncho-pulmonary C fibres by chemical and physical stimuli in the cat. J Physiol 316: 61-74, 
1981.

10. Gordon T, Venugopalan CS, Amdur MO, and Drazen JM. Ozone-induced airway 
hyperreactivity in the guinea pig. J Appl Physiol 57: 1034-1038, 1984. 

11. Gu Q and Lee LY. Hypersensitivity of pulmonary C fibre afferents induced by cationic proteins 
in the rat. J Physiol 537: 887-897, 2001. 

12. Gu Q, Ruan T, Hong JL, Burki N, and Lee LY. Hypersensitivity of pulmonary C-fibers induced 
by adenosine in anesthetized rats. J Appl Physiol 95: 1315-1324, 2003. 

13. Heming TA, Stabenau EK, Vanoye CG, Moghadasi H, and Bidani A. Roles of intra- and 
extracellular carbonic anhydrase in alveolar-capillary CO2 equilibration. J Appl  Physiol 77: 
697-705, 1994. 

14. Ho CY, Gu Q, Hong JL, and Lee LY. Prostaglandin E2 enhances chemical and mechanical 
sensitivities of pulmonary C-fibers. Am J Respir Crit Care Med 162: 528-533, 2000. 

15. Ho CY and Lee LY. Ozone enhances excitabilities of pulmonary C-fibers to chemical and 
mechanical stimuli in anesthetized rats. J Appl Physiol 85: 1509-1515, 1998. 

16. Holtzman MJ, Cunningham JH, Sheller JR, Irsigler GB, Nadel JA, and Boushey HA. Effect on 
ozone on bronchial reactivity in atopic and nonatopic subjects. Am Rev Respir Dis 120: 
1059-1067, 1979. 

17. Holtzman MJ, Fabbri LM, O'Byrne PM, Gold BD, Aizawa H, Walters EH, Alpert SE, and 
Nadel JA. Importance of airway inflammation for hyperresponsiveness induced by ozone. Am

Rev Respir Dis 127: 686-690, 1983. 
18. Holtzman MJ. Sources of inflammatory mediators in the lung: the role of epithelial and 

leukocyte pathways for arachidonic acid oxygenation. In: Lung Biology in Health and Disease 

Series. Mediators of Pulmonary Inflation, edited by Bray MA and Anderson WH. New York: 
Dekker, 1991, vol. 54, chapt. 6, p. 279-325. 

19. Hong JL, Kwong K, and Lee LY. Stimulation of pulmonary C fibres by lactic acid in rats: 
contributions of H+ and lactate ions. J Physiol 500: 319-329, 1997. 

20. Hong JL, Ho CY, Kwong K, and Lee LY. Activation of pulmonary C fibres by adenosine in 
anaesthetized rats: role of adenosine A1 receptors. J Physiol (Lond) 508: 109-118, 1998. 

21. Kollarik M and Undem BJ. Mechanisms of acid-induced activation of airway afferent nerve 
fibres in guinea-pig. J Physiol 543: 591-600, 2002. 

22. Kwong K and Lee LY. PGE2 sensitizes cultured pulmonary vagal sensory neurons to chemical 
and electrical stimuli. J Appl Physiol 93: 1419-1428, 2002.

23. Lee LY, and Morton RF.  Pulmonary Chemoreflexes are potentiated by Prostaglandin E2 in 
anesthetized rats. J Appl Physiol  79: 1679-1686, 1995. 

24. Lee LY, Morton RF, and Lundberg JM.  Pulmonary chemoreflexes elicited by intravenous 
injection of lactic acid in anesthetized rats.  J Appl Physiol  81:2349-2357, 1996. 

25. Lee LY and Pisarri TE. Afferent properties and reflex functions of bronchopulmonary C-fibers. 
Respir Physiol 125: 47-65, 2001. 

26. Lee LY and Undem BJ. Bronchopulmonary vagal sensory nerves. Chapter 11 in: Advances in 

Vagal Afferent Neurobiology. Ed. by Undem BJ and Weinreich D. Frontiers in Neuroscience 

Series, CRC Press, 2005. 
27. Lin RL, Gu Q, Lin YS, and Lee LY. Stimulatory effect of CO2 on vagal bronchopulmonary 

C-fiber afferents during airway inflammation. J Appl Physiol (In press, 2005) 
28. Nyce JW and Metzger WJ. DNA antisense therapy for asthma in an animal model. Nature 385: 

721-725, 1997. 
29. Phillipson EA, Fishman NH, Hickey RF, and Nadel JA. Effect of differential vagal blockade 

on ventilatory response to CO2 in awake dogs. J Appl Physiol 34: 759-763, 1973. 
30. Polosa R, Rorke S, and Holgate ST. Evolving concepts on the value of adenosine 

hyperresponsiveness in asthma and chronic obstructive pulmonary disease. Thorax 57: 
649-654, 2002. 

31. Qu Z, Zhu G, Yang Z, Cui N, Li Y, Chanchevalap S, Sulaiman S, Haynie H, and Jiang C. 
Identification of a critical motif responsible for gating of Kir2.3 channel by intracellular 
protons. J Biol Chem 274: 13783-13789, 1999. 



292 L.Y. Lee et al.

32. Russell NJW, Raybould HE, and Trenchard D. Role of vagal C-fiber afferents in respiratory 
response to hypercapnia. J Appl Physio 56: 1550-1558, 1984. 

33. Tucker SJ, Gribble FM, Zhao C, Trapp S, and Ashcroft FM. Truncation of Kir6.2 produces 
ATP-sensitive K+ channels in the absence of the sulphonylurea receptor. 
Nature 387: 179-83, 1997. 

34. Uchida DA, Ackerman SJ, Coyle AJ, Larsen GL, Weller PF, Freed J, and Irvin CG. The effect 
of human eosinophil granule major basic protein on airway responsiveness in the rat in vivo. 
A comparison with polycations. Am Rev Respir Dis 147: 982-988, 1993. 

35. Voilley N, de Weille J, Mamet J, and Lazdunski M. Nonsteroid anti-inflammatory drugs inhibit 
both the activity and the inflammation-induced expression of acid-sensing ion channels in 
nociceptors. J Neurosci 21: 8026-8033, 2001. 

36. Waldmann R, Champigny G, Bassilana F, Heurteaux C, and Lazdunski M. A proton-gated 
cation channel involved in acid-sensing. Nature 386: 173-177, 1997. 

37. Waldmann R, Bassilana F, de Weille J, Champigny G, Heurteaux C, and Lazdunski M. 
Molecular cloning of a non-inactivating proton-gated Na+ channel specific for sensory neurons. 
J Biol Chem 272: 20975-20978, 1997. 

38. Wanke E, Carbone E, and Testa PL. K+ conductance modified by a titratable group accessible 
to protons from intracellular side of the squid axon membrane. Biophys J 26: 319-324, 1979. 

39. Wasserman K, Whipp BJ, Casaburi R, and Beaver WL. Carbon dioxide flow and exercise 
hyperpnea. Cause and effect. Am Rev Resp Dis 115: 225-237, 1977. 

40. Wu ZX, Morton RF, and Lee LY. Role of tachykinins in ozone-induced airway 
hyperresponsiveness to cigarette smoke in guinea pigs. J Appl Physiol 83: 958-965, 1997. 

41. Xu H, Cui N, Yang Z, Qu Z, and Jiang C. Modulation of Kir4.1 and Kir5.1 by hypercapnia and 
intracellular acidosis. J Physiol (Lond) 524: 725-735, 2000.



Nitric Oxide in Brain Glucose Retention after 
Carotid Body Receptors Stimulation with Cyanide 
in Rats 

1,2S. A. MONTERO, 1J. L. CADENAS, 1M. LEMUS, 1E. ROCES DE 
ÁLVAREZ-BUYLLA., AND 1R. ÁLVAREZ-BUYLLA†  

1Centro Universitario de Investigaciones Biomédicas and 2Facultad de Medicina, Universidad de 

Colima, Colima, México.

1.   INTRODUCTION

In contrast to most other tissues, which exhibit considerable flexibility with 
respect to the nature of the substrates for their energy metabolism, the normal 
brain is restricted almost exclusively to glucose due to its distinguishing 
characteristics in vivo. Actual glucose utilization is 31 µmol/100 g tissue/min, in 
the normal, conscious human brain, indicating that glucose consumption is in 
excess for total oxygen consumption (Sokoloff, 1991).  Although present in low 
concentration in brain (3.3 mmol/kg in rat), glycogen is a unique energy reserve 
for initiation of its metabolism.  However, if glycogen concentration in the brain 
were the sole supply, normal energetic requirements would be maintained for 
less than 5 min (Sokoloff, 1991).  While the brain contains insulin receptors, and 
insulin-responsive glucose transporters, the role of insulin in the regulation of 
brain glucose metabolism is controversial (Obici et al., 2002).  The carotid body 
receptors (CBR) are sensitive to glucose (Alvarez-Buylla and Alvarez-Buylla, 
1988, 1994, Pardal and López Barneo, 2002) and play an important role in the 
insulin-induced counterregulatory response to mild hypoglycemia (Koyama et 
al., 2000).  Local stimulation of CBR by cyanide (NaCN), or local low glucose 
levels in the isolated carotid sinus (CS), have been shown to promptly increase 
the activity in the carotid sinus nerve, that in turn trigger an enhancement in 
glucose retention by the brain (BGR) (Alvarez-Buylla et al., 1994).  In contrast, 
this effect is not observed in animals with denervated carotid bodies (Alvarez-
Buylla and Alvarez-Buylla, 1988).  The central mechanism that mediates the 
previously mentioned glycemic responses is unknown, but other studies from 
our laboratory suggest the participation of arginine-vasopressin (AVP), the 
endogenous ligand for the V1a vasopressin receptor, as the effector mediator in 
this response (Montero et al., 2003).  AVP is widely synthesized in the brain, 
including the paraventricular, supraoptic and suprachiasmatic nuclei of the 
hypothalamus, and has been related to nitric oxide (NO) function in brain 
(Kadekaro et al., 1998).  There are evidences that NO, an intercellular signaling 
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molecule and neuromodulator, synthesized from arginine via Ca
2+ activation of 

nitric oxide synthase (NOS), widely distributed in the central nervous system 
(CNS), plays a role in the glucose homeostasis in rats (Tong et al., 1997; Higaki 
et al., 2001).  NO induces transient decreases in cellular ATP in  nervous tissue, 
modulating metabolic pathways such as glycolysis (Almeida et al., 2005).  NO 
is produced, as well, in the carotid body as an inhibitory neuromodulator in 
hypoxic chemoreception (Prabhakar et al., 1994; Wang et al., 1995; Trzebski et
al., 1995).  The perfusion of the carotid body with NO donors (in situ and in

vitro) such as nitroglycerine (NG) or sodium nitroprusside (SNP), reduces the 
chemosensory discharges in the carotid sinus nerve to hypoxia  (Wang et al.,

CBR in normoxia (Iturriaga et al., 2000).  On the other hand, a NOS inhibitor 
such as N-nitro-L-arginine methyl ester (L-NAME) enhances the hypoxic 
response in the carotid body in situ (Iturriaga et al., 1998).  Taking the 
aforementioned data into consideration, it can be assumed that NO in the CNS 
may modulate information arising from CBR to induce BGR and control the 
energetic metabolism.  We now explore whether or not a NO donor or a NOS 
inhibitor applied intracisternally, modify hyperglycemic response and BGR after 
CBR stimulation with NaCN.

2.   METHODS 

2.1   Animal and Surgical Procedures 

Experiments were performed on adult male Wistar rats (250-300 g weight) 
fasted for 12 h with free access to water, and maintained in 12 h light-dark cycle.  
Anesthesia was induced by intraperitoneal administration of sodium 
pentobarbital (3 mg/100 g) which was supplemented by a continuous 
intraperitoneal infusion of 0.063 mg/min in 0.9 % NaCl.  Under these conditions 
no pain responses were observed, but the eye palpebral reflex was present.  
Respiration and body temperature were artificially maintained.  All procedures 
performed on animals were in accordance with the National Research Council 
Guide for the Care and Use of Laboratory Animals (NCR Pub., 1996).  To 
obtain blood samples, catheters were inserted into the femoral artery and jugular 
sinus (via the right external jugular vein) (Alvarez-Buylla et al., 2003).  The 
correct placement of the catheters was verified at the end of each experiment 
during autopsy.  The injection time was considered as t=0 (indicated as an arrow 
in the figures).  For glucose determinations, 5 samples of 0.15 mL of arterial 
blood  and 5 samples of 0.15 mL of venous blood were simultaneously collected 
at each time in the same rat: two basal samples (t=-4 min and t=-2 min), and 3 
experimental samples (t=4 min, t=8 min and t=16 min). Brain glucose retention 
(BGR) was determined between glucose concentration in the arterial blood and 

1995; Iturriaga et al., 2000), to the contrary, NO donors increase basal firing in 

glucose concentration in the venous blood returning from the brain. 
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2.2   CBR Stimulation and Intracerebro Injections 

The circulation in the carotid sinus (CS) was isolated from general 
circulation during injections of NaCN (5 µg/100 g in 0.1 ml saline) as a bolus 
through a 27 gauge needle connected to a catheter (Clay Adams PE-10) placed 
in the common carotid artery below the isolated carotid sinus, to avoid 
baroreceptors stimulation.  Briefly, both the left external carotid artery (beyond 
the lingual branch) and the internal carotid near the jugular foramen were 
temporarily occluded (15-20 sec) to prevent NaCN solution from entering the 
brain (Alvarez-Buylla and Alvarez-Buylla, 1988). 

Intracerebro injections were done into the cisterna magna (CM).  Once the 
rat was placed on a plastic platform, the head and neck were positioned over the 
edge at an angle of approximately 90°. with respect to the body axis in order to 
open the atlanto-occipital space (Hudson et al., 1994).  The membrane over the 
CM was exposed, and a micromanipulator, holding a 23-gauge butterfly needle 
with attached tubing, was moved to the position adjacent to the platform and was 
connected to a syringe pump for infusions (Baby Bee, BAS, Lafayette, IN); then, 
the hand control of the manipulator was used to slowly penetrate the membrane 
and enter the cistern.  The correct position was verified by the flow of 
cerebrospinal fluid (CSF), which entered the tubing at the end of each 
experiment.   

2.3   Drugs 

The drugs used in this study were: sodium cyanide (NaCN) (see CBR 
stimulation); nitroglycerine (NG, Scherer GMBH Eberbach Baden), 3 µg/5 µL, 
as a NO donor; N-nitro-L-arginine methyl ester (L-NAME, Sigma St. Louis, 
MO), 250 µg/5 µL, as a NOS inhibitor.  Compounds were dissolved in artificial 
cerebrospinal fluid (aCSF,  145 mM NaCl, 2.7 mM KCl, 1.2 mM CaCl2 and 1.0 
mM MgCl2, ascorbate 2.0 mM and NaH2PO4 2.0 mM at pH 7.3-7.4) (Mitchell 
and Owens, 1996) immediately before application.  In control experiments the 
same volume of aCSF or saline alone were injected. 

2.4   Analytical Methods 

Glucose concentration in blood samples was measured by the glucose-
oxidase method (Beckman Autoanalyzer, Fullerton CA) in mg/dL.  The data are 
expressed as means±SEM, the statistical comparisons were performed using 
Student’s paired t-test between basal (mean of t=-2 min and t=-4 min) and 
postinjection values in each protocol, and analysis of variance (ANOVA) for 
repeated measurements using the Scheffé test for multiple comparisons between 
different protocols. P<0.05 was considered as statistically significant.

2.5   Experimental Protocol 

Animals were subjected to one of the following procedures: (a)aCSF 
infusion for 30 sec into CM, simultaneously  with saline injection (0.1 mL) into 
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CS (n=5) (control 1); (b)aCSF infusion into CM, simultaneously with CBR 
stimulation (n=5) (control 2); (c)NG infusion into CM, simultaneously with 
saline injection into the CS (n=5); (d)NG infusion into CM, simultaneously with 
CBR stimulation (n=5); (e)L-NAME infusion into CM, simultaneously with 
saline injection into CS (n=5); (f)L-NAME infusion into CM, simultaneously 
with CBR stimulation (n=5). 

3.   RESULTS 

After a direct infusion of aCSF (5 µL/30 sec) into CM simultaneously with 
saline injection into the CS (control 1), no significant changes were observed 
neither in blood glucose concentration nor in BGR values (n=5) (Fig. 1A).  
When a direct infusion of aCSF (5 µL/30 sec) into CM was simultaneously 
made with CBR stimulation in normal rats (n=5) (control 2), arterial and venous 
blood glucose concentrations increased significantly (P<0.05) (Fig. 1B).  In this 
case, the increase in glucose concentration in arterial blood was higher than in 
venous blood, resulting in a subsequent increase in BGR levels at t=4 min, t=8 
min and t=16 min after the stimulus (Fig. 1C).  When comparing the results 
obtained in BGR values in control (1) with those obtained in control (2), 
significant differences were observed (P<0.05). 

Figure 1.  Changes in plasma glucose concentrations (A and B), and brain glucose 
retention (C). In A: after saline injections into the vascularly isolated carotid sinus (CS) 
simultaneously with artificial cerebrospinal fluid (aCSF) infusion into the cisterna 
magna (CM) (n=5); in B: after carotid body receptor stimulation with NaCN, 
simultaneously with aCSF infusion into the CM (n=5).  Art, arterial glucose 
concentration; Ven, venous glucose concentration; NaCN, sodium cyanide. The values 
are means ± SEM. *Significantly different (P<0.05, t-test and ANOVA for repeated 
measurements).
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into CM

In order to investigate whether NO is involved in the previously described 
results, we simultaneously infused a NO donor into the CM (instead of aCSF), 
with saline injection in the CS or CBR stimulation.  When a NO donor such as 
NG (3 µg/5 µL aCSF) was simultaneously infused in the CM with saline 
injection in the CS in normal rats (n=5), arterial glucose concentrations 
increased significantly (P<0.05) at t=4 min and t=8 min (Fig. 2A) (P<0.05). No
significant changes were observed in venous glucose concentrations, but BGR 
levels increased significantly at the same times indicated above (P<0.05) (Fig. 
2C).  To the contrary, simultaneous NG infusion and CBR stimulation, did not 
alter either blood glucose concentrations or BGR levels (Fig. 2B and 2C). 

