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ABSTRACT 

Oxygen is essential for cell survival and global oxygenation is closely monitored in order to 
protect tissues from hypoxic damage. The carotid body is an important systemic oxygen sensor 
responding to hypoxia and a multitude of other blood borne stimuli, including inflammatory 
mediators. Activation of the carotid body by depolarization of the chemosensitive type 1 cells 
ultimately leads to appropriate ventilatory and cardiovascular responses. While animal carotid 
body oxygen sensing and signaling is extensively studied, this is essentially uncharacterized in 
the human carotid body. The aim of this thesis was to investigate the human carotid body in 
terms of morphology, global and specific expression of oxygen sensing and signaling genes as 
well as inflammatory response genes. To assess the response to hypoxia, slices of the human 
carotid body were exposed to acute or prolonged hypoxia and release of ACh, ATP and 
cytokines was measured. In order to evaluate the human carotid body gene expression profile it 
was compared to the carotid body gene expression from two mouse strains as well as 
functionally related tissue transcriptomes.  
The human carotid body revealed a specific tissue gene expression profile with enrichment of 
genes related to angiogenesis and inflammation when compared to brain and adrenal gland and 
showed a neurological profile in comparison to adrenal gland. Specific expression of genes 
related to oxygen sensing was demonstrated such as K+ channels, enzymes synthesizing 
gaseous messengers and proteins involved in ROS-turnover and energy status. Despite many 
important similarities to animals, differences exist, for instance in expression of oxygen 
sensitive K+ channels. Our data suggest TASK-1, Maxi-K or both as potential oxygen sensitive 
K+ channels in the human carotid body. The Maxi-K splice variant ZERO that is more sensitive 
to hypoxic regulation than the Strex splice variant is the exclusively expressed isoform in the 
human carotid body.  
Furthermore, the human carotid body expresses nicotinic acetylcholine and GABAA receptor 
subunits known as important targets for anesthetic agents, as well as purinergic receptors and 
the dopamine D2 receptor. With few exceptions this is similar to the receptor map that we 
demonstrated in mouse carotid bodies. When exposed to acute hypoxia the human carotid body 
increases the release of ACh and ATP. This confirms findings in animal models where ACh 
and ATP are considered excitatory neurotransmitters. 
Finally, the human carotid body expresses early and late inflammatory mediators as well as 
corresponding receptors and shows an overexpression of this group of genes compared to 
functionally related tissues. During prolonged hypoxia the human carotid body moreover 
releases pro- and anti-inflammatory cytokines.  
In conclusion, we have studied human carotid body morphology, gene expression and hypoxia-
induced neurotransmitter and cytokine release. We found similarities but also differences in the 
expression of key genes in oxygen sensing and signaling compared to the animal carotid body. 
Furthermore, the human carotid body has a structural and functional capacity to play a role in 
sensing and mediating systemic inflammation. 
 
Key words: carotid body, oxygen sensing, oxygen signaling, chemosensor, hypoxic ventilatory 
response, hypoxia, gene expression, inflammatory response, receptor, K + channels, 
acetylcholine, ATP, cytokine release. 
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Although many components of the oxygen sensing and signaling process have been described 
and are similar between oxygen sensitive tissues, the comprehensive mechanism for sensing 
oxygen and the key molecules involved in this crucial function are still not defined35. 
Nevertheless, the CB deserves a champion post in oxygen sensing and signaling due to its rapid 
response (within seconds), sensitivity, endurance and the diversity of respiratory and 
cardiovascular responses triggered25.   
Hypoxia, or more specifically, reduced partial pressure of oxygen in the blood (PaO2) is the 
primary stimulus of the CB type 1 cell. The basal discharge in the CSN begins to increase 
within seconds of moderate hypoxia (10-11 kPa) and reaches its maximum frequency at a PaO2 
of around 4kPa36, 37 The discharge is maintained for the entire period of hypoxia but may 
decrease upon severe hypoxia (PaO2<4 kPa)38. The increased CSN signal modulates brainstem 
ventilatory output, ultimately resulting in the hypoxic ventilatory response (HVR). 
Besides hypoxia the CB may also sense and respond to a multitude of stimuli, for example 
hypercapnia, acidemia, hyperthermia, hyperkalemia, hypo-osmolarity and hypoglycemia25. 
Thus, the CB is best described as a polymodal chemosensor, providing a comprehensive 
approach to metabolic stress when commonly more than one parameter is deranged. 
 
Over the years, several research groups worldwide have been involved in the pursuit of finding 
the exact mechanism for CB oxygen sensing39, 40. Currently the primary theories include oxygen 
sensing through direct inhibition of oxygen sensitive K+ channels (“the membrane hypothesis”), 
inhibition of specific complexes in the ETC (“the mitochondrial hypothesis”) and finally, 
altered balance of reactive oxygen species (ROS) or through a change in the energy status of the 
cell sensed by AMP kinase13. Considering the rapidity and stamina of the CB response, as well 
as the range of PaO2 the CB senses, the actual sensing mechanism might contain parts of more 
than one of these hypotheses. Below is an attempt to summarize the prevailing theories: 
   
The membrane hypothesis 
The CB type 1 cell contains membrane bound O2-sensitive K+ channels that are inhibited during 
hypoxia, resulting in rapid depolarization of the type 1 cell41. The subsequent increase in Ca2+ 

concentration triggers release of neurotransmitters. A multitude of different K+ channels have 
been identified in the type 1 cell and only a few of them are modulated by chemostimuli42.  
Furthermore, the role of a specific K+ channel diverges between species43 (Table 1) and there is 
disagreement on the mechanism by which hypoxia inhibits K+ channels.   
The resting membrane potential in type 1 cells is maintained at approximately -60 mV by 
background or “leak” K+ channels, admitting a slow and constant outward K+ flux from the type 
1 cell41. This two-pore domain acid sensitive K+ channel (TASK) exists in several isoforms 
where TASK-1 and TASK-3 are most commonly encountered in the type 1 cell44. In some 
species TASK-1 and TASK-3 are identified as functional heterodimers45. Both isoforms are 
inhibited by hypoxia causing membrane depolarization, however, only TASK-1 knock-out 
(KO) mice exhibit an impaired ventilatory response to hypoxia, raising doubts about the 
importance of TASK-346. In rats, TASK-1 and the large conductance K+ channel Maxi-K (or 
BK) are inhibited by hypoxia45, 47. There is limited knowledge on human CB K+ channels 
although K+ currents similar to in rodents have recently been reported in human CB type 1 
cells48. 
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that the levels of ROS increase during hypoxia67 even though a decrease is reported as well68.  
ROS produced by the NOX-family are favored in this theory, with specific focus on the NOX 
located in the type 1 cell, notably in the vicinity of the TASK-1 channel69. NOX 4 activity is 
increased during hypoxia and the generated ROS modulate the TASK-1 open probability, 
acting as negative second messengers in CB chemoreception70.  
In humans, the ROS scavenger N-acetyl-cysteine (NAC) increases the HVR, implying that the 
redox-state is of importance for hypoxic regulation of breathing71.  
 
Gaseous messengers in oxygen sensing: CO, H2S and NO 
Gaseous molecules are appealing alternatives (or complements) to the other theories on oxygen 
sensing, having many characteristics in common with oxygen such as hemoglobin affinity and 
diffusability across the plasma membrane. The three suggested molecules involved in sensing 
of oxygen are CO, hydrogen sulfide (H2S) and nitric oxide (NO)72. 
CO is produced by heme oxygenase 2 (HO-2) with O2 as a rate-limiting co-factor and increases 
the open probability for Maxi-K channels in the type 1 cell44. CO (in low tensions) thereby has 
a depressant effect on CB activity and when inhibiting HO-2 the sinus nerve discharge 
increases73. However, as TASK-channels have been shown to be unaffected by CO74, oxygen 
sensing through CO turnover may not be an applicable theory across species due to variable 
expression of TASK-1 and Maxi-K42. Furthermore, while some studies in HO-2 KO mice have 
shown an augmented response to hypoxia75 others have demonstrated an unaffected type 1-cell 
response to hypoxia76. Nevertheless, a reduced formation of CO by HO-2 under hypoxia is 
generally considered important in CB oxygen sensing75, 77, and proposed actions of CO on the 
afferent nerve ending in cooperation with ATP suggests a wider range of tasks for this gaseous 
messenger78. 
The emergence of another gasotransmitter involved in oxygen sensing, H2S, revived the CO-
theory and provides a more comprehensive oxygen sensing and signaling approach79, 80. It was 
reported that H2S is required for CB oxygen sensing and that mice lacking one of the H2S 
synthesizing enzymes, cystathionine γ-lyase (CSE) display markedly reduced CB sensitivity to 
hypoxia and a reduced HVR79. H2S inhibits Maxi-K and TASK-channel activity and thereby 
depolarizes the type 1 cell, leading to an increased afferent nerve discharge61, 81. Interestingly, 
H2S-levels are regulated not only by oxygen availability (low levels in normoxia) but also by 
CO that exerts tonic inhibition on CSE in normoxia. This tonic inhibition is removed in hypoxia 
when HO-2 activity is slowed due to lack of O2-molecules, ultimately resulting in increased 
H2S-synthesis79. Diverse HVR magnitudes in different rat strains is recently reported to be a 
result of differences in CB oxygen sensing due to varying, strain specific levels of H2S and 
CO82.  
In conformity with CO, NO is oxygen-dependently generated and acts as a negative modulator 
of CB activity72. NO synthases (NOS) produce NO in course of the conversion of arginine to 
citrulline and the three isoforms have been found in the rat and cat CB, although in neurons and 
endothelial cells and not yet in type 1 cells83, 84. NO from adjacent nerve cells exerts a tonic 
inhibition on the type 1 cell by enhancing K+ conductance and inhibiting Ca2+ entry85, 86. Thus, 
NO is proposed to be an important mediator of efferent CB inhibition26. Studies showing that 
NOS inhibitors increase and NO donors inhibit CB activity further support the role of NO in 
oxygen sensing and signaling, together with the fact that homozygous neuronal-NOS KO-mice 
present an enhanced ventilatory response to hypoxia87, 88. In line with this, the human HVR was 
blunted with administration of the NOS inhibitor NG-monomethyl-L-arginine (L-NMMA)89.  
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Oxygen sensing and redox homeostasis through HIF 
Hypoxia inducible factors (HIFs) are central in oxygen sensing and master the reduction-
oxidation homeostasis in cells, especially during chronic and intermittent hypoxia90. HIF-1 and 
HIF-2 are heterodimeric transcription factors, consisting of a HIF-1β subunit and a HIF-1α or a 
HIF-2α subunit, the supply of the two latter being regulated by O2

