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Abstract Acclimatization to long-term hypoxia takes

place at high altitude and allows gradual improvement of

the ability to tolerate the hypoxic environment. An

important component of this process is the hypoxic venti-

latory acclimatization (HVA) that develops over several

days. HVA reveals profound cellular and neurochemical

re-organization occurring both in the peripheral chemore-

ceptors and in the central nervous system (in brainstem

respiratory groups). These changes lead to an enhanced

activity of peripheral chemoreceptor and re-inforce the

central translation of peripheral inputs to efficient respira-

tory motor activity under the steady low O2 pressure. We

will review the cellular processes underlying these changes

with a particular emphasis on changes of neurotransmitter

function and ion channel properties in peripheral chemo-

receptors, and present evidence that low O2 level acts

directly on brainstem nuclei to induce cellular changes

contributing to maintain a high tonic respiratory drive

under chronic hypoxia. (This study is part of a multi-author

review.)

Keywords Chronic hypoxia � Hypoxic ventilatory

acclimatization � Peripheral chemoreceptors � Brainstem �
Nucleus tractus solitarius

Introduction

Physiological responses induced by high altitude exposure

aim at increasing O2 delivery to the tissues. The reduced

PaO2 at high altitude is sensed by peripheral chemoreceptors

in the carotid body at the sinus of the common carotid artery,

which sends afferent projections onto brainstem respiratory

nuclei to induce hyperventilation. During a long-term (i.e.,

weeks or years) sojourn at altitude, the global O2 sensitivity

of this pathway increases gradually, leading to hypoxic

ventilatory acclimatization (HVA), defined as a gradual

elevation of ventilation despite a continuously increasing

arterial PO2, i.e., a decrease of the initial stimulus [1]. Early

studies carried out in sheep showed that HVA is not achieved

after transsection of peripheral chemosensory innervation

[2], but can be induced by perfusion of hypoxic normocapnic

blood restricted to the carotid bodies [3]. Accordingly,

peripheral chemoreceptors are considered a key component

of HVA, and several functional alterations in peripheral

chemoreceptors underlie HVA. On the other hand, it is also

becoming increasingly clear that central structures are

important to modulate the integration of carotid chemo-

afferent inputs within specific nuclei involved in the inte-

gration of stimuli to shape the final respiratory motor output.

Importance of HVA at altitude

The extent of ventilatory acclimatization determines the

overall ability to cope with hypoxia, and is therefore of
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critical importance for travelers and residents at high alti-

tude. For climbers, the maximum altitude that an individual

can reach on Mt Everest is related to the hypoxic ventila-

tory response measured at sea level and during the

ascension [4]. In permanent residents at altitude

([2,500 m), 10–15% of young and more than 30% of aged

(above 50 years) are at risk to develop chronic mountain

sickness [5, 6], a form of ‘‘de-acclimatization’’ whose most

important feature is an excessive erythrocytosis induced by

poor arterial oxygen saturation associated to a reduced

sensitivity of peripheral chemoreceptors [7–9]. In rats

permanently living at 3,600 m above sea level (Bolivian

Institute for Altitude Biology—IBBA, La Paz, Bolivia),

bilateral transsection of the carotid sinus nerve, which

suppresses the stimulatory effect of the peripheral chemo-

receptors on breathing, induces a drastic elevation of the

hematocrit from a baseline level around 50% to more than

70% within a few weeks, and numerous animals died

during this period. These results highlight the function of

peripheral chemoreceptors at high altitude: they maintain a

constant neural drive for lung ventilation and O2 delivery

within vital boundaries.

