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Abstract

The carotid body (CB) is the main arterial chemoreceptor. The most accepted model of arterial chemoreception postulates that carotid

body glomus (type I) cells are the primary receptors, which are synaptically connected to the nerve terminals of petrosal ganglion (PG)

neurons. In response to natural stimuli, glomus cells are expected to release one (or more) transmitter(s) which, acting on the peripheral nerve

terminals of processes from chemosensory petrosal neurons, increases the sensory discharge. Among several molecules present in glomus

cells, acetylcholine and adenosine nucleotides and dopamine are considered as excitatory transmitter candidates. In this review, we will
examine recent evidence supporting the notion that acetylcholine and adenosine 5V-triphosphate are the main excitatory transmitters in the cat

and rat carotid bodies. On the other hand, dopamine may act as a modulator of the chemoreception process in the cat, but as an excitatory
transmitter in the rabbit carotid body.
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1. Introduction

The carotid body (CB) is the main arterial chemoreceptor

that senses the arterial levels of PO2, PCO2 and pH, playing

an important role in respiratory, cardiovascular and neuro-

humoral regulation. The CB consists of glomus (type I) cells

synaptically connected to the nerve terminals of petrosal

ganglion (PG) neurons and engulfed by sustentacular (type

II) cells, where glomus cells are the primary transduction loci

and PG neurons convey chemosensory activity to the central

nervous system (Fig. 1). In response to hypoxia, hypercapnia

and acidosis, chemosensory discharges in the carotid sinus

nerve increase [15,16,24]. The most accepted model of* Corresponding author. Tel.: +56-2-686-2852; fax: +56-2-222-5515.
chemoreception proposes that transduction of natural stimuliE-mail address: rituria@bio.puc.cl (R. Iturriaga).
doi:10.1016/j.brainresrev.2004.05.007



Fig. 1. Arterial chemical stimuli (PO2, PCO2, pH) act on carotid body glomus (type I, receptor) cells, through both membrane and mitochondrial transduction

mechanisms. The transduction process(es) induces an intracellular [Ca2 +] increase, mediated by Ca2 + influx through voltage-dependent calcium channels and/

or Ca2 + release from intracellular stores. This Ca2 + increase mediates the exocytotic release of one or more transmitters that bound to specific membrane

receptors located on the sensory terminals of petrosal ganglion neurons. The resulting chemoafferent activity is conveyed through the carotid sinus nerve to the

relay nucleus in the central nervous system: the nucleus tractus solitarius.
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by glomus cells increase its intracellular [Ca2 +], which

mediates the exocytotic release of one (or more) transmit-

ter(s). This transmitter, acting on specific post-synaptic

receptors, increases the rate of discharge in nerve fibers of

PG neurons projecting to the CB [16,24]. Glomus cells

contain several molecules, such as catecholamines, acetyl-

choline (ACh), adenosine nucleotides and peptides, that are

candidates to act as excitatory transmitters in the junctions

between glomus cells and nerve terminals [15,24]. A high

degree of co-localization for amine-synthesizing enzymes

(tyrosine hydroxylase, dopamine-h-hydroxylase and choline
acetyltransferase), and substance P and met-encephalin have

been found in the glomus cells of cat CB [55]. Therefore, it is

likely that glomus cells store and release more than one

excitatory transmitter in response to natural stimuli. In this

review, we will examine this possibility, focusing on the role

played by ACh, adenosine 5V-triphosphate (ATP) and dopa-

mine (DA) in CB chemoreception, with special emphasis on

the their possible interactions.
2. Acetylcholine

ACh meets most of the criteria to be considered an

excitatory transmitter between the glomus cells and the

nerve terminals [19]. ACh is present in the CB and its

content remains unchanged after the section of the carotid

sinus nerve [17] or the removal of the superior cervical

ganglion [25]. Choline acetyltransferase, the enzyme re-

sponsible for ACh synthesis, is localized in rat [42], cat and

rabbits glomus cells [54], and a high affinity, sodium-

dependent choline uptake mechanism has been reported in

the cat CB [54]. Moreover, the cat CB in vitro releases ACh
in response to electrical stimulation [14], and in response to

