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Abstract

Because of their high energetic demand, neurons within the mammalian central nervous sys-
tem are extremely sensitive to changes in partial pressure of oxygen. Faced with acute hypoxic
conditions, an organism must follow a complex and highly dynamic emergency plan to secure
survival. Behavioral functions that are not immediately essential for survival are turned off, and
critical behaviors (such as breathing) undergo a biphasic response. An augmentation of breathing
is initially adaptive, whereas prolonged hypoxic conditions are better served by an energy-saving
mode. However, the hypoxic response of an organism depends on many additional factors. Envi-
ronmental conditions, the animal’s age and health, and the pattern (continuous vs intermittent)
and duration (chronic vs acute) of hypoxia greatly determine the specific course of a hypoxic
response. Different forms of hypoxia can cause pathology or be used as therapy. Therefore, it is
not surprising that the hypoxic response of an organism results from widespread and highly
diverse reconfigurations of neuronal network functions in different brain areas that are accom-
plished by diverse hypoxic changes at all levels of the nervous system (i.e., molecular, cellular,
synaptic, neuronal, network). Hypoxia-induced changes in synaptic transmission are generally
depressive and result primarily from presynaptic mechanisms, whereas changes in intrinsic prop-
erties involve excitatory and inhibitory alterations involving the majority of K+, Na*, and Ca%*
channels. This article reviews the response of the nervous system to hypoxia, accounting for all
levels of integration from the cellular to the network level, and postulates that a better under-
standing of the diversity of cellular events is only possible if cellular and network events are con-
sidered in a functional and organismal context.

Index Entries: Hypoxia; synaptic properties; intrinsic properties; neuronal networks; respira-
tory network.
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Introduction

Because of its role as the final acceptor of elec-
trons in the mitochondrial respiratory chain,
allowing adenosine triphosphate (ATP) synthe-
sis via oxidative phosphorylation, oxygen is
essential for the homeostasis and survival of
cells in aerobic organisms (1). A lack of oxygen
can be detrimental and may eventually lead to
the death of the organism. Therefore, many
strategies have evolved to ensure adequate oxy-
gen supply and to detect and respond to
changes in oxygen levels. Although most cells
have some ability to sense and respond to oxy-
gen changes, this issue has been best studied in
specialized oxygen-sensing cells, including
carotid body chemoreceptors (2-5), pulmonary
neuroepithelial bodies (6,7), adrenal chromaffin
cells (8), vascular smooth muscle cells (3,9,10),
and central neurons (11-17).

Hypoxia, a deficiency of oxygen reaching
the tissues of the body, can be caused by a
reduction in partial pressure of oxygen (POz)
in the environment, inadequate oxygen trans-
port, or the inability of tissues to use oxygen.
Extreme environmental conditions such as
those found at high altitudes or in the deep sea
may lead to hypoxia; however, several species
of animals survive in extreme conditions
(18-24). Hypoxia is often associated with a
diverse number of pathological conditions,
such as those leading to insufficient blood flow
to tissue (e.g., cerebrovascular hemorrhage,
vascular occlusion, cardiac arrest, and bypass
surgery) or respiratory dysfunction (obstruc-
tion of airway, lung dysfunction, or neural con-
trol failure).

In recent years, much progress has been
made in unraveling the cellular and molecular
events caused by hypoxia (3-17). These studies
have revealed an overwhelming complexity
and diversity, which unfortunately did not
necessarily lead to a better understanding of
how an organism responds to hypoxia. Neu-
rons located within the same area of the ner-
vous system can depolarize or hyperpolarize,
and these membrane changes can be caused by
activating and /or inactivating inward and out-
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ward currents involving many different ionic
channels and receptors as well as second mes-
senger systems. However, researchers have
learned that there is no single unifying cellular
mechanism to explain how the nervous system
responds to hypoxia. In retrospect, this out-
come may not be surprising.

An organism must respond to hypoxia in an
adaptive manner. To be adaptive, however,
there cannot be a single, stereotypic response
to hypoxia. The way by which an organism
responds to hypoxia depends on the type of
hypoxic conditions (acute vs chronic, intermit-
tent vs continuous) as well as on the health and
the age of the organism—to name just a few
factors. To generate these adaptive responses,
neuronal functions must be regulated in a het-
erogeneous manner. Consider acute hypoxia:
those functions that are not immediately essen-
tial for survival must be turned off to save
metabolic energy, whereas functions that are
critical for the immediate survival must be
maintained. Heterogeneous is also the time-
course of these regulatory processes. It may be
advantageous to initially augment autonomic
functions that enhance oxygen supply and
reduce oxygen consumption. During pro-
longed hypoxia, however, oxygen conserva-
tion becomes more important than trying to
enhance oxygen supply that may remain
absent for longer time. We suggest that cellular
responses to hypoxia must be considered in
this functional context. The overwhelming cel-
lular heterogeneity and inconsistency might be
understood only when considered in the con-
text of a network and behavioral function. Sev-
eral experimental approaches have been used
to unravel the molecular and cellular mecha-
nisms underlying the hypoxic responses of
neuronal networks, including the use of in
vivo and in vitro preparations (14,25-34).
Functional in vitro slice preparations have
proved to be particularly useful, because these
preparations allow a rigorous combination of
cellular and systems level approaches
(14,25,30,31,35—43).

The goal of this article is not to provide a
complete description of the cellular responses of
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the nervous system; rather, this article focuses
on a discussion of cellular responses in the con-
text of network functions. We conclude that to
understand how the nervous system responds
to hypoxia, more studies integrating cellular
and systems level approaches are needed. How-
ever, this is not an easy task, because the
hypoxic response of the mammalian brain is
extremely heterogeneous. For example, the
response to acute hypoxia is considerably dif-
ferent from the response to chronic hypoxia.
Moreover, the response to acute, severe hypoxia
is not the same as the response to mild, chronic
hypoxia, which is not the same as the response
to intermittent hypoxia. These types of hypoxia
can be associated with specific environmental
changes (such as those that occur during an
ascent to high altitude) or pathological condi-
tions (such as heart failure, chronic obstructive
pulmonary disease, obstructive sleep apnea
syndrome, or hypoventilation syndrome).
Adaptations of the nervous system to chronic
hypoxia are most profound in organisms living
under extreme hypoxic conditions (18-24).
Hypoxia-tolerant organisms have developed
special ways to deal with hypoxia, such as the
reduction of metabolic rate and the downregu-
lation of ion channel activity (“channel arrest”).
These strategies may help preserve critical ion
gradients and greatly diminished energy use
(for review, see refs. 18-24). These adaptations
occur in long time frames compared with the
“emergency” response of organisms that are not
adapted to extreme conditions. Considering all
these conditions would certainly exceed the
scope of a single article. Therefore, this article
discusses the emergency response of neuronal
networks to acute, chronic, and intermittent
hypoxia in three different sections.