The carotid bodies under chronic hypoxia

Neurotransmission between glomic cells and carotid

sinus nerve endings

As mentioned above, carotid bodies are required for the

establishment of HVA, and consistently with this idea,

several studies have reported that chronic hypoxia

increases hypoxic sensitivity of carotid bodies, evaluated

as enhanced hypoxic ventilatory response in vivo [10],

increased carotid sinus nerve (CSN) response to hypoxia

in vitro [11] and increased excitability of chemosensitive

cells in the carotid body [12]. One of the striking

changes affecting the carotid body during chronic

hypoxia is a marked hypertrophy due to an increased

number and volume of chemosensitive cells [13–15], an

increased number of fibroblasts located in the conjunc-

tive walls surrounding the carotid body [16] and an

enhanced vascularization due to both vasodilatation and

VEGF-dependent (vascular endothelial growth factor)

ingrowth of new blood vessels [17], which may con-

tribute to sustaining the high level of sensory activity

(and related metabolic demand) in chemoreceptors during

chronic hypoxia. Glomic cells are submitted to ultra-

structural changes in chronic hypoxia including an

increased volume density of mitochondria and enlarge-

ment of dense-core vesicles that store neurotransmitters

and modulators [15]. These changes would suggest that

HVA is mainly due to enhanced sensory activity and

associated release of excitatory neurotransmitters from

chemosensitive cells.

Acetylcholine (ACh) is one of the neurotransmitter

between glomic cells and sensory CSN endings in the

carotid bodies [18]; it is then logical to speculate that

cholinergic transmission is specifically enhanced during

chronic hypoxic exposure. A series of studies has consis-

tently demonstrated that this is indeed the case: the

excitatory effect of bolus ACh application on CSN activity

recorded in vitro is drastically higher following chronic

hypoxic exposure in rats [11]. This response is consistent

with data showing enhanced expression of a3- and

a7-nicotinic receptor sub-units on petrosal ganglion neu-

rons [19], in which are located the CSN neuronal cell

bodies, i.e., the postsynaptic sensory element in the carotid

body. Consistently with current models of neurochemical

transmission between chemosensitive type I cells and CSN

terminals, the nicotinic antagonist mecamylamine effec-

tively reduces the stimulatory effect of ACh on CSN

activity both in normoxic controls and following chronic

hypoxia [11]. Mecamylamine also reduces hypoxic-

induced carotid sinus nerve response in carotid bodies

dissected from control animals, but it does not affect

hypoxia-induced CSN response following chronic hypoxia.

A similar response was observed for the muscarinic

receptor antagonist atropine or the selective a7-nicotinic

receptor antagonist methyllycaconitine. These paradoxical

findings show that cholinergic neurotransmission is dras-

tically affected under chronic hypoxia, but also highlight

the well-acknowledged complexity and numerous para-

doxical findings of carotid body neurochemistry.

ATP is also considered as a key element in carotid body

neurotransmission. ATP is released during hypoxic stimu-

lation [20] and acts as a co-transmitter with ACh to

stimulate CSN activity through P2X2 purinergic receptors

[18, 21]. On an in vitro preparation of carotid body/CSN

recordings in rats, purinergic antagonists are able to block

about 65–75% of hypoxia-evoked increase of CSN activity

under normal conditions [22]. However, following chronic

hypoxia, this antagonistic effect is less important (around

50%). But if expressed as absolute values (i.e., impulses/

seconds, rather than % changes vs. baseline), the blocking

effect of purinergic receptor antagonists was much higher

following chronic hypoxia versus normoxic control, and

the purinergic antagonists suppressed the higher level of

basal (i.e., normoxic) CSN activity recorded following

chronic hypoxic exposure compared to controls. Accord-

ingly, and unlike cholinergic mechanism, the stimulatory

effect of ATP on CSN activity appears to be enhanced

following chronic hypoxia, but still purinergic mechanisms

cannot completely explain the enhanced hypoxic sensitiv-

ity of carotid bodies following chronic hypoxic exposure.

Consistently a full explanation of changes affecting carotid
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body function during chronic hypoxia must include further

mechanisms.

