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Abstract Nitric oxide (NO) is a short lived diatomic
free radical species synthesized by nitric oxide
synthases (NOS). The physiological roles of NO
depend on its local concentrations as well as avail-
ability and the nature of downstream target mole-
cules. At low nanomolar concentrations, activation of
soluble guanylyl cyclase (sGC) is the major event
initiated by NO. The resulting elevation in the
intracellular cyclic GMP (cGMP) levels serves as
signals for regulating diverse cellular and physiolog-
ical processes. The participation of NO and cGMP in
diverse physiological processes is made possible
through cell type specific spatio-temporal regulation
of NO and cGMP synthesis and signal diversity
downstream of cGMP achieved through specific
target selection. Thus cyclic GMP directly regulates
the activities of its downstream effectors such as
Protein Kinase G (PKG), Cyclic Nucleotide Gated
channels (CNG) and Cyclic nucleotide phosphodies-
terases, which in turn regulate the activities of a
number of proteins that are involved in regulating
diverse cellular and physiological processes. Locali-
zation and activity of the NO-cGMP signaling path-
way components are regulated by G-protein coupled
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receptors, receptor and non receptor tyrosine kinases,
phosphatases and other signaling molecules. NO also
serves as a powerful paracrine factor. At micromolar
concentrations, NO reacts with superoxide anion to
form reactive peroxinitrite, thereby leading to the
oxidation of important cellular proteins. Extensive
research efforts over the past two decades have
shown that NO is an important modulator of axon
outgrowth and guidance, synaptic plasticity, neural
precursor proliferation as well as neuronal survival.
Excessive NO production as that evoked by inflammatory
signals has been identified as one of the major
causative reasons for the pathogenesis of a number
of neurodegenerative diseases such as ALS, Alzhei-
mers and Parkinson diseases. Regenerative therapies
involving transplantation of embryonic stem cells (ES
cells) and ES cell derived lineage committed neural
precursor cells have recently shown promising results
in animal models of Parkinson disease (PD). Recent
studies from our laboratory have shown that a
functional NO-cGMP signaling system is operative
early during the differentiation of embryonic stem
cells. The cell type specific, spatio-temporally regu-
lated NO-cGMP signaling pathways are well suited
for inductive signals to use them for important cell
fate decision making and lineage commitment pro-
cesses. We believe that manipulating the NO-cGMP
signaling system will be an important tool for large
scale generation of lineage committed precursor cells
to be used for regenerative therapies.

Keywords Nitric oxide - Soluble guanylyl cyclase -
Cyclic GMP - Signaling - Physiology -
Neurodegenerative diseases - Stem cells -
Regenerative medicine
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Introduction

Nitric oxide (NO) is a short lived diatomic free radical
species that is synthesized by nitric oxide synthases
(NOS). NOS catalyze the oxidation of L-arginine
resulting in the formation of NO and L-citruline.
Active NOS enzymes are dimeric and their activity
also requires other factors such as NADPH, tetrahy-
drobiopterin (BH4), FAD, FMN, heme and calmodu-
lin (CaM). Three major isoforms of nitric oxide
synthase are known. These are nNOS or NOSI, iNOS
or NOS II and eNOS or NOSIII. nNOS and eNOS are
constitutively expressed enzymes and are regulated in
a Ca’* dependent manner. Expression of iNOS is
induced in response to inflammatory stimuli and the
enzyme is not regulated by Ca*" as it has calmodulin
associated. From the moment it is synthesized, NO
takes part in a number of physiological processes such
as smooth muscle relaxation, blood pressure and
volume regulation, platelet aggregation, neurotrans-
mission, immunomodulation, axon outgrowth and
guidance mechanisms as well as cellular growth,
survival, apoptosis, proliferation and differentiation.
NO is produced as needed and is not stored as other
messengers. However, NO complexes may exist as
stored precursors to release NO.

Like all other short lived free radicals, NO is highly
reactive. In vivo concentrations of NO range from low
nanomolar to low micromolar. The downstream targets
and cellular actions of NO depend on its local
concentrations and the availability of target molecules.
However, it can be safely stated that at low nanomolar
concentrations, activation of soluble guanylyl cyclase
(sGC), the major NO receptor, results in the elevation
of intracellular cyclic GMP (cGMP) [3, 55]. This
process is the major event triggered by low concentra-
tions of NO. Other low concentration targets are
transcription factors, Cytochrome C oxidase, and
Catalase as well as thiol groups in various proteins
which are nitrosated by NO on the Cystein residues.
NO synthases may also generate superoxide anion
(O3) or reactive nitrogen species other than NO under
a variety of conditions particularly if the cofactor BH4
is limiting [1]. At sufficiently higher concentrations,
NO rapidly reacts with superoxide anion to form the
very reactive peroxinitrite causing nitration of proteins
involved in diverse cellular physiological processes [8,
17]. This process becomes particularly significant when
superoxide dismutase (SOD) is unable to scavenge Os.
Indeed the interaction of NO with superoxide anion is
almost diffusion limited and more rapid than the
dismutation of O3 by SOD. Downstream actions of NO

@ Springer

can therefore be classified into cGMP-dependent and
cGMP-independent. Here we review some of the
advances made in NO and cGMP signaling including
subjects related to central nervous system functions,
diseases and the current trends in regenerative med-
icine utilizing stem cells. We have attempted to include
key findings wherever possible. Our sincere apologies
for any omissions made, for it would be a mammoth
effort to discuss the vast amount of literature available
on NO and cGMP signaling, which presently exceeds
about 77,000 publications.

