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Abstract

Physiologically, nitric oxide (NO) signal transduction occurs through activation of guanylyl
cyclase (GC)-coupled receptors, which catalyse cGMP formation. The accumulation of cyclic
guanosine 3’-5’ monophosphate (cGMP) engages a number of downstream targets to trigger
various biological effects, and is ultimately degraded by phosphodiesterases. Unlike with many
neurotransmitter receptors, knowledge of the functional characteristics of the NO receptors is
limited. The aim of the present research was to begin to address this deficiency by examining the
kinetics of the activation of the native receptor and of heterologously-expressed receptor
isoforms in intact cells or cell lysates.

In cells from a brain region that is enriched in the NO-cGMP signalling pathway, namely the
striatum, NO-evoked cGMP accumulation was located in a neuronal subpopulation and the
receptor activity displayed a rapidly-desensitizing profile similar to that found previously in
cerebellar astrocytes. To determine if this pattem of activity is peculiar to particular receptors,
the two known heterodimeric isoforms, a1B1 and a2f1, were expressed in COS-7 cells. NO was
applied in fixed concentrations using a recently-developed method based on balancing NO
release from a donor with NO inactivation by red blood cells. The two isoforms were highly
sensitive to NO, half-maximal cGMP accumulation occurring at concentrations of about 1 nM in
both cases. Furthermore, the NO-evoked activity of both receptors desensitized with very similar
kinetics.

To circumvent limitations of the method for NO delivery used in the initial experiments,
particularly problems of haemolysis, a new technique, in which a chemical NO scavenger was
substituted for the red blood cells, was evaluated and found to be superior in several respects.
The new method was used to determine the kinetic parameters of the receptor purified from
bovine lung and, for comparison, cell lysates containing the two isoforms. Half-maximal activity
in all cases required about 1 nM NO. In addition, the Hill slopes were close to 1, questioning a
previous conclusion that receptor activation requires binding of more than one NO molecule per
receptor. Contrasting with another previous study which suggested that membrane association
sensitizes the receptor to NO, comparison of cytosolic and membrane preparations of two
different tissues (cerebellum and platelets) revealed that their sensitivities to NO were

indistinguishable when studied using fixed concentrations.
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Chapter 1
General introduction to the NO-cGMP signalling pathway

1.1 Historical background

For decades NO gas was considered simply as a common air pollutant and one of the
components of acid rain. However, during the late 1980’s the biological significance of NO was
realised. Research in three separate areas led to the discovery that NO was a mechanism for cell
signalling in mammalian systems, and in 1992 the journal Science declared NO the “molecule of
the year” (Koshland, Jr., 1992). The importance of NO was highlighted in 1998, when the Nobel
Prize in Physiology and Medicine was awarded to three scientists who contributed to the
discovery of this signalling molecule (R.F. Furchgott, L.J. Ignarro and F. Murad). The role of
NO in both physiological and pathological processes is currently being assessed, and clinical
studies are increasingly involved in the search for new strategies for therapeutics.

Soluble guanylyl cyclase (White and Aurbach, 1969) and its product cGMP (Ashman et al.,
1963) were identified in the 1960s, and later shown to be activated by exogenously applied NO
gas and by NO released from vasodilators such as nitroglycerine and nitroprusside (Katsuki et
al., 1977). However at this point NO was not considered to play a role in biological systems.
After the discovery that endogenously synthesised NO was a signalling molecule, soluble
guanylyl cyclase was identified as the major physiological NO receptor. Since its initial
discovery, the enzyme has been found to associate with cellular membranes (Amold et al., 1977,
Gibb et al., 2003; Russwurm et al., 2001; Zabel et al., 2002). Thus the original name of soluble
guanylyl cyclase is mis-leading, and so from here on the enzyme will be termed the NO-guanylyl
cyclase-coupled receptor (NOgcR).

The aim of this chapter is to:

-provide an overview of the cross-disciplinary approaches leading to the identification of NO.
-outline the structural and functional characteristics of NO and its major effector NOgcR.
-discuss the physiological importance of this signalling pathway.
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Immunology

Early studies indicated that mammals excrete more nitrate than they ingest. This nitrate
biosynthesis was initially attributed to microbe metabolism in the intestinal tract (Green et al.,
1981a; Tannenbaum et al., 1978). Further studies demonstrated that both germ-free and
conventional rats generated nitrate (Green et al., 1981b). During a metabolic study, one of the
human subjects consuming a low nitrate diet developed fever and diarrhoea (Wagner and
Tannenbaum, 1983). Their urinary nitrate excretion increased to a level 10 fold higher than that
measured prior to the onset of symptoms, and it was later shown that rats injected with agents
which trigger an immune response (e.g. bacterial lipopolysaccharide (LPS)) developed a similar
increase in urinary nitrate excretion (Wagner et al., 1983). Experiments using cultured cells, and
a LPS-stimulated mouse model using several mouse strains with specific genetic immunocellular
defects, demonstrated that macrophage cells were the major source of nitrate, and that this
process may be involved in cytotoxicity (Stuehr and Marletta, 1985). Macrophage cytotoxicity
was later reported to require L-arginine (but not D-arginine), and generate citrulline as a co-
product of nitrite synthesis. This synthesis was found to be inhibited by the arginine analogue L-
NMMA (Hibbs, Jr. et al., 1987). The mechanism by which arginine was converted to citrulline

and nitric oxide was not identified until later, as a result of research in a different field.

Regulation of vascular tone

On January 18, 1879, the Lancet published an article entitled "Nitro-glycerine as a remedy
for angina pectoris" (Murrel, 1879). The author, William Murrell, a physician lecturer at
Westminster hospital described the therapeutic properties of this compound, already well known
at that time as an explosive. One of his colleagues, Lauder Brunton, had discovered some years
before that amyl nitrite inhaled during an anginal attack provided immediate relief from pain. It
took more than a century before the mechanism of action was determined.

Ignarro and his collegues reported that NO and nitroprusside caused relaxation of vascular
smooth muscle and that the muscle produced cyclic GMP (cGMP; Gruetter et al., 1979).
Furthermore, they demonstrated that in order to produce vasodilation, organic nitrates and
nitrites needed to be metabolised to NO and form nitrosothiols (Ignarro et al., 1981). Despite
discussing at the time that NO would be an ideal candidate as an endogenous regulator of blood

flow this theory was rejected as it was thought that NO was not synthesised by mammalian cells.
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A serendipitous finding led to the first report that relaxation responses of vascular smooth
muscle required the presence of an intact endothelium. Strips of rabbit thoracic aorta in which
the endothelium were rubbed during preparation, did not respond to acetylcholine (ACh). In
contrast, ACh evoked a concentration-dependent relaxation of rabbit aorta rings, in which the
endothelium remained intact (Furchgott and Zawadzki, 1980). This relaxation was blocked by
atropine implying that ACh was acting via endothelial cell ACh receptors to stimulate the
production of an endothelium-derived relaxing factor (ERDF) that could diffuse to the smooth
muscle and initiate relaxation.

During the early 1980’s experiments established the similarities between the properties of
NO and those of EDRF. In 1987 two studies were published, providing evidence that NO was
EDRF. EDRF derived from the pulmonary artery by bioassay, had identical vasodilating
properties to NO applied directly to the vascular smooth muscle (Ignarro et al., 1987).
Endothelial cells in culture were shown to release an unstable vasorelaxant molecule in response
to ACh, with identical biological activity to EDRF. Using a chemiluminescence technique it was
demonstrated that the vasoactive molecule was either NO or NO;" (Palmer et al., 1987). Shortly
thereafter, mass spectrometry studies using ’N-labelling showed that the NO is derived from the
terminal guanidine nitrogen of L-arginine (Palmer et al., 1988b), and that vascular endothelial
cells can synthesise NO (Palmer et al., 1988a). Since then NO synthesis has been shown to play

an important role in regulation of vascular tone under normal physiological conditions.

Neuronal signalling

Studies in the peripheral nervous system showed that electrical field stimulation of nerves in
the rodent anococcygeus and bovine retractor penis muscles (in the presence of adrenergic
blockers) caused the muscles to relax. This effect could not be attributed to any of the known
non-adrenergic, non-cholinergic (NANC) transmitters (Gillespie and Martin, 1980). Once EDRF
had been identified as NO and NOS inhibitors became available to demonstrate that a biological
response was mediated by NO, it was demonstrated that the electrical stimulation of these
NANC nerves was activating NOS and that NO was mediating the inhibitory response in these
muscles (Gillespie et al., 1989).

The discovery that NO can also act as a neuronal messenger in the brain came from studies in

the Garthwaite laboratory. It had long been known that glutamate evoked large increases in
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c¢GMP concentration in the CNS (Ferrendelli et al., 1974; Garthwaite and Balazs, 1981). These
increases were particularly prominent in the cerebellum, and were primarily mediated by a
specific population of glutamate receptor (Garthwaite and Balazs, 1981). N-methyl-D-aspartate
(NMDA) receptor activation was found to induce the release of a diffusible factor that had
remarkable similarities to EDRF, and that this intracellular messenger mediated the activation of
guanylyl cyclase (Garthwaite et al., 1988). The cells on which the NMDA receptors were
localised were found to be different from those in which cGMP was synthesized (Garthwaite and
Garthwaite, 1987). This was the first description of the intercellular molecule that links NMDA

activation to cGMP production and established NO as a signalling molecule in the brain.

1.2 Nitric Oxide Synthases

Isoforms and expression

Nitric oxide is produced by a haem containing enzyme termed nitric oxide synthase (NOS)
which was first isolated and purified from rat brain (Bredt and Snyder, 1990). Mammalian
systems contain three distinct isoforms. In mammals, the NOS isoforms exhibit about 60%
homology, and are classified according to the cell type or conditions under which they were first
identified. The NOS isoforms are products of different genes, have different cellular locations

and biochemical characteristics summarised in Table 1.

Isoform Neuronal NOS Inducible NOS Endothelial NOS
(nNOS) (iNOS) (eNOS)
Human 12 7 17
chromosomal
location
Cellular location Neurones Macrophages Endothelial cells
Subcellular Cytosolic/ particulate Predominantly cytosolic Predominantly
location in varying proportions particulate
Protein size (kDa) 161 133 131
Expression Constitutive Inducible Constitutive
Ca’* dependence Yes No Yes

Table 1: Characteristics of the nitric oxide synthase isoforms
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Neuronal NOS (nNOS) is predominantly expressed in the central and peripheral nervous
system but also in other tissues such as skeletal tissue, macula-densa, and the placenta. During
excitatory neurotransmission in the brain, the post-synaptically located NMDA-subtype of
glutamate receptors are activated triggering Ca”" influx into the cell (Collingridge and Bliss,
1995), so activating nNOS. Phosphorylation of nNOS at Ser**’ by calmodulin (CaM) kinases
results in a decrease in enzyme activity (Komeima et al., 2000). NO may act as a retrograde
messenger to produce sustained glutamate release from pre-synaptic nerve terminals resulting in
long-term potentiation (LTP) in brain areas such as the hippocampus (Bon et al., 1992;
Garthwaite and Boulton, 1995). LTP is a form of synaptic plasticity in which neurotransmission
is enhanced for hours or days in response to repetitive stimulation of pre-synaptic terminals. This
phenomenon is thought to be involved in leaming and memory (Huang, 1997).

Endothelial NOS (eNOS) is predominantly found in vascular endothelial cells where it is
activated by hormones or in response to physical stimuli such as blood flow and shear stress

(Ayajiki et al., 1996). This triggers phosphorylation of Ser''”

within eNOS by protein kinase
Akt (Dimmeler et al., 1999), and results in a calcium-independent increase in enzyme activity
(Corson et al., 1996). The NO produced by the endothelium relaxes the vasculature and inhibits
adhesion and aggregation of platelets (Moncada et al., 1991).

The inducible isoform (iNOS) is not constituently expressed. De novo synthesis is triggered
by inflammatory mediators (e.g. interferon, tumour necrosis factor) and bacterial toxins (LPS), in
a number of cell types including macrophages, smooth muscle, cardiomyocytes and microglia.
iNOS also has a CaM-binding site, and binds CaM tightly even in the presence of low levels of
Ca*". Thus iNOS is primed for activity and acts as a high-output system generating substantial
amounts of NO required for killing bacteria, viruses and other pathogens. Over expression of

iNOS may contribute to the tissue injury and severe hypotension occurring in inflammatory

diseases (Nathan and Xie, 1994).

Structure and catalytic mechanism of NOS

The three main NOS isoforms share structural similarities and have nearly identical catalytic
mechanisms (Alderton et al., 2001). They all require a number of co-factors and prosthetic
groups for activity, including flavin adenine dinucleotide (FAD), flavin mononucleotide (FMN),
haem which binds oxygen, CaM, and tetrahydrobiopterin (BHs). The NOS isoforms share a
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common dimeric structure containing three domains neccesary for catalytic activity: The
oxygenase domain, calmodulin-binding domain and the reductase domain. The structure of
nNOS is typical ofthe NOS isoforms but has an additional N-terminal PDZ (PSD-95 discs
large/ZO-1 homology) domain (Figure 1).

Calmodulin-binding

domain 1396

NH; PDZ Haem BH4 CAM FAD NADPH _ GoGH
domain

Oxygenase domain Reductase domain

Figure 1: Structure of nNOS

The N-terminal contains a PDZ domain, which provides binding sites for interacting proteins
such as post-synaptic density protein (PSD-95). The oxygenase domain binds haem and
tetrohydrobiopterin (BH4). A CaM-binding site links the oxygenase domain to the reductase
domain. The C-terminal contains binding sites for flavin adenine mononucleotide (FMN), flavin

adenine dinucleotide (FAD) and nicotinamide adenine dinucleotide phosphate (NADPH).

Commencing at the N-terminus the ‘oxygenase domain’ contains binding sites for L-arginine
and the cofactors haem and BH4, and is linked by a CaM recognition site to the ‘reductase
domain’. The reductase domain contains binding sites for FMN, FAD and NADPH. This
reductase domain is similar to cytochrome P450 reductase, and transports electrons from
NADPH, FAD, and FMN to the oxygenase domain where oxidation of L-arginine occurs.
Biosynthesis of NO involves a two step oxidation of L-arginine to L-citrulline. The reaction

consumes 1.5 mol of NADPH, and 2 mol of oxygen per mol of L-citrulline formed (Figure 2).
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Figure 2: NO synthesis by NOS

NOS is found in both the cytosolic and particulate fractions of cell lysates. Intracellular
targeting of the isoforms is determined by the variable N-terminal region. In nNOS, the N-
terminal 220 amino acids are unique to this isoform and encode a PDZ domain which facilitates
interactions with scaffolding proteins such as the neural post synaptic density protein (PSD 93,
and PSD 95), and the muscle protein a-syntrophin (Brenman et al., 1996) (Figure 1). PSD-95
links nNOS to the NMDA receptors at the plasma membrane so that agonist binding results in
Ca®* influx through the channel to which nNOS is anchored (Christopherson et al., 1999). The
N-terminus of eNOS contains myristoylation and palmitoylation sequences which targets eNOS
to membranes or caveolae respectively (Shaul et al., 1996), again localising them to the vicinity
of Ca®" influx from plasma membrane channels and endoplasmic reticulum stores. iNOS lacks

these N-terminal consensus sequences and is considered to be primarily a cytosolic enzyme.

1.3 Nitric oxide synthase inhibitors

Excessive NO synthesis by different isoforms of NOS has been implicated in several clinical
disorders. The NO-cGMP pathway is suggested to be involved in the pathology of a number of
clinical disorders including acute (stroke) and chronic (Alzheimer’s, Parkinson’s, schizophrenia

and AIDS dementia) neurodegenerative diseases, convulsions and pain. Sustained NO
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production by iNOS has been implicated in septic shock, rheumatoid arthritis and tissue damage
following inflammation (Moncada et al., 1991). Selective inhibitors of the individual isoforms
may provide useful therapeutic approaches and will be valuable pharmacological tools in the
laboratory setting. Since the discovery of the NO signalling pathway numerous NOS inhibitors
have been developed. The most commonly used are N-methyl-L-arginine, N-nitro-L-arginine, N-
nitro-L-arginine methyl ester and aminoguanidine. These compounds are L-arginine analogues
with similar selectivity between NOS isoforms acting as simple competitive inhibitors at the
arginine-binding site, with ICs, values in the low uM range (Alderton et al., 2001).

The search for more potent and NOS isoform selective inhibitors, revealed that the inhibitory
activity of an amidine group inferred greater selectivity between NOS isoforms and was more
potent than previous compounds (Moore et al., 1996; Webber et al., 1998). Two compounds
(+)cis-4-methyl-5-pentylpyrollidin-2-imine (1400W) and o-fluro-N-(3-(aminomethyl)-phenyl)-
acetamidine (ARL-17477) have been tested in intact tissues. 1400W was found to mnhibit iNOS
5000-fold more effectively than eNOS, and 200-fold more effectively than nNOS (Garvey et al.,
1997). ARL-17477 exhibits at least a 100-fold selectivity for nNOS over both iNOS and eNOS.
To date enzymatic studies have found that the most selective nNOS inhibitor is vinyl-L-NIO
(N5-(1-imino-3-butenyl)-L-ornithine; L-VNIO) (Babu and Griffith, 1998). The precise
mechanism of inhibition is unknown, but spectral analysis suggests that the nNOS haem co-
factor is lost or modified. The recent elucidation of iNOS and eNOS crystal structures may aid in
the discovery of more potent and selective NOS inhibitors (Li et al., 1999; Raman et al., 1998).

1.4 Nitric oxide synthase knockout mice

Targeted disruption of each of the NOS genes has been achieved in mice and result in viable,
fertile knockout (KO) animals. These serve as useful models for NOS deficiencies, as their
phenotypes reflect the functions of each isoform.

In nNOS KO mice, the absence of nNOS in the myenteric plexus causes pyloric stenosis and
subsequent enlargement of the stomach (Huang et al., 1993). This is consistent with NO playing
an important role in gastric motility and pyloric relaxation. Male nNOS KOs display exaggerated
aggression which is also observed in mice treated with a nNOS selective inhibitor: 7-

nitroindazole (Demas et al., 1997). In cerebral ischaemia, nNOS appears to contribute to tissue
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damage (Panahian et al., 1996), whereas eNOS is important in preserving cerebral blood flow
(Lo etal., 1996).

The aortic rings from eNOS KO mice do not relax in response to ACh, verifying that eNOS
is required for EDRF activity (Huang et al., 1995) and these mice are hypertensive confirming a
role for basal eNOS activity, in regulation of blood pressure and vascular tone. Furthermore in
eNOS KO spontaneous angiogenesis following limb ischaemia was found to be severely reduced
in comparison to the wild type (Murohara et al., 1998).

iNOS KO mice are more sensitive to certain infections, but are resistant to sepsis-induced
hypotension (Wei et al., 1995). There are criticisms of studies on mice with gene targeted
deletions as the gene product is missing throughout development when crucial processes
including activation of redundancy and compensatory mechanisms may be affected. The
phenotype observed may not be solely due to the mutation and may arise from up or down

regulation of other genes and proteins (at both the transcriptional and translational level).

L.S Cellular targets of NO

At low nanomolar concentrations, NO selectively engages the NOgcR, the activation of
which results in cellular accumulation of cGMP (see next section for more detail). However,
when NO is present in high enough concentrations there is another ubiquitous target, the terminal
complex (complex IV) of the mitochondrial respiratory chain cytochrome ¢ oxidase. Using
electrons from cytochrome ¢ the oxidase couples the reduction of oxygen to the pumping of
electrons out of the mitochondrial matrix. It is now well established that in virro NO reversibly
inhibits mitochondrial cytochrome ¢ oxidase. NO competes with oxygen (Brown and Cooper,
1994; Koivisto et al., 1997), resulting in an increase in the Km of cytochrome ¢ oxidase for
oxygen so modulating mitochondrial respiration (Brown, 1995). Various studies have reported
that endogenously produced NO can decrease O, consumption in vitro (Clementi et al., 1999;
Loke etal., 1999; Poderoso et al., 1998; Shen et al., 1995), and in vivo (Shen et al., 1994; Shen et
al., 1995). It remains possible that cGMP may mediate some of these effects (Gong et al., 1998;
Shen et al., 1995). Furthermore the sensitivity of NOgcR is at lease two orders of magnitude
higher than that of cytochrome c oxidase (Bellamy et al., 2002a). Whether NO regulates cellular

respiration in vivo remains to be determined (Cooper, 2002; Moncada and Erusalimsky, 2002).
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Irreversible damage to cytochrome ¢ oxidase has also been reported following prolonged NO
exposure of mitochondria (Poderoso et al., 1996) and cells (Bolanos et al., 1996). It has been
suggested that the diffusion limited reaction of NO with superoxide (02") to form highly toxic
species peroxynitrite (ONOQO") may be responsible (Beckman and Koppenol, 1996). ONOO™ has
also been implicated in causing DNA damage, activation of poly(ADP-ribose) polymerase,

protein nitration and lipid peroxidation (for a review see Keynes and Garthwaite, 2004).

Guanylyl Cyclases: Isoforms and expression

Soon after the discovery of the cyclic nucleotide cyclic adenosine 3°-5° monophosphate
(cAMP), cGMP was detected in rat urine and shown to be formed in nearly all mammalian
tissues (Ashman et al., 1963). cAMP is synthesised by adenylyl cyclases (AC) which are
associated with the plasma membrane in eukaryotic cells (with the exception of cytosolic AC in
sperm). In contrast the cGMP-forming guanylyl cyclases exist as both soluble and membrane-
bound forms. Both the soluble and membrane guanylyl cyclases were found to be activated by
NO (Arnold et al., 1977), and later it was found that the membrane form is also activated by
natriuretic peptides (Chinkers and Garbers, 1989). To date NO is the only known physiological
activator of the NOgcR.

The first purification of NOgcR was achieved from rat lung (Garbers, 1979) long before NO
was recognised as a physiological messenger. NOgcR was identified as a dimer, consisting of
two subunits a1 (73-80 kDa) and B1 (70 kDa), and requires a divalent cation as a co-factor
(originally proposed to be Mn*", but later deduced to be Mg”"). The primary amino acid
sequence was identified and cDNA was cloned for both the - (Koesling et al., 1988; Nakane et
al., 1988) and the B-subunits (Koesling et al., 1990; Nakane et al., 1990). Homology screening
revealed the existence of alternative subunits of the NOgcR: o2 (Behrends et al., 1995;
Harteneck et al., 1991) and B2 (Yuen et al., 1990). a3 and B3 were later described in human
brain (Giuili et al., 1992) but are likely to represent variants of the a1 and 1 subunits rather than
different isoforms (Zabel et al., 1998). Subunits corresponding to the mammalian o1 and 1
have also been found in animals other than mammals including fish (Mikami et al., 1999) and
insects (Nighom et al., 1999; Shah and Hyde, 1995) implying that the NOgcR is well conserved

though evolution.
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In summary two types of o and two types of p NOgcR subunits have been identified, from
which a total of four different NOgcR isoforms (ct1p1,a2f1, alp2 and a2f2) may occur. Only
two 1soforms have been shown to exist at the protein level in vivo. 11 has a widespread tissue
distribution. o231 was originally identified in human placenta, and has since been found in the
rat brain, where it associates with synaptic scaffolding proteins (Russwurm et al., 2001). At the
mRNA level, B2 was originally found in the kidney with lower expression in the liver (Yuen et
al., 1990). In situ hybridisation reveals that 2 mRNA is widely expressed in the brain with
particular abundance in the cerebellum and hippocampus; however B2 mRNA was not detected
(Gibb and Garthwaite, 2001). However a more sensitive RT-PCR method revealed that the f2
mRNA was expressed in the cerebellum. Interestingly the relative concentrations of al and B1 in
this brain region and elsewhere are not necessarily expressed in a 1:1 ratio but the physiological
importance of this is unclear.

Expression experiments revealed that the al or B1 subunit transfected alone into cells, or a
combination of the cytosolic fractions from each separately expressed subunit, did not result in
enzyme activity (Buechler et al., 1991; Harteneck et al., 1990). Co-expression of the a1B1 and
o2B1 subunits in these cells produced NO-sensitive enzymes and it has been speculated that a
physiological equilibrium between homo- and heterodimers may regulate NOgcR activity in cells
(Zabel et al., 1999). A combination of a1 and B2 tagged with green fluorescent protein was
reported to generate cGMP when expressed transiently in COS-7 cells (Gupta et al., 1997);
however this was regarded contentious as the results could not be repeated in other laboratories.
The role of 2 was further complicated by the discovery of a variant B2, which contains an
additional 60 amino acids at the N terminus, adjacent to the haem-binding domain. This protein
was reported to function as a homodimer with a 10-fold higher affinity for NO than the 11
heterodimer (Koglin et al., 2001). However, the physiological relevance of the variant B2 subunit
remains questionable as enzyme activity required a non-physiological concentration (4 mM) of
Mn?* (rather than the usual Mg®").
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Structure of the NOgcR

The primary structure of the NOgcR subunits can be divided into three domains: a haem-
binding domain at the N-terminal, a central dimerisation domain and a C-terminal catalytic
domain (Figure 3). A single haem moiety is incorporated within the haem-binding site of the
heterodimer. Presence of this prosthetic haem group was shown to be essential for NO-induced
enzyme activity, as removal of the haem abolished enzyme activation, which could be reversed
following reconstitution with haem (Foerster et al., 1996; Ignarro et al., 1986). Both the a1l and
B1 subunits are required for correct binding and orientation of the haem group (Foerster et al.,
1996), and sequential truncation studies demonstrated that the B1 subunit plays a more important
role in haem binding (Koglin and Behrends, 2003). A histidine residue (His-105) of the 1
subunit was shown to form a covalent link with the Fe** centre of the haem iron, thereby acting
as a proximal ligand (Wedel et al., 1994; Zhao et al., 1998). Mutation of this histidine generated
an NO-insensitive, haem-depleted enzyme with only basal activity (Wedel et al., 1994).

