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Neuronal-glial Interactions Define the Role of Nitric Oxide in Neural

Functional Processes
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Abstract: Nitric oxide (NO) is a versatile cellular messenger performing a variety of physiologic and pathologic actions
in most tissues. It is particularly important in the nervous system, where it is involved in multiple functions, as well as in
neuropathology, when produced in excess. Several of these functions are based on interactions between NO produced by
neurons and NO produced by glial cells, mainly astrocytes and microglia. The present paper briefly reviews some of these
interactions, in particular those involved in metabolic regulation, control of cerebral blood flow, axonogenesis, synaptic
function and neurogenesis. Aim of the paper is mainly to underline the physiologic aspects of these interactions rather

than the pathologic ones.
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INTRODUCTION

Around 25 years ago endothelium-derived relaxing factor
(EDRF) was identified as nitric oxide (NO), produced by the
endothelial component of blood vessels and resulting in
strong relaxation of the smooth muscles of the same
structures [1-4]. First demonstration for a role of EDFR
in brain function almost immediately followed when
Garthwaite and co-workers showed that it was released by
cerebellar neurons upon activation of the excitatory NMDA
glutamate receptor [S]. It is noteworthy that, in this early
report, the authors pointed at neuron-glia interactions as a
key mechanism sub-serving the novel discovered function,
stating that “....it may link activation of postsynaptic NMDA
receptors to functional modifications in neighboring
pre-synaptic terminals and glial cells”. The subsequent
identification of NO as the actual messenger and the
disclosure of the GMP system as the main transduction
system of message inside the cell [6-8] opened the way to an
impressive amount of research, which has produced more
than 20,000 published papers listed in PubMed data bank.
Since the beginning of research, the dual nature of NO in the
brain was clearly identified with respect to its physiologic or
pathologic roles, thus contributing to the attribution of the
name of Janus-faced molecule [9-13]. Physiologic actions of
NO are related to a vast array of neural function from
neurogenesis and development to synaptic plasticity,
learning and memory, while pathologic actions have been
related to excessive production of the messenger in
conditions of brain insults and neuroinflammation. While an
intuitive explanation is that low concentrations of NO
mediate physiologic actions and high concentrations
pathologic actions, this may be a too easy way to address
functions of a molecule so unstable, reactive and short-lived
as NO, not forgetting that to estimate actual concentrations
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of NO has been a very difficult and still controversial task
[14]. While concentrations in the pM range have been often
evaluated to be physiologic in several tissues, including the
nervous system, recent evidences resulting from application
of multiple methods suggest much lower physiologic
concentration in the low nanomolar range or even fractions
of it [14]. In this complex picture, a peculiar additional
complication offered by the nervous tissue is related to the
multiple sources of brain NO, from neurons and from
different types of glia, as well as from their interactions.
Some of these mechanisms and of the related interactions
will be considered in the present paper and their relevance to
physiology, as well as in some instances also to pathology,
will be discussed.

