
DYNAMICS OF NO-cGMP SIGNALLING IN BRAIN
TISSUE

Charmaine Helen Griffiths

Thesis submitted in fulfilment of the degree of Doctor of Philosophy, 

University College London (Wolfson Institute of Biomedical Research).



ProQuest Number: U642051

All rights reserved

INFORMATION TO ALL USERS  
The quality of this reproduction is dependent upon the quality of the copy submitted.

In the unlikely event that the author did not send a com plete manuscript 
and there are missing pages, th ese  will be noted. Also, if material had to be removed,

a note will indicate the deletion.

uest.

ProQuest U642051

Published by ProQuest LLC(2015). Copyright of the Dissertation is held by the Author.

All rights reserved.
This work is protected against unauthorized copying under Title 17, United States Code.

Microform Edition © ProQuest LLC.

ProQuest LLC 
789 East Eisenhower Parkway 

P.O. Box 1346 
Ann Arbor, Ml 48106-1346



ABSTRACT

Nitric oxide (NO) is established as a signalling molecule in the CNS. The kinetics 

of production and the mechanism of inactivation of NO have received surprisingly 

little attention despite their importance for determining the concentration and, 

consequently, the actions of this molecule. In this study, the activity of neuronal 

nitric oxide synthase (nNOS) and the inactivation of NO were investigated in 

various brain tissue preparations.

Activation of the glutamate-NO-cGMP pathway was monitored by 

measuring cGMP levels. In brain slices NOS activity was responsible for 

increased cGMP production following NMDA application, and in a model of 

ischaemia. The profile of cGMP during simulated ischaemia and reperfusion 

resembled closely that found in vivo and the changes were attenuated by inhibition 

of cellular proteins implicated in neurodegeneration, namely nNOS, NMDA 

receptors and voltage-gated Na  ̂channels. cGMP was also observed in the brain 

slice incubation medium, suggesting that this intracellular second messenger may 

also have extracellular functions. To quantify the NO produced during simulated 

reperfusion, nNOS activity and the accumulation of NO breakdown products were 

measured. However, NO production was not detected. Similarly, NMDA 

application evoked large cGMP increases in the absence of detectable NO. From 

these data it was estimated that less than 3 % of the cerebellar slice nNOS content 

became active during this stimulation.

The consumption of NO by brain tissue was then addressed. Using 

cerebellar cell suspensions and NO donors, two functionally distinct ‘NO sinks’ 

were observed. The first translated a constant rate of NO production into a 

rapidly-achieved steady-state NO concentration sufficiently low to engage 

physiological signalling events such as sGC activation, without causing 

potentially pathological effects such as respiratory chain inhibition. The second 

sink slowed the rise of NO concentration in the face of continuous NO production. 

Additionally NO inactivation in different perfused rat tissue homogenates varied 

with total haem content, implicating cellular haem in bioinactivation of NO. The 

interplay between the rates of NO synthesis and breakdown is likely to be a 

critical determinant of whether NO acts as a signalling molecule or a toxin.
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Nitric Oxide (NO) is an unusual signalling molecule that does not comply with all 

of the criteria that have been used to define classical neurotransmitters. For 

example, the excitatory amino acid, glutamate, meets the criteria defining a 

neurotransmitter; that it has defined biosynthetic pathways, cellular receptors, 

storage, release and termination mechanisms and that its effects can be mimicked 

by application of exogenous glutamate. NO does not conform with all of these 

parameters. Biosynthetic pathways and cellular receptors for NO have been 

identified, but like 0% and CO2 , NO can diffuse through cell membranes and thus 

cannot be stored in vesicles. Accordingly, the NO signal is not subject to control 

mechmisms that are used to regulate classical neurotransmitters, such as vesicular 

release and uptake. Indeed no clear means of terminating NO signals has yet been 

identified. Nonetheless, NO has been found to be a crucial messenger molecule in 

both the CNS and the vascular system, whilst also being a means by which 

macrophages kill tumour cells and bacteria. Here, the discovery of NO and 

general aspects of NO signalling in the CNS will be discussed. More detailed 

discussion of specific topics pertaining to each chapter will be discussed therein.

Discovery and identification of nitric oxide

Early studies of nitrite (NO2 ) metabolism revealed an imbalance between NO2 

intake and NO2 excretion in rats and humans (Green et al., 1981 a;Green et al, 

1981b). Even when dietary NO2 was restricted, surplus NO2 was excreted. The 

source of this discrepancy remained a mystery until a patient suffering from 

infectious diarrhoea was found to excrete extremely high levels of urinary NO2 . 

Subsequently, rats were injected with agents known to trigger inflammation and 

large increases in excreted NO2' were observed (Wagner et al, 1983). The source 

of NO2' was alluded to by the observation that mice with a macrophage deficiency 

excreted less NO2 than control animals (Stuehr & Marietta, 1985). When 

immuno stimulated, macrophages generated NO2 in large quantities, and the 

cytotoxicity of macrophages and generation of NO2' were both found to be 

arginine dependent and thus thought to be integrally related (Hibbs et al, 

1987;Hibbs, Jr. et al, 1987), however, the cytotoxic factor remained unidentified.
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In a seemingly disparate field of research the mechanism of blood vessel 

relaxation in response to neurotransmitters including acetylcholine (ACh) was 

under investigation. It was found that when the endothelial cells that line the 

inner surface of blood vessels were removed, the vessel no longer responded to 

ACh (Furchgott & Zawadzki, 1980). Thus in response to ACh, a diffusible 

endothelium-derived relaxing factor (EDRF) was generated that could permeate 

the smooth muscle and cause relaxation. EDRF mediated relaxation via the 

activation of soluble guanylate cyclase (sGC; EC 4.6.1.2) which produced an 

increase in guanosine 3',5'-cyclic monophosphate (cGMP). For many decades the 

compound nitro-glycerine has been used in medicine for its vasorelaxant 

properties. It was discovered that this compound, and other organic nitrates, were 

metabolised to NO and that this species was likely to be responsible for the 

relaxant properties of these compounds and stimulated the production of cGMP 

(Katsuki etal., 1977;Amold er «/., 1977).

In the CNS, the ability of glutamate to evoke large increases in cGMP 

concentration was known for many years (Ferrendelli et a i, 1974). These 

increases were particularly large in the cerebellum, where they were mostly 

mediated by a specific population of glutamate receptor (Garthwaite & Balazs, 

1981). In the cerebellum it became apparent that increases in cGMP did not occur 

in the cells that were stimulated by glutamate receptor agonists, but in other cell 

types (Garthwaite & Garthwaite, 1987). This led to the suggestion that the cGMP 

increases were mediated by a diffusible intercellular factor.

The active factor(s) produced by endothelial cells and in the CNS were 

unstable and thus proved difficult to isolate. Finally, EDRF was chemically 

identified in an elegant study using cultured endothelial cells, a vascular bioassay 

and a chemical method for the identification of NO, namely chemiluminescence. 

The EDRF released by endothelial cells in response to bradykinin evoked aortic 

vascular relaxation and shared similar reactivity to NO. EDRF and NO were 

indistinguishable in their actions, stability and chemical reactivity and thus the 

identity of EDRF was proposed to be NO (Palmer et aL, 1987).
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Subsequently, the factor released by cerebellar cells in response to 

glutamate receptor agonists was shown to act in a manner identical to EDRF in a 

vascular bioassay, had similar chemical properties and, like EDRF, was produced 

by a Ca^^-dependent process (Garthwaite et al, 1988). As with production of the 

macrophage toxic factor, increases in cGMP in brain tissue were also found to 

require arginine (Garthwaite et al, 1989a). Analysis of the cytotoxic component 

of activated macrophages confirmed that the active agent in their cytotoxicity was 

also NO (Hibbs, Jr. et a l, 1988). Thus, in all three situations the difihisible 

mediator was proposed to be NO. To appreciate the role of NO in tissue fimction, 

it is necessary to identify the source and sites of production. The search for the 

source of NO synthesis led to the discovery of the nitric oxide synthases (NOS;

EC 1.14.13.39).

A mechanism for NO generation: Nitric oxide synthases

The NOS family of enzymes catalyse the conversion of the amino acid, arginine, 

to citrulline and NO. The mechanism is still not fully elucidated, but it involves 

the transfer of electrons onto one of the guanidino nitrogens of arginine and it is 
known that N^-hydroxy-L-arginine is formed as an intermediate. Haem, 

tetrahydrobiopterin (BH4), calmodulin (CaM), (3-nicotinamide adenine 

dinucleotide 3 -phosphate (NADPH), flavin adenine dinucleotide (FAD) and 

flavin mononucleotide (FMN), are all required as cofactors (Stuehr, 1997). Three 

mammalian NOS iso forms, encoded by three distinct genes, have been purified 

and cloned. The classification of the NOS family, summarised in Table 1.1, is 

based on physical and biochemical characteristics, and prototypical locations. All 

of the NOS isoforms are homodimers composed of subunits of between 130 and 

160 kDa that contain binding motifs for NADPH, FAD and FMN at the carboxy 

terminus, which is known as the ‘reductase’ domain. The only other mammalian 

enzyme known to contain such motifs is cytochrome P450 reductase, to Wiich the 

carboxy half of NOS has 36 % identity and 58 % homology (Bredt et a l, 1991a). 

BH4 is required for NOS subunit interaction and binds to a consensus at the 

amino-terminal (the ‘oxygenase’ domain). This region also contains the haem 

binding site and potential phosphorylation sites. The reductase and oxygenase
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domains are linked by a CaM binding site which, when occupied, facilitates 

electron transfer from NADPH and the flavins to the haem group during NO 

production (Abu-Soud et a i, 1994).

Isoform Other
nomenclatures

Prototypical
localisation

Subcellular
localisation

2+C a' 
dependence

Size
(kDa)

nNOS
(neuronal)

Type I 
bNOS (brain) 

cNOS 
(constitutive)

Neurones Soluble/particulate 
in varying 

proportions

Yes 150-160

iNOS
(inducible)

Type 2 
Immunological 

MacNOS 
(macrophage)

Macrophages Mainly soluble No 130-135

eNOS
(endothelial)

Type 3 
cNOS 

(constitutive) 
EcNOS

Endothelial
Cells

>90 % particulate Yes 135

Table 1.1 Classification of Nitric Oxide Synthases

In the presence of NADPH, NOS can reduce the dye, nitre blue tétrazolium into a 

dark blue formazan product in formaldehyde-fixed tissue. This reaction is 

mediated by any NADPH diaphorase activity and thus is not enzyme specific, 

however, following fixation with paraformaldehyde only the activity associated 

with soluble NOS remains intact (Matsumoto et al., 1993). Staining achieved with 

this technique closely follows NOS distribution in most (Bredt et a l, 1991b), but 

not all (Kharazia et ah, 1994) brain regions. This useful indicator o f NOS has 

been used in conjunction with in situ hybridisation and immunohistochemistry to 

study the localisation of NOS within the CNS. Neuronal NOS has a distinct 

regional distribution in the CNS that is highly conserved amongst mammals. It 

does not co-locate with any single neurotransmitter, but is often localised in 

discrete neuronal populations (Vincent & Hope, 1992). Both of the constitutive 

NOS iso forms, nNOS and eNOS, are present in the ‘normal’ CNS. Endothelial 

NOS has been located in the vasculature and possibly in some neurones
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(Dinerman et a l, 1994;0'Dell et a l, 1994), although in situ hybridisation failed to 

substmitiate this finding (Demas et a l, 1999), but the majority of NOS in the 

brain is the neuronal isoform. Splice variants, known as nNOSa, p and y, have 

been identified; of these, nNOSa accounts for about 95 % of the total NOS 

activity observed in the CNS. The a  and p variants have similar activity in vitro, 

but nNOS y is not active. In nNOSa null transgenic mice, residual NOS activity 

in the cortex and striatum has been attributed to the p splice form, whilst none was 

found in the cerebellum, a brain region that contains the highest NOS activity in 

wild type animals (Eliasson et a l, 1997). The presence of iNOS, has only been 

detected in vivo and in vitro following neuronal insults or stimulation such as the 

application of bacterial endotoxins and inflammatory cytokines (Minc-Golomb et 

al, 1996;Dawson e/«/., 1994;Murphy e/o/., 1993).

The activities of eNOS and nNOS are coupled to the cytosolic Ca^  ̂

concentration via CaM binding. During the initial purification of constitutive 

NOS, the enzyme lost activity, which was only restored following addition of 

CaM (Bredt & Snyder, 1990). At resting cytoplasmic Ca^  ̂concentrations (<100 

nM), CaM is largely fi-ee of Ca^  ̂and does not bind to nNOS. In contrast, iNOS 

does have a CaM-binding site but, unlike the constitutive isoforms, binds CaM 

tightly even in the presence of low Ca^\ thereby rendering the enzyme 

permanently active. Biochemical investigations have shown that all NOS activity 

in ‘normal’ CNS is Ca^ '̂sensitive and thus attributable to the constitutive iso forms 

(Salter er a/., 1991).

Glutamate and NOS in the CNS

Synaptic activity evokes increased cytosolic free Ca^  ̂in nerve terminals. 

Particularly when the neurotransmitter is glutamate, and under conditions where 

glutamate activates N-methyl-D-aspartate (NMDA) receptors, there is also an 

enhanced Ca^^concentration postsynaptically. In the cerebellum, where the most 

of the major synapses are glutamatergic, application of glutamate receptor 

agonists has been shown to elevate NOS signalling (Bredt & Snyder, 

1989;Garthwaite et a l, 1988). The concentration of glutamate in the synaptic 

cleft is strictly maintained, as is necessary for glutamate to function as a biological
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signal. Curtis and Watkins first demonstrated an effect of exogenous glutamate 

on neurones and later suggested the effects of this amino acid were mediated by 

membrane bound receptors (Curtis et al., 1972). Glutamate has since been 

identified as the most likely neurotransmitter at excitatory synapses in the 

mammalian central nervous system (CNS), and acts on two broad classes of 

receptors: ionotropic glutamate receptors (iOluRs) which are ligand gated ion 

channels, and metabotropic glutamate receptors (mOluRs) that are G-protein 

coupled and thus linked to second messenger pathways. The iGluRs are 

categorised according to their selective activation by glutamate analogues: a- 

amino-3-hydroxy-5-methyl-4-isozolepropionate (AMPA), kainate and NMDA 

receptors. Glutamate concentration in the resting synapse is kept low (~50 nM; 

Strijbos et a l, 1996) by powerful transporters and diffusion, but vesicular release 

can transiently raise the synaptic concentration to levels (mM; Diamond & Jahr,

1997) sufficient for activation of AMPA and NMDA receptors. Activation of the 

NMDA receptor results in a transient influx of Ca^\ raising cytosolic Ca^  ̂ levels 

to those sufficient for the activation o f Ca^  ̂dependent enzymes, including 

calpains, phosphatases, kinases and nNOS.

N MD A
receptor

nNOS

CAPON

Figure 1.1 The NMDA receptor and nNOSa may be physically linked by a post-synaptic 

density protein (e.g. PSD 93, 95). This interaction may be regulated by competitive binding of 

CAPON to the nNOS PDZ domain.

Exciting recent developments have suggested that nNOS could be physically 

associated with the NMDA receptor. The major CNS isoform of NOS, nNOSa, 

possesses an amino-terminal PDZ domain (named after the discovery of this
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domain within the following proteins: PSD-95, Drosophila discs large protein and 

Zonal occludens protein 1). This domain binds postsyn^tic density (PSD) 

proteins such as PSD95 and PSD93 (Brenman et a l, 1996a;Brenman et al, 

1996b). The NMDA receptor NR2 subunit (and certain NRl splice forms) 

contains a carboxy-terminal tSXV motif (where S is serine, X is any amino acid, 

and V is valine) that can also interact with PSD95 (Komau et a l, 1995). Thus the 

postsynaptic proteins may act as linker proteins and directly connect the NMDA 

receptor to nNOS (Brenman et a l, 1996a). This would place the enzyme close to 

the Ca^  ̂influx during NMDA receptor activation. The NOS splice variants 

nNOS p and y both lack the PDZ domain and are thus presumed to exist free in 

the cytoplasm, although their distribution generally follows that of nNOSa. The 

coupling of the NMDA receptor and nNOS may be regulated by the recently 

identifled protein called ‘CAPON’ (from ‘carboxy-terminal PDZ ligand of 

nNOS’), which competes with for nNOS PDZ domains in vitro (Fig 1.1 ; Jaffrey et 
a l, 1998). Various other receptors and channel proteins contain the tSXV domain 

and could thus potentially be associated with nNOS.

The nitric oxide receptor: soluble guanylyl cyclase (sGC)

Once produced NO diffuses rapidly in three dimensions to elicit biological actions 
in neighbouring cells. It has been estimated that the number of synapses able to 

be influenced by a single NO source is 1-2 million (Wood & Garthwaite, 1994). 

Several mechanisms of action of NO in the CNS and other tissues have been 

proposed, but the only established target for NO is sGC.