Two cysteines adjacent to the His-105 on the B1 subunit appear to assist in the formation of
the proper haem pocket. When these were mutated the enzyme failed to bind haem (Friebe et al,,
1997). In other haemoproteins such as myoglobin (Mb) or haemoglobin (Hb), the reaction of NO
with O; results in oxidation of the haem iron and nitrate formation. This does not occur in the
NOgcR as the haem environment does not bind O2 (Gerzer et al., 1981a), allowing NO to freely
associate and dissociate with the NOgcR. This means that in the aerobic environment of a cell,

the NOgcR activity will not be influenced by competition between NO and O,.
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Figure 3: Structure of the NOGCR

The p subunit contains histidine 105 which attaches the ferrous haem group () to which NO

binds. The resulting change in conformation activates the catalytic domain to synthesise cGMP.
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1.6 Kinetics of purified NOgcR

Out of the three redox forms of NO (NO", NO®, and NO") only the uncharged radical (NO*®)
significantly activates the NOgcR (Dierks and Burstyn, 1996). The mechanism of NOgcR
activation is centred on the haem group, and the shift in the UV-visible absorbance maximum
(known as the Soret band) of the different haem species has proved invaluable in investigating
this process. Under resting conditions, the haem group of the NOgcR is five-coordinated, with a
His-105 as the axial ligand at the fifth coordinating position, as indicated by an absorbance
maximum of 431 nm (Stone and Marletta, 1994). It is widely accepted that activation of the
NOgcR is initiated by NO binding to the sixth coordination position of the haem, resulting in the
cleavage of the proximal histidine-iron bond. The formation of a five-coordinate nitrosyl Fe**
complex induces a shift in the absorbance maximum towards 398 nm. The resulting
conformational change is thought to be propagated to the catalytic site and cause a 200 fold
increase in the rate of cGMP synthesis from GTP (Sharma and Magde, 1999).

The initial rate of NO association with the haem group of the NOgcR is very rapid
(bimolecular rate constant of 10’-10* M's™), and is of an order of magnitude approaching that of
a diffusion-limited reaction (Zhao et al., 1999). The subsecond kinetics of NOgcR activation
were investigated using stopped-flow spectroscopy (Zhao et al., 1999). The transition from the
six-coordinate to the five-coordinate complex was found to be rate limiting for activation;
proceeded with second order kinetics (k=2.4 x 10° M'sec™ at 4 °C); and was dependant on the
NO concentration. This result suggested NOgcR activity was a more complex event, whereby
NO not only activates the enzyme by binding to the haem, but also regulates the velocity of
activation by binding to a second site. However, reinterpretation of the data suggested that it is
compatible with the simple binding event of activation, and the postulated additional NO binding
site was deemed unnecessary (Bellamy et al., 2002b). These models are currently under dispute
(Ballou et al., 2002; Bellamy et al., 2002b).

A recent study analysed the effect of both biochemical and genetic removal of the haem, and
its reconstitution on the activity of the NOgcR (Martin et al., 2003). When detergent was used to
remove the haem from human wild type a1p1 enzyme, a several fold activation of the enzyme
was observed. This activation was inhibited following reconstitution of the haem. Furthermore, a

haem-deficient mutant enzyme, in which the o131 His-105 was substituted for a cysteine, was
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found to be constitutively active at a level comparative to the activity of the wild type enzyme
activated by NO. When this mutant enzyme was reconstituted with haem the enzyme activity
was significantly reduced. This work suggests that the haem moiety, via its coordination with
His-105 of the B subunit acts as an endogenous inhibitor of the NOgcR. The authors propose that
disruption of the haem-coordinating bond induced by binding of NO releases the restriction
imposed by this bond, allowing the formation of an optimally organised catalytic centre in the
heterodimer.

To date the NOgcR crystal structure remains unknown. Recent crystallographic studies of
cytochrome ¢’ from the microbe Alicaligenes xylosoxidans revealed an unexpected NO binding
profile. The NO-bound crystal structure of cytochrome ¢’ was found to bind NO on the proximal
(rather than distal) face of the haem (Lawson et al., 2000). Progression from the 6-coordinate
species to the stable 5-coordinate species proceeded via displacement of the proximal histidine
and distal NO by a second NO molecule, which forms a bond in the proximal position (Mayburd
and Kassner, 2002). This transition was found to be dependant on NO concentration (Andrew et
al., 2002), analogous to findings on NOgcR (Zhao et al., 1999). Cytochrome c’is similar to
NOgcR in regard to its ligand binding properties (exclusion of Oy, a 5 co-ordinate ferrous resting
haem, and a 5-coordinate nitrosyl complex yet 6-coordinate carboxyl complex; Andrew et al.,
2002) and so this new finding is likely to provoke the re-examination of many of the assumptions
regarding NO activation of the NOgcR.

The rate of NO dissociation from purified NOgcR is much faster (half-time = seconds-
minutes; Brandish et al., 1998; Kharitonov et al., 1997), than the spontaneous dissociation of NO
from the NO-Fe * bond in the majority of haem-containing proteins (half time = hours-days;
Kharitonov et al., 1997). Deactivation of the NOgcR was measured as a decrease in catalytic
activity by examining the rate at which cGMP synthesis declined to zero after removal of NO by
addition of Hb. The dissociation of NO from its receptor was found to be fastest in the presence
of GTP and Mg”" (Kharitonov et al., 1997). Deactivation was found to proceed with a half-life of
~20 s at 20 °C. It is assumed that at the physiological temperature of 37 °C, that this would
reduce to a few seconds (Bellamy and Garthwaite, 2002). More work is required to determine the
rate of deactivation of purified NOgcR.

The kinetics of catalysis have been examined in the purified form of the NOgcR (Gerzer et
al., 1981b; Stone and Marletta, 1994). Under conditions of excess activator (NO) and substrate
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(GTP) the enzyme exhibits linear Michaelis-Menton kinetics i.e. cGMP accumulates at a
constant rate over time, indicating that in the purified state the enzyme is not subject to feedback
inhibition. The Michaelis constant of the NOgcR for Mg”*-GTP has been found to be within the
range of 40-130 uM in the absence of NO (Denninger et al., 2000; Tomita et al., 1997) and in the
range of 14-20 uM in the presence of NO. The maximal observed rate of cGMP synthesis has
been measured as 10-100 nmol cGMP.mg”.min™ in the absence and 10-40 pmol cGMP.mg’

! min™ in the presence of NO (Stone and Marletta, 1995; Tomita et al., 1997).

1.7 Kinetics of the NOgcR in cells

Recent studies examined the behaviour of the NOgcR in cells, and revealed for the first time
that within its natural physiological environment the enzyme acts very differently to how it acts
when in a purified state. The first major difference was the rate of deactivation of cGMP
synthesis. The NO scavenging ability of Hb was exploited to instantly remove all free NO from
the medium surrounding the cells. Hb is cell impermeable. Direct measurement of the rate of
decline in cGMP synthesis after removal of free NO provides a measure of the rate at which NO
dissociates from the NOgcR, diffuses through the cell and is quenched by Hb. In immature
cerebellar cell suspensions complete NOgcR deactivation occurred within a few seconds or less
(Bellamy et al., 2000). A novel method for rapid quenching of cell suspensions was developed to
examine the deactivation kinetics in greater detail (Bellamy and Garthwaite, 2001b).
Deactivation was found to proceed in a more complex manner than predicted for by a simple
decline in levels of active NOgcR. The simplest operational description of deactivation was an
exponential decline (rate constant 3.7 sec ™) following an immediate 0.4 fractional loss of
activity.

The same technique was applied to investigate the activation kinetics of cellular NOgcR
following photolysis of a caged derivative of NO. The rate of NOgcR activation was too rapid to
be measured even at a sampling interval of 200 ms. It is unknown whether the rate of activation
measured for purified enzyme applies to the receptor within cells. Estimates for the potency
(ECso) of NO required for activation of the purified enzyme range from ~80 nM (Schmidt et al.,
1997; Schrammel et al., 1996) to 250 nM (Stone and Marletta, 1996), whereas in cells the ECsp
(measured 100 ms after photolysis of caged NO) is almost two-fold lower ~ 45 nM (Bellamy and

27



Garthwaite, 2001b). This implies that in a cellular environment an enhanced rate of deactivation
does not compromise the potency of NO activation. It has been suggested that the rate of
activation must also be equally higher, as the potency of NO is determined by the rate constant
for deactivation over the rate constant of activation (Bellamy et al., 2002b).

The concentration of intracellular cGMP is governed simply by a combination of the rate of
cGMP synthesis by the NOgcR, and the rate of degradation by PDE (Bellamy et al., 2000). How
these enzymes contribute to the measured cGMP profile has in the past proved difficult to assess,
as a method for measuring one or other of the enzymes activity is required. The non-specific
PDE inhibitor IBMX (1 mM) was shown not to fully block cGMP degradation (Mayer et al.,
1992). However, the Hb technique proved a useful method to rapidly arrest NOgcR activity
(Bellamy et al., 2000). cGMP degradation was followed and fitted with the Michaelis-Menten
equation so that a quantitative measurement of PDE activity could be made (Bellamy and
Garthwaite, 2001a). Using this description of how the rate of cGMP degradation contributed to
the observed cGMP profile, the contribution of cGMP synthesis could be extrapolated.

In rat cerebellar astrocytes and human platelets the NOgcR displayed a rapidly desensitizing
profile of activity (Bellamy and Garthwaite, 2001a). This means that the rate of cGMP synthesis
wanes despite the continued presence of NO as the NOgcR becomes inactivated or desensitized.
Desensitization is a characteristic of numerous neurotransmitter receptors, but its role in
neurotransmission is still unknown (Jones and Westbrook, 1996). This response in intact cells
was far from the response predicted by the simple kinetics of the purified receptor. Depletion of
substrate (GTP), feedback inhibition of the receptor by cGMP or pyrophosphate (the by-product
of the synthesis of cGMP from GTP), or active export of cGMP from the cells were considered
as alternative explanations for the reduction in NOgcR activity over time. However, these could
not account for the desensitization profile observed in cerebellar cells (Bellamy et al., 2002b).

The time constant for desensitization was found to be 6.9 s at ~70 nM NO and fell to 5.4 s at
a 10 fold higher NO concentration (Bellamy and Garthwaite, 2001b) indicating that NO
accelerates desensitization. A concentration-response curve of cellular NOgcR to NO becomes
increasingly bell-shaped over time. This causes difficulty in assessing the potency of NO for its
receptor as the maximal NOgcR activity becomes truncated by desensitization. The longer the

enzyme is exposed to NO, the greater the potency of NO for its receptor. Measurement of
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cellular levels of cGMP over a time course of minutes will yield an ECs value of a lower
magnitude than estimates based on activation of the purified receptor.

The recovery from desensitization of cellular NOgcR was found to be much slower than the
rate of onset (Bellamy et al., 2000). Cerebellar cells were exposed to a supra-maximal
concentration of NO to provoke desensitization, and then deactivated by Hb. NO was re-applied
at different times at a concentration great enough to saturate the Hb and fully stimulate the

NOgcR. The half-time for recovery was found to be ~ 1.5 min.

1.8 Pharmacological modulation of the NOgcR

The NO/haem-mediated activation of the NOgcR is now well established but two other
mechanisms of activation have been identified which may be of future therapeutic benefit. 3-(5’-
hydroxymethyl-2’furyl)-1-benzylindazole (YC-1) was first identified as an activator of the
NOgcR in platelets (Ko et al., 1994). Further studies demonstrated that YC-1 caused a 10-fold
activation of the purified receptor (Mulsch et al., 1997). YC-1 acts by increasing the maximal
catalytic rate of the receptor in an NO independent manner, as shown by the inability of the NO
scavenger oxyHDb to inhibit activation. Furthermore, YC-1 sensitizes the enzyme towards its
activators by binding to an allosteric site other than the haem group, so causing a reduction in
ligand dissociation from the haem (Friebe and Koesling, 1998). To date the binding site for YC-1
remains ellusive.

Recently BAY 41-2272 was identified as a compound similar to YC-1, but with a two fold
higher potency, and higher specificity as it does not inhibit phosphodiesterases (Stasch et al.,
2001). Photoaffinity labelling identified that two cysteines (at Cys 238 and Cys 243) in the a1
NOgcR subunit, act as the target for this new class of stimulator (Stasch et al., 2001). Deletion
studies revealed that a similar region in the a2 subunit also acts as a binding site for BAY 41-
2272. In vivo studies in a canine model of congestive heart failure showed potential use for BAY
42-2272 for treatment of cardiovascular diseases (Boerrigter et al., 2003).

Several compounds are found to inhibit the NOgcR. The quinoxalin derivative 1H-
[1,2,4]oxadiazolo[4,3-a]- quinoxalin-1-one (ODQ) has been shown to be a potent and selective
NOgcR inhibitor in brain slices (Garthwaite et al., 1995). Studies on the purified NOgcR reveal

that ODQ binds in an NO-competitive manner and irreversibly inhibits NO-stimulated activity,
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leaving basal activity unaltered. Spectral analysis suggests that the inhibitory effect of ODQ is
caused by slow reversible oxidation of the haem iron in cells (Schrammel et al., 1996; Zhao et
al., 2000).

1.9 Cellular targets of the second messenger cGMP

Phosphodiesterases

Cyclic nucleotide phosphodiesterases (PDEs) regulate all pathways that utilise cGMP or
cAMP as second messengers. PDEs catalyse the hydrolysis of 3°,5” cyclic nucleotides to 5’
monophosphates, and so are important in regulating intracellular concentrations of and,
consequently biological responses to, these signalling molecules. So far 11 PDE gene families
have been identified in mammalian tissue, which differ in substrate specificity (cGMP or
cAMP), kinetic characteristics, tissue distribution, pharmacological profiles and amino acid
sequence homology. The C terminal possesses a conserved PDE catalytic domain (270-300
residues) whereas the N terminal confers specific properties to the PDE family. Multiple splice
variants, some of which exist in a tissue-specific manner or are expressed in response to a
particular stimulus are found in most families.

PDE families 2, 5, 6, 10 and 11, contain one or two highly homologous regulatory domains
in their N-terminal regions. These domains have been termed GAF A or GAF B based on their
sequence homology to similar motifs of a wide group of proteins. The first members of this
group included the cGMP-regulated PDEs, the cyanobacterial Anabaena adenylate cyclase and
the Fh1 A protein (a bacterial transcriptional factor). The first letters of these group names were
used to derive the acronym (Aravind and Ponting, 1997). GAFs are one of the largest families of
small molecule binding domains found in proteins involved with cyclic nucleotide signalling.
The ligands for most GAF domains remain to be identified but amongst PDEs, cGMP is the only
known ligand to bind to this domain (PDE 2, 5, 6). Crystalisation studies of the regulatory
sequence of mouse PDE2A has revealed the structure of two GAF domains with different
structures: GAF-A functions as a dimerisation locus and GAF-B possesses a 11-residue
fingerprint sequence for cGMP binding which is found to be highly conserved in other PDE
families expressing GAF domains (Martinez et al., 2002). Variance in sequence homology

between GAF domains results in changes of affinity to small-molecule ligands e.g. cAMP-
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binding GAF-B domain mAnabaena cyanobacterium (Figure 4) and contributes to the enormous

diversity in regulatory mechanisms in which GAF domains are involved.

S424(T)
E512(Q)
459(V)
0439(A)
1458(l 492(T ) 748 SJT)
Y481 A

0485(0)

Figure 4: cGMP bound to the GAF-B domain of murine PDE2

Taken from www.stke.org/cgi/content/full/sigtrans:2Q03/164/pel

The space-filling representation illustrates cGMP. The ball-and-stick representation shows the 11
fingerprint residues of PDE2 which are essential for cGMP specificity. In parenthesis are the
replacement fingerprint residues which infer cAMP-binding in the GAF-B domain ofan adenylyl
cyclase in Anabaena cyanobacterium. The molecules are represented by nitrogen (blue), oxygen

(red), phosphorous (magenta), carbon (grey), hydrogen bonds (green).

PDE?2 is a dual substrate isoform hydrolysing both cGMP and cAMP (but with a higher
affinity to cGMP). On incubation with cGMP the enzyme affinity for cAMP is enhanced, hence
the alternative name ofthe “cGMP stimulated PDE” (Juilfs et al., 1999). This modulatory effect
offers an important mechanism in mediating cross talk between cGMP and cAMP regulated
pathways. PDE2 is a homodimer oftwo 105 kD subunits and exists in soluble and membrane-
bound forms. This family was first identified in liver, heart adrenal glands and has been shown to
be expressed in the brain, especially in the limbic system (reviewed in Manganiello et al.,

1995a).
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PDES (the cGMP-binding, cGMP-specific PDE) and PDES6 (the photoreceptor cGMP PDE)
have relatively high affinity for cGMP, and hydrolyse cAMP very poorly. The PDES isoform is
the target of the selective drug Viagra (sildenafil citrate; Turko et al., 1999). Crystal structures of
the PDES catalytic domain bound to different inhibitors will provide information to design more
potent and selective inhibitors (Sung et al., 2003). Binding of cGMP (or sildenafil) at the
catalytic site of PDE 5 stimulates cGMP binding to the PDES5 GAF domains and leads to
phosphorylation of a specific serine residue in the N-terminal, by cGMP and cAMP kinases
(Thomas et al., 1990; Turko et al., 1998). Phosphorylation induces a conformational change
which increases the cGMP affinity of the GAF-A domain ten-fold (Francis et al., 2002) and in
purified enzyme increases catalytic activity nearly two fold (Corbin et al., 2000). These changes
represent a negative feedback pathway which regulates cGMP levels within cells. Interestingly
these effects also imply that by elevating cGMP, sildenafil increases its own binding affinity, so
providing positive feedback for effectiveness of the drug (Corbin et al., 2002).

The retinal photoreceptor PDE6 is a membrane bound heterodimer composed of an o and 3
subunit. In the dark PDES6 activity is blocked by two inhibitory Py subunits (McLaughlin et al,,
1995). This inhibition is removed by light stimulation of rod and cone cells, which triggers PDE6
activation. cGMP hydrolysis results in the closure of cGMP-gated channels and
hyperpolarization of the photoreceptor cell (Beavo, 1988). Mutations in the GAF or catalytic
domains in either of the PDE subunits is responsible for about 4 % of recessive autosomal
retinitis pigmentosa cases, a progressive retinal degeneration disorder (McLaughlin et al., 1995),
and a substitution of the GAF domain in the B subunit (H258N) results in autosomal dominant
congenital stationary night blindness as found in the Rambusch family in Denmark (Gal et al.,
1994).

PDE10 and PDEI11 have only recently been described (Fawcett et al., 2000; Fujishige et al.,
1999b; Soderling and Beavo, 2000). PDE10 mRNA expression is limited to the striatum and
testis (Fujishige et al., 1999b) and this isoform exhibits dual substrate catalytic activity for cAMP
and cGMP. However, PDE10 binds cAMP with a higher affinity than cGMP, and hydrolyses
cAMP less effectively and so it has been suggested that PDE10 acts as a cAMP-inhibited cGMP
PDE (analogous to PDE3 but with different nucleotide specificity Fujishige et al., 1999a).
PDEI11 is also a dual substrate PDE, and is expressed predominantly in human prostate and

skeletal muscle.
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PDETI is another dual substrate PDE that hydrolyses both cAMP and cGMP (Beavo, 1988).
Competitive inhibition of cGMP degradation occurs at elevated cAMP concentrations and vice
versa. The PDE1 family is activated by Ca>*/CaM binding and is found abundantly in the mouse
brain (Yan et al., 1994). nNOS is also activated by Ca**/CaM binding, and is found abundantly
throughout the CNS. It is hypothesised that a rise in intracellular Ca®* (caused by glutamate
receptor activation) simultaneously stimulates nNOS activity and PDEI activity (Baltrons et al.,
1997). This means that cGMP accumulation in the stimulated cells is inhibited, but neighbouring
cells with low cytosolic Ca®* are free to respond (Mayer et al., 1993). However,
pharmacological characterisation of the PDE constitution of cells accumulating cGMP in cell
suspensions from eight day old rat cerebellum (Bellamy and Garthwaite, 2001a) and striatum
(Wykes et al., 2002) found no evidence that PDE1 was contributing to cGMP degradation.

PDES3 is a dual substrate isoform and is also referred to as the cGMP inhibited isoform
(Degerman et al., 1997). cGMP is hydrolysed about 10 fold less effectively than cAMP and so
when bound to the catalytic site cGMP acts as a competitive inhibitor to cAMP degradation.
Residues in the N-terminal have recently been shown to be important for membrane association
(Shakur et al., 2001) and phosphorylation by protein kinases (Kitamura et al., 1999). Thus
subcellular location could influence the specificity of protein kinase interactions of PDE3.

PDEA4, 7 and 8 are “cAMP specific” and so these PDE families are not thought to play a role
in cGMP signalling. PDES8 and 9 are not inhibited effectively by the non specific PDE inhibitor,
IBMX. PDE9 has the highest affinity for cGMP so far recorded (K, =0.07 uM; Soderling et al,,
1998) and so is thought to be important in maintaining basal cGMP levels at low concentrations.
At the mRNA level it is highly expressed in the kidney and is thought to participate in the atrial
natriuretic peptide-mediated diuresis pathway (Soderling et al., 1998).

cGMP-dependent protein kinases

Two major types of cGMP dependent protein kinases (cGK) or protein kinase G (PKG) have
been identified in mammalian tissues: the cytoplasmic type I and the membrane-bound type IL
cGK 1 is a homodimer of two identical subunits approximately 76 kDa each existing in two
isoforms designated o and B (Francis and Corbin, 1994), whereas cGK II is an 86 kDa monomer

(De Jonge, 1981). Types I and II are not known to be co-expressed in any tissue. The highest
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concentrations of cGK I are found in cerebellar Purkinje cells (Lohmann et al., 1981), smooth

muscle cells and platelets (Walter, 1989). cGK II was originally identified in intestinal microvilli

(De Jonge, 1981) but at the mRNA level was shown to have a wide distribution in the brain (el

Husseini et al., 1995). For a summary see Table 2.

Isoform | Predominant location Substrate Function
¢GK 1 | Brain/neurones AMPA Regulation of neuronal
Primarily in cerebellar Purkinje cells. | IPsR excitability and synaptic
Also in spiny striatal neurones, dorsal | G-substrate plasticity
root ganglion, olfactory bulb and PDES
epithelium
Smooth muscle cells VASP, IP;R,  [Ca®); contractility
Platelets VASP, IP;R J[Ca®];, adhesion,
aggregation, secretion,
cytoskeleton reorganisation
¢GK II | Intestinal mucosa CFTR T CI' secretion (via CFTR)
Brain
High levels in brainstem, locus 7? Neurotransmitter release
ceruleus, pontine nucleus { Vasopressin release
Low levels in striatum, cerebellum,
hippocampus
Kidney 7 v Renin secretion
Bone 7 T Growth

Table 2: Cellular location, substrate and potential physiological function of the ¢cGMP-

dependent protein kinases

VASP = Vasodilator stimulated phosphoprotein, IPsR = Inositol 1,4,5-trisphosphate receptor,
CFTR = Cystic fibrosis transmembrane conductance regulator. ?? = Not yet known. Modified
from Francis and Corbin, 1994 and Lohmann et al., 1997.
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Analysis of the functional significance of the ¢cGK is under investigation using both KO mice
carrying null-mutations of ¢cGK I or cGK II and double KO mice. Mice lacking ¢cGK I from only
their Purkinje cells exhibited almost complete absence of cerebellar long term depression (LTD;
Feil et al., 2003). LTD is the activity dependent attenuation of synaptic transmission. In the
cerebellum LTD has been implicated in a specific form of motor learning, the adaption of the
vestibular-ocular reflex (de Zeeuw et al., 1998). It has been reported that cGK I can
phosphorylate a number of proteins in Purkinje neurons, including AMPA receptors (Nakazawa
et al., 1995), IP; receptors (Haug et al., 1999), G-substrate (Endo et al., 1999) and PDES
(Shimizu-Albergine et al., 2003). The roles of AMPA and IP; receptors in LTD are well
established (Ito, 2001), however as yet the functional significance of their phosphorylation by
CGK I has not been determined. G-substrate (a 24 kDa protein) is specifically expressed in
Purkinje cells, and when phosphorylated is found to be an effective protein phosphatase inhibitor
(Ki=1.5 pM for protein phosphatase 1; K;= 0.3 uM for protein phosphatase 2A). In its
unphosphorylated form G-substrate had no significant effect on either protein phosphatase. It
has been proposed that by inhibiting endogenous phosphatase activities, phosphorylated G-
substrate may control different signal transduction pathways including protein kinase C, protein
tyrosine kinases or mitogen-activated protein kinases (Ito, 2001), or affect clathrin-mediated
internalisation of AMPA receptors which appears to be important for cerebellar LTD (Wang and
Linden, 2000). Phosphorylated PDES occurs at the peak of cGMP-CGK I activation, and has
been proposed to provide a negative feedback regulation of cGMP concentration in all Purkinje
neurons, thereby attenuating the duration of LTD response (Shimizu-Albergine et al., 2003). A
subpopulation of Purkinje neurons was found to also contain PDE1B and the authors emphasise
the importance of identifying the PDE composition of individual cells (especially for
electrophysiological studies) as this may greatly affect the Purkinje cell response to NO-cGMP
stimulation during LTD.

The cGKs belong to the serine/threonine kinase family and share common structural features.
The N-terminus contains an auto-inhibitory domain with two autophosphorylation sites. The
regulatory domain contains two cGMP binding sites arranged in tandem: one with high cGMP
binding affinity and one with low affinity, and finally the Mg>/ATP binding site and target

protein interaction domains in the catalytic C-terminal. Activation of the enzyme is thought to
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depend on a conformational change, as detailed below. This results in the removal of a pseudo-
substrate region of the autoinhibitory domain which occupies the catalytic site under basal
conditions (Francis and Corbin, 1994). Initial studies demonstrated that cGMP binding to one or
both of the two regulatory binding sites, or autophosphorylation of residues in the N-terminus
resulted in the conformational change associated with ¢cGK I activation (Chu et al., 1998).
Further studies suggest a simple two-state model where cGMP binding to the low affinity
binding site causes “elongation” but full activation is only achieved when cGMP is
simultaneously bound to the high affinity binding site (Wall et al., 2003).

The catalytic function of ¢GK is similar to the cAMP kinases. Both enzymes transfer the y-
phosphate of ATP to a serine or threonine residue of the target protein. The ¢cGK I isoforms have
been extensively studied and the structure of cGK II is thought to be similar but with a single
c¢GMP binding site. A leucine zipper in the N terminus of cGK I is responsible for dimerisation;
whereas this region in ¢cGK II contains myristoylation sites which targets the protein to

membranes in different subcellular localisations.