Nitric oxide is produced through a reaction catalyzed by
enzymes called Nitric Oxide Synthases (NOSs) through a
well studied reaction, in which a molecule of arginine is
converted to citrulline releasing a molecule of NO and
producing a molecule of water through NADPH oxidation,
with a two step reaction in which N-omega-hydroxyl-L-
arginine is an intermediate product [15]. Details on the
enzyme structure, role of co-factors and reaction mechanism
have been reviewed elsewhere [16]. In addition to NO,
NOSs can produce, under some reaction conditions, both
superoxide anion and hydrogen peroxide [17, 18]. Among
the several reactive oxygen species (ROS) produced as side
effect of oxidative metabolism, superoxide anion not
scavenged by superoxide dismutase (SOD) is a favored
reactant for NO, resulting in formation of peroxynitrite ion,
which is an agent of relatively slow oxidative damage
to most biological molecules, including proteins nucleic
acids and lipids [19, 20]. The biochemistry and the
physiopathological roles of peroxynitrite have been recently
reviewed [21, 22]. Peroxynitrite is a relatively unstable ion
and its reaction with protein tyrosine groups produces
nitrotyrosines, a more stable footprint of nitrosative stress.
Peroxynitrite is the most relevant source of NO-derived
damage to biological molecules through oxidative and
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nitrosative stress, bringing to extensive cellular injury and
possibly ending in cell death when produced in high
concentration [20]. When produced at more physiologic
concentration, however, peroxynitrite is an important
modulator of many signaling pathways, such as kinase
cascades, that play fundamental roles in cell physiology [20].
NO and peroxynitrite toxicity is lower compared to many
ROS, such as superoxide anion, which it is able to scavenge
or whose formation counteracts, or the very toxic hydroxyl
radical, mainly produced by hydrogen peroxide through the
Fenton reaction. Thus, rather paradoxically, NO may have
antioxidant properties by counteracting formation of more
toxic ROS species and also from formation of S-
nitrosoglutathione (GSNO), which has a much higher
antioxidant potency than GSH, and from its ability to block
the lipid peroxidation chain reaction by forming nitrosylated
lipids [23, 24].

NO is synthesized in the brain by three isoforms of
NOSs: two are constitutive and calcium-dependent, the
neuronal (nNOS or NOS1) and the endothelial (eNOS or
NOS3) isoforms, and one is inducible and non-calcium-
dependent (iNOS or NOS2). The two constitutive NOS
isoforms, and in particular nNOS, have been implicated in
the synaptic functions of NO, such as participation in
synaptic plasticity and regulation of neurotransmitter release
[25-27]. Neuronal NOS is the most abundant isoform in
nervous parenchyma [27] and is structurally and functionally
linked to the NMDA receptor in neurons through
PDZ domains of postsynaptic density protein-95 (PSD-95)
[28]. Several types of post-translational modifications,
preeminently through phosphorylation, of nNOS that
regulate its activity have been described [27]. Main cellular
localization of eNOS in brain is obviously in vessel
endothelium [29], where the enzyme is prevailingly linked to
membrane invaginations in association with caveolin
together with other proteins [30]. Reports localizing eNOS in
neurons and astrocytes are more controversial [28, 30, 31].
The inducible isoform, i.e. iNOS, has a prevailingly glial
localization and has been usually considered as almost
undetectable in normal conditions, but strongly expressed by
gene induction following insults, such as ischemia and
neuroinflammation [32, 33]. Microglia, the resident immune
cells of the brain are thought to massively contribute to NO
production in these conditions. It has been, however,
recently proposed that iNOS may be expressed by astrocytes
to modulate normal neuronal function and in particular
synaptic release of neurotransmitters [34]. Expression of
NOSs from oligodendrocytes is also controversial:
expression of both eNOS and iNOS has been reported under
particular conditions in culture, while no conclusive
evidence does exist regarding in vivo situation [35]. The
whole picture of sites of NO production and of NO action in
the brain is remarkably intriguing and undoubtedly neuron-
glia interactions play a primary role, which may become
overwhelming in pathologic conditions, but is also essential
in physiologic conditions to define neural activity.