Both soluble and particulate guanylyl cyclases have been identified; these 

enzymes convert guanosine-5’-triphosphate (GTP) into cGMP. The two forms of 

guanylyl cyclase differ not only in their subcellular localisation, but also in 

structure and activation mechanism. The particulate GC monomer is activated by 

the binding of peptide ligands such as atrial natriuretic peptide (ANP) to an 

extracellular domain (Schulz et a l, 1991). In contrast, cytoplasmic sGC is a 

haem-containing heterodimer that is stimulated by the binding of NO to the 

prosthetic haem group (Hobbs, 1997).
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sGC is composed of both a  and p subunits (rat subunits; ~80 and 73 kDa 

respectively). Several a  and p subunit isoforms (a 1-2, o2i and p i-2) and subunit 

splice variants have been identified and all but p2  have been identified in the 

CNS. The cyclase domain is located within the carboxy-terminus of each subunit 

and the amino-terminus of pi contains the haem-binding domain, without which 

sGC is rendered NO-insensitive (Wedel et al, 1994). One mole of haem is bound 

per mole of sGC and this binding requires, in the p-subunit, a histidine residue 

(His 105) and cysteine residues (Cys 78, Cys 214) (Friebe et a l, 1997). The Mg^  ̂

dependent activity of sGC is increased 100-200- fold by NO binding and the 

enzyme displays a high degree of selectivity for NO, since it is not activated by 

other redox forms of nitrogen monoxide (Dierks & Burstyn, 1996). NO rapidly 

forms a nitrosyl-haem complex with sGC which may induce a conformational 

change that reveals the catalytic site to GTP. The duration of sGC activation is 

likely to depend upon the rate of NO dissociation. Studies on the purified enzyme 

fi*om bovine lung indicate that NO dissociates only slowly, the half-time being at 

least 2 minutes (Kharitonov et a l, 1997). Such a slow dissociation rate is not 

compatible with the notion that NO functions as a dynamic signalling molecule. 

More recent investigations have determined that the rate of NO-sGC dissociation 
is faster than originally thought with reported values of the NO-sGC dissociation 

half-lives from 5 to 18 seconds (Bellamy et a l, 2000;Margulis & Sitaramayya, 

2000;Kharitonov e ta l, 1997).

sGC localisation in the CNS

In situ hybridisation studies indicate that the a l  and pi subunits of sGC are 

distributed unevenly in rat brain (Furuyama et a l, 1993). The pi subunit mRNA 

was found in most neuronal populations, but a l  had a more limited distribution 

(overlapping that of pi in some areas and not others), implying that alternative a 

subunits may bind pi to form different physiological iso forms of sGC in different 

brain regions. Active sGC in the rat brain has been mapped using cGMP 

immunocytochemistry following perfusion of animals with sodium nitroprusside, 

a NO-donating drug (Southam & Garthwaite, 1993). The results indicated that the
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distribution of sGC is complementary to that of NOS, supporting the hypothesis 

that sGC is the major physiological receptor for NO.

cGMP receptors

The product of sGC activation, cGMP has three identified cellular targets, (i) 

phosphodiesterases (PDE), (ii) cGMP stimulated protein kinases (PKG) and (iii) 

cyclic nucleotide gated (CNG) ion channels. The primary route of cGMP 

degradation is \ia PDE hydrolysis to guanosine monophosphate (GMP). These 

enzymes catalyse the hydrolysis of cGMP and cyclic AMP (cAMP) both of which 

have a variety of roles as second messenger molecules (Beavo, 1995). Genes 

encoding PDE have been grouped into subfamilies (Table 1.2) of which most 

contain splice variants that may show different tissue distribution or subcellular 

localisation (Fawcett et al, 2000;Mukai et a l, 1994;Beavo & Reifsnyder, 1990).

PDE
isoform

Nucleotide
preference

Comments

1 cGMP + cAMP Ca^^-CaM dependent

2 cAMP + cGMP cGMP stimulated

3 cAMP cGMP inhibited

4 cAMP Widely expressed in inflammatory cells

5 cGMP Involved in the male erectile response

6 cGMP Retinal rod photoreceptor PDE

7 cAMP Enriched in skeletal muscle and T-cells

8 cAMP Enriched in rat testis

9 cGMP Extremely high afi&nity for cGMP

10 cAMP + cGMP Enriched in the testis and striatum

11 cAMP + cGMP mRNA distributed in many organs

Table 1.2 Classification of PDE families

In addition to the varying substrate specificity of the PDEs, several of the 

families are additionally allosterically regulated by the nucleotides. For example, 

PDE3 is predominantly a cAMP PDE that can be inhibited in the presence of 

cGMP. In this manner the cGMP concentration can influence the cAMP
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breakdown, and thus affect cAMP signalling. In contrast, PDE2 is stimulated by 

cGMP binding, thus accelerating the hydrolysis of both cAMP and cGMP. It is 

likely that the role of PDE2 and PDE3 as cGMP receptors has implications for 

both nucleotide signalling pathways.

Cyclic GMP can also promote phosphorylation via activation of cGMP- 

dependent kinases (PKG). The first protein kinase selectively activated by cGMP 

was reported in lobster tail muscle extracts (Kuo & Greengard, 1970) and 

subsequently also observed in many tissues including the rat cerebellum (Wang & 

Robinson, 1997). There are two types of kinase, type I (PKG 1) of which there 

are two splice variants, PKG I a  and PKG I (3, and type 2 (PGK 2). Both PKG-1 

and PKG-2 are expressed in the CNS (El Husseini et a l, 1999). Known 

substrates of PKG include DARPP-32, G-substrate and the inositol 1,3,4- 

triphosphate (IP3) receptor, of which only the 23 kDa G-substrate is relatively 

specific for PKG over the cAMP activated kinase (PKA). Additionally, PKG is 

capable of autophosphorylation, which is reported to influence substrate 

selectivity and dissociation from the enzyme (Walter, 1989). Although the 

localisation and cellular targets of this kinase in vivo are not fully characterised, 

several studies have suggested that this signalling route may play an important 

role in several neuronal events. Manipulation of PKG activity has suggested that 

cGMP signalling via this pathway directly regulates Ca^  ̂current, neurotransmitter 

release and may be involved in LTP (Willmott et a i, 2000;Calabresi et ai, 
1999;Wang & Robinson, 1997).

Another route by which cGMP may influence cytosolic Ca^  ̂is via the 

third receptor group, CNG ion channels. These heteromeric proteins form Ca^  ̂

permeable ion channels that are directly activated by cAMP or cGMP binding. 

CNG channels were first identified in the visual and olfactory sensory systems, 

and have since been located at the mRNA level in a range of non-sensory tissues 

(Zagotta, 1996). Although the exact stoichiometry of the CNG channels is 

unknown, expression studies have indicated that the native channels are likely to 

be tetrameric complexes of a  and (3 subunits (Biel et a i, 1998). To date, four 

distinct iso forms of the a-subunit have been identified; (CNC)al-4, and two 

splice variants of the p-subunit, (CNC)pla and (CNC)plb (Bonigk et a i, 1999).
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Electrophysiological and molecular investigations have generated evidence 

that CNG channels are present and hmctional in the CNS. In situ hybridisation 

revealed that the at the mRNA level the olfactory subunit (CNC)a3 is expressed 

in the CNS (el Husseini et a l, 1995), but also concentrated in certain neuronal 

populations (Strijbos et a l, 1996). It is interesting to note that the distribution of 

(CNC)a3 is reported to have several similarities with the distribution of NOS 

(Bredt e ta l, 1990). The prototypical rod subunit (CNC)al has also been 

identified in rat hippocampal neurons (Kingston et a l, 1996). CNG channel 

subunits contain 6 transmembrane domains (SI-6) of which it is thought that S4 

confers voltage sensitivity and the loop between S5-6 constitutes the channel pore. 

The channels contain a cGMP binding domain of 130 amino acid residues at the 

C-terminus, which when occupied with cGMP, increases the probability of 

channel opening (Biel et a l, 1998). Activation of the CNG channels leads to an 

influx of Ca^  ̂that is associated with physiological consequences such as sensory 

adaptation, transmitter release and synaptic plasticity (Bradley et a l, 1997). It has 

been reported that CNG channels are modulated by binding of CaM and other 

Ca^  ̂binding proteins, which could provide a feedback mechanism to regulate 

Ca^  ̂entry (Zagotta, 1996). The activation of CNG channels provides a means for 

the translation of cGMP concentration into an intracellular Ca^  ̂concentration.

NO and CNS physiology

NO has now been implicated in many areas of CNS function and can alter 

neuronal activity through various mechanisms. Biochemical experiments have 

indicated that exogenously applied NO can influence neurotransmitter release 

(e.g. glutamate, G ABA, dopamine) but the physiological significance of these 

effects remains unclear (Wu & Dun, 1996). Inhibition of endogenous NOS 

gradually reduced neurotransmitter release, perhaps reflecting a basal NOS 

activity that may modulate classical neurotransmission (Kawaguchi et a l, 1995). 

Application of exogenous NO increased the rate of release of neurotransmitters 

(including dopamine and glutamate) and NO is also thought to play a role in 

synaptic plasticity; a process involved in learning and memory formation. The 

two major types of synaptic plasticity found at glutamatergic synapses are long
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term potentiation (LTP) and depression (LTD). LTP is a long-lasting increase 

(from hours to weeks) in the efficacy of synaptic transmission following brief, 

high-frequency synaptic activity whereas in contrast LTD is a long-lasting 

decrease (hours) in synaptic strength. The involvement of NO in LTP is 

controversial, probably as several types of LTP exist and the NO-dependent 

component may vary according to the stimuli used. Both eNOS and nNOS may 

contribute to NO-dependent LTP (O'Dell et a l, 1991) and the available evidence 

indicates that the main effector mechanism is the sGC-cGMP pathway (Boulton et 

al, 1995). Inhibition of NOS or sGC was found to block LTD formation in the 

striatum, indicating that these components play a role in synaptic plasticity 

(Calabresi et a l, 1999). The suggestion that NO has a role in memory formation 

implies that modulation of this pathway could influence learning behaviour 

(Abrams & Kandel, 1988).

NO has also been reported to regulate cellular respiration via direct 

interaction of NO with the terminal enzyme of the mitochondrial respiratory 

chain, cytochrome c oxidase (CcO). Recent studies have revealed that low NO 

concentrations reversibly inhibit mitochondrial respiration in competition with O2 

(Brown, 1999). Various NO concentrations (60-2000 nM; Koivisto et al., 

1997;Lizasoain et a l, 1996;Brown & Cooper, 1994) reversibly inhibited O2 

consumption in a range of subcellular preparations and cells although the 

physiological relevance of some of the higher NO concentrations used is dubious. 

The average O2 concentration in brain tissue is ~30 juM, at which physiologically 

achieved NO concentrations could potentially regulate respiration (Brown & 

Cooper, 1994). Inhibition of basal NOS activity increases O2 consumption in 

vitro (Clementi et a l, 1999) and in vivo (Shen et al, 2000), suggesting that basal 

levels of NO production may tonically regulate tissue O2 consumption.
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In addition to the established role of NO as a neurotransmitter, the toxic effects of 

high NO concentrations have been known since the discovery that activated 

macrophages generate NO as a cytotoxic agent. Here, evidence that NO has a role 

in CNS pathology is discussed.

NO and CNS pathophysiology

Persistent NO production can follow the induction of iNOS or the exposure of 

eNOS or nNOS to persistently elevated Ca^  ̂levels. Excessive NMDA receptor 

activation and the associated Ca^^influx is thought to contribute to several 

neurodegenerative diseases including cerebral ischaemia.

The most detailed evidence that NO plays a role in neurodegenerative 

diseases comes from studies on cerebral ischaemia, which is one of the most 

common causes of death and disability in the Western World and can be a 

consequence of events including stroke, perinatal asphyxia and head injury 

(Strijbos, 1998). Clinically and experimentally it can be classified into (i) 

global/forebrain ischaemia (e.g. cardiac arrest) or (ii) focal ischaemia (e.g. stroke) 

in both of which cerebral blood flow (CBF) is reduced. The decline in CBF 

renders the tissue ischaemic, and the duration and degree of the reduced CBF 

determine the severity of the subsequent damage. Not all brain regions are 

equally susceptible to global or focal ischaemia, which is likely to reflect 

différences in vascular supply and cellular responses to ischaemic insults 

(Garthwaite, 1996). Tissues recognised to be particularly vulnerable to focal 

ischaemia include the hippocampus, striatum and cerebral cortex. In focal 

ischaemia the tissue immediately surrounding the blocked artery receives little if 

any blood supply and dies very rapidly, this area is known as the ‘ischaemic core’. 

In tissue surrounding the artery, known as the ‘penumbra’, neighbouring intact 

vascular systems provide alternate sources of O2 and thus although the tissue is 

still underperfused it does not die immediately. The tissue within the penumbra 

undergoes a delayed neurodegeneration that may take days to occur, during which 

it may be possible to salvage tissue if neuroprotective measures are taken to block 

the series of events leading to cell death.
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During ischaemia, levels of extracellular glutamate increase as cellular 

control mechanisms fail (discussed in greater detail in section 3.1). Excessive 

NMDA receptor activation has been implicated in neurodegeneration. The link 

between NMDA receptors, NOS activity and the cytotoxic effects of high NO 

concentrations led to the formation of the hypothesis that NO may play a role in 

neuronal pathophysiology (ladecola, 1997). Recent advances in pharmacology 

and development of transgenic knockout mice specific for the different isoforms 

of NOS have facilitated greater understanding of the role of NO in cerebral 

ischaemia. Overall, it appears that NO produced by nNOS is likely to be 

deleterious during ischaemia, whereas eNOS activity is protective, possibly by 

affecting blood flow and the adhesion of platelets and white cells to cerebral blood 

vessel walls (Bolanos & Almeida, 1999). Later in the progression of infarct 

damage, iNOS-derived NO may contribute to additional tissue loss (ladecola et 

al, 1997).

NO may be involved in other neurodegenerative disorders. Mitochondrial 

damage and oxidative stress are implicated in a range of neurodegenerative 

disorders, and chronic production of NO has been suggested to play a role in the 

development of these diseases. NO can react with the superoxide anion (O2 ) to 

produce the highly reactive oxidising agent, peroxynitrite (ONOO ) (discussed in 

greater detail in section 5.1). The production of this species has been implicated 

in damage to many cell components including mitochondria, DNA, lipid and 

protein. Additionally, peroxynitrite can decompose to generate the highly reactive 

hydroxyl radical and nitrogen dioxide. Both peroxynitrite and NO can mediate 

cellular disruption by binding to and inhibiting haem and non-haem iron 

containing enzymes, including respiratory chain enzymes (Heales et a l, 1999). 

The possible physiological role of NO binding to CcO (complex IV) has been 

discussed previously (section 1.1). This ~ 200 kDa complex is composed of four 

redox active groups; two o-type haems {a and a3) and two copper atoms (Cug and 

Cufi/Cuai). The haem^i and Cug are bridged to form a binuclear complex to which 

O2 binds. CcO is responsible for -90 % of cellular O2 consumption during the one 

electron oxidation of cytochrome c and the concomitant reduction of O2 to H2O 

(Heales et a l, 1999).
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Figure 1.2 The mitochondrial respiratory chain (taken from Heales et al., 1999)

Following persistent exposure to NO in vitro, respiratory complexes I-III are 

irreversibly inhibited by peroxynitrite (Lizasoain et a l, 1996) and the recovery of 

complex I activity is reliant upon cellular redox state (Beltran et a i, 2000). In 

addition to any physiological significance that NO may have in respiratory 

control, any severe impairment o f respiration is likely to have pathological 

consequences.

In a model o f Parkinson’s disease (generated by treatment with the 

compound I -methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)), toxicity was 

prevented by nNOS inhibition and reduced in mice lacking nNOS (Przedborski et 

al, 1996). Damage was also reduced in animals with elevated levels of 

superoxide dismutase (SOD), implying that the mechanism of the toxicity in this 

model of Parkinson’s may involve the formation of peroxynitrite (Klivenyi et a l,

1998). NO may also play a pathological role in inflammatory disorders of the 

CNS such as multiple sclerosis, since it has been demonstrated that iNOS is 

present in demyelinating regions o f patients with this disease and there is evidence 

that the myelinating cells, oligodendroglia, are particularly sensitive to NO 

toxicity (Parkinson et a l, 1997).
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This study has focused on NO signalling in two brain regions (i) the cerebellum 

and (ii) the striatum. Here the possible sources, targets and effectors of NO signals 

in these two brain regions is discussed.

NO signalling in the cerebellum

The cerebellum is reported to have the highest NOS activity in the CNS in vitro 

and consequently has been used extensively to study NO signalling. For this 

reason the cerebellum was chosen to investigate the production of NO in intact 

brain slices. Here the NO signalling pathway within this brain region will be 

discussed.

The cerebellum is thought to function in the regulation and control of 

movement, integrating incoming information from numerous neuronal pathways 

and relaying information to the (i) brain stem nuclei and (ii) thalamic relay nuclei. 

Cerebellar anatomy is relatively simple and well characterised; the two main cell 

types are (i) Purkinje cells (large neurones with extensive dendrites) and (ii) 

granule cells (small numerous intemeurones). The neuronal cell types o f the 

cerebellum are listed (Table 1.3).

