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Gozal, Evelyne, and David Gozal. Invited Review: Respiratory
plasticity following intermittent hypoxia: developmental interactions. J
Appl Physiol 90: 1995–1999, 2001.—Intermittent hypoxia (IH) is the
most frequent form of hypoxia occurring in the developing mammal. On
one hand, the maturational process of neural, mechanical, pulmonary,
and sleep state-dependent factors will favor the occurrence of IH during
early postnatal life. On the other hand, it has also become clear that
hypoxia, even when short lasting, can modify subsequent respiratory
responses to hypoxia and induce a variety of genes whose consequences
will persist for much longer periods than the duration of the hypoxic
stimulus itself, i.e., functional and adaptive plasticities. The dynamic
interactions between the overall duration and recurring frequency of IH,
the severity of IH, and the level of neural maturity at the time of IH will
modify the ventilatory, metabolic, and cardiovascular responses to hyp-
oxia. We propose that the earlier IH will occur in the developmental
course the more likely that the physiological responses to an ulterior
hypoxic challenge will be altered even into adulthood. At this point in
time, a critical examination of the field would suggest that the short-
term alterations of the hypoxic ventilatory response (HVR) of the devel-
oping mammal to IH are qualitatively similar to those of the adult and
display a biphasic pattern, namely, initial enhancement of the HVR
followed by a reduction in HVR. However, the short- and long-term
effects of IH on the modulation of neurotransmitter release, receptor
binding and expression, intracellular signaling cascades, transcriptional
regulation, and gene expression as a function of animal maturity are
almost completely unknown. Further delineation of such complex re-
sponses to IH may permit the formulation of interventional strategies
aiming at reducing the overall vulnerability of the young infant and child
to apnea and sudden death.

maturation; neural plasticity; control of breathing; glutamate receptors;
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RECENT TECHNOLOGICAL DEVELOPMENTS provide the oppor-
tunity for concomitant measurement of physiological
responses and assessment of gene and protein regula-
tory changes underlying such phenotypic expression.
These techniques have opened a new and exciting

window of opportunity for identification and character-
ization of mechanisms underlying the postnatal devel-
opment of brain function and, more specifically, the
effect of perturbations during prenatal and early post-
natal life on the maturation of the hypoxic ventilatory
response (HVR) and on the adaptive strategies em-
ployed to promote neuronal survival and plasticity.

The HVR is a complex interplay of excitatory and
inhibitory components in the temporal domain (32).
The complexity of the HVR is further accentuated by
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the inherent plasticity of the neural substrates that
underlie the neuronal discharge pattern characteris-
tics of respiratory regions mediating HVR. Thus con-
ditions such as obstructive sleep apnea, chronic lung
disease, or apnea of prematurity, characteristically as-
sociated with intermittent hypoxic episodes, may not
only impose immediate effects on HVR but may also
modify both short-term and long-term characteristics
of subsequent responses to similar hypoxic challenges.
Such intermittent hypoxic events may also affect other
neural regions and change their normal development
to induce long-lasting functional and structural
changes.

The clinical implications of an adequate HVR are
immediately apparent. Apnea and hypoxia are very
common problems in infants and children as well as in
adults and often result in prolonged hospitalization.
Delayed or abnormal development of defense mecha-
nisms within critical brain structures underlying HVR
could therefore lead to significant morbidity and mor-
tality, underscoring the importance of understanding
maturation of brain stem mechanisms from an organ-
ismal to molecular perspective (8).

In this paper, we will examine two major issues on
the effect of intermittent hypoxic exposure, namely,
how intermittent hypoxia (IH) acutely modifies HVR
characteristics in the adult and developing mammal
and the effect of IH during early postnatal develop-
ment on the long-term responses of respiratory and
nonrespiratory regions during adulthood. The defini-
tion of IH will be very liberal and will encompass any
hypoxic challenge recurring within #24 h.