Cyclic nucleotide gated ion channels

Cyclic nucleotide gated (CNG) channels couple electrical and/or Ca** signals to cyclic
nucleotide concentration. CNG channels are non-selective cation channels which are Na* and
Ca®* permeable, and opening is dependent on cGMP or cAMP binding to the channel complex.
CNG channels were first identified in the visual and olfactory transduction systems, and have a
widespread distribution (Zagotta and Siegelbaum, 1996). In situ hybridisation shows that CNG
channel mRNA is expressed throughout the CNS (Strijbos et al., 1999) in a similar distribution
to the NO/cGMP system (Kingston et al., 1999). Expression studies indicate that the CNG
channels are constructed of 3o and 1 subunits in a tetrameric configuration (Zhong et al.,
2002). Each of the four subunits contributes to the central pore (Figure 5a). Both the o and 8
subunit contains 6 transmembrane domains and intracellular cGMP or cAMP binding domains
(Figure 5b). The difference between a and B subunits is that when expressed as homomeric
channels in Xenopus oocytes the o subunit forms functional ion channels, while the B subunits

do not but rather, appear to modulate the characteristics of the o subunit (Kaupp et al., 1989).
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Figure 5: Cyclic-nucleotide gated ion channel

Adapted from Kramer and Molokanova, 2001. a) Three-dimensional structure ofa CNG channel.
The four subunits are arranged to form a central pore, b) The primary structure ofthe a-subunit.
Cylinders represent hydrophobic segments of membrane-spanning domains. The S4 segment is
the voltage sensor for voltage-dependent transition in these channels; the region between S5 and

S6 is thought to be part ofthe channel pore. The cyclic nucleotide-binding site is in green.
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1.10 The physiological role of NO
NO signalling in the CNS

Since its discovery, NO has been considered an unorthodox signalling molecule in the CNS.
The classical amino acid and peptide neurotransmitters e.g. glutamate, have well defined
synthesis, storage, release, and termination pathways. Release from pre-synaptic structures and
diffusion to postsynaptic densities, evoke either excitatory or inhibitory changes in membrane
potential which can be mimicked by application of exogenous agonists. However in the CNS,
NO plays a more modulating role in cells where synaptic signalling is mediated by
neurotransmitters such as glutamate.

The NO signalling pathway is found throughout the mammalian CNS. Briefly, under normal
conditions the binding of glutamate to NMDA-type receptors results in the influx of Ca®" into the
cell triggering synthesis of NO (Figure 6). NO exhibits rapid diffusability through lipid and
aqueous environments, allowing three-dimensional spread of signal across cell membranes. It is
estimated that a single point source emitting NO for 1-10 s will influence an area with a diameter
of 200 um containing neurones (around 2 million synapses) glia and vasculature (Wood and
Garthwaite, 1994). As described earlier NO acts on its major GC-coupled receptor and the
resulting accumulation of cGMP in the target cell modulates the activity of cGK, ion channels,
and PDE to bring about changes in cell function. The brain has the highest NOS activity of all
the tissues in the body, and with its widespread sphere of influence could be involved in many
aspects of CNS function including development, synaptic plasticity, modulation of

neurotransmitter release and regulation of blood flow (Garthwaite and Boulton, 1995).
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Figure 6: The NO-cGMP signalling pathway in the CNS

NO and CNS development

The NO signalling pathway may represent a potentially important mechanism underlying the
timing and co-ordination of neuronal connections within the developing nervous system (Gibbs,
2003). For example, NO is involved in establishing the patterning of retinal inputs in the visual
system ofthe ferret, chick and mouse (Cramer et al., 1996; Wu et al., 1994; Wu et al., 2000). In
these systems NO synthesised in cells interacts with newly arrived retinal inputs to regulate the
location and number of synaptic connections. In the ferret, development ofthe visual system is
orchestrated by NO acting on the NOgcR (Leamey et al., 2001). Cyclic nucleotides are known
regulators of neuronal growth cone migration (Song et al, 1998). The mechanism is poorly
understood, but CNG channels are thought to be involved, as immunohistochemical staining
reveals that they are expressed in growth cones of cultured hippocampal neurones during
development (Zufall et al, 1997).

In the developing brain of XloXenopus laevis tadpole, NO regulates cell number (Peunova et
al, 2001). In this system NOS inhibition causes an increase in the total number of cells, resulting
in a profound distortion ofthe overall cellular organisation. Conversely, increased levels of NO
reduce cell division, resulting in a decreased brain size. This is consistent with NO acting as an
anti-proliferative agent to regulate the switch between proliferating neuronal precursors and
differentiated cells within the developing brain. It has been proposed that NO inhibits cell
division by activating the p53 and Rb signalling pathways (Gibbs, 2003).
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NO and synaptic plasticity

The most widely studied function of NO in the CNS, is its involvement in the activity-
dependent changes in synaptic strength of LTP and LTD. Although the chain of events resulting
in increased synaptic strength is unknown, a post-synaptic Ca>* influx is generally agreed to be a
minimal requirement for LTP induction. An unresolved issue in LTP research is the site of its
expression. The increase in synaptic strength mediated by LTP may be due to either an
enhancement of pre-synaptic transmitter release, or post-synaptic transmitter sensitivity, or a
combination of both scenarios. Evidence for the pre-synaptic change underlying LTP came from
the finding that there was an enhanced release of transmitters from pre-synaptic terminals during
LTP induction (Larkman and Jack, 1995). NO was postulated as the retrograde messenger that
transmitted the signal triggered by an influx of Ca®* in the post-synaptic cell to pre-synaptic
cells (Bohme et al., 1991; Schuman and Madison, 1991). This initial work was based on the
strategies of applying NOS inhibitors, NO scavengers or exogenous NO to either inhibit or
mimic the endogenous pathway. Gene targeting suggests that both nNOS and neuronally located
eNOS are implicated in LTP. In nNOS or eNOS KO mice LTP is only slightly reduced (O'Dell
et al., 1994), whereas animals deficient in both NOS isoforms exhibit substantially reduced LTP
(Son et al., 1996). There is still much controversy surrounding the importance of NO in LTP
(Huang, 1997), but it has now been accepted that LTP can be established by multiple,
independent effector mechanisms some of which are NO-dependant while others are NO-
independent (Sanes and Lichtman, 1999).

LTD has been predominantly studied in the cerebellum, though can also be observed in other
brain regions (Calabresi et al., 1999). In the cerebellum LTD is characterised by a long lasting
depression of parallel fibre synapses following repeated excitation of the climbing fibres of
Purkinje cells. The reduction in synaptic strength appears to be caused by a diminished
sensitisation of the postsynaptic alpha-amino-3-hydroxy-5-methylisoxazole-4-proprionic acid
(AMPA) receptors. This process appears to be mediated by the NO-cGMP signalling pathway
(Daniel et al., 1993), and has been proposed as a model for the learning of motor movements.
The role of NO in both forms of synaptic plasticity appears to involve interaction with PSD-95,
as both LTP and LTD are significantly modified in mice with targeted disruption of PSD-95
(Migaud et al., 1998).
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1.11 NO and neuropathology

There is much interest in the role that NO plays in the pathogenesis of chronic
neurodegenerative diseases such as Alzheimer’s (Dorheim et al., 1994; Gahtan and Overmier,
1999), Parkinson’s (Hirsch and Hunot, 2000; Liberatore et al., 1999) multiple sclerosis (Smith
and Lassmann, 2002), and more acute brain injury such as in cerebral ischaemia (Iadecola,
1997; Keynes and Garthwaite, 2004; Murphy, 1999). Expression of iNOS has been found in the
chronic neurodegenerative diseases. In Parkinson’s disease post-mortem examination reveals that
the loss of dopaminergic neurones in the substantia nigra is associated with a massive
astrogliosis and the presence of activated microglia (McGeer et al., 1988). In mice that are
rendered Parkinsonian by 1-methyl 4-phenyl-1,2,3,6-tetrahydropyridine (MPTP), microglial
INOS-derived NO has been shown to play a deleterious effect in domaminergic neurones,
suggesting that iNOS inhibitors may have a role in future therapies (Liberatore et al., 1999).

Energy failure especially at the level of the mitochondria respiratory chain has been
suggested as an important factor in the mechanism of NO mediated neurotoxicity (Stewart and
Heales, 2003). As previously described NO may inhibit respiration reversibly at cytochrome ¢
oxidase, or irreversibly following prolonged exposure, at multiple sites including complex I
(Stadler et al., 1991) and (after NO has been converted to other reactive nitrogen species such as
ONOO’; Cassina and Radi, 1996). NO may directly shift the mitochondrial electron chain into a
more reduced state, enhancing formation O,"". Alternatively, NO or other reactive nitrogen
species may trigger induction of the mitochondrial permeability transition pore which results in
mitochondrial swelling, calcium release and cell death (Jordan et al., 2003). Different pathways
of cell death may then be activated such as apoptosis or necrosis.

One mechanism of oxidative cellular injury is the nitration of protein tyrosine residues,
mediated by peroxynitrite, a reaction product of nitric oxide and superoxide radicals. Postmortem
tissue samples from patients with Parkinson’s (Good et al., 1998), Alzheimer’s disease (Smith et
al., 1997) and amyotrophic lateral sclerosis (Beal et al., 1997) have all demonstrated
nitrotyrosine residues indicating the presence of ONOO'. In cerebral ischaemia NO may also
cause damage by enhancing synaptic transmission. /n vivo experiments showed that the majority
of hippocampal CA1 neurons destined to die following ischaemic reperfusion, exhibited
potentiated synaptic transmission (Gao et al., 1999). Other reports suggest that the pathology
may occur further down the NO-cGMP pathway. Recently, striatal PDE mRNA and protein
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levels were found to be reduced in transgenic Huntington’s disease mice prior to the onset in loss
of motor control (Hebb et al., 2004). As with many areas of research into NO there is
considerable conflicting data in the literature. However, with the development of new techniques
to apply constant known concentrations of NO to experimental models, and realising the
potential for artifacts especially in tissue culture (Keynes et al., 2003; Keynes and Garthwaite,
2004), a better understanding of NO role in these disorders will hopefully be achieved.
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1.12 Aims of the project

Over the course of this chapter the discovery of NO has been described and the importance of
the NO-cGMP signalling pathway has been highlighted. The NOgcR plays a pivotal role in the
transduction of inter- and intra-cellular signals conveyed by NO, and cGMP regulates a plethora
of biological functions depending on location and cell type. Due to the ubiquitous nature of the
NO-cGMP pathway, signal transduction by the NOgcR also has a profound pathophysiological
significance. Itis crucial that the NO-cGMP transduction system is understood in its entirety, to
provide the greatest opportunity for the design and development of therapeutics. However,
despite the numerous advances made in this field since the initial discovery of soluble guanylyl
cyclase in 1969, many aspects of this enzyme and the transduction mechanism remain
incompletely understood. This study aims to address some of the fundamental questions that are

still ambiguous regarding the functional characteristics of the NOgcR isoforms:

1) Is the desensitizing profile of NOgcR activation a common feature of the receptor in
cells?

2) Does the molecular makeup of the receptor influence the kinetics of activation?

3) Is NO senstitivity different between isoforms?

4) How many binding sites does the NOgcR have?

5) Is the NO sensitivity of the NOgcR influenced by cellular location?

For the NOgcR there appears much ambiguity and incoherency in the literature regarding
these questions. One of the major reasons for this, is that NO is unstable in aerobic solutions, and
so many of the previous studies have been done using varying NO levels. Thus a new method

has been developed to deliver NO at constant concentrations.
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Chapter 2

Materials and methods

2.1 Materials

Compounds

Compounds Abbreviation | Vehicle Source
Bovine serum albumin (fractionV) BSA — Sigma
Creatine kinase (type I; from rabbit dH,0 Sigma
muscle 324 U/mg/protein)

Creatine phosphate dH,O Sigma
Cilostamide DMSO Sigma
2-(4-carboxyphenyl)-4,4,5,5- CPTIO dH,0 Alexis
tetramethylimidazoline-1-oxyl-3-oxide.

D(-)-2-amino-5-phosphoropentanoic D-AP5 10 mM NaOH | Sigma
acid

Deoxyribonuclease 1 (type IV, DNase — Sigma
from bovine pancreas 2500 Kunitz

U/mg/protein)

Diethylamine NONOate DEA/NO 10 mM NaOH | Alexis
2,2’<(Hydroxynitrosohydrazono)bis- DETA/NO 10 mM NaOH | Sigma
ethanimine NONOate

Dimethyl sulfoxide DMSO —_ Sigma
Dulbeccos minimal essential medium | DMEM — InVitrogen
Erythro-9-(2-Hydroxy-3-nonyl)adenine | EHNA DMSO Sigma
Hydrochloride

Ethylene glycol-bis (B-aminethyl EGTA Equimolar Sigma
ether)-N,N,N’,N’-tetraacetic acid NaOH

Foetal calf serum FCS — InVitrogen
Guanosine 5'-triphosphate GTP dH,0 Sigma




Haemoglobin from bovine erythrocytes | Hb — Sigma
Hepes — Sigma
3-Isobutyl-1-methylxanthine IBMX — Sigma
Milrinone DMSO Sigma
Nicardipine DMSO Sigma
L-Nitroarginine L-NA 10 mM NaOH | Tocris
Penicillin — InVitrogen
Phosphate buffered saline PBS dH,0 Sigma
Rolipram DMSO Tocris

RO 20-1724 DMSO Calbiochem
Sildenafil DMSO Chemistry/ WIBR
Sodium Hydroxide NaOH — BDH
Soybean trypsin inhibitor — Sigma
Spermine NONOate SPER/NO 10 mM NaOH | Alexis
Streptomycin — InVitrogen
Cu/Zn Superoxide dismutase from SOD dH,0 Sigma
bovine erythrocytes

Tris (hydroxymethyl)aminomethane Tris HCI — Sigma
Triton X-100 dH;O

Trypsin (type I; bovine pancreas — Sigma
10100 U/mg/protein)

Uric acid 60 mM NaOH | Sigma

dH,O Double distilled water, filtered though a 0.22 pm milliQ filter (Millipore, Watford UK)

— Diluted in buffer, or used as indicated in the text.



Antibodies for immunohistochemistry

1* Antibody 1"Host | Conc. | 2™ Host | Conc. | Linked
c¢GMP (kind gift from Dr. J. de Vente, | Sheep 1:8000 | Donkey | 1:200 Rhodamine
Maastricht, Netherlands) (Chemicon)
Neurone-specific nuclear protein Moucse | 1:100 Horse 1:200 Fluoroscein
(NeuN; Chemicon) (Vector)
Glial Fibrillary Acidic Protein (GFAP; | Mouse | 1:800 Horse 1:200 Fluoroscein
Chemicon) (Vector)
Micro-tubule associated protein 2 Mouse | 1:2000 | Horse 1:200 Fluoroscein
(MAP-2; Chemicon) (Vector)

Suppliers

Alexis Alexis Biochemicals, Nottingham, UK

BDH Merck Ltd., Leicestershire, UK

Calbiochem Calbiochem-Novabiochem (UK) Ltd., Nottingham, UK

Chemicon  Chemicon, Temecula, California, USA

Chemistry  Chemistry Division, Wolfson Institute for Biomedical Research,
University College London, UK

Millipore Millipore Ltd., Watford, UK

InVitrogen InVitrogen Ltd., Paisley, UK

Tocris Tocrns Cookson Ltd., Bristol UK

Vector Vector Laboratories, Ltd., Orton Southgate, Peterborough, UK

All other chemicals were from Sigma-Aldrich, Hertfordshire, UK

Animal suppliers

Sprague-Dawley rats were obtained from Charles River, Margate, UK
Data manipulation and statistics

The computer package used was Origin™ version 6.1; Aston Scientific Ltd, Stoke Mandeville,
UK
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2.2 General solutions

Artificial cerebral spinal fluid (aCSF)

aCSF contained in (mM): NaCl (120), KCI (2), NaHCO; (26), MgS04 (1.2), KH,PO, (1.2),
glucose (11) CaCl; (2) and was continuously gassed with 95 % O, and 5 % CO, at pH 7.4 for a
minimum of 1 h prior to use. The aCSF also contained L-nitroarginine (L-NA; 0.1), to prevent

possible complications from endogenous NO synthesis.

Incubation Buffer

Containing (mM): NaCl (130), KC1 3, MgSO0, (1.2), Na,HPO, (1.2), Tris HC1 (15), CaCl,
(2), glucose (11), and L-NA (0.1), pH 7.4. If required the buffer also contained IBMX (1 mM).
This buffer was used for the resuspension of striatal, COS-7 cells and red blood cells (RBC). In

the latter case the buffer also contained 0.5 % bovine serum albumin (BSA).

Inactivation Buffer
In (mM): Tris-HCI (50), EDTA (4), pH 7.4.

CPTIO-containing assay buffer

Immediately prior to use a fresh stock of the following buffer was prepared (in mM): Tris-
HCI1 (50) MgCl, (0.1), EGTA (0.1), DTT (0.01), BSA (0.05), pH 7.4 at 37 °C. Just before each
experimental run the following compounds were added to the buffer: superoxide dismutase
(SOD; 1000 units/ml) and in (mM) CPTIO (0.2), uric acid (0.3), GTP (1), creatine phosphate (5)
and creatine kinase (200 pg/ml). The last three compounds were added to ensure that GTP levels
were maintained.

All stock compounds were made fresh each day, dissolved in dH,O and kept on ice, with the
exception of the 30 mM uric acid stock which was dissolved in 60 mM NaOH and kept at room

temperature.
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NO donors

A series of nucleophile/NO adducts known as NONOates have recently been developed

(Morley and Keefer, 1993) and are NO-donating compounds. They have major advantages over

previous donors as they are stable as solids, but spontaneously degrade in aqueous solution with

first order kinetics, to release NO®. The parameters governing decomposition are temperature,

pH, and the identitiy of the nucleophile precursor only (Table 3). Thus addition of a NONOQate to

a solution at physiological temperature and pH results in the release of NO with predictable

kinetics.

All NO donor stocks were made in 10 mM NaOH and kept on ice prior to use to prevent

donor decomposition.
Donor Structure Half life
(@t37°C,pH74)
DEA/NO + 2.1 minutes
Na 0
- I
O\N _N
|
H,C ~— N\/CH3
DETA/NO o) 20 hours
- H
O._ _N
\
N
FNHy TNTONR,
SPER/NO 0] 39 minutes
- I
O, N~ N
+ I
3\/\/ ” /\/\NHz

Table 3: NONOates structure and half-life
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2.3 General methods

Striatal slice preparation

Sprague Dawley rats (Charles River, Margate, UK) aged postnatal day 8, were killed by
decapitation as approved by the British Home Office and the local ethics committee. The brain
was removed and a coronal incision was made approximately 5.0 mm behind the olfactory bulb.
Coronal slices 400 pm thick were cut in oxygenated aCSF at 10°C using a Vibratome (Campden
Instruments Ltd). Slices were discarded until the merger ofthe corpus callosum could be seen.
At this point 3 further 400 pm thick slices were cut and the striatum from each hemisphere was
dissected using a microknife as illustrated by the red line in figure 7. The resulting slices were
randomized, paired and 3-4 slices were incubated in 20 ml of aCSF. Slices were recovered for at
least 1h in a shaking water bath (37°C) before use. 10 min prior to NO-stimulation slices were
transferred into aCSF which also contained IBMX (I mM) a non-specific phosphodiesterase

inhibitor.

Figure 7: Coronal section ofimmature rat brain

The red line indicates line of microdissection.

49



Preparation of striatal cell suspension
The following solutions were required for striatal cell preparation. Solutions 1-6 were gassed

under 95% O, and 5% CO, at room temperature.

Solution

1 Ca” free aCSF

2 200 ml (1) + 0.6 mg/ml BSA (fraction V)

3 50 ml (2) + 25 mg trypsin (~8000 U/mg)

4 30 ml (2) + 15.6 pg soybean trypsin inhibitor, 2.5 mg DNase, 46.5
ul MgSO;4 (1 M), 30 pl D-AP5 (100 mM stock in 0.1 M NaOH)

5 42 ml (2) +(4) 8 ml

6 25ml (2) + 2.5 pl CaCl, (1 M) + 31 pl MgSO4 (1 M)

Incubation buffer | In (mM); Tris-HCl (15), NaCl (130), KCI (3), MgS0, (1.2),
NazHPOj4 (1.2), CaCl; (1.5) glucose (11), L-NA (0.1), pH 7.4 at
37°C

Wash buffer (Incubation buffer) without added Ca”* or L-NA.

4% BSA solution | 10 ml (1) + 0.4 g BSA fraction V

10-15 Sprague Dawley rats aged postnatal day 8-9 were decapitated, and the brain removed.
A thick (1.6 mm) slice of brain was first cut in the coronal plane, starting just behind the merger
of the corpus callosum. The striatum from each hemisphere was dissected out and cut in both the
coronal and parasagittal planes into 400 pm cubes using a Mcllwain tissue chopper. The cubes
were washed into 15 ml tubes containing 10 ml of solution (2; cooled in a water bath at 10 °C),
and gently dispersed using a Pasteur pipette. The tubes were centrifuged at 100 g for a few
seconds and the supernatant aspirated.

The pellets were resuspended in 10 ml of solution (3), transferred to a conical flask, and
trypsinised for 15 min under carbogen in a gently shaking water bath at 37 °C. The trypsin was
neutralised by adding 10 ml of solution (5) and the cells transferred to a 50 ml tube and
centrifuged at 100 g for a few seconds. The supematant was aspirated and resuspended in 2 ml of

solution (4). The blocks were dispersed by mechanical trituration, passing them up and down
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through a Pasteur pipette for 10-15 cycles. After settling, the supematant containing dispersed
cells was added to 3 ml of solution (6). Again 2 ml of solution (4) was added to the blocks and
the trituration cycle was repeated for 3 cycles or until the blocks had dispersed. Any clumps
contaminating the collected cells were removed and the suspension was adjusted to 9 ml with
solution (6). The cells were underlaid with 1 ml of 4 % BSA solution (using a syringe with a
long needle) and centrifuged at 100 g for S min to remove cellular debris. The supernatant was
aspirated and the cell pellet resuspended in 5 ml of wash buffer. After centrifugation (100 g, 3
min) the supernatant was aspirated and cells resuspended in incubation buffer.

Cell viability and number was assessed using the trypan blue method. The cell suspension
was counted at a 1:5 dilution in trypan blue using a haemocytometer. The yield of striatal cells
was approximately 0.5 million cells/rat. Cells were allowed to recover for at least 1 h in a
shaking water bath set at 37 °C, at a final concentration of 1 x 10° cells/ml. The cells were
incubated in the presence of the nitric oxide synthase (NOS) inhibitor L-NA (0.1 mM) to prevent

possible complications arising from endogenous NO synthesis.

Tissue inactivation

At the end of experiments brain tissue slices or cell suspensions (50-100 pl) were inactivated
for 3 min in 200 pl of boiling hypotonic inactivation buffer. Inactivated slices were homogenised
by sonication and a sample removed for protein assay. The remaining sample was then
centrifuged at 10,000 g for 5 min to remove tissue debris and the superatant was analysed for

c¢GMP content.

Protein assay

Protein was measured using a bicinchoninic acid (BCA) protein assay (Perbio Science, UK).
The assay is based on the reduction of Cu®* to Cu'" in the presence of protein under alkaline
conditions. A reagent containing BCA forms a purple water-soluble complex with Cu'". This can
be measured colourimetrically at the peak absorbance of 562 nm, which is proportional to
protein concentration over the range 20-2000 pg/ml. Briefly, BSA protein standards ranging
from 0-1 mg/ml were prepared. 10 pl aliquots (in triplicate) of either standards or samples were
dispensed into a 96 well plate followed by 0.2 ml of the BCA reagent. After 30 min incubation at

37°C the absorbance was measured at 562 nm using a Spectra max 250 (Molecular Devices,
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California, USA) spectrometer. The absorbance increased linearly over the 0-1 mg/ml protein

range, allowing the amount of sample protein to be calculated from the standard curve.

c¢GMP radioimmunoassay
cGMP in the inactivated samples was quantified using a standard *H-cGMP
radioimmunoassay, based on a commercially available kit (Amersham Pharmacia Biotech,

Hertfordshire, UK).

Immunohistochemistry

Cell suspensions and slices were fixed in paraformaldehyde (4 %) in 0.1 M phosphate buffer,
pH 7.4, for either 1 h (slices) or 20 min (cell suspensions) at room temperature. Cell suspensions
were then dried onto gelatine-coated slides, stored at -20 °C, and rehydrated with dH,0
immediately before staining.

Slices were cryoprotected by incubating overnight at 4 °C in phosphate buffer (0.1 M) and 20
% sucrose. The slices were then incubated for 30 min initially in 1:1 solution of 20 % sucrose
and OCT embedding material (RALAMB Ltd, East Sussex, U K), then 30 min in OCT alone,
frozen in OCT over dry-ice and stored at -80 °C. 10 um sections were cut using a cryostat, dried
onto gelatine coated slides, and microwaved for 1 min at medium power, in a pre-warmed buffer
containing trisodium citrate (10 mM) and EDTA (1 mM).

Slides (with adhering cell suspensions or sections) were rehydrated in dH,O and
permeabilized with Tris-buffered saline (TBS) containing 1 % Triton X-100, for 15 min. After
rinsing with TBS containing 0.1 % Triton X-100, 0.2 % BSA, slides were incubated with normal
rabbit and horse sera for 30 min at room temperature, and then overnight at 4 °C with the
primary antibodies: sheep anti-cGMP (1:8000) and either mouse anti-microtubule associated
protein 2 (MAP-2; 1:2000), mouse anti-glial fibrillary acidic protein (GFAP,1:800) or mouse
anti-neurone-specific nuclear protein (NeuN, 1:100 found by optimisation of the technique).
MAP-2 was used to identify neurones in cell suspensions. However, in slices staining of the
neuropil masks individual cells, and so NeuN was used as an alternative. Slides were rinsed three
times in TBS and incubated with a secondary antibody (anti-sheep Tetramethyl rhodamine
isothiocyanate (TRITC) or anti-mouse Fluoroscein isothiocyanate (FITC) for 1 h at room

temperature, mounted in Vectorshield with DAPI (4',6-Diamidino-2-phenylindole; Vector)
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nuclear stain, and viewed under fluorescence optics or laser scanning confocal microscope
(Leika Microsystems, Milton Keynes, UK).