Cell Neuronal type Neurotransmitter

Purkinje Inhibitory projection neurone GABA

Granule Excitatory intemeurone Glutamate, NOS

Basket Inhibitory GABA, NOS

Stellate Inhibitory GABA (NOS ?)

Golgi Inhibitory GABA + glycine

Table 1.3 The neuronal cell types of the cerebellum

Cerebellar granule, basket and stellate cells have all been reported to contain 

NADPH-diaphorase activity (Vincent & Kimura, 1992), but more specific 

immunohistochemical studies have identified only the granule and basket cells to 

be nNOS-positive (de Vente et a l, 1998). Purkinje cells were completely devoid 

of nNOS staining by either method and also by single cell PCR (Crepel et a i.
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1994). In addition to nNOS localisation studies, granule cells have been 

demonstrated to be responsible for glutamate mediated increases in cGMP 

increases in the cerebellum (Garthwaite & Garthwaite, 1987) and contain most of 

the NMDA receptors in the cerebellum (Monaghan & Cotman, 1985). Together, 

these pieces of evidence suggest that the granule cells are the primary source of 

NO in the cerebellum.

Cerebellar elevations in cGMP content following NMDA application are 

the largest in the CNS, despite the relatively low levels of sGC, as the turnover 

rate of cGMP is low (Greenberg et a l, 1978). Immunohistochemistry using 

antibodies raised against purified enzyme indicated that sGC was restricted to 

Purkinje neurones (Ariano et a l, 1982). In situ hybridisation studies have 

detected sGC mRNA at high levels in the Purkinje cells, and to a lesser extent in 
stellate, basket, Golgi and granule cells, but the mRNA signal was completely 

absent from glial cells (Matsuoka et al, 1992). In contrast, biochemical 

investigations suggest that glia are enriched in sGC activity, and that stimulation 

of cultured glia and purified astrocytes with NO increases in cGMP production 

(Bunn e/a/., 1986).

Immunohistochemistry has revealed strong cGMP staining within the 

Bergmann glia and in the granule cells, glia and glomeruli (de Vente et al, 

1998;de Vente et al, 1990;de Vente et a l, 1989). A recent immunohistochemical 

study revealed that cGMP staining in an isolated cerebellar cell preparation was 

exclusively located in astrocytes (Bellamy et a l, 2000). Immunohistochemistry 

has demonstrated that PDE2a is present in the cerebellum and some, but not all, 

Purkinje cells contain the PDE5 iso form (Kotera et al., 2000), while PDElc 

mRNA was found to be concentrated in cerebellar granule cells (Yan et a l, 1996). 

The cerebellum, and in particular, Purkinje cells contain high levels of PKG-1, 

which are also enriched in the best known substrate for this enzyme, G-sub strate 

(Detre et a l, 1984). A paradoxical observation in the Purkinje cells is that 

although apparently rich in sGC, they are devoid of cGMP when stimulated with 

NO (de Vente et al, 1998). One possible explanation for this observation is that 

the cGMP produced in these cells is extruded.
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NO signalling in the striatum

The striatum is one of the most vulnerable regions to energy compromise in the 

brain, and is an area known to be affected following ischaemic injury. Studies 

using cultured striatal neurones have revealed that NO generation following 

stimulation of NMDA receptors can lead to delayed neuronal death (Strijbos et 

al, 1996). This brain region was used to study the glutamate-NO-cGMP pathway 

in an in vitro model of ischaemia. Here, the localisation of the components of this 

signalling pathway in the striatum is discussed.

The striatum forms part of the basal ganglia, with impaired metabolism 

and function of neurotransmitters in this region being at least partially responsible 

for two devastating forms of dyskenisia; Parkinson’s and Huntingdon’s disease. 

Natural degeneration of the striatum in conjunction with experiments in vivo, have 

yielded many clues to striatal function. The striatum is associated with cognition, 

motor skills, reward and sensory input, and is thus thought to play a general role 

in memory formation and movement. This brain region acts as an integrative 

centre, receiving excitatory inputs from the cortex and thalamus and inhibitory 

inputs from the substantia nigra and globus pallidus (Kawaguchi, 1997). The 

striatum summates the inputs and via interaction with related brain regions 

eventually feeds forward to the cortex. The basic connections of the cerebral 

cortex, striatum and thalamus are summarised in Figure 1.3. It is likely that the 

striatum is much more than a motor control centre, which has dominated 

functional theories of the past. New evidence that the striatum is connected to 

sensory, memory and motor functions suggests that it is a general domain of 

integrative operations that remain to be fully characterised. Cytologically, the 

striatum appears to be relatively homogenous, but histochemical studies have 

demonstrated that the cell population is highly organised containing specialised 

multicellular structures. Staining of neostriatal sections for acetylcholine esterase 

(AChE) revealed that it had a ‘patchy’ appearance. The patches are islands 

(‘striasomes’) of low staining neurones in a ‘matrix’ of AChE staining cells that 

form 85 % of the total cell volume. Further investigation revealed a mosaic of 

distinctly organised neuronal connections and sharp contrasts in neurotransmitter 

and receptor distribution.
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Figure 1.3 A summary of the connections to and from the striatum in humans.

The pale blue compartment encapsulating the striatum represents the basal ganglia. The striatum 

receives input from the cerebral cortex, thalamus and the external segment of the globus pallidus 

(GPe) and projects to the substantia nigra pars compacta (SNpc), the internal segment of the 

globus pallidus (GPi; the entopeduncular nucleus in rodents), GPe, and the substantia nigra pars 

reticulata (SNpr). (Modified from Kawaguchi, 1997).

Striatal neurones are classified morphologically into two main categories, those 

with (i) spiny or (ii) smooth dendrites, the subtypes of which are listed in the table 

below (Kawaguchi et al., 1995). Spiny projection neurones constitute >90 % of 

the total cell population and receive most o f the neuronal inputs to the striatum 

and project nearly all o f the outputs. Neuronal NOS is restricted to a discrete 

subpopulation of medium aspiny interneurones which innervate many neurones 

via extensive processes and constitute - 1 - 2  % of the striatal cell population in vivo 

(Kharazia el a i, 1994). It is generally recognised that nNOS co-localises with 

somatostatin, neuropeptide Y and GABA, although certain cells lacking one or 

more of these transmitters have been identified and thus caution in using these 

neurotransmitters as interchangeable markers must be taken (Figueredo-Cardenas 

et a l, 1996). The nNOS containing interneurones are unique amongst striatal 

neurones as (i) they contain the highest number of neurotransmitter types (ii) have 

distinct electrophysiological properties and (iii) have I mm long axons, thus have
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the largest sphere o f influence amongst neighbouring cells. These unique 

characteristics indicate a specialised role in striatal function.

Cell type

Spiny

neurones

Aspiny

Neurones

Main

Type

Neurotransmitter

Phenotype

CeU 

Diameter (pm)

Projection

neurones

Cell
Proportion

90-95%

~1 %
3-5 %

1-2 %

• GABA, substance P Medium (10-20)

• GABA, enkephalin Medium ( 10-20)

• ACh positive Large (20-50)

Intemeurones • GABA, parvalbumin Medium (10-35)

• GABA, somatostatin. Medium (10-35)

NOS and neuropeptide Y

Table 1.4 The neuronal subtypes of the striatum

The nNOS positive aspiny neurones receive excitatory inputs from the cortex and 

are found to encode mRNA for the ionotropic glutamate receptor, NRl (Price, Jr. 

et al., 1993) are immunoreactive for the subunits NRl and gluR5-7 (Chen et a i,

1996). The coupling o f the NMDA receptor and NOS activity has been 

demonstrated in the adult striatum, where cGMP levels were elevated by NMDA 

(but not AM PA or kainate), a response that could be prevented by NOS inhibition 

{East et al., 1996).

Biochemical studies have revealed that the striatum has the highest sGC 

activity o f the entire CNS (Greenberg et a l, 1978). Immunohistochemical studies 

have revealed the presence of high levels of sGC in spiny neurones (Ariano, 

1983;Ariano et a i, 1982). That the projection neurones are enriched in sGC 

suggests that these cells are primary targets for NO produced by the aspiny 

intemeurones. In situ hybridisation revealed that the mRNA for sGC is found in 

all parts of the striatum (Matsuoka et a l, 1992). Additionally, 

immunohistochemical evidence has suggested that both sGC is located post 

synaptically in the striatum (Ariano & Matus, 1981). As with sGC, PDE activity 

in the striatum is the highest o f the whole CNS (Greenberg et a i, 1978). 

Investigations have shown that mRNA for splice variants of the PDE iso forms 

PDEl (Polli & Kincaid, 1994), PDE2 (Repaske et a l, 1993), PDE3 (Reinhardt & 

Bondy, 1996), PDE4 (Cherry & Davis, 1999) and PDE 10 (Fujishige et a l, 1999) 

are all present in the striatum. Striatal spiny neurones that contain sGC also
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contain high levels of CaM-dependent PDEs (3-17 fold higher PDE IB levels than 

other brain areas) and biochemical evidence has suggested that most of the striatal 

cGMP PDE activity is Câ  ̂dependent, and thus attributable to the PDEl iso form 

(Greenberg a/., 1978).

General aims of the study

The glutamate-NO-cGMP pathway has been studied intensively but surprisingly 

little is known about the duration and amplitude of NO signals in physiology and 

pathophysiology of the CNS. Without more extensive knowledge of endogenous 

NO signal kinetics in tissue, it is possible that investigations using exogenous NO 

for the study of NO signalling may unwittingly engage pathological pathways. 

Although many factors will influence cellular vulnerability to NO, it is likely that 

persistently high NO concentrations mediate toxicity. However, less vague 

descriptions of physiological and pathophysiological NO concentrations are vital. 

The rate of NO production and inactivation determine the NO concentration in 

any system, but the half-life of NO will also determine its spatial range and 

temporal extent of its actions (Wood & Garthwaite, 1994). More accurate 

estimates of the reach of an NO signal will hopefully clarify the potential actions 

of this unusual signalling molecule in vivo.
In the following chapters, the dynamics of glutamate-NO-cGMP 

signalling in the CNS will be studied using both physiological and 

pathophysiological paradigms.
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Chapter 2: MATERIALS AND METHODS
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2.1 MATERIALS

Compound Abbreviation Source

a-Amino-3 -hydroxy-5 -methylisoxazole-4- 

propionic acid

AMPA Sigma

L-arginine arginine Sigma

Adenosine 5'-triphosphate ATP Sigma

Ascorbate oxidase - Sigma
Biliverdin - Sigma

Bilirubin - Sigma

Bovine serum albumin (fiaction V) BSA Sigma

Calmodulin CaM Sigma

CGS-159473 - Tocris

Guanosine 3',5'-cyclic monophosphate cGMP Sigma

L-citrulline citrulline Sigma

D(-)-2-Amino-5 -phosphonopentanoic acid D-AP5 Sigma

Diethylamine NONOate DEA/NO Calbiochem

2,2' -(Hydroxynitrosohydrazono)b is-ethanimine 

NONOate

DETA/NO Calbiochem

Dimethyl sulfoxide DMSO Sigma

Dithiothreitol DTT Sigma

Dizocilpine maleate MK-801 Tocris
Deoxyribonuclease DNase Sigma

Dulbeccos minimal essential medium DMEM Life Technologies

Ethylenediaminetetraacetic acid EDTA Sigma

Ethylene glycol-bis(p-aminoethyl ether)-N,N,N',N'- 

tetraacetic acid

EGTA Sigma

Ethylacetate EtAc BDH

Flavin adenine dinucleotide FAD Sigma

Flavin mononucleotide FMN Sigma

Foetal calf serum FCS Life Technologies
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Glutathione GSH Sigma

Hemoglobin Mb Sigma

3 -Isobutyl-1 -methykanthine IBMX Sigma

L-nitroarginine L-NA Tocris

P-Nicotinamide adenine dinucleotide 3'-phosphate NADPH Sigma

N-Methyl-D-aspartic acid NMDA Sigma

2,3-Dioxo-6-nitro-l,2,3,4-

tetrahydrobenzo[f]quinoxaline-7-sulphonamide

NBQX Tocris

Nitrate reductase - Sigma

Sodium hydroxide NaOH BDH

Sodium nitrite NaNOi BDH

Sodium nitrate NaNO] BDH

1H-[1,2,4] Oxadiazolo[4,3-a]quinoxalin-l-one ODQ Tocris

Penicillin - Life Technologies

Phosphate buffered saline PBS Sigma

Potassium cyanide KCN Sigma
Proteinase K pK Sigma

Disodium 1 - [2-(Carboxylato)pyrrolidin-1 - 

yljdiazen- 1 -ium 1 ,2 -diolate
PROLI/NO Calbiochem

Ro 20-1724 - Tocris

Rolipram - Tocris
Sidenafil - WIBR

Sodium dodecyl sulphate SDS Sigma

Superoxide dismutase SOD Sigma

Sodium nitroprusside SNP Sigma

Streptomycin - Life Technologies

T etrahydrobiopterin BH4 Sigma

Tetrodotoxin TTX Latoxan

Tris(hydroxymethyl)aminomethane Tris Sigma
Tryspin - Sigma

Soybean Trypsin inhibitor - Sigma
Zaprinast - Tocris

Zinc protoporphyrin ZnPIX Sigma
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All standard reagents were obtained from Sigma unless stated otherwise.

Key

BDH:

Calbiochem:

Latoxan:

Life Technologies: 

Sigma:

WIBR:

Tocris:

BDH/Merck, Poole, Dorset, UK.

Calbiochem, CN Biosciences UK Nottingham, UK. 

Latoxan Laboratories, Rosans, France.

Life Technologies Ltd (GIBCO-BRL), Paisley, UK. 

Sigma-Aldrich Company Ltd, Poole, Dorset, UK 

Supplied by the chemistry division at the Wolfson Institute 

for Biomedical Research, UCL, London, UK 

Tocris Cookson Ltd., Avonmouth, Bristol, UK
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2.2 GENERAL SOLUTIONS 
NO donors

All NO donor stocks were made freshly in 10 mM NaOH and kept on ice to avoid 

decomposition of the donor before the experiment. No more than 100 pM NaOH 

was added to any experiment to avoid any pH alterations of the buffers used.

Donor Structure Half-life

PROLl/NO N H
0 % «WH

ONs

1.8 seconds

DEA/NO
, 0Na* 0- 2.1 minutes

DETA/NO
T

20 hours

Artificial cerebral spinal fluid (aCSF)

aCSF was made of the following composition in (mM): NaCl(120), KCl (2),

CaCb (2), NaHCO] (26), MgS0 4  (1.19) and glucose (11), then continuously 

gassed with 95 % O2 and 5 % CO2 at pH 7.4 (Southam & Garthwaite, 1991).

Tissue inactivation buffer

50 mM Tris, 4 mM EDTA at pH 7.4. (This was heated to 90°C prior to tissue 

addition).

Hb preparation

Ferrous Hb was prepared by incubation of 1 mM Hb (type 1) with 10 mM sodium 

dithionate for 4 hours at room temperature. To remove the reducing agent, 10 ml 

of the Hb/sodium dithionite solution was dialysed in 1 litre of water at 4°C 

overnight (replacing with fresh water after 1 hour). The 1 mM Hb solution was 

then stored at -20°C until use.
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2.3 GENERAL METHODS 
Tissue inactivation

Slices or cells were inactivated by immersion in an eppendorf tube containing 200 

pi tissue inactivation buffer pre-heated to 90°C for 3-5 minutes. The inactivated 

tissue was then homogenised by sonication and frozen at -20°C until use.

Protein determination

The protein content of samples was determined using a bicinchoninic acid 

method. Briefly, 10 pi of samples or BSA standards (0-1.0 mg/ml; prepared in 

inactivation buffer) was added to 200 pi of bicinchoninic acid reagent (Pierce, 

UK). The samples were incubated in a 96-well dish for 30 minutes at 37°C and 

then the absorbance at 642 nm determined. The absorbance over the range 0-1.0 

mg/ml was linear and from which the unknown protein content of the samples 

was calculated.

cGMP radioimmunoassay

Inactivated slices were homogenised by sonication, a sample was taken for protein 

determination and the remainder was centrifuged at 10,000g for 5 minutes at 4°C 

to remove tissue debris. The supernatant was then analysed for cGMP content 

using a cGMP radioimmunoassay (Amersham, UK.) and expressed as pmol 

cGMP/mg protein.

Statistical analysis

Where statistics are used, data are presented as means ± S.E.M., each 

determination (n) being on an individually prepared and treated sample. Statistical 

comparisons used a Students f-test.
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Chapter 3: THE GLUTAMATE-NO-cGMP PATHWAY IN AN 

IN VITRO MODEL OF ISCHAEMIA
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3.1 INTRODUCTION 

Glutamate as a neurotoxin

Glutamate is now well characterised as the major excitatory neurotransmitter in 

the CNS, but one of the earliest experiments using this amino acid demonstrated 

that glutamate application was toxic to neurones of the mouse retina (Lucas & 

Newhouse, 1957). Subsequently, both glutamate and its analogues were 

demonstrated to have neurotoxic effects, and a correlation between the potency of 

excitatory and neurotoxic actions was observed (Olney et a l, 1971). This implied 

that these two actions were related and, consequently, the damaging effect of 

exposure to excitatory amino acids was termed excitotoxicity. The molecule 

responsible for the majority of physiological excitatory neurotransmission in the 

brain can therefore also act as a neurotoxin (Meldrum & Garthwaite, 1990).