EFFECT OF IH ON HVR

Adult mammals. In adult anesthetized, vagoto-
mized, mechanically ventilated isocapnic rats, expo-
sure to an IH challenge consisting of 3 min of hypoxia
[inspired O2 fraction (FIO2

) 5 0.11] separated by 5-min
hyperoxic intervals results in long-lasting increases of
phenic nerve output, i.e., long-term facilitation (LTF)
(1). LTF of phrenic nerve output cannot be induced by
a similar exposure to continuous hypoxia, suggesting
that it is the intermittent presentation of the stimulus
that underlies the generation of phrenic LTF (1). Fur-
thermore, Mitchell and colleagues (6) have accumu-
lated a substantial body of evidence supporting a major
role for serotoninergic pathways as a major mediator of
this form of phrenic LTF. According to their proposed
model, serotonin will activate postsynaptic 5-HT2A re-
ceptors expressed in phrenic motoneurons, which in
turn will increase intracellular protein kinase C (PKC)
activity. PKC will either directly, or indirectly via mi-
togen activated protein kinase and possibly other ty-
rosine kinases, phosphorylate and potentiate inward
currents mediated by the N-methyl-D-asparate (NMDA)
or a-amino-3-hydroxy-5-methyl-4-isoxazoleproprionate
glutamatergic receptors. As a result of the potentiated
glutamate receptor currents, descending respiratory
drive will be enhanced, leading to enhancements in

phrenic nerve output in response to a similar presynaptic
glutamate release (i.e., LTF) (6).

In a more intact animal preparation, that is, from
available published data on IH in the dog (2), it is
essentially confirmed that repetitive bouts of hypoxia
will lead to increased normoxic ventilation. A putative
equivalent of respiratory LTF was also observed in
adult humans when they were exposed to IH. For
example, when the ventilatory response to hypoxia or
to exercise was assessed in normal subjects after 15
days of IH (2 h/day), subjects increased their HVR as
well as their ventilatory response and arterial O2 sat-
uration to exercise (33, 34). Similarly, daily exposure to
a FIO2

of 0.13 for 2 h resulted in an increase of the HVR,
which peaked at 5 days. However, this “LTF-like” ven-
tilatory effect on the hypoxic drive progressively faded
over time, such that, by 12 days of daily exposures to
this IH protocol, the HVR had been reduced to values
that were lower than the baseline HVR measured be-
fore initiation of the IH exposure (7). The temporal
changes in HVR during repeated IH, as found in the
latter study, are particularly intriguing because they
suggest that the changes in HVR induced by IH may
follow a biphasic pattern. In other words, short courses
of IH (either a small number of frequent iterations or
alternatively less frequent iterations over a short pe-
riod of time) will enhance ventilatory drive and HVR.
In contrast, recurrence of IH exposures over a longer
period of time or an overall larger cumulative number
of IH cycles will reverse such an effect and in fact will
lead to decreased respiratory output and reduced HVR.

At the present stage, the paucity of available data
precludes the formulation of a coherent model that will
help predict how the frequency of IH cycles, their
severity, and their duration will modify the response
characteristics of the respiratory controllers during
subsequent normoxia and acute hypoxia. We can only
infer at this point that the overall respiratory response
to IH appears to be strikingly similar to the more
extensively characterized response to sustained non-
cycling hypoxia, at least from the conceptual stand-
point (for review, see Ref. 32). Indeed, duration, mag-
nitude, and stimulus presentation characteristics are
all a priori major determinants of the overall effects of
IH on respiratory drive and HVR characteristics (see
Fig. 1).

Developing mammals. It has now been well estab-
lished that the acute HVR in the vast majority of
developing mammals exhibits substantial qualitative
and quantitative differences compared with the adult
(26). However, the ventilatory consequences of IH have
only been summarily explored. Exposure of 2- to 3-day-
old rat pups to a series of eight cycles of IH consisting
of 5 min of hypoxia (FIO2

5 0.10) and 10 min of
normoxia revealed that the late phase of HVR but not
the peak HVR was modified by such intermittent hy-
poxic exposure compared with unexposed littermates
(10). Indeed, late ventilatory reductions were markedly
attenuated when HVR was measured 6 h after IH,
thereby indicating the presence of excitatory respira-
tory plasticity in the developing rat. Furthermore,
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overall IH-induced potentiation of the late phase of
HVR was correlated to an increased expression of the
neuronal isoform of nitric oxide synthase (nNOS)
within the caudal brain stem, such that pharmacolog-
ical inhibition of nNOS after the IH protocol resulted in
a late HVR that was similar to the late HVR measured
during control conditions (10). Thus IH elicits an exci-
tatory form of neural plasticity that is mediated by
altered expression of nNOS. These findings are in close
agreement with a previous study by Trippenbach (36),
who reported that repeated and successive hypoxic
runs elicited enhancements of the HVR in rabbit pups
during a subsequent hypoxic challenge. From these
restricted data sets, it would appear that, despite sub-
stantial differences in the acute HVR between adult
and immature mammals, IH will induce modifications
of HVR that are qualitatively similar between imma-
ture and adult animals.