hypoxia and hypercapnia [19,20,22,47]. Exogenous appli-

cation of ACh to the CB increases chemosensory discharge

in a dose-dependent manner in most species, with the

exception of the rabbit where ACh depresses the chemo-

sensory activity in vivo [12] and in vitro [15]. In the cat, the

excitatory effect of ACh is mimicked by nicotinic agonists

and is blocked by nicotinic antagonists, such as hexame-

thonium and mecamylamine [14], while the depression

appears to be mediated by muscarinic receptors [21]. Im-

munocytochemical studies have shown the presence of both

a4 and a7 subunits of the nicotinic ACh receptor in cat

glomus cells and PG neuron terminals and perikarya

[27,48].

Sensory neurons perikarya share several properties with

its peripheral endings [23,35,38]. Thus, we studied the

responses elicited in the carotid sinus nerve and glossophar-

yngeal branch by local application of CB putative trans-

mitters to the cat and rabbit PG ganglion in an in vitro

preparation [1,4,7]. Using this preparation, we assessed the

effects of ACh and nicotine applied to the PG on the evoked

antidromic nerve activity in both carotid sinus nerve and

glossopharyngeal branch. The application of ACh to the cat

PG selectively increases the antidromic neural discharge in

the carotid sinus nerve in a dose dependent-manner (Fig.

2A), but ACh has little or no effect on the neurons

projecting through the glossopharyngeal branch. The re-

sponse presents a high degree of temporal desensitization, is

reversibly blocked by mecamylamine (Fig. 2A) and hexa-

methonium [1,4], and is mimicked by nicotine [1] but not by

bethanecol. The sensitivity of the response increases in the

presence of neostigmine, an inhibitor of the ACh metabo-

lizing enzyme acetyl-cholinesterase [57]. ACh induces sim-



Fig. 2. Increases in carotid nerve frequency discharge (DfCN) induced by

ACh applied to the petrosal ganglion. (A) Dose– response relationship in

control conditions (filled circles) and during superfusion with the

cholinergic receptor antagonist mecamylamine (100 AM; empty circles).

(B) Responses induced by ACh (100 Ag) preceded by increasing dopamine

doses (filled circles). Mean (empty circle) and 99% confidence interval

(lined area) of the DfCNS (n= 7) induced by 100 Ag of ACh in control

conditions.
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ilar responses in the rabbit PG, although little or no

desensitization is observed [7]. Despite the fact that the

cholinergic muscarinic agonist bethanecol has no effect on

the basal activity, it temporarily reduces the responses

induced by further applications of ACh in the rabbit [7].

Moreover, the responses induced by ACh are blocked by

hexamethonium but enhanced during cholinergic muscarinic

block with atropine [7]. Intracellular recordings of cat PG

neurons in tissue culture show that application of ACh

induces depolarization and spike generation [52] in a large

number of neurons. Similarly, whole-cell recordings of rat

PG neurons in tissue culture show that ACh induces

depolarization (current clamp) and inward currents (voltage

clamp), effect mimicked by nicotine and blocked by hexa-

methonium [59]. In cat PG neurons in culture ACh induces

inward, outward or biphasic currents, accompanied by

membrane potential changes [49]. Inward currents are

partially blocked by specific a4 or a7 ACh receptor subunit

antagonists, while outward currents are blocked by 4-amino-

pyridine and sometimes by atropine [49]. It is noteworthy

that about 70% of the cat and rat cultured neurons respond

to ACh [52,59], a number that far exceeds the expected

population of PG neurons projecting through carotid sinus

nerve [15,39]. In the rat, about 50% of PG neurons projec-
ting to the tongue respond to ACh with depolarization [34]

indicating that—at least in the rat—this neuronal population

is also endowed with ACh receptors. Thus, ACh-induced

responses appear confined not only to PG neurons projec-

ting through the carotid sinus nerve. However, species

differences can account for the responses evoked by ACh

on isolated rat PG neurons projecting to the tongue through

the glossophayngeal branch. Similarly, the high incidence of

ACh-induced responses recorded in cultured PG neurons

suggest that culture conditions could select special subsets

of neurons, or culture conditions change the expression of

receptors in the soma of the neurons. The above data

suggest that PG neurons projecting through the carotid sinus

nerve are endowed with nicotinic ACh receptors, and that

ACh released from the glomus cells may increase the

chemosensory afferent discharge in the carotid sinus nerve.