The CNS is well equipped to control increases in extracellular glutamate 

concentration. Powerful transporters located on both neurones and glia take up 

glutamate from the extracellular space. Five mammalian excitatory amino acid 

transporters (EAAT) have been cloned, as detailed in table 3.1. The most 

widespread of these proteins are the neuronal EAAT3 and the glial EAAT2 (Rossi 

et a l, 2000;Gegelashvili & Schousboe, 1998).

Prototypical
localisation

Nomenclature(s) Cell types

Glial EAATl (GLAST) Glia

EAAT2 (GLT-1) Astrocytes

Neuronal EAAT3 (EAACl) Neurones

EAAT4 Purkinje cells

EAAT5 Retinal photoreceptor cells

Table 3.1 Classification of the glutamate transporter family (Rossi et a l ,  2000)

The rapid termination of the glutamate signal is imperative for the 

effective transmission of information and to prevent toxicity. Transporters and 

diffusion ensure that a low ambient glutamate concentration can be achieved 

within milliseconds (Bergles et al, 1999). For glutamate levels in the synapse to 

achieve toxic concentrations, either release must be increased or uptake impaired.
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EAATs transport glutamate against a steep concentration gradient using the co

transport o f ions to drive the process. The stoichiometry of the co-transport 

reveals that an overall net positive charge is transported with every glutamate; Fig 

3.1 (Levy et a i, 1998).

3Na"
Glutamate'out

m

Figure 3.1 Glutamate uptake by the glutamate transporter

The maintenance of the ionic gradients used by the EAAT is dependent upon the 

function o f ATP-dependent ion pumps, such as the Na'^/K^ ATPase. In 

circumstances where ATP levels are depleted and these pumps are compromised, 

the glutamate transporters may fail.

Metabolic chaos and glutamate release during ischaemia

When CBF is halted, the tissue concentration of O2 falls rapidly. In the absence of 

O2, aerobic respiration ceases and ATP supplies within the affected tissue become 

exhausted. Processes dependent upon this molecule, including the NaVK^

ATPase then cease to function causing the ionic gradients usually maintained 

across the membrane to disperse to equilibrium; this event is termed ‘anoxic 

depolarisation’ (Szatkowski & Attwell, 1994).

During this metabolic chaos, extracellular glutamate accumulates to high 

levels (-lOO’s pM; Obrenovitch et a l, 1993;Benveniste et a i, 1984) that have 

been shown to trigger neurodegeneration (Garthwaite et a i, 1992;Dawson et ai, 

1991). The release of glutamate has been detected following ischaemia in both in 

vivo (Obrenovitch et a l, 1993;Katayama et a l, 1991 ;Benveniste et a l, 1984) and 

in vitro (Roettger & Lipton, 1996;Mitani et a l, 1991) and also in in vitro models 

of excitotoxicity (Strijbos et al., 1996). The mechanism of glutamate release 

during ischaemia has been the topic of much controversy, with hypotheses
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including (i) Ca^^-dependent vesicular release, (ii) release via swelling-activated 

ion channels and (iii) reversal of glutamate transporters. The direction of 

glutamate transport by the EAATs is governed by Na^, and glutamate 

gradients, and if these ionic gradients are reversed during ischaemia the 

transporters may pump glutamate out of the cell, increasing in extracellular 

glutamate concentration. Studies using non-transported glutamate analogues have 

indicated that >50 % of the glutamate released during ischaemia is a consequence 

of transporter reversal (Rossi et a l, 2000;Jabaudon et a l, 2000;Roettger & 

Lipton, 1996), whilst only a small proportion is attributable to Ca^  ̂-dependent 

vesicular release (Wahl et a l, 1994;Katayama et a l, 1991). Inhibiting expression 

of the glial glutamate transporters EAATl and EAAT2 in rats caused an elevation 

in extracellular glutamate and produced neurodegeneration characteristic of 

excitotoxicity (Rothstein et a l, 1996). In the same study, inhibition of the 

neuronal transporter EAATS did not cause an elevation in extracellular glutamate, 

and only produced mild neurotoxicity. This suggested that the glial glutamate 

transporters are pivotal in the maintenance of low extracellular glutamate and 

prevention of excitotoxicity.

The mechanism of glutamate induced neurodegeneration

Despite intensive research on ischaemic brain damage in vivo and glutamate 

induced neurodegeneration in vitro, the mechanisms underlying glutamate 

induced delayed neuronal death are not fully resolved. Toxicity following 

glutamate exposure is either acute or delayed, depending on the duration and 

concentration of glutamate and the receptor profile of the tissue.

During persistent glutamate application, cells expressing glutamate 

receptors die within hours and can be prevented by NMDA receptor blockade 

(Garthwaite et a l, 1992). If the exposure to glutamate is brief, the initial 

activation of the NMDA receptors is not itself toxic, but triggers a self- 

perpetuating cycle that leads to delayed cell death that may take days to complete 

(Strijbos et a l, 1996;Dawson et al, 1991). The delayed nature of this toxicity 

resembles the time course of the pathology of ischaemic neurodegeneration. The 

use of selective receptor antagonists has demonstrated that glutamate
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excitotoxicity is at least in part responsible for the neurodegeneration of brain 

tissues in certain conditions, including cerebral ischaemia. Using in vivo stroke 

models, NMDA antagonists, and to a lesser degree AMPA antagonists, are 

neuroprotective (Kaku et a l, 1993;Fujisawa et al., 1993). Other glutamate 

receptors may play a role in the development of delayed neurodegeneration but 

the lesser protection afforded by inhibition of these receptors implies that the 

ionotropic glutamate receptors, notably the NMDA receptor, are considered to be 

the primary effectors of excitotoxicity. A key consequence of persistent NMDA 

receptor activation is an influx of excess Ca^  ̂that can trigger events including 

protease, calpain and lipase activation, free radical generation and depletion of 

energy reserves via the activation of the Ca^^-ATPase (Choi, 1988).

Transient NMDA stimulation of cultured striatal neurones triggers 

neurodegeneration that reaches a maximum after ~16 hours (Strijbos et al, 1996). 

During this gradual cell death, a persistent increase in the extracellular glutamate 

concentration is observed for ~ 8  hours following NMDA application (from 0 to 

~3 jLiM). This increase was inhibited by the application of the voltage-gated Na  ̂

channel inhibitor, tetrodotoxin (TTX) or MK-801 and, consequently, both the 

NMDA receptor and voltage-gated Na  ̂channel are thought to be involved in 

glutamate release. The voltage-gated Na  ̂channel is responsible for generating 

action potentials in excitable cells but has received increasing attention as the 

focus of a neuroprotective strategy (Taylor & Meldrum, 1995). Inhibitors of the 

Na  ̂channel such as the anticonvulsant, lamotrigine, have also been shown to 

confer neuroprotection in models of focal (Lucas & Newhouse, 1957) and global 

ischaemia (Wiard et a l, 1995). Na  ̂channel blockade confers neuroprotection 

following simulated ischaemia in neocortical cultures (Probert et a l, 1997) and 

hippocampal slices (Weber & Taylor, 1994), and also against excitotoxicity in 

striatal cultures (Strijbos et a l, 1996). Inhibition of this channel may limit Na  ̂

influx and consequently the reversal of the glutamate transporter, thus reducing 

depletion of ATP by the Na^/K^ ATPase as the tissue struggles to maintain 

physiological equilibrium of these ions. Indeed, Na  ̂channel inhibition attenuates 

glutamate release following ischaemia (Probert et a l, 1997;Meldrum et a l, 1992).
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Excess amounts of NO are known to be cytotoxic and so the participation 

of NO in excitotoxic cell death in pathological events, including cerebral 

ischaemia, has been extensively investigated. The NOS inhibitor, nitroarginine 

(L-NA) was first demonstrated to be neuroprotective in focal cerebral ischaemia at 

concentrations shown to inhibit nNOS but not affect CBF in mice (Nowicki et a l, 

1991). NOS inhibitors have since been shown to prevent delayed 

neurodegeneration in some in vivo stroke models (Escott et a l, 1998;Margaill et 

a l,  1997;0'Neill et a l, 1996;Nagafiiji et a l, 1992) but not in others (Charriaut- 

Marlangue gf a/., 1996;Dawson e/a/., 1992). The confusion regarding the actions 

of NO is at least partly due to the absence of selective NOS inhibitors. The 

various sources of NO in the CNS; eNOS, nNOS and iNOS, are unlikely to 

contribute equally during ischaemia. This issue has been addressed using 

transgenic mice lacking each NOS isoform. Transgenic mice deficient in nNOS 

are more resistant to neuronal damage following focal ischaemia (Huang et a l, 

1994) and excessive glutamate receptor activation in vitro (Dawson et a l,  1996), 

implicating nNOS-derived NO in excitotoxicity. Inhibition of eNOS in nNOS 
deficient mice increases damage following focal ischaemia, possibly a reflection 

of the critical role of eNOS in maintenance of CBF (Huang et a l, 1994). 

Transgenic mice deficient in iNOS were less susceptible to ischaemic damage 

after 96 hours, at which time iNOS was expressed in wild type animals (ladecola 

et a l,  1997). NO appears to have many possible roles in post-ischaemic events, 

which will only become more defined with the advent of more selective NOS 

inhibitors and further investigation using NOS-deficient transgenic animals.

Thus, NOS may be a viable therapeutic target for the treatment of conditions 

associated with glutamate toxicity.

In vitro, NMDA excitotoxicity is attenuated by NOS inhibition (Strijbos et 

a l, 1996;Dawson et a l,  1993;Izumi et a l, 1992), implicating NO in NMDA 

receptor mediated glutamate toxicity. One hypothesis for the sequential 

organisation of these components in the excitotoxic cascade in vitro is shown 

below (Fig 3.2).
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Figure 3.2 The vicious cycle: prqjagation of glutamate release and NO mediated effects.

The NMDA receptor and the Na^ channel may operate interdependently to 

trigger further glutamate release. This persistent activation of the NMDA receptor 

leads to enduring production of the effector molecule, NO. The mechanism by 

which NO leads to cell death is not fully elucidated, but could include effects of 

NO including inhibition of respiration, production of peroxynitrite and DNA 

damage. Transfection o f striatal neurones with vectors expressing the enzyme 

superoxide dismutase (SOD) attenuated glutamate excitotoxicity, suggesting that 

O2 , either directly, or via reaction with NO to generate peroxynitrite, mediates 

toxicity (Barkats et a i, 1996). Neuronal death may take days to progress and 

irreversible neuronal damage may take hours to occur, during which it may be 

possible to prevent neurodegeneration. The hypothesis that excitotoxicity is an 

important cause of neuronal death raises several possibilities for therapeutic 

intervention at different levels of the cascade.

Aims of the study

As has previously been mentioned, the striatum is a brain area highly vulnerable 

to ischaemic damage. For this reason this structure was chosen to study the NOS- 

sGC pathway during simulated ischaemia and reperfusion. The striatum is 

regularly used in in vivo studies of ischaemia, and primary striatal cultures have 

been used for in vitro studies of excitotoxicity (Strijbos et a l, 1996). In this study 

an in vitro striatal slice model of ischaemia has been established. The striatal slice 

retains at least some of the neural connectivity present in vivo and so offers a more

45



authentic model of brain tissue than dispersed primary cultures. Investigations 

using in vivo systems have revealed that NO production in the CNS is altered 

during ischaemia and/or reperfusion (Fujisaki et a l, 1999;Wei et al, 

1999;Eliasson 1999;Lei er a/., 1999;Kader e/a/., 1993). The glutamate- 

NO-cGMP pathway in the striatal slice was monitored indirectly by determination 

of the levels of the second messenger, cGMP, during simulated ischaemia and 

reperfusion. Well characterised pharmacological tools were employed to further 

investigate if the cellular components found to be involved in excitotoxicity in 

vivo (NOS, NMDA receptors and voltage-gated Na  ̂channels) also played a role 

in a striatal model of ischaemia.
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3.2 METHODS
Striatal slice preparation

Striatal slices were prepared from the developing (14d postnatal) Wistar rat. 

Animals were decapitated, the brain quickly removed and then approximately 5.0 

mm beyond the olfactory bulb, a coronal incision was made. From the point of 

this incision coronal slices (400 pm) containing striatal tissue were cut in aCSF at 

10°C using a Vibratome (Campden Instruments Ltd, UK.). The first slice was 

discarded and the merging of the corpus callosum between the two hemispheres 

was used as a ‘marker’. Three coronal slices, (containing two striatal slices each), 

were taken from each animal and the striatum dissected using a microknife along 

the red line shown in Figure 3.3.

Figure 3.3 Dissection of striatal slices. A coronal slice o f immature rat brain with the area 

microdissected tor the preparation of striatal slices encompassed with a red line.

Striatal slices were then randomised and paired. After dissection slices were 

incubated for at least 60 minutes in aCSF at 37°C gassing with 95 % O2, 5 % CO2 

at a concentration of 4 slices per 20 mis and shaking (with an amplitude of 7 cm 

and frequency of 2 Hz). Unless stated otherwise slices were preincubated in aCSF 

containing 1 mM isobutylmethylxathine (IBMX) and 100 pM arginine for 10 

minutes prior to and throughout the experiments.
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cGMP levels in the unstimulated striatal slice

For the investigation of PDE activity in the intact tissue, striatal slices were 

incubated in aCSF containing 100 |iM arginine and the PDE inhibitors, zaprinast 

(30 pM), rolipram (100 pM), Ro 20-1724 (10 pM) or IBMX (ImM) for 15 

minutes, then inactivated and the protein and cGMP content determined. When 

compounds were used (NBQX, MK-801,TTX, L-NA), they were also incubated 

with the slice for a 10 minute preincubation and throughout the experiment. All 

compounds tested were prepared as stock solutions in water (MK-801, NBQX, 

sodium nitroprusside (SNP), TTX) or 10 mM NaOH (L-NA, diethylamine 

NONOate (DEA/NO)). Agonists were applied for either 2 (SNP) or 5 (DEA/NO, 

NMDA, AMPA) minutes following the slice preincubation period. At the end of 

each experiment, slices were inactivated by rapid immersion in inactivation buffer 

at 90°C and then the cGMP and protein content determined.

Oi-Glucose deprivation (O.G.D.) and simulated reperfusion

After 10 minutes preincubation, slices were transferred into aCSF lacking glucose 

and O2 (having been thoroughly gassed with 95 % N2, 5 % CO2 for >30 minutes) 

and gassed with 95 % N2 , 5 % CO2 for 10 minutes. This period of O2 and glucose 

deprivation was referred to as ‘O.G.D.’. Following 10 minutes of O.G.D. slices 

were transferred to fiilly oxygenated aCSF, termed ‘simulated reperfusion’, for up 

to 6  hours. The cGMP content of the slices was determined at various intervals 

throughout the experiment.

Measurement of cGMP efflux from striatal slices

Striatal slices were preincubated in control aCSF at a concentration of 5 slices/2.0 

ml aCSF (~ 0.8 mg protein/ml aCSF) for 10 minutes, then transferred into 2.0 ml 

of aCSF lacking glucose and O2 (O.G.D.). After 10 minutes of O.G.D. the slices 

were returned to the same volume of fresh control aCSF (simulated reperfusion). 

At regular time intervals during simulated reperfusion the aCSF was sampled. The 

total volume was maintained at 2 . 0  mis by replacing the volume sampled ( 1 0 0  pi) 

with an equal volume of fresh control aCSF. The cGMP concentration was then 

determined (taking into account the dilution factor that accompanied the volume
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replacement following each sample) and expressed as pmol cGMP/mg slice 

protein.

Striatal homogenate PDE activity

The same portion of the striatum used to obtain slices (described above) was also 

used for the preparation of striatal homogenate for a PDE assay. The tissue was 

dissected in aCSF at 4°C, chopped into small pieces and added to homogenisation 

buffer (0.32 M Sucrose in 50 mM Tris-HCl at pH 7.5) at 4°C. The tissue was then 

homogenised by sonication at 4°C and kept on ice whilst the protein content of the 

sample was analysed. 15 pg of striatal homogenate protein was then added to 0 . 2  

ml 20 mM Tris, pH 7.5 containing 1 mM MgCl2 , 2 pM cGMP ± 1 mM IBMX for 

15 minutes at 37°C. The reaction was terminated by the addition of 50 pi boiling 

inactivation buffer (0.55 M EDTA, pH 7.5) to the reaction mix and boiling at 

100°C for 10 minutes. The cGMP content of these samples was determined and 

cGMP breakdown expressed as pmol cGMP/mg protein/minute.
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3.3 RESULTS
Phosphodiesterase activity within the striatal slice

The cGMP content o f striatal slices was significantly enhanced by the addition of 

the non-selective PDE inhibitor; isobutylmethylxanthine (IBMX, 1 mM) 

indicating that there is a basal rate of cGMP production and degradation in the 

unstimulated striatum (Table 3.2). Other more selective PDE inhibitors that target 

the PDE4 and 5 iso forms were also tested. Neither o f the compounds targeting 

PDE4 had any impact on cGMP levels in the striatal slice (Table 3.2). Zaprinast, 

which is reported to target PDE5, (but has some effect on most cGMP PDEs) 

evoked a small elevation in the basal cGMP content, but had only -25 % of the 

effect that the non-selective inhibitor, IBMX (Table 3.2).