Figure 2.  Changes in plasma glucose concentrations (A and B), and brain glucose 
retention (C). In A: after saline injections into the vascularly isolated carotid sinus (CS), 
simultaneously with nitroglycerine (NG) infusion into the cisterna magna (CM) (n=5); in 
B: after carotid body receptor stimulation with NaCN, simultaneously with NG infusion 
into the CM (n=5).  Art, arterial glucose concentration; Ven, venous glucose 
concentration; NaCN, sodium cyanide. The values are means ± SEM. *Significantly 
different (P<0.05, t-test and ANOVA for repeated measurements). 

3.2    CBR Stimulation Simultaneously with L- NAME 

Infusion into CM

When a NOS inhibitor such as L-NAME (250 µg/5 µL aCSF), was 
simultaneously infused into the CM with saline injections in CS (without CBR 
stimulation) in normal rats (n=5), no significant changes were observed in the 
parameters studied (Fig. 3A and 3C).  However simultaneous L-NAME infusion 

3.1   CBR Stimulation Simultaneously with NG Infusion 
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into the CM, and CBR stimulation (n=5), increased arterial blood glucose 
concentration at t=4 min, t =8  min and t=16 min (P<0.05); and BGR levels at 
t=4 min and t =8  min (P<0.05) (Fig. 3B and 3C). 

Figure 3.  Changes in plasma glucose concentrations (A and B), and brain glucose 
retention (C). In A: after saline injections into the vascularly isolated carotid sinus (CS), 
simultaneously with N-nitro-L-arginine methyl ester (L-NAME) into the cisterna magna 
(CM) (n=5); in B: after carotid body receptors stimulation with NaCN, simultaneously 
with L-NAME infusion into the CM (n=5).  Art, arterial glucose concentration; Ven, 
venous glucose concentration.; NaCN, sodium cyanide. The values are means ± SEM. 
*Significantly different (P<0.05, t-test and ANOVA for repeated measurements). 

4.   DISCUSSION

The results presented in the first series of experiments show that NO released 
by a NO donor, like NG, infused intracisternally, increases significantly arterial 
blood glucose and brain glucose retention, when the anoxic stimulus produced 
by CBR stimulation was not present.  After the CBR stimulation, the same NG 
infusion into the CM did not alter either of the parameters studied.  Taking into 
account Prabhakar’s (1994) concept of the carotid body as a mini-brain, and 
knowing that the carotid body is sensitive not only to oxygen tension, but also to 
blood glucose concentration (Álvarez-Buylla and Roces de Álvarez-Buylla, 
1994; Pardal and López-Barneo, 2002), the present results obtained from the 
whole animal, could be compared with previous observations obtained in carotid 
body preparations in vitro (Chugh et al., 1994; Iturriaga et al., 2000).  In effect, 
in these preparations, NO donors such as SNAP and NOC-9, act as inhibitors of 
the increased chemosensory discharge during hypoxia, while in normoxia, they 
produce the opposite effect. (Iturriaga et al., 2000).  In addition, large doses of 
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NG abolish the chemosensory excitation induced by hypoxia (Iturriaga et al.
2000) and also NO concentrations in the carotid bodies superfused with L-
arginine, induce a dose-dependent inhibition of CS nerve discharges during 
hypoxia via actions on receptor elements as well as in their associated vessels 
(Buerk and Lahiri, 2000). 

The results presented in the second series of experiments show that the 
infusion of L-NAME into the CM significantly increased arterial blood glucose 
concentration as well as BGR levels during the hypoxic stimulus.  Similar 
results are obtained in perfused cat carotid bodies with progressive decreases in 
NO levels after L-NAME (Buerk and Lahiri, 2000).  Although the mechanism 
involved in this glucose retention response is not known, inhibition of central 
production of NO affects secretion of AVP and cerebral metabolic responses 
(Kadekaro et al., 1998). Centrally infused AVP also increases blood glucose 
levels and BGR levels (Montero et al., 2003).  NO within the brain aparently 
increases sympathetic nerve activity through caudal ventrolateral medulla and 
paraventricular nucleus (Kantzides and Badoer, 2005), stimulating adrenal 
secretion of epinephrine (Montero et al., 2003) to subsequently elevate glucose 
levels in peripheral blood (Uemura et al., 1997).  In the hypothalamus, NO also 
activates cAMP–protein kinase to further secrete AVP (Yamaguchi and Hama, 
2003), increasing hepatic glycogenolysis (McCrimmon et al., 2004).  However, 
our results cannot rule out, at least in part, the possibility that the changes 
observed in glucose variables are vascularly mediated (Wang et al., 1998).

In summary, the present study demonstrates that centrally infused NO, 
during normoxia, participates in glucose homeostasis increasing arterial glucose 
levels and BGR.  During a hypoxic state, such as that which occurs after CBR 
stimulation, central NO administration does not enhance the glucose parameters 
studied. 
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1.   INTRODUCTION 

     Airway sensory receptors regulate cardiopulmonary function by 
providing constant information about the mechanical and chemical status of the 
lung to the central nervous system (CNS). There are at least three airway sensor 
types: slowly adapting receptors (SARs), rapidly adapting receptors (RARs), and 
C-fiber receptors (CFRs) 1. We recently identified additional A-delta fiber 
receptors in intact rabbits that are different from SARs and RARs. Having a high 
mechanical threshold, they respond to hypertonic saline and are termed high 
threshold A-delta receptors (HTARs) 2. SARs and RARs monitor airway 
mechanical changes, whereas HTARs and CFRs sense chemical alterations and 
may serve as nociceptors. As with nociceptors in other tissue, the latter are 
activated during lung inflammatory processes 3-6. Also, the airway houses 
neuroendocrine cells aggregated in organoids called neuroepithelial bodies 
(NEBs). NEBs are richly innervated by nerve fibers from different origins. 
Similar in structure to the carotid bodies, NEBs are believed to be sensors, with 
at least some sensory fibers that have cell bodies in the nodose ganglia. 
Therefore, they may serve CNS reflex functions. Strategically located at airway 
bifurcations, NEBs may signal the chemical composition of or presence of 
irritants in the air. This study intends to explore the possibility that NEBs are 
associated with nociceptors.  

2.   RESULTS AND DISCUSSION 

2.1  Neuroepithelial Bodies Connected with the Vagal 
Afferents to the Nodose Ganglia but not the 
Mechanoreceptors in the Rabbit

In the airway, vagal afferent cell bodies are believed to be housed in the 
nodose ganglia. At least some NEB cell bodies are also found there, based on 
evidence that sectioning the vagus nerve below the nodose ganglia, but not  
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above it, denervates NEBs in the rat. NEBs can be visualized by injecting an 
antegrade tracer into the ganglion 7. It has been suggested that NEBs are 
connected to one of the known vagal receptors 2;7;8; however, which one is 
debated. Recently, we provided evidence that NEB afferents do not run with 
SARs in the rat 9. Furthermore, we characterized the airway receptors in the 
rabbit, including SARs, with histochemical 10;11 and neural tracer 12 techniques. 
Briefly, a neural tracer, carbocyanine dye DiI (1,1' - dioleyl - 3,3,3',3' 
tetramethylindo carbocyanine) was used. The rabbit was anesthetized and the 
nodose ganglion was exposed to inject 10 µl of DiI (25mg/ml in methanol, 
Molecular Probes, Eugene, Ore, USA) in multiple sites through a fine tipped (30
µm) glass micropipette. The injections were made by pressure pulses (5 ms at 
approximately 60 psi) delivered from a PicoSpritzer III pressure system (Parker 
Instrumentation). After the injection, the rabbits were returned to the cage for 
four weeks, allowing the transportation of DiI to the nerve terminal targets in the 
lung. Then the animal was anesthetized and sacrificed. Airway tissues were 
fixed for 24 hours in a phosphate-buffered saline solution, containing 4% 
paraformaldehyde at a pH of 7.4. Whole mount preparations were made on a 
gelatin-coated glass slide and examined under a Laser Scanning Confocal 
Microscope (Zeiss510) equipped with a helium-neon laser (543 nm) and fitted 
with an appropriate filter for the detection of DiI signals. Under the confocal 
microscope, NEBs were labeled by DiI (Fig. 1), showing ball-like or oval shapes. 
The structures are similar to the NEB described in rats with DiI labeling or with 
histochemical labeling. However, these structures are clearly different from the 
receptor structures identified in muscular and submucosal layers, and also differ 
from epithelial receptors, which are leaf-like in appearance 10. Our results are 
consistent with the recent report in the rat and support the contention that NEBs 
are not connected with SARs 9. Since mechanoreceptors (RARs and SARs) may 
share the same afferents 13, and NEB afferents do not run with SAR afferents, 
they will not run with RAR afferents. If NEBs do transmit information through 
vagal sensory receptor afferents, HTARs and CFRs afferents are potential 
candidates. In view of the NEB’s chemical sensory structure and abundant 
afferent innervation, its activation may trigger or modify signals transmitted in 
HTARs as well as CFRs 2.

2.2   Airway Nociceptors Activated by a Known Mediator 

Released from NEBs

HTARs are regarded as nociceptors because they are stimulated by 
hypertonic saline and hydrogen peroxide. NEBs contain vesicles storing 

14;15

whether 5-HT, a mediator released by NEBs in the rabbit, can stimulate 
, 5-HT  which is an inflammatory mediator. In the present study, we evaluated 
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Figure 1. Micrographs from the confocal microscope show antegrade labeling of a neuroepithelial 
body (NEB) in a medium sized airway (about the 4th or 5th generation). Antegrade neural tracer 
(DiI) was injected into the nodose ganglia of the rabbit and transported to the lung periphery to 
label the structure. A, B, and C are representative optical slices from inside (epithelium, A) to 
outside (lamina propria, C) of the bronchial wall. D is a projection image of stacks of six optical 
sections that are 2.6 µm thick each. The axon fiber runs in the lamina propria and penetrates into 
the epithelial layer, where the NEB is located. The axon fiber is 2.4 µm in diameter at the site 
indicated by an arrow in D, which falls into the myelinated fiber range. Six neuroendocrine cells 
are clearly lighted up (A, B, and D). In addition, many groups of epithelial cells can be observed 
(indicated by 3 arrow heads in A and an arrow head in B) and many other epithelial cells are 
located between the positive cells (A and B). The NEB structure is different from airway 
mechanosensors, which are knob-like endings and buried in the airway smooth muscle layer. 
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nociceptors such as HTARs and CFRs (Fig.2). In anesthetized, open-chest and 
mechanically ventilated rabbits, single unit activity of HTARs was recorded, 
with identification based on discharge pattern [low background activity and 
insensitivity to changes in lung mechanics] and confirmed by measuring 
conduction velocities (1.5 to 20 m/sec for HTARs, and less than 1.3 m/sec for 
CFRs). At baseline, HTAR activity was 0.24±0.06 imp/s and was stimulated by 
microinjection of 5-HT (10µM, 20µl) into the receptive field. Activity increased 
to 2.53±0.86 imp/s during peak response at 25.0±7.6 seconds after injection (n=8, 
P<0.05). HTAR activity was still elevated (0.89±0.26 imp/s) one minute after 
injection. CFRs responded to 5-HT similarly. This is in agreement with previous 
reports that CFRs can be activated by 5-HT 4. At this point, it is still unknown 
whether NEBs are connected with nociceptors, and, if so, whether they are 
connected with myelinated (HTARs), unmyelinated (CFRs) vagal afferents, or 
both. Our results are consistent with the hypothesis that nociceptors may 
transmit signals that can be triggered or modified by NEBs.  

Figure 2. High threshold A-delta receptor (HTAR) activities recorded from the left cervical vagus 
nerve in an anesthetized, open-chest and mechanically ventilated rabbit. The traces are: IMP, 
impulses (sensory activity); Paw, airway pressure recorded from the trachea tube opening. A-E are 
the receptor responses to removal of positive-end-expiratory pressure (PEEP, A), to lung inflation 
at constant pressures of 10 (B), 20 (C) and 30 (D) cmH2O, and to lung deflation at a constant 
pressure of –7 cmH2O (E). F shows stimulation of the receptor by injecting 5-HT (10µM, 20µl) 
into the receptive field, which is located at the left lower lobe. The first arrow denotes poking the 
receptive field during insertion of the needle. The following two connected arrows denote the 
injection period. This receptor has a very low background activity (0.1 imp/s), does not respond to 
lung deflation either by PEEP removal of four ventilator cycles (A) or by negative pressure (E), 
has very high threshold to lung inflation (about 20 cmH2O in this particular case). The conduction 
velocity of the sensory afferent is 4 m/s. Thus, it is a typical HTAR. 

     Increasing evidence shows NEBs are richly innervated by sensory 
nerves 8. They are also closely related to molecules of inflammation and 
nociception. For example, they are associated with inflammatory 
mediators such as substance P and calcitonin gene-related peptide 
(CGRP), in addition to 5-HT. They also possess vanilloid type 1 receptors 
(VR-1) and purinergic receptors (P2X3) that operate under the influence 
of nociceptor activators such as capsaicin and adenosine. At this point, 
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there is no question that NEBs are associated with nociception. Chemicals 
released from NEBs may exert paracrine effects on nociceptors, if they 
are not directly connected with them. The sensory afferents may 
participate in a local reflex, or mediate reflexes through sympathetic 
afferents. It is also possible that NEBs may connect directly with 
nociceptors. Regardless, it is of growing interest to figure out how NEBs 
perform nociception. 

3. CONCLUSIONS

Based on the present results, three conclusions can be made: 1) NEBs do 
connect with afferents to the nodose ganglia; 2) these afferents do not supply the 
mechanoreceptors because the NEB structure is different from and does not 
associate with them; and 3) like CFRs, HTARs can be activated by NEB-
released mediator, 5-HT. If NEBs do directly send the signal through the vagal 
afferent to the nodose ganglia, the nociceptors are their likely targets.
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1.   INTRODUCTION 

The Carotid Body (CB) senses hypoxia, hypercapnia, and acidosis in the 
arterial blood.  The resulting increase in CB neural output (CBNO) to the 
nucleus tractus solitarius in the medulla promotes reflex responses in the 
respiratory, circulatory, renal, and endocrine systems.  Increases in CBNO are 
commonly thought to be due to the release of neurotransmitters from glomus 
cells in the CB.  Additional to the action of these released transmitters on the 
postsynaptic afferent neurons which abut on the glomus cells the transmitters act 
presynaptically on glomus cell autoreceptors.  Among the several transmitters 
contained in the glomus cells there now exists considerable evidence supporting 
excitatory roles for both acetylcholine (ACh) and ATP and an inhibitory role for 
dopamine (DA) and norepinephrine (NE) (Fitzgerald, 2000).  The release of 
ACh (Fitzgerald et al., 1999; Kim et al., 2004) and catecholamines (Wang and 
Fitzgerald, 2002) appears to be influenced by modulators.  The present study 
investigated the action of adenosine (ADO) on the release of ACh, DA, and NE 
since it has been reported that ADO influences CBNO (McQueen and Ribeiro, 
1981) and CB-mediated increases in ventilation (Monteiro and Ribeiro, 1987).  
The study further investigated the action of nitric oxide (NO) on the release of 
ACh since NO has been reported to reduce the hypoxia-induced increase in 
CBNO (Wang, et al., 1994).    

2. MATERIALS AND METHODS 

Standard procedures were followed for harvesting the paired CBs from 
anesthetized cats. Procedures for harvesting and euthanizing the cats were in 
compliance with the policies of the Animal Care and Use Committee of the 
Johns Hopkins Medical Institutions which policies are completely consonant 
with the requirements of the National Institutes of Health.  In each phase of the 
study the CB was cleaned of excessive fat and connective tissue rapidly after 
removal from the animal. They were then given a 45 minute recovery period in 
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hyperoxic Krebs Ringer bicarbonate solution (KRB) at 37oC.  After recovery 
they were immersed in 85µL of KRB and bubbled with 40% O2/5% CO2 for 
10-15 min at the end of which the incubation medium was withdrawn, 
filter-centrifuged, and stored on ice for later determination of ACh, NE, or DA 
with high pressure liquid chromatography/electrochemical detection (Fitzgerald, 
et al., 1999; Wang and Fitzgerald, 2002).  This hyperoxic control period was 
followed immediately by immersing the CBs in KRB, bubbled with 4% O2/ 5% 
CO2 and incubating again at 37oC for 10-15 minutes.   A second hyperoxic 
recovery period ensued.  Then followed the above steps in KRB made 100 µM 
adenosine.  The results (n=6) for ACh were from two CBs. 

However, preparation of the CBs for DA and NE determination followed the 
same steps.  The major difference here was that two Eppendorf  tubes were 
used, one for each CB and the KRB contained 40 mM L-dihydroxyphenyl 
alanine (L-DOPA) which served as a precursor for DA (Wang and Fitzgerald, 
2002).  The results (n=8) for DA and NE were from one CB without the 100 
µM adenosine and from one CB exposed to the 100 µM adenosine. 

3.   RESULTS 

The effect of 100µM adenosine (ADO) on the release of the “more classical” 
transmitters can be seen in Table 1.  ADO clearly enhances the 
hypoxia-induced release of ACh significantly, while significantly reducing the 
hypoxia-induced release of DA and NE.  

Table 1. Transmitter Recovered from Incubation Medium (Mean ± SEM; picomoles/20µL). 