NO and cyclic GMP

Cyclic GMP-dependent functions of NO starts with its
activation of sGC [3, 55, 56]. This functional NO
receptor, sGC, is a heme containing heterodimeric
enzyme, consisting of « and B subunits. In the absence
of NO, soluble GC exhibits very low basal activity.
Conformational changes following the binding of NO
to heme result in marked activation of the enzyme. The
resulting elevation in the intracellular cGMP concen-
trations triggers the activation of a number of signal
transduction pathways that are responsible for regu-
lating diverse physiological processes. The most exten-
sively studied processes regulated by NO and cGMP
are smooth muscle relaxation, neurotransmission,
blood pressure regulation, inhibition of platelet aggre-
gation and immunomodulation. At the cellular level
NO and cGMP regulate important processes such as
growth, survival, differentiation, proliferation, migra-
tion, axon guidance and other processes through a
variety of downstream signaling cascades.

How does a simple elevation of cellular cyclic GMP
levels resulting from the activation of sGC by NO
regulate so many physiological processes? The answer
perhaps lies in the cell type specific spatiotemporal
regulation of sGC activity and the choice of down-
stream signaling cascades regulated by NO or cyclic
GMP. This is achieved by regulation of gene expres-
sion and activities at the level of NO synthases, sGC,
c¢GMP hydrolyzing phosphodiesterases and down-
stream effectors such as PKG. Activities of a number
of proteins involved in the NO and sGC pathway are
modified by components of some of the most widely
used signal transduction pathways including G-protein
coupled receptors, serine-threonine kinases, receptor
and non receptor tyrosine kinases as well as phospha-
tases. For example, during nervous system develop-
ment, secreted ligands for cell surface receptors help
axons of developing neurons to find their correct target
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at the correct time. Thus class 3 semaphorins takes part
in patterning sensory projections by selectively repel-
ling axons away from sites where its concentration is
high [79]. In xenopus spinal neurons, repulsion of the
growth cone away from a site of semaphorin 3A
gradient can be converted into attraction by elevating
the intracellular cGMP levels [104], indicative of an
important role of cyclic GMP signaling in nervous
system development. A recent study also reveals close
cooperation between semaphorin 3F mediated signals
and the cyclic GMP signaling pathway. This study
suggests that in dentate granule cells, collapse of
axonal and dendritic growth cones in response to
semaphorin 3F involves elevation of intracellular cyclic
GMP levels [116]. Sonic hedgehog (Shh) along with
other factors is known to play important roles in
patterning the dorso-ventral axis of developing nervous
system. Exposure of intermediate zone explants from
developing chick embryos to cyclic GMP enhances the
effect of Shh by increased differentiation into ventral
neural cell types [97]. It appears that NO-cGMP
signaling and its cross talk with a variety of signal
transduction pathways are important in numerous vital
cellular and developmental processes. In the following
section, we will describe how signal specificity and
diversity is achieved in NO and ¢cGMP signaling and
hence how NO and cGMP function as important
mediators for regulating cellular and physiological
processes.

Regulation of NOS activity and localization

Because NO-cGMP signaling begins with the genera-
tion of NO, we will describe first, how NO synthesis by
NOS is regulated both spatially and temporally. This is
assuming that NO synthases represent the first and
primary site of endogenous NO synthesis in mammals.
Regulation of NO synthases has been one of the most
extensively studied subjects [1]. The expression of
eNOS was first observed in endothelial cells but it is
also present in other cell types [77, 90]. Neuronal nitric
oxide synthase (nNOS), as the name suggests is
primarily found in the brain, although its expression
is also observed in skeletal muscle and other tissues.
Interestingly, studies conducted in our laboratory have
shown that eNOS and nNOS are also expressed
relatively well in ES cells [63]. Both eNOS and nNOS
are Ca®* dependent enzymes and eNOS respond to
CaM binding with an increased rate of electron
transfer from NADPH to flavins bound at the reduc-
tase domain. Therefore eNOS and nNOS are designed
to respond to local Ca** oscillations. In contrast, under

normal physiological conditions, expression of iNOS is
undetectable in most tissues. It is induced in many cell
types including neuronal and glial cells in response to
inflammatory signals. Activity of iNOS is not very
sensitive to changes in Ca®* levels. Although recent
findings have shown that expression of iNOS in
ES cells result in increased cardiomyogenesis, the
exact mechanisms involved in this process are not
known [54]. In view of our findings that very low or
undetectable amounts of sGC are expressed in embry-
onic stem cells, cGMP-independent mechanisms may
be operative.

Studies have demonstrated that eNOS is phosphor-
ylated and activated by Akt downstream of PI3K
activation and this process is important for angiogen-
esis, platelet adhesion and aggregation [27, 39, 109].
Activation of G-protein coupled receptors, receptor
tyrosine kinases and mechanical stimuli have been
shown to result in the activation of Akt. It is very likely
that activation of the NO signaling pathway may be a
common step by which extracellular stimuli transmit
cell survival signals. There are numerous examples for
receptor stimulated activation of NO synthases. In
endothelial cells, kinins stimulate the synthesis of NO
through B1 and B2 receptors [7, 68]. Steroid hormones
such as estrogen stimulate NO synthesis from eNOS in
a nongenomic fashion through downstream activation
of the heterotrimeric G-protein G,i [20, 125]. Action of
estrogen also results in transcriptional upregulation of
eNOS gene [2, 19, 88]. In neurons, NO production is
sensitive to a number of stimuli. Neurotrophic factors
such as NGF may regulate NO synthesis by nNOS
through mechanisms operating via TrkA receptors [47,
65]. Other factors including glutamate, thrombin,
histamine and acetylcholine, all have been shown to
stimulate the production of NO under a variety of
physiological or pathophysiological conditions. How-
ever, whether or not such mechanisms are operative in
ES cells and ES cell derived precursor cells is not
known.