Endothelin (ET) is a small peptide transmitter that has

been involved as an important excitatory transmitter in the

carotid body, specifically following chronic hypoxic

exposure. In a detailed series of studies, Chen et al. [23]

have provided clear evidence that the excitatory effect of

ET on carotid sinus nerve activity and hypoxic response

gradually increases during 16 days of hypoxic exposure in

rats, following a pattern that closely matches the changes

of minute ventilation during similar hypoxic exposure as

earlier reported by Olson and Dempsey [24]. These func-

tional changes are accompanied by important elevations of

protein expression of ET and its receptor (ETA) in che-

mosensitive type I cells during chronic hypoxia. Similarly,

mRNA expression of ET and ETA was also elevated fol-

lowing chronic hypoxia. A prominent feature of the effects

of ET on CSN activity is that it is marginally expressed

under normoxic control conditions but gradually increases

during chronic hypoxia, closely matching the gradual

increase of minute ventilation: blockade of ETA receptor

depresses hypoxic CSN response by only 10% in normoxic

control and by 50% after 16 days of hypoxia [23]. An

additional study showed that bosetan, an ET receptor

antagonist, selectively abolished the hyperplasia of che-

mosensitive cells under chronic hypoxia (but not the

increased vasculature density) and drastically reduced the

increased sensitivity of carotid sinus nerve response to

hypoxia induced by chronic hypoxic exposure in rats [25].

Accordingly, under chronic hypoxia, the carotid body

recruits new excitatory transmitters that selectively induce

chemosensitive cells hyperplasia and act to sustain the

elevated sensory activity during chronic hypoxia.

Among the numerous neuroactive factors synthesized by

carotid body glomic cells, the role of dopamine has been

particularly studied during chronic hypoxia. Dopamine is

found at high concentration in the carotid bodies and is a

potent inhibitory neuromodulator of carotid body chemo-

transduction both under acute hypoxia or following chronic

hypoxic exposure [26–30]. Chronic hypoxia increases the

content, turnover and synthesis of dopamine in the carotid

body, mainly by increasing the tyrosine hydroxylase

mRNA, protein level and activity. The expression level of

D2 dopamine receptors (D2R) that mediate the inhibitory

feedback of dopamine on carotid body response to hypoxia

also increases during chronic hypoxic exposure. Functional

studies indicate that the inhibitory function of dopamine on

minute ventilation is slightly affected by chronic hypoxia

[13, 27], consequently long-term D2R blockade in

peripheral chemoreceptors enhanced HVA in chronically

hyoxic rats [31].

Modulation of dopamine signaling in the carotid body is

also a major mediator of the stimulatory effect of ovarian

steroids (progesterone and estradiol) on respiratory che-

moreflex. We have consistently showed that ovarian

steroids stimulate breathing by reducing the inhibitory

dopaminergic drive in the carotid bodies, this being par-

ticularly evident in rats raised at high altitude [29].

Interestingly, in this study, while domperidone (a specific

D2R antagonist) enhanced resting minute ventilation in

ovariectomized females, it inhibited resting minute venti-

lation in females following ten daily injections of ovarian

steroids. This demonstrates that ovarian steroids are able to

modify the dopaminergic component of carotid body

chemoresponsiveness, which is determinant at high alti-

tude. Furthermore, these results showed that the resting

level of minute ventilation, under strictly normoxic con-

ditions, is submitted to a determinant peripheral

dopaminergic drive and that individual differences in

resting minute ventilation are directly related to individual

differences in the carotid body dopaminergic drive. Thus,

up-regulation of carotid body dopaminergic metabolism

may explain the de-acclimatization syndrome observed

following menopause in permanent high altitude women

[32, 33]. This process may also explain individual vari-

ability in the amplitude of HVA [31], which is a

determinant factor that may lead to the development of

chronic mountain sickness in human residents at high

altitude [7].