91. In normoxia, HIF-2α is 
more abundant than HIF-1α in the CB type 1 cell and regulates the expression of anti-oxidant 
and ROS-scavenging enzymes, such as manganese superoxide dismutase (SOD-2)72, 92. During 
hypoxia the level of HIF-1α in the CB increases, resulting in transcription of pro-oxidant 
enzymes, for example NOX293. A balance between HIF-1α and HIF-2α is essential for 
maintaining the redox homeostasis in the type 1 cell, seemingly important for cardiorespiratory 
regulation94.  This is demonstrated in studies with KO-mice where HIF-1α+/- mice exhibit a 
blunted CB chemoreflex function whereas HIF-2α+/- show an excessive CB function affected 
by oxidative stress, resulting in breathing instability with recurrent apneas, sympathetic 
activation and hypertension95, 96. The phenotype characteristics of the HIF-2α+/- notably 
resemble key features in obstructive sleep apnea (OSA). 
 
 
Oxygen signaling 

The signal from type 1 cell depolarization to increased CSN discharge is relayed through 
neurotransmitter release effectuated by Ca2+ influx. The synaptic unit consisting of the CB type 
1 cell and the afferent nerve ending of the CSN exhibits features of complex neural signaling 
with multiple excitatory and inhibitory neurotransmitters as well as a mosaic map of receptors, 
in order to appropriately orchestrate the response to hypoxia. This contrasts to oxygen sensing 
and signaling in fish and amphibians, where chemosensation is based on fewer 
neurotransmitters in separate cells2. The increasing complexity of CB oxygen signaling in 
higher species involves a combination of multiple paracrine and autocrine neurotransmitter 
effects39, 97, 98. Neurotransmitters and receptors differs between species and developmental 
stages and the specific function of a certain receptor or neurotransmitter may alter during 
development99. Over the years, a substantial number of studies have aimed to clarify the role 
of a multitude of neurotransmitters involved in CB oxygen signaling. While there are 
differences in certain species regarding their role in excitation or inhibition of the CB 
signaling pathway, acetylcholine (ACh) and ATP are generally accepted as primary 
excitatory neurotransmitters in most species, in addition to dopamine (DA) that has a 
modulatory or inhibitory role in oxygen signaling throughout species2, 98, 100 
 
Acetylcholine 
ACh released from CB type 1 cells activates ACh-receptors (AChR) present on opposing nerve 
terminals, increasing CSN discharge101.  Yet, it is too simplistic to classify ACh as merely 
excitatory in CB signaling since its action depends on the receptor targeted, the cellular 
localization of the receptor and interactions with other neurotransmitters101. As an example, 
while ACh-binding to postsynaptic neuronal nicotinic AChR (nAChR) results in frequency gain 
in the CSN, ACh-binding to presynaptic muscarinic receptors inhibits type 1 cell activity with a 
resulting reduced CB output as demonstrated in rabbits102.   
Several subtypes of the neuronal nAChR have been demonstrated in CB type 1 cells and nerve 
terminals from different species; still, the map is far from being comprehensive101. The nAChR 
is a pentameric receptor with five subunits surrounding a central pore. The subunits α2-6 and 
β2-4 combines to heteromeric receptors and the α7- α9 to homomeric receptors103. In the CB 
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the α3, α4 and β2 subunits are present in the cat type 1 cell and α7 on cat and rat CB nerve 
terminals100, 104, 105. Furthermore, mRNA of the α3-5, α7, β2 and β4 nAChR subunits has been 
demonstrated in the mouse CB106. Undoubtedly important, this information does not provide 
information on the cellular location within the CB of these subunits. 
Being a ligand-gated cation channel, nAChRs on the type 1 cell contribute to depolarization, 
indicating an autoregulatory role for ACh on neurotransmitter release. However, as the released 
neurotransmitters are either excitatory, inhibitory or both, the final result of activation of type 1 
cell nicotinic autoreceptors may thus be either an increase or decrease in CSN discharge. In 
fact, β2-/- mice show an augmented HVR, suggesting a net inhibitory role of the autoreceptors 
containing this subtype in mice106. On the other hand, in humans the HVR is attenuated by 
systemic administration of a neuromuscular blocking agent (primarily targeting nAChRs)107 
which in animals seems to cause a depression of CB nicotinic transmission108-111. 
Since even high concentrations of nAChRs blockers were not able to completely  
suppress CB afferent activity, co-transmission with another neurotransmitter, ATP,  
has been suggested98, 112, 113.  
   
  
ATP 
ATP is an excitatory CB co-transmitter released in response to hypoxia1, 114, 115. ATP activates 
the inotropic, excitatory P2X and metabotropic, inhibitory P2Y purinergic receptors, available 
in several isoforms, of which P2X2 and P2X3 are present at postsynaptic nerve terminals in rat 
and cat CB116, 117, P2Y1 on type 1 cells118 and P2Y2 on type 2 cells15. P2X-blockade with suramin 
attenuates the CB response to hypoxia113 and P2X2

-/- mice exhibit a strikingly blunted HVR117, 
providing evidence for the role of ATP in CB oxygen signaling. However, as in the case for 
ACh, the ATP actions are complex in the CB, activating both inhibitory P2Y-receptors on type 
1 and type 2 cells, and excitatory P2X-receptors on nerve afferents119. This interplay between 
excitation and inhibition by neurotransmitters in the CB has been termed a “push-pull” 
mechanism, aiming at prolonging and modulating the CB afferent discharge97. As stated 
previously, ATP-action on P2X receptors of CB nerve afferents results in NO-formation that 
exerts inhibition on CB activity, providing another mechanism for regulation of CB 
chemosensory output26.  
Conflicting results include the demonstration that both cat CB discharge and HVR was 
unaffected by suramin, reflecting possible species differences in expression of receptors120.  
 
Additional neurotransmitters in oxygen signaling 
Dopamine (DA) is abundant in type 1 cell vesicles and is released in response to hypoxia121. 
Since tyrosine hydroxylase (TH) is the enzyme responsible for DA synthesis, TH has been 
applied as an indicator for type 1 cells122.   
Whereas DA behaves as the primary neurotransmitter in rabbits and possibly dogs123, 124, it only 
deserves recognition as a modulatory transmitter in other species13. For instance, DA acting on 
D2 receptors on type 1 cells results in a negative feedback mechanism of hypoxic transmitter 
release125. Administering intravenous DA to humans at altitude reverses the previous increase in 
HVR126. Moreover, peripheral chemosensitivity is enhanced in patients with OSA receiving the 
D2-antagonist domperidone127, both observations pointing to the involvement of DA in 
regulation of breathing at hypoxia. D2 immunoreactivity is identified in the human CB type 1 
cell in autopsy material128. 
GABA released during hypoxia results in postsynaptic inhibitory feedback through ligand gated 
GABAA receptors that are demonstrated on CB neurons opposing type 1 cells129.  
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rapidly responding connection between the immune system and the CNS, analogously with the 
afferent limb of the cholinergic anti-inflammatory reflex pathway142. Considering that cytokines 
poorly cross an intact blood-brain-barrier, the peripheral CB location is ideal for this proposed 
immunosensory function. Notably, rat CB type 1 cells express the cytokine receptors IL-1R, IL-
6R, TNF-R and toll-like receptor 4 (TLR 4)137, 141, 143, 144. Whether the human CB expresses 
cytokines and their corresponding receptors is not known. 
Ibuprofen is reported to diminish the HVR in chronically hypoxic rats as well as reducing the 
acclimatization to chronic hypoxia (where inflammatory modulations are central processes)145. 
Animals exposed to chronic intermittent hypoxia (CIH) display resembling inflammatory CB 
alterations i. e. up-regulation of the cytokine and cytokine receptor gene expression and an 
increased CB chemoreactivity to hypoxia. These changes were also reversed by ibuprofen, as 
was the further up-regulation of pro-oxidant enzyme expression in CIH146, 147. 
The CB thus has the potential to participate in immune-to-brain signaling and inflammation 
seems to be central for the CB chemosensitivity acclimatization in chronic and chronic 
intermittent hypoxia148.  
 