NOS activities have also been shown to be regulated
through protein—protein interactions and lipid modifi-
cations. These protein—protein interactions and post-
translational modifications enable NO synthases to
target to specific intracellular compartments, thereby
leading to spatial resolution of signals transmitted by
NO. Thus, specific targeting of eNOS to the Golgi
compartment in endothelial cells is achieved through a
dual acylation [70]. Studies conducted in HEK?293 cells
suggested that such a subcellular targeting is necessary
for eNOS to be stimulated in response to Ca’*
ionophores such as ionomycin. Subcellular distribution
of eNOS is regulated in response to bradykinin
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induced changes in intracellular Ca** concentrations
[92]. In resting endothelial cells, eNOS is primarily
localized to the plasma membrane. Short exposure to
bradykinin results in the translocation of eNOS from
the membrane to the cytosolic fraction, which is
abrogated by pretreatment with Ca** chelators. In
central nervous system neurons, nNOS is recruited to
the site of the NMDA receptor activation through its
protein—protein interactions with one of the several
PDZ domains of PSD-95 [98].

Localized NO production has important implica-
tions. For instance, during development sequential
actions of gradients of diverse inductive signals play
critical roles in cell fate determination and patterning
processes [4]. Thus, specific precursor cells form,
survive, proliferate, mature and migrate at the correct
time frame to insure normal development. The tissue
distribution of NO synthases and their regulation by
diverse signals are well suited for such developmental
cues to utilize them for multiple purposes. Recent
studies have shown that mice lacking all three known
NO synthases exhibited increased mortality associated
with nephrogenic diabetes insipidus [81]. The survival
rate of triply NOS—/— mice was about 23% during a
10 month follow up period, when compared to the wild
type animals, all of which survived during this time.
Additional data from different developmental stages of
these animals are therefore eagerly awaited with
interest.

Regulation of sGC expression and activity

NO-cGMP signaling is also regulated at the level of
sGC in genomic and non genomic fashions. Early
studies on the tissue distribution of sGC have shown
that its expression levels are different in different
tissues [59]. Soluble guanylyl cyclase is a ubiquitously
expressed enzyme consisting of o and B subunits. At
least two isoforms of o and B subunits are known.
Recent reports on the tissue distribution of sGC
suggest that the expression level of different « and f
subunits varies with the tissue examined. Distribution
of o, subunit has its major occurrence in brain.
Transcripts of o, and B; subunit were found widely
distributed in 8 day old rat brain [42]. Both o and B,
mRNA is abundant in cortex, caudate-putamen,
nucleus-accumbens, olfactory tubercle and around the
purkinje cell layer of the cerebellum. Importantly,
message for B; and traces of o, are detected in
substantia nigra pars compacta. Transcripts of oy
subunit were low or undetectable in this region. These
observations made in rat brain seem to be consistent
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with a recent report on the developmental appearance
of cyclic GMP production and NO responsiveness in
embryonic mice cortex and striatum [23]. The physi-
ological significance of the differences in the expres-
sion levels and distribution of these subunits is not
clearly understood. Additionally, information is lack-
ing regarding the expression and tissue distribution of
various o and 3 subunits in human. It certainly appears
that normal development and functioning of the
nervous system demands spatial and temporal regula-
tion of sGC expression and activity.

The expression of sGC subunits are regulated at
transcriptional as well as posttranscriptional levels.
Two independent studies reported recently suggest
that expression of the «; subunit is regulated similar to
that of B; as these genes are near one another on the
same chromosome [106, 117]. The identification and
characterization of human «; and B; promoters suggest
that these subunits may be targets for regulation by a
number of transcription factors that play critical roles
in a variety of cellular processes [107]. Of particular
interest is the binding site for Sp1, which has recently
been shown to be responsible for transcriptional
upregulation of SUR1 in cerebral ischemia [108].
During the development of mouse, the highest level
of Spl is expressed in developing hematopoietic cells,
fetal cells and spermatids [100]. It is likely that
regulation of sGC expression by Spl may be important
for proper hematopoiesis.

Expression of sGC is also regulated at the posttran-
scriptional level by rapid degradation of mRNA by
endonucleases. Earlier studies conducted in smooth
muscle cells demonstrated a cyclic AMP-dependent
regulation of mRNA for sGC « and B subunits [91].
Stability of «; and ; mRNAs is enhanced under basal
conditions by the binding of HuR to the 3’ untranslated
region [58]. This has been substantiated by RNA
interference mediated methods which show that sup-
pression of HuR expression leads to decreased levels
of oy mRNA without influencing the gene transcrip-
tion. Others suggested that expression of HuR is
regulated by cyclic AMP as well as cyclic GMP.
Therefore both cyclic AMP and cyclic GMP levels may
influence the sGC expression by regulating the stability
of oy and B; mRNA [60].