Condition PDE 
Isoform targeted

pmol cGMP/mg 
protein

100 pM  arginine N one 1.22 ±  0.1 1

100 pM  arginine + 1 mM IBM X non-selective 10.1 ±  1 . 1 7 *

100 pM  arginine +  30  pM  zaprinast PDE5 3 .00  ±  0 .3 6  *

100 pM  arginine +  100 pM  rolipram PD E 4 1.14 ±  0 .02

100 pM  arginine + 10 pM  Ro 2 0 -1 7 2 4 PD E 4 1.43 ±  0.31 *

Table 3.2 Effect of various PDE inhibitors on basal cGMP levels in the striatal slice. (All 

slices were ineubated with arginine and PDE inhibitors tor 15 minutes prior to inactivation). Data 

are means ± SEM from 3-6 slices; *P < 0.05 vs. arginine alwie.

To investigate the possibility that IBMX may be acting upon adenosine receptors, 

the adenosine receptor (A l, A2a) antagonist (Collis & Hourani, 1993), CGS- 

15943 (1 p.M, 15 min with 100 pM arginine), was tested and did not significantly 

elevate the basal GMP levels (1.22 ± 0.11 control vs. 1.93 ± 0.64 pmol cGMP/mg 

protein, n = 3).
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Figure 3.4 The inhibition and stimulation of endogenous cGMP production in striatal slices

(a) Various compounds were included with 1 mM IBMX and 100 pM arginine during a 10 minute 

incubation: NBQX (10 pM), MK-801 (10 pM), TTX (1 pM) and L-NA (100 pM) and the effects 

on basal cGMP levels determined, (b) Striatal slices were preincubated with 1 mM IBMX and 100 

pM arginine for 10 minutes, then NMDA (100 pM) added for a further 5 minutes where stated. 

Where used, L-NA was included throughout the preincubation and NMDA stimulation. Data are 

means ± SEM from 3-6 slices; *P < 0.05 vs. (a) control slices or (b) slices in aCSF only.
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Figure 3.5 The effect of Mg  ̂removal on control and stimulated cGMP responses. Slices 

were incubated with 1 mM IBMX and 100 pM arginine in the presence (solid bars) or absence 

(hatched bars) o f Mg^  ̂ (1.19 mM) for 20 minutes. Where included 100 pM NMDA was added 

after 15 minutes if incubation. All slices were inactivated at 20 minutes and the cGMP content 

determined. Data are means ± SEM from 3-6 slices; *P < 0.05 vs. arginine and IBMX, n.s. = not 

significantly different at P<0.05 vs. Mg^^- containing controls.
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Figure 3.6 Effect of the glutamate receptor agonists, NMDA and AMPA, on cGMP levels.

Slices were preincubated with 1 mM IBMX and 100 pM arginine fc»- 10 minutes prior to the 

application of (a) NMDA (0-100 pM) or (b) AMPA (1-100 pM) for 5 minutes (solid bars). Where 

MK-801 (10 pM) or NBQX (10 pM) were used (hatched bars) they were included in the 10 

minute preincubation and during the agonist application. Data are means ± SEM from 3-6 slices; 

*P < 0.05 vs. arginine and IBMX control, n.s. = not significantly different.

53



Endogenous activity of the NO-sGC pathway in the striatal slice

In order to elucidate the pathway through which basal cGMP flux was modulated 

in the striatal slice, inhibitors of various cellular components were incubated with 

the striatal slice (all with IBMX and arginine) for 10 minutes (Fig 3.4a). Arginine 

was included in the aCSF of all experiments to ensure that the supply of this NOS 

substrate would not be a limiting factor, but the inclusion had no significant 

difference on basal levels in the absence of IBMX (cGMP levels in slices with and 

without 100 pM arginine were 1.22 + 0.11 and 1.42 ± 0.47 pmol cGMP/mg 

protein respectively; n = 4). It was observed that the AMPA antagonist, NBQX 

had no significant effect on the cGMP levels, but a voltage-gated Na^ channel 

inhibitor (TTX), NMDA receptor antagonist (MK-801) and NOS inhibitor (L-NA) 

all significantly reduced the cGMP content of the slices.

Stimulation of the endogenous NO-sGC pathway in the striatal slice

Application of NMDA (100 pM) evoked an increase in cGMP production to ~300 

% of unstimulated control levels. This response was completely attenuated by 

preincubation with L-NA (Fig 3.4b). The removal of Mg^  ̂(15 minute 

preincubation) fi*om the aCSF caused a significant elevation in the basal cGMP 

levels but did not significantly increase the stimulation obtained with NMDA 

application (Fig 3.5). The application of NMDA (0-100 pM) elicited increases in 

cGMP levels in a concentration-dependent manner, which could be blocked by the 

NMDA receptor antagonist, MK-801 (Fig 3.6a) or L-NA (Fig 3.4b). Application 

of AMPA (0-100 pM) had no significant effect on cGMP levels, nor did the 

AMPA antagonist NBQX (10 pM; Fig 3.5a).

Stimulation of sGC using exogenous NO

In order to study the striatal slice capacity for sGC stimulation an NO-donor, 

DEA/NO, was used (0-300 pM). Maximal stimulation of sGC within the slice 

was obtained with 100 pM DEA/NO which evoked a 20-fold increase in cGMP 

levels and the E C 5 0  value was ~ 3 pM (Fig 3.7). The cGMP responses were 

compared with endogenous stimulation of NO production shown (Table 3.2).
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Figure 3.7 Concentration response curve of DEA/NO stimulation of cGMP production. Slices 

were preincubated with 1 mM IBMX and 100 pM arginine fcr 10 minutes then DEA/NO (0-300 

pM) was added for 5 min. Slices were that inactivated and the cGMP content determined. A 

sigmoidal fit was applied to the data using Microcal Origin^'^ software, version 4.1. Data are 

means ± SEM from 3-6 slices.

55



Application of the indirect NO donor, SNP (300 pM) produced a similar 

elevations in cGMP levels to those seen with NMDA (100 pM) whereas the 

maximum concentration achieved with DEA/NO was much higher than that 

obtained using endogenous stimulation.

Condition pmol cGMP/mg 
protein

IBMX and arginine 10.1 ± 1.2

IBMX and arginine + NMDA (100 pM) 325 ± 2 6  +

IBMX and arginine + SNP (300 pM) 36.0 ± 4.3 +

IBMX and arginine + DEA/NO (100 pM) 204 ± 8.0 +

Table 3.3 Effect of endogenous and exogenous NO on cGMP levels in the striatum. All slices 

were prc-incubated with 1 mM IBMX and 100 pM arginine for 10 minutes prior to the addition of 

compounds for 2 (SNP) or 5 (DEA/NO, NMDA) minutes. Control slices were incubated with 

IBMX and arginine for 15 minutes. Data arc means ± SEM from 3-6 slices; *P < 0.05 vs. arginine 

and IBMX.

Effect of simulated ischaemia (O.G.D.) and reperfusion on the glutamate-NO 

pathway

Following a 10 minute preincubation, cGMP levels in control slices with IBMX 

and arginine did not change over 2 hours (Fig 3.8). During 10 minutes of O.G.D., 

cGMP levels fell rapidly by ~ 65 %, and then upon simulated reperfusion, 

increased rapidly in a ‘burst’ of cGMP production to -ISO % control values. 

Elevated cGMP levels were subsequently sustained for -  40 minutes before 

gradually declining back to control levels at 60 minutes at which they were 

maintained for 6 hours (13.6 ± 0.9 vs. 12.4 ± 1.1 pmol cGMP/mg protein at 1 and 

6 hours respectively, n = 6). Despite the presence o f IBMX, cGMP levels fell 

both during O.G.D. and more gradually, during reperfusion. Two hypotheses to 

account for the decline in cGMP levels were (i) that cGMP was extruded from the 

slice (as has been reported in other tissues) and (ii) that cGMP is broken down by 

PDE activity even in the presence of IBMX.
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Figure 3.8 The effect of O.G.D. and simulated reperfusion on cGMP levels in the striatal 

slice. Within the first 10 minutes cGMP levels in ecxitrol slices rose to a value of ~12 pmol/mg 

protein (incubated with 1 mM IBMX and 100 pM arginine) and remained at such throughout the 

experiment (open circles). During O.G.D. (indicated by the solid black bar at -10 to 0 min), cGMP 

levels decreased, followed by a rapid increase during simulated reperfusion (solid circles). Data 

are means ± SEM from 3-6 slices.
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cGMP extrusion during O.G.D. and simulated reperfusion

To test if cGMP was extruded, the cGMP content of samples of the aCSF in 

which the slices were incubated was measured and the results expressed as pmol 

cGMP/mg protein. It was found that cGMP accumulated in the incubation 

medium at a rate of approximately ~ 0.15 pmol cGMP/mg protein/min (Fig 3.9a). 

The quantity of cGMP extruded was unaffected by O.G.D. (represented by the 

black bar) or simulated reperfusion, and thus could not account for the differences 

in cGMP content between control (open circles) and O.G.D. (closed circles) 

slices, and was too slow to account for the loss of cGMP observed during 10 

minutes of O.G.D. (on average -1.3 pmol cGMP/mg protein/min; Fig 3.8).

IBMX-insensitive activity in the striatal homogenate

The rate of cGMP breakdown via PDE action was investigated in striatal 

homogenates, where the PDE activity in control homogenate was 12.5 ± 1.5 nmol 

cGMP/mg protein/min (Fig 3.9b). In the presence of IBMX this activity was 

significantly reduced (to 4.8 ± 0.9 nmol cGMP/mg protein/min), but not 

completely inhibited. Approximately 35 % of the total activity remained in the 

presence of ImM IBMX, and this residual activity is more than sufficient to 

account for the loss of cGMP in the striatal slices during O.G.D. (-1.3 pmol 

cGMP/mg protein/min; Fig 3.8). Thus it is likely that residual PDE activity in the 

slice is responsible for the decline of cGMP levels in these experiments.

Pharmacological dissection of the components involved in cGMP production 

during simulated reperfusion.

To investigate the mechanisms responsible for the rapid production of cGMP 

during simulated reperfusion, various pharmacological tools were employed. The 

role of ionotropic glutamate receptors was tested by inclusion of NBQX (10 pM) 

and MK801 (10 pM). Inclusion of the non-competitive NMDA receptor 

antagonist, MK-801, completely inhibited the rapid cGMP production observed 

during reperfusion, suggesting that this receptor has a key role in mediation of 

events during simulated reperfusion (Fig 3.10a). The AMPA antagonist, NBQX,
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Figure 3,9 cGMP extrusim  and PDE activity in the striatum . To test possible explanations for 

the decline of cGMP in striatal slices, extrusion and PDE activity were investigated, (a) 

Determination of cGMP levels in the aCSF bathing striatal slices demonstrates a constant rate of 

cGMP from eontrol slices (incubated with ImM IBMX, 100 pM arginine; q^en circles) that is 

unaffected by 10 minutes (black bar) or simulated reperfusion (closed circles), (b) Measurement of 

PDE activity in the striatal homogenate in the presence and absence o f 1 mM IBMX revealed a 

residual PDE activity in the presence o f IBMX. Data are means ± SEM from 3-6 experiments; *P 

< 0.05 vs. homogenate with IBMX.
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did not alter the cGMP profile during O.G.D. or the first hour of simulated 

reperfiision (Fig 3.1 Ob) suggesting that these receptors do not affect NO 

production during the events studied.

The inhibition of NOS with L-NA abolished any increase in cGMP levels 

during reperfiision and there no significant difference between control and O.G.D. 

slices throughout the experiment (Fig 3.11).
When Na^ channels were blocked with TTX, cGMP levels increased in 

the first 10 minutes of reperfiision to the same extent as control slices (Fig 3.12). 

However, the cGMP elevation during reperfusion was not sustained for the 

duration observed in slices without TTX, being inhibited at 30 minutes 

‘reperfiision’ (-130 % basal values at 30 min with TTX vs. -170 % in control 

slices).
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Figure 3.10 The role of ionotropic glutamate receptors in cGMP production during O.G.D. 

and simulated reperfusion. Slices were preincubated with 1 mM IBMX and 100 pM arginine 

(grey circles) and (a) MK-801 (10 pM, green circles) or (b) NBQX (10 pM, blue eircles). Slices 

that underwent O.G.D. and simulated reperfusion (solid circles) are compared with control slices 

(open circles). O.G.D is represented by a solid black bar. Data are means ± SEM from 3-6 

experiments.
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Figure 3.11 The effect of NOS inhibition on the cGMP profile during O.G.D. and simulated 

reperfusion. Slices were preincubated with I mM IBMX and 100 pM arginine (grey circles) and 

L-NA (100 pM, purple circles). Slices that underwent O.G.D. and simulated reperfusion (solid 

circles) are compared with control slices (open circles). O.G.D is represented by a solid black bar. 

Data are means ± SEM from 3-6 experiments.
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Figure 3.12 The role of the voltage-gated Na  ̂channel in cGMP production during O.G.D. 

and simulated reperfusion. Slices were preincubated with I mM IBMX and 100 pM arginine 

(grey circles) and TTX (1 pM, red circles). Slices that underwent O.G.D. and simulated 

reperfusion (solid circles) are compared with control slices (open circles). A solid black bar 

represents O.G.D. Data are means ± SEM from 3-6 experiments.
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3.4 DISCUSSION 
cGMP flux in the striatum

The glutamate-NO pathway in the striatal slices was characterised using cGMP 

levels as an indicator of NO production. The striatum has been reported to have 

both the highest sGC and cGMP PDE activity in the CNS (Greenberg et al,

1978), thus is likely to be a tissue in which the flux of cGMP is very high. High 

levels of both sGC and Ca^-CaM dependent PDEl have been identified in a 

single population of striatal neurones, the spiny projection neurones, and although 

both enzymes have been found in other cell types, they appear particularly 

enriched in this neuronal population (Polli & Kincaid, 1994). The PDE3 isoform 

has also been identified at the mRNA level in discrete large striatal neurons 

(Reinhardt & Bondy, 1996).

In order to quantify cGMP levels, striatal slices were incubated with 

various PDE inhibitors. A recent report has suggested that the striatum is also 
enriched in PDE 10, a zaprinast-sensitive PDE that can hydrolyse both cAMP and 

cGMP (Fujishige et a l, 1999). The lack of effect of the PDE4 inhibitors on cGMP 

levels on the striatum tested is in agreement with the cAMP-specificity of this 

iso form. A PDE5 inhibitor, zaprinast, and the non-selective inhibitor, IBMX, 

both elicited increases in cGMP levels. The discrepancy between the extent of 

inhibition achieved with IBMX and zaprinast may reflect the inhibition of 

different PDE populations, or indeed the extent to which these inhibitor 

concentrations reduce PDE activity. However, there is also the possibility that 

IBMX may be acting via a non-PDE pathway to elevate cGMP levels, as it is well 

known that xanthines have ‘side-effects’ including actions upon adenosine 

receptors, which are present in high concentrations in the striatum (Ongini & 

Fredholm, 1996). IBMX is reported to be an antagonist of adenosine receptors, 

and so to investigate the possibility that this was the route of IBMX action another 

adenosine receptor (A l, A2a) antagonist, CGS-15943 (Collis & Hourani, 1993) 

was tested and found to have no effect on basal cGMP levels. Thus the effect of 

IBMX was assumed to be primarily via PDE inhibition.

Investigation in striatal homogenate determined that striatal PDE activity 

was ~12 nmol cGMP/mg protein/min, in agreement with previous reports
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(Greenberg et a l, 1978), and revealed the -35 % of the PDE activity was 

insensitive to 1 mM IBMX, as has been reported in other tissues (Lavan et a l, 

1989). As IBMX is a competitive inhibitor of PDEs, the cGMP concentration of 

within cells and homogenate will influence the extent of PDE inhibition. As the 

cGMP and PDE distribution are heterogeneous within the slice, it is difficult to 

predict the impact of IBMX on the total PDE activity of the slice. This residual 

cGMP breakdown must be taken into account when monitoring cGMP levels as 

the 'actual' production of cGMP is likely to be higher than that determined by this 

method. Thus the measured cGMP levels are a consequence of the steady-state 

between the rate of production and the IBMX insensitive breakdown. That the 

partial inhibition of PDE activity with 1 mM IBMX evoked such an increase in 

cGMP levels suggests that the rate of cGMP production and breakdown in the 

unstimulated slice was high. Following the initial 10 minute incubation with 

IBMX and arginine, no fiirther increase in cGMP levels was observed for up to 6 

hours, suggesting that a new steady-state between the rate of cGMP synthesis and 

degradation had been achieved.