REGULATION OF BREATHING  

Respiration originates in the medulla of the brain where the central pattern generator (CPG) is 
located, consisting of multiple interconnected regions and nuclei. In the CPG, the rhythmic 
breathing pattern is coordinated with behavioral events such as speech, swallowing and 
coughing and furthermore with input from central and peripheral chemoreceptive areas. The 
breathing pattern can be overridden voluntarily and is furthermore affected by factors such as 
degree of wakefulness, emotions and temperature.  While breathing is controlled by CO2, pH 
and O2, resting ventilation is primarily maintained by CO2 that readily crosses the blood-brain-
barrier and changes pH through hydration and ionization. An increase in PaCO2 thus results in a 
proportional decrease in cerebrospinal fluid pH149. Central chemoreceptive areas on the surface 
of the anterior medulla, in proximity of the nuclei of the glossopharyngeal and vagus nerves, 
sense this decrease in pH with an unknown mechanism.   
The CPG also receives input from peripheral mechanoreceptors in the pharynx, larynx and the 
lung, ultimately coordinating the multitude of demands to an appropriate breathing pattern150.  
The neurons in the medulla are organized in the ventral and dorsal respiratory group. The 
afferents of the glossopharyngeal and vagus nerves terminate in the dorsal respiratory group, or 
more specifically, in the NTS. This part of the medulla mainly contains inspiratory neurons and 
is concerned with timing of respiration.  
Excitatory and inhibitory neurotransmitters act in concert to modulate respiratory output from 
the medulla. The main excitatory neurotransmitter operating in this area is glutamate, acting on 
N-methyl-D-aspartate (NMDA)-receptors and the primary inhibitory transmitters are GABA 
and glycine, acting on GABAA and glycine receptors, respectively151. Neuromodulators such as 
ACh from central chemoreceptor neurons and glutamate from pontine and peripheral 
chemoreceptor neurons then exert their effects on CPG neurons, fine-tuning the coordination of 
breathing. Consequently, drugs reaching the CNS and acting on these receptors can affect 
breathing.  
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strengthens the theory of genetic involvement, namely the heterozygous missense mutation of 
SDHD (as described above) that resulted in a slight decrease in HVR, and a mutation in the von 
Hippel-Lindau tumor suppressor protein gene that causes Chuvash polycythemia with HIF-
accumulation and an augmented HVR157, 158. 
The HVR matures in the development from fetus to newborn and is considered complete 
around 2 months of age in humans. Notably, fetal hypoxia results in abolished breathing 
movements and neonates exposed to hypoxia exhibit only a slight increase in ventilation but 
more importantly, a marked reduction of metabolism indicating a lack of protective 
mechanisms against hypoxia when the HVR is immature159. Interestingly, the fetal response to 
hypoxia resembles the centrally mediated response to hypoxia in adults described above.  
Circadian rhythm, hormones, psychological factors, and pregnancy further affect HVR as well 
as pharmacological agents, as discussed below.  
 
HVR in humans and animals 
The HVR shows a wide variation between species as well as between different strains of 
species, where the magnitude of HVR can vary with a factor up to 7 between rat strains160. In 
mice, the DBA/2J strain has a substantially larger HVR than A/J mice. The genetic background 
to this phenotype difference includes a reduced expression of Maxi-K channels in A/J mice161. 
In humans no such phenotype-genotype studies are available and since differences in terms of 
HVR exist between humans and animals, further human studies of this kind are needed.  
In humans, the magnitude of the HVR is conserved throughout life157. In animals, on the 
contrary, age markedly reduces the HVR by more than 50%162.  Since the CBs of aging humans 
exhibit fibrosis, loss of type 1 cells and infiltration of inflammatory cells, the conservation of 
HVR supports a redundancy of CB chemoreceptive capacity not seen in animals12. While 
animals show restoration of the lost hypoxic drive upon bilateral CB resection in weeks-years 
which may be due to a chemoreceptive activation of the aortic bodies163 there is a lack of HVR 
recovery is observed in humans 4-8 years after such surgery6, 152. Accounting for these 
differences, the human CB appears to be more specialized and indispensible for hypoxic 
regulation of breathing than in animals.  
 
Hypercapnic ventilatory response 

Briefly, a rise in PaCO2 results in a rapid ventilation augmentation through gain in tidal volume 
and frequency of breathing due to an increased discharge in the phrenic nerve. A steady state is 
reached after a few minutes, but with sustained hypercapnia ventilation continuously increases 
for about an hour before reaching a plateau level. The slope of the hypercapnic ventilatory 
response (HCVR) curve steepens with addition of hypoxia. The HCVR is used to evaluate the 
response of the entire respiratory system, including respiratory muscle function. Although the 
HCVR originates from central chemoreception, the CBs contribute with up to 30%150, and the 
sensing mechanism is recently suggested to be dependent on a decrease in pH164.   
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HYPOXIC VENTILATORY CONTROL IN ANESTHESIA 

General anesthetics are known to impose central depression of breathing. Having multiple 
targets throughout the respiratory system, drugs used in anesthesia exhibit central actions as 
well as effects on airway muscles and peripheral chemoreceptors. Even at low drug 
concentrations when central depression of breathing is not apparent, these agents may depress 
hypoxic CB chemosensitivity resulting in a reduced or abolished HVR. 
Volatile anesthetic agents induce a dose-dependent depression of ventilation characterized by a 
reduction in tidal volume that is not compensated by the concurrent increase in respiratory 
frequency165. This depression is mainly generated through central GABAA, glycine and nACh-
mediated inhibition, but to what extent volatile anesthetics affect peripheral chemoreception is 
still under debate166, 167. In humans, subanesthetic concentrations of halothane are suggested to 
reduce the HVR whereas isoflurane and sevoflurane have less or no effect on hypoxic 
ventilation168, 169. Anesthetic levels of volatile anesthetics greatly depress both the HVR and 
HCVR, possibly by a combination of central and peripheral chemosensitivity depression. 
In animals, the effect of volatile anesthetics on the HVR varies between and sometimes even 
within species. Halothane, isoflurane and enflurane in cats, goats and dogs depress HVR 
markedly, paralleled by a HCVR depression, in contrast to the rabbit HVR that seems resistant 
to isoflurane167, 170. 
Hence, in common for human and animal hypoxic regulation of breathing under influence of 
volatile anesthetics is that the choice of anesthetic is the main determinant, with the greatest 
HVR depression caused by halothane and the least depression by sevoflurane167. 
Neuromuscular blocking agents (NMBA) interfere with hypoxic regulation of breathing by 
reducing the CB response to hypoxia108. This is most likely accomplished through inhibition of 
neuronal nAChR in the CB111. Accordingly, residual effects of NMBAs postoperatively can 
attenuate the CB response to hypoxia and thereby the HVR, without changes in resting 
ventilation.  
Propofol is a commonly used agent for anesthesia and sedation. Propofol causes central 
respiratory depression via GABAA and neuronal nACh-receptors but is also shown to potently 
depress the HVR and CB chemoreactivity171, 172. The hypoxia-induced CB response is abolished 
by propofol through impairment of nicotinic transmission in the CB131.  
 
In summary, residual effects of anesthetic drugs such as general anesthetics and NMBAs impair 
CB chemosensation and the subsequent HVR. This is of crucial importance, since impaired 
peripheral chemosensation during hypoxia could induce apnea due to an unopposed central 
hypoxia response150. Consequently, residual effects of anesthetic agents leaves the patient at risk 
for acute hypoxia and thereby postoperative respiratory complications173. Since serious 
respiratory complications are common and expensive174, understanding of the underlying 
mechanisms behind impaired regulation of breathing during hypoxia is essential. 
 
HYPOXIC REGULATION OF BREATHING IN DISEASE  

Hypoxia can be both chronic as in exposure to high altitude or in hypoxemic disease, and 
intermittent with repeated hypoxic episode as in OSA. Chronic hypoxia and chronic 
intermittent hypoxia induce changes in the CB that culminate in an increased HVR and 
development of cardiovascular disorders, albeit with different pathophysiological mechanisms.  
Exposure to chronic hypoxia as in chronic obstructive pulmonary disease, congestive heart 
failure (CHF) and at high altitude induces structural and functional plastic changes in the CB.  



 

 14 

The CBs turns severely hyperplastic, plausibly due to stem cell activation and differentiation 
where type 2 cells in adult CBs are demonstrated to convert into intermediate progenitor cells 
that subsequently differentiate into mature type 1 cells12, 16. The morphological CB changes are 
accompanied by an increased CB hypoxic sensitivity. This results in augmentation of the HVR, 
which is reversible on return to normoxia157.  
Furthermore, chronic hypoxia induces inflammatory changes in the CB. Macrophage 
infiltration is increased and mRNA expression of pro-inflammatory cytokines (TNF-α, IL-1β, 
IL-6) with corresponding receptors is induced whereas anti-inflammatory drugs are shown to 
reduce this up-regulation144, 175. Inflammation is thus an element in adaptation to chronic 
hypoxia. 
Chronic hypoxia as experienced by high altitude residents living at >2000 meters increases the 
risk for CB tumors with a factor of ten, related to the vigorous hyperplasia176. 
Obstructive sleep apnea (OSA) is characterized by intermittent hypoxia due to repeated apneas 
and hypopneas during sleep caused by upper-airway obstruction. Patients with severe OSA 
have >30 apneas or hypopneas per hour, typically causing subsequent desaturations. OSA 
patients may thus be exposed to chronic intermittent hypoxia that induces an increased CB 
chemosensitivity, contributing to sympathetic activation and increased catecholamine synthesis 
ultimately causing hypertension and cardiovascular disorders177, 178. This is proposed to be due 
to the imbalance between HIF-1α and HIF-2α resulting in accumulation of ROS and thereby 
oxidative stress, as well as activation of pro-inflammatory pathways in the CB, ultimately 
resulting in enhancement of CB activity146, 179. Thus, one of the important mechanistic 
differences between chronic hypoxia and chronic intermittent hypoxia is the CB down-
regulation of HIF-2α in chronic intermittent hypoxia, which is proposed to be the key to 
systemic hypertension through increased sinus nerve discharge179. Interestingly, no 
morphological CB alterations are seen in rats exposed to chronic intermittent hypoxia180. 
Whether this is true for humans is not known at present. 
 