Activity of sGC has also been found to be modified
by phosphorylation, dephosphorylation and protein—
protein interactions. Although some investigators sug-
gested that purified sGC is phosphorylated by PKA as
well as PKC, this needs to be further confirmed.
Interestingly, a recent study has shown that the basal as
well as NO stimulated cGMP levels were substantially
lower in cells overexpressing the protein tyrosine
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phosphatase SHP-1 when compared to the controls
[21]. However, the mechanism by which SHP-1 regu-
lates sGC activity remains to be studied. Tyrosine
kinase phosphorylation of sGC by a Src like kinase in
response to H,O, or pervanadate was reported
recently [80]. The physiological implication of such a
process remains unknown.

Recent findings suggest that localized activation of
NOS and sGC is also achieved through protein—protein
interactions. In rat brain, the o, subunit of sGC has
been shown to interact with PSD95, PSD93, SAP97 as
well as SAP102. The interaction of PSD-95 with sGC
involves the third PDZ domain of PSD-95 resulting in
the recruitment of sGC to the synaptic membranes,
where nNOS is located [98]. At the synaptic membrane
the three proteins forms a signaling complex with the
cytoplasmic domain of the NMDA receptor. Although
the recruitment of sGC to the site of nitric oxide
synthesis by PSD-95 is well accepted, the contribution
of such a phenomenon to the overall activation of sGC
and elevation in cellular cGMP levels observed after
NMDA receptor activation is not completely under-
stood. Several PDZ domain containing proteins have
intrinsic serine-threonine kinase activities while many
show protein tyrosine phosphatase activity, guanine
nucleotide exchange factor activity or GTPase activity
[87]. A number of this PDZ domain containing
proteins function downstream of G-protein coupled
receptors and takes part in regulating diverse cellular
processes. Whether or not the activity and/or localiza-
tion of sGC are also modified by other PDZ containing
proteins is not known. A recent study has reported that
sGC may also interact with a protein named AGAP1, a
prototype of ArfGAP protein [82]. However, the
importance of this interaction is not known. An
exciting possibility is that diversity and specificity
achieved in NO and ¢cGMP signal transduction path-
ways activated by cell surface receptors depend on the
dynamic regulation of NOS and/or guanylyl cyclase
activity by a variety of participants. Our yeast two
hybrid screens have also yielded a variety of proteins
that interact with the oy and B; subunits of sGC ([45]
and our unpublished results). Thus CCTy, a protein
that is expressed in rat hippocampus is found to inhibit
NO stimulated cGMP synthesis.

Temporal regulation of cellular cyclic GMP synthe-
sis by sGC and the resolution of signals downstream of
cGMP are also achieved through tightly regulated
activation and desensitization cycles [6]. Upon encoun-
ter with NO, sGC is instantaneously activated in
milliseconds with an EC50 for NO of about 45 nM.
Dissociation of NO from sGC may mark the inactiva-
tion of the enzyme. Independent studies on NO

dissociation from purified sGC resulted in differing
estimates ranging from 2 s to min [15, 57]. However
determination of the time scale of inactivation of the
enzyme as measured by cGMP synthesis provides a
more physiologically realistic value of about 10-30 s
[51, 76]. In intact cells, sGC inactivation follows much
faster kinetics. Experiments conducted in cerebellar
cells have shown a complex inactivation profile, which
is a slow exponential decay in cGMP synthesis follow-
ing an immediate 40% loss of enzyme activity.

It can be postulated that in addition to the signal
diversity and specificity observed at the level of NO
synthesis, regulation of sGC activity by multiple factors
gives rise to a situation where a high degree of spatial
and temporal resolution in signals downstream of
cGMP is achieved. However, are cells equipped
sufficiently well enough to respond to such a high
resolution achieved in cGMP synthesis? The answer to
a large extent is perhaps yes. Signals downstream of
cGMP are transmitted by an array of downstream
effectors.

Downstream effectors of the NO-cGMP pathway

The identification of cGMP as a major regulator of
important physiological processes [83] triggered an
extensive search for identifying its downstream effec-
tors. To date numerous direct downstream targets of
cGMP are known. In fact many of the downstream
effectors of cGMP are now known to regulate diverse
cellular and physiological processes downstream of
NO. Cyclic GMP regulates these processes through
three major direct downstream effectors. These are
protein kinase G (PKG), cyclic nucleotide phospho-
diesterases (PDEs) and cyclic nucleotide gated ion
channels (CNGs). Each of these downstream effectors
then transmit the signals to an array of intracellular
signaling molecules, thereby regulating neurotransmis-
sion, cell migration, proliferation, differentiation, sur-
vival, axon outgrowth and guidance, visual signal
transduction and many other processes. All of these
effectors of cGMP have been found to be expressed in
brain as well as other tissues and their role in
regulating nervous system functions is well studied.

Protein kinase G
PKG was one of the first proteins to be identified as a
target of cGMP. Pioneering studies conducted in the

seventies and early eighties established that PKG could
be activated by cGMP both in purified preparations as
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well as in vivo [34, 35]. These data established that
activation of PKG by cGMP is a major mechanism by
which endothelium derived relaxing factor (NO)
relaxed smooth muscle tissue. Subsequent work has
resulted in the delineation of numerous signal trans-
duction pathways regulated and controlled by the
cGMP-PKG axis.