The percentage of cells accumulating cGMP was determined by exposing 4 seperately
prepared striatal cell suspensions to DEA/NO (1 pM) for 30 s in the presence of EHNA (300
puM), and processing for immunohistochemistry as above. A random selection of at least three
fields per slide (containing between 80-150 cells) were counted for cells that co-stained with
cGMP and the nuclear marker DAPL

Preparation of ferrous haemoglobin

This method is based on a method by (Martin et al., 1985). A 1 mM stock of haemoglobin
(Hb; type 1) was prepared in dH,0. Excess sodium dithionate (10 mM) was added and mixed for
a few seconds until the Hb solution became bright red indicating the reduction of Fe** to Fe*". To
remove the reducing agent 10 ml of the solution was transferred to pre-soaked dialysis tubing (12
kDa cut-off) and dialysed against 2 L dH,O at 4 °C. After 1 h the dialysis tubing was transferred
to a second volume of 2 L of dH,0 and left overnight to dialyse. The Hb was collected, frozen

and stored at -20 °C until use.

NO probe
NO concentrations were recorded in buffer (1 ml) in either a sealed or open, stirred vessel at

37 °C, equipped with an NO electrode (Iso-NO, World Precision Instruments, Stevenage, UK).

Red blood cell preparation

This method is based on Liu el al., 1998. Whole blood was withdrawn from 8 day old rats and
added to ice-cold phosphate buffered saline (PBS; pH 7.4). Red blood cells (RBC) were pelleted
by centrifuging at 2300 g for 10 min. The buffy coat and plasma were discarded and the RBC
were washed 3 times in PBS. After the final wash, RBC were resuspended at 2 million RBC/ml
in incubation buffer containing 0.5 % BSA and IBMX (1 mM).
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DNA preparation

c¢DNAs encoding a1, o2 and B1 NOgcR subunits were originally obtained by RT-PCR using
total RNA from rat tissue and subcloned into the expression vector pCMV (Gibb and Garthwaite,
2001). The vectors were transformed into Escherichia coli (E. coli) DHSa and stored as glycerol
(15 %) stocks at -80 °C (kindly given by Barry Gibb). E. coli were streaked out onto 90 mm Petri
dishes containing Lennox L-agar (InVitrogen), supplemented with 50 pg/ml kanamycin (Sigma)
and incubated overnight at 37 °C.

Single colonies containing the plasmid of interest were picked and grown for a maximum of
16 h at 37 °C at 200 RPM in 5 ml Lennox L-broth supplemented with 50 pg/ml kanamycin. At
the end of the growth period, bacteria were pelleted at 16 000 g for 1 min and the supematant
discarded. The plasmid DNA was purified from these pellets using a commercially available kit,
QIAprep miniprep kit (Qiagen West Sussex, UK) as described by the manufactures instructions.

The DNA for each subunit was pooled and a sample from each was analysed by
electrophoresis on 1 % agarose gels. Gels were prepared by adding 1 g agarose (InVitrogen) to
100 ml Tris-Acetate-EDTA (TAE) buffer and heated in a microwave. Ethidium bromide (0.55
pg/L; Sigma) was added to the molten gels and mixed. Gels were poured into the casting trays of
a horizontal electrophoresis tank with the appropriate combs inserted. Gels were allowed to set
and TAE buffer added to cover the gel.

DNA samples (2-10 pl) were mixed with an appropriate volume of loading buffer prior to
loading. Agarose gels were electrophoresed at a constant voltage of 80 V for 40 min and DNA
was visualised under ultra-violet light. DNA molecular weight standards of known amount were
used to quantify the DNA. Plasmid DNA concentrations were normalised by dilution if
necessary so that an equal volume containing similar amounts of DNA could be transfected into

mammalian cells.

Tissue culture and transfection

African green monkey kidney fibroblast cells (COS-7, catalogue number 87021302 from the
European Collection of Cell Cultures, Salisbury, UK) were cultured in Dulbecco’s modified
Eagles medium (DMEM), supplemented with 10 % foetal calf serum and 100 units/ml of both
penicillin and streptomycin (InVitrogen, Paisley, UK). Cells were maintained in a humidified
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incubator at 37 °C with S % CO; for up to a maximum of 30 passages to limit alteration of the
cell genotype.

For transfection, cells were plated so that a confluency of 40-60% was achieved at the time
of transfection. This ensured that the cell density was not too high and that the cells were
growing optimally. To examine individual receptor isoforms, COS-7 cells were transfected with
combinations of either the a1 and B1 subunits, or o2 and B1 subunits. Transfection conditions
were optimised and performed using the transfection reagent Effectene (Qiagen, West Sussex,
UK) according to manufacturer’s instructions, and efficiency was routinely 40 %. Studies were
performed on the recombinantly expressed receptors 48 h post transfection to allow for optimal
expression of the protein.

Prior to use, cells were harvested by trypsinisation, pooled, pelleted at 1500 g for S min. For
studies of the receptor isoforms in intact cells, the cells were resuspended at 1 mg protein/ml in

incubation buffer,

Preparation of COS-7 homogenate

COS-7 cells were prepared as above except that after pooling and pelleting the cells were
resuspended at 3 mg protein/ml in ice-cold lysis buffer (pH 7.4) containing in (mM): Tris HCI
(50), DTT (0.1) and a protease inhibitor cocktail (Complete mini EDTA-free; Roche, East
Sussex, UK). After addition of glycerol (5 %) the homogenate was frozen until use.

The al Bl protein purified from bovine lung

“Soluble guanylyl cyclase” is available from Alexis, and is diluted in a buffer (pH 7.4)
containing in (mM): Tris HCI (50), DTT (0.1) and 0.5 % BSA to give a stock concentration of 5
ug/ml. This was stored on ice and subsequently diluted 1:100 into CPTIO-containing assay
buffer maintained at 37 °C.

Preparation of perfused heart and cerebellum

Adult female Sprague-Dawley rats were anaesthetised with pentobarbitone (60 mg/kg, 1.p.)
as approved by the British Home office and the local ethics committee. The animals were
perfused through the left ventricle with PBS until the returning buffer ran clear. The hearts and

cerebella were swiftly removed and immersed in ice-cold PBS. Adhering connective tissue and
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visible vasculature were discarded under a dissecting microscope and the tissues were then cut
into 1 mm cubes using a McIlwain tissue chopper, before being frozen on dry ice and
homogenised (while frozen) using a stainless steel pestle and mortar, both pre-chilled on ice.

The heart tissue was resuspended to a total volume of 5 ml in ice-cold buffer A containing
(mM) NaCl (137), MgCl, (0.5), NaH,PO, (0.55), KC1 (2.7), Hepes (25), glucose (5.6) and a
protease inhibitor cocktail (Complete mini EDTA-free; Roche East Sussex, UK), pH 7.4.

The cerebellar tissue was resuspended in 5 ml of buffer as before (Bellamy et al., 2000),
containing Tris HCI (50 mM) and DTT (0.1 mM). Preparations were then centrifuged for 5 min

at 500 g to remove cellular debris.

Platelet homogenate preparation

Whole blood was collected from 4 adult Sprague-Dawley rats and added to acid citrate
dextrose (12.5 %). The platelet rich-plasma was aspirated and re-centrifuged to eliminate
residual red and white blood cells. The supernatant was centrifuged for 10 min at 2000 g and the
platelet pellet resuspended at a final concentration of 1 mg protein/ml in buffer A (see above).
The platelets were lysed by addition of an equal volume of ice-cold distilled water containing

protease inhibitor cocktail and 0.2 mM DTT, followed by sonication. The lysate was kept on ice.

Separation of cellular membrane and cytosol fractions

Approximately 3 ml of each homogenate were centrifuged for 1 h at 100,000 g at 4 °C. The
supernatants (cytosol) were removed and kept on ice, and the pellets (crude membrane fractions)
resuspended in the corresponding homogenisation buffers. The homogenate protein
concentrations were determined using the BCA method. For platelets and cerebellum, protein
was measured in samples prepared in parallel but lacking DTT (which interferes with the protein

assay).

Data analysis

Results are given as the mean cGMP levels (unless otherwise indicated) from n
independently treated populations + SEM, and analysed using the unpaired Student’s #-test (two-
tailed) or, where stated, analysis of variance using Dunnett’s multiple comparison test.

Significance was assumed when p <0.05.
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Chapter 3

Kinetics of the NO-cGMP signalling in CNS cells

3.1 Introduction

Knowledge of the temporal and amplitude characteristics of NO-evoked cGMP responses is
critical to understand how NO signals are decoded. These characteristics are governed by the
interplay of the activation kinetics of GC-coupled receptors by NO, and by how the subsequent
cGMP responses are shaped by PDE to engage downstream targets.

Previous studies demonstrate that the kinetics of catalysis, of the NOgcR purified from
bovine lung, follow the simple Michaelis-Menten model. When the GC-coupled receptor is
stimulated with NO, the enzyme is maximally activated and produces cGMP linearly over time,
until substrate depletion becomes a limiting factor. However in a more physiological
environment for example in intact cerebellar astrocytes, addition of NO causes the GC-coupled
receptor to become activated but it then displays a rapidly desensitizing profile (Bellamy et al.,
2000). This means that the rate of cGMP synthesis wanes despite the continued presence of NO,
as the GC-coupled receptor becomes inactivated or desensitised. Furthermore cellular NOgcR
also deactivates rapidly (subsecond time scales) on removal of NO, suggesting that the enzyme
in cells behaves in a much more dynamic manner than previously thought.

Unlike the purified NOgcR, during sustained NO exposure the rapid desensitization of the
enzyme in astrocytes causes the steady-state level of activity to be about 10% of the peak. In
these particular cells, the PDE activity is low. The combination of this and NOgcR
desensitization leads to a high amplitude plateau of cGMP being produced in response to NO. It
1s predicted that in cells with high PDE activity, the same NO input signal would result in a low
amplitude cGMP transient, a shape that may be tuned to engage different downstream effectors
from those in cerebellar astrocytes. Some evidence for this was obtained in human platelets
(Bellamy et al., 2000), but this hypothesis has not yet been tested in other CNS cell types that are
recognised NO targets, particularly neurones (Southam and Garthwaite, 1993).
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NO signalling pathway in the striatum

The striatum forms part of the basal ganglia a brain region associated with movement, and

cognitive and emotional aspects of behaviour. It acts as an integrative centre receiving excitatory

inputs from the cortex and thalamus, and inhibitory input from the substantia nigra and globus

pallidus (Kawaguchi, 1997). The striatum evaluates the inputs, interacts with related brain areas

and feeds forward to the cortex. Staining of striatal sections, for acetylcholinesterase (AChE)
reveal that it has a patchy appearance. The “matrnx” contains cells that stain for AChE and
represents about 85% of the total cell volume. Within the matrix are islands of “striasomes”
which represent patches of low AChE staining neurones. Further cytological investigation
revealed a mosaic of highly organised neuronal connections which have marked differences in

their neurotransmitter and receptor distribution (Table 4).

Neuronal Type Transmitter Content Proportion | Diameter
Morphology (um)
Spiny Projection GABA, substance P, 90-95% Medium (10-20)
dynorphin
GABA, enkephalin Medium (10-20)
Aspiny Interneurone | ACh ~1% Large (20-50)
GABA, parvalbumin 3-5% Medium (10-35)
GABA, somatostatin, NO, | 1-2% Medium (10-35)
neuropeptide Y

Table 4: Striatal neurone subtypes

Adapted from (Kawaguchi, 1997).
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The striatum is enriched in the NO-cGMP pathway. Endogenous NO is produced from a
small population of interneurones (1-2% of total striatal cells) containing two neuropeptides:
somatostatin and neuropeptide Y (Vincent and Johansson, 1983) and probably GABA (Kubota et
al., 1993). These aspiny neurones receive inputs from the cortex (Rudkin and Sadikot, 1999) and
nigral dopaminergic neurones (Fujiyama and Masuko, 1996), and make synaptic contacts with
medium spiny GAB Aergic projection neurones (Kharazia et al., 1994). Nitrergic neurones also
synapse on cholinergic striatal neurones (Vuillet et al., 1992) which receive glutamatergic fibres
and in turn innervate projection neurones themselves. Thus endogenous NO may differentially
modulate striatal release of ACh, and serotonin, glutamate, y-aminobutyric acid (GABA), and
dopamine (DA) (Trabace and Kendrick, 2000). nNOS positive aspiny neurones express low
levels of mRNA for the NMDA receptor subunit NMDARI (Price, Jr. et al., 1993) and are
immunoreactive for the subunits NR1 and gluR5-7 (Chen et al., 1996). As elsewhere NO
production was found to be coupled to NMDA receptors (East et al., 1996).

The striatum also contains high GC activity (Greenberg L.H. et al., 1978) and abundantly
expresses mRNA for al and 1 subunits of the enzyme (Furuyama et al., 1993; Gibb and
Garthwaite, 2001). Immunochemical studies showed that high levels of the NOgcR were located
in the spiny neurones (Ariano, 1983; Ariano and Ufkes, 1983) suggesting that these are the main
targets for NO produced by the interspiny nNOS positive neurones. PDE activity in the striatum
is the highest of all brain areas (Greenberg L.H. et al., 1978). The Ca*/calmodulin-dependent
PDEI (Polli and Kincaid, 1994; Yan et al., 1994) PDE2 (Michie et al., 1996) PDE3 (Reinhardt
and Bondy, 1996) PDE4 (Cherry and Davis, 1999), PDE7B (Cherry and Davis, 1999; Sasaki et
al., 2000) PDE9A (Andreeva et al., 2001) and PDE10A (Fujishige et al., 1999b; Seeger et al.,
2003) are all located there although which, if any, is responsible for degrading NO-induced
cGMP signals has not been investigated.

Functionally, the striatal NO-cGMP pathway is involved in synaptic plasticity (Calabresi et
al., 1999), neurotransmitter release (Trabace and Kendrick, 2000) and excitation of cholinergic
interneurones (Centonze et al., 2001). The striatum is particularly vulnerable to acute insults
(such as hypoxia, hypoglyceamia, global ischaemia) and chronic degenerative disorders such as
Huntingdon’s disease. Altered energy metabolism and excessive activation of glutamamte
receptors (excitotoxicity) are thought to be responsible for the striatal neurone damage. NO

generation following NMDA receptor stimulation was shown to cause delayed neuronal death in
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cultured striatal neurones (Strijbos et al., 1996). As the striatum is enriched in all aspects of the
NO-cGMP pathway, much research is focused on the signal transduction mechanism in the hope
that therapeutic agents to prevent cell damage during acute and chronic neuronal insults will be
found.

The striatum is enriched in all elements of the NO-cGMP pathway (as described above)
however, the functional characteristics of these elements have not yet been determined. In
comparison to cerebellar astrocytes, these cells may have different activities of the component
enzymes, and possibly also different isoforms. Thus the striatum was considered a suitable brain
area for discerning the kinetics of this signalling pathway in a physiologically relevant context,
in neurotransmission. Initially pilot experiments on intact slices of rat striatum were carried out,
and then cell suspensions derived therefrom were used to determine the distribution, the identity

of the PDE and the kinetics of the enzymes involved in the NO evoked cGMP response.

3.2 Methods

Stnatal slices and cell suspensions were prepared as described in chapter 2. When used, PDE
inhibitors were made up in DMSO and added 10 min prior to DEA/NO addition. At the 1:100
dilution used, DMSO had no effect on the DEA/NO induced cGMP response (not shown).
DEA/NO was prepared in 10 mM NaOH, stored on ice until use and added at a 1:100 dilution.
DEA/NO was added to striatal slices/cell suspension at t = 0, mixed rapidly and slices/aliquots of
cells were removed and inactivated by plunging them into boiling hypotonic inactivation buffer.
For the 4 s time course data, cells were sucked up into the barrel of a repeater pipette and 50 pl
aliquots were inactivated in boiling inactivation buffer every 4 s as timed by a metronome. The
repeater pipette was pre-warmed in a 37 °C chamber and during the experiment the barrel was
maintained at body temperature by holding it in the palm of the hand. The location of the cGMP
response in both suspensions and slices was identified using immunohistochemistry techniques

as described in chapter 2.

Quantification of the rate of cGMP degradation
The addition of Hb to a cell suspension exposed to NO leads to the rapid (half 1ife<0.5 ms)
removal of NO, and the rapid (t = 0.27 s) deactivation of NOgcR (Bellamy and Garthwaite,
2001b). Following cellular accumulation of cGMP to high levels (2 minute exposure to a
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maximal DEA/NO concentration), this method can be used to almost instantaneously arrest the
activity of the NOgcR. The rate of cGMP degradation within cells can be measured, fitted with
the integrated Michaelis-Menten equation (see below), and an operational description of PDE

activity can be found.

V,t=K,In (%j+(Po—P,)
t

Where Py = concentration of cGMP immediately before Hb addition, P; = concentration of
c¢GMP at time ¢. The apparent Michaelis Menten constants ¥}, and K, were found by iteration
(Femley, 1974) using Microsoft VISUAL BASIC 6™ (Microsoft MSN, London, UK).

Simulation of cGMP accumulation in striatal cells
The desensitizing profile of the NOgcR activity over time was first identified in cerebellar

astrocytes (Bellamy et al., 2000), and was found to be well described by a single exponential
function (Bellamy and Garthwaite, 2001b). The suitability of this model to striatal neurones was
tested by simulating cGMP accumulation over time with a combination of an exponentially
declining rate of synthesis (v;) and a substrate-linked (Michaelis-Menten) rate of degradation
va).

dP =v, —-v,

dt

( k ) VPP
v, =\ae” +c v, =
K,+P

The profile of the cGMP accumulation (P) over time (f) reflects the difference between the

and

rates of cGMP synthesis (v,) and degradation (v,). Vp = apparent maximal rate of degradation,
Kp = apparent Michaelis constant. The initial rate of synthesis (maximum v;; non-desensitised
GC) =a + c and the final rate (minimum v;; desensitised GC) = c¢. The constant k determines the

rate at which NOgcR progresses from maximum to minimum activity.
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3.3 Results

Potency of NO for GC in intact striatal cells

The striatal cell suspension was incubated in the presence of the non-selective
phosphodiesterase inhibitor IBMX (1 mM). The basal cGMP level was 3.3 + 0.8 pmol/1 05 cells
(n=7). On exposure to the NO donor, DEA/NO (0.03-3 uM) for 30 s, there was a concentration-
dependent accumulation of cGMP. The maximal cGMP levels of about 60 pmol/10° cells were
found at 1 pM DEA/NO, and the NO concentration giving half-maximal activation (the ECs)
was approximately 0.1 uM (Figure 8).
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Figure 8: Potency of DEA/NO in striatal cell suspension

The concentration-cGMP accumulation curve was obtained by using a 30 s DEA/NO exposure in

the presence of the non-specific PDE inhibitor IBMX (1 mM) and NOS inhibitor L-NA (100
uM); n =9-12.
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Location of cGMP accumulation

The cell suspension is a heterogenous mix of all the cell types present in the striatum.
Immunohistochemistry was used to locate the NO evoked cGMP accumulation. Cells stimulated
with DEA/NO (1 pM) for 30 s (in the presence of a selective PDE 2 inhibitor; see below) were
fixed with paraformaldehyde (4%) and dried onto slides. The percentage of cells accumulating
cGMP was determined by counting the number of cells that co-localise cGMP and the nuclear
stain DAPI, and represented a subpopulation of spherical cells (6.7 + 1.3% of the total; 4
separate cell suspensions) with a mean diameter of 7.7 + 0.4 um (n=18). Cells accumulating
cGMP (Figure 9b) were amongst those that expressed the neuronal MAP-2 (Figure 9a), but were
unstained for the astrocytic marker GFAP (Figure 9d) indicating that the target cells were
neurones. cGMP immunostaining was not seen in unstimulated cell suspension (data not shown).

To check that the NO-evoked cGMP accumulation in neurones was not a non-physiological
consequence of cell dissociation, immunohistochemistry was repeated on intact striatal slices.
Following a 2 min exposure to DEA/NO (10 uM; a maximal concentration) in the presence of
IBMX (1 mM) high levels of cGMP staining was observed in bundles of fibres running
throughout the striatum. Lower levels of cGMP staining were seen in a network of varicose
fibres (Figure 9¢) in agreement with previous work (Markerink-van Ittersum et al., 1997). A
small population of cell bodies stained brightly and these were identified as neurones using
NeuN (Figure 9e arrows). It was assumed that these cells in the slice were the same cGMP and

MAP-2 positive in the striatal cell suspension.
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Figure 9: Location of NO stimulated ¢cGMP accumulation in striata! tissue

(a-d) Cell suspension fixed following 30 s exposure to DEANO (1 pM) in the presence of EHNA (300
pM) and stained for MAP-2 (a) cGMP (b); and cell nuclei (DAPI stain) (c¢). In (d) cells are stained for
GFAP (green), cGMP (red) and nuclei (blue). Single arrows indicate cGMP positive cells and double
arrows indicate GFAP positive cells, e) Slices were fixed after 2-min exposure to DEA/NO (10 pM) in
the presence of IBMX (1 mM), and stained for NeuN (green), cGMP (red) and nuclei (blue). Co-stained
cells (orange) are marked with double arrows and fibre bundles (fb). Calibration bar = 100 pm (a-c),

20pm (d-e).
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Pharmacological identification of active PDE isoforms

So far 11 distinct families of PDEs have been identified, each with multiple isoforms. PDEs
play an important role in shaping cGMP signals so a pharmacological approach was used to
identify the PDEs responsible for degrading cGMP in the striatal cells. Inhibitors selective for
different PDE families were screened by determining their ability to enhance cGMP
accumulation in response to a 30 s exposure to DEA/NO (0.3 uM). In control cells (no PDE
inhibitor) cGMP accumulation was 9.8 + 0.9 pmol/10° cells whereas, in the presence of the non-
specific PDE inhibitor IBMX (1 mM) the response was 57 + 4 pmol/10° cells. The PDE1-
selective inhibitors nicardipine (300 uM; Agullo and Garcia, 1997; Bellamy et al., 2000) and 8-
methoxymethyl-IBMX (300 uM; Ahn et al., 1989), the PDE3-selective inhibitors cilostamide
(100 uM; Manganiello et al., 1995a) and milrinone (300 uM; Manganiello et al., 1995b; Schudt
etal., 1996a), the PDE4-selective inhibitors rolipram and Ro-20-1724 (300 uM; Schudt et al,,
1996b), and the PDES-selective inhibitor sildenafil (300 uM; Turko et al. 1999), all failed to
augment cGMP accumulation (Figure 10). The only isoform-selective inhibitor that was effective
was the PDE2-selective compound erythro-9-(2-hydroxy-3-nonyl)adenine (EHNA, 300 pM;
Michie et al., 1996, Podzuweit et al., 1995) which elevated cGMP to levels not significantly
different from those found with IBMX (Figure 10). A concentration-response curve for EHNA
(3-300 pM) indicated an ECs, of around 30 uM and a maximally-effective concentration of ~300
uM (Figure 10 inset). None of the PDE inhibitors significantly influenced cGMP levels in cells
not treated with DEA/NO (not shown) which presumably reflected the lack of a synaptic network

in the cell suspension.
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Figure 10: Effect of different PDE inhibitors on cGMP level

Data represent the total cGMP levels remaining 30 s after addition of DEA/NO (30 pM; n = 4-9).
All PDE inhibitors were tested at a concentration of 300 pM with the exception of IBMX (1
mM) and cilostamide (100 pM). * p<0.05 versus control (analysed using Dunnett’s test). Inset:

EHNA concentration, cGMP accumulation curve following 30 s exposure to DEA/NO (0.3 pM;

77=3).
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Kinetic analysis of cGMP synthesis and degradation

The kinetics of NOgcR and PDE in the striatal neurones was investigated by exposing the
cells to a maximal concentration of DEA/NO (1 pM), and obtaining detailed time courses in the
presence and absence of EHNA (300 pM). A maximal DEA/NO concentration was used so that
decay of NO by auto-oxidation was not a limiting factor. In the presence of EHNA, cGMP
showed a steep rate of rise to reach a transient plateau after 15 s (Figure 11). At this point the
rate of cGMP synthesis is equal to the rate of breakdown. In untreated cells the time course had a
similar profile but with a much lower overall level of cGMP, as seen in other cell types

containing high PDE e.g. platelets (Bellamy et al., 2000).
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Figure 11: cGMP accumulation in striatal cells

c¢GMP accumulation was induced by DEA/NO (1 uM) in the presence (o) and absence (*) of the
PDE2 inhibitor erythro-9-(2-hydroxyl-3-nonyl)adenosine).
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The rate of cGMP accumulation is a result of the difference between the rate of cGMP
synthesis (v;) by NOgcR and the rate of cGMP degradation (v;) by PDE (or other routes). By
measuring the rate of cGMP accumulation v, and v; can be calculated. The ability of Hb to
scavenge NO (rate constant of ~50 uM’s™ at 37 °C; Eich et al., 1996) was exploited to remove
free NO from the cell suspension. The decline in cGMP levels reflects degradation, as NO
dissociates from the haem moiety to be trapped by the Hb so abolishing cGMP synthesis. In
living cells this has been shown to occur with a half-life of around 200 ms (Bellamy and
Garthwaite, 2001b). Under control conditions v, cannot be accurately measured as it is so high,
and so the Michaelis-Menten parameters governing PDE activity were measured in the presence
of EHNA (300 pM), which greatly slows the degradation of cGMP. In striatal cells receptor
activity was arrested following a 1 min exposure to 1 uM DEA/NO by addition of 10 uM Hb.
The decline in cGMP could be satisfactorily fitted with the Michaelis-Menten equation (Figure
12a) allowing the rate of cGMP degradation over the time course of cGMP accumulation to be
defined (Figure 12b).

Previous studies using cerebellar cell suspensions stimulated with NO suggested that NOgcR
activity declines exponentially over time reflecting desensitization (Bellamy et al., 2000;
Bellamy and Garthwaite, 2001b). The suitability of this model in the striatal cell preparation was
evaluated by simulating the cGMP response to NO with an exponentially falling v, and
Michaelis-Menten-type degradation. The simulations were then overlaid on experimental data
and provided a close fit to the cGMP accumulation in cells incubated with EHNA (Figure 12b).
The derived v, was initially 3.5 pmol/cGMP/10° cells/s and then it declined progressively to a
13-fold lower rate (0.26 pmol/cGMP/10° cells/s) within around 30 s (#=7). This is similar to the
profile derived from rat cerebellar cells (Bellamy et al., 2000) suggesting that the NOgcR

expressed in the striatal neurones exhibits similar kinetics to the enzyme in cerebellar astrocytes.