 
STUDIES ON THE HUMAN CAROTID BODY  

After De Castro’s and Heymans’s discoveries of the CB chemosensing function, these organs 
received a (well-deserved) place in the spotlight. In the 50’s and 60’s many anatomists studied 
the human CB during necropsies and defined the gross morphology as well as cellular 
structures using conventional and electron microscopy. But even before this, a Japanese pioneer 
surgeon, Nakayama, started to perform bilateral removal of the CBs to treat chronic bronchial 
asthma181. From 1942 and on, he treated 4000 patients with this surgical technique and gained 
disciples worldwide that adopted his method, although mostly in a unilateral manner. In a report 
on 350 glomectomized patients in North Carolina, 80% showed immediate relief of asthma 
symptoms (i. e. breathlessness and “wheezing”) and very few complications and/or side effects 
were noted182. However, in the next decades it became obvious that these patients exhibited an 
irreversibly blunted or nearly abolished HVR after unilateral and bilateral CB resection, 
respectively, as demonstrated by Severinghaus and co-workers studying patients after unilateral 
and bilateral carotid endarterectomy as well as unilateral and bilateral CB resection to treat 
asthma symptoms152, 183. They also reported a reduced ventilatory response to hypercapnia in all 
patient groups.  
The human HVR has furthermore been investigated in the presence of pharmacological 
interventions. Besides the anesthetic agents discussed above, the human HVR increases with 
administration of the DA antagonists haloperidol and domperidone and the anti-oxidant N-
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acetylcystein71, 184, 185. Conversely, treatment with DA and L-NMMA attenuates the human 
HVR89, 184. Moreover, endogenous adenosine levels showed a direct correlation with HVR186. 
Without disregarding the importance of these studies on CB resected patients and HVR 
interventions, they are after all indirect demonstrations of human CB function. Until 2013, there 
was no further advancement in terms of direct human CB function confirmations. But recently, 
Lopez-Barneo and co-workers could show that human CB cells exhibit voltage-dependent Na+, 
Ca2+ and K+ currents, Ca2+ influx and quantal release of neurotransmitters upon hypoxia, as 
investigated on human CB tissue from deceased patients during or after organ donation 
surgery48. Although performed on tissue severely affected by inotropic drugs and diminished 
or abolished circulation, it was certainly a first step towards knowledge on human CB 
function. 
Studies on the human CB biochemical structure have also been performed on tissue obtained 
during autopsies, 3-78 hours post mortem. In patients who deceased from heroin intoxication, 
protein stainings of HIF-1α, vascular endothelial growth factor and neuroglobin were stronger 
compared to trauma-deaths, indicating exposure to extended hypoxia in the first group187. There 
was, however, no up-regulation of NOS-2 demonstrated. With regards to oxygen signaling, TH, 
the D2 receptor, catecholamines and histamine H1 and H3 were demonstrated with 
immunohistochemistry128, 188. Interestingly, in the human CB there is a limited expression of TH 
compared to the mouse and rat CB189, 190. Likewise, other components such as spexin, 
cytoglobin, leptin, adrenomedullin, bombesin, neurofilament, serotonin, ERK, enkephalins and 
several neurotrophic factors have filled the otherwise fairly empty map of human CB-resident 
proteins187, 189, 191-194.  
Attempts have been made with stereotactic autoimplantation of CB cells in the striatum of 
patients with severe Parkinson disease based on the high CB expression of glial derived 
neurotrophic factor (GDNF), diligently tested as protection for nigrostriatal pathways in 
Parkinson disease195.  A modest, clinical improvement was noted, yet not regarded as enough to 
consider CB autotransplantation a realistic therapeutic option, according to the authors.   
 
In summary, control of respiratory and cardiovascular homeostasis is a prioritized physiological 
process and therefore rapid sensing and signaling of the chemical composition of arterial blood 
is essential. The CB is the primary peripheral chemosensor, responding to hypoxia and several 
other blood-borne stimuli that are transduced to an increased firing in the sinus nerve, 
ultimately resulting in a respiratory and cardiovascular response25. The mechanism of CB 
oxygen sensing and signaling has been extensively explored in different species in the past 25 
years1, 97. Still, a consensus on the exact oxygen sensing mechanism is missing and, notably, 
knowledge on the human CB function and molecular structure in relation to sensing and 
signaling of oxygen and inflammation is limited. Moreover, both important similarities and 
differences in CB molecular structure and HVR is seen between species, further emphasizing 
the need for CB studies targeting the human CB, since animal data may not be readily 
translatable to humans196.  
Finally, respiratory disease and anesthetic agents can affect CB oxygen sensing and signaling 
and there is consequently a need for detailed knowledge on the human CB in order to improve 
our understanding of the underlying mechanisms behind impaired hypoxic regulation of 
breathing by anesthetic agents and diseases.  
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AIMS 

 
 
 
 
 
 
 
 
 
 
The overall aim of this thesis was to describe the human carotid body in terms of gene 
expression in oxygen sensing and signaling pathways and the inflammatory response, solely 
and in comparison with other species, and furthermore to investigate the response of the human 
carotid body to hypoxia. The specific aims were: 
 
 

• To characterize the expression of cholinergic, purinergic and dopaminergic receptors 
and potassium channels in the mouse carotid body 
 

• To map the expression of key genes in sensing and signaling of oxygen and 
inflammation in the human carotid body on mRNA and protein level. 

 
• To comprehensively define the human carotid body transcriptome and compare it to 

transcriptomes of other human tissues and of the mouse carotid body with focus on 
oxygen sensing and signaling as well as inflammation 
 

• To investigate human carotid body function under hypoxic challenge by analyzing 
neurotransmitter and cytokine release during acute and prolonged hypoxia. 

 
 



 

 17 

MATERIALS AND METHODS 

 
 
 
 
 
 
 
 
 
 
The following sections provide a brief description and discussion of materials and methods 
used in this thesis. Detailed information on all materials and methods is presented in paper I-IV.                      
 
PATIENTS 

Patients were recruited following study approval from the Regional Ethics Committee on 
Human Research at Karolinska Institutet, Stockholm, Sweden. The trials were performed in 
agreement with the 2008 revision of the Declaration of Helsinki. All patients entered the study 
after informed and written consent. 
A total of 14 patients (13 male and 1 female) scheduled for a modified radical neck dissection 
due to head and neck malignancy (cancer of the parotid gland or the tongue) were included. 
None of the patients had a tumor involving the carotid body, nor had they received radiation or 
chemotherapy prior to surgery. One patient (patient no. 4 in study IV) was using snuff but the 
remainder was nicotine-free.  For patient demography, see table 2 below. 
 

Patient Study Gender 
(M/F) 

Age 
(y) 

ASA BMI 
(Kg/m2) 

1 II M 67 1 26 
2 II M 36 1 21 
3 II, III M 68 1 20 
4 II, III M 64 2 31 
5 II M 38 1 26 
6 II, III M 56 1 24 
7 III  M 43 1 28 
8  III  F 57 2 26 
9  IV  M 71 3 26 
10  IV  M 42 1 26 
11  IV  M 80 3 20 
12  IV  M 57 1 28 
13  IV  M 46 1 30 
14  IV  M 58 2 32 
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METHODS 

Below is a presentation (Table 3) of the methods used in paper I-IV.  

 

SECTIONING AND HEMATOXYLIN-EOSIN STAINING 

Serial sections of 14 μm of both mouse and human CBs were cut using a cryostat and mounted 
onto microscope slides. Selected slides were stained with hematoxylin and eosin to determine 
the histology of the sections and to provide a correlate for the immunohistochemistry images. 
 
IMMUNOHISTOCHEMISTRY 

In order to demonstrate localization of a selected protein in the type 1-cell of the CB, double-
staining with tyrosine hydroxylase (TH) or β-III-tubulin, established markers of the type 1 cell 
was carried out198. After incubation in PBS and blocking in PBTA (consisting of PBS, bovine 
serum albumin and Triton-X) the primary antibodies in appropriate dilution in PBTA were 
applied and incubation overnight in 4 °C ensued. The slides were then washed in PBS before 
secondary antibodies conjugated with the flourochromes Alexa 488, 555 and 647 were applied 
for a 30-minute incubation in room temperature. The antibody excess was washed off with PBS 
and the coverslips were mounted using cover medium containing 4', 6-diamidino-2-
phenylindole (DAPI) for visualization of the cell nuclei.   
 
CONFOCAL MICROSCOPY 

The fluorescence of the spectrally separated secondary antibodies was detected with a confocal 
microscope (Zeiss LSM 710). The flourochromes were excited with an appropriate wavelength 
of light (laser) in the confocal microscope and the emitted light was then detected and 
transformed into an electrical signal, interpreted by the computer software (Zen 2009 and Zen 
2012).  
 