Ion channels function and expression in glomic cells

Release of neuromodulators from glomic cells in hypoxia

requires several steps from O2-sensing molecules that are

tightly coupled to transmembrane ion channels (K?, Na?,

Ca2?) to allow an increase of intracellular calcium con-

centration in glomic cells. It is evident that a sustained

excitatory activity of glomic cells and higher hypoxic

sensitivity in chronic hypoxia should require consistent

changes of expression and function of channel proteins to

maintain a consistent elevated flow of ions through the

cellular membrane. Acute hypoxic exposure in glomic cells

involves potent inhibition of a K? current mediated by an

acute down-regulation of O2-dependent CO production by

hemeoxygenase 2 (HO2) [34], which leads to the activation

of a voltage-dependent-Ca2?-channel, Ca2? influx and

exocytosis of neurotransmitters and modulators. Some

studies have reported that chronic hypoxia in newborn rats

decreases the density of K? currents in glomus cells [35]

and increases calcium influx through voltage-gated chan-

nels [36], but since these studies have been performed in

newborn rats, and since neonatal hypoxia delays postnatal

development of hypoxic sensitivity, these studies are dif-

ficult to take into account to discuss the mechanisms

underlying HVA in adults. More recently, studies using

glomic cells from adult New-Zealand rabbits showed that
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chronic hypoxia (in vitro) decreases the amplitude of an

outward K? current by down-regulating the expression

(protein and mRNA) and function of Kv3.4 channels [37].

Interestingly, this channel is not O2-sensitive, but the

down-regulation of this component of whole cell K? cur-

rent apparently increased the relative contribution of the

O2-sensitive K? and consequently increased cell excit-

ability after chronic hypoxic exposure. Furthermore, in

female rats, chronic hypoxia increases the expression of the

voltage sensitive Na? channel Nav1.1, which selectively

contributes to enhance neurotransmitter release from che-

mosensitive type I cells [38].

The central nervous system under chronic hypoxia

While early HVA is likely to be driven by direct effects of

hypoxia on the peripheral chemoreflex [39], changes in the

central integration of the carotid body inputs and plasticity

of the NTS are further involved in later HVA process [40].

Clearcut evidence for an increased responsiveness of the

central nervous system to the peripheral chemosensory

inputs was provided by Dwinell and Powell [41] who

reported that long-term exposure (7 days) to hypoxia facil-

itates the translation of arterial chemoreceptor afferent input

to ventilatory efferent output through a central mechanism.

The chemosensory fibers from the peripheral chemorecep-

tors terminate caudal to the obex [42] in the nucleus tractus

solitarius (NTS), which contains the premotor neurons of the

dorsal respiratory group [43]. NTS neurons receiving car-

otid chemoreceptor inputs project to the ventrolateral

medulla [44] containing the premotor neurons of the ventral

respiratory group [43]. Accordingly, the specific neuro-

chemistry of these neurons is a potential target underlying

the changes affecting the central translation of inputs from

peripheral chemoreceptors to respiratory neurons.

Neurotransmitters and neuromodulators

Although a large variety of cell types and neurochemicals

is present in the NTS and could be considered as putative

neurotransmitters and/or neuromodulators, so far a limited

number of these transmitters have been clearly recognized

to play a significant role in the HVA.

Amino acids and components of the NMDA glutamate

receptor pathway

The ventilatory response to hypoxia is influenced by the

balance between inhibitory (GABA, glycine and taurine)

and excitatory (glutamate and aspartate) brainstem amino

acid neurotransmitters. When stimulated by acute hypoxia,

the chemosensory nerve endings release glutamate within

the caudal NTS, which in turn stimulates breathing

[45–47]. Systemic injections or local microinjections of

MK-801 into the caudal NTS [46–48] reduce the acute

hypoxic ventilatory response. In mice, long-term hypoxia

increases the expression of NMDA receptors [49], while in

rats acclimatized to hypoxia intraperitoneal MK-801

injection decreased the tidal volume response to hypoxia,

but had no effect on tidal volume before acclimatization

[48]. Accordingly, NMDA receptor up-regulation contrib-

utes to time-dependent changes in ventilation during

chronic hypoxia. From the evidence that activation of

PDGF-b receptor mediates down-regulation of NMDA

receptor currents in rat hippocampal slices, Gozal et al.

[50] raised the hypothesis that PDGF-b receptors (which

are densely distributed in brainstem nuclei) could be

involved in HVA. They found that expression of PDGF-b
receptors in the rat NTS is decreased following long-term

hypoxia and that this reduced expression correlates with

the magnitude of HVA [51].