The extrusion of cGMP has been reported in various tissue types, and is 

used as an index of NOS activity in certain in vivo experiments. In the presence 

of IBMX and arginine, a basal rate of cGMP extrusion from the striatal slices of 

-0.15 pmol cGMP/mg protein/minute was measured. This rate of loss of cGMP 

from the tissue was unaffected by conditions shown to elicit changes in 

intracellular cGMP levels and thus could not account for the rates of cGMP 

decline that was observed within the tissue.

Endogenous sGC activity in the striatum

Using pharmacological manipulation the components responsible for the basal 

production of cGMP were investigated. It was found that the NMDA receptor and 

voltage-gated Na^ channel contributed towards stimulation of NOS in the resting 

slice, as inhibition of either significantly attenuated basal cGMP, but blockade of 

the AMPA receptor had no effect on basal levels and thus this receptor is assumed 

not to influence NOS activity under these conditions, in agreement with other 

reports (East et a l, 1996). That TTX can inhibit basal cGMP production suggests
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that voltage-dependent Na^ channels participate in release of endogenous 

glutamate in the unstimulated slice. Inhibition of cGMP levels by MK-801 implies 

glutamate is acting upon NMDA receptors, which facilitates Ca^  ̂influx and in 

consequently activates nNOS to produce NO. This is supported by the inhibition 

of basal cGMP levels observed following NOS inhibition by L-NA. Inhibition of 

resting cGMP levels with L-NA implies that there is a basal level of NOS activity 

in the striatal slice. Basal NOS activity, as judged by the effect of L-NAME, has 

been shown to modulate the release of glutamate in the rat striatum (Ohta et a l, 

1996). Direct inhibition of NOS using L-NA reduced basal cGMP levels below 

the levels obtained with either NMDA receptor or Na^ channel inhibitors, which 

may indicate that there is a basal rate of NOS activity in the cell which is not 

dependent upon NMDA receptor mediated Câ  ̂influx. This may reflect the 

activation of nNOS by Ca^  ̂from an alternate source, possibly from internal stores 

or voltage-sensitive Ca^  ̂channels.

Stimulation of endogenous NO production

NMDA, but not AMPA, application evoked an concentration-dependent increase 

in cGMP levels in the striatal slice, which was abolished by inhibitors of either (i) 

NOS or (ii) NMDA receptors, indicating that the coupling of the NMDA receptor 

and NOS well characterised in other brain regions is also present in the immature 

striatum. These results are in agreement with previous results using adult striatal 

tissue where NMDA, but not AMPA or kainate, is linked to sGC activation (East 

et a l, 1996). In the striatum nNOS is localised to a discrete population of 

intemeurones, the medium aspiny neurones, that also express glutamate receptors 

NRl and GluR5/6/7 (Chen et a l, 1996) and may receive glutamatergic excitatory 

input from the cortex and thalamus (Kawaguchi, 1997). It is possible that NMDA 

evoked Ca^  ̂influx into these cells stimulates the production of NO.

Comparison of sGC activation by endogenous and exogenous NO

NO donors were employed to compare sGC stimulation observed with 

endogenous and exogenous NO. One donor used to release NO was SNP but a 

problem with this (and related) compounds is that it has a chemical reactivity not
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shared by authentic NO. The mechanism of NO release from SNP is not fully 

understood but is thought to require interaction with tissue enzymes or reducing 

agents and has also been demonstrated to be light sensitive (Garcia-Pascual et al, 

1999). It has been reported that SNP may directly nitrosylate thiols in a reaction 

not readily undertaken by authentic NO (Feelisch, 1998). An NO-nucleophile 

donor, DEA/NO, (which releases authentic NO in a predictable manner) was also 

tested. Comparison of the sGC stimulation obtained using NMDA and SNP 

revealed a very similar cGMP content, but interpretation of this result is difficult 

due to the non-direct release of NO or other species from this compound. 

Comparing the cGMP responses obtained with DEA/NO and following NMDA 

evoked endogenous stimulation of nNOS, the amount of NO generated in 

response to NMDA can be estimated; assuming that the following assumptions 

are valid.

(i) Exogenous and endogenous NO is released and degraded identically
(ii) sGC responds to NO from both sources equally

(in) NMDA application has no affects on cGMP levels other than the

activation o f sGC (e.g. PDE activation)

It is unlikely that all of these assumptions are correct, however, in the absence of 

more direct measurements of NO production, these parameters will be used to 

compare slice cGMP responses. DEA/NO activated sGC in a concentration 

dependent manner that was maximal at 100 jliM  and for which the EC50 is ~3 pM. 

This EC50 value for stimulation of sGC is greater than that obtained in an isolated 

cell preparation (Bellamy et al, 2000) but less than that obtained in the optic 

nerve (Garthwaite et a l, 1999) with the same donor. The variation in these values 

is likely to be a reflection of the different permeability’s of these tissues. 

Comparing sGC stimulation in striatal slices following DEA/NO application to 

sGC activation following NMDA application reveals that 100 pM NMDA 

generated 32.5 ±2.6 pmol cGMP/mg protein, and the equivalent concentration of 

DEA/NO required to evoke this level of cGMP is ~ 60 nM. As the half-life of 

DEA/NO is ~ 1.8 minutes at 37°C, during a 5 minute exposure with 60 nM donor
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a total of -53 nM NO would be released. Using these parameters it is estimated 

that a similar concentration of -  50 nM NO is maintained during a 5 minute 

NMDA stimulation.

Effect of O.G.D. and ‘reperfusion’ on the glutamate-NO-cGMP pathway

As the glutamate-NO-cGMP pathway is intact in the striatal slices, this model was 

used to study the changes in NOS activity during O.G.D. and simulated 

reperfiision, using changes in cGMP levels as an index o f NO production. During 

a 10-minute period o f O.G.D., cGMP levels decreased, which may be due to 

inhibition of NO production during the absence of O2 and persistent degradation 

by IBMX-insensitive PDEs. Immediately during 'reperfusion' cGMP levels rose 

rapidly to ~180 % of basal values and were sustained for -40 minutes before 

slowly falling to control values. This increase in cGMP level is likely to be a 

reflection of increased sGC activity, which altered the steady-state between 

synthesis and degradation. In the absence of IBMX and arginine the basal level of 

cGMP in these experiments was -  I pmol/mg protein {(a)\ Fig 3.13). In the 

presence of I mM IBMX the cGMP level increased to a new a new steady-state of 

-12 pmol cGMP/mg protein which was stable for at least 6 hours {(b)\ Fig 3.13).

synthesis

(c) reperfusiol cGMP22

pmol cGMP/ 
mg protein

12 (b) + IBMX cGMP

^  cGMP(a) basal

time

breakdown

+ IBMX

 ►
+ IBMX

Figure 3.13 An overview depicting the three observed steady-state levels for cGMP synthesis 

and breakdown . (a) Control (b) + 1 mM IBMX, 100 pM arginine and (c) + 1 mM IBMX, 100 

ftM arginine and reperfiision following 10 minutes O.G.D. (the data approximated with a dotted 

line).
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Within the first five minutes of reperfusion the cGMP concentration stabilised at 

an elevated level of ~ 22 pmol cGMP/mg protein that was sustained for ~ 40 

minutes before gradually declining back to the control levels at 60 minutes {(c); 

Fig 3.13). The relationship between NO production and sGC activity is 

complicated by sGC desensitisation (Bellamy et al., 2000) and the non-linear 

relationship between PDE activity and cGMP concentration which impede 

quantitative estimation of NO production. However, the transient steady-state 

achieved during reperfusion reveals that sGC activity is increased above basal 

levels for ~ 40 minutes during reperfiision following 10 minutes O.G.D., 

suggesting that nNOS activity is elevated for this period. The mechanism 

underlying the sustained NO production was then investigated.

All cGMP increases are mediated by NOS activity

Inhibition of NOS with L-NA suppressed cGMP levels and prevented any 

increases during O.G.D. and simulated reperfusion, implying that all of the 

changes in this system are mediated by NOS. The changes in cGMP flux that 
were measured in the striatal slice model were reminiscent of the changes in the 

concentration of the major NO end products (NO2 and nitrate (NO3 ); collectively 

termed NO% ) measured using microdialysis during ischaemia and reperfiision in 

vivo. During ischaemia (30 minutes), NOx levels declined rapidly, and then 

during reperfusion, increased to -150 % control values within 30 minutes then 

decreased to basal levels at 60 minutes (Sugimura et al, 1998). All changes in 

NOx concentration were prevented by the inclusion of L-NA. Another study 

using a similar O.G.D. insult to that used here, observed a similar decline in NOx 

levels during O.G.D. in the hippocampus, followed by a similar transient increase 

immediately upon reperfusion that could be inhibited with L-NA (Lei et al,

1999). During focal ischaemia, a transient increase in NO2 and cGMP levels was 

seen in the striatum, peaking at 20 minutes following onset and levels returned to 

control values by 60 minutes (Kader et al, 1993). Similar increases in 

intracellular cGMP levels seen in this study during reperfiision have also been 

observed using in vivo or in vitro models of ischaemia, including guinea-pig
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hippocampal slices (10 minutes O.G.D., 10 minutes ‘recovery’; Berger et al,

1998), following transient global ischaemia in gerbils (Strosznajder & 

Chalimoniuk, 1996) and transient global ischaemia in rats (Globus et a l, 1995).

A recent study measured the extracellular cGMP concentration in vivo using 

microdialysis following O.G.D. and found that cGMP concentration increased 

during O.G.D. (45 minutes) and decreased upon oxygenation. This flux in cGMP 

levels could be prevented by Câ  ̂chelation and L-NA, thus was attributable to 

NOS. Interestingly, this study also demonstrated that scavengers of O2 and 

ONOO conferred neuroprotection to the same extent as L-NA, implying that the 

mechanism of NO toxicity in this system is via the formation of peroxynitrite 

(Oka et a l, 2000). No cGMP efflux was observed during O.G.D., which could be 

attributable to the greater duration of O.G.D. used in vivo (45 minutes; Oka et a l,
2000). In contrast to the in vitro methods used here, microdialysis studies estimate 

the concentration of cGMP in a dialysate of the extracellular space. In the 

presence of IBMX, a constant rate of cGMP extrusion was measured that did not 

fluctuate proportionally with intracellular cGMP levels. Thus extracellular cGMP 

may not be a suitable indicator of NOS as is used in vivo. Any changes in tissue 

volume may alter the concentration of extracellular cGMP. Cellular swelling 

following ischaemia would correspond to a concomitant reduction in the 

extracellular volume, and possibly an increase in cGMP concentration. A 

reduction in the extracellular volume could account for the changes in cGMP or 

NOx concentration measured in vivo by microdialysis. Another possible 

difference between O.G.D. in vivo and in vitro is the severity of the insult. In the 

in vitro slice model the tissue is completely deprived of O2 and glucose, whereas 

in vivo, even if a major artery is completely blocked, the affected tissue is likely to 

receive at least some blood supply from alternative vasculature. Thus the severity 

of the insult is likely to be greater in vitro than in vivo.

EPR has revealed that NO is produced during ischaemia and reperfiision in 

vivo (Sato et a l, 1994) and the inhibition of these signals by L-NA confirmed that 

the source is likely to be nNOS (Wei et a l, 1999). In addition there is some 

evidence to suggest NO can be generated non-enzymatically via the reduction of 

NO2 to NO in the acidic environment often found in ischaemic tissue (Zweier et
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a l, 1999), although this would not be sensitive to L-NA , unlike the changes that 

observed during simulated reperfiision.

NOS activity may not be the only change to take place in vivo following 

ischaemia. Upregulation of nNOS mRNA and protein has been observed during 

ischaemia in vivo. This occurred as quickly as 15 minutes following the onset and 

the levels increased for up to 4 hours (Zhang et a l, 1994). The presence of iNOS 

has also been demonstrated following ischaemia although only many hours to 

days after the onset (ladecola et a l, 1995).

cGMP production was reduced during O.G.D., as would predicted by the 

O2 requirement of NO generation, and then transiently increased during simulated 

reperfiision, mirroring changes in NO and cGMP production measured during 

ischaemia and reperfiision in vivo. This suggests that similar processes that occur 

in in vivo models of ischaemia may also be in action in the striatal slice. 

Comparison of the cGMP levels achieved following O.G.D. and then 5 minutes of 

simulated reperfiision with those evoked by DEA/NO for 5 minutes, reveals that 

only ~20 nM donor was required to evoke an equivalent cGMP response. This 

concentration of NO is far lower than many exogenous NO concentrations used in 

other reports to investigate the role of NO in ischaemia and excitotoxicity. The 

use of inappropriate NO concentrations in experiments involving application of 

exogenous NO may account for some of the confusion regarding the neurotoxic or 

neuroprotective role of NO. It appears that NO many have multiple effects in 

post-ischaemic events, which will only become more defined with the advent of 

more selective NOS inhibitors and fiirther investigation using NOS-deficient 

transgenic animals.

Elevated cGMP levels during * reperfusion* are mediated by NMDA 

receptors

Glutamate release has been demonstrated in both in vivo and in vitro models of 

ischaemia and glutamate can trigger neuronal death. The mechanism of this 

cytotoxicity leading to neurodegeneration post-ischaemia is thought to involve the 

NMDA receptor, as various receptor antagonists can reduce neurotoxicity in vivo 

(Bertorelli et a l, 1998) and in vitro (Vomov et a l, 1994). The NO-mediated
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increase cGMP production during simulated reperfiision may be attributed to 

NMDA receptor activation by glutamate. The complete inhibition of the cGMP 

increase during simulated reperfusion by MK-801 supports the hypothesis that 

this change is initiated by released glutamate. That NBQX had no effect on 

cGMP levels during O.G.D. or simulated reperfiision implies that this receptor is 

not directly coupled to NOS in these conditions. In this study, blockade of the 

NMDA receptor attenuated all changes in cGMP levels, suggesting that this 

receptor is directly coupled to nNOS. The NMDA receptor has previously been 

demonstrated to contribute towards glutamate release, as inhibition of this 

receptor attenuates glutamate release following ischaemia in vivo (Ghribi et al,

1994) and excitotoxicity in vitro (Strijbos et a l, 1996).

The voltage-gated Na'*' channel and propagation of glutamate release

Blockade of the voltage-gated Na^ channel with TTX did not suppress the initial 

rise in cGMP levels but it did shorten the duration of cGMP elevation during 

simulated reperfusion. This result suggests that the Na"̂  channel may be at least in 

part be responsible for propagation of NO production, maybe via facilitation of 

further glutamate release. Excessive NMDA receptor stimulation by glutamate 

may cause cellular depolarisation and thus activation of TTX-sensitive Na  ̂

channels. There is some evidence to suggest that Na^ channels may influence 

glutamate release and thus may play a crucial role in the control of extracellular 

glutamate levels during and after ischaemia. Blockade of the voltage-gated Na  ̂

channel has been shown to be neuroprotective in hippocampal slices (Weber & 

Taylor, 1994) and inhibit the accumulation of extracellular glutamate (Probert et 

al, 1997;Strijbos et al, 1996) in models of ischaemia. These results suggest that 

the voltage-gated Na  ̂channel may play a role in the propagation of elevated 

extracellular glutamate concentrations during simulated reperfiision.

Summary

NO production, as judged by the increase in cGMP levels, was elevated for ~ 40 

minutes during simulated reperfiision in an in vitro model of ischaemia. The 

results fi*om this study indicate that both Na  ̂channels and NMDA receptors play
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a role in the generation of NO under these conditions, suggesting that these 

components may all be part of a potentially destructive mechanism that is initiated 

during O.G.D. and/or reperfiision. This ‘vicious cycle’ is thought to result in 

prolonged activation of NOS, and the resulting NO has been implicated in delayed 

neuronal death (Strijbos et a l, 1996). Sustained NO production during simulated 

reperftision was at least in part mediated by voltage-gated Na^ channels which 
may have contributed to the elevation of extracellular glutamate via reversal of 

glutamate transporters. These observations suggest that in this in vitro slice model 

glutamate is released during simulated reperfiision and acts via NMDA receptors 

to stimulate NOS activity.

Similar changes in NO production occur during O.G.D. and simulated 

reperfusion as are seen in ischaemia, and the same proteins appear to be involved 

in both models. Thus this model may be useful in further dissection of the events 

that occur during O.G.D. and simulated reperfiision.
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Chapter 4: EFFLUX OF cGMP FROM BRAIN TISSUE
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4.1 INTRODUCTION
During the study of glutamate-NO-cGMP signalling during ‘ischaemia’ (Chapter 

3), efflux the second messenger cGMP was observed from striatal slices. Here 

this phenomenon was investigated in a tissue capable of large increases in cGMP 

level, the cerebellum. Cyclic nucleotides are extruded from a variety of tissues in 

vivo and in vitro, although both the function and mechanism of this process are 

poorly understood. Extrusion could simply be a means of regulating intracellular 

cGMP content, but a growing body of evidence lends credence to the idea that 

extracellular cGMP may have physiological function. The extrusion and 

extracellular actions of another cyclic nucleotide, cAMP are well documented. A 

high afflnity cAMP uptake system has been observed in brain slices of many 

regions and found to be most efficient in cerebellar slices (Johnston & Balcar, 

1973). Uptake of cAMP into cortical slices was partially inhibited by cGMP, 

suggesting these nucleotides may share a transport mechanism. Extracellular 

cAMP has been reported to modulate Na"̂  channels in cardiac myocytes (Sorbera 

& Morad, 1991) and the slime mould, Dictostelium discoideum, secretes cAMP in 

response to starvation which triggers aggregation of the free-living amoebae 

(Mann et al, 1997). These cells also synthesise cell surface and extracellular 

PDEs, which presumably regulate the extracellular cyclic nucleotide 

concentration. The tomato plant, Lycopersicon esculentum Mill, secretes an 

extracellular cyclic nucleotide PDE in vitro under conditions of low phosphate 

(Abel et al, 2000), but no such extracellular species have yet been identified in 

any mammalian systems.

