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The Human Carotid Body in Health and Disease
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The carotid body (CB) is a small paired organ located at the bifurcation of the common carotid artery.
It is the only chemoreceptor sensitive to systemic hypoxia in humans. The CB parenchyma is organized
in cell clusters (glomeruli), separated by septa of connective tissue and composed of two juxtaposed cell
types: type I or glomus cells and type II or sustentacular cells. As a neurovascular structure, the CB is
highly vascularized and densely innervated by sensory and autonomic nerve fibers. The neuron-like glo-
mus cells contain numerous dense-cored vesicles storing and releasing neurotransmitters. These include
both classical and peptide transmitters. There is evidence that chronic hypoxia induces gene expression,
leading to marked morphological and neurochemical alterations in the human CB, thus implying its
structural and neurochemical plasticity. These changes could be either physiological during the course
of high altitude adaptation or pathological in patients with systemic hypertension or cardiopulmonary
diseases with concomitant hypoxemia. Altered structural, neurotransmitter and functional profiles of the
human CB are also implicated in various physiological and pathophysiological conditions, including
sleep-disordered breathing, congestive heart failure and hypertension. The CB is a neurogenic center
in adult life and its stem cells could be potentially useful for cell therapy against neurodegenerative
diseases.
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Introduction

The carotid body (CB), also known as the glomus caroticum, is a small, neural crest-
derived paired ovoid mass of tissue, around 2 mm large in humans. It is situated in the
loose connective tissue of the carotid bifurcation, between the external and internal
carotid arteries [2]. This location is strategic for monitoring blood chemicals just before
they reach the brain, an organ that is critically sensitive to oxygen and glucose depriva-
tion.

The CB is the main peripheral chemoreceptor while the aortic bodies only play a
limited role in chemoreception in humans. The carotid chemoreceptors register the arte-
rial blood tension of O,, CO, and pH, and respond to their level changes by regulating
breathing. The organ also plays an essential role in initiating an appropriate cardiovas-
cular response to hypoxia, hypercapnia and acidosis. It has recently been shown that the
CB is a glucose sensor too, activated by hypoglycemia [reviewed in 11].
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Embryologically, the CB develops from the mesenchyme of'the third branchial arch
next to the third arch artery [17], at the same time when neural crest cells, blood vessels,
and nerve fibers from sympathetic and cranial nerve ganglia invade the mesenchymal
primordia in its wall [§]. In addition, neural crest cells differentiate into the two cell
types of the CB.

Structural organization of the human carotid body

The cellular parenchyma consists of two types of cells commonly arranged in clusters
called glomeruli which represent the basic morphofunctional unit of the CB (5, 13].
The lobules of glomic tissue are separated from each other by septa of connective tis-
sue, which converges upon the surface to form a capsule for the whole organ (Fig. 1A).
Mast cells are commonly seen in the human CB and they are largely confined to the
interlobular connective tissue, closely apposed to and around small blood vessels [7].
The most striking structural features of the CB are its rich vascularization and
dense innervation. The CB contains the most abundantly vascularized tissue in the
human body; hence it has the highest blood flow per tissue weight of any organ. It is
supplied by one or more glomic arteries, arising from the external carotid artery [19].
A profuse capillary network travels in the fibrous stroma and gives a pink-colored ap-

Fig. 1. Morphology of the human carotid body. (A) A conventional H&E staining showing the structural
organization of the organ. Note the clusters, glomeruli (G) of parenchymal cells, the surrounding con-
nective tissue (CT) and the adipose tissue located in the interlobular stroma. (B) A dense network of
blood vessels (BV) is also dispersed in the stromal CT. (C) Juvenile human carotid body with compact
glomic lobules (G) separated by thin septa of CT. (D) shows the carotid body of an elderly person. Note
the denser and more compressed glomeruli (G) with progressive cellular degeneration. Scale bars = 200
pm (A-C); 50 um (D).
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pearance of the organ (Fig. 1B). The glomus cells are dually innervated by sensory and
autonomic nerve fibers. Sensory innervation is provided by the carotid sinus nerve (also
known as Hering’s nerve), a branch of the glossopharyngeal nerve, while the sympa-
thetic supply is provided by postganglionic neurons from the closely located superior
cervical ganglion.

The principal cell type, the neuron-like type I or glomus cell, is considered to
be the chemosensory cell of the organ [5, 19]. The glomus cells are round to oval in
shape with a diameter of 10-16 pum and contain a large round, euchromatic nucleus and
an abundant pale cytoplasm with numerous organelles. Amongst them, most notable
are dense-cored secretory granules packed with putative neurotransmitters. Although
smaller in size, they closely resemble the granules of paraneurons belonging to the
diffuse neuroendocrine system cell family [13]. On the basis of the size and staining
properties of their dense-cored vesicles, De Castro (1926) classically distinguished two
types of glomus cells in the human CB: light and dark gomus cells [3]. Type Il or sus-
tentacular cells (~15-20% of all parenchymal cells) are glial-like supporting cells typi-
cally located at the periphery of the cell cluster. They are elongated cells with a disk-
shaped hyperchromic nucleus and long cytoplasmic processes that partially envelop
the glomus cells. Their cytoplasm lacks secretory granules but expresses glial marker
enzymes such as the S-100 protein and glial fibrillary acidic protein [15]. Recently they
have been assumed to be the stem cells in the adult CB [15].