(N=6) ACh (15 min exposures) (N=8) DA (10 min exposures) NE 

 Control Hypoxia Post-Hypox 
Hyperox

Control Hypoxia Control Hypoxia 

-ADO 0.5±0.1 0.99±0.27 0.6±0.15 0.23±0.05 2.23±0.26 0.61±0.2 3.05±0.78 

+ADO 1.7±0.45 2.00±0.40 1.97±0.40 0.50±0.20 1.45±0.38 0.95±0.3 2.15±0.75 

 P=0.014 P=0.101 P=0.005  P=0.006  P=0.011 

NO has been shown to significantly reduce the hypoxia-induced increase in 
CBNO (Wang et al., 1994).  CBs were harvested from deeply anesthetized cats, 
and prepared in the manner described above (N=9). 

Table 2. Transmitter Recovered From Incubation Medium (Mean±SEM; Femtomoles of ACh/20µL). 

 Control Hypoxia Post-Hypoxic 
Hyperoxia 

0mM L-arginine 65.2±7.5 72.9±10.1 67.8±5.8 

1mM L-arginine 61.3±6.5 55.8±4.8 51.5±4.1 

10mM L-arginine 51.1±6.3 46.6±4.1 47.6±5.3 

Notable is the response to hypoxia.  In the absence of L-arginine there is a 
modest increase (112% of control) in the release of ACh.  But in the presence 
of L-arginine the response to hypoxia tends to be less than the control (91% of 
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control).  Exposure to the last six gas mixtures in the presence of l mM and 10 
mM L-arginine followed one another with no interval.  Not surprisingly, 
therefore, the release of ACh during control with 10 mM L-arginine (51.1±6.3) 
is significantly (P=0.001) less than the amount released during control in the 
absence of L-arginine (65.2±7.5).  So also is the release of ACh during hypoxia 
in 10 mM L-arginine (46.6±4.1) significantly (P=0.009) less than the hypoxic 
release in the absence of L-arginine (72.9±10.1).   Post-arginine tests with a 
severe hypoxia (6%O2 for 15 min) showed an increase in ACh release of 85% 
over control.  Post-arginine test #2 was to challenge the in vitro CBs with 100 
µM nicotine under hyperoxic conditions for six minutes.  This challenge in four 
of the animals produced 119±7.9 femtomoles of ACh/20 µL of incubation 
medium; this was significantly (P=0.001) more than even the pre-arginine 
hypoxic challenge (72.9±10.1).  Hence, the decrease in ACh release during 
exposures to L-arginine was not due to the CBs exhausting their supply of ACh, 
but rather due to the influence of L-arginine. 

Bypassing the involvement of nitric oxide synthase (NOS) and using an NO 
donor, sodium nitroprusside (SNP), we found that exposure of the in vitro cat 
CBs (N=5) to 5 µM and to 10 µM SNP reduced the amount of ACh recovered 
from the incubation medium significantly (P=0.039) below ACh recovery from 
the SNP-free incubation media.   So  the above data suggest that a loss of ACh 
could be at least part of the reason that NO produces a reduction in CBNO. 

Carbon dioxide acidosis and metabolic acidosis certainly generate an 
increase in CBNO.  What is responsible for this increase is still the subject of 
investigation.  In some ongoing experiments we have measured the behavior of 
ACh in response to respiratory acidosis, compensated respiratory acidosis, and 
metabolic acidosis.  By varying bicarbonate concentration the degree of 
acidosis could be determined.  Control and Recovery values for PCO2 and pH 
were 35 torr and 7.40, respectively.  On the basis of the data so far, shown in 
Table 3 below, one might conclude that what seems to be required for a 
significant release of ACh is an extracellular acidosis. 

Table 3. Transmitter Recovered From Incubation Medium (Mean±SEM;Femtomoles of ACh/20

Condition PCO2 (torr)    pH     Control    Acidosis *   Recovery 
*Respiratory    ~85        ~7.03    11.8±1.9    14.1±2.1#  11.9±2.0 

*Compensated
Respiratory    

~85        ~7.39    13.8±3.5    14.5±3.2   14.6±3.0 

*Metabolic    ~35        ~7.07    11.0±3.5    13.6±4.0 #  12.2±1.8 

   #: Significantly greater than control: P<0.02  

4.   DISCUSSION 

The action of ADO on transmitter release in the CNS has been explored.  Jin 
and Fredholm (1997) found that stimulation of the A2a receptor provoked 
release of ACh from the rat hippocampus but not the striatum and did not affect 
catecholamine release.   Kirk and Richardson (1994) reported that the A2a 
receptors on cholinergic nerve terminals enhanced the release of ACh, but A2a 
receptors on the GABAergic terminals inhibited the release of GABA.   Hence, 
ADO appears to have opposing effects on neurotransmitter release from neural 
tissue in the CNS similar to what has been observed in the CB. 

L).



310 R.S. Fitzgerald et al.

Monteiro and her associates (Monteiro and Ribeiro, 1987) as well as others 
have reported that ADO stimulates respiration or CBNO (McQueen and Ribeiro, 
1981). Given the above results, namely that ADO increases the hypoxia-induced 
release of ACh while decreasing the hypoxia-induced release of catecholamines, 
suggests the possibility that the excitatory effect of ADO may be through its 
modulation of ACh and catecholamine release. Our recent immunocytochemical 
studies of A2a adenosine receptors in the cat carotid body show a very strong 
positive signal for the A2a receptor on glomus cells. There does not seem to be 
strong staining on nerves, certainly not on nerve structures that abut onto the 
glomus cells. We have been unable to detect a positive signal for the A1 
adenosine receptor. 

Wang and his colleagues (Wang, et al., 1994) clearly demonstrated an NO- 
induced reduction in the hypoxia-induced increase in the cat CBNO.  This 
feature of NO interaction was demonstrated with the use of L-NAME.  This 
NOS inhibitor significantly increased the cat’s CBNO during hypoxia; the 
increase was reduced by the addition of L-arginine.  Further, 10 mM L-arginine 
significantly reduced the hypoxia-induced increase in cat CBNO.  The above 
data support the possibility that at least part of the NO-mediated reduction in 
CBNO is due to the reduction in the release of ACh.  NO may have other 
mechanisms...quite possibly a reduction in the hypoxia-induced release of ATP.  
NO has often been reported to increase the level of cGMP.  But the 
mechanisms identifying how an increase in cGMP promotes a reduction in 
CBNO has yet to be reported. 

Further studies are needed to determine the effect of NO on the release of both 
ATP and catecholamines from the cat carotid body.   

Intracellular pH was not measured in the acidosis experiments.  Very 
probably intracellular pH decreased significantly during respiratory acidosis.  
But during compensated respiratory acidosis when the incubation medium was 
50 mM HCO3

- the intracellular pH may not have been so acidotic.  CO2

increases the permeability of some membranes (e.g. blood-brain barrier).  
Possibly the 50 mM HCO3

- could pass readily into the glomus cells during the 
compensated respiratory acidosis.   In metabolic acidosis extracellular HCO3

-

was 10 mM.  The incubation media for the three initial control periods had 
PCO2 values of about 35-36 mmHg and a  HCO3

-   concentration  of 22mM.  
So on the basis of the data what is common to the increased release of ACh is 
the extracellular acidosis of respiratory and metabolic acidosis. 
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1.   INTRODUCTION 

Pulmonary neuroepithelial bodies (NEB) are composed of innervated 
clusters of amine and peptide producing cells and are thought to function as 
hypoxia sensitive airway chemoreceptors. We have shown previously that the 
plasma membrane of rabbit fetal NEB in culture expresses an O2 sensing 
molecular complex composed of O2 sensitive K+ channel coupled to an O2

sensing protein (NADPH oxidase)(Nature, 1993;365:153). A Shaw-like, 
outward non-inactivating delayed- rectifier type K+ channel, was recorded from 
NEB cells in both culture and lung slices. This K+ channel was decreased by 
hypoxia (pO2~20 mmHg), and was sensitive to TEA, 4-AP, and H2O2. Another 
whole cell K+ current recorded from NEB in culture exhibited 
electrophysiological characteristics of a slowly inactivating K+ current similar to 
the one described in Xenopus oocyte expressing Kv3.3a channel and this K+

current was increased by H2O2. Here we report findings on A-type K+ currents 
recorded from NEB in neonatal rabbit lung slice preparation. This slowly 
inactivating K+ current was inhibited by BDS-I (3 µM), specific blocker of 
Kv3.4 and rheteropodatoxin (HpTx-2; 0.2 µM), specific blocker of Kv4, and 
also sensitive to hypoxia. Using in situ hybridization method, mRNA for Kv3.4 
and Kv4.3 was localized in NEB cells identified by immunostaining for 
serotonin. Expression of Kv3.4 and Kv4.3 proteins in NEB cells was confirmed 
by immunohistochemistry using specific antibodies. Multiple subtypes of 
voltage-dependent K+ current are expressed in NEB cells that may function as 
O2-sensitive K+ channels. 

2.   RESULTS AND DISCUSSION 

2.1  Oxygen Sensitive K
+
 Currents in NEB Cells in 

Culture and Lung Slice Preparation 

In our initial studies, we used primary cultures of NEB cells isolated from 
late-gestation (26 days) fetal rabbit lung. Whole-cell patch clamp recordings 
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revealed an outward non-inactivating K+ current that when exposed to hypoxia 
solution (PO2: 25-30mmHg), was reversibly inhibited by ~26%. This K+ current 
was blocked by DPI, a specific inhibitor of NADPH oxidase. In current clamp 
recording NEB cells showed an increase in firing frequency with hypoxia. We 
concluded that O2 sensitive K+ current was coupled to an oxygen binding protein, 
identified as multicomponent NADPH oxidase localized to the plasma 
membrane of NEB cells and that NEB cells act as transducers of airway hypoxia 

demonstration of expression of mRNA for both Kv3.3a and NADPH oxidase 
related proteins gp 91phox and p22phox in NEB cells of rabbit fetal and human 

same study, using whole-cell patch clamp recording we have observed a slowly 
inactivating K+ current with inactivating properties similar to those described in 
Xenopus oocyte model expressing Kv3.3a mRNA (Vega-Saenz & Rudy, 1992). 
Furthermore an increase in K+ current was observed when NEB cells were 
exposed to depolarizing pulses in the presence of varying concentrations of H2O2,

In subsequent studies, we have further characterized voltage-activated K+

currents in NEB cells and their sensitivity to hypoxia using neonatal rabbit lung 
2

+

of this model is that NEB cells are studied intact within their "natural" 
environment without effects of cell dissociation and culture. Using this 
preparation we observed O2 sensitive non-inactivating outward K+ current that 
was reversibly blocked (34%) by hypoxia (PO2 ~ 20 mmHg), TEA and 4- AP. 
Among the O2-sensitive K+ currents, two types of K+ current have been observed, 
a Ca 2+ -independent ( I K(v) ) and Ca 2+ - dependent (I K(Ca) component. Of the 
O2-sensitive K+ current, I K(Ca) accounts for ~55% whereas I K(v) for ~ 45%, 
suggesting that both components were equally suppressed by hypoxia. The 
activation threshold of outward non-inactivating O2-sensitive K+ current in NEB 
cells is around -50 mV and when the K+ channel opens, it's role is to stabilize the 
membrane potential. The closure of this K+ channel by hypoxia causes 
membrane depolarization, leading to the opening of voltageactivated Ca2+

2+

1999).

2.2   Identification and Characterization of O2 Sensitive 
Kv3.4 and Kv4.3 Subunits in Rabbit NEB Cells 

In the present study voltage-dependent K+ currents in NEB cells were recorded 
in rabbit lung slice preparation. After establishing the whole-cell configuration, 
outward K+ currents were elicited by depolarization from -90 mV, 15 mV a  
step with 1 s, before a 250 ms pretest pulse with holding at -90 mV. The cell was 
at holding -60 mV. These K+ currents were apparent during steps from a 
holding potential of -90 mV to potentials between -30 and +30 mV. After 
application of 3 µM BDS-I, a specific blocker of Kv3.4 current, the peak current 

stimulus (Youngson et al., 1993). These initial findings were supported by the 

slice preparation (Fu et al., 1999). Similar O - sensitive K current was also 

neonatal lungs using in situ hybridization method (Wang et al., 1996). In the 

suggesting redox modulation of this current (Wang et al., 1996). 

observed in NEB cells of mice lung slice model (Fu et al., 2000). The advantage 

channels, increase in intracellular Ca , and neurotransmitter release (Fu et al.,
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was reduced by ~ 27% (Fig. 2 A, B). The BDS-I sensitive current (Fig. 2A, D),
is based on difference current measurement by subtraction of BDS-I in-sensitive 
current (Fig. 2A, B) from the control currents (Fig. 2A, A). The BDS-I sensitive 
current was fast inactivating, the averaged current was 189 ± 14 pA (n=4), and 
fitted by a two-component exponential functional with time constant of (  1) 77 
± 10 ms and (  2) 34 ± 3 ms (n=4). After application of 0.2 µM HpTx-2, a 
specific blocker of Kv4.3 current, the peak was current reduced by ~ 24% (Fig. 2 

current measurements by subtraction of HpTx-2 in-sensitive current (Fig. 2B, B)
from the control currents (Fig. 2B, A). The averaged current of HpTx-2-sensitive 
was 234 ± 23 pA (n=4) and was fitted by a two-component exponential function 
with time constants of (  1) 82 ± 11 ms and (  2) 35 ± 8 ms (n=4).  

Exposure to hypoxia (PO2 20 mmHg) resulted in a rapid and reversible 

The reduction of the peak and sustained component of current amplitude was 
significant at +30 mV test potential. At a test potential of +30 mV, after 
application of hypoxia solution, peak current decreased by ~ 47% and sustained 
current decreased by ~ 67%. Fig. 2C D shown the hypoxia-sensitive components 
of Kv current isolated by subtraction of the remaining currents in hypoxia (Fig. 2 

Figure 1. Effect of hypoxia on outward non-inactivate K+ current in rabbit lung slice. 

Left panel Outward delayed-rectifier non-inactivating K+ current evoked by depolarizing steps 
from –60 to +30 mV in control normoxia solution (A). Outward current evoked by same voltage 
steps as in (A) was reversible reduced ~ 40% by hypoxia (PO2~ 20mmHg) (B and C) D, I-V 
relationship for the currents in cell demonstrated from A, B, C. 
Right panel Neutral red staining of NEB cells (arrowhead) in fresh slice of neonatal rabbit lung. 

B) from the control currents recorded in normoxia (Fig. 2C, A). This 

reduction of the peak and sustained Kv currents in NEB cells (Fig. 2 C, B andC).

B, A, B). The HpTx-2 sensitive current (Fig. 2B, D), is based  on  difference 
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hypoxia-sensitive component is shown as a difference current for each voltage 
step in Fig. 2C, D. At +30 mV test potential, peak current is 319 ± 14 pA (n=8), 
and corresponding I-V curve is shown in Fig. 2C, E. Effects of hypoxia are 
greater in sustained current than peak current in NEB cells.

Figure 2. Effect of hypoxia on Kv  current in NEB cells from rabbit lung slice. 

A, BDS-I sensitive Kv current A, slowly inactivating Kv  current evoked by depolarizing steps 
from -90 to +30mv in control Krebs solution. B, slowly inactivating A-type K+current was reduced 
by perfusing 3 µM BDS-I (a specific blocker of Kv3.4 subunit) C, BDS-I sensitive current K+ was
isolated by subtracting currents in B from those in A 

 B, HpTx-2 sensitive current ( A and B ) slowly inactivating K+ was reduced by 0.2 µM 
HpTx-2. HpTx-2 sensitive current was isolated and shown in C.  

C, O2 sensitive Kv A-type K+ current evoked by depolarizing steps from -90 to +30mv in control 
normoxic Krebs solution and K+ current was reversibly reduced by hypoxia (A, B and C). 
Hypoxia-sensitive slowly inactivating K+ current is shown in D. I-V relationship of currents in 
NEB cells form control normoxic condition ( •), after perfusion hypoxia solution (O), and 
hypoxia-sensitive K+current ( ) in (E).
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  A-type Kv current expressed in NEB cells is one of O2-sensitive K+ current 
component as well, activate threshold around -30 mV, Kv 3.4 and Kv4.3 
currents are modulated by hypoxia after cell depolarization during the 
repolarization. Similar results were reported in the rabbit carotid body where 
expression of Kv subunits (Kv3.4, Kv4.1 and Kv4.3) which are thought to 
underlie the fast-inactivating K+ current that is modified by low PO2 (Sanchez, 
et al, 2002). Our findings suggest Kv  subunits Kv3.3a, Kv3.4 and Kv4.3 or 
their heteromultimers underlie the O2 sensitive K+ channels in NEB cells of 

3.   CONCLUSIONS 

Based on our previous and current studies, NEB cells express multiple 
subtypes of voltage-gated K+channels. 

- O2-sensitive K+ channels:
• Outward non-inactivating delayed-rectifier K+ current: 

(a) Ca 2+ -independent K+ current (I k (v) ) 
(b) Ca 2+ - dependent K+current (I k(Ca) ) 

This K+ current is inhibited by TEA or 4-AP, and modulated by DPI and H2O2. 

• Kv  slowly inactivating K+ current 

(a) Kv3.4 current * 
(b) Kv4.3 current 

Kv  current is blocked by BDS-I or HpTx-2. 