In contrast with such findings, however, Waters and
colleagues (37) showed that in piglets repeated daily
exposure to hypoxia (30 min/day) for 6 days induced
attenuated respiratory responses to a subsequent
acute hypoxic stimulus. Furthermore, such repeated
hypoxic exposures also increased the interstitial con-
centrations of substance P within the nucleus of the
solitary tract (nTS) (37). These are intriguing results
because other investigators have suggested that the
density of neurokinin type 1 (NK1) receptors is mark-
edly decreased in the nTS (by ;40%) after repetitive
hypoxia without changes in the binding affinity for
substance P (23, 24). Together, these studies suggest
that afferent inputs from peripheral chemoreceptors
may dynamically regulate the expression of those NK1
receptors within brain stem nuclei that are involved in
HVR. Thus the temporary reduction in NK1 receptors
within the nTS may account for the inability to sustain
HVR during repetitive hypoxia, despite increased re-
lease of substance P during repetitive hypoxia within
this neural region (37). The effect of IH on other neu-
rotransmitter systems involved in HVR and their

downstream signaling pathways has not yet been fully
investigated.

Over the years, our laboratory has been interested in
the ontogeny of signaling pathways mediating the
acute HVR. A simplified and clearly noncomprehensive
model was proposed whereby activation of the NMDA
glutamate receptor, a critical receptor in the acute
HVR (19, 25, 29, 30), will lead to downstream activa-
tion of an excitatory cascade of kinase systems, which
include both serine-threonine (e.g., PKC) and tyrosine
kinases (e.g., c-Jun NH2-terminal kinase) (for review,
see Ref. 11). Such pathways are then modulated at
least in part by the activation of multiple receptors
over time, including adenosine receptors (3), GABA
receptors (16), and platelet-derived growth factor re-
ceptors (14), all of which occur subsequent to the
NMDA receptor channel opening and account at least
in part for the decreased ventilatory output that is so
characteristic of the late phase of the acute HVR (11).
In addition, activation of NMDA receptors leads to
downstream activation of nNOS, and the latter plays a
significant role in sustaining ventilatory output during
sustained hypoxia (12). On the basis of the develop-
mental biology of aforementioned receptors and their
pattern of expression within neural regions underlying
HVR, the proposed model could explain some of the
singular differences between the acute HVR measured
in developing and adult rats. Moreover, this model
would predict the ventilatory behaviors reported by
Waters and colleagues (37) in the piglet following IH.
To further explore the implications of more sustained
intermittent hypoxic exposures in the developing rat,
30-min hypoxic runs (FIO2

5 0.10) were alternated with
30-min exposure to room air over time. We have found
that this IH paradigm will induce an early potentiation
of HVR after the initial 10–20 hypoxic-normoxic cycles
in 10-day-old rat pups. Such HVR increases coincide
with increased expression of the NMDA glutamate
receptor (NR1 immunoreactivity) and of the PKC iso-
forms b and d in the dorsocaudal brain stem, all of

Fig. 1. Schematic diagram showing the potential inter-
actions between intermittent hypoxia and its charac-
teristics and the hypoxic ventilatory response pathways
in mammals. Intermittent hypoxia can affect both pe-
ripheral chemoreceptor (PC) responses as well as those
of centrally located neurons (CNS), the latter consisting
of both respiratory and nonrespiratory neurons. Such
interactions will be modulated to a greater or lesser
extent by the developmental stage of the particular
mammal of interest. Such global relationships will re-
sult in phenotypic changes of ventilation (V̇E), metabo-
lism (V̇O2), as well as arousal, behavior, learning, and
stress responses to include those of the autonomic ner-
vous system. In addition, such modifications in pheno-
type will depend on alterations in expression and func-
tion of neurotransmitters and their receptors,
intracellular signaling molecules, transcription factors,
and genes.
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which have emerged as critical mediators of HVR (13,
15, 35, and Gozal and Gozal, unpublished observa-
tions). However, if such cycles are continued for 3 days,
marked attenuation of the HVR will develop and will
parallel decreases in NMDA receptor and PKC-b and
PKC-d expression as assessed by immunoblotting
(Gozal and Gozal, unpublished observations). Thus,
similar to the adult mammal, it is likely that the
duration of IH will condition the changes in HVR
associated with IH. In other words, short durations of
intermittent hypoxic exposures will elicit increases in
the magnitude of HVR, and such HVR enhancements
will be subsequently followed by an attenuation of
HVR over time if IH exposures are continued. How-
ever, the neural structures, neurotransmitters, and
downstream signaling pathways underlying such bi-
phasic changes in HVR as induced by IH are unknown
and clearly need to be defined.