In contrast to cAMP, information regarding the efflux, uptake and 

extracellular role of cGMP is relatively sparse. A putative ATP-dependent cyclic 

nucleotide transporter has been identified in the cell membrane of human 

erythrocytes that displays some selectivity for cGMP (Schultz et a l, 1998;Boadu 

& Sager, 1997). This transporter is sensitive to temperature, pH and cation 

concentration and is distinct from previously identified transporter proteins 

(Sundkvist et al, 2000). This ATP-dependent transporter can extrude cGMP 

against steep concentration gradients, thus may represent an active means of 

cGMP transport within these cells. Extrusion of cGMP following activation of the
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NO-insensitive membrane bound guanylate cyclase has been reported in vascular 

endothelial and smooth muscle cells (Hamet et al, 1989) and glial cells (Touyz et 
a l, 1997). In response to NO, cGMP extrusion has been detected from human 

platelets (Bellamy et a l, 2000), colon cells (Crane, 2000) and epithelial and 

fibroblast cell lines (Patel et a l, 1995). The efflux of NO stimulated cGMP has 

been measured from cerebellar tissue in vitro (Tjomhammar et al, 1986) and in 

vivo (Fedele et a l, 1997;Fedele et a l, 1996;Luo et al, 1994;Vallebuona & 

Raiteri, 1993). In most of these studies, the efflux of cGMP can be manipulated 

by modulation of the glutamate-NO-cGMP pathway. Extracellular cGMP levels in 

vivo are used as an index of NO production, however, studies in vitro have 

revealed that intracellular and extracellular cGMP concentrations do not vary 

proportionally (Patel et a l, 1995;Hamet et al, 1989), and thus caution must be 

exercised in using extracellular cGMP as an index of intracellular changes. 

Interestingly, cGMP has been detected in human CSF and altered cGMP levels in 

urine may be a marker for certain disease states (Bogdan et a l, 1998). Although 

the mechanism of cGMP extrusion has not yet been identified, it has recently been 

reported that in colonic cells cGMP efflux is inhibited by an inhibitor of protein 

synthesis, cycloheximide, and thus may be mediated by a protein (Crane, 2000). 

The effects of extracellular cGMP application have been investigated in vitro. 

Addition of cGMP evoked rapid excitation of cerebral cortex pyramidal neurones 

(Stone et a l, 1975) and prevented glutamate neurotoxicity in cultured cerebellar 

neurones (Montoliu et a l, 1999). Extracellular cGMP was also reported to impair 

Cl reabsorption in the kidney although the physiological fimction of this 

observation is not yet known (Neant & Bailly, 1993).

Aims of the study

Extracellular cGMP in the presence of cerebellar tissue has been reported 

previously but the dynamics of this accumulation has not been investigated 

(Tjomhammar et a l, 1986). Here, intracellular and extracellular cGMP levels 

were monitored in cerebellar tissue suspensions following stimulation of the 

NMDA-NO-cGMP pathway.
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4.2 METHODS 
Cerebellar Slice preparation

Parasagittal slices (0.4 mm thick) were cut from the cerebella of 8d Wistar rats 

using a Mcllwain tissue chopper. After dissection in aCSF at 10°C, the cerebellar 

slices were randomised and paired, then incubated for at least 60 minutes at 37°C 

in aCSF continuously gassed with 95 % O2 and 5 % CO2 at pH 7.4. In this study, 

slices were incubated at a concentration of ~ 0.8 mg/ml (approximately 5 slices in 

2 ml aCSF) gassing with 95 % O2, 5 % CO2 at 37°C.

Preparation of dissociated cerebellar cells

Solution Composition

1 Ca^"- free aCSF

2 Solution (1) + 3 mg/ml BSA

3 Solution (2) + 0.5 mg/ml trypsin

4 Solution (2) + 0.08 mg/ml DNase, 0.52 mg/ml soybean trypsin inhibitor, 
1.55 mM MgS0 4 , 0.1 mM D-AP5.

5 84 % solution (2): 16 % solution (4) (v/v)

6 Solution (2) + 1 mM CaCb, 1.24 mM MgS0 4

7 15 mM Tris-HCI, 130 mM NaCl, 5 mM KCl, 2 mM CaCb, 1.2 mM 
Na2HP0 4  and 11 mM glucose at pH 7.4.

8 Solution (7) - Ca^^

9 Solution (8) + 40 mg/ml BSA (filtered, 0.6 pm)
Table 4.1 Solutions required for the preparation of an isolated cell suspension

The above solutions are required for the preparation of isolated cerebellar cells 

(solutions (1) to (6) were gassed with 95 % O2, 5 % CO2 at RT prior to use). 

Cerebella from 8d Wistar rats were chopped at 0.4 mm intervals in both 

parasagittal and coronal planes using a Mcllwain tissue chopper. The blocks were 

added to 10 ml of solution (2) at 10-15 °C and triturated gently to separate the 

blocks. Once the blocks had settled, the supernatant was aspirated and the blocks 

were incubated in 10 ml of solution (3) for 15 minutes at 37°C, shaking and
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gassing with 95 % O2, 5 % CO2 . To this block suspension, 10 ml of solution (5) 

was added, and then the suspension centrifiiged at -150 g for 5 seconds. The 

supernatant was then aspirated and the pellet reconstituted in 2 ml of solution (4) 

and triturated gently with a glass pipette for -  3 minutes, after which the 

suspension was allowed to settle. The milky supernatant, containing isolated cells, 

was aspirated and added to 2 ml of solution (6). A further 2 ml of solution (4) was 

added to the remaining pellet and the whole process was repeated 3 times until no 

significant pellet remained. The cell suspension was then carefully underlaid with 

1 ml of solution (9) and then centrifuged at 150 g for 5 minutes. The supernatant, 

including the BSA layer, was aspirated and the pellet gently resuspended in 5 ml 

of solution (8), then centrifuged at 150 g  for 4 minutes. The supernatant was 

aspirated and the pellet resuspended in 2 ml of solution (7). The viability and cell 

concentration of the suspension was then determined using trypan blue and a 

haemocytometer, then the cell concentration adjusted to 20 x 10*̂  cells/ml. The 

cell suspension was allowed to recover at 37 °C, shaking for 1 hour before use. 

The protein content of the cell suspension at 20 x 10̂  cells/ml was calculated to be 

0.84 ± 0.04 mg protein/ml (n=4).

cGMP content in a preparation of cerebellar slices

Cerebellar slices were inactivated prior to and following the application of 100 

pM NMD A, and analysed for cGMP and protein content. Using separate slices 

100 pi samples of the aCSF were taken at regular intervals following stimulation 

with NMDA and analysed for cGMP content. The total aCSF volume was 

maintained at 2.0 ml throughout the experiment by the replacement of the sample 

volume with an equal volume of ft-esh aCSF. This replenishment was taken into 

account when calculating the extracellular cGMP concentration, which was 

subsequently expressed per mg protein.

cGMP content of an isolated cerebellar cell suspension

Following stimulation of the cell suspension with NMDA, aliquots of the cell 

suspension (40 pi) were inactivated by addition to 200 pi heated inactivation 

buffer and analysed for cGMP and protein content. To determine the extracellular 

cGMP content, cell suspension samples were taken into a syringe and gently
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filtered through a 0.45 |am ‘syringe driven filter unit’ (Millipore) to remove cells 

from the extracellular medium, which was collected and analysed for cGMP 

content, then expressed per mg protein.
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4.3 RESULTS
cGMP extrusion from cerebellar slices

The aCSF surrounding 8d cerebellar slices (-0.8 mg protein/ml aCSF) was 

sampled prior to and following NMDA application (Fig 4.1) and the cGMP 

content determined. In the aCSF surrounding unstimulated slices, there was no 

detectable cGMP. Following NMDA application a rapid rise in intracellular 

cGMP levels was observed to a maximum of -225 pmol cGMP/mg protein which 

was sustained for ~3 minutes before falling back to control values. The maximum 

rate of change in cGMP production occurred within the first minute of NMDA 

stimulation where the cGMP level increased at a rate of >150 pmol/mg 

protein/minute. The cGMP content of the extracellular medium also rose 

immediately following NMDA application but in a very different manner. Whilst 

intracellular concentrations increased rapidly and then declined gradually, 

extracellular cGMP levels accumulated at an average rate of -3 pmol 

cGMP/m in/mg protein for the duration of the experiment. This extrusion rate 

cannot account for the intracellular decline between 4 and 6 minutes post-NMDA 

addition, Miich was presumably due to the action of PDEs. However this 

extrusion rate could account for the intracellular decline occurring 6 minutes post- 

NMDA, as during the remainder of the measured time course, intracellular cGMP 

decrease by -50 pmol cGMP/mg protein and extracellular levels rise by a similar 

quantity.

cGMP extrusion from isolated cerebellar cells

Investigation of the extracellular cGMP concentration following stimulation of an 

isolated cell preparation revealed a different profile of the total and extracellular 

cGMP concentrations. In the cells, as in slices, the total cGMP concentration rose 

sharply following NMDA application (Fig 4.2a) and then gradually declined to 

basal levels after 20 minutes. In contrast to the profiles achieved in slices, the 

extracellular cGMP content in cells mirrors the total cGMP content (Fig 4.2a). 

Extracellular and total cGMP content were also measured in cells incubated with 

the PDE inhibitors, sildenafil (100 jiM) and roliprmn (1 juM); a combination 

previously reported to maximally inhibit PDE activity in this preparation
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(Bellamy et al, 2000). Following NMDA application to cells, the total cGMP 

levels rose to higher concentrations than control cells (~170 %) and the gradual 

decline within cells is slowed (Fig 4.2b). Again the extracellular cGMP 

concentration in the PDE-treated cells mirrored the intracellular levels (Fig 4.2b).
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Figure 4.1 Stimulation of intracellular and extracellular cGMP levels in cerebellar slices.

Slices were incubated with 100 |iM L-arginine for 10 minutes prior to the application of NMDA 

(100 |iM; indicated with an arrow). The cGMP content of the tissue and aCSF were sampled prior 

to and throughout the NMDA application. Data are means ± SEM from 3-6 experiments.
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Figure 4.2 Stimulatim of total and extracellular cGMP in cerebellar tissue. Following 

preincubation with L-aiginine ( 100 pM, 10 minutes) NMDA was added (100 pM, t = 0 minutes) 

to (a) a control cell suspension and (b) cells also preincubated with 100 pM sildenafil and 1 pM 

rolipram. The total (open circles) and extracellular (solid circles) cGMP content were both 

determined. Data are means ± SEM from 3-6 experiments.
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4.4 DISCUSSION
cGMP extrusion from cerebellar slices

Extracellular cGMP was observed following stimulation of cerebellar slices with 

NMDA. The rate of cGMP extrusion rose to a maximum rate within 5 minutes, at 

which the total amount of extracellular cGMP was ~14 pmol cGMP/mg protein.

In a similar study the quantity of cGMP extruded from adult rat cerebellar cubes 

after 5 minutes of stimulation with glutamate was ~4 pmol cGMP/mg. The 

extracellular levels were only ~30 % of that obtained here, but the intracellular 

levels were also lower (Tjomhammar et a l, 1986). The duration of cGMP 

elevation also differed from that reported for adult cerebellum, although the use of 

different stimuli and animal ages may account for these differences.

Efflux of cGMP has been reported in many tissue types following 

activation of both sGC and the membrane-bound guanylate cyclase. The 

extracellular concentrations of cGMP measured were not proportional to 

intracellular cGMP levels in cerebellar slices. Similar results were obtained in 

striatal slices (in the presence of IBMX) where extracellular cGMP accumulated 

linearly with time, regardless of both increases and decreases in intracellular 

cGMP content (Chapter 3; Fig 3.7, 3.8a). This is of particular relevance to in vivo 

microdialysis experiments. Extracellular cGMP is often used in vivo as an index 

of NO production during ischaemia (Oka et a l, 2000) and following glutamate 

receptor activation (Fedele et a l, 1996). In the cerebellum within 20 minutes of 

NMDA perfusion (0.2 to 1 mM), increases in cGMP efflux (2.5 to 10-fold control 

values) have been measured, and could be mostly inhibited by NMDA receptor 

antagonists or NOS inhibitors, indicating that extracellular cGMP is a result of 

NMDA mediated NO production (Fedele et al, 1996). However, in cerebellar 

slices extracellular changes did not mirror intracellular cGMP levels. Thus 

fluctuations in dialysate or extracellular medium cGMP content may not be an 

accurate index of intracellular cGMP levels and consequently endogenous NO 

production.
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cGMP distribution in tn isolated suspension

In an isolated cell suspension, extracellular cGMP was detected following NMDA 

application in both the presence and absence of PDE inhibitors, but at low levels 

(Table 4.2) that mirrored the total cGMP content. As the separation of cells and 

incubation medium was performed using filtration it is possible that the 

extracellular cGMP is a consequence of cell lysis during separation. In contrast, 

after 10 minutes of NMDA stimulation, the cGMP content of the slice medium 

constituted ~25 % of the total cGMP content (Table 4.2).

Cerebellar preparation Extracellular cGMP
(% total)

Slices 25.1 ±2 . 1

Cells 5.8 ±0 . 3

Cells + PDE inhibitors 9.9 ± 0 . 7

Table 4.2 The extracellular cGMP content as a percentage of the total cGMP content of each 

preparation after 10 minutes of NMDA stimulation. The data is derived from Figure 4.2; data 

are means ± SEM from 3-6 experiments.

Previous studies using the same cell preparation have detected low levels 

of cGMP in the extracellular media (Garthwaite et a l, 1988;Garthwaite & 

Garthwaite, 1987). The discrepancy between the efflux of cGMP in slices and 

isolated cells may be a consequence of tissue preparation. During the preparation 

of isolated cells the cerebellar tissue is trypsinised. Some cell surface proteins are 

trypsin-sensitive and it is possible that a cGMP transport system was impaired by 

the cell preparation. Alternately, the cellular machinery for cGMP transport may 

be removed during the cell preparation. The tissue fi'om which isolated cells are 

prepared is chopped and extensively triturated, during which many neuronal and 

glial projections are severed and discarded. If these projections were the site of 
cGMP transport, then the relevant parts of the cells may have been destroyed in 

the process of cell preparation.
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A putative ATP-dependent cGMP transporter has been located and 

characterised in human erythrocyte membranes but has yet to be detected in the 

CNS. The cGMP transporter is reported to be blocked by an inhibitor of anion 

transport systems, probenicid (Schultz et a l, 1998), but not all cGMP flux is 

sensitive to this compound (Luo et al., 1994). Probenicid also inhibits sGC 

activity (Patel et al., 1995) and so the measurement of total cGMP (both 

intracellular and extracellular) is necessary to clarify the action of this compound 

in individual systems. Efflux of cGMP was measured following activation of the 

particulate guanylyl cyclase in astrocytes, and was inhibited by probenecid with a 

concomitant increase in intracellular cGMP level, suggesting that cGMP is 

extruded by a probenecid-sensitive mechanism in astrocytes (Schultz et al, 1998).

Using cerebellar slices, the absolute amounts of intracellular and 

extracellular cGMP (pmol/mg protein) were similar after 30 minutes of NMDA 

stimulation, but when the intracellular and extracellular concentrations of cGMP 

are estimated, a large concentration gradient is revealed. As the tissue volume is 

approximately 10 pl/mg protein, at the maximum intracellular cGMP content of 

-240 pmol cGMP/mg protein (100 pM NMDA, 11.5 minutes) the intracellular 

cGMP content is:

[cGMP] intracellular = (number o f moles)/(volume)
= (240x 10-‘̂ )/(10x 10-̂ )
^2.4x10-^

= 24 /iM

However, at the same time, the extracellular cGMP content is 3.1 pmol cGMP/mg 

protein (100 pM NMDA, 11.5 minutes). As the approximate protein 

concentration of the slices in the aCSF is 0.8 mg/ml, then the extracellular cGMP 

concentration is:

[cGMP]extracellular = (3.1 pmol/mg) X (0.8 mg/ml)
= 2.48 pmol/ml 
= 2.48 nM

This approximation of intracellular and extracellular cGMP concentration (2.48 

nM VS.24 pM) underestimates the concentration gradient as it assumes that cGMP
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is equally distributed throughout the cells of the cerebellar slice, whilst it has been 

reported that cGMP is exclusively located in the glia (Bellamy et al, 2000) which 

constitute only 6 % of the cell preparation (Cohen et a l, 1979). However, even 

this underestimate reveals that there is near a 10,000-fold gradient of cGMP 

between intracellular and extracellular cGMP concentrations in this experiment.