- Kv3.3a current increased by H2O2. 
• This slower inactivating K+ current is modulated by H2O2. 
*Kv 3.4 current is also modulated by H2O2 (Vega-Saenz & Rudy 1992). 
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1.   INTRODUCTION 

Several neurotransmitters are present in the carotid body. These 
neurotransmitters are responsible to evoke action potentials in afferent nerve 
endings. They also modify the function of glomus cells, by binding to 
autoreceptors on glomus cells. We have previously demonstrated that ACh 
variably influences voltage-dependent K (Kv) current in cat glomus cells 

types of K channels including voltage-dependent (Kv) channels (Buckler, 1999; 
Shirahata and Sham, 1999). Kv channels are activated with membrane 
depolarization, and play an essential role for repolarizing the cell membrane. 
Several studies have shown that the activity of Kv channels are modulated by 
neurotransmitters (Brown et al., 1997; Dong and White, 2003; Fukuda et al., 
1988; Huang et al., 1993; Shi et al., 1999, 2004), and this type of modification 
may be important for fine tuning of the excitability of glomus cells. Recent 
studies have shown that the carotid body of DBA/2J inbred strain of mice 
demonstrates morphological similarities to cat glomus cells (Yamaguchi et al., 
2003).  Glomus cells of these mice responds to ACh (Yamaguchi et al., 2003) 
and express 4-aminopyridine sensitive and charybdotoxin sensitive components 
of Kv channels (Yamaguchi et al., 2004). In this study, we have investigated 
whether Kv channels in glomus cells of DBA/2J mice are also modified by ACh. 
Further, some underlying mechanisms of Kv current modulation by ACh was 
also investigated.

2.   MATERIALS AND METHODS 

An undissociated carotid body from a DBA/2J mouse was used for this study 
as described before (Yamaguchi et al., 2004). Mice (3-6 weeks old; either sex) 
were deeply anesthetized by peritoneal injection of 50 mg/kg ketamine and 100 
mg/kg sodium pentobarbital. After the heart was removed to avoid bleeding in 
the neck, the carotid bodies were quickly harvested together with the carotid 

(Shirahata et al., 2002). Excitability of glomus cells are regulated by several 
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bifurcation and immersed in ice-cold modified Krebs solution (in mM : NaCl, 
118; KCl, 4.7; CaCl2, 1.8; KH2PO4, 1.2; MgSO4·7H2O, 1.2; NaHCO3, 25; 
glucose, 11.1; EDTA, 0.0016; pH, 7.4 with 5% CO2/Air). Fat, connective tissue, 
and the sympathetic cervical ganglion were gently removed, and the carotid 
body was localized. Subsequently, the tissue was warmed in Krebs solution at 37 
°C for 60 minutes, and then placed in a recording chamber which was attached 
to a stage of an upright microscope (Axioskop 2, Zeiss). After the tissue was 
superfused with Krebs solution containing 0.0375% collagenase (Type IX; 
Sigma) for 40 minutes, the carotid body was visualized using a water immersion 
lens (ACHROPLAN, 40X) combined with an infrared differential interference 
video camera (DAGE-MTI Inc.). All experiments were performed 
approximately at 37.0 °C while the tissue was continuously superfused with 
Krebs solution (1.22 mL/min) using a peristaltic pump (Minipuls 3, Gilson). A 
conventional tight-seal whole-cell recording was applied. The patch electrodes 
which had resistance of 4~6M  were filled the internal solution (in mM: K 
gluconate, 90; KCl, 33; NaCl, 10; CaCl2, 1; EGTA, 10; MgATP, 5; HEPES, 10; 
pH 7.2 with KOH). Voltage-dependent whole cell current was evoked by a 
voltage clamp pulse (from 80 mV of holding potential to +20 mV) for 100 ms. 
The current was amplified using an Axopatch 200B patch-clamp amplifier 
(Axon Instruments). The signals were acquired and procecced with a Digidata 
1320A and pCLAMP 8.1 (Axon Instrument). ACh and nicotine were prepared in 
a modified Tyrode solution (in mM): NaCl 143, KCl 4.7, MgSO4·7H2O 1.2, 
KH2PO4 1.2, CaCl2 1.8, EDTA 0.0016, HEPES 10 adjusted to pH 7.4 with 
NaOH.). A micro glass pipette was set close to a patched cell for focal 
application of ACh, nicotine or Tyrode solution (vehicle control) as described 
before (Higashi et al., 2003).  To determine significant difference, Student's t-
test or ANOVA was used. Values were considered significant if p<0.05. 

3.   RESULTS 

The application of Tyrode solution (vehicle control) on Kv current was 
tested in 15 cells. Although some variations from the control values were 
observed, Kv current was generally stable during 10-15 minutes of recordings. 
Based on these data, we considered that more than 15% changes from control 
values were the effects of pharmacological agents. We categorize the changes in 
Kv current in three classes (increase, no change, decrease). In contrast to Tyrode 
application, ACh induced variable effects on Kv current (Table 1). 

       Table 1. Effects of ACh on Kv current. 

               ACh           

        10 nM      1 M       100 M

Increase    139±7% (n=7)*   151±18%  (n=4)*   133±5% (n=9)* 

No Change   100±1% (n=7)   107% (n=1)       93±7% (n=4) 

Decrease     none       65±4% (n=5)*      50±6% (n=8)* 
More than 15% changes from the control were considered pharmacological effects, which 
were categorized in three classes. The size of Kv current at 97 msec after the beginning of 
the step pulse was expressed as % of the control current. *, significantly different from 
control current.



Cholinergic Modulation of K Channels 321 

Since ACh has both nicotinic and muscarinic actions, we examined whether 
these changes were via nicotinic or muscarinic receptors. First, we tested if 
nicotinic receptor activation modulate Kv channels, using atropine, a non-
specific muscarinic receptor blocker, and nicotine, a nicotinic receptor agonist 
(Table 2). 

Table 2. Nicotinic modulation of Kv current. 
                Nicotine         ACh (100 M)
              with  
       10 nM             1 M            10 M           100 M         atropine (1 M)
Increase  none              none 150±13%          141±7%          135±13% 
        (n=4)*             (n=7)*             (n=2) 
No Change  none              none    115%             110±10%             96±2%  
         (n=1)  (n=3)             (n=7) 
Decrease  52±2%          67±4%   58±3%               64±6%                   64%  
  (n=7)*           (n=7)*   (n=5)*               (n=8)*             (n=1)  
Nicotine induced variable effects on Kv current. Inhibition is more apparent in lower doses of 
nicotine.  Atropine did not change the pattern of ACh-induced modulation of Kv current. *, 
significantly different from control.

Because neuronal nicotinic ACh receptors are highly permeable to Ca2+

(McGehee and Role, 1995), Ca2+ may be a mediator for Kv channel modulation 
by nicotinic receptor activation. When the carotid body was superfused with 
Ca2+-free Krebs, Kv current significantly decreased. During Ca2+-free Krebs 
superfusion, nicotine application did not further change Kv current (data not 
shown). We further tested whether nicotinic receptor-mediated modulation on 
Kv channels was mediated via the changes in the activity of voltage-dependent 
large conductance Ca2+-activated K channels (BK channels). Superfusion of the 
carotid body with Krebs including iberiotoxin (200 nM), a specific antagonist 
for BK channels, significantly decreased Kv current. Nicotine application did 

Figure 1. Elimination of nicotinic modulation of Kv current by iberiotoxin. 
Superfusion of the carotid body with Krebs solution containing iberiotoxin, 
decreased Kv current of the glomus cell. Under this condition, nicotine did not
influence the current, suggesting that nicotine mainly affects BK channels. The 
current was evoked by a voltage step from -80 mV to +20 mV for 100 msec. K 
current at 97 msec after the beginning of the step pulse was expressed as % of 
the control current. Nicotine was applied to the patched cell via a puff pipette. *, 
significantly different from control. 

not produce no further changes in Kv current (Fig. 1). 
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Subsequently, cholinergic modulation of Kv channels via muscarinic 
receptors was evaluated after blocking nicotinic receptors. The carotid body was 
superfused with Krebs solution including hexamethonium (300-600 µM), and 
ACh was applied to the cell. ACh 100 µM induced only enhancement of Kv 
current with the presence of hexamethonium (Fig. 2). The enhancement of Kv 
current by muscarinic receptor activation does not seem to be mediated by Ca2+.
When ACh was applied during Ca2+-free Krebs superfusion, Kv current was still 
either increased (148±4 % of control; n=7) or unchanged (100±1% of control; 
n=10).

Figure 2. The carotid body was superfused with solution containing 
hexamethonium. Under this condition, ACh increased Kv current. *, 
significantly different from control. 

4.   DISCUSSION 

The major finding of this study is that ACh modifies Kv current in glomus 
cells of the DBA/2J strain of mice. The effects of ACh are dose-related. With 10 
nM of ACh, Kv current was enhanced or unchanged, but with increasing 
concentrations inhibition of Kv current was also observed. The effects of ACh 
are mediated by both nicotinic and muscarinic receptors. Variable effects of 
ACh on Kv current were observed with the presence of atropine (Table 2). 
Further, nicotine administration also showed variable effects on Kv current. 
Thus, it appears that nicotinic receptor activation increases or decreases Kv 
current. When both mechanisms are activated in one cell, no apparent changes 
would be observed. When the carotid body was superfused by Ca2+-free Krebs 
solution, Kv current was not affected by nicotine, suggesting that intracellular 
Ca2+ mediates the responses induced by nicotine. Iberiotoxin, a specific BK 
channel blocker, significantly reduced Kv current in glomus cells. Further, with  
the presence of iberiotoxin, nicotine did not influence Kv current. The results 
suggest that nicotinic receptor activation modifies mainly BK channel activity. 
BK channels in the rat glomus cells, as well as recombinant human BK 1
channels expressed in HEK or CHO cells, are sensitive to hypoxia (Williams et 
al., 2004). BK channels in DBA mice are also oxygen sensitive (Otsubo et al, in 
this book). These results together with the current study indicate that BK 
channels in glomus cells are modulated by multiple factors. 
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With the presence of a nicotinic receptor blocker, hexamethonium, ACh only 
increased Kv current (Fig. 2), suggesting activation of muscarinic receptors 
enhances Kv current. In contrast to the nicotinic effects, muscarinic modulation 
of Kv current does not appear to be mediated Ca2+-dependent pathways. 

The presence and release of ACh from glomus cells has been shown in 
several species with biochemical and pharmacological techniques (Fitzgerald, 
2000; Fitzgerald et al., 1997, 1999; Fitzgerald and Shirahata 1994; Kim et al., 
2004). The release of ACh increases when the carotid body is stimulated by 
hypoxia or hypercapnea in the cat (Fitzgerald et al., 1999) and the rabbit (Kim et 
al., 2004). If this is also true in the mouse carotid body, low concentrations of 
ACh at rest (normocapnic normoxia) would enhance Kv current activity and 
decrease the excitability of glomus cells. With increased ACh release during the 
carotid body excitation such as hypoxia or hypercapnia, Kv current in some 
glomus cells is inhibited by ACh. In these cells, excitation of the cells would 
continue because Kv current inhibiton would interfere in repolarization 
processes. On the other hand, higher doses of ACh enhance Kv current in other 
glomus cells, in which repolarization of the cell membrane would be facilitated. 
Thus, modulation of Kv current by ACh may play a role for fine tuning the 
excitability of glomus cells.

This study was supported by AHA0255358N and NHLBI 72293. 
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1.   INTRODUCTION 

Carotid body (CB) chemoreceptor cells (CBCC) are involved in maintaining 
the homeostasis of O2 by detecting arterial blood PO2 and become activated 
when arterial PO2 decreases. In response to hypoxia, CBCC release 
neurotransmitters which excite the adjacent afferent nerve terminals of the 
carotid sinus nerve, increase their action potential and, via the central projections 
of the nerve to the brain stem, activate ventilation. The proposed cascade of 
transduction of hypoxia requires the presence of an oxygen sensor that is 
coupled to specific K+ channels. The decrease in the opening probability of 
these, leads to CBCC depolarization followed by Ca2+ entry via voltage-
dependent Ca2+ channels and consequently, the release of excitatory transmitters 
(5).However, the molecular identity of the O2 sensor and the mechanism 
coupling the oxygen sensor to the exocytotic machinery has thus far remained 
unclear.  

Reactive oxygen species (ROS) have been proposed as mediators, either 
triggers or modulators, of the hypoxic responses in specialized O2-sensing cell 
types including CBCC, erythropoietin producing cells and pulmonary artery 
smooth muscle cells (6). The superoxide radical, O2 , is quantitatively the most 
relevant primary ROS, capable of reacting with many molecules to generate 
altered structures and new secondary ROS. One of the major sources of ROS is 
the mitochondrial respiratory chain, where univalent reduction of O2 may take 
place in some steps of the overall transport system. There are two places where 
the superoxide radical can be produced: the complex I NADPH-Coenzyme Q 
Oxido-Reductase and the ubiquinone pool. In both places there are electron 
shuttle molecules (flavin adenin mononucleotide and ubiquinone) that can 
accept electrons. When they accept a single electron they become free radical 
molecules themselves, capable of slipping the electron to molecular O2.  The 
mitochondrial respiratory chain is also the main place of ATP synthesis. 

Two hypotheses postulate that ROS participate in the control of the CBCC 
activity. The first hypothesis developed by Acker  and colleagues (3)  

325

Y. Hayashida et al. (eds.), The Arterial Chemoreceptors, 325–330. 

© 2006 Springer. Printed in the Netherlands.



326 A. Gómez-Niño et al.

proposed a decrease in ROS levels due to the hypoxic inhibition of a phagocyte-
like NADPH oxidase present in CBCC as the signal triggering O2-sensitive K+

channel inhibition. The falling levels of ROS, or the concomitant increase in the 
reduced to oxidized glutathione ratio (GSH/GSSG), would cause a reduction of 
the disulfide bonds in the proteins forming the K+ channels, thereby leading to a 
decrease in their opening probability, followed by cell depolarization (1). 
Opposed to that, Schumacker and coworkers found that hypoxia increased the 
rate of ROS production at mitochondrial level, this increase being the signal 
triggering chemoreception (2). According to these authors the production of 
ROS takes place mainly in the quinone pool.  

Controversy remains as to whether hypoxia decreases or increases ROS, and 
also unresolved is which electron transport chain complex generates ROS and 
what might be the function of mitochondrial ROS in regulating the activity of 
oxygen-sensing cells. Because the GSH/GSSG system is quantitatively the most 
important mechanism to dispose ROS and to maintain the overall redox 
environment in mammalian cells, glutathione redox potential can be used as an 
indicator of the rate of ROS production in cells. Our laboratory has previously 
observed that different reducing agents which increase the glutathione redox 
potential (GSH/GSSG) affect CBCC normoxic and hypoxic activity in a variable 
manner (7). In a further attempt to define the significance of ROS in CBCC 
function we have manipulated the redox potential of cells with reducing and 
oxidizing agents and with inhibitors of the mitochondrial electron transport 
chain in rat diaphragm. Selected concentrations of the drugs, capable of altering 
the glutathione redox potential, were subsequently used to study their effects on 
the activity of CBCC measured as the rate of release of catecholamines (CA) (5). 

2.   METHODS 

Surgical procedures. Removal and dissection of rat diaphragm. Wistar rats 
of both sexes and 250-300 g of body weight were anaesthetized by 
intraperitoneal injection of sodium pentobarbital (60mg/Kg) dissolved in 
physiological saline. The diaphragm was entirely removed, then brought to a 
Lucite chamber filled with ice-cold 100% O2 saturated Tyrode where was 
cleaned and cut in four quadrants of comparable size. Each piece constituted an 
experimental sample. 

Removal and dissection of rat CB. The same type of animals were 
anaesthetized and an incision in the neck allowed the dissection of the carotid 
artery bifurcation. With the help of a dissecting microscope the CB were cleaned 
of surrounding connective tissue. 

Incubation of the tissues. Incubation of the diaphragm to measure 

glutathione. Each of the four pieces of a diaphragm was transferred to individual 
glass scintillation vials contained 10 ml of prewarmed  bicarbonate-buffered 
Tyrode (in mM: NaCl, 116; KCl, 5; CaCl2, 2; MgCl2, 1.1; glucose, 5.5; 
NaHCO3, 24; HEPES, 10) and maintained in a shaker bath at 37ºC for a period 
of 30 min. while balancing the solution with 21%O2 / 5% CO2/ 75 N2 saturated 
with water vapor. This initial incubation provided uniformity to all pieces of 
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tissue. Afterwards, the incubation solutions contained the agents specified and 
were incubated for periods of time specified below. The inhibitors of the 
mitochondrial electron transport chain, rotenone (1 M) and sodium azide (5 
mM) were applied for 10 min and in another experiments we incubated the 
diaphragms during the 10 min period prior to and during the application of 
mitochondrial inhibitors with 2 mM NAC; the reducing agents N-acetylcysteine 
(NAC; 2 mM) and N-mercaptopropionylglycine (NMPG; 5 mM) were applied 
for 40 min; the oxidizing agents  carmustine (1mM), buthionine-sulfoximine 
(250 M), aminotriazol (10 mM), 2,2´-dithiodipiridine (0.1 mM), diamide (0.2 
mM) and GSSG (1mM) were also applied for 40 min. At the end of the 
incubation the tissues were transferred to new vials containing 10 ml of (ice-
cold) Tyrode, weighed and placed in eppendorf tubes containing 5-sulfosalicylic 
acid at 5% and 0,25mM EDTA. Tissues were homogenized at 0-4ºC, centrifuged 
and the supernatant was used to measure GSH/GSSG. 

Incubation of the CBs to label the (CA) deposits of CBCC.  The deposits of 
CA were labeled by incubating the CBs 2 h at 37ºC in a shaking bath, in a 
solution containing 3,5-3H-tyrosine (30uM; 40-50Ci/mmol).Thereafter, CBs 
were transferred to glass scintillation vials containing precursor-free 
bicarbonate-buffered Tyrode solution balanced with 21%O2 / 5% CO2 /  N2

saturated with water vapor. Incubating solutions were collected every 10 min 
and saved for analysis in their 3H-CA content. In the drug treated CBs the drug 
was added at the required concentration to the incubation solution (see Results). 
At the end of the experiments, the CB tissues were homogenized, centrifuged 
and the supernatant stored for analysis in 3H-CA (4). 

Analytical procedures. Measurement of GSH and GSSG. GSH and GSSG 
were measured with the method of Griffth (9) as recently described in detail by 
González et al. (8). By measuring the levels of reduced and oxidized glutathione 
(GSH and GSSG respectively) the ratio GSH/GSSG was calculated. 