POTENTIAL IMPLICATIONS OF IH

Similar to the immediate consequences of IH on HVR,
little attention has been paid to other short-term and
long-term consequences of IH. In the lamb, repeated
hypoxia became ineffective in stimulating protective
arousal, as well as parallel ventilatory and blood pressure
responses, when applied during active sleep but contin-
ued to elicit such responses during quiet sleep (5, 18). The
failure to arouse in response to hypoxia developed very
rapidly during active sleep and occurred after exposure to
as few as 10 cycles of IH (17). Thus sleep state, particu-
larly active sleep, emerges as an additional modifier of
the putatively biphasic consequences of IH. The arousal
response and the increased autonomic activation that
occur during the initial cycles of IH will be followed by
decrements in the effects of the intermittent hypoxic
challenge on activation of arousal and autonomic path-
ways. Whether the biphasic pattern of physiological re-
sponses to IH exhibits species or age dependencies re-
mains to be determined.

The long-term effects of IH on respiratory control
have not been examined thus far. However, it has
become apparent in recent years that exposures to
either hypoxia or hyperoxia during early postnatal life
may lead to significant modifications of neural function
during adulthood. For example, suppression of periph-
eral arterial chemoreceptor activity induced by expo-
sures to hyperoxia (FIO2

5 0.60) during the first month
of life leads to significant reduction in the number of
unmyelinated axons in the carotid sinus nerve and
petrosal ganglion in the adult rat (4) that are accom-
panied by substantial attenuation of the HVR at 3–5
mo of age but not at 15 mo (20, 22). In contrast, when
adult rats are exposed to hyperoxia, no changes in HVR
characteristics occur, indicating that the persistent
plasticity changes in the pathways underlying HVR
are unique to the interaction between an environmen-
tal stimulus and a critical developmental window (Ref.
21; see also Fig. 1). More recently, Peyronnet and
collaborators (31) showed that prenatal hypoxia
(FIO2

5 0.10) between days 5 and 20 of pregnancy in the

rat induced marked changes in ventilatory and meta-
bolic adaptations to acute postnatal hypoxia and that
such effects were only reversed after 3 wk of age (31).
Thus FIO2

changes in either direction during develop-
ment may result in long-lasting modifications of HVR.
Again, the mechanisms mediating such respiratory
plasticity changes are currently unknown.

Similarly, Nyakas and colleagues (27, 28) have
shown that abnormal open-field, social, learning, and
emotional behaviors as well as altered plasma cortico-
sterone responses to stress occur throughout adult-
hood, including old age, in rats exposed to prenatal
hypoxia. In these animals, prenatal hypoxia was asso-
ciated with altered maturation of cholinergic and sero-
toninergic circuits within areas of the neocortex and
hippocampus (27). However, other neurotransmitter
pathways such as catecholaminergic or glutamatergic
pathways were not explored. Thus hypoxia may not
only affect components of autonomic responses, i.e.,
cardiorespiratory function, but may also extensively
modify the development and function of other neural
sites, even during adulthood. Indeed, we have recently
found that recurrent IH imposes substantial cellular
changes over time within cortical and hippocampal
regions, resulting in impaired performance during ac-
quisition of a cognitive spatial task (9).

Thus long-lasting alterations (i.e., plasticity) of neu-
ral networks underlying respiratory control are partic-
ularly likely to occur during early and therefore more
plastic stages of development. A patchy yet exciting
picture emerges from the IH experimental paradigms
described above: application of IH during critical
stages of development may not only permit insights
into how the development of HVR pathways occurs but
may also allow us to understand which genes regulate
such adaptive processes and ultimately how such gene-
function interactions can be used to our advantage
such as to modify the phenotypic responses in at-risk
individuals or populations.

We are supported by the National Institutes of Health Grants
HL-65270, HL-63912, HL-66358, and P20 RR-15576 and American
Heart Association Grant AHA-0050442N.

REFERENCES

1. Baker TL and Mitchell GS. Episodic but not continuous hyp-
oxia elicits long-term facilitation of phrenic motor output in rats.
J Physiol (Lond) 529: 215–219, 2000.