The CB undergoes morphological changes with age. In general, it is best developed
in children and young people [10], in which the characteristic cell clusters are more
compact, separated by thin walls of connective tissue filled with a large number of fine
blood vessels and nerve fibers (Fig. 1C). Aging leads to a decrease in the number of
nerve fibers and glomus cells with a progressive cellular degeneration and an apparent
increase in the surrounding connective tissue (Fig. 1D) [10, 17]. The organ also un-
dergoes postmortal alterations, mostly associated with the nuclear morphology. Based
upon differences in it, three distinct forms of glomus cells can be recognized in human
glomic tissue: light, dark and pyknotic variants, the latter two representing postmortem
changes [6, 18].

Neurochemistry of the human carotid body

A variety of neurochemical agents, both classical transmitters and neuropeptides, have
been proposed to play a role in the chemosensory function [5, 9, 14]. Amongst them,
the biogenic amines, including acetylcholine, norepinephrine, dopamine (Fig. 2A) and
serotonin, represent the largest group in the human CB. In recent years, histamine has
also been considered a putative transmitter in hypoxic chemosensitivity in humans (Fig.
2B) [10]. Other neuroactive substances such as some neuropeptides (substance P, VIP
and enkephalins) and the gaseous neuromessengers nitric oxide and carbon monoxide
also play a role as neuromodulators or second messengers, respectively, in oxygen sens-
ing in the mammalian CB [16]. In their turn, the neurotransmitters contribute to the
modulation of glomus cell function via autoreceptors as well.

Hypoxia-induced morphological and neurochemical plasticity
of the human carotid body

There is convincing evidence that chronic hypoxia induces gene expression, leading
to profound morphological changes in the human CB. In particular, long term hypoxic
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Fig. 2. Neurotransmitter traits in the human carotid body. (A) Immunohistochemical staining for do-
pamine (DA) in the mature carotid body. A subset of glomus cells is intensely immunostained. (B) A
number of glomus cells exhibit strong immunoreactivity for histamine (HIS) in the adult carotid body.
Scale bars = 25 pm (A); 50 um (B).

exposure enlarges the CB, causing hypertrophy and mitosis of glomus cells, vasodilata-
tion of the existing and growth of new blood vessels [20]. Such a physiological adaptive
response to prolonged hypoxia occurs during acclimatization to high altitudes, or patho-
logically in patients suffering from systemic hypertension and/or cardiopulmonary dis-
eases with concomitant hypoxemia [1].

In addition, it is well established that hypoxia causes glomus cells to depolarize and
release transmitters, which bind to autoreceptors expressed by type I cells or postsynap-
tic receptors on apposed chemoafferent nerve terminals [5]. The predominant excitatory
transmitters synthesized and released by glomus cells in response to hypoxia are acetyl-
choline and adenosine triphosphate while dopamine has a primarily inhibitory role in
hypoxic chemosensitivity [9, 10, 14]. Our recent data have also proved the modulatory
role of histamine as an essential excitatory modulator of the chemoreceptor activity upon
hypoxia in man.

Carotid body chemotransduction mechanisms in disease

During the early postnatal life, human infants seem to be particularly vulnerable to
hypoxic and hypercapnic episodes during sleep and to changes in peripheral chemo-
reception. This results in altered chemosensitivity which may be one of the factors
contributing to a higher incidence of sudden infant death syndrome (SIDS), a disease
responsible for unexpected deaths in newborns. Indeed, smaller than usual in size
CBs or abnormalities in their transmitter content have been reported in victims of
SIDS [4] and in subjects with congenital central hypoventilation syndrome. Con-
versely, an abnormal enlargement of the CB, elevated catecholamine synthesis and
hypersensitivity to hypoxia have been shown in patients with essential hypertension,
congestive heart failure and obstructive sleep apnea syndrome. It is likely that the CB
tends to maintain oxygen homeostasis by marked morphological and neurochemical
changes, and thus acts as a defense entity preventing the progression of morbidity
associated with these diseases.
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The carotid body neurogenic niche and its clinical applicability
to cell therapy

The CB is the first neurogenic center identified outside the CNS. Recent research has
demonstrated that the glia-like sustentacular cells sustain physiologic neurogenesis in
the adult CB and in response to physiological hypoxia can proliferate and differenti-
ate into new glomus cells [15]. The newly born neuron-like glomus cells are highly
dopaminergic and produce neurotrophic factors such as GDNF, BDNF and NT3. Given
their dopaminergic nature and ability to synthesize neurotrophins, CB stem cells could
potentially be applied in cell replacement therapies in Parkinson’s disease and in the
treatment of other neurodegenerative disorders [reviewed in 12].

Conclusion

For over a century it has been known that the CB in man has an intricate internal struc-
ture. Due to several decades of extensive study, we are now aware of its remarkable
ability to release a broad variety of transmitter agents in response to different chemo-
stimuli. This provides clues on its important role in the homeostatic maintenance of the
whole organism. Recent advances in human CB research and in understanding morpho-
logical and physiological mechanisms that operate in it have revealed that its histologi-
cal structure and neurochemical profile alter upon hypoxia and certain cardiorespiratory
disorders thus adapting the living organism to changing environmental or pathological
conditions. Last but not least, the CB is a neurogenic center with a recognizable physi-
ological role in adult life and, therefore, the cultivation of adult human CB progenitors
in vitro should be a major task in future experimental work. Consequently, stem cell-
derived glomus cells would enable successful autotransplantation of CB cell aggregates
for tissue repair after injury or in neurodegenerative diseases.
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