The Response of the Mammalian
Brain to Acute Hypoxia

General Considerations

There are numerous cardiorespiratory disor-
ders that result in a sustained reduction of arte-

Molecular Neurobiology

rial POz levels, such as chronic obstructive pul-
monary disease (44); congestive heart failure
(45); and obstructive sleep apnea, which affects
approx 25% of adult males (46). Hypoxic con-
ditions can also occur acutely (e.g., because of
sudden drops in environmental PO: levels,
stroke, or sudden heart failure). Occurring
within seconds, one of the first manifestations
of acute hypoxia is the loss of higher brain
functions, such as those that give rise to con-
sciousness and purposeful behavior. These
behavioral effects are associated with the loss
of electroencephalographic (EEG) activity and
evoked EEG potentials (26,47). The time
required to cause marked disruptions in
behavioral functions (usually seconds) is much
shorter than the time (usually minutes)
required to observe histopathological changes
(26,48). It is tempting to speculate that the
occurrence of histopathological changes is
delayed because of an early, adaptive shut-
down of higher brain functions. However, the
difference in timing clearly indicates that the
earliest effects of oxygen deprivation include a
rapid and reversible influence of oxygen on the
cellular and molecular determinants of neu-
ronal excitability, such as the synaptic and
intrinsic membrane properties of neurons (28).

Disruptions of neuronal circuits are gener-
ally attributed to changes in intrinsic mem-
brane and postsynaptic properties (14,25,28,30,
35,49-51), changes in synaptic transmission
(32-34,37), and changes in the vesicular release
machinery (38,43). In most cases, various cellu-
lar effects occur simultaneously and act in con-
cert, resulting in a complex and heterogeneous
response at the network level. Neural circuits
and neurons throughout the brain express very
diverse responses to hypoxia. Although most
neurons stop generating action potentials in
hypoxia, some neuronal populations are more
hypoxia-resistant. The cessation of action
potential generation might be one functionally
important strategy to shut down neuronal net-
works to save metabolic energy or to prevent
the detrimental consequences of hypoxia.
Excessive calcium influx or excitatotoxicity
caused by excessive glutamate release are
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potentially detrimental mechanisms that are
preventable by a shutdown of network func-
tions. However, it would be equally detrimen-
tal to shut down entire neuronal networks.
There are also neurons that need to be
hypoxia-resistant. Some of these hypoxia-resis-
tant neurons behave like classical oxygen
chemosensors (52). These central oxygen sen-
sors presumably monitor brain oxygen levels
and, when activated, coordinate critical func-
tions necessary for the survival of the whole
organism (for review, see ref. 52).

The hypoxic response of the brain is adapted
to the hypoxic sensitivity that changes with
age. Generally, newborn mammals are more
resistant to hypoxia than adult mammals
(53-57; for a review, see ref. 58). In 1953, Hicks
(59) reported that newborn rodents could resist
hypoxia for nearly an hour without damage.
Subsequent studies in different central nervous
structures, such as the brain stem (56,60), the
hippocampus (55,61-63), and the cerebral cor-
tex (64,65), confirmed these results and
showed that the neuronal components were
less sensitive to hypoxia (for review, see refs.
12, 66, and 67).

Why can certain neuronal networks be more
or less sensitive? To understand the connection
between oxygen consumption and neuronal
network functions, it is critical to consider the
metabolic constraints and demands of neu-
ronal networks.

Metabolic Considerations As They Relate
to the Hypoxic Response

Under normoxic conditions, most neuronal
networks are continuously active and, therefore,
require high oxygen supply. To maintain net-
work activity it is essential to continuously con-
trol ionic gradients. These ionic gradients are a
prerequisite for membrane excitability, and they
change continuously throughout ongoing net-
work activity (28, 62, 64; for a review, see ref. 66).
In fact, 50% of a neuron’s energy is used to
maintain ionic gradients and fluxes (22,66).
This expenditure requires a high level of ongo-
ing ATP production to compensate for the poor
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energy storage capacity of the brain through
energy-rich molecules. To maintain high levels
of ATP, neurons normally use both aerobic and
anaerobic metabolism (66,68,69). During acute
hypoxia, neuronal ATP levels fall sharply
within seconds as a result of the inhibition of
oxidative phosphorylation (70,71). Despite the
hypoxia-induced drop in ATP production (71),
cellular ATP demands of most mammalian cells
and tissues tend to remain constant. This leads
to an energy deficit that can be compensated
only by anaerobic ATP supply pathways
(72-74). However, the finite stores of fer-
mentable substrate and the accumulation of
deleterious end-products (e.g., H*) limit anaer-
obic metabolism as a long-term solution to
severe oxygen deprivation (73,74). Therefore,
glycolytic capacity may be an important deter-
minant of neuronal survival in prolonged
hypoxia (75) and may partially account for dif-
ferences in hypoxic tolerance between ages and
subtypes of neurons (76). The capacity for cen-
tral neurons to carry out anaerobic glycolysis
depends on a variety of factors, including glu-
cose supply, intracellular conditions (e.g., pHi),
and the activity/expression level of glycolytic
enzymes (77,78).

Anaerobic metabolism allows neural circuits
to support some degree of hypoxic conditions
by providing ATP and, therefore, helping
maintain cell function. For example, some
hypoxia-induced changes in synaptic trans-
mission can be prevented by conditions favor-
ing anaerobic metabolism (79). Moreover,
elevated glucose concentrations protect against
hypoxic neuronal damage in hippocampal
slices (79,80) and glial damage in cultures (81).
Lactic acidosis also can protect hippocampal
slices against hypoxic neuronal damage (82).
The respiratory network can support long peri-
ods of hypoxia during neonatal period, which
is best explained by an efficient anaerobic
metabolism (83,84).

However, the activation of anaerobic metabo-
lism during hypoxia is limited in several ways.
Most importantly, anaerobic metabolism leads
to a pronounced decrease in pHi (48,71,85).
Although the switch from aerobic to anaerobic
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glycolysis reduces proton consumption because
of a lowered ATP production, more protons are
generated through the increased production of
lactic acid (86). Therefore, a consequence of the
increase in both lactic acid production and ATP
consumption is a rise in hydrogen ion concen-
tration. The rise in proton concentration inhibits
glycolysis, thus reducing ATP production (87).
This is additionally disadvantageous because
low pH is detrimental for synaptic function,
leading to the disruption of glutamate receptor
activation (88,89). In the adult respiratory net-
work, the rise in H* concentration has been
associated with the hypoxic depression of respi-
ratory activity (84).

Changes in Neuronal Intrinsic Properties
to Acute Hypoxia Are Heterogeneous

Although most neurons are sensitive to
hypoxia, there are significant differences
between different neuronal types—even be-
tween those located within the same brain
region (11,14,35,65,90-96). For example, hypoxia
causes hippocampal neurons to stop action
potential generation because of either a pro-
nounced hyperpolarization or a depolarization
leading to inactivation of transient channels
(25,35,50). Conversely, some brain stem neurons
involved in generating the respiratory rhythm
become only slightly depolarized, enabling
them to maintain cardiorespiratory functions
during oxygen deprivation (11,14,95-98). How-
ever, even colocalized brain stem neurons may
have strikingly different hypoxic responses
(14,99), making such generalizations potentially
misleading. We propose that the diversity of cel-
lular responses in any given network or brain
area can only be understood when considered
in a functional context. Networks in different
regions must be reconfigured in a behaviorally,
developmentally, and metabolically specific
manner to guarantee the survival of the entire
organism. Although the organism may be able
to afford a temporary loss of networks that con-
trol higher brain functions or digestive func-
tions, respiratory and cardiovascular functions
must be maintained. The differential response
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to hypoxia observed in different neuron types
may be produced by differences in their intrin-
sic properties or differences in the oxygen-sens-
ing mechanisms, which is discussed in the next
two sections.