2. Cao KY, Zwillich CW, Berthon-Jones M, and Sullivan CE.
Increased normoxic ventilation induced by repetitive hypoxia in
conscious dogs. J Appl Physiol 73: 2083–2088, 1992.

3. Elnazir B, Marshall JM, and Kumar P. Postnatal develop-
ment of the pattern of respiratory and cardiovascular response to
systemic hypoxia in the piglet: the roles of adenosine. J Physiol
(Lond) 492: 573–585, 1996.

4. Erickson JT, Mayer C, Jawa A, Ling L, Olson EB Jr,
Vidruk EH, Mitchell GS, and Katz DM. Chemoafferent de-
generation and carotid body hypoplasia following chronic hyper-
oxia in newborn rats. J Physiol (Lond) 509: 519–526, 1998.

5. Fewell JE and Konduri GG. Influence of repeated exposure to
rapidly developing hypoxemia on the arousal and cardiopulmo-
nary response to developing hypoxemia in lambs. J Dev Physiol
11: 77–82, 1989.

1998 INVITED REVIEW



6. Fuller DD, Bach KB, Baker TL, Kinkead R, and Mitchell
GS. Long term facilitation of phrenic motor output. Respir
Physiol 121: 135–146, 2000.

7. Garcia N, Hopkins SR, and Powell FL. Effects of intermit-
tent hypoxia on the isocapnic hypoxic ventilatory response and
erythropoiesis in humans. Respir Physiol 123: 39–49, 2000.

8. Gaultier C. Development of the control of breathing: implica-
tions for sleep-related breathing disorders in infants. Sleep 23:
S136–S139, 2000.

9. Gozal D, Daniel JM, and Dohanich GP. Behavioral and
anatomical correlates of chronic episodic hypoxia during sleep in
the rat. J Neurosci In press.

10. Gozal D and Gozal E. Episodic hypoxia potentiates the late
hypoxic ventilatory response in the developing rat: putative role
of neuronal nitric oxide synthase. Am J Physiol Regulatory
Integrative Comp Physiol 276: R17–R22, 1999.

11. Gozal D, Gozal E, and Simakajornboon N. Signaling path-
ways of the acute hypoxic ventilatory response in the nucleus
tractus solitarius. Respir Physiol 121: 209–221, 2000.

12. Gozal D, Gozal E, Torres JE, Gozal YM, Nuckton TJ, and
Hornby PJ. Nitric oxide modulates ventilatory responses to
hypoxia in conscious developing rats. Am J Respir Crit Care Med
155: 1755–1762, 1997.

13. Gozal D, Graff GR, Gozal E, and Torres JE. Modulation of
the hypoxic ventilatory response by Ca21-dependent and Ca21-
independent protein kinase C in the nucleus tractus solitarii of
conscious rats. Respir Physiol 112: 283–290, 1998.

14. Gozal D, Simakajornboon N, Czapla MA, Xue YD, Gozal E,
Vlasic V, Lasky JA, and Liu JY. Platelet-derived growth
factor b receptor activation modulates components of the hypoxic
ventilatory response. J Neurochem 74: 310–319, 2000.

15. Gozal E, Roussel AL, Holt GA, Gozal L, Gozal YM, Torres
JE, and Gozal D. Protein kinase C modulation of the ventila-
tory response to hypoxia in the nucleus tractus solitarius of the
conscious rat. J Appl Physiol 84: 1982–1990, 1998.

16. Huang J, Suguihara C, Hehre D, Lin J, and Bancalari E.
Effects of GABA receptor blockage on the respiratory response to
hypoxia in sedated newborn piglets. J Appl Physiol 77: 1006–
1010, 1994.

17. Johnston RV, Grant DA, Wilkinson MH, and Walker AM.
Repetitive hypoxia rapidly depresses arousal from active sleep in
newborn lambs. J Physiol (Lond) 510: 651–659, 1998.

18. Johnston RV, Grant DA, Wilkinson MH, and Walker AM.
Repetitive hypoxia rapidly depresses cardio-respiratory re-
sponses during active sleep but not quiet sleep in the newborn
lamb. J Physiol (Lond) 519: 571–579, 1999.

19. Lin J, Suguihara C, Huang J, Hehre D, Devia C, and
Bancalari E. Effect of N-methyl-D-aspartate receptor blockade
on hypoxic ventilatory response in unanesthetized piglets.
J Appl Physiol 80: 1759–1763, 1996.