Measurement of 
3
H-CA The analysis of 3H-CA present in the solution 

collected every 10 min is based in the ability of alumina to absorb 3H-CA at 
alkaline pH and their elution at acidic pH. Quantification of 3H-CA was made by 
liquid scintillation counting. 

3.   RESULTS

Effects of inhibitors of mitochondrial electron transport chain.  Rotenone a 
blocker of Complex I (NADH CoQ1 oxido-reductase) at 1 M, but not at lower 
concentrations, significantly decreased the GSH/GSSG ratio, the effect being 
completely reversed by the addition of NAC (Figure 1). Yet, rotenone (0.25 M)
elicited release of 3H-CA that was not modified by the presence of NAC (Figure 
2). Sodium-Azide, blocker of Complex IV (Cytocrome c oxydase), significantly 
decreased the GSH/GSSG ratio, the effect being also reversed by the addition of 
NAC (Figure 1). At the same concentration sodium-azide strongly activated the 
normoxic 3H-CA  release response and the release was not modified by the 
presence of NAC (Figure 2).
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Figure 1. Effect of NAC (2mM) significantly increasing GSH/GSSG ratio, rotenone 1 M and Na-
azide (5mM) significantly decreasing GSH/GSSG ratio. The effects of the metabolic poisons are 
reversed by the addition of NAC. Data are means + SEM with n = 6-8 individual values. * p< 0.05 
vs control. *** p < 0.001 vs control. + p < 0.05 vs rotenone + NAC. +++ p < 0.001 vs azide + 
NAC.

Figure 2. Rotenone (250nM), blocker of Complex I and sodium azide (5mM), blocker of Complex 
IV, induced an increase on 3H-CA release from CBCC. The secretory response elicited by the 
mitochondrial poisons was nt modified by the presence of the antioxidant NAC.

Effect of reducing agents.  NMPG is a thiol compound used as a ROS 
scavenger. NMPG produced a decrease of GSSG  with minor modification of 
GSH and as a consequence significantly increased the GSH/GSSG ratio (figure 
3). Incubation of CB for 40 min with the same concentration of scavenger, 
increased GSH level then GSH/GSSG ratio and did not affect the normoxic 
release of 3H-CA. NMPG (5mM) produced an increase in the normoxic release 
of 3H-CA that outlasted the application of the drug (Figure 4). NAC (2mM), a 
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GSH/GSSG ratio. Data are means + SEM with n = 8 individual values. * p< 0.05; ***p < 0.001 vs 
control.

Figure 4. Time course of the  3H-CA release from rat CBs incubated in the presence of NAC and 
NMPG in normoxic conditions. The basal release of 3H-CA was not affected by NAC but NMPG 
induced release outlast the application of the drug. 

Effect of oxidazing agents. The oxidizing agents tested 3-amino-1,2,4-triazol 
(10mM), inhibitor of catalase, carmustine (1mM), inhibitor of glutathione 
reductase, L-buthionine-sulfoximine (0.250mM), inhibitor of glutathione 
synthesis, and the permeable oxidizing compounds diamide (0.4mM), 2,2´-
dithiopiridine (0.1mM) and GSSG (1mM), decreased the GSH/GSSG ratio but 
the effects on the release response of CBCC were very variable, increasing, 
decreasing or not altering the 3H-CA normoxic or hypoxic induced release (data 
not shown).

4. DISCUSSION 

The pharmacological manipulation of the redox status of cells showed that 
there is not a unique relationship between the glutathion redox potential and the 
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activity of CBCC, measured as the neurosecretory response. The metabolic 
poisons activated chemoreceptor cells  independently of  the redox environment, 
as the modification they produced on the GSH/GSSG level was reversed by 
NAC and the antioxidant did not alter the CBCC activation induced by these 
mitochondrial  blockers. The reducing and oxidizing agents tested showed the 
same lack of correlation This discrepancy suggests that the general redox 
potential of cells is not a critical signal to trigger the activation of CBCC. These 
experimental findings however, do not exclude the possibility that in restricted 
cellular compartments the redox status changes locally. This local change could 
be able of modulating the functionality  of CBCC as shown in the article by He 
et al. (this book).
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1.   INTRODUCTION 

The petrosal ganglion (PG) that innervate the carotid body (CB) are activated 
by transmitters released from the CB receptor (type I, glomus)  cells, resulting in 
the carotid nerve (CN) chemosensory activity. Although the exact transmitter(s) 
of this synapse is unknown, several molecules present in the CB may play a role 
in the generation and/or maintenance of the afferent activity (Eyzaguirre & 

stimulation (Eyzaguirre & Zapata 1968). ACh applied to the PG and its neurons, 
acutely isolated or in tissue culture, modify their membrane potential, induce 
inward currents, and/or increase their firing rate in a dose-dependent manner 
(Alcayaga et al. 1998; Varas et al. 2000; Zhong & Nurse 1997). Moreover, 
nicotinic cholinergic receptor antagonists reduce chemosensory responses in rat 
reconstituted chemoreceptor units in tissue culture (Zhang et al. 2000; Zhong et
al. 1997), and in acutely isolated chemoreceptor units in vitro (Varas et al. 
2003). Thus, ACh appears to play a role in the generation of chemosensory 
activity in PG neurons. 

Adenosine 5´-triphosphate (ATP) increases cat chemosensory discharge 
(Ribeiro & McQueen 1984; Spergel & Lahiri 1993), and is released from the rat 
CB by hypoxia (Buttigieg & Nurse 2004). The PG and its isolated neurons 
respond to ATP with increased discharge (Alcayaga et al. 2000), and inward 

al. 2000), a P2X receptor antagonist. P2X2 and P2X3 receptor subunits are 
present in the rat PG neurons (Prasad et al. 2001), and the deletion of their 
encoding genes results in reduced chemosensory and ventilatory responses in the 
mouse (Rong et al. 2003). These data suggest that ATP receptors on PG neurons 
may participate in the generation of chemosensory activity.  

Zapata, 1984; González et al. 1994). 

chemosensory units is partly blocked by suramin (Prasad et al., 2001; Zhang et
currents (Zhang et al., 2000). Chemosensory activity recorded from reconstituted 
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Acetylcholine (ACh) is present and released from the CB during 
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Dopamine (DA) is synthesized and stored type-I cells, released during hyoxia 
(Gonzalez et al. 1994), while D2 receptors are present in PG neurons (Bairam et
al. 1996). DA inhibits chemosensory activity in most species, but excitation or 
dual effects have been reported (Eyzaguirre & Zapata 1984). DA has no direct 
effect on isolated rat petrosal-jugular neurons , and on CN activity when applied 
to the cat PG in vitro (Alcayaga et al. 1998) but modulates responses induced by 
ACh and ATP in the latter preparation (Alcayaga et al. 1999, Alcayaga et al.
2003). Thus, DA receptors in PG neurons appear to modulate the actions of 
other transmitters.

Because the evidence for the role of these transmitters has been obtained from 
different species, we studied the effects of these transmitters on the rabbit PG 
and the activity conducted through the CN.  

2.   METHODS 

The PGs were obtained from adult male White New Zealand rabbits 
anaesthetised with ketamine/xylazine (75/7.5 mg/kg, im);  of the initial dose 
was applied when necessary to maintain the anaesthetic level. The carotid 
bifurcation was exposed in the neck, and the CN cut close to the CB. The 
glossopharyngeal nerve, cut distally to origin of the CN, was followed into the 
cranium, the PG completely exposed and the central roots severed. The tissue 
obtained was placed in ice-chilled Hanks’ solution, and the ganglion and nerves 
cleaned from surrounding connective tissue. The PG was pined to the bottom of 
a 0.2 ml chamber, and superfused with Hanks’ solution supplemented with 5 
mM Hepes buffer, pH 7.4 at 38 ± 0.5°C, flowing at 1.5 ml/min. The CN was 
placed on paired electrodes, and lifted into an upper compartment of the 
chamber filled with mineral oil. The electrodes were connected to an AC-
preamplifier, and the electroneurogram amplified, displayed in oscilloscope, 
recorded, and fed to a spike amplitude discriminator, whose output pulses were 
digitally counted, to assess the CN frequency discharge (ƒ), in Hz. The 
temperature of the chamber and ƒ were acquired, displayed and recorded 
through a data acquisition system, at 1 Hz. ACh, ATP, and DA, in doses of 1 to 
3000 µg in 10 µl boluses, were applie over the ganglion, and antagonists in the 
medium. The change in ƒ ( ƒ) was calculated as the difference between the 
maximal frequency (max ƒ) achieved during a response and the mean basal 
activity (bas ƒ), computed 30 s before the response. The relation between the 
responses (Y) and the doses of any of the drugs used (X) was assessed fitting 
data to a sigmoid curve (Y = max Y/ [1 + {ED50 / X}S]) characterized by its 
mean effective dose (ED50) and slope (s). Correlation between variables was 
higher than 0.96 and significant (P<0.05; Student´s t-test).

3.   RESULTS 

ACh applied to the PG produced a brief increase in ƒ (Fig. 1A), which 
amplitude and duration were dose-dependent (Fig. 1B, C), and with little or no 
temporal desensitization. The responses presented a threshold between 0.1 and 
0.5 µg and maximal responses for doses near 100 µg. The responses were  
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mimicked by nicotine but not by bethanechol; the latter temporarily reduced the 
amplitude of ACh-induced responses. Moreover, during atropine superfusion the 
maximal responses induced by ACh were significantly increased (Fig. 1C). The 
ACh-induced responses were largely and reversibly reduced during the 
superfusion with hexamethonium 10 nM (Fig. 1D). 

Figure 1. Effects of ACh on carotid nerve discharge. A. Changes in ƒ induced 
by ACh. B. Dose-duration relationship. C. Dose-response relationships in 
control (filled dots) and during atropine (empty circles) superfusion. D. Dose-
response relationships in control (filled dots) and during hexamethoium 10 nM 
(empty circles) superfusion. Representative recordings from single preparations. 

ATP produced a brief increase in ƒ (Fig. 2A), with no appreciable temporal 
desensitization, while adenosine 5´-monophosphate (AMP) was largely 
ineffective in inducing responses (Fig. 2B). The amplitude and duration of the 
ATP-induced responses were dose-dependent, with a threshold near 0.1 µg and 
maximal responses for doses over 100 µg (Fig. 2B, C). The ATP-induced 
responses were almost completely blocked when suramin 50 µM was present in 
the superfusion medium (Fig. 2D). 
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Figure 2. Effects of ATP on carotid nerve discharge. A. Changes in ƒ induced 
by ATP. B. Dose-response relationships for the responses induced by ATP 
(filled dots) and AMP (empty circles). C. Dose-duration relationship. D. Dose-
response relationships in control (filled dots) and during suramin 50 nM (empty 
circles) superfusion. Representative recordings from single preparations. 

DA applied to the PG increased ƒ (Fig. 3A), but the responses presented a 
large degree of temporal desensitization needing about 20 min between 
successive doses for responses to fully develop. The amplitude of the responses 
were dose-dependent (Fig. 3A), with an apparent threshold between 1 and 10 µg 
and maximal responses for doses over 200 µg (Fig. 3B). The duration of the 
response increased to a maximum for doses between 10 and 100 µg and then 
they were consistently reduced in duration (Fig. 3C). The responses induced by 
DA were largely reduced when spiperone 10 nM was present in the superfusion 
medium (Fig. 3D). 

4.   DISCUSSION 

ACh applied to the rabbit PG increases ƒ, response mimicked by nicotine and 
blocked by hexamethonium. Excitatory responses to ACh, with similar 
pharmacological properties, had been described in the cat isolated PG (Alcayaga 
et al. 1998) and in cultured cat and rat PG neurons (Varas et al. 2000, Zhong & 
Nurse 1997), suggesting that nicotinic cholinergic receptors  (nAChR )  are  
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Figure 3. Effects of DA on carotid nerve discharge. A. Changes in ƒ induced by 
DA. B. Dose-response relationship. C. Dose-duration relationship. D. Dose-
response relationships in control (filled dots) and during spiperone 10 nM 
(empty circles) superfusion. Representative recordings from single preparations. 

present in PG neurons. Moreover, chemosensory responses in rat reconstituted 
chemoreceptor units in tissue culture (Zhang et al. 2000, Zhong et al. 1997), and 
in acutely isolated chemoreceptor units in vitro (Varas et al. 2003) are largely 
reduced by nAChR antagonists. Bethanechol, applied to the rabbit PG, had no 
effect on ƒ but transiently reduced ACh-induced responses, while inclusion of 
atropine in the medium increased the maximal responses induced by ACh. These 
data suggest that muscarinic receptors are also present in rabbit PG neurons, and 
their activation by ACh opposes the effects of concomitant nAChR activation. 
Similar inhibitory effects of ACh on cat PG neurons had been described 
(Shirahata et al. 2000). Our data indicate that rabbit PG neurons express both 
muscarinic and nicotinic receptors, the latter increasing the activity and the 
former reducing the maximal discharge without modifying the neuronal 
sensitivity to ACh. 

ATP applied to the rabbit PG increases ƒ, response blocked by suramin and 
marginally mimicked by AMP. Similar responses and pharmacological 
properties had been described for the cat PG (Alcayaga et al. 2000) and for rat 
PG neurons co-cultured with CB cells (Prasad et al. 2001; Zhang et al. 2000). 
Our data suggest that rabbit PG neurons and terminals are endowed with P2X 
receptors, as in the rat (Prasad et al. 2001) and mouse (Rong et al. 2003), and 
that their activation in the PG terminals increase the afferent discharge. Rabbit 
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ATP-induced responses did not desensitize as previously reported PG responses, 
suggesting that the receptor sub-unit composition may differ between different 
species (Prasad et al. 2001; Rong et al. 2003). Thus, rabbit PG neurons 
projecting through the CN express P2X receptors that may participate in the 
generation of chemosensory activity. 

Application of DA to the rabbit PG induces a dose-dependent increase in ƒ, 
effect that was partially blocked by the D2 receptor antagonist spiperone. DA 
applications were ineffective in modifying ƒ in a similar cat PG preparation 
(Alcayaga et al., 1999), although they modulate the responses induced by ACh 
(Alcayaga et al., 1999) and ATP (Alcayaga et al., 2003). Similarly, 
chemosensory responses in rat reconstituted chemoreceptor units in tissue 
culture were unaffected by spiperone (Zhong et al. 1997), suggesting that 
activation of D2 receptors is not a key process in the generation of 
chemosensory activity in the PG neurons. Our results indicate that, in contrast 
with the effects in many species, DA can actually generate discharges in the PG 
neurons, and that the effect appears to be specifically mediated by D2 receptors. 
However, an unspecific excitatory effect of DA on chemosensory discharge has 
been described on the goat, mediated by 5HT3 receptors (Herman et al. 2003). 

Our results indicate that rabbit PG neurons express nicotinic ACh, ATP, and 
DA receptors as in other species. However, muscarinic ACh receptors are also 
present, and activation of DA receptors increases CN activity instead of 
modulating the activity as in other species. 

ACKNOWLEDGEMENTS

Work supported by FONDECYT 1040638. 

REFERENCES

Alcayaga J, Cerpa V, Retamal M, Arroyo J, Iturriaga R & Zapata P (2000). Adenosine 
triphosphate-induced peripheral nerve discharges generated from the cat petrosal ganglion 
in vitro, Neurosci Lett 282, 185-188. 

Alcayaga J, Iturriaga R, Varas R, Arroyo J & Zapata P (1998). Selective activation of carotid 
nerve fibers by acetylcholine applied to the cat petrosal ganglion in vitro. Brain Res 786,
47-54.

Alcayaga J, Retamal M, Cerpa V, Arroyo J & Zapata P (2003). Dopamine inhibits ATP-induced 
responses in the cat petrosal ganglion in vitro. Brain Res 966, 283-287. 

Alcayaga J, Varas R, Arroyo J, Iturriaga R & Zapata P (1999). Dopamine modulates carotid nerve 
responses induced by acetylcholine on cat petrosal ganglion in vitro. Brain Res 831, 97-
103.

Bairam A, Dauphin C, Rousseau F, Khandjian EW (1996). Dopamine D2 receptor mRNA 
isoforms expression in the carotid body and petrosal ganglion of developing rabbits. Adv 

Exp Med Biol 410, 285-289. 
Buttigieg J & Nurse CA (2004). Detection of hypoxia-evoked ATP release from chemoreceptors 

cells of the rat carotid body. Biochem Biophys Res Comm 322, 82-87. 
Eyzaguirre C & Zapata P (1968). The release of acetylcholine from carotid body tissue. Further 

study on the effects of acetylcholine and cholinergic blocking agents on the 
chemosensory discharge., J Physiol (London) 195, 589-607. 

Eyzaguirre C & Zapata P (1984). Perspectives in carotid body research. J Appl Physiol 57, 931-
957.



Carotid Body Transmitters on Petrosal Ganglion 337 

González C, Almaraz L, Obeso A & Rigual R (1994). Carotid body chemoreceptors: from natural 
stimuli to sensory discharges. Physiol Rev 74, 829-898. 

Herman JK, O’Halloran KD, Janssen PL & Bisgard GE (2003). Dopaminergic excitation of the 
goat carotid body is mediated by the serotonin type 3 receptor subtype. Respir Physiol 

Neurobiol 136, 1-12. 
Prasad M, Fearon IM, Zhang M, Laing M, Vollmer C & Nurse CA (2001). Expression of P2X2 

and P2X3 receptor subunits in rat carotid body afferent neurones: role in chemosensory 
signaling. J Physiol (London) 537, 667-677. 

Ribeiro JA & McQueen DS (1984). Effects of purines on carotid chemoreceptors. In: DJ Pallot 
(Ed), The peripheral arterial chemoreceptors. Croom Helm, London, 1984, pp 383-390. 