The hypoxic responses of the hippocampus
and cerebral cortex have been extensively stud-
ied. Although most investigations have shown
that hippocampal and neocortical neurons have
a biphasic response to hypoxia (consisting of
depolarization and hyperpolarization), there is
disagreement regarding the order of these
events. Some reports suggest that hypoxia or
metabolic inhibition (by cyanide) causes hyper-
polarization, which is preceded by an initial,
transient depolarization (25,35,39,49,100-104).
Other reports show that hypoxia produces an
initial membrane hyperpolarization followed
by a depolarization (11,25,35,50,66,105,106).
Additionally, a minority of reports show that
hippocampal and neocortical neurons only
depolarize (25,35,49,96,101,102,107-109). Much
of the apparent differences in the hypoxic
responses of neurons may be explained by dif-
ferent activity states or different conditions of
neurons and network functions. For example, in
the hippocampal CA1 region, cyanide causes
different responses, depending on the resting
potential of the cells: hyperpolarization (or an
initial depolarization followed by hyperpolar-
ization) was generally observed in cells with
less negative resting potentials, and depolari-
zation was found in cells with more negative
resting potentials (110). These changes in the
resting membrane potential of hippocampal
and neocortical neurons have been associated
with changes in membrane input resistance
(11,35,39,49,50,90,101,104,107,108,111-115). The
heterogeneity of the responses of different types
of neurons—even within the same structure—
suggests that the cellular mechanisms underly-
ing these membrane changes are not common
and, perhaps, are only explained by their differ-
ential functional contributions. Therefore, it is
impossible to generalize the hypoxic effects
on neurons—particularly nuclei—because the
neuronal elements in a given neuronal network
may respond quite differently.
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Considerations drawn for the neocortex also
apply to other brain areas. Thalamo-cortical
neurons respond to hypoxia with a depolariza-
tion accompanied by an increase in input con-
ductance (40). Among locus coeruleus cells,
one group of neurons hyperpolarized, whereas
another group depolarized in hypoxia (116).
As mentioned, functional considerations why
some neurons depolarize, whereas others
hyperpolarize are still missing. In a similarly
diverse manner, two-thirds of the nucleus of
the tractus solitarius neurons hyperpolarize,
whereas the remaining neurons depolarize
(114). Neurons from the sympathoexcitatory
C1 region depolarize in hypoxia (117). Mid-
brain dopaminergic neurons hyperpolarize
during a hypoxic stimulus (118,119), whereas
striatal neurons depolarize (120). Neurons
recorded in the caudal hypothalamus of rats,
cats, and rabbits are excited by hypoxia both in
vivo (121,122) and in vitro (123,124). Similarly
to hippocampal and neocortical neurons, neu-
rons of the substantia nigra (125), locus
coeruleus (126), and dorsal vagal nucleus (93)
respond to hypoxia in a biphasic manner—in
this case, with an initial depolarization fol-
lowed by a hyperpolarization.

The changes of specific ionic conductances
underlying the membrane hyperpolarizations
or depolarizations with their associated changes
in input resistance are equally heterogeneous.
The contribution of specific ion channels to a
neuron’s response can be inferred from electro-
physiological studies, as discussed later. How-
ever, their contribution can also be inferred
through a pharmacological approach. For
example, in dorsal root ganglion neurons, the
hyperpolarization observed during hypoxia is
presumably caused by an increased K+ conduc-
tance through Ca?*-activated K* channels,
because the hyperpolarization can be blocked
by intracellular application of Ca?* chelators
(127). Other currents involved in the generation
of a hyperpolarization are the ATP-sensitive K*
currents (IKarp). In rat dorsal vagal neurons,
blockers of ATP-sensitive K+ channels, such
as tolbutamide and glibenclamide, suppress
anoxia-induced hyperpolarization, and activa-
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tors of ATP-sensitive K* channels mimic the
hypoxic response (128,129). Similar effects have
been observed in hippocampal (130) and striatal
neurons (131). Researchers have proposed that
the activation of IKarp channels prevents detri-
mental Ca?* increase in hippocampal neurons
(132) and neuronal damage in neocortical neu-
rons (133). Based on this pharmacological strat-
egy, several ion channels have been identified
that contribute to the hypoxic response. But are
these channels directly sensitive to hypoxia, or
are they indirectly activated (see next section).

Modulation of lon Channels
by Acute Hypoxia

The possibility that ion channels are directly
regulated by oxygen tension was first described
in chemoreceptive cells of the carotid body,
where K* channels are inhibited by hypoxia
(134). Since then, several other types of ion
channels have been proposed as possible candi-
dates for hypoxia modulation (7,134-136), but
whether this modulation results from a direct
effect on the ion channel itself or on auxiliary
regulatory proteins remains uncertain (for a
review, see ref. 135). In the following sections,
we discuss the effect of hypoxia on various
ion channels. These hypoxic effects can be
considered as building blocks that are used by
functionally different neurons to generate a
depolarization or hyperpolarization.

K* Channels

Both hypoxic depolarization and hyperpo-
larization have been associated with the modu-
lation of different types of K* channels,
including Ca?*-dependent K* channels, ATP-
dependent K+ channels, and leak currents. As
mentioned earlier, hypoxia produces a sharp
fall in ATP concentration. This decrease causes
the opening of the IKarp, thus leading to mem-
brane hyperpolarization. Activation of IKarp
by hypoxia has been reported in various neu-
rons, such as cortical neurons (137), hippo-
campal neurons (138,139), neurons of the
substantia nigra (140), dopaminergic midbrain
neurons (141), dorsal vagal neurons (142), neu-
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rons of the substantia gelatinosa (143), and
medullary respiratory neurons (144-146). The
correlation of the hypoxia-induced activation
of this channel with the hyperpolarization has
been established in several neurons through-
out the brain (39,107,129,138). Hypoxia also
produces an increase in intracellular Ca?* that
can open Ca?*-dependent K+ channels, which
is another mechanism that can lead to a mem-
brane hyperpolarization. This mechanism has
been described for hippocampal pyramidal
neurons (25,101,104,112,147), neocortical neu-
rons (16,148), and neurons of the substantia
nigra (16).

However, K* channels can also have the
opposite effect. In the past few years, a group of
“leak,” or background, K* channels (the so-
called two-pore domain K* channels) has been
identified as a potential target for hypoxic mod-
ulation (15,149-151). The inhibition of these
potassium channels has been associated with a
hypoxia-induced depolarization (15,152).

Nat Channels

Na* channels are responsible for both action
potential generation and pacemaker activity;
the former is produced by the transient Na* cur-
rent and the latter by the persistent Na* current
(for a review, see ref. 153). Hypoxia is known to
modulate both currents, thus affecting neuronal
excitability. Originally observed in myocytes
(154), hypoxia increases the persistent Na* cur-
rent in hippocampal neurons (17,41,155),
whereas hypoxia increases both the persistent
and the transient Na* current in hypothalamic
neurons (156). The effect of hypoxia on the tran-
sient Na* current in hypothalamic neurons is
not consistent with other reports of hippocam-
pal, cortical, and respiratory neurons, where
hypoxia depressed the transient Na* current
(42,157,158). The differences observed regarding
the effect of hypoxia on this current could be
related with differences in neuronal type
and/or Na* channel subunit composition.