68



N w
o o
1 1

cGMP (pmol /10° cells) m
S
I
O

1.5 2.0 2.5 3.0

o
F-N
o
]
1
PN

)

w
o
1
T
w

TR

ol /10° cells

cGMP (pm
S

iy
00 05 10
Time (min)

N
2
N
(s/s1192 01/ lowd dWDd)
uonepesbap/sisayiuAs jo ajey

o
1
o

-
N

Figure 12: Kinetic analysis of cGMP synthesis and degradation

a) Decay of the cGMP levels after addition of Hb (10 pM) in the presence of PDE inhibitor,
fitted by the Michaelis Menten equation to determine v, b) cGMP accumulation (o) data from

figure 11 fitted by an exponential equation to determine v; as described in methods.



The simple model of desensitization was then used to investigate whether the profile of
c¢GMP accumulation measured under the control conditions (where parameters for cGMP
degradation cannot be measured directly as the PDE activity is so high) can be predicted. The
simplest scenario is to predict that in the absence of EHNA v; is identical, but v, enhanced.
However, when this situation was modeled by reducing the Michaelis Menten parameter X, (to
simulate loss of a competitive inhibitor) no good fit was obtained regardless of the K, value used
(Figure 13a). An explanation for the inaccurate simulation is that cGMP is exported from the cell
rendering it unsusceptible to hydrolysis by PDE. To check this, Hb was added to arrest GC
activity 16 and 80 s after DEA/NO addition (i.e. at the peak and plateau stages of the time
course). At both time points, cGMP rapidly declined to basal levels indicating that it was indeed
subject to degradation by PDE throughout (Figure 13b). Consequently, in contrast to the findings
in cerebellar cells (Bellamy et al., 2000; Manganiello et al., 1995a), the model fails to predict the
control profile of cGMP accumulation. There are two reasons why the model may be inaccurate:

Firstly, the PDE activity does not follow the simple Michaelis-Menten kinetics.

This is not supported by the experimental data. The decline in cGMP following Hb addition to
EHNA-treated cells was well described by the Michaelis-Menten equation (Figure 11). It is
possible that, at the lower levels of cellular cGMP obtained under control conditions, the PDE
activity may be lower than predicted values. Alternatively the PDE activity may vary over time
such that the value of v4 is initially high, but then falls to a lower level during the steady state
plateau. However, when Hb was added during the plateau (Figure 12b) a rapid fall in cGMP is
seen indicating that PDE activity is immeasurably high. Consequently in order to maintain a
steady state cGMP concentration NOgcR activity must remain equally high.

Secondly, NOgcR activity varies according to whether PDEs are active or inhibited. This
means that the receptor may not desensitize to the same degree under control conditions as when
EHNA is present. This model can be simulated by increasing the minimum rate of cGMP
synthesis to which the NOgcR desensitizes (the constant “c” in the equation of the methods).
This situation provides a much better fit to the experimental data (solid line Figure 13a). The
profile of NOgcR activity generating the best fit was desensitization to a level approximately

50% of the peak activity rather than by more than 90% in the presence of EHNA (Figure 13c).
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Figure 13: Kinetic analysis of cGMP accumulation in the absence of PDE inhibition

a) Data for the cGMP response to DEA/NO (e) are taken from figure 11. Broken line shows the best fit
achieved by taking the profile of cGMP synthesis (v;) and the value of the apparent maximal rate of
c¢GMP degradation (V) giving the fit to the data in figure 12b but decreasing the apparent Michaelis
constant (K},) for cGMP degradation (corresponding to removal of a competitive inhibitor). Solid line
shows the better fit achieved by altering both K, and degree of NOgcR desensitization. b) Vulnerability of
c¢GMP to PDE activity. During the normal response to 1 uM DEA/NO (o), Hb (10 uM) was added
(arrows) and the cGMP levels followed (@); n = 4-6. ¢) Comparison of profiles of cGMP synthesis and
degradation providing the best fits to experimental data obtained in the absence and presence of EHNA.
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3.4 Discussion

The cGMP response curve for DEA/NO demonstrated that the NO-cGMP pathway was
functioning in the cell suspension of the immature rat striatum, as cGMP accumulates in a
concentration dependent manner following exposure to NO. The location of cGMP accumulation
in striatal slices was in agreement with previous reports (Markerink-van Ittersum et al., 1997).
Cell dissociation removed the fibre networks, and the location of the cGMP response was shown
to be limited to a sub-population of neurones. These were presumed to be the same neurones that
were cGMP- and NeuN-positive in the intact striatal slice.

Due to the similar intensities of cGMP immuno-staining, the restricted range of cell sizes,
and the lack of evidence for more than one PDE isoform at work the cells were considered to be
a single homogenous population. The exact identity is unknown however previous studies have
shown that high levels of GC-coupled receptor are found in striatal spiny neurones (Ariano,
1983; Ariano and Ufkes, 1983).

Several PDE families have been localised to the rat striatum. In situ hybridisation and
immunohistochemistry studies have suggested that PDE1, 2, 3, 4, 7, 9, 10 are present in this
brain area (see introduction). The PDE isoform that degrades cGMP generated in response to NO
in the striatal neurones was found to be sensitive to EHNA, suggesting it to be PDE2 (Podzuweit
etal., 1995). An EHNA-sensitive isoform is also found to participate in cGMP hydrolysis in
hippocampal slices stimulated with NO (van Staveren et al., 2001). PDE2 is a cGMP-stimulated
enzyme which hydrolyses both cAMP and cGMP with similar affinities (10-30 uM respectively)
and maximal velocities (Juilfs et al., 1999). In purified PDE2 preparations, submicromolar
concentations of cGMP stimulated cAMP hydrolysis 50-fold suggesting that this enzyme may
mediate cross-talk between cGMP and cAMP pathways (Juilfs et al., 1999). The dopamine
receptors D; and D, are prominently expressed in the striatum, and their signals are transmitted
by cAMP (adenylyl cyclase is activated by D, and inhibited by D). Thus cAMP hydrolysis by
PDE2 may be regulated by intracellular cGMP levels and so play a role in neuronal signal
transduction.

An appreciable PDE activity remained in the striatal cells in the presence of a maximally
effective EHNA concentration. This may be due to the participation of another isoform. The
pharmacological screen suggested that PDEL, 3, 4, 5 are not significantly involved. Out of the

remaining identified PDE families, PDES is expressed in the retina and pineal gland (Beavo,
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1995; Carcamo et al., 1995), PDE7 and 8 are cAMP specific (Carcamo et al., 1995; Sasaki et al.,
2000; Soderling and Beavo, 2000) and PDE11 A appears to have little expression in the CNS
(Yuasa 2001). PDE9SA and PDE10A are found in the brain (Andreeva et al., 2001; Carcamo et
al., 1995; Fujishige et al., 1999b) and can hydrolyse cGMP but the lack of selective inhibitors
makes their roles difficult to evaluate. Recently immunohistochemical and Western blot analysis
indicated that PDE10A is expressed at high levels in the rat striatum and is detected in the vast
majority of cells in the striatum (Seeger et al., 2003). The authors suggest that this is consistent
with the enzyme being expressed by the medium spiny neurones, as they account for 90-95% of
the total neuronal population. The residual PDE activity in the presence of high EHNA
concentrations may also be explained by the fact that the effectiveness of a competitive inhibitor
is inherently self-limiting. The greater the inhibition, the more the inhibitor will be out-competed
by the build up of accompanying cyclic nucleotide.

Throughout the body different cells exhibit very different patterns of NO stimulated cGMP
accumulation ranging from slow developing waves typical of modulatory effects to fast spike-
like transients analogous to neurotransmission. The pattern, i.e. both the dynamics and the
amplitude of intracellular cGMP accumulation may be modified physiologically by altering
either the kinetics of the cGMP synthesising enzyme or by altering the different levels of PDE
activity within cells. Previous work in cerebellar astrocytes (cells with low PDE activity) showed
that a slowly developing plateau of cGMP accumulates in these cells. It can be predicted that in
cells with high PDE, a transient cGMP accumulation will be observed following stimulation with
NO. This was seen in the control cGMP accumulation in figure 11. However in the presence of
the EHNA the cells were effectively transformed into a low PDE state. The NO-stimulated
c¢GMP accumulation was deconvoluted in order to measure the rate of synthesis of GC (v;). In
striatal neurones the rate of cGMP synthesis peaked within ~5 s of NO application, and then
declined to a 13 fold lower steady-state. This desensitizing profile is not seen in the purified
enzyme, but is similar to NOgcR kinetics in cerebellar astrocytes and platelets, implying that it is
a common feature of the NOgcR in intact cells, and may require an as yet unknown cellular
factor.

The simplest model of the NOgcR desensitization assumes that cellular levels of cGMP do
not influence either the kinetics or degree of desensitization. A prediction of this model is that
the cGMP accumulation under control conditions can be fitted by simply reducing the K, value
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(corresponding to the absence of the competitive inhibitor) and retaining the parameters found in
the presence of PDE inhibitors. In the first description of NOgcR desensitization (Bellamy et al.,
2000) the simple model provided a good approximation of the experimental data for GC activity
in platelets. This simple model was deemed appropriate for the striatal cells as EHNA is a
competitive inhibitor (Haynes, Jr. et al., 1996).

However the simulation failed in the striatal cells, implying that this model of desensitization
is an over simplification. Repeated simulations showed that a better approximation of the data
could be achieved by linking the degree of desensitization to the intracellular cGMP level. Thus
NOgcR desensitization is lower in untreated neurones than in those incubated with EHNA
(where cGMP levels were 4 fold higher). Feedback inhibition, where the product of receptor or
enzyme activity influences its production is a common feature of biological systems, and may
also apply to the NOgcR to provide a mechanism whereby cGMP synthesis is under much tighter
control.

A recent study provides an alternative explanation as to why the simple model of
desensitization failed in the striatal cells. PDES was found to be directly activated by cGMP
binding to the GAF A domain in a time- and cGMP concentration-dependent manner (Rybalkin
etal., 2003). The authors propose that the mechanism of the GAF domain stimulatory effect on
the catalytic domain extends to other cGMP-binding PDE and GAF domain- containing proteins.
Indeed, when the cAMP-binding GAF domain of the cyanobacteria adenylyl cyclase was
replaced with the cGMP-binding GAF A domain from rat cGMP-stimulated PDE2 the chimeric
protein was found to be responsive to cGMP stimulation (Kanacher et al., 2002). Thus cGMP
binding to the GAF A domain acts like a switch to activate PDE. A much better approximation
of the control data in figure 13a would probably be achieved by linking the degree of PDE2
activation and resultant cGMP breakdown with the intracellular cGMP level.
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Chapter 4

Characteristics of the NO¢cR expressed in cells

4.1 Introduction

It has been shown in both cerebellar astrocytes and striatal neurones that the NOgcR displays
a desensitizing profile of activity. To investigate whether this pattern of activity is a peculiarity
of these cell types, and how the different molecular combinations work in a cellular environment,
the a1P1 and a2p1 isoforms were expressed in COS-7 cells. To date, only these NOgcR isoforms
have been found to be expressed at the protein level in the brain and elsewhere, hence only the
function of these isoforms was investigated.

In order to develop more realistic models of the NO-cGMP signalling pathway, the NO
concentration that engages the NOgcR needs to be measured. Currently there is much confusion
and incoherency surrounding this issue, and widely differing estimates of the potency of NO on
its receptors have been made (Table 5). Early dose response curves of NO in aqueous solutions
applied to coronary circulation of isolated guinea-pig hearts suggested that the NO concentration
giving half-maximal activation (the ECs) is approximately 5 nM (Kelm and Schrader, 1990).
However, studies on the purified receptor from bovine lung (predominantly a1 1) suggested that
the ECsis 250 nM (Stone and Marletta, 1996), and using the NOgcR extracted from rat aorta the
ECs value was reported to be 1.6 uM (Artz et al., 2001). These results corroborated the idea that
the ECsp value lies in the hundred nM range. Studies using the NONOate DEA/NO appeared to
support this range, as in standard assays the ECs, value was found to be about 300 nM (Koglin et
al., 2001; Russwurm et al., 1998; Schrammel et al., 1996), and this was thought to be the potency
of NO (Russwurm et al., 1998; Russwurm et al., 2002). In intact cells from the brain, the ECs
values ranged from 2-20 nM (Bellamy and Garthwaite, 2001b; Griffiths and Garthwaite, 2001).
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Preparation ECsyvalue Reference

Cultured endothelial cells 5nMNO (Kelm et al., 1988)
Constant-flow-perfused guinea | 5-10 nM NO (Kelm and Schrader, 1990)
pig hearts

Purified enzyme from bovine ~250nM NO (Stone and Marletta, 1996)
lung

Rat aorta homogenate 1.6 yWM NO (Artz et al., 2001)

Purified enzyme from bovine 4 sM (Bellamy et al., 2002a)
lung

Purified enzyme from bovine ~ 100 nM DEA/NO | (Schrammel et al., 1996)
lung

al1p1 expressed in S cells and | ~ 300 nM DEA/NO | (Russwurm et al., 1998)
purified

Rat cerebellar cells <20 nM (Bellamy et al., 2000)
alP1 expressed in Sf9 cytosol | ~ 400 nM DEA/NO | (Koglin et al., 2001)

lysate

Table 5: ECs values of NO or DEA/NO for the NOgcR in different preparations
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Many of the previous estimates of potency have been made with varying NO levels. In
several of the early studies NO was prepared in anaerobic solutions and diluted into aerobic
solutions. NO is unstable in aerobic solutions as it is consumed by reaction with oxygen
(autoxidation) at a rate that is proportional to the square of the NO concentration (Ford et al.,
1993). The development of the NONOate NO donors provided more flexibility as these
compounds are stable as solids, but spontaneuosly decompose to release NO with predictable
kinetics in aqueous solution (Keefer et al., 1996). However, on addition to solutions, the NO
concentration rises (at a rate governed by the half-life) and then falls as the rate of autoxidation
exceeds the rate of NO release (Schmidt et al., 1997). Furthermore autoxidation causes additional
problems as it results in the formation of reactive nitrosating agents (NO,, and N,Os; Augusto et
al., 2002). In this study NO was applied in fixed concentrations using a recently-developed
method based on balancing NO release from a donor with NO inactivation by red blood cells
(Bellamy et al., 2002a).

4.2 Methods

COS-7 cells were co-transfected with either the a 11 or 22 NOgcR as described in the
methods section. 48 hours after transfection, COS-7 cells from 35 mm wells were trypsinised,
pooled and spun at 1500 g for 5 min. The supematant was aspirated and the cells were
resuspended in incubation buffer containing IMBX (1 mM), at a protein concentration of 1
mg/ml. For the DEA/NO concentration response curves the cell suspensions were immediately
incubated at 37 °C for 10 min prior to use, and DEA/NO was added at t=0 for 2 min. For cells
that were exposed to constant NO concentrations, cells were resuspended in incubation buffer
that also contained 0.5% BS A and again were pre-warmed for 10 min.

The method for delivering clamped NO concentration is based on the principle that a fixed
NO concentration will be formed when a constant source of NO comes into equilibrium with a
sink that consumes it (Figure 14). DETA/NO was used as an NO source, as it decomposes slowly
(half-life = 20 h at 37 °C) with first order kinetics. Thus the rate of NO release is effectively
constant over many hours. For a sink, the ability of oxyhaemoglobin located within RBC to
consume NO was exploited. Oxyhaemoglobin consumes NO at an appropriate first order rate to

form met-haemoglobin and nitrate (Liu et al., 1998).
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DETA/NO Red blood cells
NO SOURCE NO SINK

NO + Oxy-haemoglobin Met-haemoglobin +NO3

Figure 14: Method for delivering fixed NO concentrations

Clamped concentrations of NO were achieved by allowing a dynamic equilibrium to exist
between NO release from the donor DETA/NO and NO inactivation by the haem in red blood
cells (RBC) (Bellamy et al., 2002a). RBC were prepared as described in the methods section and
kept on ice. Before use, RBC were aliquoted into plastic sterilin vials. Superoxide dismutase
(SOD) was added to give a final activity of 1000 units/ml to prevent breakdown of NO by free
superoxide radicals. The reaction mixture was warmed at 37 °C for 1 min in a shaking water
bath. Att= 0, a concentration of DETA/NO was added and after 2 min a steady state
concentration was established and the pre-warmed COS-7 cells transfected with the NOgeR
receptor were added at 80 pl/ml and mixed, and aliquots were inactivated at the appropriate time
point.

Fresh RBC/DETA/NO preparations were made on each experimental day and the amplitude
ofthe clamped NO concentration was measured on the NO probe 2 min after addition of

DETA/NO (100-500 pM).
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4.3 Results

Potency of NO for GC in NOgcR —transfected COS-7 cells

Exposure of a suspension of a1p1 NOgcR co-transfected COS-7 cells to DEA/NO caused a
concentration-dependent increase in cGMP over 2 min. A maximal effect was observed at 100
nM which produced a high-amplitude cGMP response peaking at 300-600 pmol/mg protein
(Figure 15). The half-maximal response was approximately 7 nM. The a2p1 receptor was found
to have both the magnitude and characteristics of a previously measured cGMP response (Gibb
et al., 2003). It has been suggested that the responsiveness of the NOgcRs to DEA/NO may not
be a reliable predictor of their sensitivity to NO (Bellamy et al., 2002a), and so in these

experiments the receptor was exposed to NO at constant measured NO concentrations.

Evaluation of the method for delivering clamped NO concentrations

When DETA/NO (100-500 pM) was mixed with a suspension of RBC (2 million/ml) a fixed
concentration of NO in the low nM range was produced within 2 min (Figure 16a). NO
concentrations were measured with an electrochemical probe at 37 °C in an open stirred
chamber. An addition artefact was observed each time a volume was added into the open NO
probe chamber. Simply placing a Hamilton pipette or Pasteur pipette in the probe had no effect
on the NO trace. However, when a volume was added to the NO chamber using either pipette
type, a negative deflection proportional to the volume added was observed. This occurred
whether distilled water, buffer or NO donor were added (data not shown).

A linear relationship between the DETA/NO concentration and the resultant amplitude of the
NO steady-state concentration was observed (Figure 16b). This means that DETA/NO at a
concentration within this range can be added and the resulting NO steady state concentration
produced can be predicted. When DETA/NO levels higher than 500 uM were used, the NO sink
became exhausted typically after 2 min (data not shown). Presumably this was caused by
oxidation of oxyHb. The aim of these studies was to test the NOgcR sensitivity to low nM
concentrations of NO, and so the duration of the clamp was adequate for the time period of the
experiment (1-2 min). Additions of pre-warmed, small volumes to the pre-equilibrated mixture

did not affect the NO concentration. In this study COS-7 cells co- transfected with the a1p1 or
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o2B1 heterodimers of the NOgcR were added to the pre-equilibriated DETA/NO RBC mixture
as indicated by the red box in figure 16a.

500 -

250 4

cGMP (pmol/mg protein)

T —

0.00 0.1 1 10 100 o
DEA/NO (nM)

Figure 15: Concentration-curve for DEA/NO on COS-7 cells co-transfected with the a1p1
NOgcR isoform

Cells were exposed to different concentrations of DEA/NO for 2 min (n=12).
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Figure 16: The delivery ofa clamped NO concentration

Recordings ofthe NO concentration profile following addition of a range of DETA/NO concentrations
(indicated by the arrow) to a suspension ofred blood cells (2 million/ml), b) Plot of the amphtude ofthe
NO concentration measured 2 min after addition of DETA/NO) versus DETA/NO addition. Data are
mean = SEM («=3) from the experiment shown in part a. Data in parts a and b are from a typical
experiment that was conducted in parallel each time the method was used to analyse the activity ofthe
NOgcR using the same batch of RBC and DETA/NO. COS-7 cells co-transfected with the NOqcR

subunits were added to the pre-equilibrated mixture as indicated by the red box (a).

81



Comparison of the sensitivities of al I and a2l NOgcRs to NO at known, constant
concentrations

Steady state concentration-cGMP response curves were obtained for both receptors using a 1
min exposure to different clamped NO concentrations (Figure 17). Both curves show a threshold
of about 0.5 nM NO and maximum at 10 nM. They were also bell shaped such that higher
concentrations (30-70 nM NO) generated lower cGMP levels. The rising portions of the curves
were fitted to the Hill equation and showed that the 131 receptor has an ECso 0f 1.2 + 0.1 nM
and a Hill co-efficient of 1.8 + 0.3, whereas the a2p1 receptor has an ECso 0f 2.2 + 0.2 nM and a
Hill co-efficient of 1.2 + 0.1. To evaluate the contribution of the red blood cells to the cGMP
concentration, the basal and stimulated levels were measured. cGMP levels in unstimulated cells
were 2.2 £ 0.3 pmol/2 million RBC, and in cells stimulated with 500 nM NO were 2.4 + 0.3
pmol/2 million RBC (n = 10). A t-test revealed that these values are not significantly different at
the p=0.5 level (p>0.6).

Kinetic profile of the NOgcR exposed to a maximal clamped NO concentration

The kinetic profile of the al11 NOgcR was examined by measuring a detailed time course of
the cGMP accumulation in cells exposed to a clamped, maximal NO concentration of 10 nM
(Figure 18). cGMP levels rose rapidly over the first 20 s and the rate of accumulation then
slowed to reach a plateau after around 60 s. In order to interpret the kinetic profile, the PDE
activity of the COS-7 cells must be determined (Figure 19). Cells were allowed to maximally
accumulate cGMP following a maximal DEA/NO concentration of 100 nM for 2 min in the
presence and absence of IBMX.
After 2 min, 10 uM Hb was added to remove all free NO and cGMP levels were measured over
the next 3 min. Under control conditions, cGMP levels fell to approximately a quarter of the
maximum within 3 min. In the presence of 1 mM IBMX the level of cGMP fell only slowly,
indicating that the phosphodiesterase activity was negligible over the relevant time period.
Consequently the observed profile must be caused by time-dependent changes in cGMP
synthesis.

The profile of GC activity can be extracted from the cGMP accumulation data by fitting it
with a simple hyperbolic function and then differentiating (dotted line figure 18). The NOgcR

kinetics are rapid, with a peak activity occurring within 2 s followed by reduction to 50 % of
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maximum by 12 s. This profile obtained using the 11 isoform was representative of that

obtained using the a2P1 isoform (data not shown).
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Figure 17: Concentration-cGMP response curves of cells expressing o1fl and o2p1

receptors

COS-7 cells were exposed to fixed NO concentrations for 1 min. The data are normalised to the

maximum c¢GMP response observed in each experiment (range 300-500 pmol/mg protein) and

represent the means = SEM (#=6-9). The solid lines are fits of the rising portions of the curves to

the Hill equation.
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Figure 18: Kinetics of 211 NOgcR exposed to clamped NO concentrations

COS-7 cells expressing the a1pB1 receptor were exposed to 10 nM NO at t=0 and cGMP levels
were followed over time. Each data point represents the mean + SEM of data normalised to the

cGMP level found after 120 s exposure. In different experiments this cGMP level ranged from

AiAnoe Q9 aAleley

400-700 pmol/mg protein (n=6). The solid line through the data is a fit to a hyperbolic function

which, when differentiated gives the indicated profile of NOgcR activity (broken line; right axis).
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Figure 19: Phosphodiesterase activity in COS-7 cells

COS-7 cells expressing a1 31 NOgcR were stimulated for 2 min with 100 nM DEA/NO

concentration to maximally accumulate cGMP. At 2 min (indicated by the arrow) excess Hb was

added to quench NO. cGMP levels were followed in the absence () and presence (®) of IBMX.
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4.4 Discussion

The at1B1 NOgcR in cells acts as a highly sensitive NO detector, with an ECs value for
DEA/NO of 7 nM over a 2 min exposure and is similar to the a2B1 subunit (Gibb et al., 2003).
These ECso values for DEA/NO are 10-100 fold lower than previous reports, in which the
receptors were used either from cell lysates or as purified enzymes (Koglin et al., 2001;
Russwurm et al., 1998; Schrammel et al., 1996). In these studies the receptor was exposed to
varying DEA/NO concentrations for 10-15 min. An explanation for the higher ECs values
obtained has been suggested (Bellamy et al., 2002a). In one study dithiothreitol (3 mM) was
present in the incubation buffer (Russwurm et al., 1998), and dithiothreitol is known to react with
NO (Bellamy et al., 2002a). It is unlikely that the loss of NO by this mechanism was accounted
for in the study by Russwurm et al.. Furthermore the NO profile produced by 300 nM DEA/NO
was found to peak at 50 nM after 2 min and then fall below the detection limit of the probe after
5-6 min. This translates to the NO concentration being only at an active level for approximately
half of the duration of the experiment. Thus the responsiveness of the NOgcR to DEA/NO may
not be a reliable indicator of their absolute or relative sensitivities to NO as the NO concentration
is changing over time. In order to remedy this technical problem a method was developed to
produce constant clamped NO concentrations.

Using clamped NO concentrations, the ECsg values for 131 and a2B1 were found to be 1
and 2 nM respectively, and the maximal responses occurred at 10 nM. A recent publication
suggests that when the purified 11 receptor was exposed to constant NO concentrations, the
ECsy was found to be 4 nM (Bellamy et al., 2002a). The value is approximately 3 fold higher
than reported here in cells expressing the oc1B1 isoform. This is consistent with the idea that in
cells the receptor undergoes desensitization which truncates the concentration-response curve
(Bellamy and Garthwaite, 2001b). The bell-shaped curves for both the DEA/NO and clamped
NO induced responses of the receptor in cells are also characteristic of a rapidly desensitizing
receptor (Paternain et al., 1998).

The shape of the curve provides further information about the receptor. The simple model of
NOgcR activation is that a single NO molecule binds to the haem prosthetic group (Koesling and
Friebe, 1999), and predicts a Hill coefficient of 1. The curves, especially that for «1p1 appear

steep (Hill coefficient = 1.8). The simplest explanation for a Hill coefficient greater than 1, is
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that two or more molecules of NO cooperatively bind to each receptor. This has been a matter of
some debate in the literature as analysis of the activation kinetics of the NOgcR suggested the
possibility of more than one binding site (Zhao et al., 1999). It was later argued by work in the
Garthwaite laboratory that the data could be fit with the simple model of agonist binding
(Bellamy et al., 2002b). However the shape of the concentration-response curve for the purified
receptor was found to be best fit with a Hill coefficient of 2.1. This value is similar to that
reported here using intact cells. Whether this also applies to the «2p1 receptor (Hill coefficient =
1.2) is ambiguous. This parameter may be compromised by GC desensitization. To eliminate this
complication, studies on the purified enzyme are essential (see chapter 5).