In the NTS, NO works as a retrograde messenger in an

L-glutamate-releasing positive feedback system contribut-

ing to the induction and maintenance of hyperventilation

produced by acute hypoxia [52–54]. According to the

model proposed by Haxhiu et al. [53], the activation of

postsynaptic NMDA receptors by glutamate released from

CSN terminals leads to the increase of intracellular Ca2?,

which stimulates NO synthase (NOS) activity. The pro-

duced NO diffuses back to the presynaptic element and

increases the cGMP level that in turn potentiates the release

of glutamate. Evidence for the contribution of NO to

central ventilatory control has been recently extended to

HVA. Hypoxia lasting for 2 weeks up-regulates the

expression of neuronal NOS and increases NO production

in mice brainstems, while the pharmacological inhibition

of nNOS reduces minute ventilation in mice acclimatized

to hypoxia but not in control mice [49], indicating that the

nNOS pathway is recruited during chronic hypoxia to help

sustain the high required level of minute ventilation.

Catecholamines

The NTS and the ventrolateral medulla contain the cate-

cholaminergic cell groups, A2C2 and A1C1, respectively,

which are adjacent to, or intermingled with, respiratory

neurons [55]. Electrical stimulation of the carotid sinus

nerve or hypoxic stimulation of the carotid bodies induces

c-Fos-like immunoreactivity colocalized with tyrosine

hydroxylase (TH), the rate-limiting enzyme of catechol-

amine biosynthesis, in several cardiorespiratory brainstem

areas, i.e., the NTS, the dorsal vagal complex, the ventro-

lateral medulla oblongata, the locus coeruleus and the A5

noradrenergic cell group in the pons [56]. Respiratory

neurons possess adrenergic receptors and receive close
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appositions from TH-immunoreactive neurons [55]. There

is large evidence that the brainstem catecholaminergic

areas participate in the control of cardiorespiratory func-

tions under normoxia or hypoxia [43, 57–59] and can

display a functional neuroplasticity under environmental

challenges such as hypoxia [60, 61].

In response to acute hypoxia, dopamine is released from

dopaminergic neurons in the NTS [62]. Dopaminergic D2R

have been localized in the NTS [63], and their blockade

decreases hypoxic ventilatory response [64], implying that

central D2R facilitates the hypoxic ventilatory response.

Thus, an enhanced effect of central dopamine on ventila-

tion during chronic exposure to hypoxia may contribute to

the increased central gain of the hypoxic ventilatory

response, a hallmark of HVA. This point has been dem-

onstrated in rats exposed to 0, 2 and 8 days of hypoxia:

following blockade of D2 receptors in the central nervous

system, minute ventilation decreased significantly more

after 8 days of hypoxia than in normoxia, but did not

change significantly after 2 days of hypoxia [27]. Thus, a

transitory insensitivity to dopamine appeared during the

first days of hypoxia. Contrasting with data on minute

ventilation [27], the level of mRNA encoding D2R in the

caudal NTS (that receives the CSN terminals) decreases

below control levels after 7 days of hypoxia, but protein

levels were not assessed in this study [65]. These findings

indicate that central dopamine is an important excitatory

neuromodulator of HVA, but does not contribute to the

early stage of HVA. The implication of dopamine to HVA

is also supported by data showing that knock-out mice

lacking the D2R gene display abnormal HVA, i.e., no time-

dependent increases in baseline ventilation or hypoxic

ventilatory response during chronic hypoxia [66].

Central norepinephrine, unlike dopamine, is an inhibi-

tory neuromodulator able to modulate the arterial

chemoreflex in the caudal NTS through a2 adreno-recep-

tors located on premotor respiratory neurons [43, 67]. The

A2C2 neurons in caudal NTS are activated by long-term

hypoxia, as shown by increases in norepinephrine turnover,

TH activity and mRNA level [60]. TH activity in A2C2

neurons increased gradually after several days of sustained

hypoxia to reach the maximal level after 10–14 days in rats

[68]. After 2 weeks of hypoxia the changes in TH protein

amount within the NTS correlated with the increases in

ventilatory output [68], suggesting that changes in norad-

renergic function might act as a fine tuning of the

increasing ventilatory output in long-term hypoxic rats.