Ca?* Channels

Ca?* channels are important for basic neu-
ronal functions, such as neurotransmitter
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release, tonic and bursting firing, and spike
adaptation. Therefore, the modulation of Ca?*
channels by hypoxia may produce dramatic
changes in neuronal activity at the cellular and
network levels. The effect of hypoxia on the L-
type Ca?* channel has been well-character-
ized. The L-type Ca?* current increases during
oxygen depletion in hypoxia-sensitive neu-
rons in both the brain stem and hippocampus
(159-162). Other reports in the rostral ventro-
lateral medulla and hippocampus described
an increase in the whole-cell Ca?* current,
without specifying the calcium channel sub-
type (161-163). However, compared with other
high-voltage activated Ca?* channels, the L-
type channel was about 3.5 times more sensi-
tive to hypoxia (161). In respiratory neurons,
some studies have shown an increase in cal-
cium currents (164), whereas others have
shown a decrease (165). This difference might
be explained by the differential modulation of
different calcium channel subtypes, a possibil-
ity that has not been well-described.

Finally, some other ionic mechanisms are
affected by hypoxia. The hyperpolarization-
activated current is increased by hypoxia in
thalamic neurons (40,166) and is depressed in
respiratory neurons (167). Additionally, the
decline in intracellular ATP, which occurs
within seconds of acute hypoxia, causes a
reduction in the activity of the Na*/K+* ATPase,
which is necessary for maintaining proper
ionic gradients and, therefore, membrane
potential. Inhibition of the Na*/K* ATPase
produced by hypoxia has been associated with
a massive depolarization in some neurons
(11,168-170).

Despite all the advances made, the hypoxic
effects on particular ion channels are not well-
integrated into a general understanding of
how these changes alter the electrical behavior
of particular neurons. However, it may be
unrealistic to expect such a general under-
standing. As discussed earlier, hypoxia differ-
entially alters the activity of several different
ion channels in different types of neurons.
Therefore, it is likely that the observed hetero-
geneity in the hypoxic responses may be
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explained by different, and very specific, com-
binations of modulated ion channels in any
given neuron.

Depression of Synaptic Transmission
During Acute Hypoxia

One of the initial hypoxic responses pro-
duced in the majority of neural networks is a
profound depression of synaptic transmission
observed both in vitro (29,30,171,172) and in
vivo (32-34,173). This general depression
might reduce the overall number of active neu-
rons in any given neuronal network. Most
studies suggest that this synaptic depression
results from a presynaptic mechanism (55). For
example, under hypoxic conditions that virtu-
ally abolish the evoked excitatory potential, it
is still possible to obtain a postsynaptic
response by iontophoretic application of gluta-
mate (174). Moreover, the amplitude of minia-
ture excitatory postsynaptic currents is not
modified during hypoxia (174), and hypoxia
increases paired-pulse facilitation (175); the
three evidences are strong indicatives of a
presynaptic origin. These experiments indicate
that the hypoxia-induced changes in synaptic
transmission are likely to be presysnaptic.
Conversely to the effects on intrinsic proper-
ties, the depression of synaptic transmission
produced by hypoxia is consistent and can be
observed in several brain areas, including the
hippocampus (25,32-34,175-177), cerebral cor-
tex (178), striatum (179), brain stem (114,
180-182), and spinal cord (143,171,172). The
depression of synaptic transmission occurs in
various neurotransmitter systems, such as glu-
tamatergic (175-177,183-185), y-aminobutyric
acid (GABA)ergic (179,183,185), and choliner-
gic systems (186,187).

Three hypotheses have been proposed to
explain the effects of hypoxia on synaptic trans-
mission: (a) the inhibition of presynaptic Ca%*
currents (50,51); (b) the interference with the
vesicular release machinery (38,43); and (c) the
modulation of presynaptic receptors controlling
neurotransmission  (33,34,37,113,176,188-192).
Although these possibilities are not necessarily
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exclusive, the third option appears to be sup-
ported by most evidence. Adenosine plays a
major role in the depression of synaptic trans-
mission during hypoxia. As a consequence of
depleted intracellular ATP stores, the extracellu-
lar levels of adenosine rise markedly during
hypoxia (176,191-193). This adenosine outflow
temporally correlates with a hypoxic depression
of the evoked excitatory potential (176,192,194).
Several groups have found that adenosine act-
ing on adenosine Al receptors is responsible for
about 50% of the hypoxic depression of synaptic
transmission in hippocampal slices in vivo
(32-34) and in vitro (113,176,188-192). Other
neuromodulator systems have been implicated
in the remaining 50%. For example, activation
of the muscarinic M2 receptors (175) and
metabotropic glutamatergic receptors (195,196)
also contributes to the depression produced by
hypoxia.

Changes in the Respiratory Network
During Acute Hypoxia

Although hypoxia-induced changes have
been studied in many neurons and networks,
there are not many neuronal networks in which
it is possible to relate hypoxic changes at the
cellular level to changes at the level of a func-
tional network. The response of the mam-
malian respiratory system to hypoxia is an
exception, because this response can be studied
in vivo and various in vitro preparations. The
respiratory response to hypoxia is biphasic
(181, 197-204). An initial increase in the fre-
quency and amplitude of ventilation (augmen-
tation) serves as an important mechanism to
increase oxygen supply. If hypoxic conditions
continue, then the augmentation is followed
by a secondary decrease in frequency and
amplitude (depression). This depression phase
is believed to save metabolic energy during sit-
uations when oxygen levels are low. During
prolonged hypoxic conditions, depression can
terminate in a reversible cessation of ventila-
tion (central apnea). If severe hypoxia contin-
ues, then breathing turns into gasping, which
is characterized by rapidly rising inspirations
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without subsequent expirations. Gasping is
associated with a rise in heart rate and arousal.
Therefore, gasping has been considered as an
important arousal mechanism that may lead to
autoresuscitation (205-207). If autoresuscita-
tion fails, then terminal apnea follows, which
is characterized by the irreversible arrest of
breathing and, ultimately, death of the organ-
ism. Indeed, one of the leading hypotheses to
explain sudden infant death syndrome (SIDS)
is that children who die from SIDS have a dis-
turbance in the mechanisms that generate
gasps, thus leading to a failure to autoresusci-
tate (208-210).

Without ignoring the role of peripheral
chemosensors (for a review, see ref. 211), there
is evidence that the biphasic respiratory
response to hypoxia has a strong central ner-
vous system component (212,213). In fact, first
indication for a central hypoxic response came
from in vitro experiments that clearly showed
a biphasic respiratory response. This central
hypoxic response was most convincingly
demonstrated in in vitro spontaneously active
respiratory rhythmic transverse slice prepara-
tions of mice (14,99,144,182,214,215). Although
the biphasic pattern of the central hypoxic
response is generally stereotyped and repro-
ducible, there is some heterogeneity between
different respiratory nuclei and animals of dif-
ferent ages.

Similarly to other mammalian networks, the
respiratory network of neonates is very resis-
tant to hypoxia (214,216,217). Respiratory
movements were found to persist longer in
intact neonatal rats than in rats older than 1 wk
(218,219,220,221). Despite hypoxia-induced aci-
dosis, the extracellular K+ and Ca?* concentra-
tions remained almost unaffected, even during
sustained periods of anoxia in in vitro prepara-
tions in newborn rats (222-224) and newborn
rabbits (204). Additionally, the respiratory
rhythm generated in in vitro preparations per-
sists for several minutes and even hours under
hypoxia in newborns (214, 224-226). In these
neonatal preparations, anoxia did not signifi-
cantly affect the amplitude of integrated
hypoglossal nerve (XII) bursts, and rhythmic
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activity never ceased during the depression
phase. These findings are consistent with the
observation that the respiratory network in
newborns is efficient at anaerobic metabo-
lism (83).