A recent study reported that NO plays a role in RBC deformability (Bor-Kucukatay et al.,
2003). The mechanism responsible for this effect is currently unknown. Both the particulate and
soluble cyclases (Petrov and Lijnen, 1996), and an ATP-dependent, low affinity cGMP
transporter (Sundkvist et al., 2002) have been found to exist in human RBC. Thus the NO-cGMP
pathway appears to be present in RBC, but when stimulated with a supramaximal concentration
of DEATA/NO the cGMP level was not significantly different from basal levels. Previous work
suggests that cGMP independent effects also contribute to RBC deformability (Bor-Kucukatay et
al., 2003).

Studies on the native NOgcR in cells e.g. cerebellar astrocytes and striatal neurones suggest
that the enzyme activity declines exponentially with time reflecting desensitization (Bellamy and
Garthwaite, 2001b; Bellamy and Garthwaite, 2002; Wykes et al., 2002). This behaviour is
characteristic of neurotransmitters (Jones and Westbrook, 1996), but in the case of the NOgcR is
not observed in cell free preparations. When expressed in COS-7 cells and exposed to constant
clamped NO concentrations (10 nM), the rate of synthesis peaked within 2 s, followed by
desensitization to 50 % of the maximal response by about 12 s. Thus heterologous expression of
the a1P1 1soform displays a rapidly desensitizing profile of activity similar to that reported for
the native enzyme in cerebellar and striatal cells. In preliminary experiments the a231 isoform
was found to behave in a similar manner.

In summary, the NOgcR receptors containing the B1 subunits are highly sensitive NO
detectors with ECs values in the low nM range. Both the a11 and a2f31 isoforms display a
rapidly desensitizing profile of activity, similar to each other and to the native enzyme. Thus the

B1 containing isoforms maybe considered functionally similar. However recent reports suggest
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that ot1B1 is associated with cellular membranes in a calcium-dependent manner (Zabel et al.,
2002) and the 231 receptor associates with membranes through synaptic scaffolding proteins
which also binds neuronal nitric oxide synthase (Russwurm et al., 2001). Thus the different

molecular makeup of the NOgcRs may have evolved for targeting different sub-cellular

locations.
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Chapter 5

Development of a new method to deliver constant NO concentrations

5.1 Introduction

The method for applying clamped concentrations of NO using red blood cells as an NO sink
(as described in the previous chapter) is subject to several inherent limitations, and so a new
chemical method was developed. The limitations of using RBC as a NO sink are chiefly:

1) Having to prepare a washed RBC suspension for each experiment.

2) The rise of NO to plateau concentration (60 s) is slow, so that for rapid kinetics
experiments additions needed to be made to a pre-equilibrated mixture in a small enough
volume not to disturb the equilibrium, thus limiting the scope of the experiment.

3) Any lysis of RBC could compromise the experiment as Hb inactivates NO at a much
higher rate than when protein is packaged in RBC (Liu et al., 1998)

4) Possible interference from bioactive substances that may be taken up into, or released
from the RBC.

To obtain clamped NO concentrations after the release of NO from a donor the following

reaction scheme was considered:

K, K
Donor —» NO —» products

When k; >> k,the steady state NO concentration is given by

[NO] = (ka / kb) [Donor]

SPER/NO was chosen as a source of NO as it releases NO at a steady state over the time
scale of a few minutes. The half-life of this NONOate is 39 min at 37 °C (Keefer et al., 1996).
The sink must have the capacity to consume NO quite rapidly over the requisite time-scale
without significant exhaustion. The chemical NO scavenger carboxy-2-phenyl-4,4,5,5-

tetramethylimidazoline-1-oxyl-3-oxide (CPTIO; 200 pM) was chosen for this purpose (Figure
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20). The reaction between NO and CPTIO forms the NO, radical (NO;"). This reactive oxidising
species rapidly combines with other radicals such as NO (Augusto et al., 2002), so must be
scavenged. Urate, an endogenous antioxidant (Becker, 1993) that converts NO, into NO, was

used at the physiological plasma concentration of 300 uM.

*NO NO2
o K j
I Me
Ma Me
Me—tid COOH — WMCMH
Me to |

Carbaxy-PTIO Carboxy-PT1

Figure 20: The reaction between NO and CPTIO forms the NO, radical (NO;") and
carboxy-PTI

(Taken from (Amano and Noda, 1995)).

In order to evaluate the ability of the SPER/NO-CPTIO couple to deliver clamped NO
concentrations, the rate constants of the chemical reactions were incorporated into a
mathematical model. A comparison between the predicted and measured NO clamped
concentrations was carried out and a correlation was found (Griffiths et al., 2003). The next step
was to explore the utility of the method for biological purposes. This was achieved by
investigating the kinetics of activation by NO of its GC-coupled receptor purified from bovine
lung and, for comparison, COS-7 cell lysates containing the two physiological isoforms o181

and a2B1.
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5.2 Methods

Experiments were carried out in CPTIO-containing assay buffer, except when DEA/NO was
used, in which case the CPTIO (200 uM) was omitted.

Receptor protein purified from bovine lung (“soluble guanylyl cyclase) was prepared, stored
on ice and diluted 1:100 into CPTIO-containing assay buffer. Homogenates of the COS-7 cells
expressing the ot1B1 or a21 NOgcR were prepared as described in the methods. Prior to use the
homogenates were thawed, stored on ice and diluted 1:10 into CPTIO-containing assay buffer
pre-equilibrated at 37 °C.

SPER/NO was added to achieve varying steady-state NO concentrations (as measured on the
NO probe) and 2 min later aliquots of the reaction mixture were inactivated and cGMP measured

as described in the methods.
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5.3 Results
Application of the method to activation of the NOgcR

The CPTIO-containing assay buffer contained components required for NOgcR activation,
and was thus more complex than the original mixture used to evaluate the method. The first step
was to check that this new buffer did not cause any unexpected effects. The SPER/NO-CPTIO
couple generated stable NO concentrations over a 2 min period that were linearly related to the
SPER/NO concentrations (Figure 21a). Additions of receptor protein had no affect on NO
concentration (data not shown).

Possible unwanted effects of the new approach were investigated by comparing the time-
course of GC activity over 2 min at a maximally-effective NO concentration produced by the
SPER/NO-CPTIO couple (50 nM), with that occurring on addition of a supramaximal
concentration of DEA/NO (1 uM). The GC-activity in each case was linear with time and the
slopes were not significantly different (about 10 umoles cGMP/mg protein/min; p>0.05; Figure
21b). With DEA/NO, receptor activity cannot be monitored usefully at submaximal
concentrations as the NO concentration changes rapidly and continuously (Bellamy et al.,
2002a). In contrast using the SPER/NO-CPTIO couple, GC activity remained linear with time at
the low NO concentration of 2 nM (Figure 21b). Addition of a further 2 nM NO after 1 min
increased the rate from 4.4 to 6.4 umoles/mg protein/min whereas addition of Hb to scavenge
NO led to an immediate cessation of GC-activity (Figure 20c), indicating that if any biologically
significant variation in the NO concentration had occurred over time it would have been
detected.

The concentration-response relationship was studied using a 2 min exposure to a range of
clamped NO concentrations. The curve had a threshold of approximately 0.1 nM NO and
displayed maximal activity at about 12 nM (Figure 21d). It was well fitted by the Hill equation,
with an ECs of 1.7 nM and a Hill coefficient of 1.0.
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Figure 21: Activation of the NO¢cR under steady state conditions

a) The mean NO concentrations present 45-75 s after the addition of SPER/NO in a range of
concentrations to CPTIO (200 pM)-containing assay buffer are plotted against the SPER/NO
concentration and fit with a linear function (» = 4). Inset, representative traces of the NO
concentration profile with 200 and 400 pM SPER/NO, smoothed by adjacent averaging (5 s
bins). b) Time-course of cGMP produced by the receptor protein following exposure either to a
SPER/NO-CPTIO mixture giving steady-state NO concentrations of 2 nM (open squares) and 50
nM (open circles), or to 1 uM DEA/NO (filled circles). Data are fit with a linear function and are
the means = SEM of 3 independent runs. ¢) cGMP accumulation following exposure of the
receptor protein to 2 nM NO without further addition (filled circles) or with addition after 60 s
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(arrow) of either 25 pM haemoglobin (Hb, filled squares) or a further 2 nM NO (open circles), n
=11-12. d) Equilibrium concentration-response curve for NO on the GC activity of the purified
receptor protein. cGMP levels were measued following a 2 min exposure to a range of NO
concentrations generated by adding various SPER/NO concentrations to a CPTIO-containing
assay buffer (n = 4). Data are fit to the Hill equation, giving an ECso of 1.7 nM and a Hill

coefficient of 1.0.

To check that the concentration-response curve obtained for the purified receptor (Figure 22)
was not peculiar to the use of SPER/NO as the donor, we evaluated the combination of
diethylenetriamine/NO (DETA/NO, half-life 20 h) and CPTIO for the same purpose. To avoid
the use of excessive DETA/NO concentrations, the concentration of CPTIO was lowered to 50
uM, allowing steady-state NO concentrations to be achieved in 4 s. As with SPER/NO, there was
a linear relationship between the concentrations of DETA/NO and NO (data not illustrated).
When the mixture was used to investigate the concentration-response curve for NO on purified
lung GC (2 min exposure), the results (ECso = 1.4 nM; Hill coefficient = 1.0) were
indistinguishable from those obtained using SPER/NO (Figure 21d).

The established GC-coupled NO receptors are aff heterodimers and the lung may contain
both known isoforms, a1B1 and a2p1, with the former predominating (Mergia et al., 2003).
Accordingly, the response of the purified lung protein may be a composite one. To examine the
sensitivity of the separate isoforms to NO, they were expressed in COS-7 cells and the NO-
evoked GC activity followed in cell lysates. The resultant maximal activity of the two isoforms
was similar (Figure 23a,b). Moreover, the ECso values for NO were also comparable, being 0.9
nM for a1B1 and 0.5 nM for a2P1. The slopes of both curves were described by a Hill coefficient
of 1.1.
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Figure 22: Equilibrium concentration-response curve for NO on the GC activity of the

purified receptor protein

cGMP levels were measured following a 2 min exposure to a range of NO concentrations
generated by adding various DET A/NO concentrations to a reaction mixture containing 50 pM
CPTIO (n = 4). Data are fit to the Hill equation, giving an ECs of 1.4 nM and a Hill coefficient
of 1.0.
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Figure 23: Equilibrium concentration-response curves for NO on the GC activity of the (a)

a1p1 and (b) x2B1 receptor isoforms in lysates of transfected COS-7 cells

Data (means + SEM, n = 3) were obtained following a 2 min exposure to a range of NO

concentrations generated by adding various SPER/NO concentrations to a reaction mixture

containing 200 uM CPTIO. Data are fit to the Hill equation, giving ECsy values of 0.9 nM for

alp1, 0.5 nM for a2P1 and a Hill coefficient of 1.1 for both.
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5.4 Discussion

The results support the utility of the SPER/NO-CPTIO method for delivering clamped
physiological concentrations of NO to biological preparations. The benefits of this system are
that 1t requires chemicals that are commercially available at relatively low cost, and is far simpler
to use than other recently described methods (Zhelyaskov and Godwin, 1999). However it is
worth noting that, as with all newly developed systems both real and potential limitations may
exist. Out of the nitronyl nitroxides, CPTIO is the least cell-permeable and was used for this
reason, so that the risk of possible unwanted intracellular effects when used with intact cells was
minimised. CPTIO has been frequently used as an NO scavenger in previous studies and no
undesirable side-effects have so far been reported. SPER/NO is a member of the well
characterised and much used NONQate family. The carrier nucleophile/NO adduct is spermine
which is an endogenous polyamine with biological activity (Bachrach et al., 2001). It has been
suggested that the rate of NO release from SPER/NO may depend on donor concentration
(Davies et al., 2001). However in this study this did not appear to be a problem. An identical
profile of NOGgcR activation was observed when DETA/NO, another donor that was reported not
to exhibit this behaviour (Davies et al., 2001) was used. Urate was used at a concentration found
in plasma to scavenge NO,, and can be regarded as a physiological ingredient. However the
reactivity of the resulting urate radical is unclear so the production was kept at a minimum. NOy’
is produced by the reaction of NO, with urate and is formed at the same rate as CPTIO is
consumed. The human plasma concentration of NO, in the body is 0.5-210 pM (Augusto et al.,
2002), and is relatively unreactive at neutral pH and thus is unlikely to cause problems.

As previously described in the introduction to chapter 4, the lack of control over NO
concentrations has led to widely differing estimates of the potency of NO on its GC coupled-
receptors. An initial estimate of the ECsp value, based on addition of NO from concentrated
solutions was <250 nM (Stone and Marletta, 1996). Standard GC assays using the NONOate
DEA/NO found that the potency was similar (approximately 300 nM; Russwurm et al., 1998).
This sustained the idea that physiological NO signalling involved NO concentrations in the 100
nM range. The profile of NO release was followed over the time course of such assays and it was
found that a measured ECs, value of 300 nM was compatible with the true potency of NO being

in the low nM range that had been suggested in previous studies in intact cells from the brain
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(Bellamy et al., 2002a). In this study, using the red blood cell technique to maintain constant NO
concentrations, an ECsy value of 4 nM was measured for the purified bovine lung GC-coupled
receptor (Bellamy et al., 2002a). This suggests that the high potency of NO in cells does not
reflect some peculiarity of the protein in an intracellular environment. Furthermore, the slope of
the concentration-response curve was unexpectedly steep (Hill co-efficient of 2) which, if correct
would suggest cooperative binding of two or more molecules of NO to each receptor is required
for receptor activation.

Using the new method of NO delivery re-examination of these issues supported the potency
of NO for its receptor in lung being in the low nM range, although the actual ECs value (~ 1.5
nM) was approximately 2-fold lower that that obtained using the red blood cell method (Bellamy
et al., 2002a). More importantly, the Hill coefficient was of the value 1 which is indicative of a
single NO binding site. This discrepancy 1s best attributed to differences in methodology, and
especially to the former use of red blood cells. Any lysis of cells in the suspension would result
in release of free Hb, which binds NO far more avidly than when encapsulated in red blood cells
(Liu et al., 1998). There was no evidence for free Hb, at the NO concentrations measured on the
electrochemical probe (> 5-10 nM). Significant lysis (calculated to be >0.1%) would
preferentially impact on the lower NO concentrations that could not be measured. If this
occurred, the lower half of the concentration-response curve would be artificially steepened, and
give rise to an over-estimate of the Hill coefficient. This effect would also explain the higher
ECso value obtained in the earlier study.

There had been no previous side-by-side comparison of the relative or absolute NO
sensitivities of the individual a1B1 and o231 receptor isoforms in cell-free preparations.
Concentration-response curves to DEA/NO were reported to be similar (Russwurm et al., 1998).
However this result was suggested to be equivocal (Bellamy et al., 2002a). A direct comparison
using the new method indicated that the ECs, values for NO are closely comparible to each other
(about 1 nM) and to the value obtained for the purified receptor protein from lung. These values
were similar in absolute potency of NO towards the two isoforms when expressed in COS-7 cells
(see Chapter 4;Gibb et al., 2003). However these estimates were complicated by receptor
desensitization and bell-shaped concentration curves observed with the receptors in intact cells.

In conclusion the results support the utility of the SPER/NO-CPTIO method for delivering

physiological concentrations of NO to biological preparations in a reliable and reproducible
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manner. The direct comparison of the kinetic parameters for activation of the GC-coupled
receptor derived in this study, are likely to be more reliable than those determined previously
using the RBC method. TheECs values of the at1B1 and o231 isoforms are very similar to each
other (= 1 nM) and to the value obtained for the purified receptor isoform. The slopes of the
concentration-response curves were shallower (Hill coefficient of 1) than previously reported,

questioning the need to consider binding of more than one molecule for receptor activation
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Chapter 6

Membrane-association and the sensitivity of the guanylyl-cyclase coupled

receptors to nitric oxide

6.1 Introduction

The known GC-coupled receptors are aff—heterodimers of which two isoforms, a131 and
21, are widely expressed at the mRNA and protein levels (Friebe and Koesling, 2003). So far,
the two 1soforms have appeared functionally and pharmacologically similar, whether studied in
intact cells or in cell lysates (Friebe and Koesling, 2003; Gibb et al., 2003; Griffiths et al., 2003).
However, complexity might arise from differences in subcellular location. In this respect, early
data showed that NO-evoked GC activity was present in varying amounts in the soluble
(cytosolic) and insoluble (particulate) fractions of several tissues (Amold et al., 1977) and recent
evidence indicates that the .11 receptor translocates to membranes in response to a Ca>* signal
(Zabel et al., 2002) whereas, in the brain, the «2f31 isoform is targeted to membrane-linked
synaptic scaffold proteins (Russwurm et al., 2001).

From a study using heart tissue, association with membranes was reported to sensitize the
receptors to (Zabel et al., 2002). If correct, this conclusion might be important because it could
provide a device for modulating cellular responsiveness to NO and/or for concentrating NO
signal transduction into discrete subcellular domains analogous to those mediating conventional
synaptic transmission. The result was based on differences in the concentrations of the NO
donor, diethylamine/NO adduct (DEA/NO) needed to evoke GC activity in cytosol and
membrane fractions. DEA/NO degrades to release NO with a half-life of 2.1 min (37 °C). The
amplitude, shape, and duration of the resulting NO concentration profile, however, is dependent
on several factors, including pH and the rate of consumption of NO. Without rigorous checks,
therefore, a shift in the DEA/NO concentration-response curve is difficult to interpret (Bellamy
etal., 2002a). Accordingly we have evaluated the veracity of the result using a method for

delivering NO in known, fixed concentrations (Griffiths et al., 2003)
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6.2 Methods

The heart, cerebellar and platelet homogenates were prepared as described in the Materials
and Methods section. Crude fractions were used in order to replicate the experiments of Zabel
(2002). The protein concentrations (measured using the bicinchoninic acid method) of the
cytosols of platelets, heart and cerebellum were, respectively, 0.13, 13 and 1.4 mg/ml; and the
corresponding values for the membranes were 0.4, 5 and 2.9 mg protein/ml. Previously it was
shown that cGMP production is linear with the protein concentrations used in this study (Troyer
E.W. etal,, 1978).

The activity of the NOgcR in the different preparations was measured by exposing them to
constant concentrations of NO, using the SPER/NO-CPTIO method. Aliquots of the tissue
fractions were diluted 1:10 into CPTIO-containing assay buffer. SPER/NO was added from
concentrated stock solutions to achieve varying steady-state NO concentrations (achieved within
about 1 s) and, 2 min later, 100 pl of the reaction mix was removed and inactivated in boiling
hypotonic buffer.

To scrutinize the results obtained by Zabel (2002), the GC reaction mixture was changed to
the one they used (with 1000 U ml” superoxide dismutase as an additional ingredient) and
DEA/NO was used as the donor. The methods otherwise were as detailed above except that the
tissue fractions were diluted 1:100 into the reaction mixture and aliquots were sampled for
c¢GMP determination at 1 min intervals for a total of 10 min.

c¢GMP was measured using radioimmunoassay. Each concentration-response curve was
fitted to the Hill equation (in Origin™ version 6.1; Aston Scientific Ltd, Stoke Mandeville, UK)
to obtain values of the ECsy and Hill coefficient.
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6.3 Results

Comparison of the sensitivity of GC-coupled NO receptors in membrane and cytosol fractions
NO-evoked GC activity is found in varying amounts in the insoluble (particulate) fractions of
several tissues (Arnold et al., 1977). For the present purposes, we initially selected tissue from a
brain region (the cerebellum) in which the NO-cGMP pathway is highly expressed (Garthwaite
and Boulton, 1995). NO elicited GC activity in both cytosolic and membrane fractions of
cerebellum, with the former dominating (Figure 24a). Concentration-response curves were
constructed using NO delivered in known, constant concentrations (Griffiths et al., 2003). In
both fractions, the threshold NO concentration required to stimulate GC activity was 50-100 pM
and the maximum response occurred at about 10 nM (Figure 24a). The concentrations giving
half-maximal activity (the ECso values) were very similar (0.94 + 0.09 nM in the cytosol and
1.09 + 0.15 nM in the membranes, n =4; p > 0.4), as were the Hill slopes (1.1 £ 0.1 and 0.9 +
0.1; p > 0.2). Accordingly, when normalized, the two curves were superimposable (Figure 24b).

In case the cerebellum behaved unusually, the experiments were repeated using blood
platelets, a well-known target for NO (Schwarz et al., 2001). The concentration-response curves
for cytosol and membrane fractions were again closely similar (Figure 25a, b). The respective
ECs values (0.90 + 0.12 nM and 1.23 + 0.04 nM; n = 3-4) were not significantly different from
each other (p > 0.07), nor from the corresponding values in cerebellum (p > 0.7 and 0.4). The
Hill slopes (1.2 + 0.2 and 1.1 + 0.03) were also no different from each other (p > 0.6) or from the
cerebellar values (p > 0.3 and p >0.1).

The experiments leading to the general conclusion that membrane association sensitises the
receptors to NO were conducted on the rat heart (Zabel et al., 2002). In view of the above
negative findings, we began to investigate the possibility that the phenomenon might be peculiar
to the heart. However, it soon became evident that such an undertaking would be compromised.
A homogenate of 3 rat hearts (previously perfused thoroughly in situ to wash out red blood cells)
in 5 ml buffer was used to prepare concentrated membrane and cytosol fractions. The membrane
fraction was its usual milky-white colour but the cytosol was bright red-pink due to the presence
of myoglobin, a cytosolic protein expressed in sufficient abundance to give the heart its gross
colour (Garry et al., 1998). NO reacts very rapidly with myoglobin, forming nitrate and

metmyoglobin (Eich et al., 1996); consequently, the presence of significant quantities of
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myoglobin in the cytosol will reduce the amount of NO available for activating GC-coupled
receptors. Hence, more NO would have to be added to match the degree of receptor activation
taking place in the absence of myoglobin.

In order to evaluate this simple explanation for the results of Zabel et al. (Zabel et al., 2002),
recordings were made of the NO concentration profiles following addition of the NONOate
diethylamine/NO adduct (DEA/NO), which was used to supply NO in the experiments of Zabel
et al. The DEA/NO concentration selected (0.5 pM) was one evoking approximately half-
maximal activation of GC-coupled NO receptors in the heart cytosol preparations during a 10
min incubation (Zabel et al., 2002). In buffer, the NO concentration rose to a peak of
approximately 400 nM after about 3 min (Figure 26). The dilution of heart cytosol used in the
study of Zabel et al. was not disclosed but when DEA/NO was added to a 1:100 dilution of the
cytosol (giving a final protein concentration equivalent to that used for assaying GC activity in
the cerebellar cytosol), NO was undetectable for a period of about 2 min. Afterwards, the
concentration rose to reach a plateau about 3-fold lower than was observed in buffer. When the
test was repeated on the membrane fraction (similarly diluted), the NO profile was the same as in
buffer.

The method of assaying GC activity used by (Zabel et al., 2002) was then applied to the heart
fractions, except that the activity was followed at 1 min intervals for 10 min rather than at only a
single time point (10 min). With a maximal DEA/NO concentration (10 pM; Zabel et al., 2002)
c¢GMP accumulated fairly linearly over the 10 min period in both fractions, with the GC activity
being more than 10-fold higher in the cytosol than in the membranes (Figure 27). In the
membranes, DEA/NO concentrations spanning the ECsy value reported by Zabel et al., namely
0.1 and 0.3 uM, gave cGMP levels after 10 min that were, respectively, about 50 % and 70 % of
the maximum. In the cytosol, the corresponding levels at this time were lowered to about 0 %
and 22 %. These relative values are all closely similar to those reported by Zabel et al. (although,
unfortunately, they did not also disclose the absolute values). Inspection of earlier time points at
the 0.3 uM concentration, however, showed that, in the membranes, there was near-maximal GC
activity over the first 2 min (when the rate of NO release is highest), followed by a decline. In
contrast, in the cytosol, there was no measurable GC activity for the same initial period, with a
slow rise occurring afterwards. Measurement of the NO concentration under the same conditions
gave the same result as before (Figure 26): on addition of DEA/NO (0.3 uM), NO rose
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immediately in the diluted membranes but was undetectable for about 2 min in the diluted

cytosol (results not illustrated).
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Figure 24: Comparison of the sensitivity of GC-coupled NO receptors in membrane and

cytosol fractions of rat cerebellum

(a) Raw concentration-cGMP response curves for NO in cytosol () and membrane (o) fractions;
n =3-4. The solid lines fit the data to the Hill equation; ny signifies the Hill coefficient. (b) The
same data normalized to the mean maximal GC activity in each case (derived from the Hill fits).

Protein concentrations were 140 pg/ml (cytosol) and 290 pg/ml (membranes).
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Figure 25: Comparison of the sensitivity of GC-coupled NO receptors in membrane and
cytosol fractions of rat platelets

(a) Raw concentration-cGMP response curves for NO in cytosol (@) and membrane (o) fractions;
n =4. The solid lines fit the data to the Hill equation; ny signifies the Hill coefficient. (b) The
same data normalized to the mean maximal GC activity in each case (derived from the Hill fits).

Protein concentrations were 13 pg/ml (cytosol) and 40 pg/ml (membranes).
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Figure 26: Consumption of NO by heart cytosol

Data are recordings of the NO concentration profiles over time resulting from addition of
DEA/NO (0.5 pM; arrow) in buffer alone (solid line), or buffer containing the membrane
fraction (dotted line) or the cytosolic fraction (dashed line) from rat heart. The traces are means
of 2 runs and were smoothed by adjacent averaging (10 s bins). Protein concentrations were 130

ng/ml (cytosol) and 50 pg/ml (membranes).
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Figure 27: DEA/NO-induced ¢cGMP accumulation in heart membranes and cytosol

The data show cGMP levels over time in response to addition of DEA/NO in concentrations of
10 pM (squares), 0.3 pM (circles) and 0.1 uM (triangles) in membranes (open symbols) or
cytosol (filled symbols) from rat heart; n = 4. Protein concentrations were 86 pg/ml (cytosol) and
66 pg/ml (membranes).
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6.4 Discussion

From the two different tissues examined in detail, we conclude that there is no discemable
alteration in NO sensitivity of membrane-associated versus cytosolic GC-coupled receptors and
that previous evidence that the two differ is spurious because, in the tissue examined (heart), the
exposures to NO in the two fractions were different.