In co-cultures of neonatal rat CB cells and neurons from the

petrosal–jugular ganglion complex, neurons juxtaposed to

the glomus cells exhibited spontaneous synaptic-like poten-

tials [43,44,58,60]. Hypoxia causes a depolarization of the

neurons and an increase in frequency of the synaptic-like

potentials and spikes, responses partially and reversibly

blocked by hexamethonium [58,60] and mecamylamine

[43,58]. Recently, we have characterized the responses of

cat PG neurons in an in vitro preparation, where the PG and

the CB are excised together and differentially superfused in

a two compartment chamber, but remained anatomically and

functionally connected through the carotid sinus nerve

(PG–CB preparation). In this preparation, identified PG

neurons projecting to the carotid body (chemosensory

neurons) respond to acidification and flow interruption of

the CB medium with increased action potential firing rate,

response that is partially blocked by hexamethonium and

suramin but completely abolished by joint application of

both blockers [53]. Almost 95% of the identified chemo-

sensory neurons were depolarized and fired action potentials

when ACh was applied to the ganglion, while none of the

PG neurons projecting to the carotid sinus (barosensory

neurons) responded to this stimulus. Moreover, about 90%

of these ACh-sensitive chemosensory neurons also respon-

ded to ATP when it was applied to the ganglion [53].

Thus, the experimental data taken together strongly

support the hypothesis that ACh is released in response to

hypoxia from the glomus cells and increases the rate of

chemoafferent discharge by acting on cholinergic nicotinic

receptors in the terminals of PG neurons. The presence of

cholinergic muscarinic receptors in PG neurons may be

restricted to some species (i.e., rabbit) and participate in

the control of the generation of the afferent activity by ACh.

However, a major problem to recognize ACh as the unique

excitatory transmitter in the CB is that cholinergic antago-

nists that block the excitatory effect of exogenous ACh, are

unable to abolish the excitatory response to hypoxia. Sim-

ilarly, nicotinic ACh receptor antagonists fail to completely

block the neuronal basal discharges as well as the hypoxia-

induced neuronal activity [58,60] in co-cultures of rat CB
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and neurons from the petrosal–jugular ganglion complex, or

the acidic- or stop-flow-induced responses in the PG–CB

preparation in vitro [53]. Indeed, a cocktail of nicotinic and

muscarinic antagonists only partially block the chemosen-

sory response of the CB to hypoxia [21].
Fig. 3. Increases in carotid nerve frequency discharge (CCN) induced by

ATP applied to the petrosal ganglion. (A) Increases in fCN induced by

increasing ATP doses. (B) Responses induced in a single preparation by

ATP (900 nmoles) when preceded by increasing dopamine (DA) doses.
3. Adenosine 5V-triphosphate

Large amounts of adenine nucleotides have been found

by fluorescence microscopy in glomus cells, stored within

specific granules in addition to catecholamines and proteins

[10]. Intracarotid injections of adenosine and ATP evoke a

dose-dependent increase in chemosensory discharge in the

cat CB [40,41,45], but adenine, inosine, guanosine, cytidine

and uridine have no appreciable effect on chemoreceptor

discharge [41]. These results suggest that ATP exerts its

action through its hydrolysis to adenosine 5V-monophos-

phate or adenosine [41,45,46]. However, in the cat CB

perfused in vitro, ATP and the stable analogues a,h-meth-

ylene ATP (a,h-MeATP) and adenosine 5V-[g-thio]-triphos-
phate stimulate the chemosensory discharge with similar

dose-dependence, whereas adenosine has little effect [50].