Method Paper 
Cryostat sectioning I, II, III, IV  
Hematoxylin-Eosin staining I, II, III, IV 
Immunohistochemistry I, II, IV 
Confocal microscopy I, II, IV 
Microarray analysis II, III 
PCR II, III 
HPLC IV 
Luminometric assay IV 
Multiplex assay  IV 
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MICROARRAY ANALYSIS 

In order to determine the human CB gene expression in study II and III, mRNA was identified 
with microarray analysis. Prior to this, the RNA was extracted and purified from the samples 
with an RNeasy kit (Invitrogen) after homogenization and subsequent extraction with 
chloroform and ethanol. The samples were then pre-labeled and hybridized using the 
Affymetrix oligonucleotide microarray. The mRNA hybridization signal intensity was analyzed 
with Microarray Suite Software (MAS) to estimate the expression values for each transcript. 
Transcripts above the threshold of detection (defined by a statistical detection algorithm in 
MAS) were considered present and transcripts below the threshold of detection were considered 
absent.  
In study III, the number of expressed genes was also estimated with the Gene Expression 
Barcode software (Affymetrix Software) as described by others199. In study III, raw global CB 
gene expression data from C57BL/6 mice and DBA/2J normoxic control mice from two 
previous studies161, 200 were further analyzed in the same manner as the human data to determine 
the expression profiles of the genes in mouse CB oxygen and inflammation sensing and 
signaling. The resulting lists of genes were thereafter compared to our human data.  
 
DIFFERENTIAL GENE EXPRESSION ANALYSIS 

In order to evaluate the unique specific gene expression profile of the human CB the raw 
transcriptome data in Affymetrix CEL files were compared to the pre-computed transcriptomes 
of other tissues using the Barcode online analysis tool199. Differential gene expression analyses 
of the human CB versus the transcriptomes of functionally related human and mouse tissues, 
specifically brain and adrenal gland, were accomplished using yet another online resource, 
WebArrayDB201. The transcriptomics data for these tissues were obtained from the public 
repositories (NCBI’s GEO and ArrayExpress). A fold change of 5 and p<0.01 were arbitrary 
chosen as cut-off values for up- or down regulation of gene expression.  
The resulting lists of up- and down regulated genes in the human CB were further analyzed for 
gene ontology (GO) term enrichment with additional online tools, the DAVID online 
bioinformatics resource202 and WEB-based Gene Set Analysis Toolkit (WebGestalt) 
(www.bioinfo.vanderbilt.edu/webgestalt).  
 
PCR 

Two different PCR techniques were used, conventional PCR and real-time PCR. In study II and 
III, Real-time PCR was used to evaluate the expression levels of the selected genes. Briefly, 
complimentary DNA (cDNA) was produced using oligo(dT) primers in a reverse transcription 
system (Invitrogen), followed by amplification with the 7500 Real Time PCR System (Applied 
Biosystems). For this reaction, cDNA template and TaqMan Gene Expression Assays for the 
selected genes were used. The values acquired according to the ΔCt method were related to the 
expression of TH. 
In study III, we used conventional PCR to amplify the human cDNA of a putative Maxi-K K+ 
channel splice variant.  
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HPLC 

ACh release from the CB slices was detected using high-performance liquid chromatography 
(HPLC). The samples were run through a centrifugal filter and ACh was determined by HPLC 
linked to a post column immobilization enzyme reactor followed by electrochemical detection 
with a Pt-electrode as described by Yoshitake et al.203.  
 
LUMINOMETRIC ASSAY 

ATP levels in the medium following acute hypoxia and in hyperoxic controls before and after 
the challenge were determined using the ATP Bioluminescence Assay Kit (Sigma) containing 
luciferin-luciferase. Luciferase oxidizes luciferin in the presence of ATP. Photons are produced 
in this reaction and are detected with a luminometer. ATP values were calculated using the 
standard ATP calibration curve.  
 
MULTIPLEX ELISA ASSAY 

After prolonged 1-h hypoxic and hyperoxic challenges, the levels of ten cytokines (GM-CSF, 
IFN-γ, IL-1β, IL-2, IL-4, IL-5, IL-6, IL-8, IL-10 and TNF-α) were determined with the Human 
Ultrasensitive Cytokine 10-Plex Panel (Life technologies). The assay was performed using the 
200™ dual laser detection system (Luminex Corporation). 
 

STATISTICS 

In study VI, the data on neurotransmitter and cytokine release were analyzed with Student’s t-
test and Wilcoxon’s signed rank test (Prism 6.0 GraphPad), respectively. A P-value of <0.05 
was considered significant. 
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DISCUSSION 

 
 
 
 
 
 
 
 
 
 
In this thesis we sought to characterize the human CB oxygen sensing and signaling gene 
expression, neurotransmitter release and genes and molecules involved in the inflammatory 
response. To our knowledge this is the first time that human CB tissue from healthy surgical 
patients has been investigated during normoxia, acute and prolonged hypoxia. We disclosed 
many similarities but also differences in human CB gene expression compared to that of other 
species. We also found that the human CB expresses receptors and receptor subunits that are 
targets for potent anesthetic agents, findings that provide a base for a more fundamental 
understanding of possible mechanisms behind anesthesia-related impairment of regulation of 
breathing during hypoxia.  
 
 
THE HUMAN CB IN OXYGEN SENSING 

Despite an impressive number of investigations using sophisticated animal models aiming to 
uncover fundamental components in CB oxygen sensing, there is still no general consensus on 
the mechanism by which oxygen is being sensed by the CB. Rather, there is an array of theories 
prevailing and the true oxygen sensor(s) may include components from more than one of these 
concepts. On the other hand, there is more of a general agreement on the transduction steps 
following oxygen sensing, namely inhibition and closure of oxygen sensitive K+ channels 
resulting in depolarization of the type 1 cells, Ca2+-entry and a subsequent neurotransmitter 
release. Importantly, the expression of these specific K+ channels is species-dependent, 
suggesting somewhat divergent CB oxygen sensing mechanisms in different species. 
 
This work is an attempt to describe the human CB on a morphological, gene expressional and 
functional level. Ultimately, the profiles of the human and rodent CB are compared in order to 
determine the validity of the rodent CB platform for further studies on oxygen sensing with 
existing animal- and cell models and for extrapolation of the results to humans CB oxygen 
sensing.   
 
A substantial part of the large family of K+ channels is sensitive to oxygen and essential for 
oxygen sensing and signaling. The composition of oxygen sensitive K+ channels varies between 
species as well as their role within the oxygen-sensing pathway. We speculate that out of the 
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four oxygen sensitive K+ channels expressed in the human CB (Kv 1.5, Kv 2.1, TASK-1 and 
Maxi-K) the primary candidates for a key role in oxygen sensing are TASK-1 and Maxi-K, 
considering the wealth of data supporting the importance of one or the other or both in animal 
CB oxygen sensing42. TASK-1 and TASK-3 are reported to exist as functional heterodimers in 
rats, but in human CBs TASK-1 was expressed as mRNA and protein without assembly of any 
of its potential dimerization partners TASK-3 and TASK-5. Interestingly, it has been shown 
that the open probability of TASK-1 in hypoxia is greatly increased by halothane (but not by 
isoflurane) in a rat CB cell preparation, thereby rendering the type 1 cell relatively resistant to 
depolarization204. Thus, TASK-1 in the human CB type 1 cell is a possible target for volatile 
anesthetics, providing a potential mechanism for depression of the CB response to hypoxia by 
some of the volatile anesthetics. In addition, considering its acid-sensitive nature, human CB 
TASK-1 channels may be directly inhibited by acidemia in exercise or disease, triggering 
ventilation and sympathetic activation.  
Splice variants of the Maxi-K α-subunit respond differently to AMPK-induced channel 
inhibition205. The human CB exclusively expresses the ZERO isoform, short of the stress-
regulated exon (Strex) that reduces AMPK inhibition of Maxi-K, as opposed to the rat CB that 
expresses both variants, albeit only the ZERO isoform in the CB type 1 cell205. There is reason 
to believe that this isoform is also expressed specifically in the type 1 cell of the human CB, 
being the only expressed isoform shown by the microarray and PCR analyses, and since Maxi-
K is demonstrated to co-localize with β-III-tubulin in human CB type 1 cells. AMPK transcripts 
are, as expected considering its distribution in different cell types, present as mRNA in the 
human CB, although not yet demonstrated as protein in the type 1 cell. We also demonstrate 
mRNA and protein expression of HO-2 in the human CB. This CO-synthesizing enzyme is 
known to co-localize with Maxi-K, likewise present in the human CB, further providing two 
key components to possibly orchestrate the human oxygen-sensing cascade. 
The counterbalance between the two gaseous messengers CO and H2S seems to be of 
importance for CB oxygen sensing in animals, H2S being a stimulating mediator and CO an 
inhibiting mediator of CB activity79. H2S synthesis is evoked by hypoxia and H2S is considered 
to be synthesized mainly by CSE in the CB, whereas cystathionine β-lyase (CBS) is the 
primary H2S synthesizing enzyme in the brain. CSE-/- mice show a severely impaired CB 
response to hypoxia which indicates a role for H2S in CB activation79. Furthermore, CSE is 
proposed to be the primary H2S-synthesizing enzyme in three different rat strains82. While we 
found expression of CSE in the human CB with both microarray and PCR, CBS was only 
detected by PCR and with uncertain expression by microarray. Surprisingly, in the two mouse 
strains (C57BL/6 and DBA/2J) used for comparison in study III, CSE was absent. As CSE has 
been demonstrated in mice previously we speculate whether this is due to strain specificity or 
due to low-resolution signals in the microarray. We propose that CSE may be the primary 
catalyzer in H2S formation in the human CB, resulting in enhancement of the hypoxia-evoked 
response.  
Finally we found that NOS-1, one of the enzymes synthesizing NO, another gaseous transmitter 
proposed to be involved in CB chemosensing was expressed in limited amounts as detected 
with PCR and with an uncertain expression with microarray due to conflicting results from the 
multiple probe sets interrogating the same gene. We speculate that NOS-1 is expressed in the 
human CB, albeit in limited amounts during normoxia, whereas NOS-2 and NOS-3 was absent. 
Whether NOS-1 is expressed in human CB type 1 cells or on adjacent nerve endings was not 
determined in this thesis. 
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of the average released human quanta was higher than in the rat and rabbit (see190 and 
references therein). However, the nature of the neurotransmitters was not revealed.  
In this thesis we demonstrate a release of ACh and ATP as well as cytokines in response to 
hypoxia, and furthermore gene and protein expression of key nicotinic, purinergic, 
dopaminergic and GABA-ergic receptors and receptor subunits.  
When exposing human CB slices to acute hypoxia we found a distinctly increased release of 
ACh and ATP compared to baseline release, and thereafter return to baseline after the hypoxic 
exposure. The relative increase in ACh and ATP release was comparable, with an 
approximately four-fold increase for both transmitters. On the other hand, while the absolute 
levels for ATP-release was similar to cat and rat ATP-release114, 206, the absolute human CB 
ACh-release was 10-fold lower than reported in cats, although the range of release between the 
different studies was strikingly wide115, 207. We speculate that this is related to the fact that the 
cat sinus nerve discharge is higher than in other species208, or that the released ACh in the 
human CBs is amplified through autocrine and paracrine effects. Another explanation could be 
different set of nACh and mACh receptors in human and cat CBs.  
Because ACh and ATP are generally regarded as the primary excitatory neurotransmitters 
based on an array of studies in multiple species, we hypothesized that the human CB would 
operate with the similar set of neurotransmitters. From a functional perspective, it should be 
noted that CB discharge is almost completely abolished by concurrently blocking nAChR and 
P2X receptors113, indicating the relevance of ACh and ATP exclusively and in concert for CB 
neurotransmission. Confirming our hypothesis, we demonstrate that this set of 
neurotransmitters is rapidly released from the human CB during acute hypoxia.  
 