NITRIC OXIDE-MEDIATED METABOLIC AND
FUNCTIONAL INTERACTIONS IN ASTROCYTES

Astrocytes, being strategically located among neurons
and between neurons and blood vessels, play critical roles in
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brain function. In particular, through their vascular end-feet
processes, they envelop vessel walls and readily absorb
nutrients, in particular glucose, from blood flow [36].
Furthermore, astrocytic processes, surrounding synaptic
contacts and clefts, are essential for several steps of synaptic
transmission, from the production of neurotransmitters and
their precursors to their clearance from synaptic and extra-
synaptic spaces [37]. Due to their central role in brain energy
metabolism, the NO-dependent regulation of energy
metabolism in astrocytes is a key element in the NO-
dependent neuronal-glial interactions modulating brain
function. This key role is further enhanced by the fact that
astrocytes are the only brain cells that accumulate glycogen
from glucose and thus they can act as energy supplying
elements in conditions of metabolic stress and deficient
energy production. A NO-dependent reversible inhibition of
cytochrome ¢ oxidase modulating mitochondrial respiration
has been reported in several cellular and subcellular systems,
including isolated mitochondria, synaptosomes, macro-
phages, neurons and astrocytes [38-42]. Inhibition is due to
NO competition with oxygen, but prolonged mitochondrial
exposure to NO results in persistent inhibition of cytochrome
¢ oxydase through formation of peroxynitrite [43-44].
Neurons are highly vulnerable to this type of mitochondrial
inhibition, while astrocytes are much more resistant and they
respond by activating mechanisms improving their survival
and, as a consequence, also neuronal survival. Most
important, among these mechanisms there are: compensative
increase of glucose uptake by astrocytes through increased
expression of the GLUT1 and GLUT3 transporters mediated
by NO-dependent activation of 5’-AMP-activated protein
kinase; maintenance of high reducing potency through
efficient regeneration of reduced glutathione (GSH) due to
stimulation of glucose utilization through the pentose-
phosphate pathway; enhancement of glycolytic pathway, in
response to inhibition of mitochondrial respiration, in such a
way to maintain high levels of ATP production [43-48].

Another important mechanism of NO-mediated
interactions between neurons and astrocytes is related to
various steps of synaptic transmission. As pointed out in a
recent review [27], a distinctive feature of NO compared
with other synaptic signaling molecules is its free diffusion
through aqueous and lipid environments, thus making it
able to act both at pre- and post-synaptic level, hence
coordinating responses at both sides of a synapse. Astrocyte-
derived NO undoubtedly shares the same ability to influence
activity of adjoining synapse, or better synapses, considering
its diffusion coefficient and traveling speed [27]. Synaptic
action of NO should be first of all considered for its
metabolic significance. Astrocytes efficiently internalize the
only NO precursor, arginine, through the cationic amino acid
transporters, and release it to their processes surrounding the
synaptic cleft, where arginine can be taken on by neurons
and converted to NO. On the other hand, glutamate released
by excitatory terminals can enhance arginine release from
astrocyte processes [49], thus ensuring higher level of
substrate availability to the synaptic terminal and to the post-
synaptic neuron. In this way, an efficient coupling is
established between astrocyte arginine metabolism and
neuronal NO synthesis. Interestingly, this mechanism is
neuronal activity-dependent and, thus, potentially able to
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influence synaptic plasticity, as well as related mechanisms
of learning and memory. Other interactions between
astrocyte-derived NO and synaptic activity have been
described in mixed cultures of hippocampal neurons and
astrocytes with opposite effects: neuronal network exhibits
synchronous calcium oscillations due to spontaneous
glutamate release from synaptic terminals [50], while
astrocytes, responding to co-released ATP through a specific
receptor, produce NO that has a depressive effect on further
synaptic activity and calcium oscillations.