20. Ling L, Olson EB Jr, Vidruk EH, and Mitchell GS. Attenu-
ation of the hypoxic ventilatory response in adult rats following
one month of perinatal hyperoxia. J Physiol (Lond) 495: 561–
571, 1996.

21. Ling L, Olson EB Jr, Vidruk EH, and Mitchell GS. Devel-
opmental plasticity of the hypoxic ventilatory response. Respir
Physiol 110: 261–268, 1997.

22. Ling L, Olson Jr EB, Vidruk EH, and Mitchell GS. Slow
recovery of impaired phrenic responses to hypoxia following

perinatal hyperoxia in rats. J Physiol (Lond) 511: 599–603,
1998.

23. Mazzone SB, Hinrichsen CF, and Geraghty DP. Substance
P receptors in brain stem respiratory centers of the rat: regula-
tion of NK1 receptors by hypoxia. J Pharmacol Exp Ther 282:
1547–1556, 1997.

24. Mazzone SB, Hinrichsen CF, and Geraghty DP. Hypoxia
attenuates the respiratory response to injection of substance P
into the nucleus of the solitary tract of the rat. Neurosci Lett 256:
9–12, 1998.

25. Mizusawa A, Ogawa H, Kikuchi Y, Hida W, Kurosawa H,
Okabe S, Takishima T, and Shirato K. In vivo release of
glutamate in nucleus tractus solitarii of the rat during hypoxia.
J Physiol (Lond) 478: 55–65, 1994.

26. Mortola JP. How newborn mammals cope with hypoxia. Respir
Physiol 116: 95–103, 1999.

27. Nyakas C, Buwalda B, Kramers RJ, Traber J, and Luiten
PG. Postnatal development of hippocampal and neocortical cho-
linergic and serotonergic innervation in rat: effects of nitrite-
induced prenatal hypoxia and nimodipine treatment. Neuro-
science 59: 541–559, 1994.

28. Nyakas C, Buwalda B, Markel E, Korte SM, and Luiten
PG. Life-spanning behavioural and adrenal dysfunction induced
by prenatal hypoxia in the rat is prevented by the calcium
antagonist nimodipine. Eur J Neurosci 6: 746–753, 1994.

29. Ohtake PJ, Simakajornboon N, Fehniger MD, Xue YD, and
Gozal D. NMDA receptor expression in the nucleus tractus
solitarii and maturation of hypoxic ventilatory response in the
rat. Am J Respir Crit Care Med 162: 1140–1147, 2000.

30. Ohtake PJ, Torres JE, Gozal YM, Graff GR, and Gozal D.
NMDA receptors mediate cardiorespiratory responses to affer-
ent peripheral chemoreceptor input in the conscious rat. J Appl
Physiol 84: 853–861, 1998.

31. Peyronnet J, Roux JC, Geloen A, Tang LQ, Pequignot JM,
Lagercrantz H, and Dalmaz Y. Prenatal hypoxia impairs the
postnatal development of neural and functional chemoafferent
pathway in rat. J Physiol (Lond) 524: 525–537, 2000.

32. Powell FL, Milsom WK, and Mitchell GS. Time domains of
the hypoxic ventilatory response. Respir Physiol 112: 123–134,
1998.

33. Ricart A, Casas H, Casas M, Pages T, Palacios L, Rama R,
Rodriguez FA, Viscor G, and Ventura JL. Acclimatization
near home? Early respiratory changes after short-term intermit-
tent exposure to simulated altitude. Wilderness Environ Med 11:
84–88, 2000.

34. Serebrovskaya TV, Swanson RJ, Karaban IN, Sere-
brovskaya ZA, and Kolesnikova EE. Intermittent hypoxia
alters hypoxic ventilatory responses. Fiziol Zh 45: 9–18, 1999.

35. Simakajornboon N, Gozal E, Gozal YM, and Gozal D. Hyp-
oxia induces activation of a NMDA glutamate receptor-protein
kinase C pathway in the dorsocaudal brainstem of the conscious
rat. Neurosci Lett 278: 17–20, 2000.

36. Trippenbach T. Ventilatory and metabolic effects of repeated
hypoxia in conscious newborn rabbits. Am J Physiol Regulatory
Integrative Comp Physiol 266: R1584–R1590, 1994.

37. Waters KA, Laferrière A, Paquette J, Goodyer C, and Moss
IR. Curtailed respiration by repeated vs isolated hypoxia in
maturing piglets is unrelated to NTS ME or SP levels. J Appl
Physiol 83: 522–529, 1997.

1999INVITED REVIEW