In more mature animals, hypoxia main-
tained for long periods of time causes major
metabolic disturbances contributing to the
depression of amplitude and frequency of the
respiratory network activity (203,227). Consis-
tent with these observations, hypoxia results in
the reversible suppression of inspiratory nerve
activity in an arterially perfused brain stem
preparation from adult rats (228) and in vivo
adult cat (181). In slices obtained from postna-
tal mice older than 7 d, augmentation was
accompanied by a significant increase in the
amplitude of XII bursts, and during the subse-
quent depression a significant decrease. When
the period of hypoxia was extended beyond a
few minutes, this depression always led to the
cessation of rhythmic activity in XII rootlets
(214).

There are significant differences in the
hypoxic response of the different respiratory
nuclei. For example, the activity of phrenic,
intercostal, and hypoglossal motoneurons (XII)
significantly increases during the hypoxic aug-
mentation (215,229-231), whereas a significant
proportion of bulbospinal neurons in the ven-
tral respiratory group (VRG) and the dorsal
respiratory group show no change or exhibit a
decrease in discharge frequency. However,
there are also neurons within the VRG that
increase their activity (200,232). Telgkamp and
Ramirez (215) demonstrated significant differ-
ences in the hypoxic response between the pre-
sumed respiratory rhythm-generating network
in the VRG and the hypoglossal motor nucleus
in vitro. The amplitude of respiratory bursts
was significantly increased only in the
hypoglossus nucleus and not in the VRG, and
there was a higher tonic excitation in the
hypoglossus. This might be functionally adap-
tive. It is tempting to speculate that neurons
involved in the generation of the respiratory
rhythm (located within the VRG) go into an
energy-saving (and possibly life-saving) mode,
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and motor output simultaneously remains
enhanced via a local modulatory action. How-
ever, this local hypoxic modulation of hypoglos-
sal motoneurons is potentially dangerous,
because it makes motoneurons particularly vul-
nerable to hypoxic conditions (95,180,233).
However, there are significant differences, even
regarding motor nuclei. Hypoglossal motoneu-
rons are particularly sensitive and produce a
stronger depolarization and increase in firing in
response to hypoxia than other brain stem neu-
rons (11,56,215), such as vagal motoneurons
(83,93,95). The specific hypoxic depolarization
of hypoglossal motoneurons is depicted in the
network model (Fig. 1); these neurons are high-
lighted in gray. This network model is explained
in the following paragraph.

Hypoxia-Induced Changes
in the Respiratory Rhythm-Generating
Network

To understand how hypoxia alters the respi-
ratory network, it is critical to describe its net-
work function under control conditions.
Increasing evidence indicates that breathing is
produced by rhythm-generating neuronal net-
works located within the brain stem (181,225,
234-237) in an area called the pre-Botzinger
complex (PBC; ref. 235) and in another area
rostral to the PBC, known as the para-facial
respiratory group (236,237). The latter respira-
tory group appears to be primarily responsible
for the generation of expiratory activity,
whereas the PBC is primarily, but not exclu-
sively, responsible for the generation of inspira-
tion. Because the hypoxic effects on para-facial
respiratory group neurons are still unknown
and the control of inspiration is particularly
important during hypoxia, this article focuses
on the effects of hypoxia on the neurons in the
PBC. As demonstrated in the network model
(Fig. 1), the PBC contains several types of neu-
rons, including expiratory, inspiratory, and
postinspiratory neurons (14,181,182, 225,238,
239). These neurons are connected via recipro-
cal inhibition, which is critical for establishing
the three phases of respiratory activity: inspira-

Molecular Neurobiology

Pefia and Ramirez

tion, postinspiration, and expiration (Fig. 1A;
ref. 240). In the absence of synaptic inhibition,
expiratory neurons lose their rhythmicity,
postinspiratory neurons discharge in phase
with inspiration, and inspiratory activity con-
tinues (182,241,242). Some of the respiratory
neurons, including inspiratory and expiratory
neurons, respond to hypoxia with an initial
depolarization, followed by a persistent hyper-
polarization (99,216,225), whereas other respi-
ratory neurons maintain tonic firing during
prolonged hypoxia without apparent change
in membrane potential (99,182,225).

Various ion channels have been implicated
in the generation of the hypoxic response of
respiratory neurons. The amplitude of the L-
type calcium current increases during hypoxia
(164). IKarp is activated during hypoxia
(144,145), and the hyperpolarizing effect of this
current has been suggested to account for the
respiratory depression (145). Other channels
affected by hypoxia include Na* channels (42)
and In currents (167). Hypoxia also affects
synaptic transmission in the PBC. The most
obvious effect is a suppression of synaptic inhi-
bition, which was observed both in vivo (181)
and in vitro (182,243). The depression of
synaptic inhibition has two consequences:
expiratory neurons cease to discharge rhythmi-
cally (99) and postinspiratory neurons fire in
phase with inspiration (ref. 182; see also Fig.
1B). There is an additional effect on gluta-
matergic transmission. In some inspiratory
neurons there is a reduction of phasic excita-
tion (216,225). This was not always the case,
however, as synaptic drive onto other inspira-
tory neurons was unaltered (216,225). This evi-
dence suggests that there must be a
hypoxia-resistant component of synaptic exci-
tatory transmission that may be critically
involved in the generation of gasping. How-
ever, the cellular mechanisms underlying this
hypoxia resistance remain to be determined.

Using the transverse slice preparation of
mice, progress was made in understanding
how these diverse modulatory effects at the
ion channel and synaptic level lead to the
hypoxic response at the network level.
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Fig. 1. Model of the respiratory network proposed for two states: (A) under normoxic and (B) hypoxic conditions.
The two states represent eupneic and gasping activity, respectively. (A) The respiratory network contains a kernel of
inspiratory neurons with heterogeneous pacemaker properties (light gray, black circles) that are connected via exci-
tatory connections. Pacemakers are influenced by concurrent inhibition derived from inspiratory (I), expiratory (E),
and postinspiratory neurons (P1). Inhibitory connections from inspiratory onto expiratory neurons play a critical role
in establishing the different phases of respiratory activity. Inhibitory connections onto inspiratory neurons influence
the kernel of pacemaker neurons, thereby playing a role in respiratory rhythm generation. (B) During hypoxia,
major portions of the respiratory shut down, as indicated by the light grey outlines of the majority of circles and con-
nections. The only neurons remaining under these conditions are the cadmium-insensitive pacemaker neurons
(black circle) driving the remainder of the respiratory network. Under these conditions, the respiratory rhythm is dri-
ven by pacemaker neurons. The network also drives motoneurons that have their local hypoxic modulation. For
example, hypoglossal (XIl) motoneurons are strongly depolarized during hypoxia (gray circle).

As mentioned earlier, the slice preparation respiratory network undergoes a drastic recon-
generates a biphasic hypoxic response. During tiguration (Fig. 1; ref. 182). Respiratory neurons
the transition from normoxia into hypoxia, the without pacemaker properties hyperpolarize
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(Fig. 1B). This was demonstrated by synapti-
cally isolating inspiratory and expiratory non-
pacemaker neurons (99). The reduction in the
number of active nonpacemaker neurons might
explain the synaptic depression observed at the
network level. Specifically, the loss of synaptic
inhibition could be explained by the cessation
of activity in neurons that make synaptic
inhibitory connections (Fig. 1B). As depicted in
the network model (Fig. 1B), the loss of synap-
tic inhibition leads to the loss of expiratory
phases and the reconfiguration of postinspira-
tion into inspiration. Although the properties of
nonpacemaker neurons might explain the
reconfiguration of respiratory phases, to under-
stand how gasping is generated, it also is criti-
cal to consider the properties of the so-called
“pacemaker neurons,” which are neurons that
possess the intrinsic ability to generate regular
bursts of activity (28).