Nevertheless, responses to adenosine have been recorded in

the same preparation of the CB [46]. Continuous ATP

infusion for 2 min evokes an initial stimulation of the

discharge followed by a decline to baseline [50]. Previous

evidence supports the notion that ATP may play a physio-

logical role in the CB.

Recently, we studied the effects of the application of

adenosine nucleotides to the isolated cat PG in vitro. ATP

induces a brief, dose-dependent, increase in discharges in

both the carotid sinus nerve and the glossopharyngeal

branch (Fig. 3A). However, in the carotid sinus nerve, the

increase in discharges induced by ATP is larger and has a

lower threshold than the ones evoked in the glossopharyngeal

branch [3]. This response shows little temporal desensitiza-

tion, is marginally mimicked by adenosine 5V-monophos-

phate and is not modified by Reactive Blue 2, an antagonist

of metabotropic nucleotide receptors (P2Y). In rat PG

neurons in tissue culture, voltage-clamp recordings show

that ATP induces a fast, dose-dependent, partially inactivat-

ing current, effect mimicked by a,h-MeATP and blocked by

suramin, in a dose-dependent manner [58]. At resting

membrane potential (Vm=� 60 mV) ATP induces an inward

current, whose amplitude is reduced when the cell is

depolarized, and reverses in direction for positive membrane

potential values [58]. The pharmacological and kinetic

properties of ATP-induced responses in rat PG neurons

suggest that these neurons express ionotropic ATP receptors

(P2X), probably a P2X2,3 heteromultimer [58]. Immnostain-

ing with antibodies against the P2X receptor subunits show

that P2X2 and P2X3 subunits are present in PG neurons

perikarya and peripheral processes within the carotid body

[44,58]. It is noteworthy that in co-cultures of rat carotid

body and PG neurons, basal activity of spontaneously active
neurons, as well as hypoxia- and hypercapnia-induced

responses are reduced by suramin [44,58]. Moreover, sim-

ilar effects are obtained with hexamethonium and mecamyl-

amine blockage [43], while the application of both suramin

and hexamethonium produce an almost complete blockage

of both the basal and the hypoxia induced activity [58]. All

the above data suggest that ATP, alone or in conjunction

with other transmitters, may participate in the generation of

chemoafferent activity.

Using the whole-cell technique we recorded the action

potentials (current-clamp) or ionic currents (voltage-clamp)

evoked by electrical stimulation, and the responses evoked

by ACh and ATP on isolated cat PG neurons in tissue

culture. Under voltage-clamp, ATP induces a dose-depen-

dent inward current that presents partial desensitization,

while ACh induces a fast inactivating inward current. About

half of the neurons responded to both ACh and ATP, and a

vast majority responded to ATP or ACh (60–80%). In

current-clamp recordings, ATP and ACh depolarized the

neurons and may induce action potentials when threshold

level is attained [5]. Our results show that ACh or ATP can

activate most PG neurons, with half of the population being

depolarized by both putative transmitters.

In the PG–CB preparation, chemosensory neurons re-

spond to acidification and flow interruption of the CB



Fig. 4. Effects of repeated hypoxic perfusion (bars, PO2c 30 Torr) on CA

effluxes above background and chemosensory discharges in one CB

perfused with Tyrode equilibrated with room air plus 5% CO2. DCA,

catecholamine efflux. maxfx, maximal frequency of carotid chemosensory

discharges attained during hypoxia.
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medium with increased action potential firing rate, response

that is partially blocked by suramin but completely abol-

ished by joint application of suramin and hexamethonium

[53]. Almost 93% of the identified chemosensory neurons

were depolarized and fired action potentials when ATP was

applied to the ganglion. Moreover, about 96% of these

chemosensory neurons also responded to ACh when applied

to the ganglion [53].