In study II, the corresponding receptors and receptor subtypes for both ACh and ATP were 
demonstrated in the human CB.  
The α3 nAChR subunit was demonstrated in all patients on both mRNA and protein level. The 
protein expression of the α7 subunit was inconclusive whereas PCR provided enough data to 
confirm its expression. The β2 nAChR subunit was detected with PCR and 
immunohistochemistry but not with microarray, perhaps an effect of the sensitivity of the 
microarray technique where transcript levels are commonly underestimated. α3 and β2 nAChR 
subunits co-localized with β-III-tubulin in the type 1 cell in concordance with previously 
characterized animal CB nAChR subunits105 as well as with the mouse CB in study I. We note 
that the α7 nAChR subunit is previously only demonstrated in animal CB nerve terminals, 
whereas we showed the α7 nAChR subunit in the mouse and human CB type 1 cell. We 
speculate that besides regular cholinergic signaling between the type 1 cell and the sinus nerve 
afferents, heteromeric neuronal nAChRs and the homomeric α7 nAChR on the type 1 cell 
mediate autocrine induction, further increasing the neurotransmitter signal intensity. A possible 
role of the α7 nAChR in inflammatory signaling is further discussed below.  
Although α4 mRNA and protein is demonstrated in CBs of several species, including the 
mouse CB in study I, we could not detect this subunit in the human CB, indicating that an α3-
containing nAChR subtype and the homomeric α7 nAChR may be the functional nAChRs in 
cholinergic signaling within the human CB. This is in line with that nAChRs containing the α3 
(i.e. α3β2 and α3β4) and α7 subunits are present in cholinergic ganglia of the autonomic 
nervous system. 
In the human CB we found that P2X2 was expressed as mRNA and protein and was localized to 
the type 1 cell, which we also demonstrated in the mouse CB (study I). However, P2X3 was not 
present in the human CB but present in the mouse CB type 1 cell. As P2X2

-/- but not P2X3
-/- 

mice show a profoundly attenuated HVR, a genetic abolition of P2X3 could be part in an 
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evolutionary refinement of the human CB. Indeed, the human CB transcriptome is 
approximately 30-40% larger than that of the mouse CB200, indicating a higher complexity. 
 
GABAA receptor agonists inhibit CB activation through a proposed action on postsynaptic 
GABAA receptors129. The human CB expresses the α2, β3 and γ2 GABAA receptor subunits, 
coincidentally also being the subunits forming the common α2β3γ2 GABAA receptor subtype 
in the CNS. The α2 subunit was previously reported as absent in the cat CB while present in the 
rat, indicating species differences in GABA-ergic CB signaling129, 209. 
Propofol is a positive modulator and agonist at the GABAA receptor and the β-subunit is 
essential for binding of propofol, as demonstrated in a study where point mutations in the 
human GABAA β2 and β3 subunits resulted in a reduced effect of propofol210. Besides GABAA 
potentiation, propofol inhibits the neuronal α4β2 nAChR in relevant concentrations211 while 
higher doses were needed for inhibition of the α3β2 and α7 subtypes (unpublished data, 
Jonsson Fagerlund). The propofol-induced depression of the CB, attributed partly to inhibition 
of nAChRs in the CB131, may be caused by an activation of the α2β3γ2 GABAA receptor and 
inhibition of neuronal nAChRs in the human CB, as well as activation of the TASK-1 K+ 

channel. Since the α7 nAChR is unaffected by propofol (unless in very high concentrations) we 
regard propofol inhibition of CB signaling via this receptor less likely212.  
The importance of GABA-ergic transmission in regulation of breathing in hypoxia is further 
underlined by the demonstration that a change in the NTS-expression of GABAA receptor 
subunits from α3 to α1 in a critical period of respiratory development results in a markedly 
reduced acute HVR in the rat pup. Whether this is true in human development of respiratory 
reflexes to hypoxia is not known99.  
In the human CB, the expression of the GABAB1 subunit was also confirmed. This 
metabotropic receptor is present in the rat CB and potentiation of GABAB with an agonist 
results in activation of TASK-1, thereby depressing CB activity132.  
DA released in the CB in response to hypoxia is suggested to exert negative feedback on 
excitatory neurotransmitter release through activation of type 1-cell D2 receptors, demonstrated 
in cat and rat CBs213-215. We further show the D2 receptor in CB type 1 cells in mice and 
humans. However, whether DA is released in the human CB in response to hypoxia is not 
shown in this thesis. 
Adenosine is released from the rat CB in response to hypoxia and acts as an excitatory 
neurotransmitter by activating A2A receptors on type 1 cells and nerve endings216, 217. As in the 
rat CB217, the A2A receptor is demonstrated in the type 1 cell in the human CB. 
 
In summary, the human CB releases ACh and ATP as well as cytokines in response to hypoxia. 
We have furthermore demonstrated nicotinergic, purinergic, GABA-ergic and dopaminergic 
receptors in the human CB (Fig. 16) and it may thus be argued that a combination of excitatory 
and inhibitory neurotransmitters exert effects on their corresponding receptors in a direct, 
autocrine and paracrine manner, resulting in the balanced “push-pull” mechanism in CB 
activity proposed in mammals.  
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circumstances the human CB expresses early and late mediators of inflammation and 
inflammatory receptors. It would, however, be interesting to investigate the change in 
expression pattern of inflammatory response genes in the human CB exposed to a longer period 
of hypoxia.  
A recent study showed that cytokines contribute to an increased CB response to prolonged 
hypoxia in rats219. Whole rabbit CBs exposed to hypoxia release prostaglandin E2

220, but 
hypoxia-evoked CB release of cytokines has not been investigated further. We hereby present 
an increased release of IL-1β, IL-4, IL-6, IL-8 and IL-10 in comparison to hyperoxia.  The 
cytokine levels in study IV were measured in arbitrary units and the relative change in cytokine 
levels during hypoxia 1h was compared to the relative change in cytokine levels during 
hyperoxia 1h (control). These arbitrary levels cannot be correlated to clinical levels of 
circulating cytokines. Instead, a paracrine or autocrine mechanism for the released cytokines is 
proposed. Although an increased release in hypoxia could be detected, the levels of IL-4 and 
IL-10 were low, and further data is needed to investigate the cytokine release in depth. Based 
on the demonstrated cytokine release in response to hypoxia, immune signaling in response to 
prolonged hypoxia is possible in the human CB. However, since only one time point was 
studied (i.e. 1 hour of hypoxia) conclusions regarding the inflammatory release pattern of early 
and late mediators must be made with great caution.  
 