Under normoxic conditions, the respiratory
network contains a kernel of pacemaker neu-
rons that is connected via excitatory gluta-
matergic connections (Fig. 1A; refs. 235 and
244). There are at least two types of neurons
among these pacemaker neurons, and these
can be differentiated by their electrophysiolog-
ical properties (14,99,238,239,245). Both types
of pacemakers play a major role in the genera-
tion of the normal respiratory motor pattern
under normoxic conditions (14,245).

Following in vitro characterization, one type
of pacemaker neurons was presumably found
to generate bursts through a mechanism based
on a CaZ*-activated cationic current (ICAN)
(Fig. 1A, light gray); the other type generated
bursting based on the persistent tetrodotoxin-
sensitive Na* current (Fig. 1A, black). Both
types of pacemaker neurons are differentially
modulated by hypoxia. The neurons that rely
on ICAN lose the ability to burst intrinsically
during prolonged hypoxia (Fig. 1B, longer
than 3 min). The other type of pacemaker neu-
rons, which rely on the persistent sodium cur-
rent, continues to burst throughout long
periods of hypoxia (Fig. 1B).

We have proposed that these neurons play a
critical role in generating gasping activity
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because blocking the persistent Na* current
with riluzole abolishes fictive gasping in vitro
(14). The cessation of activity in nonpacemaker
neurons and ICAN-dependent pacemaker
neurons can be hypothesized to result from the
activation of the IKarp current, whereas the
maintenance of bursting in persistent-sodium-
dependent pacemaker neurons results from
the hypoxic activation of sodium channels
(Fig. 1B). Regarding the model proposed in
Fig. 1, it is also interesting to note that the res-
piratory rhythm under control conditions
depends on a heterogeneous population of
pacemaker neurons as well as network proper-
ties (Fig. 1A), whereas under hypoxic condi-
tions, the respiratory rhythm critically
depends on the persistent-sodium-dependent
pacemaker neurons driving the respiratory
rhythm during gasping (Fig. 1B). This depen-
dence on just one population of respiratory
neurons and on only on major ionic mecha-
nism (the persistent sodium current) makes the
respiratory network particularly vulnerable
during hypoxia, which may explain why some
children die of SIDS because of the failure to
gasp (14). It would be interesting to learn
whether similar reconfigurations also occur in
other neuronal networks, such as the neocor-
tex, in which some neurons cease to discharge
early and others remain active—even during
prolonged exposure to severe hypoxia. Con-
sidering the differential sensitivity of neurons
in the context of an adaptive network reconfig-
uration might be the only way to understand
why the responses of individual neurons are so
heterogeneous and network-dependent.

Long-Lasting Effects of Hypoxia

In addition to the remarkable adaptive prop-
erties of neural networks to short-term
hypoxia, neural networks also demonstrate
long-term adaptations that greatly outlast the
acute hypoxic exposure. For example, clinical
data suggest that oxygen deprivation during
early development may provoke irreversible
structural and functional modifications (for
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review, see refs. 246-248). As described earlier,
during the initial stages of hypoxia, neurons
exhibit alterations in synaptic transmission
and intrinsic membrane properties. Conse-
quently, there are detrimental changes in the
neuronal intracellular environment, such as a
rise in intracellular Ca2* concentration, an
attenuation of ATP levels, and changes in pH,
which may alter the activity of those neurons
and the activity of neuronal networks in the
long term (for review, see ref. 48).

In hippocampal CA1l neurons, spontaneous
neuronal activity and excitability is increased
after return to control oxygen levels, both in vivo
(249,250) and in vitro (183,251-253). Other stud-
ies have found a long-term increase in synaptic
transmission associated with an enhancement of
postsynaptic N-methyl-D-aspartate (NMDA)-
receptor-mediated responses. Together with
presynaptic changes, these postsynaptic changes
may at least partly explain the increase in
excitability of pyramidal neurons (183,251-254).
The NMDA-mediated responses in the CAl
region of the rat hippocampus remained poten-
tiated for 1 h after an anoxic-aglycemic episode
(251,252). Some authors have referred to this
long-term increase of synaptic transmission as
hypoxia-induced long-term potentiaton (251,
252,255), which has also been reported in the
corticostriatal synapse (256).

Another long-lasting effect of hypoxia is
neuronal damage. In hypoxia-sensitive struc-
tures such as the cerebral cortex, cerebellum,
striatum, and hippocampus, damage typically
is produced after several minutes of oxygen
deprivation (87,257). A critical factor in the
induction of hypoxic brain injury is a network
process called spreading depression-like depo-
larization (SDLD; refs. 258 and 259). SDLD is
characterized by rapid and nearly complete
depolarization of a sizable population of brain
cells, accompanied by a massive redistribu-
tion of ions between intra- and extracellular
compartments. This depolarization propagates
slowly as a regenerative wave through brain
tissue (259-263). Several studies have sug-
gested that SDLD is produced by the coopera-
tive action of overactivated persistent Na*
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current and NMDA-receptor-controlled cur-
rent (for a review, see ref. 264). In the CAl
region of the rat hippocampus, SDLD is
accompanied by both a negative shift of the
extracellular dendritic cell potential (meaning
a massive depolarization) and a sharp decrease
in light transmittance, which is correlated with
cellular swelling (265). This swelling has been
confirmed in brain slices by measurements of
extracellular volume (266-268), extracellular
resistance (269,270), optical properties of brain
tissue (271,272), and intracellular volume (273).
Both SDLD and neuronal swelling contribute
to neuronal damage (266,274-276).

Neuronal death, which is caused by
decreased or interrupted oxygen delivery, has
also been attributed to changes in intracellular
pH, decreased ATP levels, free radical produc-
tion, increases in intracellular Na* and CaZ*
concentrations, and membrane depolarization
(for a review, see ref. 48). The dramatic increase
in intracellular Ca?* (277-281) appears to play
the most important role in excitotoxic cell dam-
age associated with hypoxia (282-286).
Ionotropic glutamate receptors are key players
in this damaging hypoxia-induced Ca?* influx
(285,287-291).

Additionally, the influx of Na* appears to
be an important factor in hypoxia-induced
injury. Sodium channel blockers, such as
tetrodotoxin and lidocaine, as well as extra-
cellular solutions containing a low Na* con-
centration protect neurons from ischemic
damage. These pharmacological experiments
suggest that voltage-gated Na* channels play
an early and important role in oxygen-sens-
ing and cell damage (291-297). Researchers
recently demonstrated that Na* entry via
voltage-dependent Nat* channels during
hypoxia led to apoptotic cell death (298).