Regulation of gene expression by PKG downstream
of cGMP is one of the most extensively studied
subjects. PKG has been shown to regulate the activity
of transcription factors including ATF-1, CREB and
TFII-1 and SRF downstream of its activation [16, 43,
102]. Some of these pathways have also been found to
regulate the gene expression of a second set of
transcription factors such as AP-1, Egr-1, GAX, NF-
kB, and NF/AT [53, 89]. Among these, AP-1, CREB
and Egr-1 have been suggested to play important roles
in neuronal cells. These transcription factors regulate
important processes such as synaptic plasticity.

Following the discovery of the activation of sGC by
the NO donor sodium nitropruside, pioneering studies
established that cGMP synthesized in nervous system
serves as a powerful neurotransmitter [36, 41, 121].
Subsequent studies revealed that PKG is widely
expressed in many parts of the central and peripheral
nervous system and phosphorylates multiple target
proteins including CREB as well as a protein called G-
substrate [71, 84, 120]. At present, two isoforms of PKG
are known to exist, PKGI (PKG-Iz and PKG-IB) and
PKG-II [29, 40, 115]. Both PKG-I and PKG-II contains
catalytic and regulatory domains. Among these, PKG-I
is primarily cytosolic, where as PKG-II is myrystoylated
and is generally found in membrane associated form.
On the basis of studies conducted in C6 glioma and
PC12 cells it has been suggested that in neuronal and
glial cells PKG-II is responsible for regulation of gene
expression in response to NO and cGMP [44]. One of
the interesting roles of signal transduction by NO is its
involvement in synaptic plasticity. Extensive studies
conducted in hippocampal slices or cultured neurons
have shown that NO and cGMP signaling is important
for both early and late phase long term potentiation
(LTP) [10, 13, 73, 110, 119].

The role of PKG in regulating the localization and
activities of proteins involved in actin cytoskeleton
reorganization has been extensively studied during the
past 10 years. Of particular interest are the Ena/VASP
proteins. The Ena/VASP family proteins have emerged
as important regulators of actin assembly and cell
motility in a number of organisms. In cells they are
primarily localized to areas of dynamic actin reorgani-
zation such as filopodial tips, lamellipodia and sites of
focal adhesions where they form multiprotein com-
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plexes with other proteins [62, 103]. Ena/VASP family
of proteins can also bind directly to F- and G-actin as
well as to Profilin. Genetic studies have revealed that
the Ena/V ASP proteins are important for a number of
physiological processes including epithelial morpho-
genesis, T cell activation, phagocytosis as well as
neuronal migration. Early experiments on the regula-
tion of VASP by cGMP were conducted in platelets.
These experiments have shown that VASP is phos-
phorylated at three sites by PKG and this phosphor-
ylation may be responsible for its regulation in
response to cGMP [118]. Ena/VASP proteins are also
localized in living cells to the “puncta’ between stress
fibers where they presumably form specific protein—
protein complexes. At a molecular level the presynap-
tic and postsynaptic mechanism of LTP involves the
expression of AMPA receptors in clusters or otherwise
called “puncta” which are GluR1 positive [74]. Based
on the dendritic spine changes associated with hippo-
campal long term synaptic plasticity, it was suggested
that such microstructural changes occur both presyn-
aptically and postsynaptically and are important for
LTP [28]. Recent findings show that indeed NO, cGMP
and PKG system is involved in such presynaptic
formation of synaptophysin and GluR1 positive puncta
and this process involves the phosphorylation of VASP
by PKG [119].

A recent study has shown that in BS and B19
neurons from the buccal ganglion of H. trivolvis, PKG
regulates the filopodial length in growth cones through
a mechanism that involves cyclic ADP ribose [122].
However, the exact mechanism by which PKG acti-
vates cyclic ADP-ribosyl cyclase in not known. The
existence of such a mechanism in mammalian neurons
and its universality remain to be tested. In an interest-
ing new study, PKG has been shown to phosphorylate
p21 activated kinase (Pak) in endothelial cells [37]. The
resulting S21 phosphorylation of Pak releases its
adapter protein Nck, while stimulating the formation
of a new Pak/VASP complex. Several Pak isoforms are
expressed in brain. It will be interesting to see if such a
phenomenon exists in neuronal cells. Further, the
relevance of PKG phosphorylation of Pak to its known
interactions with other proteins remains to be studied.
This is particularly interesting considering the fact that
Pak plays an important role in axonal pathfinding and
is required for depolarization mediated neuronal sur-
vival. It is also not known if this phosphorylation of
Pak is restricted only to one isoform or not. Consid-
ering the fact that PKG-II is the predominant form that
is expressed in brain and that Pak is expressed in
nervous system, it is likely that they all act in concert to
further diversify signals downstream of cGMP.
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In xenopus spinal neurons cAMP/cGMP dependent
modulation of Ca®" channels sets the polarity of
growth cone turning, presumably through PKG and
PKA dependent mechanisms [86]. In cultured cerebel-
lar granule cells, nerve growth cone turning is also
controlled by Ca** and CaM dependent upregulation
of Cdc42/Rac and downregulation of RhoA activities
[52]. It is interesting to note that both eNOS and nNOS
are calcium-calmodulin dependent enzymes and
changes in the intracellular calcium concentrations
may therefore influence the NO synthesis and hence
sGC activity. The precise roles of cGMP in these
processes are yet to be determined. Interestingly, the
cerebral cortex of homozygous PKG-I mutant mice
exhibited heterotopic collection of neurons in the
upper cortical layers and abnormal invaginations in
layer I [25]. It is likely that the presence of PKG-II in
the mutant mice may at least in part compensate for
the loss of PKG-I. Therefore, a precise understanding
of the roles of PKG in nervous system development
will require the generation of a mice lacking both
PKG-I and PKG-II.