Rong W, Gourine AV, Cockayne DA, Xiang Z, Ford APDW, Spyer KM & Burnstock G (2003). 
Pivotal role of nucleotide P2X2 receptor subunit of the ATP-gated ion channel mediating 
ventilatory responses to hypoxia. J Neurosci 23, 11315-11321. 

Shirahata M, Ishizawa Y, Rudisill M, Sham JS, Schofield B & Fitzgerald RS (2000). 
Acetylcholine sensitivity of cat petrosal ganglion neurons. Adv Exp Med Biol 475, 377-
387.

Spergel D & Lahiri S (1993). Differential modulation by extracellular ATP of carotid 
chemosensory responses. J Appl Physiol 74, 3052-3056. 

Varas R, Alcayaga J & Zapata P (2000). Acetylcholine sensitivity in sensory neurons dissociated 
from the cat petrosal ganglion. Brain Res 882, 201-205. 

Varas R, Alcayaga J, Iturriaga R (2003). ACh and ATP mediate excitatory transmission in 
identified cat carotid body chemoreceptor units in vitro. Brain Res 988, 154-163. 

Zhang M, Zhong H, Vollmer C & Nurse CA (2000). Co-release of ATP and ACh mediates 
hypoxic signalling at rat carotid body chemoreceptors, J Physiol (London) 525, 143-158 

Zhong H & Nurse CA (1997). Nicotinic acetylcholine sensitivity of rat petrosal sensory neurons in 
dissociated cell culture. Brain Res 766, 153-161. 

Zhong H, Zhang M & Nurse CA (1997). Synapse formation and hypoxic signalling in co-cultures 
of rat petrosal neurons and carotid body type 1 cells. J Physiol (London) 503, 599-612. 



Potassium Channels in the Central Control of 
Breathing

YOSHITAKA OYAMADA, KAZUHIRO YAMAGUCHI, MICHIE 
MURAI, AKITOSHI ISHIZAKA, YASUMASA OKADA*

Department of Pulmonary Medicine, School of Medicine, Keio University, Shinjuku, Tokyo, Japan; 

*Department of Medicine, KeioUniversity Tsukigase Rehabilitation Center, Izu City, Shizuoka, 

Japan

1.   INTRODUCTION 

Ventilation is closely tied to PaCO2 and PaO2 via a feedback control 
mechanism. Most importantly, changes in PCO2 and/or H+ (pH) are sensed by the 
central nervous system (CNS) resulting in directly related changes in ventilation. 
The magnitude of this response relative to the stimulus is known as, “central 
ventilatory chemosensitivity.” Several electrophysiological studies have 
demonstrated that chemosensitive neurons – i.e. neurons that change their 
electrical activity in response to a shift of PCO2/pH – are widely distributed 
throughout the brainstem (Bernard and Nattie, 1996; Coates and Nattie, 1993; 
Dean et al., 1989, 1990; Kawai et al., 1996; Oyamada et al., 1998, 1999; 
Richerson, 1995), suggesting that they could be the central CO2/pH sensors that 
regulate ventilation. In addition, PaO2 levels are inversely related to ventilation. 
The type I cells of the carotid body serve as the main sensors stimulating 
ventilation when PaO2 declines (“peripheral ventilatory chemosensitivity”). The 
afferent inputs from these PCO2/pH- or PO2-sensitive cells converge at the 
respiratory center located in the brainstem, where the generation of respiratory 
neural activity is integrated.

Potassium channels control the excitability of cells by setting its membrane 
potential. The importance of potassium channels in peripheral arterial 
chemoreception was first demonstrated by López-Barneo et al. (1988). They 
showed, in the rabbit, that the potassium current was reduced by hypoxia in type I 
carotid body cells. More recently it has been observed, in the rat, that members of 
the tandem pore domain family, TASK-1 and TASK-3, are also inhibited by 
hypoxia in type I cells (Buckler et al., 2000) and H146 cells (Hartness et al., 2001).  
It has also been suggested that the Kv4 is the main subfamily involved in the 
O2-sensitive potassium current in type I cells in the rabbit (Perez-Garcia et al., 
2000). Some potassium channels are also sensitive to CO2/pH (Buckler et al., 
2000; Chapman et al., 2000; Kim et al., 2000; Lesage and Lazdunski, 2000; Rajan 
et al., 2000; Xu et al., 2000a; Zhu et al., 2000). This suggests that they may play a 
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key role in central ventilatory chemosensitivity, as they apparently do in the case 
of peripheral arterial chemoreception. We review the observations related to the 
roles of potassium channels in central ventilatory chemosensitivity. Their role in 
O2-sensing of the CNS will also be summarized.

2.    POTASSIUM CHANNELS IN CENTRAL 
VENTILATORY CHEMOSENSITIVITY

This section reviews studies relevant to central ventilatory chemosensitivity 
according to the type of experimental preparations. 

2.1   Ex Vivo Preparations (Isolated Brainstem-spinal Cord 
& Slice Preparations) 

response to hypercapnic acidosis from neurons in the solitary tract nucleus. This 
response was accompanied by an increase in input resistance. Kawai et al. (1996) 
showed the depolarization, along with an increase in input resistance, of certain 
types of respiratory neurons (e.g., inspiratory and respiration-modulated neurons) 
on the ventral aspect of isolated brainstem-spinal cord preparation in rat neonates. 
They also demonstrated that hypercapnic acidosis elicited a hyperpolarizing 
response and a decrease in input resistance in expiratory and post-inspiratory 
neurons.  These observations suggested that potassium channels might be 
involved in the chemosensitivity of these respiratory neurons. This hypothesis 
was supported by Pineda and Aghajanian’s experiments (1997), who measured 
the electrical activity of neurons located in the locus coeruleus (LC) in pontine 
slices. Oyamada et al. (1998) later proved that these neurons are related to 
ventilation, and  Pineda and Aghajanian (1997) showed an increase in burst 
frequency of LC neurons induced by extracellular acidosis, with or without 
hypercapnia. This excitatory response was accompanied by a decrease in 
conductance of the outward portion of proton- and polyamine-sensitive inward 
rectifier potassium current.

In 2005, Okada et al. (2005) ascertained the important role played by 
extracellular potassium in the maintenance of respiratory rhythm and central 
chemosensitivity in isolated brainstem-spinal cord preparations of rat neonates. 

2.2 In Vitro Preparations 

The sensitivity of certain inwardly rectifying potassium channels (Kir) to 
CO2/pH has been electrophysiologically studied in Xenopus oocytes, where they 
are prominently expressed (Xu et al., 2000a; Zhu et al., 2000). Among them, 
Kir2.3 exhibited a decrease in conductance in response to intra and extracellular 
acidosis, and the activity of Kir1.1 was suppressed by intracellular acidosis (Zhu 
et al., 2000). Kir4.1 was also inhibited by intracellular acidification, an inhibition 
augmented when it was co-expressed with Kir5.1 (Xu et al., 2000a). Attempts 
have been made to identify the molecular motif determining this pH sensitivity. 

Dean et al. (1989), using brainstem slices, first demonstrated a depolarizing 
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Qu et al. (1999) demonstrated that a critical motif responsible for proton gating of 
Kir2.3 is located in the N terminus, which contains approximately 10 residues 
centered by Thr53. Several portions of Kir1.1 and Kir4.1 seem to control their pH 
sensitivity (Xu et al., 2000a, 2000b). 

In addition, the tandem pore domain potassium channels, TASK-1 and 
TASK-3, are also inhibited by extracellular acidosis (Bayliss et al., 2001; 
Chapman et al., 2000; Kim et al., 2000; Lesage and Lazdunski, 2000; Rajan et al., 
2000). Rajan et al. (2000) showed that the substitution of the histidine residue, 
His-98, by asparagine or tyrosine abolished the pH sensitivity of TASK-3. In 
contrast, KATP, an ATP-sensitive potassium channel consisting of Kir6.2 and 
sulfonylurea receptor (SUR) 1 subunits was activated by intracellular acidosis 
(Xu et al., 2001). 

2.3   Experiments in Knockout Mice 

Transgenic mice have been developed, in which a Kir channel (e.g., Kir1.1, 
Kir2.1, Kir2.2 or Kir4.1) is knocked-out (Kofuji et al., 2000; Lu et al., 2002; 
Zaritsky et al., 2001). A single study has related their phenotypes with ventilation. 
Oyamada et al. (2005) measured the hypercapnic ventilatory response in 
unanesthetized, unrestrained Kir2.2-knockout (Kir2.2-/-) mice, using pressure 
plethysmography on postnatal days 9-10, 14-15 and 18. The Kir2.2-/- mice 
developed a smaller increase in tidal volume and minute ventilation volume than 
their wild-type counterparts in response to exposure to hypercapnia on days 14-15. 
There was a transient increase in mRNA expression of Kir2.2 in the brainstem of 
the wild-type mice on days 14-15. These observations suggest that, during 
postnatal development, Kir2.2 in the brainstem plays an important role, albeit 
transient, in the hypercapnic ventilatory response, perhaps mediated by central 
ventilatory chemosensitivity. 

2.4   Histological Studies 

Using in situ hybridization techniques, Karschin et al. (1996) and Karschin 
and Karschin (1997) found temporal and spatial heterogeneities of the mRNA 
expression of Kir2.x and Kir3.x in the CNS of the rat. In their studies, several 
chemosensitive nuclei (e.g., LC and raphe nucleus) expressed Kir2.2 in an 
age-dependent manner. Washburn et al. (2002) demonstrated that TASK-1 and 
TASK-3 channels are expressed in serotonergic raphe neurons. Haller et al. 
(2001) showed that the Kir6.2 subunit was co-expressed with the SUR1 subunit in 
respiratory neurons. Wu et al. (2004), who similarly examined the mRNA 
expression of Kir1.1, Kir2.3, Kir4.1 and Kir5.1, showed that the mRNAs found in 
these channels were expressed in several brainstem nuclei of the rat, particularly 
those involved in the cardio-respiratory control (e.g., LC, ventrolateral medulla, 
parabrachial-Kolliker-Fuse nuclei, solitary tract nucleus). The expression of 
Kir5.1 and Kir4.1 was notably more prominent than Kir1.1 and Kir2.3. 
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3.   POTASSIUM CHANNELS IN O2-SENSING BY THE  
CENTRAL NERVOUS SYSTEM 

In mammals, acute hypoxia triggers a biphasic ventilatory response with first 
an augmentation followed by depression. The cellular mechanisms behind the 
inhibitory phase, known as “hypoxic ventilatory decline” (HVD), have not been 
fully clarified, although it is believed to be a CNS-derived phenomenon. A 
hypoxia-induced loss of neuronal excitability is one possible mechanism of HVD. 
In contrast to TASK-1, TASK-3 or Kv4, the heteromultimeric Kir6.x/SUR 
complexes of KATP are activated by hypoxia, subsequently hyperpolarizing the 
cell. Hypoxia-induced activation of KATP has been documented in LC (Nieber et al. 

dopaminergic neurons (Guatteo et al. 1998) and in dorsal vagal neurons (Kulik et 
al. 2002). Therefore, Kir6.x might be involved in the development of HVD. The 
diffuse expression of Kir6.2 in the CNS (Karschin et al. 1997a), including dorsal 
vagal (Karschin et al. 1998) and respiratory neurons (Haller et al. 2001) where 
functional KATP channels are constituted by the formation of Kir6.2 subunits with 
SUR1 receptors, suggests that Kir6.2 is involved. Actually, in a preliminary study, 
we observed that Kir6.2-/- mice developed a weaker HVD than the wild type mice 
(unpublished data). 
 
2004). These regions perhaps play an important role in the initial augmentation of 
the hypoxic ventilatory response. While the cellular mechanisms of 
hypoxia-induced activation remain to be clarified, it seems possible that 
O2-sensitive potassium channels are involved, as in the case of peripheral arterial 
chemoreception.

4.   CONCLUSIONS 

Several specific potassium channels are sensitive to CO2/pH or O2. These 
channels are likely to play essential roles in CO2/pH or O2-sensing in vivo. Their 
contributions to the chemical control of breathing are probably heterogeneous 
both temporally and anatomically. 
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Role of Endothelin-1 on the Enhanced Carotid Body 
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Chile, Alameda 340, Santiago, Chile 

1.   INTRODUCTION 

The systemic ventilatory and cardiovascular adjustments to hypoxia depend 
on the activation of peripheral chemoreceptors, mainly the carotid bodies (CBs). 
Intermittent hypoxia produces CB chemosensory excitation, which may 
participate in the pathogenesis of obstructive sleep apnea (OSA) (Narkiewicz et 
al., 1999). Recently, we found that chronic intermittent hypoxia (CIH) for four 
days enhances cat ventilatory and chemosensory responses to acute hypoxia 
(Rey et al., 2004). We hypothesized that the enhanced chemosensory response to 
hypoxia induced by CIH would be the result of an increased effect of excitatory 
modulators, like endothelin (ETs) peptides, and/or a decreased effect of 
inhibitory molecules within the CB. Thus, we studied the contribution of ETs on 
the enhanced chemosensory response to hypoxia in CIH-treated cats. 

Endothelin-1 (ET-1) a 21 aminoacid peptide with potent vasoconstrictor 
activity, is  the only peptide with a chemoexcitatory effect in the CB (Rey & 
Iturriaga, 2004) that is upregulated during chronic hypoxia (Chen et al., 2002a; 
Chen et al., 2002b; Rey & Iturriaga, 2004). The excitatory effect of ET-1 was 
first described by McQueen and colleagues, who found that ET-1 injected into 
the common carotid artery increases the carotid chemosensory discharge and the 
respiratory frequency (Spyer et al., 1991; McQueen et al., 1994). Chen et al.
(2002a) using an isolated superfused preparation of the rat CB devoid of 
vascular effects, found that ET-1 enhances the chemosensory response to 
hypoxia, suggesting that ET-1 may act upon glomus cells or the sensory endings 
of petrosal neurons. However, Rey & Iturriaga (2004) using a similar superfused
preparation of the cat CB, found that ET-1 perse does not increase basal 
chemosensory discharges in doses up to 10 µg, but the same ET-1 dose applied 
intravascularly to the perfused cat CB produces a persistent chemosensory 
excitation, indicating that the excitatory effect of ET-1 is mainly due to an 
increase in CB vascular tone. To study the contribution of ET-1 to the enhanced 
chemosensory response to acute hypoxia in CIH-treated cats and to avoid the 
potent hypertensive effect of ET-1 in situ, we used a perfused in vitro
preparation of the cat CB, which conserves its local vasomotor regulation. We 
studied the local ET-1 expression in control and CIH-exposed CBs with 
immunohistochemistry. Since plasma ET-1 levels are increased in CIH-exposed 
rats (Kanagy et al., 2001) and OSA patients (Phillips et al., 1999), we evaluated 
the plasma levels of ET-1 in control and CIH-treated cats. 
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2.   METHODS 

Experiments were performed on 12 male adult cats (3.4 ± 0.5 kg, mean ± 
SD). The animals were anaesthetized with sodium pentobarbitone (40 mg kg-1,
I.P.) additional doses (8-12 mg, I.V.) were given when necessary to maintain a 
level of surgical anaesthesia. The carotid bifurcation including the CB and the 
carotid sinus nerve (CSN), was excised and perfused in vitro with a Tyrode 
solution at 38.5± 0.5°C and pH 7.40 as previously described (Iturriaga et al.,
1991). The chemosensory discharges were recorded from the CSN placed on a 
pair of platinum electrodes and lifted into mineral oil. The neural signals were 
preamplified, amplified, filtered and fed to an electronic amplitude discriminator. 
The selected chemosensory impulses were counted with a frequency meter to 
measure the frequency of chemosensory discharges (ƒx), expressed in Hz. The x

signal was digitized with an analog-digital board (Digidata 1200A, Axon 
Instruments, USA) for later analysis.

The CBs obtained from anesthetized cats were fixed in neutral buffered 
formalin and processed for immunohistochemistry. Deparaffinized 5 µm 
histological sections were rehydrated through ethanol and treated with 10% 
H2O2 for 10 minutes to block endogenous peroxidase activity. After rinsing with 
PBS-Tris 50 mM buffer for 5 minutes at pH 7.8, the slides were incubated in a 
humid chamber with protein block solution (DakoCytomation, Ely, UK) for 30 
min. After washing, the slides were incubated for 18 h at 4ºC with a rabbit anti-
ET-1 (1 : 600) antibody directed against the complete ET-1  peptide (IHC-6901, 
Peninsula Labs, San Carlos, CA, USA). Following washing and rinsing with 
Tween-20 0.05% buffer, sections were immunostained using the biotin-
streptavidin-peroxidase system from DakoCytomation (Ely, UK). Finally, the 
samples were treated for 15 min with 0.1% (w/v) 3-3´-diaminobenzidine in 
buffer containing 0.05% H202. The slides were counterstained with Harris’ 
hematoxylin and mounted. We used femoral artery and myocardial tissue as 
positive controls, and negative controls without the primary antibody. Digital 
microphotographs were obtained at 400x magnification and analyzed with the 
ImageJ software (NIH, Bethesda, MD, USA) to calculate the immunoreactivity 
area with a color deconvolution algorithm (Ruifrok & Johnston, 2001). We 
averaged the percentage of immunoreactivity in three 400x fields from each CB, 
analyzing a total of three control and CIH-treated CBs.  

Plasma-EDTA samples were collected from six control and six CIH cats and 
stored at -20 ºC. After extraction, concentration and reconstitution, the samples 
were assayed immediately with a commercial ET-1 immunoassay (BBE5, R&D 
Systems, Minneapolis, USA), according to manufacturer instructions. The 
crossreactivity of the assay was: Big Endothelin < 1%; ET-2, 45% and ET-3, 
14%.