Effects of Chronic Hypoxia
on Neural Networks

As mentioned earlier, chronic hypoxia may
occur under certain environmental conditions
as a result of insufficient blood flow (cere-
brovascular hemorrhage, brain tumor, vascular
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occlusion, cardiac arrest, or bypass surgery) or
respiratory dysfunction (obstruction of airway,
lung dysfunction, or neural control failure).
Despite its importance, there have been fewer
studies on the effects of chronic hypoxia
regarding alteration at the neuronal and net-
work levels compared to studies of acute
hypoxia. The temporal characteristics of
chronic hypoxia (e.g., intermittent vs continu-
ous hypoxia) influence how neurons and net-
works adapt to chronic hypoxia. Chronic
hypoxia typically alters protein expression,
including significant changes in ion channel
expression (for a review, see ref. 299). The regu-
lation of gene expression largely results from
the activation of a hypoxia-sensitive transcrip-
tion factor called hypoxia-inducible factor
(HIF)-1 (refs. 300 and 301). HIF-1 is a hetero-
dimer of HIF-1a and HIF-1b, which are basic
helix-loop-helix proteins of the PAS family.
HIF-1b is expressed constitutively in all cells. It
does not respond to changes in oxygen ten-
sion, but it is essential for hypoxia-induced
transcriptional changes mediated by the HIF-1
heterodimer (for a review, see ref. 302).

Oxygen levels directly regulate the expres-
sion of the HIF-1a component in a dose-depen-
dent manner, with a gradual increase as PO>
decreases from 20 to 5% and a pronounced
increase as PO falls below 5% (302,303). The
dynamics of the onset and decay of HIF-la
expression are quite rapid. For example, the
decay of HIF-la after re-oxygenation of lung
tissue occurs within 1 min (304). Such rapid
dynamics enable short bouts of intermittent
hypoxia to produce adaptations at the level of
gene transcription that, in turn, promotes
angiogenesis, erythropoiesis, and glycolysis.
Although no data currently exist to clearly
indicate whether tissues respond differentially
to continuous or intermittent hypoxia, it
appears reasonable to expect that HIF-1
expression is a critical determinant in initiating
and reversing the adaptive and/or maladap-
tive responses to intermittent hypoxia. The
gene expression modulated by these transcrip-
tion factors could change the density and dis-
tribution of neuronal membrane proteins, such

Molecular Neurobiology

Pefia and Ramirez

as ion channels and transporters, and thereby
alter cell function (ref. 305; for a review, see ref.
302). Past investigations have shown that pro-
longed hypoxia selectively upregulates gly-
colytic and related enzymes (e.g., lactate
dehydrogenase, pyruvate kinase, hexokinase)
but not nonglycolytic cytoplasmic enzymes
(e.g., fatty acyl-CoAsynthetase, cytoplasmic
malate dehydrogenase, and glucose-6-phos-
phate dehydrogenase) in mammalian cells
(78,306,307). There are also direct changes in
ion channels—for example, chronic hypoxia
increases the expression of L-type and Ca?*-
activated K* channels (299). Chronic hypoxia
causes Na* channel messenger RNA and saxi-
toxin binding (a Nat* channel blocker) to
decrease in adult rat brains and to increase in
fetal brains (305,308).

Effects of Intermittent Hypoxia
on Neuronal Networks

Intermittent hypoxia is broadly defined as
repeated episodes of hypoxia interspersed
with episodes of normoxia (309). This type of
hypoxic pattern is observed in obstructive sleep
apnea (OSA), a clinical syndrome characterized
by repeated episodes of upper airway obstruc-
tion during sleep—now recognized as a highly
prevalent public health problem causing sub-
stantial cardiovascular and neurocognitive
morbidities (310-314). OSA is characterized by
episodic airway obstructions during sleep,
often occurring more than 60 times per hour,
with significant desaturations of hemoglobin to
levels as low as 50%. These events are associ-
ated not only with hypoxia but also hypercap-
nia. The frequent arousals also lead to
significant sleep fragmentation (311-314).
Patients with OSA exhibit substantial memory
and executive functional losses, have increased
circulating markers of oxidative stress and
inflammation, and develop regional gray mat-
ter loss (311-314).

Chronic intermittent hypoxia significantly
increases right ventricular heart mass, likely
associated with pulmonary vascular remodel-
ing and pulmonary hypertension (315-319).
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There are also detrimental effects on normal
development, especially in the fetus. It is
well-established that intermittent hypoxia
significantly decreases fetal growth (320,321).
It has long-term consequences, including
hypertension, cerebral and coronary vascular
problems, developmental and neurocognitive
deficits, and neurodegeneration caused by the
cumulative effects of persistent bouts of
hypoxia (for a review, see ref. 309). In animal
models, intermittent hypoxia leads to neu-
rodegeneration, inflammation, and impaired
spatial learning. This has been demonstrated
in the Morris water maze, even in the absence
of significant sleep fragmentation (322-326).
Intermittent hypoxia induces a sustained
(more than 3 h) hyperexcitability of CAl
pyramidal neurons accompanied with epilep-
tiform activity, which depends on activation
of L-type Ca?* channels and NMDA receptors
(327). The hypoxia-induced activity was also
associated with a time-dependent expression
of the inducible nitric oxide synthase. An
increased expression of inducible nitric oxide
synthase may play a critical role in the early
pathophysiological events leading to inter-
mittent-hypoxia-mediated neurobehavioral
deficits (325). Relevant to SIDS, both prenatal
and early postnatal intermittent hypoxia
adversely affect gasping and related survival
mechanisms (206,328,329).

Despite the detrimental effects of intermit-
tent hypoxia, protocols of intermittent hypoxia
have also been used in humans because of
their beneficial effects. For example, intermit-
tent hypoxic training has been shown to have a
significant anti-arrhythmic effect in acute
myocardial ischemia in conscious animals
(330,331), and intermittent hypoxia prevents
experimental atherosclerosis in rabbits (332).
Intermittent hypoxia is an effective stimulus
for erythropoietin (a hormone that stimulates
red blood cell formation) production in both
humans (333-335) and rats (336). In the respi-
ratory network, intermittent hypoxia produces
a long-lasting increase in normoxic ventilation
(337-339), a phenomenon discussed in the fol-
lowing section.
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Long-Term Facilitation
of the Respiratory Output

The respiratory network exhibits long-last-
ing alterations in rhythmic activity that
depends on the characteristics of the hypoxic
stimulus. After termination of a single hypoxic
episode, the isolated respiratory network
responds with a short-term frequency increase
(340), and the whole animal responds with a
short-term frequency decline (341). On the
other hand, an exposure to brief (3-5 min),
repetitive episodes of hypoxia causes an
increase in respiratory frequency as well as an
increase in the amplitude of integrated motor
neuronal bursts both in vivo and in vitro (refs.
339 and 340-348; for a review, see ref. 349).
These changes persist for more than 90 min
and are collectively referred as long-term facil-
itation (LTF; refs. 340, 349, and 350). The details
of this form of plasticity vary with preparation
(339,345), animal strain (349), age (351,352),
and experimental conditions (347). However, it
appears that changes in motor neuron burst
amplitude result from a direct modulation at
the level of the motor nuclei (338,339), whereas
the frequency effects result from direct changes
in the respiratory network (340). This differen-
tial modulation is depicted in the network
model in Fig. 2. This model proposes that the
frequency modulation, which can be observed
even in the isolated respiratory network (Fig.
2B; ref. 340), is generated by a direct modula-
tion of the pacemaker kernel within the PBC
(Fig. 2A, gray circle), whereas the amplitude
modulation results from a direct effect at the
level of the motor nuclei (Fig. 2A, light gray
circle).