Cyclic nucleotide gated channels

Early studies on the biological actions of cGMP were
focused on PKG and its downstream effectors. How-
ever in 1985, it was found that the light dependent
calcium channels in rod photoreceptors were directly
regulated by cGMP [33]. These channels were named
by a general term CNG, since they are directly
regulated by cyclic nucleotides. Almost all of the
CNGs bind both cAMP and c¢GMP. Their ligand
specificities and functions are still being debated and
are subjects of extensive investigations.

In dark, cGMP is synthesized in rod outer segments
at a relatively steady rate. However, phptoreception
causes conformational changes in rhodopsin, leading to
the dissociation of the By subunits from transducin.
This leads to the activation of PDE6 and hydrolysis of
cGMP, resulting in a change in the activity of cGMP
gated Ca** channels. This and the subsequent events
serve as signals responsible for vision. CNG channels
are also expressed in the inner segment and synaptic
terminals of cones. Expression of NO synthase and NO
activated sGC in the inner segment of cones suggests
that modulation of CNG channels by NO and cGMP
may play important roles in synaptic transmission in
the axon terminals of cones [61, 101]. Although the
expression of CNG channels have also been reported
in several parts of the brain including hippocampus the

exact mechanisms of their regulation or their physio-
logical function is not known.

Cyclic GMP regulated phosphodiesterases

Atleast 11 families of phosphodiesterases are known to
be expressed in mammals [12]. PDE 5, 6 and 9 are cGMP
specific where as PDEs 3, 4, 7, 8 and 10 show more
selectivity towards hydrolyzing cAMP. PDE 1,2 and 11
are known to hydrolyze both cAMP and cGMP. PDE2 is
expressed in adrenal gland, liver, lung and platelets.
Binding of cGMP to the allosteric sites activates PDE2
resulting in enhanced hydrolysis of cellular cGMP and
cAMP. PDE3 is a cGMP inhibited cAMP selective
enzyme that is expressed in heart, lung, liver, platelets,
adipose tissue and inflammatory cells. Cyclic GMP
binding to PDE3 results in an inhibition of cAMP
hydrolysis. Binding of cGMP to the allosteric sites in
PDES directly or indirectly activates the enzyme result-
ing in enhanced activity. A recent study reported that
treatment of hippocampal slices with a specific PDES
inhibitor resulted in increased cGMP immunoreactivity,
which was accompanied by an improvement in memory
performance [99]. PDE10 is a cGMP sensitive cAMP
selective phosphodiesterase. Although PDEI10 is ex-
pressed in brain, its role in nervous system function is not
yet clear.

In short, although NO is a simple diatomic free
radical species, cellular machinery seems to be well
equipped for context specific interpretation of spatio-
temporal signals provided by NO. If this is true,
controlled differentiation of ES cells and ES cell derived
precursor cells may be achieved through the pharma-
cological manipulation NO and cGMP signaling.

NO and cGMP in neurodegenerative diseases

From the nature and regulation of NO synthesis, sGC
activation, cGMP synthesis, degradation and down-
stream activation of signal transduction pathways by
cGMP, it is clear that the system is devised to respond
to minuscule changes in the cellular environment. Such
changes are reflected in its role in an array of
physiological processes. While a tightly regulated NO
signaling system seems to be required for normal
physiological functions, alterations in NO and cGMP
signaling pathway components are evident in life
threatening diseases such as cancer, numerous cardio-
vascular, immunological and neurodegenerative diseases.
The nervous system directly or indirectly regulates
numerous physiological processes in mammals. Since
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NO is an important regulator of nervous system
functions, substantial changes in NO and cGMP
synthesis may lead to nervous system degeneration.
Regulation of NO and cGMP formation in the central
nervous system has been the subject of extensive
studies for many years [5]. Numerous studies have
shown that NO may directly or indirectly play an
important role in the pathogenesis of a number of
neurodegenerative diseases including Alzheimers,
ALS and Parkinson diseases [31, 48, 85, 96].

The pathogenesis of Parkinson disease involves slow
death or degeneration of dopaminergic neurons from
substantia nigra, which synthesize and supply dopa-
mine to the striatum of basal ganglia. Diminished
availability of dopamine in the striatum results in the
manifestation of symptoms of PD. Evidence accumu-
lated over the past two decades has established that the
majority of the cases of PD can be classified due to
either (1) genetic or (2) environmental factors. Among
some of the genetic factors that seems to contribute to
PD are mutations in PINK1, DJ1, UCHL1, SNCA,
PARK?2 and LRRK?2 [31]. The two forms of PD can be
recognized by the time frame of its onset. In general
PD due to genetic factors show early onset of the
symptoms and that caused by environmental factors
are characterized by its late onset nature. Two most
recent studies conducted in Swedish twins seem to
suggest that heritability is less of a factor in pathogen-
esis of late-onset PD [123, 124].