Bosentan was dissolved in DMSO 0.01% v/v. and control Tyrode solutions 
contained the same DMSO concentration. Statistical analysis was done with the 
Mann-Whitney Test. The level of statistical significance was p<0.05. Data is 
expressed as mean ± SEM. 
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3.   RESULTS 

3.1   Endothelin Expression is Enhanced in the Carotid 
Body of CIH Cats 

Positive immunohistochemical staining was mostly found between the 
glomic cell clusters with weak staining within the clusters (Fig. 1A, B). The 
percentage of endothelin-like immunoreactivity (ET-ir) in the CBs from control 
animals was 0.7 ± 0.2%, whereas the ET-ir in CBs from CIH-treated cats was 
10.0 ± 0.8% (Fig. 1C). This increase in the area of ET-ir in the CIH group was 
statistically significant (p<0.001). Negative controls showed no staining, while 
myocardial and femoral artery samples (positive controls) showed endothelial 
staining, which is consistent with ET-ir localization in other species. The cross-
sectional area of the analyzed samples was not different between control and 
CIH groups (44,037 ± 469 vs. 40,120 ± 1,850 µm2, p>0.05). 

3.2   Chronic Intermittent Hypoxia does not Modify ET-1 
Plasma Levels in Cats 

Plasma ET-1 levels in control animals was 2.83 ± 0.26 fmol ml-1 and 2.60 ± 
0.28 fmol ml-1 in CIH-treated animals (p>0.05, Fig. 1D). The calculated limit of 
detection of the assay was 0.77 fmol ml-1.

Figure 1. Endothelin-1 expression in the cat CB. Microphotographs from A, control CB; B, CIH-
treated CB (bar = 100 µm).  C, Endothelin-like immunoreactivity (ET-IR) in three CBs from 
control and CIH-treated cats. D, Plasma ET-1 levels in six control and six CIH-treated cats. White 

bars, control; black bars, CIH-treated. *** p<0.001. 
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3.3   Non-selective Endothelin Receptor Blockade Reduces 
the Hypoxic Chemosensory Response in the CB from 
Cats  Exposed to CIH, but not in Control Conditions 

Basal ƒx was significantly higher in CIH-treated CBs (125 ± 13 Hz) 
compared to control CBs (69 ± 10 Hz, n=6, p<0.05). The chemosensory 
response to severe hypoxia (PO2 ~30 Torr) was also higher in CIH-treated CBs. 
Indeed, in CIH-treated CBs, the maximal ƒx attained during hypoxia was 403 ± 
18 Hz, whereas in control CBs was 328 ± 24 Hz (n=7, p<0.05). Application of 
ET-1 to the perfused CB produces a long-lasting, dose-dependent 
chemoexcitation. 

To assess the role of endogenous endothelin receptor activation upon the 
hypoxia-induced chemosensory response, we studied the effect of bosentan (50 
µM), a non-selective ETA/B antagonist in CBs from control and CIH-treated cats. 
ETA/B blockade did not have any effect in the maximal ƒx induced by severe 
hypoxia in control and CIH-treated CB (data not shown). However, bosentan 
reduced the chemosensory response evoked by mild hypoxia (PO2 ~ 80 Torr) 
only in CBs from CIH-treated cats, leaving   the chemosensory response of 
control CBs unchanged (Fig. 2). Bosentan had an inhibitory effect over basal ƒx

in approximately half of the CBs from both experimental groups. 

Figure 2. Effect of ETA/B blockade on the hypoxia-induced chemosensory response in perfused 
CBs from control and CIH-treated cats. Representative ƒx tracings from A, Control; B, CIH-treated 
CB. ƒx, chemosensory discharge; filled bars, hypoxic perfusion (PO2 ~ 80 Torr); empty bars,
bosentan (50 µM) perfusion. 

4.   DISCUSSION 

In a previous work from our laboratory, we found that exposure of cats to 
CIH for four days enhanced ventilatory and chemosensory responses to acute 
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hypoxia (Rey et al., 2004). Present results show that i) CIH increased basal ƒx in 
the in vitro preparation of the cat CB and enhanced the chemosensory response 
to hypoxia. ii) ET-ir was markedly increased in CBs from CIH cats compared to 
the control group, but plasma ET-1 levels remained within the control range in 
CIH cats. iii) Bosentan reduced the chemosensory response to moderate hypoxia 
(PO2 ~ 80 Torr), but not to severe hypoxia (PO2 ~ 30 Torr) in CBs from CIH 
cats. These results suggest that the augmented expression of ET-1 within the CB 
may contribute to the enhanced chemosensory response to acute hypoxia in CIH. 
Our results confirm and extend previous findings showing that CIH enhances 
ventilatory and chemosensory responses to hypoxia (Peng et al., 2001; Peng & 
Prabhakar, 2004). Present results suggest that ET-1 mediates the enhanced  
chemosensory response to acute hypoxia after exposure to CIH, similarly to 
what is observed during chronic sustained hypoxia (Chen et al., 2002a; Chen et 
al., 2002b). The immunohistochemical data shows a marked increase in ET-1 
expression locally in the CIH-treated CB, which is not paralleled by an increase 
in ET-1 plasma levels. Therefore, present results suggest that ET-1 and probably 
other endothelin isoforms are locally upregulated in the CB before any increase 
in the plasma levels. Other researchers have found increased plasma ET-1 levels 
and hypertension in a rat model of CIH exposure for 10 days (Kanagy et al.,
2001). Current evidence shows that   ET-1 primarily acts as a paracrine 
modulator of vascular tone, cell proliferation and fibrosis in various tissues 
(Rubanyi & Polokoff, 1994). However, only an increase of ET-1 levels within 
the CB can produce an enhancement of the systemic ventilatory and 
cardiovascular adjustments to hypoxia in CIH animals and OSA patients. Thus, 
the augmented expression of ET-1 locally in the CB may be relevant in the 
pathophysiology of sleep-disordered breathing. The effects of bosentan in the 
perfused CB preparation suggest a role of endogenous ET-1 in the enhanced 
hypoxic chemosensory response in CBs from animals exposed to CIH. 
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Departamento de Bioquimíca y Biología Molecular y Fisiología/IBGM Facultad de Medicina. 

Universidad de Valladolid/CSIC. 47005Valladolid. Spain 

At the outset of these remarks I want to acknowledge Prof. Hisatake Kondo, 
past President of ISAC and President of XVIth ISAC Symposium for his 
excellent job as a host. He and his team of coworkers showed to all of us what 
the efficiency of organization in every regard means. I want to underline the two 
aspects that impressed me more: first, it was the Shinkansen type of punctuality 
in the initiation and completion of every event during the Meeting days; second, 
it was the sided projection that allowed every participant to be aware of coming 
events ahead of time. That virtue and this organizational strategy were dressed 
with a sincere expression of warmth that made the nearly four days of 
Symposium pleasant and substantial; the substance of the Meeting was provided 
by all symposiasts. 

First session started on time. Rodrigo Iturriaga from Santiago de Chile was 
the Chairman. Two speakers in this session (P.Kemp and Y. Zhang)
underscored the potential significance of heme oxygenase-2 (HO-2) in 
controlling the O2-sensing machinery in carotid body chemoreceptor cells 
(CBCC), in optimizing the ventilation-perfusion relationship and hypoxic 
ventilatory response. However, there was a tinge of discrepancy in their 
findings. From the molecular and electrophysiological study of Kemp it should 
be expected that KO mice for HO-2 should be hyper-reactive to hypoxia, an 
expectation supported by previous studies with inhibitors of the enzyme, and 
yet, the KO animals showed a blunted ventilatory response to hypoxia. Could it 
be that a compensatory over-expression of HO-1 accounts for the discrepancy? 
Important was the demonstration of exaggerated ventilation-perfusion 
mismatching in the HO-2 KO mice, as it can lead to suggest that this enzyme is 
involved in the hypoxic transduction cascade of chemoreceptor cells and 
pulmonary artery smooth muscle cells (PASMC). 

M. Evans study on AMP-activated protein kinase provided clues that may be 
crucial to understand how metabolic poisons excite CBCC. The most classical 
activators of the CB chemoreceptors keep activating ventilation since Heymans 
discovered the dyspnoeic effect of cyanide in 1931 and the Russian School of 
Chemoreception at St Petersburg tested all families of metabolic poisons, and 
here we are 75 years later asking how mitochondrial poisons act. It might be that 
the key is AMP kinase. All mitochondrial poisons should be expected to 
increase AMP levels, even if ATP is maintained, and this would lead to 
activation of the kinase. Pharmacological activation of the kinase produces 
PASMC contraction and activation of the sensory activity in the carotid sinus 
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nerve. It is well known that the enzymes controlling basically every metabolic 
route are targets of AMP-kinase: is it possible that some of the ion channels 
known to participate in the O2 transduction cascade are also substrates for this 
kinase?

Bruce Dinger presented sound evidence that hypoxia activates NADPH-
oxidase in CBCC of normal mice, but not in CBCC from p47phox knockout mice. 
Even further, in the recordings he showed, obtained in cells form the KO mice it 
was also evident that bath PO2 of 20-25 mmHg did not increase their production 
of O2 , implying that mitochondria are not sources of reactive oxygen species 
(ROS) at PO2 strongly activating CBCC. He was further in showing that ROS 
act as negative modulator of the O2-transduction cascade; thereby NADPH 
system would constitute a negative feedback controlling chemoreception. 
Additionally he showed that Nox-4 (an isoform of gp91phox) and p47phox are 
induced in chronic hypoxia, implying that the system is able to control the 
sensitization status of the CB seen in these situations. It probably would be nice 
to know if some of the enzymes of the hexose monophosphate shunt are also 
induced in chronic hypoxia. 

Second session was chaired by Machicko Shirahata from Baltimore. In the 
first paper presented by R. Varas, awarded third Prize Heymans-De Castro-Neil 
Award we learned that ATP and non-hydrolysable analogs inhibit O2-sensitive
leaky currents in inside-out isolated patches of rat CBCC. The study was neat, 
and in the context of the “metabolic hypothesis” put forward by the Russian 
School the data would provide, once again (see M.Evans), a link between 
mitochondria and O2-sensing. It would remain to define the domains in this leaky 
channel where ATP acts to increase their opening probability.  
    MT Agapito presented an ample study carried out with different groups of 
oxidizing agents. The aim was to correlate the redox environment of CBCC with 
their activity in normoxia and hypoxia. Some members of every group of the 
oxidizing agents were able of activating CBCC neurosecretory activity in 
normoxia and/or hypoxia, and an equal numbers of agents did not produce any 
effect. Very intense hypoxia (PO2 <8 mmHg) and hyperoxia (PO2 around 630 
mmHg) caused an oxidized redox environment in the cells, and hypoxia 
produced an intense neurosecretory activity in the cells while hyperoxia 
depressed the activity below the normoxic (PO2 150 mmHg). The conclusion 
was that the activity of CBCC is independent of the general redox status of the 
cells. In conjunction with the article by B. Dinger I consider important to define 
possible targets of ROS in the transduction cascade of hypoxia.

M. Pokorki presented some data on the CB uptake of acyldopamine, more 
specifically of N-oleoyl-dopamine. These types of compounds are known to 
modulate the activity the TRP channels and thereby appear to mediate their 
biological activity. Since the CB is capable of accumulating important amounts 
of injected N-oleoyl-dopamine the possibility exists that it might control CBCC 
functionality via some member of the TRP family of channels expressed in the 
cells. Even further, anandamide that is a powerful inhibitor of some members of 
the K+ leaky channels expressed in CBCC is another acylated amine, N-
arachidonoyl-ethanolamine, making it plausible that N-oleoyl-dopamine 
modulates CBCC regulating the activity of this family of channels. Therefore, it 
remains to be established the endogenous level of N-oleoyl-dopamine and to 
search for adequate targets for it. 
    S.V. Conde showed data on the release of ATP by the intact rat CB and in 
parallel experiments on the release of adenosine. Basal release of both 
neurotransmitters was independent of the presence of extracellular Ca2+ in 
normoxia; however, it was Ca2+ dependent the release induced by hypoxia. 
There was a somehow inverse relationship between the release of both 
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neurotransmitters: hypoxic stimuli of mild intensity release preferentially 
adenosine while intense hypoxic stimuli release preferentially ATP. The 
response to moderate hypoxic stimulus was specific to the CB. There are some 
very nice experiments that can be pursued in this study. For example, it would be 
interesting to establish a molar relationship between ATP and DA release trying 
to correlate this ratio with the known stoichiometries of both neurotransmitters 
in dense-core vesicles of dopaminergic structures, ideally of the CB.

Third session was chaired by Ana Obeso from Valladolid. Chris Peers 
presented an ample series of experiments showing that hypoxia (20-30 mmHg) 
produces modest increases in intracellular free Ca+ that comes from intracellular 
deposits in endothelial cells and astrocytes. Both cell types expressed a 
capacitative Ca2+ entry mechanism. The Ca2+ rise induced by hypoxia was 
prevented by prior treatment with antioxidants indicating that ROS are the 
mediators of the responses. Although the origin of ROS could not be established, 
it was shown that uncoupling mitochondria produced opposite effects in both 
cell types, potentiating the hypoxic effect in astrocytes and abolishing it in 
endothelial cells. The data open a window to explore in further detail the 
potential significance of the findings to processes such as atherogenesis and 
hypoxia induced brain damage. 
    C. Wyatt presented the first study in literature dealing with the participation 
of AMP-kinase on the CB chemoreception. He was awarded with the First Prize 
Heymans-De Castro-Neil Award of the XVIth ISAC Symposium. This study 
was the other half of M. Evans paper. Activators of the kinase induced an 
increase in chemoreceptor discharges in intact preparations and in intracellular 
free Ca2+ in CBCC dispersed cells; last response being dependent of the presence 
of extracellular Ca2+. The suggestions placed above on commenting M. Evans 
paper gain additional significance here. 
    I. M. Fearon presented a challenging paper relating hypoxia and production 
of amyloid peptides and mitochondrial ROS production. The notion is that 
Alzheimer disease incidence increases in subjects that had have episodes of 
brain hypoxia-ischemia. Since in this devastating disease an increase in amyloid 
peptides is pathogenic, the challenge is to define possible mechanisms leading to 
the increased levels of amyloids in hypoxia and the mechanisms triggered by the 
amyloids to produce neuronal death. Main findings included the observation that 
hypoxia-induced over expression of Ca2+ currents in HEK cells transfected with 
the 1C subunit of the L-type Ca2+ channels was aborted by inhibitors of the 
enzyme generating the amyloid, that the expression of the Ca2+ currents was 
absent in cells depleted of mitochondria ( o cells) and that a superoxide 
generating system restored the capacity of o cells to respond to hypoxia with 
over expression of Ca2+ currents. In the context of the CBCC and physiological 
O2-sensing it will be nice to know if hypoxia induces the expression of the 
amyloid peptides in these cells in chronic hypoxia and what is the effect of the 
inhibition of the enzymes processing the amyloid precursors on chemoreception. 

    Fourth session was chaired by Dr. Prem Kummar from Birmingham. The 
first paper of this session was also presented by Fearon. In this study they have 
expressed THIK-1 K+ channels in HEK cells and have studied in this 
heterologous system the effect of hypoxia. This leaky channel has previously 
been shown to be expressed in the parasympathetic neurons dispersed along the 
glossopharyngeal-carotid sinus nerve, that bona fide, can be defined as the 
mediators of the efferent pathway. In the natural preparation THIK-1 K+

channels are inhibited by the same hypoxic stimuli capable of activating CBCC, 
and in the heterologous system they are also sensitive to hypoxia. However, and 
contrary to the situation with the TASK channels in CBCC rotenone did not 
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affect the hypoxic inhibition of THIK-1 K+ channels in the transfected system. 
Although the findings are clear-cut, I would put a word of caution, as the 
possibility exists that the transfected cells do not express some piece of 
machinery needed for the expression of the inhibitory action of rotenone. 
    T. Otsubo presented a very nice study in which it was correlated the density 
of maxi-K+ currents and the levels of mRNA for the maxi-K+  and  subunits 
in the CBs of DBA/2J and A/J mice with the capacity of these two strains of 
mice to generate a hypoxic ventilatory response. It was found a positive 
correlation between the hypoxic ventilatory response and expression of the 
maxi-K+  subunit and an inverse relationship with the expression of maxi-K+

subunits; thus the DBA/2J strain that showed a strong hypoxic ventilatory 
response, expressed high levels of maxi K+  subunit and low level of 
expression of the  subunits. The opposite was true in the A/J mice. This elegant 
study that deserved the second Prize of Heymans-De Castro-Neil Award of the 
XVIth ISAC Symposium showed, I believe, unequivocally that maxi-K+

channels are involved in the genesis of the hypoxic responses, thereby closing an 
open debate in the literature but opening a new question: how it does so?
    A. Obeso’s presentation dealt with some unexpected effects of caffeine on 
CBCC function. In her study on the potential significance of intracellular Ca2+

stores she tested caffeine as a well-known activator of Ca2+ release from 
intracellular stores, expecting that it would promote an increase in intracellular 
free Ca2+ and promote an increase in the exocytosis of catecholamines from 
CBCC. Contrary to that, it was found that caffeine markedly inhibited basal as 
well as the release evoked by low intensity hypoxic and high external K+

stimulation. Since this inhibitory effect was seen in Ca2+ free solutions and had 
an IC50 0.4 mM it was evident that was not related to the Ca2+ stores. A search 
for the mechanisms involved lead to discover that the effect was mediated by 
adenosine A2b receptors, described by the first time in CBCC, coupled to 
Dopamine D2 receptors. Future experiments should be directed to explore the 
functional arrangement between the two sets of receptors and to disclose 
possible intracellular signaling pathways.