It was recently proposed that a protein
kinase C-induced stimulation of IKarp chan-
nels in the mitochondria of respiratory neu-
rons was responsible for the hypoxic
facilitation of rhythmic activity (353). Respira-
tory LTF can be produced by intermittent
hypoxia (339,340)—or the physiological surro-
gate—electrical stimulation of the carotid sinus
nerves (342,343). Interestingly, LTF is elicited
by hypoxia only when presented in an episodic
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Fig. 2. The respiratory network assumes a different state following intermittent hypoxia. (A) Intermittent
hypoxia triggers long-term facilitation (LTF), resulting in an increased respiratory frequency that is presumably
controlled by the respiratory kernel of pacemaker neurons (large, gray-shaded circle), and enhance respiratory
amplitude that is presumably controlled by local modulation of the motor nuclei (large, light gray circle). (B)
Intermittent hypoxia leads to an increase in respiratory frequency (ordinate) lasting for more than 90 min
(abscissa). This form of LTF was observed in the isolated respiratory network of mice, indicating a central neu-

ronal origin. (Modified from ref. 340.)

pattern (347), demonstrating strong pattern
sensitivity similar to other models of plasticity.
LTF is serotonin-dependent, because it is abol-
ished by serotonin receptor antagonists or
serotonin depletion (342-344). The long-term
effects involve protein synthesis because
inhibitors of protein synthesis also abolish LTF
(354).
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A protein critical for this plasticity is brain-
derived neurotrophic factor, which is both
necessary and sufficient to induce LTF (355).
As mentioned earlier, LTF shows very interest-
ing age and gender differences. Compared to
3- to 4-mo-old male Sprague Dawley rats
(347), LTF is attenuated in the phrenic nerve
and nearly abolished in the hypoglossal nerve
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of 12- to 14-mo-old male rats (351). Con-
versely, LTF increases with age in female rats
and is influenced by the estrus cycle (352). The
age and gender dependence of LTF resembles
the age and gender dependence of OSA
observed in humans (356), suggesting a possi-
ble link. Although intermittent hypoxia elicits
unique forms of respiratory plasticity in
neonates (357,358), LTF has not been studied
in this age group. The study of LTF during
development is important, because serotonin-
dependent plasticity has been associated with
various respiratory disorders of the newborn
(359,360). Although much has been learned
regarding how intermittent hypoxia affects the
motor output, the mechanism that leads to the
long-term frequency modulation remains
unknown (340), although a modulation of
pacemaker activity is the most likely target for
this form of plasticity.

Interestingly, LTF is susceptible to even fur-
ther plasticity, a phenomenon that is generally
referred to as metaplasticity. Bilateral cervical
dorsal rhizotomy increases both hypoxia-
induced phrenic LTF and serotonin terminal
density near phrenic motoneurons (338), and
chronic intermittent hypoxia augments phrenic
LTF (361).

Conclusions and Perspectives

Oxygen is essential for the homeostasis and
survival of cells in all aerobic organisms. There-
fore, it is not surprising that evolution has pro-
duced diverse strategies to ensure adequate
oxygen supply, including various strategies to
sense and to respond to changes in oxygen lev-
els. The diversity of strategies in the hypoxic
response of the mammalian nervous system
may correspond to the relative evolutionary
age of a given brain structure.

As mentioned earlier, one of the first mani-
festations of hypoxia is the loss of higher brain
functions, such as those that give rise to con-
sciousness and purposeful behavior. These
higher brain functions are generated by the
most “recent” brain structures, such as cortex
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and hippocampus. The disruption of network
activity associated with higher brain functions
could be interpreted as an adaptation to main-
tain the activity of the evolutionary older net-
works associated with survival (e.g., respiratory
network) and to shut down the activity of the
evolutionary younger networks that are not
immediately necessary for survival. This strat-
egy could allow the brain to switch some net-
works into an energy-saving mode and to
maintain vital networks in a functional mode.
However, as illustrated in this article, the situa-
tion is not so simple. Substantial reconfigura-
tions occur even in those networks that are
critical for survival. During hypoxia, the respi-
ratory network assumes a new and very differ-
ent configuration in which many neuronal
elements are shut down, and the rhythm is
maintained by a subpopulation of hypoxia-tol-
erant pacemaker neurons that generate gasp-
ing (Fig. 1).

The situation may be similar in other neu-
ronal networks (i.e., irrespective of evolution-
ary age or necessity for survival). For example,
it is surprising that some neurons in the neo-
cortex are much more hypoxia-tolerant than
hypoglossal motoneurons (96,180), although
hypoglossal motoneurons are critical for sur-
vival because they control upper airway
potency, whereas neocortical neurons are
“only important” for higher brain functions.
Perhaps these hypoxia-tolerant neocortical
neurons maintain neocortical functions in an
energy-saving mode, much like the respiratory
network that goes into a gasping mode. How-
ever, such functional considerations have not
been rigorously addressed for networks
located in neocortex, hippocampus, and other
areas involved in higher brain functions. Cur-
rently, we only know that the neural responses
in these areas are extremely heterogeneous.
Therefore, future studies need to better inte-
grate findings obtained at the cellular level
with those at the level of the network and asso-
ciated behavior. This integrative approach is
an important step to better understand how
the brain adapts to hypoxia. Functional slice
preparations from various different areas
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become increasingly available and will facili-
tate such integrative studies.

Another important research avenue aims at
better understanding of the long-term adapta-
tions of neuronal networks following a
hypoxic exposure. In the past, much research
has focused on the well-known irreversible
and ultimately detrimental structural and
functional modifications produced by hypoxia
(for review, see refs. 246—-248). However, there
are also long-term changes that remodel neu-
ronal networks, resulting in a new network
state that is possibly protective and more resis-
tant to subsequent hypoxic exposures. This
article mentioned two long-term changes asso-
ciated with hypoxia: the long-term potentia-
tion (LTP) observed in hippocampus and the
LTF observed in the respiratory network.
Although both types of plasticity may be adap-
tive, careful analysis is necessary to investigate
the benefit of these forms of plasticity. Recent
evidence has demonstrated that hypoxic LTP
may occlude the induction of “physiological”
LTP (362). The hypoxic LTP may also increase
network excitability, leading possibly to
epileptic activity (363). If persistent, the inter-
mittent pattern necessary to induce LTF may
have detrimental effects on other networks
associated with cognition (312,322-326).

Intermittent hypoxia is also known to
diminish the induction of LTP (364). There-
fore, it will be very important to dissect and
differentiate the effects of intermittent hypoxia
on different neuronal networks and their asso-
ciated functions. However, there is great
potential that these types of hypoxic expo-
sures are extremely beneficial. It has been sug-
gested that LTF may lead to new therapeutic
strategies for treating breathing disorders,
such as respiratory insufficiency after spinal
cord injury (365). Intermittent hypoxia is well-
known as a preconditioning stimulus not only
in the mammalian nervous system but also
other organ systems (366). We conclude that
hypoxia is a very powerful modulator of neu-
ronal network activity that can produce short-
lasting changes in the millisecond range as
well as long-lasting effects that can persist
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throughout a life span. Hypoxia is associated
with several pathological conditions and trig-
gers remarkable adaptations to extreme condi-
tions. Hypoxia has very heterogeneous effects
on neuronal networks. This heterogeneity
appears to be the result of a complex interplay
of hypoxic effects that simultaneously alter
neuronal metabolism, intrinsic membrane
properties, and synaptic transmission within
each neuronal network. The study of the
hypoxic modifications of the cellular compo-
nents, together with the systematic analysis of
alterations evoked in several vital neuronal
circuits, has important clinical implications for
the treatment of various neurological diseases
associated with oxygen deficiency.
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