Systemic inflammation may be transmitted to the CNS through either blood-borne humoral and 
cellular signaling, where circulating inflammatory mediators may pass the blood-brain barrier 
and activate immune competent cells within the CNS to produce second messengers ultimately 
affecting the brain, or via neural signaling where e.g. vagus afferents are activated by immune-
cell generated cytokines. In a similar way, the CB has been proposed to participate in neural 
signaling (complimentary to the vagal-dependent inflammatory reflex pathway) of peripheral 
inflammation by relaying the information to the CNS through nerve afferent signal 
modulation142. Ackland et al. showed that CBs of mice exposed to the pathogen zymosan 
exhibited an increased chemoafference at rest and in response to hypoxia in the absence of 
acidemia or hypercapnia140. Moreover, IL-1β and IL-6 increases the release of Ca2+ from 
clusters of CB type 1 cells138, 139, and both IL-1β and LPS administered intraperitoneally induces 
an increased expression of cytokines and cytokine receptors in the rat CB218, 221.The tachypnea, 
tachycardia and hypotension instigated in rats with LPS administered intravenously was 
prevented with a previous neurotomy of the CSN and aortic nerve137. Although contradicting 
findings exist, such as the demonstration of a decreased CSN-frequency with TNF-α stimuli on 
the in vitro rat CB137, the main body of evidence points towards a CB function in 
communication between the immune system and the CNS. This could be important in early 
stages of inflammatory activity by inducing appropriate respiratory and cardiovascular 
responses. In fact, rats with carotid sinus denervation exhibit a shorter survival time in 
endotoxin-induced sepsis222.  
Fundamental components for the immune-to-brain communication link are now established in 
the human CB. However, the inflammasome immunoreactivities NLRP 1 and 3 were not 
expressed in our human CB samples, as in the CBs of the previously described rats exposed to 
zymosan140. 
Another component shown in the human CB and essential for immune-to-brain signaling is the 
α7 nAChR subunit. This subunit is necessary for the cholinergic anti-inflammatory reflex 
pathway, a vagus-nerve circuit that ultimately inhibits TNF-α production in spleen 
macrophages expressing the α7 nAChR subunit142. It was recently discovered that vagus nerve 
efference results in adrenergic activation of spleen T-cells relaying the cholinergic ACh signal 
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required for regulation of the macrophage TNF-α release223. In the same way, it may be 
speculated that the human CB could be activated by circulating early inflammatory mediators 
and transforming this stimuli into an afferent signal to the brainstem, from where a 
cardiovascular and possibly an immunomodulating response is evoked.  
 
In acclimatization to chronic hypoxia, inflammatory changes in the CB are induced, such as 
infiltration of immune cells and an increased expression of cytokines and cytokine receptors 
together with an increased chemosensitivity and augmented HVR, as reviewed by Porzionato et 
al148. In the human CB we demonstrate that genes involved in angiogenesis were enriched, in 
line with the CB ability to undergo hyperplastic and immunomodulatory changes in response to 
chronic hypoxia12, 144, 175. Interestingly, in animals these changes are blocked by treatment with 
anti-inflammatory agents145. Accordingly, we show that the only patient in study IV that 
received an anti-inflammatory drug prior to CB extraction displayed a diminished release of 
cytokines in response to hypoxia.  
Notably, in rats exposed to chronic intermittent hypoxia, ibuprofen prevents the augmentation 
of the HVR and the hypertension but not the potentiation of CB chemoreactivity. This suggests 
a different mechanism behind the increased CB chemoresponse in chronic intermittent hypoxia 
compared to chronic hypoxia, supposedly through altered HIF-balance95.  
Surgery is known to trigger an inflammatory response involving local and systemic 
upregulation of early cytokines through activation of peripheral immune cells224, 225. The fact 
that the CB samples were taken during surgery with ongoing trauma-induced inflammatory 
response combined with lack of perfusion before removal may have contributed to residual 
immune cells with the CB capillaries. However, we believe that the impact of this is minimal 
since the same CB was used to provide slices for both the hypoxic and control experiments, i.e., 
slices used for comparison in the control and hypoxic challenges came from the same CB and 
hence the same conditions.  
Lymphocytes have previously been reported in the human CB and mast cells in vicinity of the 
vessels in the human CB18. However, the degree of RNA contribution is most likely low 
because the limited amount of circulating macrophages or monocytes in the blood in early 
phases of the aseptic trauma caused by surgery. Furthermore, the tissues that the CB was 
compared to in study III (brain and adrenal gland) had not been perfused before analysis and the 
comparison would be influenced equally with regards to contribution of inflammatory cells.  
 
Despite the limited number of patients studied, we show increased release of both pro- and anti-
inflammatory cytokines from the human CB in response to 1-hour prolonged hypoxia, 
indicating that the CB orchestrates a cascade of inflammatory mediators with the ability to 
modulate the inflammatory response to hypoxia. An alternate interpretation would be that 
simultaneous pro- and anti-inflammatory effects resulting from activation of corresponding 
receptors are part of auto- or paracrine regulation of both neurotransmitter and further cytokine 
release.  Finally, it may also be argued that the human CB gene expression of early and late 
inflammatory mediators and receptors is associated with the cholinergic anti-inflammatory 
reflex pathway. In this way, systemic inflammation may activate the CB to further evoke early 
signs of the inflammatory response such as tachycardia and hyperventilation.  
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stenosis the CB is accessed, however, due to the arterial occlusion the blood flow to the CB is 
proposed to be severely impaired and the typical patient going through such surgery per 
definition displays severe cardiovascular disease that might affect CB structure and function. 
Another option is to extract CBs from organ donors during or after the actual organ donation 
surgery. Yet, these patients are confirmed brain dead before surgery and are typically subjected 
to potent pharmacological treatment in the preceding time period, besides the fact that the 
cerebral circulation per definition is abolished with following, plausible effects on CB 
perfusion. Our approach has been to obtain fresh CB tissue directly after surgical removal from 
patients without interference from co-morbidities, pharmacological influence or radiation with 
an assured denervation of the CB prior to extraction. This was achieved by utilizing CBs 
extracted unilaterally from ENT patients going through elective modified radical neck surgery. 
With this approach, we could investigate the human CB in terms of morphology, gene 
expression and function with carefully selected methods.   
 
During the course of the studies we faced a number of challenges. With the narrow inclusion 
criteria of our protocol, patient availability became limited. In each included patient, there was a 
limited amount of tissue related to the small size of the organ and furthermore a low RNA 
yields. The heterogeneity of the human CB has been a further constraint. Methods were 
selected according to these prerequisites and after establishing a platform based on experiences 
and acquired methods from study I on the mouse CB.  
We chose to first characterize human CB oxygen signaling components with 
immunohistochemistry, microarray and PCR in study II, oxygen sensing and inflammation 
gene expression with microarray, PCR and gene-expression comparison software tools in study 
III and finally human CB function using an hypoxia experimental setup as well as 
immunohistochemistry to confirm the expression of selected proteins.    
As immunohistochemistry is known to provide a risk for false positive results due to non-
specific binding and conversely, low sensitivity due to fixation errors, steric obstacles in 
binding of antibodies and low affinity of the antibody, the method is preferred in combination 
with other, overlapping methods. In study II and III we also used microarray and PCR to 
demonstrate mRNA expression.  
The PCR technique has a lower sensitivity threshold compared to the microarray technique, 
which could explain discrepancies in gene expression, as noted in study II. This is one reason 
why PCR is often used as a complement or confirmation technique to microarray. Since the 
translation of mRNA to protein is not a linear process, demonstration of proteins with 
immunohistochemistry is of added value, besides the profit of gaining information on the 
cellular localization of proteins in different cells. The use of Western blot would have added 
quantitative information but would have provided no indication of protein localization. Due to 
the limitation in tissue amount this method was not incorporated in the protocol.  
 
An obvious matter when exposing CB tissue to hypoxia is the level of hypoxia actually attained 
in the CB tissue in relation to the level of hypoxia in the perfusate or medium. In vivo CB tissue 
PO2 is usually lower than PaO2 and this difference between surface and tissue PO2 is even larger 
in vitro using a perfusate or medium. The measured in vivo CB tissue PO2 diverges between 
studies but a normal to high value compared to other tissues is considered a present consensus13. 
Studies on perfused CBs have demonstrated a difference in the PO2 of the perfusate and tissue 
PO2, with tissue PO2 values being less than half of the perfusate PO2

36, 226. In our experiments the 
perfusate PO2 was approximately 14kPa during the hypoxic challenges and the levels of 
achieved hypoxia were sufficient to result in increased neurotransmitter and cytokine release. 
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We carefully sought to avoid a CB PO2 below the limit of its own metabolism in this precious 
tissue. The control slices were exposed to hyperoxia since we cannot exclude that exposure to a 
“normoxic” medium would rather be a milder form of hypoxia in the center of the tissue. This 
is based on experiences with perfusion of rabbit CBs that were distinctly activated by a PO2 
reduction to “hyperoxic-normoxic” levels131.  
Finally, the size of the CBs in study II is very large compared to what is reported in the 
literature12. Since none of the patients had a hypoxemic disease leading to CB hyperplasia, the 
relatively large size of the human CBs in this study is most likely due to insufficient cleaning of 
the tissue piece. It is also evident that the tissue that we study contains many cell types besides 
type 1 cells, for example type 2 cells, nerve cells, endothelial cells, fibroblasts and circulating 
blood cells. The microarray results must therefore be interpreted with caution and 
complementary methods therefore provide guiding in the distinguishing between the 
contributions of the different cell types to the microarray results.  
 