All preceding evidence indicates that ATP, present in

glomus cells, depolarizes and induces firing in PG neurons

by acting on ionotropic P2X receptors. Moreover, the

activity induced in cat carotid chemosensory PG neurons

by acidification and flow interruption, as well as that evoked

by hypoxia and hypercapnia in rat reconstituted chemo-

sensory system in tissue culture are partially blocked by

nucleotide receptor blockers. Thus, ATP and its receptors

appear to be partly involved in the generation of the

chemoafferent activity, although other transmitter molecules

participate in the generation and/or maintenance of the

chemoafferent activity.
4. Dopamine

Dopamine (DA) is the predominant catecholamine (CA)

synthesized, stored in dense-cored vesicle, and taken-up by

glomus cells of several species [24]. The presence of

dopaminergic neurons [32,33] as well as mRNA for D2

receptors [8,11] has been shown in a population of PG

neurons. The proposition that DA is the excitatory trans-

mitter in the CB was strongly supported by the observation

that hypoxia produces CA release from the CB [24] and

from isolated glomus cells [51]. In fact, after incubation

with [3H]-tyrosine for 2–3 h, the amount of radiolabeled

CA (mainly DA) released from rabbit CB superfused in

vitro is roughly proportional to the intensity of the hypoxic

challenge [18]. However, this method precludes the study of

the temporal correlation between the chemosensory excita-

tion and DA efflux induced by the stimuli, since the

determination is based on fractions collected for 10 or more

minutes. In the cat and rat superfused carotid body, the

temporal correlation between CA efflux and chemoreceptor

activity elicited by several excitatory stimuli has been

studied using amperometric recordings with carbon-fiber

microelectrodes, in conjunction with neural recordings

[13,28,30,31]. If DA mediates transmission between glomus

cells and nerve endings, a close temporal relationship must

be expected between DA efflux and chemosensory excita-

tion induced by stimulation, and the maintenance of such

relationship upon repeated exposure to the same stimuli.

Contrary to this expectation, repeated hypoxic stimulation

and NaCN injections progressively reduces the amplitude of

CA efflux from the cat CB, although similar increases in

discharge are attained [30]. Fig. 4 shows the CA electro-

chemical responses (upper panel) and the concomitant

chemosensory responses (lower panel) induced by repeated
hypoxic stimulation of a perfused cat CB in vitro. The

amplitude of the chemosensory responses remains highly

preserved, but the magnitude of CA efflux is progressively

reduced. In addition, mild hypercapnia and nicotine do not

consistently release CA, although producing similar

increases of chemosensory discharge as hypoxia and NaCN

[28,31]. Similarly, repetitive anoxic stimulation results in

progressive reductions in CA efflux in the rat CB, while the

amplitude of the chemosensory responses remains largely

unaffected [13]. Moreover, the exposure of rat CB to

moderate hypoxia and repetitive anoxia produce CA

releases of comparable amplitude, although the maximum

chemosensory responses are significantly reduced in mild

hypoxia [13]. It is noteworthy that the peak chemosensory

response to hypoxia precedes the corresponding CA peak by

3 min or more. The delayed CA efflux induced by hypoxia

in the cat CB in vitro preparation has similar time-course

than that elicited by anoxia in the rat CB superfused in vitro

[13]. After administration of DA to the CB, both the speed

and the amplitude of the following hypoxia-induced CA

efflux increase, but the amplitude and rate of rise of the

chemosensory response remains the same [28,30]. Thus,

after DA application the CA efflux peak precedes the

chemosensory peak response, reversing the temporal rela-

tion between neural activity and transmitter efflux. Taken

together, these observations show a clear dissociation of

amplitude and in temporal relation between the chemo-

sensory excitation and CA efflux.

Intracarotid and intravenous injections of exogenous DA

produce chemosensory inhibition in most species, but exci-

tation or dual effects have been reported in responses to

large doses [15]. In the cat, intracarotid and intravenous

injections of DA always produce transient inhibition of

chemosensory discharges [29,37], while continuous intra-

venous infusion of DA decrease the CB responsiveness to



Fig. 5. Effects of a bolus injection of DA (at arrow) during hypoxic

stimulation (bars, PO2c 30 Torr) in one CB perfused with Tyrode

equilibrated with room air plus 5% CO2. DCA, catecholamine efflux. fx,

frequency of carotid chemosensory discharges.
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hypoxia and hypercapnia [36]. These data suggest that DA

does not mediate O2- and CO2-induced increases in afferent

chemosensory activity. Fig. 5 shows the effect of a bolus

injection of DA (10 Ag) to an in vitro perfused CB during

hypoxia. Note that the hypoxia-induced increase in chemo-

sensory discharge is transiently inhibited by the DA bolus.