The concentration of myoglobin in heart is about 200 pmoles (kg wet weight)™ (Godecke et
al., 1999) from which it can be estimated that the diluted cytosol used in our experiments would
contain the protein in the upper 100 nM range. At the concentration of DEA/NO tested in figure
26 (0.5 uM) NO would be released at an initial rate of about 2.8 nM s™ (assuming a half-life of
2.1 min and 1 mole of NO released per mole of DEA/NO; (Schmidt et al., 1997). To scavenge
NO for the period observed (2 min) would require 250 nM myoglobin, a concentration well
within the range predicted to be present, even allowing for some of the protein being in its
oxidized, unreactive, form (metmyoglobin). A similar period of NO consumption was observed
at a lower DEA/NO concentration (0.3 pM) in another experiment (the one whose cGMP results
are reported in figure 27), which is explained by the protein concentration also being lower (see
legends to figures. 26 and 27): assuming a proportionate reduction in myoglobin concentration
(to 165 nM) it can be calculated that NO released from 0.3 uM DEA/NO would be grounded for
2 min, as was observed. The same myoglobin concentration would consume all NO releasable
from 0.1 uM DEA/NO.

The presence of such a powerful NO scavenger means, of course, that the receptor cannot
become activated until the scavenger is exhausted, which explains why, in the heart cytosol,
there was no GC activity for 2 min following addition of 0.3 uM DEA/NO and no activity at all
during a 10 min exposure to 0.1 uM DEA/NO whereas, with no scavenger (in the heart
membranes), these same concentrations were sufficient to evoke half-maximal, or greater, net
GC activity. Unfortunately, the problem imposed by myoglobin in the heart cytosol would also
apply to the other NO delivery method used here for the cerebellum and platelets (NO reacts
with myoglobin 1000-fold faster than with CPTIO); a method for removing myoglobin is needed
to conduct the experiment meaningfully.

Rather than regulate their sensitivity to NO, the subcellular distribution of the GC-coupled

NO receptors may reflect a physical compartmentation of the signal transduction cascade,
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although the possibility that functional differences exist when the proteins are in their normal

cellular environment in vivo cannot be excluded.
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Chapter 7

General Discussion

During this study the functional characteristics of the physiologically expressed

NOgcR were examined.

7.1 The cGMP response to NO in striatal cells

In order to examine the kinetics of activation of the natively expressed receptor in the
striatum, the NO-cGMP signalling pathway first had to be characterised. Some of the key
players in the pathway were identified. The cellular distribution of cGMP accumulation
in response to NO was explored using immunohistochemical techniques in both striatal
suspension and slices. It was found that the accumulation of cGMP was limited to cells
expressing microtubule-associated protein 2, and neurone-specific nuclear protein. Thus
neurones constitute the major site for cGMP responses to NO in the striatum, a finding
that was consistent with earlier findings in striatal slices (Ariano and Matus, 1981; de
Vente et al., 2000; Markerink-van Ittersum et al., 1997). Another cell type may also
accumulate low levels of cGMP, which are dwarfed by the neuronal response, as the
distribution of subunit mRNA of the NOgcR in the striatum is apparently widespread
(Gibb and Garthwaite, 2001). However it is reasonable to assume that the experimentally
measured increase in cGMP resulting from NO exposure accurately reflects the cGMP

levels within neurones.

7.2 Degradation of cGMP by phosphodiesterases in the striatum

Using a pharmacological screen of inhibitors selective for different PDE families (1,
2, 3, 4, 5) the ability to potentiate the cGMP accumulation in response to a 30 s exposure
to DEA/NO was measured. It was found that the major component of cGMP breakdown
was though PDE2 as the PDE2 selective inhibitor EHNA blocked cGMP hydrolysis in

the cells, with high potency (ICso = 30 pM). PDE2 is “cGMP stimulated” and is a dual
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substrate isoform hydrolysing both cGMP and cAMP, but with a higher affinity to cGMP
(Km cGMP =10 |JM; Km cAMP = 30 |iM) with similar maximum velocities (Juilfs et al.,
1999). Interestingly PDE?2 is also a target of cGMP so it acts as a negative feedback
pathway to enhance cGMP degradation (Figure 28) and so produce a more transient

cGMP response.

Striatal neurons

GTP GMP

cGMP

Kinases | PDE-2

ion channels

NO target ceil

Figure 28: The NO-cGMP signalling pathway in the striatum

PDE?2 is responsible for the degradation of cGMP in the striatum. However the activity of
this isoform is also influenced by the ambient cGMP concentrations. The “cGMP

stimulated” isoform acts to feedback to increase cGMP degradation.

7.3 The Kinetics of cellular NOGCR

Previous studies have revealed that within its natural, physiological environment the
N OGcR in cerebellar astrocytes acts more like a receptor than when in cell-free or

purified preparations (Bellamy et al., 2000). Using the same method as previously
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reported (Bellamy and Garthwaite, 2001b), the time course of cGMP accumulation has
been “deconvoluted” to reveal the rates of cGMP synthesis and degradation. As in
cerebellar astrocytes the receptor in striatal neurones was found to undergo a rapidly
desensitizing profile following agonist exposure. However in the striatal cells the model
of desensitization was more complicated, as the degree of desensitization appeared to be
linked to the cGMP level. Thus as intracellular cGMP levels rose, the NOgcR
desensitization became more pronounced. This feedback inhibition is a common
mechanism of control in biology, but due to the lack of desensitization in homogenate it
is difficult to investigate. As an alternative, recovery from desensitization, starting at
different cGMP concentrations was investigated in cerebellar cells (for convenience)
(Wykes et al., 2002). The initial rate of NOgcR activity was inversely correlated with
c¢GMP, and when PDE inhibition was used to deliberately slow down the decline of
cGMP levels, the recovery of NOgcR activity was also slowed. Thus cGMP appears to
maintain the receptor in is desensitised state, and so may also initiate and regulate the
extent of desensitization. This hypothesis is consistent with the data obtained with the
striatal cells. cGMP alone (up to 1 mM) does not inhibit the purified NOgcR (Lee et al.,
2000), and so desensitization may be triggered by an accumulation of cGMP, which in
turn acts through an additional inhibitory factor (s). On cellular lysis, the NOgcR
desensitization profile is lost, which could be due to dilution of this inhibitory
desensitizing factor (Bellamy et al., 2000). An endogenous protein inhibitor of the
NOgGcR has been partially purified from bovine lung, but has not yet been fully
characterised (Kim and Burstyn, 1994).

Recent work questioned the validity of taking the NOgcR activity profile obtained in
the presence of PDE inhibitors and applying it to the normal cGMP response. In human
platelets, the NOgcR activity was found to remain similarly active throughout the time
course of NO exposure, implying lack of receptor desensitization (Mullershausen et al.,
2001). Furthermore, the biphasic cGMP response observed over time was found to be
associated with phosphorylation, and up-regulation of PDES activity, but no quantitative
analysis was performed. It was also speculated that the desensitizing profile of the
NOgcR in the presence of PDE inhibitors could be due to depletion of intraplatelet GTP
levels, resulting in a lack of receptor substrate. However, pharmacological manipulation
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of the activity of the NOgcR in cerebellar cells, over a ten fold range (using the receptor
activiator YC-1, and inhibitor ODQ) did not change the profile of receptor desensitization
(Bellamy et al., 2000).

The lack of receptor desensitization in normal platelets (in the absence of PDE
inhibitor) observed by Mullerhausen ez al. (2001) is not inconsistent with the hypothesis
that we present here, namely that cGMP regulates desensitization. In normal platelets,
NO evoked cGMP accumulation peaks within 5-10 s and with a subsequent decrease to
plateau at the basal level over the next minute. Thus the cGMP levels in these cells, is
negligible following the brief spike of cGMP, and NOgcR desensitization is minimal
(Mullershausen et al., 2001). In the striatal neurones the cGMP levels are intermediate
and the model of medium desensitization fits the data (Wykes et al., 2002), whereas in
cerebellar astrocytes cGMP levels are high and desensitization is marked (Bellamy et al.,
2000). Indeed when the platelets and striatal cells are incubated with PDE inhibitors to
raise the cGMP levels, receptor desensitization is pronounced and exhibits a similar
profile to that observed in cerebellar cells. Thus the hypothesis presented here
accommodates the available data, but it is likely that alterations in PDE activity over time
may also shape cGMP responses in some cells. Recent studies support this dual control of
shaping cGMP signals. PDES activation is paralleled by phosphorylation of CGK 1,
which increases the cGMP affinity of the GAF-A domain (Francis et al., 2002). A
comparison of PDES5 phosphorylation evoked by NO stimulation was absent in CGK 1
KO verses wild type mice, implying that this kinase is responsible for PDES activation
(Shimizu-Albergine et al., 2003). Whether this mechanism is widespread in the NO-
c¢GMP signalling remains to be investigated.

Changes in the phosphorylation state of a receptor are well established mechanisms of
desensitization, including for the related membrane bound guanylyl cyclases (Potter and
Garbers, 1994, Potter, 1998). Dephosphorylation of the B subunit of the NOgcR by a
phosphatase has been reported to inhibit the NOgcR activity in bovine chromaffin cells
under normal resting conditions (Ferrero et al., 2000). Activation NOgcR results in the
elevation of cGMP levels and activation of PKG which in turn dephosphorylates the
NOGcR causing a marked decrease in NO-evoked cGMP accumulation. In contrast a
more recent study in smooth muscle, suggested that intracellular cGMP accumulation
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stimulates CGK phosphorylation of the NOgcR, resulting in an inhibition of the synthetic
activity of the enzyme (Murthy, 2001). However, the cGMP accumulation in a cerebellar
cell suspension was unaffected by two different CGK inhibitors or a broad-spectrum
phosphatase inhibitor, suggesting that protein phosphorylation/ dephosphorylation are
unlikely to be responsible for NOgcR desensitization (Wykes et al., 2002). In
comparison with other receptors, especially the adenylyl cyclases and other guanylyl
cyclases there may be multiple regulatory factors awaiting identification (Chern, 2000),

and these may be unique to different cell types.

7.4 Functional importance of NOgcR desensitization

Desensitization of the NOgcR plays an important physiological role in cells. The
signal produced using the NOgcR requires the consumption of GTP. This molecule is an
important in the production of energy for the cell and is maintained in equilibrium with
ATP. The most “cost effective” way for the cell to sustain a cGMP steady state is to
allow the NOgcR to initially have a high rate of cGMP synthesis thus ensuring that the
steady state is achieved followed by desensitization which means considerably less GTP
is consumed. This represents a mechanism by which cells can preserve GTP levels
during prolonged NO exposures which may occur in chronic inflammation (Nathan and
Xie, 1994) or during periods of LTP (Garthwaite and Boulton, 1995). The varying
activity of the NOgcR (and PDEs) result in different pattems of cGMP accumulation
ranging from a large sustained plateaux to brief low amplitude transients. These diverse
signals introduce selectivity as to which target is engaged. For example cyclic gated
nucleotide channels are activated by high NO concentrations (uM), protein kinases are

activated by low concentrations (nM) and PDE within the intermediate range.

7.5 NO sensitivity of the B1-containg NOgcR isoforms

Having established that the NOgcR undergoes a desensitizing profile in activity in
these brain cells namely neurones, the next aim was to examine whether the different

physiologically expressed isoforms exhibited different profiles of activation. Using a
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recently developed technique to balance the rate of NO release with NO inactivation by
red blood cells, clamped levels of NO were achieved. NO evoked cGMP accumulation
was found to occur in a dose dependent manner with similar curves for both isoforms.
The ECso values were in the low nM range indicating that both isoforms are highly
sensitive NO detectors. Receptor desensitization and the bell shaped nature of the
concentration-response curve compromised interpretation of the data regarding the
mechanism of NOgcR activation. To avoid this complication the next step was to
investigate the receptor kinetics in cell lysates. This represented a good opportunity to
reassess the method of delivery of constant NO concentrations. The biological method
using red blood cells to act as a NO scavenger was subject to several limitations and thus

was substituted for a chemical scavenger.

7.6 Improvements of the new chemical NO delivery method

The major improvement of the SPER/NO-CPTIO couple to deliver clamped
concentrations of NO are manifold. The chemical method is quick, cheap and easy to use.
A major advantage is that 95% of the plateaux NO concentration is attained 1 s after
addition of the SPER/NO (Griffiths et al., 2003). This provides greater flexibility and
accuracy for experiments where the rapid kinetics of receptor activation are investigated.

Using the previous technique where red blood cells were used as the scavenger for
NO, a slow rise of the NO to plateau concentrations occurred (around 1 min). This meant
that the additions e.g. of the receptor had to be made to the pre-equilibrated mixture in a
small enough volume so as not to disturb the equilibrium. Clearly this represents a major
limitation of the technique. An inherent problem of the biological NO scavenger is the
potential of red blood cell lysis. Free haemoglobin inactivates NO at a much higher rate
than when packaged in red blood cells (Liu et al., 1998). This will impact on the low
levels of NO that are below the detection level of the electrochemical NO probe. The
biological reactivity of the compounds required for the SPER/NO-CPTIO couple and
accumulation of interfering products such as NO; has been accounted for by the addition

of the radical scavenger urate. Validation of the technique and subsequent use, in my
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hands and also by colleagues in the laboratory show that it appears to be free of

unanticipated side effects.

7.7 NO binding sites for the GC-coupled receptor

Using a new chemical method for delivering constant clamped NO levels (the
SPER/NO-CPTIO couple) the parameters of activation of the NOgcR were investigated.
The NO concentration-response curve for the purified enzyme from bovine lung
preparation indicated that the Hill coefficient was 1, in contrast to the value of 2 obtained
using the RBC method (Bellamy et al., 2002a). A recent report suggested that it is likely
that the enzyme represented a combination of the different isoforms and so lysates of
COS-7 cells co-transfected with the individual subunits were used (Mergia et al., 2003).
Again the concentration-response curves for both a1p1 and a2f31 were best fit with a
Hill coefficient of 1. This clarifies the controversy that has been rife in the NO literature,
as it supports the simple model of one NO molecule binding to the receptor to induce
activation. Interestingly a recent paper reports that removal of the haem group of the
NOgcR by genetic mutagenesis or detergent resulted in a several fold activation of the
enzyme (Martin et al., 2003). The group suggest that the haem prosthetic group that is
attached via the His105 bond of the B subunit acts as an endogenous inhibitor of the
NOgcR. Cleavage of the haem-coordinating bond induced by NO binding releases the
restriction caused by this bond, allowing the catalytic domain to become activated. Until
the crystal structure of the NOgcR has been elucidated, the exact mechanism of receptor

activation will remain elusive.

7.8 NO receptor sensitivity

A recent report suggested that localisation of the NOgcR to cellular membranes
enhanced its state of NO sensitivity two-fold (Zabel et al., 2002). In order to investigate
this finding further, the NO sensitivities of the NOgcR in the membrane and soluble
fractions of two different tissue types was investigated. However this phenomenon could

not be reproduced. When the experiments were repeated using the tissue in which it was
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first described, it became apparent that unfortunately an artefact had crept into the
experimental design that invalidated the initial finding. However the 11 receptor is
associated with cellular membranes in a calcium-sensitive manner (Zabel et al., 2002),
while the «2B1 isoform associates with membranes through synaptic scaffolding proteins
which also bind nNOS (Russwurm et al., 2001). Thus the difference in molecular makeup
of the NOgcR isoforms may have evolved for targeting of different sub-cellular locations,

but as yet no functional differences have been shown to exist in vivo.

7.9 Summary

In this study I have examined the kinetics of activation of the native NOgcR and of
the heterologously-expressed receptor isoforms in intact cells and cell lysates. In the
striatum the NO-cGMP pathway was characterised and some of the key players were
identified: NO induced cGMP accumulation occurs in a subpopulation of neurons and
c¢GMP stimulated PDE2 is responsible for cyclic nucleotide breakdown. PDE2 is target of
cGMP but also acts as a feedback pathway to produce a more transient cGMP response.
Desensitisation was found to be a common feature of the NOgcR when expressed
natively in brain cells (striatal neurones) and transfected COS-7 cells. A comparison of
the two known heterodimeric isoforms 11 and a2p1 expressed in COS-7 cells,
exposed to fixed concentrations of NO demonstrated that both f1-containing NOgcR
isoforms have similar sensitivities to NO, responding in the low nM range. A new, more
versatile chemical method for delivering constant clamped levels of NO was developed to
avoid limitations associated with the use of RBC to inactivate NO. Using the new method
the kinetic parameters of the receptor purified from bovine lung, and cell lysates
containing the two isoforms were determined. In all cases half-maximal activity was
about 1 nM. The Hill slopes were close to 1 which questions a previous conclusion that
receptor activation requires binding of more that one NO molecule per receptor. To
examine whether the location of the NOgcR within the cell influenced the receptor
kinetics, cytosolic and membrane preparations from cerebellum and platelets were

studied using fixed NO concentrations. In contrast to a previous study their sensitivities
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to NO were indistinguishable suggesting that the subcellular distribution of the NOgcR

may reflect a physical compartmentation of the signal cascade.

7.10 Future work

Continued investigation of the mechanism responsible for desensitisation is
paramount in order to understand and develop therapeutics that will modify the cGMP
response. Identification of the factor responsible for NOgcR desensitisation may be
achieved by capture of the proteins which interact with the NOgcR under control and
desensitising conditions. Inmunoprecipitation and gel electrophoresis techniques or a
yeast hybrid system with the different subunits of the NOgcR as bait, could be used.
Proteomic analysis may identify the proteins which interact with the NOgcR, and provide
further clues as to how the receptor kinetics can be modulated.

Further work needs to investigate whether dephosphorylation or phosphorylation play
arole in NOgcR desensitisation. At the first International Conference on cGMP
“NO/sGC Interaction and its Therapeutic Implications; Leipzig 2003” Werner Mueller-
Esterl reported that human NOgcR associates with an 89 kDa protein and that this
interaction is regulated by reversible tyrosine phosphorylation. Site-directed mutagenesis
may shed light on how the phosphorylation status of this protein influences NOgcR

desensitisation.
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Kinetics of nitric oxide-cyclic GMP signalling in CNS cells
and its possible regulation by cyclic GMP

Victoria Wykes, Tomas C. Bellamy' and John Garthwaite

Wolfson Institute for Biomedical Research, University College London, London, UK

Abstract

Physiologically, nitric oxide (NO) signal transduction occurs
through soluble guanylyl cyclase (sGC), which catalyses
cyclic GMP (cGMP) formation. Knowledge of the kinetics of
NO-evoked cGMP signals is therefore critical for under-
standing how NO signals are decoded. Studies on cerebellar
astrocytes showed that sGC undergoes a desensitizing profile
of activity, which, in league with phosphodiesterases (PDEs),
was hypothesized to diversify cGMP responses in different
cells. The hypothesis was tested by examining the kinetics
of cGMP in rat striatal cells, in which cGMP accumulated in
neurones in response to NO. Based on the effects of selective
PDE inhibitors, cGMP hydrolysis following exposure to NO
was attributed to a cGMP-stimulated PDE (PDE 2). Analysis
of NO-induced cGMP accumulation in the presence of a PDE

inhibitor indicated that sGC underwent marked desensitiza-
tion. However, the desensitization kinetics determined under
these conditions described poorly the cGMP profile observed
in the absence of the PDE inhibitor. An explanation shown
plausible theoretically was that cGMP determines the level of
sGC desensitization. In support, tests in cerebellar astrocytes
indicated an inverse relationship between cGMP level and
recovery of sGC from its desensitized state. We suggest that
the degree of sGC desensitization is related to the cGMP
concentration and that this effect is not mediated by
(de)phosphorylation.

Keywords: cyclic GMP, nitric oxide, phosphodiesterase,
soluble guanylyl cyclase, striatum.
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Nitric oxide (NO) serves as an intercellular signalling
molecule in most tissues. In the central nervous system
(CNS) the synthesis of NO is typically linked to activation of
the NMDA subtype of glutamate receptors through the Ca2+/
calmodulin-dependent activation of neuronal NO synthase
(Garthwaite 1991). The major physiological receptor for NO is
soluble guanylyl cyclase (sGC), an off heterodimer that
catalyses the conversion of GTP to cGMP. The resulting
increase of this second messenger modulates the activity
of ¢cGMP-dependent protein kinases, phosphodiesterases
(PDEs) and ion channels. Activation of sGC appears to be
the main pathway through which NO exerts its many
physiological effects in the CNS, including synaptic plasticity
(Garthwaite 2000), neurotransmitter release (Prast and
Philippu 2001) and synaptogenesis (Contestabile 2000). NO
is also implicated in cGMP-independent processes, such as
neuronal cell death (Dawson et al. 1991; Almeida et al. 1998).

In order to develop concepts of NO signalling at the
cellular and molecular levels, it is necessary to understand
the kinetic properties of the activation of sGC by NO and
the ways that subsequent cGMP responses are shaped to
engage downstream targets. Recent studies on cerebellar

cell suspensions have shown that sGC in astrocytes
activates and deactivates rapidly (subsecond time scales)
on addition and removal of NO, respectively, suggesting
that the enzyme behaves in a much more dynamic manner
than had appeared to be the case beforehand (Bellamy
et al. 2000, Bellamy and Garthwaite 2001a). Moreover,
unlike with purified sGC, the enzyme in astrocytes
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undergoes rapid desensitization to the extent that the
steady-state level of activity during sustained NO exposure
is about 10% of the peak (Bellamy et al. 2000). In these
particular cells, the PDE activity is low. The combination
of this and sGC desensitization leads to high-amplitude
plateaux of ¢cGMP being generated in response to NO. It
was predicted that in cells with high PDE activity, the
same profile of sGC activity would lead to a low amplitude
c¢GMP transient, a shape that may be tuned to engage
different downstream mechanisms from those in cerebellar
astrocytes. Some evidence for this was obtained for human
platelets (Bellamy et al. 2000), but this hypothesis remains
to be tested in other CNS cell types that are recognized
NO targets, notably neurones (Southam and Garthwaite
1993).

The striatum is enriched in all elements of this signalling
pathway. NO synthase is expressed in interneurones and in
dense fibre networks (Vincent and Kimura 1992) and, as
elsewhere, NO production is coupled to NMDA receptor
activity (Eastet al. 1996). The striatum also contains high sGC
activity (Greenberg et al. 1978) and expresses abundantly
mRNA for both a1 and 1 subunits of the enzyme (Furuyama
et al. 1993; Gibb and Garthwaite 2001). The striatum also has
one of the highest levels of PDE activity in the brain
(Greenberg et al. 1978). The Ca®*/calmodulin-dependent
PDE 1 (Polli and Kincaid 1994; Yan et al. 1994), PDE 2
(Michie et al. 1996), PDE 3 (Reinhardt and Bondy 1996),
PDE 4 (Cherry and Davis 1999), PDE 7B (Sasaki et al. 2000),
PDE 9A (Andreeva et al. 2001) and PDE 10A (Fujishige
et al. 1999) are all located there although which, if any, is
responsible for degrading NO-induced cGMP signals has not
been investigated. Functionally, the striatal NO-cGMP path-
way is involved in synaptic plasticity (Calabresi et al. 1999),
neurotransmitter release (Trabace and Kendrick 2000) and
excitation of cholinergic intemeurones (Centonze et al. 2001).

This information suggested that the striatum would
represent a suitable brain area for discerning the kinetics of
the NO-cGMP signalling pathway in cells that have different
activities of the component enzymes, and possibly also
different isoforms, compared with cerebellar astrocytes. To
this end, we used cell suspensions from the striatum to
determine how the interplay between sGC and PDE activities
regulates the levels of the effector molecule, cGMP.

Experimental procedures

Striatal slice preparation

Sprague-Dawley rats (aged postnatal day 8) were killed by
decapitation as approved by the British Home Office and the local
ethics committee. The brain was removed and coronal slices
(400-pm thick) containing the striatum were cut using a Vibroslice
(Campden Instruments). The striatum from each hemisphere was
dissected out and the resulting slices incubated in Krebs—Henseleit

buffer gassed with 5% CO, and 95% O, (pH 7.4) containing (in
mm): NaCl (120), KCl (2), NaHCO; (26), MgSO4 (1.2), KH,PO,
(1.2), glucose (11) and CaCl, (2) together with L-nitroarginine (0.1)
to prevent possible complications from endogenous NO synthesis.
Slices were recovered for at least 1 h in a shaking water bath (37°C)
before use.

Preparation of cell suspensions

For striatal cell suspensions, a thick (1.6 mm) slice of brain was first
cut in the coronal plane, starting just behind the merger of the corpus
callosum. The striatum from each hemisphere was dissected out and
cut into 400 pm cubes using a Mcllwain tissue chopper. Cell
suspensions were prepared from these cubes, and from analogous
tissue prepared from the cerebellum, following mild trypsinization
and trituration as previously described (Garthwaite 1985). The cells
were counted using a haemocytometer in the presence of trypan blue
(1 : 5 dilution, to determine viability which was always > 95%) and
then incubated in an air-equilibrated medium (pH 7.4) containing
(mm): NaCl (130), KCl (3), MgSO; (1.2), NaH,PO, (1.2), Tris-HCI
(15), glucose (11), CaCl, (1.5) and L-nitroarginine (0.1). The yield
of striatal cells was approximately 0.5 million/rat and they were
incubated at a final concentration of 1 x 10 cells/mL. Reflecting a
much higher cell density in the cerebellum, the yield therefrom was
much higher (about 20 million/rat) and they were used at a final
concentration of 20 x 10° cells/mL. The use of differing cell
concentrations is unlikely to introduce complications because the
response to NO is independent of this parameter (Garthwaite and
Garthwaite 1987).

Exposure to NO

Slices and cell suspensions were exposed to the NO donor
diethylamine/NO adduct (DEA/NO), which has a half-life of
2.1 min at 37°C. When used, PDE inhibitors, kinase and phospha-
tase inhibitors were made up in dimethyl sulphoxide (DMSQ) and
added 10 min prior to addition of DEA/NO. At the 1 : 100 dilution
used DMSO had no effect on the DEA/NO induced cGMP response
(not shown). At the end of the exposure, individual slices or aliquots
of the cell suspension were inactivated in boiling hypotonic buffer;
protein was quantified using the bicinchoninic method and cGMP
using radioimmunoassay (Garthwaite 1985; Garthwaite and
Garthwaite 1987).

Data analysis

Results are given as the mean cGMP levels from # independently
treated cell populations + SEM (or SD where indicated), and
analysed using the unpaired Student’s #-test (two-tailed) or, where
stated, analysis of variance using Dunnett’s multiple comparison
test. Significance was assumed when p < 0.05.