Evidence for direct O2-dependent re-modeling

in brainstem under chronic hypoxia

In vivo and in vitro studies demonstrate that direct central

O2-sensing may elicit excitatory and inhibitory effects on

ventilation [69]. The central effects of hypoxia in the

modulation of respiratory output may be evidenced

following bilateral CSN transsection. In these chemode-

nervated rats, the hypoxic ventilatory response is strongly

blunted, and only a weak ventilatory increase in ventilation

persists, possibly due to secondary peripheral arterial

chemoreceptors. After a few weeks, the chemodenervated

rats recover their initial hypoxic ventilatory response, but

the pattern of response is strikingly different from that

observed in intact rats. While in intact rats the respiratory

frequency is a major component of the hypoxic ventilatory

response, the post-chemodenervation ventilatory recovery

is induced by a selective increase in tidal volume without

any change in respiratory frequency [70]. Furthermore,

ventilatory acclimatization to hypoxia was altered, but still

persisted in chemodenervated rats [71]. Since the caudal

NTS is a major site of integration for peripheral chemo-

sensory inputs, it is worth noting that the hypoxia-induced

increase in TH mRNA in caudal NTS was not impaired by

carotid chemodenervation [71]. The functional remodeling

of ventilatory response to hypoxia after irreversible dis-

ruption of the chemoafferent pathway associated with

persistent upregulation of TH mRNA suggests that NTS

neurons involved in ventilatory control may be actively

affected by hypoxia [72] and/or can develop O2-chemo-

sensitive properties [69].

To test this hypothesis, Pascual et al. [73] investigated

the hypoxic responses of NTS neurons in brainstem slices

and found that hypoxia elicited two types of responses in

vitro: a neuronal population was depolarized by hypoxia,

while a second population of neurons was instead hyper-

polarized. Furthermore, all hypoxic neuronal responses

were reversed by progesterone over 2–3 min, suggesting a

non-genomic mechanism of action for this steroid hor-

mone. Thus, the cellular signaling of NTS neurons may be

affected by hypoxia independently of the peripheral

chemosensory inputs. Therefore, neurons in the NTS

appear not only as the site of integration of chemo-afferent

inputs, but also as the target for direct modulatory effects

of hypoxia, which may play a determinant role on HVA.

Besides these direct effects of hypoxia on the activity of

NTS neurons, transcriptional gene regulation is a pivotal

mechanism resulting in upregulation of adaptive and neu-

roprotective genes within the brainstem of animals

subjected to long-term hypoxia. The most widespread

molecular mechanism for hypoxia-dependent regulation of

gene expression is induction via binding of the hypoxia-

inducible transcription factor (HIF). HIF-1 is responsible

for the activation of a number of genes, including TH,

which contribute to the physiological adjustments required

by the reduction in oxygen availability [74]. Pascual and

colleagues [75] showed that moderate hypoxia (10% O2)

sustained for several hours can induce HIF-1a protein
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expression first in glial cells and later in neurons selectively

located in the caudal NTS and in the ventrolateral medulla.

The glia surrounding neurons of dorsomedian and ventro-

lateral respiratory areas showed HIF-1 staining after 1 h

hypoxia. After 6 h of tolerable hypoxia, a subset of cate-

cholaminergic neurons co-localized TH and HIF-1a
proteins, suggesting that HIF-1 may participate in the in

vivo control of hypoxia-induced central expression of TH.

This finding suggests that glial cells are the early respon-

sive element of NTS O2-sensing and then translate the

stimulus to adjacent neurons located in respiratory areas. In

astrocytes, the isoform HIF-2a mediates the transcriptional

activation of erythropoietin expression, and this pathway

may promote astrocytic paracrine-dependent neuron phys-

iology or survival during tolerable hypoxia or ischemia,

respectively [76]. Indeed, under tolerable long-term

hypoxia, neuronal erythopoietin is a key factor for HVA,

stimulating ventilatory control by alteration of catechol-

aminergic metabolism in the brainstem respiratory areas

[77, 78]. A detailed review on this exciting new topic is

presented in this series of mini-reviews (cf. Soliz and

Gassmann: Epo and ventilation in hypoxia).