CLINICAL IMPLICATIONS 

When the individual is exposed to acute or chronic hypoxia the CBs evoke the HVR to 
ultimately increase O2 delivery to the tissues. As stated, many anesthetic agents blunt this 
reflexive chemoresponse, not only during the course of anesthesia but also in the postoperative 
period. During the postoperative period, the patient is usually less monitored compared to the 
intraoperative period with regards to vital signs, which may expose the patient to a higher risk 
for adverse respiratory events. In this sense, the clinical relevance of anesthesia-induced 
respiratory depression has the most important impact on patient care and safety in the early 
postoperative period (< 24 h), where residual effects of anesthetic agents are common227. In the 
later postoperative phase (> 24 h), respiratory adverse events may also occur during sleep, 
where the pharmacological effects on the control of breathing could be even more pronounced 
since behavioral control of breathing is less during sleep. Depressed CB activity acts in synergy 
with atelectasis, decreased arousal response and a reduced upper airway tone, increasing the 
risk of hypoxia in the vulnerable, postoperative period. It is possible that hypoxic adverse 
events further disturb several postoperative vital processes such as cognitive recovery, wound 
healing and immunological function. 
In this thesis we have demonstrated receptor targets in the human CB for inhaled and 
intravenous anesthetics as well as NMBAs. Consequently, with residual effects of one or more 
of these agents it may be argued that the first line of defense to hypoxia might be reduced or 
even absent in the postoperative period. Therefore, adequate reversal of NMBAs and other 
anesthetic agents known to interfere with regulation of breathing during hypoxia is warranted. 
In addition, we believe it is desirable to consider alternative anesthetic management in at-risk 
patients prone to hypoxia and postoperative pulmonary complications such as patients with 
chronic pulmonary disease and sleep-related breathing disorders. As an example, patients with 
OSA are at risk of postoperative complications due to hypoxemia, leading to unplanned ICU-
transfer and longer hospital stay228. In animal models of OSA, transcriptional remodeling in the 
CB type 1 cells related to altered HIF-balance and immunoactivation, results in increased 
oxidative stress and augmentation of CB sensory output. The cardiorespiratory pathology in 
OSA including hypertension and elevated catecholamine levels has been shown directly related 
to the enhanced CB activity179. We have showed that the human CB responds to prolonged 
hypoxia with release of cytokines, indicating recruitment of the inflammatory mechanism that 
is part of the pathogenesis in OSA. Moreover, both HIF-1α and HIF-2α are demonstrated as 
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mRNA and proteins in the human CB, although the levels in hypoxia and hyperoxia have not 
been explored. 
The human CB thus exhibits properties of an immunological organ. Triggering of the innate 
immune system aims to ultimately restore homeostasis and provide healing but may become 
excessive and damaging or suppressed and insufficient. In this context, the cholinergic anti-
inflammatory response is important in regulating the magnitude of the inflammatory response 
in several conditions, such as endotoxin induced shock, pancreatitis and ileus142. We speculate 
whether the human CB can participate in sensing of immunological reagents and relay this 
information to the CNS to ultimately contribute to adjusting the level of inflammatory response 
through vagus efference as well as eliciting appropriate cardiorespiratory responses. It is 
demonstrated that CB chemoafferent activity is strikingly increased in early systemic 
inflammatory exposure in the absence of hypoxia, hypercapnia and acidemia, and that 
inflammasome-induced cytokine increase activates the CB140. This activation results in 
increased ventilation, tachycardia, vasodilation and airway constriction, all common features of 
critical illness. Notably, clinical studies have showed a correlation between a reduced 
chemoreflex function (as a part of the autonomic dysfunction in sepsis) and outcome from 
critical illness229.  
Inflammatory modulations in the CB are also a key mechanism in the process of 
acclimatization to chronic hypoxia. Ibuprofen is reported to block these alterations and it could 
be speculated that NSAID treatment of acute mountain sickness delays the physiological 
acclimatization rather than resolving the problem. In this sense, it can be further speculated 
whether NSAID may block or postpone the necessary acclimatization to chronic hypoxia in 
patients with chronic hypoxemia due to for example chronic obstructive pulmonary disease 
(COPD). 
Finally, patients with COPD rely on hypoxic pulmonary vasoconstriction to optimize 
ventilation-perfusion in the lung and thereby improve gas exchange. It is a common 
misconception that supplemental oxygen to this group of patients in exacerbation provokes CO2 
retention due to inhibition of ventilatory drive, i. e. depression of the peripheral chemoresponse. 
However, excessive oxygen administration has a negligible effect on minute ventilation and 
respiratory drive in patients with COPD exacerbation230. Instead, the increase in PaCO2 occurs 
as a result of opposed hypoxic pulmonary vasoconstriction by oxygen in the alveoli leading to 
ventilation-perfusion mismatch and oxygen induced Haldane effect (rightward shift of the CO2 
dissociation curve), increasing the PaCO2 for these patients that are unable to further elevate 
their minute ventilation231. Nevertheless, one should not deny these patients O2 treatment when 
hypoxemic, but rather titrate the administration with caution, aiming for arterial oxygen 
saturation between 88-92%232. 
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FUTURE PERSPECTIVES 

 
 
 
 
 
 
 
 
 
 
In this thesis we have provided the basis for a map of human CB expression of oxygen sensing 
and signaling genes as well as inflammatory response genes. Besides the gene expression data, 
we further demonstrate CB release of neurotransmitters and cytokines in response to hypoxia. 
But the map is far from complete and further investigations to elucidate human CB molecular 
structure and function are necessary.  
Over the past five years, massive RNA-sequencing has added new dimensions to RNA biology, 
from characterization of different non-coding RNA species and detection of alternative splicing 
to quantification of very small amounts of RNA. The advantage over conventional microarray 
is precisely the accuracy over a larger range of expression level. The overall aim and challenge 
of both DNA and RNA-sequencing is to interpret the functional consequences of genomic or 
expressional variability233. To our knowledge, RNA-sequencing of the human CB has not been 
performed. This could provide with important information on further splice variants in the 
human CB as well as non coding RNA’s such as transfer RNA and micro RNA, all affecting 
the protein product and thereby the CB function. Comparing CB samples exposed to either 
hypoxia or normoxia/hyperoxia would give important information on hypoxia effects on 
transcription of key genes in the CB and hence clues on CB function. It would further be 
interesting to correlate the RNA profile with the phenotype of the individual patient, i. e. the 
HVR. Single-nucleotide polymorphism (SNP) in the human genome is currently heavily 
investigated in relation to development of diseases and in relation to the response to various 
pathogens and drugs. One possible explanation to the diversity in HVR seen between 
individuals is SNP in key genes in oxygen sensing and signaling. Identification of SNPs with 
functional consequences for the HVR could further provide with important information on the 
oxygen sensing and signaling mechanism.   
The HVR in humans is studied under influence of many pharmacological agents. However, in 
the field of anesthesia and intensive care, we are lacking knowledge on the effect on hypoxic 
regulation of breathing for many of the agents used on a daily basis. Dexmedetomidine, an α2-
adrenoreceptor agonist used for sedation in the ICU has recently been introduced in Sweden as 
a beneficial sedation alternative due to its minor effects on respiration. It is shown that 
dexmedetomidine does not depress resting ventilation and only has a slightly depressant effect 
on the HCVR234, 235. Yet, the effects of dexmedetomidine on the HVR and CB function are 
unknown. Since the use of this sedating drug is now expanding, further insights into its 
consequences on the human regulation of breathing in hypoxia. Furthermore, the effects of 
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ketamine and barbiturates on the human HVR are not determined, and there is still controversy 
regarding the effect of volatile anesthetics in different concentrations on the HVR. 
The molecular effects of anesthetic agents, blockers of various K+ channels and modulators of 
ROS-metabolism are studied in animal CBs, but once again the map is far from complete.  
It has been demonstrated that exposure of rat neonates to intermittent hypoxia results in CB 
epigenetic changes, most prominently DNA hypermethylation that induce irregular breathing 
and hypertension in adulthood236. Considering this, it would be of interest to study the pattern of 
epigenetic changes (DNA methylation as well as small interfering RNAs and histone 
modifications) with a concurrent exposure to anesthetic agents, in order to investigate the 
modulatory role of repeated anesthetic exposures on the inflammatory part in acclimatization to 
chronic or chronic intermittent hypoxia.  
In addition, in the continued quest for the CB oxygen sensor/s it is desirable to expose CB slices 
or type 1-cell cultures to hypoxia in the presence of blockers of for instance the enzymes 
producing the various gaseous messengers. 
The secondary cardiovascular pathology in OSA is evoked by increased CB activity as 
described before, and ROS is proposed to have a key function in developing the pathology. It is 
reported that the augmentation of HVR is reversed with continuous positive airway pressure 
(CPAP) treatment for merely one month. Whether OSA patients exhibit a specific blood 
biomarker profile that is reversed simultaneously as the HVR is not known but would be of 
interest, especially as a tool to evaluate the efficacy of the CPAP-treatment.   
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CONCLUSIONS 

 
 
 
 
 
 
 
 
 
With this thesis we characterized the human carotid body gene expression with focus on 
molecules in sensing and signaling of oxygen and inflammation. The global carotid body 
transcriptome profile was described in relation to other species and tissues and we also 
identified the human carotid body neurotransmitter and cytokine release in response to hypoxia. 
In detail: 
 

• Nicotinic, purinergic and dopaminergic receptors and receptor subunits and the K+ 
channel TASK-1 are present in the mouse carotid body type 1-cell 

 
• The human carotid body type 1 cell expresses the proteins HO-2, Maxi-K TASK-1 in 

oxygen sensing, nACh and GABAA receptor subunits critical for anesthesia, purine and 
dopamine receptors as well as HIF-1α and HIF-2α. 

 
• The human carotid body transcriptome shows a specific tissue profile and 

overexpresses genes in relation to the inflammatory response and angiogenesis 
compared to brain and adrenal gland and genes in neurological processes in 
comparison with adrenal gland. 

 
• The human carotid body shares expression of genes related to oxygen sensing with the 

mouse carotid body, yet differs in expression of chemosensory genes such as TASK-1 
and CSE that are expressed in the human carotid body but were absent in one or two 
mouse strains compared to. The human carotid body type 1 cell lacks the α4 nAChR 
subunit and the P2X3 receptor that were demonstrated in the mouse carotid body type 1 
cell. 

 
• Acute hypoxia increases the release of the neurotransmitters ACh and ATP from the 

human carotid body and prolonged hypoxia induces release of pro- and anti-
inflammatory cytokines. 

 
• Apart from transcriptome enrichment of inflammatory response gene groups, the 

human carotid body specifically expresses early and late inflammatory mediators and 
cytokine receptors of which IL-1R1, IL-6R and IL-10R were demonstrated both as 
mRNA and protein.  
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