Immunocytochemistry

Suspensions and slices with or without various treatments (as des-
cribed in the results) were fixed in paraformaldehyde (4%) in 0.1 M
phosphate buffer, pH 7.4, for either 1 h (slices) or 20 min (cell
suspensions) at room temperature (23°C). Cell suspensions were
processed as previously described (Bellamy et al. 2000). Slices were
cryoprotected by incubating in phosphate buffer containing 20%
sucrose overnight at 4°C. Cryostat sections (10 pm) were cut and
dried onto gelatinecoated slides. The sections were then
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microwaved for 1 min. Slides (with adhering cell suspensions or
sections) were rinsed with Tris-buffered saline containing 0.1%
Triton X-100 and incubated with normal rabbit and horse sera for
30 min followed by an overnight incubation at 4°C with the primary
antibodies, which were sheep anti-cGMP (1 : 8000), mouse anti-
neurone-specific nuclear protein (NeuN, 1 : 100), mouse anti-glial
fibrillary acidic protein (GFAP, 1 : 800), or mouse anti-microtubule
associated protein 2 (MAP-2, 1:2000). MAP-2 was used to
identify neurones in cell suspensions but because this is unsuitable
for doing so in intact brain tissue (staining of the neuropil masks
individual cells), NeuN was used to stain the slice sections. Slides
were rinsed and incubated with secondary antibodies (anti-mouse
FITC and anti-sheep TRITC) for 1 h at room temperature, mounted
in Vectorshield with DAPI nuclear stain, and viewed under
fluorescence optics (Figs 2a—) or laser scanning confocal micro-
scope (Leika Microsystems, Milton Keynes, UK; Figs 2d—).

To determine the percentage of cells that accumulated cGMP,
four separate striatal cell suspensions were prepared, exposed to
DEA/NO for 30 s in the presence of EHNA (300 pm) and processed
for immunocytochemistry as detailed above. At least three fields
containing 80-150 cells were selected at random from each slide
and the number of cells that were co-stained with cGMP and the
nuclei marker DAPI were counted.

Simulation of cGMP accumulation in striatal neurones
The desensitizing profile of sGC activity was originally found in
cerebellar astrocytes by mathematical deconvolution of a function
fitted to ¢cGMP accumulation over time (Bellamy et al. 2000).
Subsequently, a more detailed analysis of these cells indicated that, at
its simplest, the decline in sGC activity with time due to desensiti-
zation could be described by a single exponential function (Bellamy
and Garthwaite 2001a). In this study, we have tested the suitability of
this model to striatal neurones by simulating the cGMP accumulation
over time with a combination of an exponentially declining rate of
synthesis (vs) and a substrate-linked (Michaelis-Menten) rate of
degradation (v4). The Michaelis-Menten parameters defining vq were
found as previously described (Bellamy and Garthwaite 2001b).

The system describing rate of cGMP accumulation, can be
defined thus:

& _
dat

vs = (ae™® +¢)

Vs — V4,

and

o= (K:pfp>

where P = concentration of ¢cGMP, ¥, = apparent maximal rate of
degradation, and K}, = apparent Michaelis constant. The initial rate
of synthesis (maximum vg; non-desensitized sGC) = a + ¢ and the
final rate (minimum v, desensitized sGC) = ¢. The constant &
determines the rate at which sGC progresses from maximum to
minimum activity. The time course for cGMP accumulation under
these conditions was simulated with a simple custom-written
programme in Microsoft VisuaL Basic 6™ (Microsoft MSN,
London, UK) and overlaid on the experimental data.
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Materials

The sheep anti-cGMP was a kind gift from Dr J. de Vente
(Maastricht, Netherlands). Mouse NeuN, mouse GFAP and mouse
MAP-2 antibodies were purchased from Chemicon (Temecula, CA,
USA); secondary antibodies and Vectorshield were purchased from
Vector laboratories (Orton Southgate, Peterborough, UK). DEA/NO
was from Alexis Corporation (Bingham, Nottingham, UK),
L-nitroarginine was from Tocris Cookson (Bristol, UK) and
sildenafil was supplied by the Chemistry Division, Wolfson Institute
for Biomedical Research. All other chemicals were from Sigma-
Aldrich (Poole, Dorset, UK).

Results

Accumulation of cGMP in striatal preparations

For analysing the kinetics of the NO-cGMP pathway, cell
suspensions are suitable preparations to use because diffu-
sional delays are minimized and so target cells are exposed to
the same NO concentrations simultaneously, and they can be
inactivated speedily. The basal cGMP level in cell suspen-
sions from the striatum incubated in the presence of the non-
selective PDE inhibitor 3-isobutyl-1-methylxanthine (IBMX;
1 mM) was 3.3 % 0.8 pmol/10° cells (n = 7). On exposure to
DEA/NO (0.03-3 um) for 30 s a concentration-dependent
accumulation of cGMP occurred, attaining a maximum of
about 60 pmol/10° cells at 1 pm; the ECso was approxi-
mately 0.1 um (Fig. 1). Immunocytochemistry on cell sus-
pensions stimulated with 1 pm DEA/NO (in the presence of
a selective PDE 2 inhibitor; see below) indicated that a minor
proportion of the constituent cells (6.7 + 1.3% of the total;
four separate striatal cell suspensions) accumulated cGMP
markedly in response to NO (Fig. 2b). These cells were
amongst those that were immunostained with MAP-2
(Fig. 2a) but they were unstained for the astrocyte marker

80+

604

404

c¢GMP (pmol/10° cells)

0 0.01 0.1 1 10
[DEA/NO] uM

Fig. 1 Concentration-cGMP response curve for DEA/NO in striatal
cell suspensions. The cells were exposed to the NO donor for 30 s in
the presence of 1 mm IBMX; n = 9-12.
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GFAP (Fig. 2d), indicating that the target cells were
neurones. The cells accumulating cGMP were approximately
spherical with a mean diameter of 7.7 = 0.4 pm (n = 18).
No ¢cGMP immunostaining was observed in unstimulated cell
suspensions (not shown).

To determine whether the presence of neurones respond-
ing in the cell suspensions to NO with an increase in cGMP
might somehow be a non-physiological consequence of cell
dissociation, checks were carried out on intact striatal slices.
The mean c¢GMP level in unstimulated slices averaged
3.8 £ 0.5 pmol/mg protein (n = 4), and the level approxi-
mately doubled to 6.2 + 0.7 pmol/mg protein (n = 6) after
10 min incubation with IBMX (1 mM), a response that
reflects the activity of endogenous NO synthase (Griffiths
et al. 2002). When the slices were exposed for 2 min to
DEA/NO (10 pM, a maximally effective concentration; not
shown) in the presence of IBMX, cGMP rose nearly 40-fold
higher to 223 + 30 pmol/mg protein (n = 6).

In unstimulated slices (incubated with 1 mM IBMX), no
¢GMP immunostaining was observed (not shown). On

Fig. 2 Location of NO-stimulated cGMP
accumulation in striata! tissue, (a-d) Striatal
cell suspension following a 30-s exposure
to DEA/NO (1 pw) in the presence of EHNA
(300 pv) stained for MAP-2 (a) and ¢cGMP
(b); cell nuclei (DAPI stain) are shown in (c).

/ / In (d), cells are stained for GFAP (green),
¢GMP (red) and nuclei (blue); single arrows
indicate c¢GMP-positive cells; double
arrows indicate GFAP-positive astrocyte,
(¢) Immunofluorescent staining for NeuN
(green) and ¢cGMP (red) in a striatal slice
exposed to DEA/NO (10 pm) for 2 min in the
presence of IBVIX (I mM); co-stained cells
(orange) are marked with double arrows.
Nuclei are stained with DAPI (blue); fb, fibre
bundie. Calibration bar = 100 pm (a-c) and
20 pm (d-e).

exposure to 10 pM DEA/NO for 2 min high levels of cGMP
staining were observed in bundles of fibres running through
the striatum, and a lower level was seen in a network of
varicose fibres (Fig. 2e). A small population of cell bodies
stained brightly and these were identified as neurones
(arrows in Fig. 2e). It is reasonable to assume that these
are the same cells that respond to NO in the dissociated cell
suspension.

Identification of active PDEs

So far, 11 distinct families of PDEs have been identified,
with multiple isoforms each (Beavo 1995; Soderling and
Beavo 2000). As the properties of the PDE are expected to
participate in the shaping of cGMP signals, an attempt was
made to identify the PDEs responsible for degrading cGMP
in the striatal cells, using a pharmacological approach.
Inhibitors selective for different families of PDE were
screened by determining their ability to enhance ¢cGMP
accumulation in response to a 30-s exposure to DEA/NO
(0.3 pm). In control cells (no PDE inhibitor) c¢GMP
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accumulation was 9.8 + 0.9 pmol/10° cells whereas, in the
presence of the non-specific PDE inhibitor IBMX (1 mm)
the response was 57 + 4 pmol/10° cells. The PDE 1-select-
ive inhibitors nicardipine (300 pm; Agullo and Garcia 1997)
and 8-methoxymethyl-IBMX (300 uMm; Ahn et al. 1989), the
PDE 3-selective inhibitors cilostamide (100 pm; Manganiello
etal. 1995) and milrinone (300 uM; Manganiello et al.
1995; Schudt et al. 1996a), the PDE 4-selective inhibitors
rolipram and Ro-20-1724 (300 pm; Schudt ef al. 1996b),
and the PDE 5-selective inhibitor sildenafil (300 pm; Turko
etal. 1999), all failed to augment cGMP accumulation
significantly (Fig. 3). The only isoform-selective inhibitor
that was effective was the PDE 2-selective compound
erythro-9-(2-hydroxy-3-nonyl)adenine (EHNA, 300 pm;
Michie ef al. 1996), which elevated cGMP to levels not
significantly different from those found with IBMX (Fig. 3).
A concentration-response curve for EHNA (3-300 pm)
indicated an apparent ECsp of around 30 umM and an
apparent near-maximal effect at 300 um (Fig. 3, inset)
although, with a competitive inhibitor, complete inhibition
cannot be achieved because of progressive competition by
the build-up of cGMP. In contrast to findings in striatal
slices (see above), none of the PDE inhibitors significantly
influenced cGMP levels in cell suspensions not treated with
DEA/NO (not shown). This presumably reflects the absence
of a synaptic network in the cell suspension.
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Fig. 3 Effect of PDE inhibitors on NO-stimuiated cGMP responses in
striatal cell suspensions. Data are mean cGMP levels 30 s after
addition of 0.3 um DEA/NO (n = 4-9). All PDE inhibitors were tested
at a concentration of 300 pm with the exception of IBMX (1 mm) and
cilostamide (100 pm). *p < 0.05 versus control based on Dunnett's
fest. Inset: Concentration-response curve for EHNA on DEA/NO-
stimulated cGMP accumulation (n = 3).
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Kinetic analysis of cGMP synthesis and degradation

To investigate the kinetics of sGC and PDE in the striatal
neurones, detailed time-courses of ¢cGMP accumulation in
response to a maximal concentration of DEA/NO (1 um)
were obtained in the presence and absence of EHNA
(300 pm). In the presence of EHNA, cGMP rose rapidly to
reach a transient plateau after 15 s (Fig. 4a). In untreated
cells, the overall time course was similar but the cGMP levels
throughout were much lower. ’

The profile of the ¢GMP accumulation reflects the
difference between the rates of cGMP synthesis (v,) and
degradation (v4). The first step in unravelling the contribution
of v and vy to the cGMP profile was to find the Michaelis—
Menten parameters governing PDE activity. This was
achieved by a method previously described (Bellamy and
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Fig. 4 Kinetic analysis of cGMP synthesis and degradation in striatal
cell suspension. (a) Time courses of cGMP accumulation induced by
DEA/NO (1 um) in the presence (O) and absence (®) of the PDE
inhibitor EHNA (300 pm; n = 6-7). (b) Decay of cGMP after addition of
haemoglobin (10 pwm) to striatal ceils exposed to DEA/NO (1 pm) in the
presence of EHNA (n = 5), fitted by the Michaeiis—Menten equation.
(c) Data for cGMP accumulation (o) from (a), are fitted assuming an
exponentially declining rate of synthesis (v;) and a rate of degradation
(va) calculated from the Michaeiis—Menten parameters obtained from
the fit to the data in (b).
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Garthwaite 2001b) wherein the NO-scavenging ability of
haemoglobin (Hb) was exploited to arrest sGC activity
abruptly following a 1-min exposure of cells to 1 um DEA/
NO. After addition of Hb, cGMP synthesis ceases with a
half-time of around 200 ms (Bellamy and Garthwaite 2001a)
and the cGMP concentration in the cells then falls due to the
action of PDEs. From the time course of the cGMP decline,
the parameters defining PDE activity (i.e. the apparent
Michaelis constant, K, and maximal velocity, ¥,) can be
found by iteration (Fernley 1974), allowing PDE activity to
be calculated for any given level of cGMP.

In the striatal cells, PDE activity was too rapid to be
discernible by this strategy in the absence of PDE inhibitors
(see below). In the presence of 300 um EHNA the decline
in cGMP was greatly slowed, though not eliminated. The
c¢GMP decline under these conditions could be satisfactorily
fitted with the Michaelis~Menten equation (Fig. 4b) allowing
the rate of cGMP degradation over the time-course of cGMP
accumulation to be defined (Fig. 4c).

Earlier studies using cerebellar cell suspensions stimulated
with NO have suggested that sGC activity declines expo-
nentially with time, reflecting desensitization (Bellamy et al.
2000; Bellamy and Garthwaite 2001a). The suitability of
this model in the striatal cell preparations was evaluated by
simulating the cGMP responses to NO with an exponentially
falling v and Michaelis—Menten-type degradation kinetics
(see Experimental procedures). The simulations were over-
laid on experimental data and provided a close fit to the
c¢GMP accumulation in cells incubated with EHNA (Fig. 4c).
The derived v, was initially 3.5 pmol cGMP/10° cells/s and
then it declined progressively to a 13-fold lower rate
(0.26 pmol cGMP/10° cells/s) within around 30 s (n = 7).
This is similar to the profile derived from rat cerebellar cells
(Bellamy et al. 2000) suggesting that sGC expressed in the
striatal neurones exhibits similar kinetics to the enzyme in
cerebellar astrocytes.

Given the profile of sGC activity under conditions of PDE
inhibition, the model can then be used to investigate if the
profile of ¢cGMP accumulation observed under control
conditions (where the parameters for cGMP degradation
cannot be measured directly) can be predicted. The simplest
case is to assume that v, is identical but v, is enhanced in the
absence of EHNA. However, when this situation was
modelled by reducing the Michaelis—-Menten parameter K,
(to simulate loss of a competitive inhibitor), no good fit was
obtained regardless of the K, value used (Fig. Sa).

One explanation for the inaccurate simulation is that some
of the measured cGMP is not vulnerable to hydrolysis by
PDE (e.g. due to export from the cell). To test this, Hb was
added to arrest sGC activity 16 and 80 s after adding DEA/
NO (i.e. at the peak and plateau stages of the time course). At
both times, cGMP declined rapidly to basal levels, indicating
that it was subject to degradation by PDE throughout
(Fig. 5b).
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Fig. 5 Kinetic analysis of cGMP accumulation in the absence of PDE
inhibition. (a) Data for the cGMP response to DEA/NO (@) are taken
from Fig. 4(a). The broken line shows the best fit achieved by taking
the profile of cGMP synthesis (v;) and the value of the apparent
maximal rate of cGMP degradation (V,) giving the fit to the data in
Fig. 4(c), but decreasing the apparent Michaelis constant (K) for
cGMP degradation (corresponding to removal of a competitive inhib-
itor). Solid line shows the better fit obtained by altering both K, and the
maximum level of sGC desensitization (see Experimental procedures).
(b) Vulnerability of cGMP to PDE activity. During the normal response
to 1 pm DEA/NO (O), Hb (10 pm) was added (arrows) and cGMP levels
subsequently followed (®); n = 4-6. (c) Comparison of the profiles of
cGMP synthesis (v;) and degradation (vg) providing the best fits to
experimental data obtained in the absence and presence of EHNA.

Consequently, in contrast to findings on cerebellar cells
(Bellamy et al. 2000), the model fails to predict the control
profile of cGMP accumulation. There are two simple reasons
why the model may be inaccurate: if PDE activity does not
follow simple Michaelis—Menten kinetics, or if sGC activity
does not vary in an identical manner in the presence and
absence of PDE inhibition. The former suggestion is not
supported by the experimental data. First, the decline in
cGMP afier addition of Hb to EHNA-treated cells was well
described by the Michaelis—Menten equation (Fig. 4b). It
could be argued that at the lower levels of cellular cGMP
attained under control conditions, the PDE activity could be
lower than predicted, or it may change with time such that the
value of vy is initially high, but then falls to a lower level
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during the steady-state cGMP plateau. However, the rapid fall
in ¢cGMP taking place when Hb was added during the plateau
(Fig. 5b) indicates that PDE activity is (immeasurably) high.
It follows that in order to maintain a steady-state cGMP
concentration, sGC activity must remain equally high. This
line of reasoning points us towards the altenate hypothesis,
namely that the profile of sGC activity varies according to
whether PDE is active or inhibited. In other words, sGC may
not desensitize to the same degree under control conditions
as when EHNA is present. This scenario can be simulated by
increasing the minimum rate of cGMP synthesis to which sGC
desensitizes (the constant °c’, see Experimental procedures).
Such a situation provided a greatly improved fit to the
experimental data (solid line, Fig. 5a), the profile of sGC
activity generating the best fit being desensitization to a level
a little over 50% of the peak activity instead of by more than
90% in the presence of EHNA (Fig. 5¢).

Possible role of cGMP in sGC desensitization

The mechanism of sGC desensitization is not yet known.
One possible reason for a lower degree of desensitization
when PDE is not inhibited is that the cGMP concentration
governs the degree of sGC desensitization. A way of
examining this is to study the contrary property: recovery
from desensitization.

The principle of the experiment is to activate sGC with
DEA/NO for 2 min, and then deactivate sGC as usual with
Hb. At the point of deactivation, sGC will be desensitized,
and intracellular cGMP will be elevated. The concentration
of cGMP subsequently falls. At various periods following
deactivation, DEA/NO is reapplied at a concentration
sufficient to overwhelm the Hb quench and reactivate sGC.
The degree of recovery of sGC from desensitization (i.e.
resensitization) can be deduced from the initial rate of cGMP
accumulation after reapplication of DEA/NO.

This experiment is not feasible in striatal cells because the
PDE activity is much too high, but it can be carried out in
cerebellar cells where PDE activity is lower (Bellamy ef al.
2000). In these cells, exposure to 1 um DEA/NO led to cGMP
accumulating to a plateau after 2 min, as before (Fig. 6a).
Addition of Hb then triggered a decline in cGMP to basal
levels that was fitted well by the Michaelis—Menten equation
throughout the 10 min time course. Reapplication of
DEA/NO (100 pm) after various intervals caused ¢cGMP to
accumulate once more and the rate of accumulation increased
with increasing delays between sGC deactivation and reac-
tivation. Complete resensitization occurred 8 min after deac-
tivation (Fig. 6b), coincident with cGMP returning to basal
levels. Analysis of the mean initial rate of cGMP accumula-
tion 30 s after reactivation revealed that resensitization
occurred with a half-time of around 1.5 min (Fig. 6a, inset).

To investigate if the resensitization rate was simply
determined by the recovery time, or whether it was related
mechanistically to the decline in cGMP concentration, the
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Fig. 6 Recovery of sGC from desensitization is linked to cGMP levels
in cerebellar cells. (a) Cells were treated with 1 pm DEA/NO for 2 min
to evoke sGC desensitization (@), before addition of 10 um Hb (des-
cending arrow). The subsequent decline in cGMP (O) was fitted with
Michaelis-Menten kinetics (line). After various periods, DEA/NO was
re-applied (ascending arows) in a concentration (100 pm) producing
sufficient NO to overcome the capacity of the haemoglobin. Inset, rate
of recovery from desensitization expressed as mean rate 30 s after
addition of 100 yv DEA/NO against time (min) after haemoglobin
addition. (b) After 8 min following haemoglobin addition, cGMP has
returned to basal levels, and the profile of cellular cGMP accumulation
in response to 100 pm DEA/NO (O) Is indistinguishable from control
(®@). (c) Cells preincubated with PDE inhibitors (300 um sildenafil +
1 pm rolipram) retain elevated ¢cGMP levels (13.7 pmol/108 cells)
8 min after haemoglobin addition, and the cGMP response to maximal
DEA/NO (O) is decreased relative to control (H).

experiment was repeated in the presence of the appropriate
PDE inhibitors (300 pm sildenafil and 1 pM rolipram). As
expected, the decline in cGMP level following deactivation of
sGC was slowed, such that after 8 min cGMP now remained
elevated well above basal levels (13.7 £ 0.31 pmol/10° cells;
n = 3). A time course of cGMP accumulation obtained at
this point revealed that the rate and magnitude of the
response was markedly reduced compared to control

(Fig. 6c).

A role for (de)phosphorylation?
c¢GMP-dependent protein kinase (PKG) inhibits sGC activity
in bovine chromaffin cells apparently via activation of
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phosphatases (Ferrero et al. 2000) and changes in phospho-
rylation state are commonly utilized as a mechanism for
receptor desensitization, including for the related membrane-
bound guanylyl cyclases (Potter and Garbers 1994). Inhibition
of sGC desensitization would be manifest as an accumulation
of ¢cGMP that is more linear with time and that becomes
progressively larger than that observed in control cells.
However, when cerebellar cells were incubated with a
selective PKG inhibitor (KT5823), a broad-spectrum kinase
inhibitor (staurosporine) or a broad-spectrum phosphatase
inhibitor (calyculin A), the cGMP response to DEA/NO was
not significantly affected at any time point examined (0, 20 s,
40 s, 1 min, 1.5 min and 2 min). Values for the 2 min time
point, when any effect of increased sGC activity would have
been greatest, are given in Table 1. The absence of any effect
on cGMP accumulation could mask a balanced increase in
both sGC and PDE activity. To test the effects of the inhibitors
on PDE activity, Hb was added after 2 min stimulation with
DEA/NO and cGMP levels measured 3 min later. In control
cells, about 75% of the accumulated cGMP was hydrolysed
during this period (Table 1), in agreement with other data
(Fig. 6a). Calyculin or KT5823 had no effect on the residual
c¢GMP whereas staurosporine increased it, suggesting PDE
was inhibited to the extent that the proportion of cGMP
hydrolysed (40%) was about half that observed in control cells
(Table 1). This result is consistent with a recent report that the
activity of PDE 5, which is the major PDE in the cerebellar
cells (Bellamy and Garthwaite 2001b), is enhanced by
phosphorylation (Mullershausen et al. 2001).

Discussion

This investigation of NO-cGMP signalling in the striatum
has permitted the first analysis of the kinetics of this pathway
in neuronal cells. Whilst there were some similarities with

Table 1 Effect of kinase and phosphatase inhibition on NO-evoked
cGMP accumulation and PDE activity in cerebellar cell suspension

¢GMP remaining

cGMP 3 min after
Inhibitor (1 pm) accumulated haemoglobin
None 16.3 + 1.1 (16) 43+03 (7)
KT5823 16.2 + 0.8 (5) 4803 (2
Staurosporine 185+ 1.4 (9) 11.2+ 0.8 (6)*
Calyculin A 175 £1.1(7) 3503 (4)

The inhibitors were added 10 min before addition of 1 um DEA/NO.
After a further 2 min, either the ceils were inactivated and the accu-
mulation of cGMP measured, or else haemoglobin (10 um) was added
to remove free NO and the cGMP level determined 3 min afterwards.
Data are mean cGMP levels (pmol/mg protein) + SEM or 2SD. The
numbers of independent determinations are given in parentheses.
*p < 0.05 versus control (no inhibitor).

what had been observed previously in cerebellar cells, in
which astrocytes are the target for NO, the several differences
observed in the neurones are consistent with the idea that
cell-to-cell variations in the sGC-cGMP section of the
pathway can generate diverse outputs in response to a
common incoming NO signal.

The general location of NO-stimulated ¢cGMP in the
striatal slices was similar to that reported before (Markerink-
van Ittersum et al. 1997). The loss of the fibres on cell
dissociation resulted in a subpopulation of cGMP-responsive
cells, identified as neurones, being present in the cell
suspensions. These are presumed to be the same neurones
that were cGMP- and NeuN-positive in the intact slices.
Their exact identity remains unknown but for the present
purposes, given the restricted range of cell sizes, the similar
intensities of cGMP immunostaining, and the absence of
evidence for more than one PDE isoform at work, it is
reasonable to treat them as a single population.

The first notable difference compared with cerebellar
astrocytes is the PDE isoform that degrades the cGMP
generated in response to NO. In the astrocytes, the predom-
inant PDE is sensitive to sildenafil and zaprinast, suggesting
it to be PDE 5 (Bellamy and Garthwaite 2001b), whereas in
the striatal neurones, the effectiveness of EHNA indicated
that PDE 2 performed this role. An EHNA-sensitive isoform
also appears to participate importantly in cGMP hydrolysis in
hippocampal slices stimulated with NO (van Staveren et al.
2001). PDE 2 is a cGMP-stimulated enzyme capable of
hydrolysing both cGMP and cAMP. The affinities are similar
(10 and 30 pM, respectively), as are the maximal velocities
(Juilfs et al. 1999). In purified PDE 2 preparations, cGMP in
submicromolar concentrations stimulates cAMP hydrolysis
up to 50-fold suggesting that one function is to mediate
cross-talk between cGMP- and cAMP-regulated pathways
(Juilfs ef al. 1999).

As there remained appreciable PDE activity in the striatal
cells in the presence of a maximally effective EHNA
concentration, it is possible that another isoform also
participates. The pharmacological tests carried out sugges-
ted that PDE 1, 3, 4 and 5 are not significantly involved. Of
those that are left, PDE 6 is apparently confined to the
retina (Beavo 1995), PDE 7 and PDE 8 are selective for
cAMP (Sasaki et al. 2000; Soderling and Beavo 2000), and
PDE 11A appears to have little or no expression in the
CNS (Yuasa ef al. 2001). PDE 9A and 10A are found in the
brain (Fujishige ef al. 1999; Andreeva et al. 2001) and
can hydrolyse cGMP but the lack of selective inhibitors
makes their role difficult to evaluate. The residual PDE
activity in the presence of high EHNA concentrations
may alternatively be explained by the fact that the effect-
iveness of a competitive PDE inhibitor is inherently self-
limiting: the more the inhibition, the more the inhibitor
will be out-competed by the attendant build up of the cyclic
nucleotide.
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Another obvious difference between the cerebellar astro-
cytes and the target striatal neurones is the activity of the
PDE. Thus, in the former, maximal PDE inhibition has
relatively little effect on cGMP accumulation over the first
minute or so of sGC stim