The role of NO in the development of Parkinson
disease has been extensively studied. Pioneering stud-
ies in the early eighties showed that the environmental
toxicant MPTP lead to a selective and progressive
death of dopaminergic neurons from substantia nigra.
Since then, this agent has been widely used to induce
PD in animal model systems [14, 46, 66]. Postmortem
studies in MPTP models revealed that NO plays an
important role in development of PD. MPTP causes
glial reaction and clustering of microglia around
neurons in the substantia nigra. This is accompanied
by an up-regulation of iNOS gene expression in glial
cells [69]. Interestingly, significant resistance to MPTP
induced cytotoxicity was exhibited by mice lacking
either iNOS or nNOS [24, 93]. These studies suggest
that MPTP induced cytotoxicity in DA neurons of
substantia nigra are caused by NO or other species
generated by nNOS rather than iNOS. In glial cells,
MPTP is converted into MPP+, which then enters DA
neurons through dopamine transporters. The majority
of the studies conducted toward identifying the funda-
mental mechanism of MPP+ induced cytotoxicity in
substantia nigra focused on cGMP independent mech-
anisms of NO’s action. These cGMP-independent
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actions of NO include oxidation of thiols as well as
nitrosation and nitration of proteins. A recent study
shows that MPP+ inhibits complex I of the mitochon-
drial electron transport chain, leads to the formation of
superoxide anion and peroxinitrite thereby causing
DNA damage, PARP-I activation and neuronal cell
death [75]. Other studies have found that a number of
important proteins including o-synuclein and Parkin
are either tyrosine nitrated or S-nitrosylated in PD and
these modified proteins may play a role in the neuronal
cell death.

Recent findings shed more light into the pathogenic
mechanism of PD in MPTP models. First, pretreatment
with COX inhibitors inhibited the augmented expres-
sion of iNOS and nNOS in rat hippocampal slices
treated with LPS [26]. Second, like iNOS and nNOS
deficient mice, neurons in substantia nigra of COX-2
deficient mice are less prone to MPTP induced
cytotoxicity than wild type mice [32]. Thirdly, JNK2
and JNK3 deficient mice are less prone and JNK2/3
double knockout mice are resistant to MPTP induced
cell death of nigral dopaminergic neurons [49]. More-
over, mice lacking both JNK2 and JNK3 display
virtually no defects in motor neuron functions mea-
sured on a rotarod. In this study, elevated expression of
COX-2 was only found in MPTP treated WT mice
compared to that in JNK deficient mice. Based on
these findings, the authors suggest that induction of
Cox-2 is required for neurodegeneration in MPTP
induced PD. However, whether or not administration
of COX-2 inhibitors to in JNK2-/- and/ or JNK3-/- mice
will improve MPTP induced impairment in motor
neuron functions in these animals is not known.
Additionally, an independent report shows that
although COX-2 expression is elevated in the striatum
in response to MPTP, Cox-2 inhibitor administration
resulted in no significant neuroprotective effect [94].
Thus, the role of elevated COX-2 levels found in
MPTP models of PD need to be further analyzed.

Although iNOS and nNOS are critically implicated
in a number of studies on MPTP models of Parkinson
disease, reports are rare on the regulation of sGC gene
expression and activity. Recent studies suggested that
expression of sGC at the level of mRNA may be
present in substantia nigra pars compacta of rat brain
[42]. Autoradiographic studies with [’H]cGMP has
been conducted to locate the presence of downstream
targets of cGMP in rat brain [11]. Although indepen-
dent verification is lacking, this study shows that
substantia nigra represented the region of highest
[’H]cGMP binding. In an isolated study, sGC gene
expression and activity was measured in the striatum of
MPTP-induced mouse model of PD [18]. Interestingly,
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protein levels of the sGC heterodimer showed a steady
increase with time. This was correlated with a corre-
sponding increase in cGMP content, the profile of
which was not altered by the presence or absence of
the PDE inhibitor IBMX. However, whether or not the
changes in cGMP content plays a role in PD is not
known. The expression, activity and regulation of sGC
subunits in DA neurons of substantia nigra also remain
to be studied. Considering the fact that substantial
differences exist between the promoters for o and
subunits from mouse and human, regulation of their
expression in brain under physiological and patho-
physiological conditions warrant new studies.

Embryonic stem cell based therapies for
neurodegenerative diseases

The unraveling of molecular mechanisms leading to
neurodegeneration as in the case of PD, ALD and
Alzheimers disease, have lead to developing therapeu-
tic strategies. Administration of antioxidants has been
attempted as a treatment for both Alzheimers disease
as well as PD. However, these trials have not resulted
in any major long term improvement in patients. In the
case of PD, conventional therapies including delivery
of neurotrophic factors such as GDNF or other
alternative therapies showed only limited short term
success [30, 105]. A second strategy involving trans-
plantation of tissue from ventral mesencephalon also
proved to be not greatly beneficial. In this case, severe
adverse side effects including dyskinesias were also
observed [64].

The identification of multipotent stem cells in adult
tissue that are not lineage committed attracted the
attention of both scientists as well as clinicians. One of
the key features of these cells is their ability to
differentiate into many, if not all cell types of the
body. Thus, mesenchymal stem cells isolated from
bone marrow or umbilical cord show the ability to
differentiate into cardiac, neural and other cell types
under specific conditions in vitro. Further, when
injected into specific tissues, these cells showed the
ability to engraft and to a large extent, differentiate
into the corresponding cell type of tissue. Recent
studies have shown that human umbilical cord mesen-
chymal stem cells in Wharton’s jelly are able to
successfully differentiate into lineage committed neu-
ral precursor cells [38]. Further, these cells were able to
engraft and partially correct the lesion when trans-
planted into amphetamine induced PD models. How-
ever, long term benefits of using adult stem cells or
multipotent stem cell derived neural precursor cells for

the treatment of PD remains to be seen. Although
adult stem cells provide a unique opportunity for age
matched allogenic transplantation, their rare occur-
rence and limited proliferation potential are serious
impediments to overcome in the future.