The identification of physiologic roles in synaptic
function of NO derived from astrocytic iNOS is rendered
conceptually difficult by the prevailing idea that this enzyme
is only induced through gene expression in conditions of un-
physiologic stimulation and pathologic brain insult [33, 34].
However, evidence has been reported in some studies for a
constitutive NO expression at baseline levels in astrocytes
[51-54] and it has been proposed that the consequent NO
production at the astrocytic-neuronal interface modulates
synaptic activity [55]. Selective iNOS inhibitors were able to
decrease NO signals from brain slices even in conditions of
protein blockade and RT-PCR analysis revealed the presence
of iINOS mRNA in the tissue [51]. A similar analysis
demonstrated that iNOS mRNA was about 20% of nNOS
mRNA in rat ventral medulla and iNOS inhibition in vivo
was able to affect sympathetic tone [52]. Low levels of iNOS
expression in some astrocytes, and in some microglial cells
as well, were revealed through immunohistochemistry in the
normal striatum of rats and the level of expression was
greatly enhanced by beta-amyloid injection [56]. In mouse
cortex non calcium-dependent NOS activity attributable to
iNOS contributes with a 10% fraction of total NOS activity
[53, 54]. Furthermore, both cortical and amygdala slices
demonstrated the ability to produce NO, in a iNOS-
dependent inhibitory setting, in the presence of protein
synthesis inhibitors [53, 57]. On the basis of these studies, as
well as of other observations derived from the literature [58-
60], the idea that iINOS from astrocytes contributes to
physiologic synaptic function [55] has gained momentum
even if it will require further support before gaining a
generalized consensus among experts of the field.

If it is to be ascertained whether and to what extent NO
derived from astrocytes can influence synaptic function in
neurons, there is little doubt on neuronal-derived NO
influence upon astrocyte function. This is mainly due to the
fact that astrocytes are highly responsive to NO-mediated
c¢cGMP production [61-64]. Some results suggest that the
cGMP rise, readily occurring in astrocytes in response to NO
stimulation, results in an increase of calcium concentration,
in GFAP expression, the main intermediate filament of
astrocytes, and in cytoskeleton remodeling [65-68].
Mechanisms of this kind may be involved in the regulation
of motility of radial glial cells during development, as
described in the optic tectum of Xenopus tadpoles [69] In
this model, in vivo observations demonstrated that extension
and retraction of filopodial processes from radial glia was
modulated by visual stimulation through NO signaling
downstream NMDA receptor activation [69]. These
interactions may be at the basis of the role ascribed to NO
in the refinement of retino-tectal and retino-geniculate
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projections [70-72] and in the regulation of the wiring of the
insect nervous system [73]. NO-mediated interactions are not
restricted to mechanisms of axon migration and wiring, but
they are also involved in developmental migration of
neuroblasts and neuronal precursors [74-76]. Inflammatory
induction of iNOS has been described in astrocytes upon
administration of inflammogen molecules, such as the
bacterial endotoxin lipopolysaccharide (LPS) or cytokines,
and in animal models of neuroimmune diseases [77-81].
Interestingly, this induction is modulated by physiologic
mechanisms, such as neurotransmitters, noradrenaline for
instance, and regulation of transcriptional machinery through
sumoylation [82-84]. A comprehensive review of signals that
induce iNOS in astrocytes has been published recently [85].

Another important functional correlate implicating
astrocytes and NO is related to the fact that these cells are in
close morphologic and functional correlation with neurons
and blood vessels. Thus astrocytes are strategically located at
midway between two important sources of NO, from
neurons and from endothelial cells, and it is well established
that they are essential actors in the regulation of cerebral
blood flow [86, 87]. This strategic location of astrocytes has
contributed to develop the concept of neurovascular unit, as
a group of neurons and associated astrocytes functionally
coupled to endothelium and smooth muscular elements of
small blood vessels, regulating blood supply to the
parenchyma [88, 8§9]. During neuronal stimulation, nNOS
activated by calcium flowing through NMDA receptors
produces NO, which can diffuse and directly affect
vasodilation by activating guanylate cyclase in smooth
muscle cells. In addition, NO produced in this way may
modulate astrocyte signaling leading to activation of
additional vasodilatory signals [86, 87]. Pharmacologic
approaches to dissect the contribution of these different
mechanisms suggest that, in addition to direct effect of
neuronal-derived NO on smooth muscle cells of blood
vessels, interactions between NO and astrocytic arachidonic
acid pathway are involved in the vasodilatory effect and that
further NO may derive from endothelial cells stimulated
mechanically by blood flow or neurohumorally [87]. The
vasodilatory effect of NO exerted through arachidonic acid
pathways in astrocytes has multiple and still not entirely
understood targets. One effect is through stimulation of
cyclooxygenase 1 in astrocytes, which leads to production of
vasodilatory prostaglandins [90]. A second way is through
regulation of the balance between inhibition of the
production of the vasoconstrictor metabolite of arachidonic
acid, 20-hydroxyeicosatetranoic acid, and of the production
of the vasodilator metabolite, epoxyeicosatrienoic acid [91,
92]. The shift of the balance between the inhibition of the
production of the two metabolites may explain why under
certain circumstances, such as light-induced response in
the retina, NO may result vasoconstrincting instead of
vasodilating [92]. Another obvious element in determining
the final effect of neuronal-derived NO on blood flow
regulated through direct action or through modulation of
astrocytes is the different NO-producing capacity in different
brain regions. In the cerebellum, for instance, NOS activity
is tenfold higher than in the somatosensory cortex [93] and
several other brain regions have intermediate values
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NITRIC OXIDE IN THE CROSS-TALK BETWEEN
MICROGLIA AND NEURONS