    Fifth session  was chaired by Chris Peers from Leeds. Y. Kameda presented

of mice lacking HOXA3 and Mash1 genes. The study struck me firstly, by the 
superb images that she showed to the audience. In the notes that I took at the 
bench, during the presentation, I wrote: ”muy bonito”. Second, because we 
finally learnt the real embryological origin of the CB elements: CBCC derive 
from neuroblasts associated to superior cervical ganglion and their 
differentiation is under the control of Mash1 genes; sustentacular cells are under 
the control of HOXA3 and have their origin in the third pharyngeal pouch. 
Thirdly, and this represents a naïf view on the embryogenesis process, that if a 
gene is disrupted there is nothing we can do to rescue at least partially the 
normal phenotype. My question could be formulated in these terms: knowing 
that the disruption of a morphogenetic gene causes a given array of 
malformations, is it possible to back regulate pharmacologically the signaling 
pathways that have generated the malformations? 
    M. Shirahata and Yamaguchi papers dealt with additional differences 
between DBA/2J and A/J mice. In a morphometric and molecular biology study 
Shirahata showed that glial cell-derived neurotrophic factor controls the 
maintenance of CBCC mass in early postnatal periods as the CB from A/J mice 
showed lower levels of expression of this neurotrophic factor and a continuous 
decay in the CBCC number even to adult age. This decay in CBCC number and 
decrease in CB size was related to the phenotypic hypo responsiveness to 
hypoxia described before by T. Otsubo. This paper added a further value to the 

a neat study on the development of the CB and adjacent structures in two models 
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previous one of this group, as it made obvious that the scarcity of CBCC in the 
adult A/J mice would pose additional difficulties to the patch clamp studies. In 
the study by Yamaguchi they crossed both strains of mice to determine the 
patterns of inheritance of their specific phenotypes and found that the size of the 
CB, the organization of the CB glomeruli and the number of CBCC are 
genetically determined. Further, in the first generation of  DBA/2J and A/J 
hybrids, the three parameters studied were intermediate between those of 
parents. My enthusiastic invitation to the Baltimore laboratory to pursue 
exploiting these strain differences. It should be expected that additional 
differences would be discovered and no doubt they would be ideal paths to 
clarify the functioning mechanisms in CBCC. 
    Next presentation was mine. We have tried to exploit previous observations 
on the deleterious effects of perinatal hyperoxia on the CB function, and extend 
them to other O2-sensitive cell lineages. We observed that perinatal hyperoxia 
does not alter the ability of EPO-producing cells to respond to hypoxia 
generating normal plasma levels of the hormone. However, perinatal hyperoxia 
damaged PASMC rendering them unable to respond to hypoxia (i.e., they did 
not hypoxic pulmonary vasoconstriction), while the vasoconstrictor effect of 
depolarizing agents remained intact. Our immediate interests are focused on the 
dissection of the molecular machinery presumably involved in O2-sensing in 
PASMC aiming to disclose the “missing element” (to use Evans words) in 
PASMC of hyperoxic animals. 

    Sixth session was chaired by Yasumasa Okada from Izu City, and the first 
presentation was given by H.Kazemi. He presented an integrated view on the 
role of brainstem neurotransmitter systems in the genesis of the hypoxic 
ventilation. He analyzed microdyalysates collected from cannulas placed in the 
nucleus tractus solitarius and ventral medullary surface and correlated the levels 
on neurotransmitters found with the phrenic activity recorded. In the initial 
phase of the hypoxic response there was a progressive increase in glutamate in 
the NTS and VMS coincident with an augmentation of phrenic activity; 
glutamate output would result from the augmented release of CSN terminals in 
the brainstem. After 3-5 min of hypoxia GABA started to increase coincident 
with the roll-off phase of the phrenic activity; this increase in GABA was 
suggested to be due to a direct effect of hypoxia in brain tissue. Taurine levels 
decreased in the initial phase of hypoxia and increased in the second phase, 
contributing to the roll-off effect. This step of analysis of neurotransmitter 
dynamics would help to direct future studies focused on specific synapses of the 
circuits connecting the nucleus tractus solitarius to other nuclei of the central 
controller of respiration.
    R. Iturriaga made nice comparisons between the episodes of hypoxic sleep 
apnea and the ascent to the Chilean Andes: people suffering sleep apnea would 
climb at 4-5 Km of altitude up to 30-40 times/hour during the 8 hours of sleep. 
As expected from this comparison, the CBs of his cats exposed to intermittent 
hypoxia mimicking the episodes of sleep apnea were hyper-reactive in test to 
acute hypoxia. He also found that the ratio low/high frequency heart rate was 
increased in the experimental animals, reflecting changes in the overall activity 
of the autonomic nervous system. I consider that this type of experimental 
models that so clearly demonstrate sensitization of the CB chemoreceptors 
constitute ideal preparations to search for up regulation of the molecular 
machinery involved in the genesis of the hypoxic response in CBCC. 
    Y. Okada presented a beautiful model on the location and organization of 
central chemoreceptors. As a professor of physiology non-expert in central 
chemoreception, I would consider solved the nearly 60 years elusive problem of 
identification of the primary central chemoreceptor elements. The combination 
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of methodologies used has allowed the authors to demonstrate that the primary 
CO2 chemoresponsive elements (Type I cells) are small sized neurons that 
surround the vessels of the ventral medulla surface and are clustered in specific 
areas. Type II cells, located deeper in the medulla are larger and receive a 
cholinergic input from type I cells. The arrangement of central chemoreceptors 
recalls me the studies of Fernando de Castro in the CB: “the relationship of 
epithelioid cells (CBCC) in the glomus caroticum with blood vessels is intimate, 
suggesting that they are specialized in sensing qualitative changes in the 
composition of the blood…” At last! 
    P. Kumar study addressed systemic aspects of the CB function. He has 
described previously that insulin-induced hypoglycemia produces an increase in 
the CB drive of ventilation via an, as yet, unidentified mechanism that should be 
generated systemically because hypoglycemia, even 0 glucose superfusion, does 
not modify the behavior of the isolated CB. Now he took these previous findings 
to compare the status of hypermetabolism produced by insulin-induced 
hypoglycemia with that encountered in physical exercise. He measured the gain 
of the CB chemoreflex in response to altered arterial PCO2 as the delta in the 
phrenic output or as ventilation in control, insulin-hypoglycemic and insulin-
hypoglycemic CSN denervated rats. Insulin hypoglycemia doubled metabolic 
rate in all animals but only in those with the intact CSN showed a parallel 
increase in ventilatory response/phrenic activity to CO2; CSN denervation 
resulted in the loss of this extra sensitivity to CO2 with the result of a retention 
of CO2 that elevated arterial PCO2 by about 6 mmHg during hypoglycemia, 
while the animals with intact CSN remained isocapnic. Comparisons with data 
obtained in isocapnic physical exercise yielded superimposed curves of 
responsiveness to CO2. Thanks Prem, because studies like yours make 
meaningful the efforts made by us people working in minute things. 
    H. Kiwull-Schöne paper represented a further step in letting us feel that the 
work at the cellular and molecular level is worthwhile. To begin with, I want to 
thank Prof. Heidrum Kiwull-Schöne. She is a faithful attendant to the ISAC 
Symposia and together with Prof. Robert Fitzgerald and Prof. Katsushide they 
were the most senior symposiasts, having participate in the Bristol, Delhi or 
Dortmund Symposia. Prof. Kiwull-Schöne defined the steady-sate gain of the 
respiratory loop control system as the point of intersection between the nearly 
lineal respiratory response to CO2 and the hyperbolic respiratory response to 
metabolism. Her purpose was to make evident that the instability of the 
respiration in situations with a high gain in the entire control system can be 
attenuated by reducing the gain of the system. Experiments with inhibitors of 
carbonic anhydrase and of the isoform 3 of the Na+/H+ exchangers the 
predictions and revealed different effects on the CO2 and metabolic responses. 

    Seventh session was chaired by Colin Nurse from McMaster University. The 
first paper was presented by D.J. Kwak. They tested the hypothesis that the 
deleterious effect of hyperoxia on the CB structure and function seen in 
neonatal, but not in adult animals, is related to the higher production of ROS in 
neonates in comparison to adults. He made vibratome sections of CB and 
petrosal-nodose ganglia and incubated them during four hours in hypoxia (8% 
O2), normoxia (21% O2) and hyperoxia (95% O2) in the presence of a 2’,7’-
dichlorodihydrofluorescein a fluorescent indicator of ROS. The hypothesis was 
correct, at least in part, as he found that the rise in fluorescence in going from 
hypoxia to normoxia and hyperoxia was significantly greater in neonate tissues 
in comparison to young (18 days old). To really satisfy the hypothesis it would 
be important to know if we are dealing with an increase production of ROS or 
undeveloped defense mechanisms, and most important of all, if the signal got 
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with the fluorescent indicator used is reliable. I recommend the authors to have 
a look to Gonzalez et al. Methods in Enzymology  381: 40-71, 2004.
    C. Saiki tested a simple hypothesis: whether or not an episode of neonatal 
anoxia interferes with the development of the CB. The episode of anoxia was 
rather severe (exposure to N2 for 20 min), but nonetheless the rat pups were 
successfully autoresuscitated. At the age of 25 days a morphometric analysis 
(CB volume and CBCC/CB ratio) revealed the absence of differences between 
experimental correspondent controls. The simplicity of the question asked and 
the adequacy of the tools used to answer the question are remarkable. Yet, I 
would suggest Dr. Saiki, and the old friend S. Matsumoto, to repeat a 
comparable study in animal models mimicking more closely the situations of 
hypoxia encountered in infants whether normal or with different types of 
hypoxia producing pathologies. In addition, a simple functional test (e.g., whole 
body plethysmography at different ages) would provide a superb study to hear in 
the next ISAC Symposium in Valladolid. 
    E. Gauda presented the next paper dealing with adenosine receptors in the 
CB and petrosal ganglion neurons. In presenting her data, once again she 
exhibited the enviable vitality and enthusiasm she always shows. A combination 
of real time PCR, immunocytochemistry and electrophysiological recordings 
evidenced the presence of A1 and A2A receptors in the rat CB, the former located 
at mRNA level in petrosal neurons and immunocytochemically in the endings of 
the CSN, the second present both in petrosal neurons, where it increased with 
postnatal age, and in the CBCC. Electrophysiological data showed that A1
receptors are inhibitory, as their inhibition increased CSN activity. Being A2A
excitatory, she concluded that the predominance of A1 receptors in early 
postnatal days could contribute to the hyporesponsiveness of the CB to hypoxia 
in the initial periods of extrauterine life. Nice work. However, it might be worth 
thinking within the frame that there are important species differences as in the 
rabbit A1 receptors are also present in CBCC. These differences can be very 
important for a neonatologist pediatrician. 
    R. Rigual made a straightforward comparison of the hypoxic responses 
encountered in adrenomedullary cells and CBCC. The main point in the 
comparison is that, even though both cell types apparently express the same 
basic transduction cascade (O2-sensitive K+ channels, voltage operated Ca2+

channels…), the gain of the overall transduction cascade of the hypoxic stimulus 
into a secretory response is approximately one hundred more efficient in the 
CBCC. The gain of a depolarizing stimulus (high extracellular K+) is identical. 
Additionally he showed that the adrenomedullary cells are also responsive to 
hypercapnic/acidic stimuli, existing a positive interaction between hypoxic and 
acidic stimuli. This finding is highly meaningful: the surge of plasma 
catecholamines seen in infants vaginally delivered is in all likelihood due to this 
interaction, because the low gain of the hypoxic transduction cascade would be 
unable of producing such intense adrenomedullary response. My suggestion 
would be to follow a step-by-step approach to identify the steps or mechanisms 
that are poorly expressed in adrenomedullary cells in comparison to CBCC.
    J.A. Mendoza presented the next paper. In fact, the program was altered and 
this paper was presented earlier in the same session. They tested the hypothesis 
that hypoxia augments the entry of Ca2+ in CBCC via nicotinic receptors by 
preventing the desensitization observed on continuous or repeated activation of 
the receptors. The experimental data supported the hypothesis. In a search for 
the mechanism involved, they found that antioxidant agents have mixed effects 
with dithiothreitol mimicking hypoxia but GSH having no effect. They further 
showed that probably coactivation of muscarinic receptors would contribute to 
decrease the level of desensitization on repeated administration of acetylcholine. 
In my notes, I have that additional observations presented seem to suggest that 
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polyamines might play a significant role in the control of desensitization. 
Considering that polyamines are strong modulators of ion channels, including 
ionotropic receptors, in many invertebrate and vertebrate neurons, and that this 
area has not been explored in the CBCC I would encourage Dr. Mendoza to go 
deep in this area.

Eight session was chaired by professor Yoshizaki Hayashida from Osaka.  
First paper in the session was presented by L.Y.Lee. His paper was a classical 
study of electrophysiology, well in the line of those performed back in the sixties 
and seventies by renowned physiologists like Paintal, Iggo or Perl to quote 
some. His study was dealing with C fibers located in the broncopulmonary 
tissue, and the effect of transient alveolar hypercapnia in their response. In 
normal condition hypercapnia increased activity in only 10% of the C fibers 
studied, fulfilling all criteria of polymodal nociceptors, but after the applications 
of broncopulmonary irritants most/all C fibers were intensely activated by 
hypercapnia. The molecular mechanisms of activation (involvement of transient 
receptor potential cationic channels,) and the physiological significance (for 
example in terms of ventilation or activity of bronchial muscle…) should ideally 
follow the identification of the responses.

S.A. Montero has followed the path of his mentor Ramón Alvarez-Buylla in 
the study of the role of the CB chemoreflex in the utilization of glucose by the 
brain. He provided data supporting a complex interaction between the CB 
nitrergic system, chemoreflex activation with cyanide and cerebrospinal fluid 
perfusion with NO donors and NOS inhibitors alter the level of glucose 
utilization by brain tissue; however the pathways of the interaction cannot be 
easily traced with the data presented. Likely, less ambitious experiments, aimed 
to answer one question at a time, would help to understand how the CB could 
modulate the rate of glucose utilization by the brain. For example, isolating the 
carotid bifurcation and perfusing it in situ at normal blood pressure would allow 
to activate the chemoreflex while keeping the entire body, including the brain, at 
normal PO2. In these conditions, it can be dissected the real effect of the 
chemoreflex on glucose utilization. This preparation would allow manipulating 
a CB neurotransmitter system at a time and probably obtaining palatable data.
    J. Yu experimental proposal was that pulmonary nociceptors might constitute 
a target for the neuroactive substances (mainly serotonin) released by 
neuroepithelial bodies. His morphological studies were beautiful and 
convincing: high threshold A-  receptors and C-fiber receptors, functionally 
nociceptors, penetrate or reach the close neighborhood of neuroepithelial bodies. 
His electrophysiological data showed that microinjections of serotonin in the 
receptive field of the A-  receptors strongly, but transiently, activated their 
activity. Probably next question to explore would be the function of this afferent 
activity: does it alter the production of mucus? does it produce bronchial 
spasm? Does it modulate ventilation? 

Ninth session was chaired by Bruce Dinger from Salt Lake City and had 
A.V. Gourin as the first speaker. He presented a nearly completed history 
demonstrating a prominent role for ATP as neurotransmitter in the CB and 
central chemoreceptors. Although with some minor critiques regarding the 
methods used to detect acetylcholine (I do believe the method was measuring 
choline instead), the combination of morphological, immunocytochemical,
neurochemical, electrophysiological and measurement of ventilatory responses, 
both in normal and ATP-receptors knockout mice, generated well tied data to 
support the message given in the title “ATP is a common mediator of central and 
peripheral chemosensory transduction”. Keep doing this kind of elegant 
experiments! 
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    R.S. Fitzgerald presented an overview on “Modulators of cat carotid body 
chemotransduction”. Bob, this was difficult task that might let many people 
happy and some unhappy, but nonetheless the effort was worthwhile. 
Particularly interesting were the interactions between adenosine and cholinergic 
and dopaminergic transmission: the excitatory action of adenosine, both at the 
level of the CSN and at the level of ventilation correlated with its ability to 
increase acetylcholine release and to decrease dopamine release. Similarly, NO-
donors and precursors (which act as inhibitors of the CSN output) reduced the 
release of acetylcholine induced by hypoxia. These, and additional data 
presented, certainly support the contention sustained by his laboratory, namely, 
that acetylcholine is an excitatory, probably “the” excitatory, neurotransmitter in 
the cat CB and that dopamine role fits better with the notion of an inhibitory 
modulator. Yet, the colleagues from Santiago de Chile have recently found that 
dopamine excites petrosal ganglion neurons in the rabbit. 
    Last presentation in the Symposium was made by Colin Nurse, next ISAC 
President and host for the Symposium of 2011. The contention of his 
presentation was that 0.1 mM glucose causes release of ATP and acetylcholine 
from CBCC, because the electrical activity elicited by low glucose recorded 
from petrosal neurons co-cultured with CBCC was inhibited by P2X and 
nicotinic blockers. The poof for that release was obtained by direct measurement 
of ATP in saline bathing fresh slices of the CB. In this preparation it was further 
shown that the release was sensitive to Cd2+. Interestingly, he found that the 
effect of low glucose and hypoxia were additive, suggesting different 
transduction pathways for hypoxic and hypoglycemic stimuli. In a sense, these 
findings are provocative because in the intact preparation even 0 glucose does 
not activate chemosensory discharges either in the rat or in the cat. Sincerely, I 
cannot envision the reasons for differences between preparations.    
    Obvious constrains of space force me to stop here this overview of the XVIth 
ISAC Symposium. However, this overview would be lame in one foot if I do not 
state openly that an equal number of papers used the poster format for their 
presentation. The topics covered were the same and the quality of the works as 
good as oral presentations. In many occasions, it has been seniority what has 
decided one format of presentation or the other; in others, it has been language 
difficulties for the native of non-English speaking countries. Once again, I want 
to express my personal gratitude for the creditors of half of the success of the 
symposium.
    The last word of these closing remarks is one of invitation to the XVIIth ISAC 
Symposium. My colleagues in Valladolid and myself will organize it for all of 
you and for any other scientist working in allied fields with enthusiasm. 
However, as our predecessors have shown us, we are aware that in addition to 
enthusiasm we need to be efficient. We will do our best.  
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