Pluripotent embryonic stem cells have the unique
potential for unlimited proliferation without undergo-
ing a significant degree of differentiation. Most impor-
tantly, in vitro they have the ability to give rise to
almost all types of cells in the body. This means that
specific precursor cells can be generated and purified
from ES cells in large scale, which then can be used for
transplantation. Establishment of methods for isola-
tion, purification and culture of ES cells accelerated
research toward identification of factors regulating
stem cell differentiation. These studies shed much light
into the molecular mechanisms that regulate neural
cell fate specification. In an important study, it was
shown ES cells are capable of directly differentiating
into neural precursor cells through a default mecha-
nism [114]. Subsequently, transplantation of ES cells in
Parkinson Disease models showed that the majority of
the survived cells in the transplant are able to differ-
entiate into functional dopaminergic neurons [9]. How
dopaminergic neurons, that provided the ‘“niche” for
the transplanted ES cells influence its differentiation
and lineage commitment is not clearly understood.
Although transplantation of ES cells seems promising,
such transplanted cells frequently gave rise to terato-
mas. Transplantation of a pure population of lineage
restricted precursor cells circumvents the problem of
teratoma formation. Subsequently several studies have
attempted the derivation of lineage committed neural
precursor cells from mouse and human ES cells [50, 67,
95]. Thus early neural precursors generated in vitro,
when treated with Shh and FGF8 gave rise to a high
percentage of cells with dopaminergic characteristics.
These methods utilized earlier findings that during
development, spatial and temporal identity of neural
cells in the central nervous system is specified by
inductive signals from the surrounding tissue.

Do NO signals exist early in the developing human
nervous system? If it does, is it functional and what are
its functional roles? Although some of these questions
have not been answered yet, several studies have
attempted to identify factors that regulate the prolif-
eration of neural precursor cells and subsequent
lineage specification. Recent findings suggest that NO
regulates both proliferation and differentiation of
neural precursor cells. In mammalian brain, NO may
regulate neural progenitor proliferation and differen-
tiation by acting in a positive feedback loop with
BDNF [22]. Most recently, it was reported that BMP4
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regulate cell numbers in the developing neural tube in
a NO dependent manner [113]. Consistent with this
finding, an independent study reported that inhibition
of nitric oxide synthesis using NOS inhibitors results in
increased proliferation of precursors isolated from
postnatal mouse SVZ [78]. Although these studies
show the involvement of NO in regulating neural
precursor proliferation and differentiation, whether or
not NO stimulated cGMP synthesis is important in this
process is not clearly understood. Considering the
complex nature of NO and cGMP signaling, additional
studies are required to establish the precise roles they
play in the formation, survival, proliferation and
differentiation of neural precursor cells. Additionally,
most of the reports on the role of NO in influencing the
development of the nervous system come from studies
conducted in rodents. Further, whether or not NO and
c¢GMP play a role in differentiation of embryonic stem
cells into neural precursor cells is not understood. It is
also not known as to what roles NO and cGMP play in
the proliferation and subsequent lineage commitment
of early neural precursor cells derived from embryonic
stem cells.

Recent studies have shown a promising future for
ES cell derived neural precursor cells for the treatment
of PD. Embryonic stem cell derived progenitor cells
are also being widely considered for the treatment of
other neurodegenerative diseases such as ALS. Early
studies have shown that transplantation of lineage
committed neural precursor cells prepared from ES
cells were functional in an animal model of PD [72].
Most recently, when neural precursor cells derived
from monkey ES were used for transplantation in a
primate model of PD, reversal of symptoms and
restoration of normal motor neuron functions were
observed [112]. A separate study reported that NPCs
derived from human embryonic stem cells, when
transplanted into rat brain responded to endogenous
cues by migrating into specific regions and differenti-
ating into neurons, astrocytes and oligodendrocyte
[111]. However, it is not known whether or not the
transplanted precursor cells survive and function nor-
mally for long periods of time.

Summary

Regenerative therapies involving the usage of ES cells
and ES cell derived lineage committed precursor cells
are revolutionizing the concept of regenerative medi-
cine. It is being increasingly accepted that generation
and transplantation of lineage committed precursor
cells are very important steps in the process. The
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complex nature of tightly controlled spatio-temporal
regulation of NO and cGMP signaling is ideally
suitable for stem cells and stem cell derived precursor
cells to use as tools to interpret and respond to various
developmental cues. Indeed, studies from our labora-
tory clearly indicate that NO-cGMP signals are well
positioned from the beginning of ES cell differentia-
tion to take part in cell fate specification [63]. We have
initiated an effort toward identifying the role of NO
and cGMP in the differentiation of embryonic stem
cells into neural precursor cells and their subsequent
lineage specification. We predict that understanding
and manipulating NO and cGMP signaling in stem
cells will provide a very important tool for large scale
generation of lineage committed stage specific precur-
sor cells that can be used in regenerative therapies for
PD, ALS as well as many other diseases.
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