The catabolism of HIF-1a protein needs O2 and Fe2?.

Therefore, the level of HIF-1a protein may be upregulated

not only by hypoxia, but also pharmacologically by che-

lating the Fe2? [79]. An iron chelator, such as

desferrioxamine, is a useful tool to accumulate HIF-1a in

normoxic conditions and induce overexpression of genes

that are targets for the HIF-1 a protein [80]. In order to

study the physiological consequences of central up-regu-

lation of HIF-1 a independently of both hypoxia and

chemosensory inputs, we treated normoxic chemodener-

vated rats with desferrioxamine [81]. As expected, the

desferrioxamine treatment induced an overexpression of

TH after few days in the NTS. The TH overexpression did

not modify the basal ventilation, but in contrast was

associated with a moderate increase in acute hypoxic

ventilatory response [81]. Conversely, Kline et al. [82]
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NTS, the release of glutamate

from CSN terminals is sustained

at a high level, and target

neurons develop a stronger
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mRNA and protein expression,
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on breathing. At the same time,

the stimulatory effect of
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to cellular and neurochemical
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HVA through HIF-1-dependent

regulation of gene expression.
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reported that mice partially deficient for HIF-1 (Hif1a?/-)

subjected to long-term hypoxia did not augment their

hypoxic ventilatory or basal ventilation. Altogether, these

studies demonstrate that (1) plasticity of brainstem cate-

cholaminergic cells plays a pivotal role in HVA, and

(2) HIF-1 participates in the neural remodeling contribut-

ing to HVA through the central regulation of two target

genes, TH and erythropoietin, involved in integration of

chemo-afferent inputs or brainstem O2-sensing.

Mice lacking the immediate early gene fos B are unable to

enhance their baseline ventilation or hypoxic ventilatory

response following long-term hypoxia, a characteristic fea-

ture of HVA observed in the wild-type mice [83]. The

inability of mutant mice to develop HVA may be the func-

tional index of the contribution of fos-related gene proteins

to cellular adaptations to hypoxia. The products of the c-Fos

and c-Jun genes activated by hypoxia can form heterodimers

(Fos and Jun family proteins) or homodimers (Jun family

proteins) constituting the AP-1 binding complex [84], which

regulates the transcription of TH gene [85, 86].

Conclusion

Exposure to long-term hypoxia elicits a number of changes

in neurotransmitters present in the carotid body and

brainstem respiratory areas. It is meaningful that the

changes in the activity of neurotransmission were detected

at different levels of the metabolic pattern, i.e., genic and

protein expression, neurotransmitter turnover and receptor

expression, and are associated with cellular plasticity of the

glomic cells and NTS neurons involved in integration of

chemo-afferent inputs. From a cellular point of view,

hypoxia may be considered as a stress factor that disturbs a

pre-established steady state and progressively leads to

subsequent re-organization of cellular systems required for

sustained activity at a much higher level than under the

previous normoxic conditions (see also Fig. 1). A complex

series of events ensures that this enhanced activity is

maintained throughout the chemosensory pathway,

including morphological changes taking place in the car-

otid body, changes of ion channel protein expression for

adequate equilibrium of ion gradients and movements in

chemosensitive cells (without alterations of O2-sensing ion

channels), sustained excitatory neurotransmitter release

from chemosensitive cells, and accompanying increased of

post-synaptic receptor expression and function. In the

central nervous system, the strategy developed ensures that

the message delivered by the sensitive nerve endings of the

peripheral chemoreceptor is adequately transferred into

enhanced respiratory activity by up-regulating the gluta-

matergic NMDA receptor system and marked contribution

of putative O2 sensitive elements that could directly con-

tribute to enhanced respiratory output characterizing HVA.
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