The communication between the immune system and
central nervous system (CNS) is crucial for suitable
physiologic, immunologic and behavioral response to normal
aging, infections and injuries. Microglial cells, constituting
approximately 10-12% of brain cell population, are the
unique immune population of the CNS and represent the
resident macrophages in the brain. These cells are largely
present in the grey matter, with higher density in the
hippocampus, hypothalamus, basal ganglia and substantia
nigra [94-96]. In the healthy adult brain, microglia are
normally in a quiescent or “resting” state and are
morphologically characterized by a small soma and ramified
processes [97]. These cells, however, are not dormant, since
they possess highly motile processes that scan the CNS
microenvironment [98, 99]. Minor alterations in brain
homeostasis alert microglia that provide the first line of
defense. During trauma, ischemia, infection and various
neurodegenerative diseases, microglia change morphology,
gene expression and perform a variety of functions essential
to the immune and inflammatory response of the CNS. These
functions include the release of pro- and anti-inflammatory
molecules, the presentation of antigens to T cells and the
phagocytosis of tissue debris, damaged cells and
microorganisms [reviewed in 97, 100-102]. While microglial
activation is necessary and beneficial in response to injury or
disease, prolonged or excessive activation may have
deleterious effects on brain functions. For this reason, in the
healthy brain, microglia reactivity is actively modulated by
neurons. Several molecules orchestrate the cross-talk
between neurons and microglial cells in the healthy, as well
as in the damaged brain and, among them, NO has a primary
role. As summarized in the first paragraph of the present
paper, nNOS is the primary source of neuronal-derived NO,
while iNOS induced by activation is the primary source of
microglia-derived NO.