The inhibitory effect of large DA doses on chemosensory

activity is blocked or reversed into excitation after block of

type 2 (D2) dopamine receptors [26,29]. Moreover, the D2

receptor antagonist domperidone produces a sustained in-

crease in chemosensory discharge, and enhances the

responses to hyperoxia (100% O2), hypoxia (100% N2),

and NaCN [29]. Similarly, the dopaminergic antagonist

haloperidol potentiates the cat chemosensory responses to

hypoxia and hypercapnia [36]. In the goat, the excitatory

responses induced by DA can be selectively antagonized by

serotonin receptor type 3 (5-HT3) but not by dopamine

receptor antagonists, suggesting that the excitatory action of

DA may be mediated by cross activation of serotonin

receptors [26]. Injections of DA applied to the superfused

cat CB in vitro produce transient inhibition of chemosensory

activity, but repeated injections of DA result in desensitiza-

tion of the inhibitory actions, and even produced late

excitatory effects in response to large doses [56]. Taken

all together, these data suggest that DA is not acting as the

excitatory transmitter between glomus cells and nerve

terminals, but as a modulator of the transmitter(s) responsi-

ble of the afferent sensory activity. However, a presynaptic

inhibitory action on glomus cells Ca2 + current cannot be

ruled out [9].

Since DA may modulates CB chemosensory activity at

the postsynaptic level, we searched for the presence of DA

sensitivity at the perikarya of PG neurons in the cat super-

fused preparation in vitro. Applications of DA to the

isolated PG in vitro have no direct effect on the activity

recorded from both the carotid sinus nerve and the glosso-
pharyngeal branch [2]. However, when DA is applied prior

to ACh, it produces a dose-related modification of the

responses induced by ACh (Fig. 2B). Thus, for a given

ACh dose, the lowest DA doses potentiate the responses,

while the largest doses produce an inhibition of the

responses [2]. The inhibitory effect of DA on ACh-induced

responses is partly reversed by spiperone [2], a specific

blocker of D2 receptors. In co-cultures of rat CB and PG

cells, blockade of D2 receptors has no effect on basal

discharges of spontaneously active neurons or in the hyp-

oxia-induced responses [60]. Similarly, Fig. 3B shows that

in the superfused PG in vitro, ATP-induced responses

present a dose-dependent reduction in amplitude when DA

preceded ATP [6]. These data suggest that DA cannot—per

se—initiate chemosensory activity, but if the membranes of

peripheral endings and perikarya of PG neurons involved in

arterial chemoreception share the same properties, DA can

modulate chemosensory sensitivity. In summary, the effects

of DA and D2 receptor antagonist on cat CB chemorecep-

tion and PG neurons suggest a modulatory role for DA

within the CB [56], but do not support the hypothesis of DA

acting as an excitatory transmitter in the cat. However,

recently we communicated that, in the rabbit PG in vitro,

DA applied to the ganglion induces a dose-dependent

increase in the carotid nerve discharge frequency, suggest-

ing an excitatory action of DA on rabbit PG neurons

projecting through the carotid nerve [7]. Thus, the differ-

ences reported on the actions of exogenously applied DA

and its participation on the generation of afferent chemo-

sensory activity may reflect true species differences.
5. Conclusion

Experimental evidence obtained from preparations, like

the isolated PG, cultured PG neurons, and co-cultures of PG

neurons and CB cells suggest that ACh and ATP could

mediate excitatory transmission in the CB. In addition, DA

release from the glomus cells appears to act as a modulator

of the chemosensory responses in most species, but may

play a more critical role in the excitatory transmission in the

CB of some species (i.e., rabbit).
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