Several studies have been made to elucidate the role of
microglial-derived NO on neuronal survival, mainly
focusing on damage-exacerbating effects of excessive NO
production by activated microglial cells. For example, it has
been shown that high levels of NO derived from microglia
stimulated with LPS induced neuronal death by inhibition of
neuronal respiration. NO inhibition of neuronal respiration
caused, in turn, neuronal depolarization and glutamate
release, followed by excitotoxicity via the NMDA receptor
[103-106]. Accordingly, NMDA receptor-mediated toxicity
towards cerebellar granule neurons was potentiated by co-
culture with immunostimulated microglia or by co-exposure
to an NO donor [107]. Additional evidences on the
neurotoxic role of excessive NO production from activated
microglia comes from studies demonstrating exacerbation of
damage due to excitotoxic-like conditions, such as glucose
deprivation and hypoxia [108-110]. Moreover it has been
demonstrated that nitric oxide caused neuronal death not
only via NMDA receptors, but it could also act directly upon
immature neurons, through a not fully defined mechanism
[111]. Recently, Graber et al., [112] further supported NO
production as an important mediator in microglia-induced
neuron death. Damaging actions of NO, mostly mediated by
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microglia activation, have been extensively considered in
recent reviews [113, 114]. These data, mostly obtained in in
vitro systems, suggest that inflammatory conditions lead
microglia to assume a neurodestructive phenotype and that
induction of iNOS with NO overproduction plays a central
role in the neurodegenerative mechanism. Other in vitro
results help to better understand the complex relationships
between microglia and neurons, in which NO plays a role.
By using neuron-conditioned media, we demonstrated that
differentiated neurons release in the medium substances able
to control microglia activation and to induce apoptosis of
immunostimulated microglia [115] and subsequent evidence
suggested a role for NO in this process. Indeed, co-cultures
of cerebellar granule neurons and microglia or exposure of
microglia to a medium previously conditioned by the same
neurons strongly induced iNOS expression and NO
production by LPS-activated microglia [116]. Prolonging to
72 hours the exposure of activated microglia to neuron-
conditioned medium induced their apoptosis, an effect
interpreted as a safety mechanism to avoid excessive and
dangerous inflammatory response [116]. The existence of
other NO production auto-regulated mechanisms through
iNOS, have been suggested by experiments on a microglia-
derived cell line, BV-2 cells, in which NO negatively
regulated LPS-induced iNOS expression to avoid excessive
NO production [117].

In vitro demonstrations may be difficult to be translated
in vivo, since NO levels actually present in vivo are not
easily determined and several natural scavengers, such as
hemoglobin of circulating red blood cells and other
biological molecules able to react with NO, may contribute
to render its concentration very variable and rather
unpredictable. However, some interesting results have been
obtained on neurogenesis, on its regulation by NO and on the
dependence of this regulation by nNOS or iNOS derived
NO. In general terms, the fact that NO produced in brain
physiologic conditions, mainly through nNOS, has an anti-
proliferative action on neuronal precursors is well
established. This has been demonstrated both in
developmental and in adult neurogenesis in the two brain
areas, the hippocampal subgranular zone of the dentate gyrus
and the subventricular zone of the lateral ventricles, that
maintain lifelong neurogenetic activity [118-124]. However,
multiple experimental evidences suggest that NO may
instead stimulate neurogenesis in the hippocampal dentate
gyrus following different types of damage and that activated
microglia is primarily responsible for the NO overproduction
under these conditions [125-130]. This iNOS-related
microglia action can be interpreted as a mechanism helping
the recovery of neural function after damage. This dual role
of NO, related to the source of the messenger molecule and
to the presence of physiologic (nNOS prevailingly active) or
pathologic (iNOS primarily active) conditions, allows to
further appreciate the complicated interplay between NO
production and the physiopathologic state of neurons and
glia, in particular microglia. In this complex interplay, we
have recently disclosed a novel mechanism through which
microglia regulates nNOS expression in neurons through
proteolysis, as illustrated in the next paragraph.
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CONCLUDING REMARKS

Neuron-glia interactions are of foremost importance in
the regulation of neural function, both regarding metabolic
aspects and communication flow in the neuronal network.
Nitric oxide, an important messenger molecule in most
tissue, is involved in many of these functions. It is, therefore,
interesting to consider the role of NO in these functions, as
this molecule is produced in the nervous tissue by neurons,
astrocytes and microglia. The fact that glial-derived NO is
neurotoxic, when produced in excess, has often focused the
interest of investigators on the neuropathologic side of NO
actions. However, regulated production of NO from both
neurons and glia must be primarily appreciated for its
physiologic regulation of many neural functions both during
development and in adult. By adopting a well known
metaphor, this may bring to the suggestion that, dealing with
NO, the “good” face of Janus must be considered at least as
much important as the “bad” face. In the present paper, we
have tried to highlight the most important among the many
NO-dependent functional interactions between neurons and
glia, in order to provide researchers with a background view,
able to stimulate future investigation.
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