It is possible that this gradient could drive non-specific leakage of cGMP across 

the membrane, but if this were the sole source of extracellular cGMP it would be 

expected to reflect intracellular changes, which it does not. There is evidence that 

cGMP is extruded and taken up by a number of tissues, although the mechanism 

and function of this process remains unclear. It is important in experiments 

investigating the intracellular and extracellular cGMP content of tissue that 

experimental parameters such as volume (of both tissue and medium) and 

concentration must be considered in order to obtain maximal understanding of the 

results. The extracellular and intracellular cGMP content are likely to be a balance 

between extrusion and uptake, and as both processes are likely to be dependent 

upon concentration, the experimental parameters will, to a lesser (intracellular) or 

greater (extracellular) extent influence the results obtained. Application of 

exogenous cGMP has reported to have rapid effects on neuronal signalling, 

lending credence to the hypothesis that in addition to its roles as an intracellular 

messenger, it may also act as an extracellular signal. It is possible that specific 

recognition sites for cGMP exist on the cell surface. Extracellular cGMP inhibits 

a Na /̂H  ̂exchanger (NHE) in cultured rat astrocytes (Touyz et a l, 1997) and so 

may play a role in modulating astrocytic fimction, and has also been implicated in 

modulation of glutamate-gated inward currents in cultured cerebellar cells (Linden 

et a l, 1995), although the concentrations used to achieve these effects were high 

(1 mM). The mechanism and function of this process remains to be elucidated.
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Chapter 5: THE ENDOGENOUS PRODUCTION OF NO IN

BRAIN TISSUE
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5.1 INTRODUCTION
A NOS mediated increase in cGMP production was observed in striatal slices 

following simulated ischaemia (chapter 3). In order to ascertain whether 

increased cGMP production was due to elevated nNOS activity, the endogenous 

production of NO was investigated. Initially the cerebellum was used to 

investigate NOS activity in intact tissue as this brain region is enriched in nNOS, 

and subsequently, NO production during simulated reperfiision was investigated 

in the striatum.

NO production in the CNS

The balance between the rates of NO production and breakdown will determine 

the NO concentration and, consequently, cellular responses to NO. More detailed 

descriptions of NO production in intact tissue are likely to facilitate greater 

understanding of the complicated role that NO plays in both physiology and 

pathophysiology. Experimental data regarding the rate of NO production and the 

duration of nNOS activity in the CNS is surprisingly sparse. One reason for this is 

that the NO concentrations generated by constitutive iso forms under physiological 

conditions are small and consequently difficult to measure (nM; Fujisaki et a l, 

1999). In contrast, the higher concentrations of NO generated by the inducible 

iso form, iNOS, can be more easily determined (pM; Olivenza et a l, 2000;Brown 

et a l, 1998). The discrepancy between the absolute quantities generated by the 

two iso forms is not attributable to different activities between the two iso forms, as 

the Vmax values of nNOS and iNOS are similar (Forstermann et a l, 1995), but 

other parameters including the duration that each iso form is active. Here, factors 

which could influence nNOS activity are discussed.

Calcium

Due to the absolute Ca^  ̂requirement of nNOS the activity of this enzyme is likely 

to mirror changes in cytosolic Ca^  ̂levels. The Câ  ̂concentration controls 

numerous cellular processes and Ca^  ̂gradients are essential for neuronal activity. 

As with most biological signals, Ca^  ̂concentration is under tight regulation 

within the cell by processes including sequestration by Ca^^-binding proteins, 

transport into intracellular Ca^  ̂stores and extrusion into the extracellular space by
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powerful ionic pumps. High intracellular Câ  ̂ levels can trigger cell death thus it 

is imperative that cytosolic Câ  ̂ levels are controlled to facilitate optimal 

physiological function and prevent pathophysiological consequences. These 

sequestration mechanisms ensure that cytosolic Câ  ̂levels in the resting cell are 

kept low (~ 50 nM) at which nNOS is virtually inactive (Knowles et al., 1989). 

The EC50 for Câ  ̂stimulation of nNOS has been reported to be G.2-0.4 pM and 

the enzyme is maximally active at 0.4-1.0 pM Câ  ̂(Stuehr, 1997). Many stimuli 

evoke rapid transient changes in Câ  ̂concentration either by facilitating influx or 

release from intracellular stores, but these elevations are usually localised and 

short lived, being rapidly dispersed by the aforementioned clearance mechanisms 

(Murthy & Sejnowski, 2000). The brief fluctuations in Câ  ̂concentration are 

likely to be translated into correspondingly brief bursts of NO production.

Ref

(Bickler & 

Hansen, 1994)

(Tymianski e t  a i ,  

1994)

(Ahem e t  a i ,  

1993) 

Ç L n e t a l ,  1996)

(Limbrick, Jr. et  

a l ,  1995)

(Budd & Nicholls, 

1996)

Tissue

Cortical brain slices

Cultured spinal cord 

neurones

Cultured cortical 

neurones

Cultured cortical 

neurones

Cultured hippocampal 

neurones

Cultured cerebellar 

granule cells

Stimulation

200 pM NMDA 

100 pM NMDA

1 mM NMDA

20 pM NMDA

Ca concentration 
profile

Transient 0.3 pM peak 

lasting ~1 min 

Transient IpM  peak 

followed by a 

sustained plateau 

(0.25 pM, 10 min) 

Sustained plateau 

(0.6 pM)

Sustained plateau 

(0.6 pM, >2h) 

Sustained plateau 

(~3 pM)

Sustained plateau 

( -0 .7  pM)

50 pM glutamate 

10 pM glycine 

100 pM glutamate 

10 pM glycine

Table 5.1 Cytosolic Ca^  ̂elevations during persistent glutamate receptor activation

The well characterised functional link between nNOS and the NMDA receptor 

was discussed in chapter 1. As NMDA receptor activation is known to elicit NO 
production in many CNS regions, this pathway is frequently used in investigations
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of nNOS activity. Cytosolic concentration is elevated as a consequence of

ionotropic glutamate receptor activation, have been monitored in many different 

tissues using Ca^  ̂sensitive dyes and electrophysio logical techniques. Some 

experiments measuring Ca^  ̂changes during persistent activation of glutamate 

receptors are described in table 5.1. In one case the Ca^  ̂elevation is transient 

(Bickler & Hansen, 1994), whilst in the majority of reports Ca^  ̂levels are 

elevated above basal concentrations for the duration measured (from 4 to 180 

min). The sustained Ca^  ̂concentrations observed during persistent glutamate 

receptor activation are, in theory, sufficient for nNOS activation. From the Ca^  ̂

profiles reported it is unlikely that Ca^  ̂concentration will be a limiting factor for 

nNOS activity during persistent NMDA receptor activation.

Cofactor supply

Haem, BH4, CaM, FAD and FMN are all required as NOS cofactors and 

availability of these species could influence NO production and in some cases, the 

species generated. Haem reduction is coupled to NOS activity by BH4, and in the 

absence of this co factor, nNOS is reported to generate O2 (Vasquez-Vivar et a l,

1999). The co-production of NO and O2 ' could conceivably lead to the generation 

of the powerfully reactive species, ONOO. Adding to the complexity of co factor 

requirement, BH4 alone can generate O2 in the presence of O2 (Mayer et al,
1995) although the significance, if any, of this reaction in vivo has not been 

determined.

Substrate supply

Availability of the NOS substrates, arginine, NADPH and O2, could also limit 

production of NO in tissue. Arginine metabolism in the mammalian CNS is 

depicted by the scheme below (Fig 5.1). An intermediate of NO production, N^- 

hydroxy-L-arginine, has been reported to inhibit arginase activity in vitro; thus in 

cells that possess both enzymes it is possible that this represents a means of 

ensuring adequate substrate supply to NOS (Daghigh et a l, 1994). However, little 

is known of the amounts of N^-hydroxy-arginine produced in vivo or in vitro, and 

so the importance of this interaction is unclear. In other tissues, such as the liver.
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arginase is a component of the urea cycle. Other enzyme components of the urea 

cycle have been identified in the CNS (Nakamura et ai, 1990), but this cycle is 

incomplete and these enzymes are thought to have a different function: the 

synthesis of arginine. The pathway of arginine metabolism in the CNS is 
described in Fig 5.1. Argininosuccinate synthetase (ASS) converts L-citrulline 

and L-aspartate to L-argininosuccinate, which is then cleaved by 
argininosuccinate lyase (AST) to yield fumarate and arginine. Addition of 

exogenous arginine elevates NOS activity in brain slices (Garthwaite et al., 
1989b) and activated macrophages (Hibbs et al., 1987), suggesting that arginine 

supply may play a role in the regulation of NOS synthesis.

ASS
citnilline

argininosuccinate

ASL
arg in ine

fum arate

N OS

A rginase

'A . pro te in  
synthesis

Figure 5.1 Arginine metabolism in the CNS

Amino acids are carried across membranes by several substrate-selective transport 

systems; the cationic amino acids (arginine, ornithine and lysine) all share a 
common transporter, termed the ‘y+’ system. Functional studies have revealed 

that arginine and/or its intermediates are taken up by glia and neurones. A brain 

specific iso form, the rat cationic amino acid transporter 3 (rCAT3) has been 

isolated from rat cDNA and expression studies have confirmed that this transcript 
encodes a high affinity ‘y+’ transporter (Hosokawa et al., 1997). Another ‘y+’ 
transporter, CAT-2 is induced simultaneously with iNOS in brain astrocytes, 

possibly to ensure an adequate supply of arginine (Stevens et al., 1996). Free 

arginine was found to be concentrated within cerebellar astrocytes (Aoki et al, 
1991), which may regulate the availability of arginine to nNOS containing cells 

within the cerebellum. Immunohistochemistry in the cerebellum has revealed that 

ASS, ASL and arginase have distinct cellular localisations (Amt-Ramos et al.
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1992;Nakamura et al. ,1991 ;Nakamura et al., 1990) and it is possible that this 

may have some functional significance via regulation of arginine availability and 

thus influencing NO generation.

Phosphorylation

The predicted protein sequence of nNOS suggests that the protein oxygenase 

domain contains consensus sequences for phosphorylation by protein kinase C 

(PKC) and cGMP activated kinase (PKG) and cAMP activated kinase PKA (Bredt 

et a l, 1991a). CaMK has also been demonstrated to phosphorylate purified nNOS 

at Ser*"̂  ̂with a concomitant decrease in enzyme activity (Hayashi et a l, 1999). 

Additionally, purified nNOS from a baculovirus expression system has been 

reported to autophosphorylate in vitro, but bofii the mechanism and function of 

this modification is unknown (Watanabe et a l, 1996). In summary, various 

kinases have been reported to phosphorylate nNOS, but the functional effects of 

this modification are variable. It remains to be seen if this modification does 

occur in vivo and, if so, where and what effects this has on NOS activity.

Protein-nNOS interactions

It has been reported that nNOS could be regulated by a protein inhibitor of «NOS; 

PIN (Jafffey & Snyder, 1996). Subsequently this protein was identified as a 

dynein light chain that bound nNOS but did not alter the enzyme activity in vitro 

(Rodriguez-Crespo et a l, 1998) and thus is likely to exert its affects by 

influencing intracellular nNOS distribution rather than enzyme inhibition. The 

structural scaffolding protein, caveolin has been demonstrated to interact with 

eNOS. This protein binds to the oxygenase domain and inhibits eNOS activity in 

a CaM-sensitive manner, possibly by interrupting the flow of electrons along the 

enzyme. Inhibition of all purified NOS isoforms was reported following 

incubation with peptides of calveolin domains, from which it was suggested that 

this may be a common site of inhibition amongst the NOS family (Garcia-Cardena 

et a l, 1997). Calveolin and related proteins are present in the brain (Cameron et 

al, 1997) and it is possible that this protein may interact with nNOS at the
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membrane in a similar manner to the reported interactions with eNOS. As 

previously discussed, the PDZ domain at the N-terminus of nNOS may facilitate 

the interaction of nNOS with other proteins such as the NMDA receptor. Through 

this PSD protein interaction, it is possible that nNOS could interact with many 

other species. Proteins containing the PDZ domain are usually located in specific 

cell-cell contact regions, such as the synapse, and are thought to play an important 

role in signal transduction.

NO feedback inhibition

There is in vitro evidence that NO may directly inactivate NOS via binding to the 

enzymes haem moiety, thus providing a means of product feedback inhibition that 

is common in many other enzymes (Abu-Soud et a l, 1995). A ferrous nitrosyl 

nNOS complex was formed in a supernatant containing nNOS following the 

initiation of NO synthesis. If this were the case in vivo, only a small population of 

nNOS would be active at any time, drastically reducing the NO generating 

capacity of the tissue.

Measurement of NOS activity

Many factors could regulate nNOS activity in vivo, although the physiological 

significance of most of the candidates discussed here is not yet known. Further 

investigation of the effects of these factors on NOS activity in intact tissue is 

required to obtain a better understanding of the regulation of NO production. The 

most commonly used methods for detection of NOS activity are discussed below.

Several distinct approaches have been taken to monitor NO production in 

vivo and in vitro as listed in Table 5.2. In vivo techniques such as microdialysis 

reveal valuable information regarding changes in NO levels in the CNS under 

various conditions. However, it is difficult to derive quantitative data from these 

results. For example, microdialysis yields information about the amount of end- 

product in a fixed volume of dialysate within a known period of time (according 

to the flow rate and sampling time), but the volume of tissue from which the end 

product is derived is unknown. Thus changes in NOS activity can be monitored, 

but the absolute NOS activity cannot be determined easily.
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The development of NO micro sensors has allowed direct and quantitative 

recording of NO concentrations in vitro. A limitation of the commercially 

available NO ‘electrodes’ is that they have slow response times relative to the NO 

signalling events and thus, although stable NO concentrations can be measured 

reliably, rapid changes in NO concentration cannot be monitored (Liu et a l, 

1998a). The development of more responsive microsensors has allowed more 

detailed resolution of NO signals (Shibuki & Kimura, 1997).

Species detected Methods

NO • NO electrode
• EPR
• Fluorescent indicators (e.g. DAF-2)

NO2 and/or NO3 

(NO end products)
• Chemiluminescence
• Griess reaction
• Capillary electrophoresis
• HPLC

Arginine and/or citrulline 
(NOS substrate conversion)

• Citrulline assay
• Capillary electrophoresis
• HPLC
• Citrulline immunohistochemistry

cGMP 
(NO stimulation of sGC)

• cGMP radioimmunoassay
• Functional assays (e.g. vascular 

relaxation)

Table 5.2 A summary of methods used to study NO production

More recently, a series of fluorescent probes for the detection of NO in cells have 

been developed. The compound 4,5-diaminofluorescem (DAF-2) is converted to 

a fluorescent triazole derivative in the presence of NO and O2, and allows imaging 

of NO in vitro. However, the species that interacts with DAF-2 is not NO but 

N2O3, which is formed by the interaction of NO and NO2 (Kojima et a l, 1998).

A problem with this method of detection is that the rate of NO2 ' formation is very
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slow at physiological NO and O2 concentrations (as discussed in detail in chapter 

6 ). As this will be the rate-limiting step in the detection of NO, the study of rapid 

changes in NO concentration using this method will be prohibited.

Direct measurement of NO is often difficult as it is unstable in the 

presence of O2 and has a short biological half-life in tissue. More often, indirect 

approaches are used for the quantitative measurement of NO production. NOS 

activity in various homogenate preparations has been determined by monitoring 

the conversion of arginine to citrulline (Southam & Garthwaite, 1996;Palmer & 

Moncada, 1989), but far fewer studies have used this technique in intact tissue or 

in vivo. A  limitation of this technique is that NOS signalling is one of many 

pathways that utilise arginine, including protein synthesis and arginase. Another 

complication of using this technique in intact tissue is that in the presence of the 

enzymes ASS and ASL, citrulline is recycled to arginine, and where this cycle is 

not inhibited the amount of citrulline may be underestimated.

Another method for the analysis of NO production is determination of 

NO/. The primary product of NO breakdown in aqueous aerated solution is NO2 

and in biological systems, NO3 (Ignarro et al, 1993). Complications with this 

technique arise as tissue-derived NO is not the only source of either NO2 or NO3 '. 

Varying levels of these species can be found in most reagents and are abundant in 

the environment (especially in built up areas where high NO levels ft-om vehicle 

fiimes can be measured in the atmosphere; Friebe et al, 1996). However, 

measurement of the rate of NOx’ accumulation in combination with appropriate 

controls provides a useful index of changes in NOS activity in vivo and 

quantitative changes in vitro.

The NO receptor, sGC, produces cGMP when activated. This second 

messenger is fi'equently used as an index of NO production as extremely sensitive 

measurements of cGMP can be made with low-level background contamination. 

However, there are some limitations of the information obtained by this method. 

Following NO stimulation in a cellular environment sGC desensitises and so the 

correlation between NO and cGMP is not linear (Bellamy et a l, 2000). Also, 

PDEs hydrolysed cGMP and thus in the absence of effective PDE inhibition, the 

measured cGMP content is always a reflection of the balance between sGC and
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PDE activity. These factors make it difficult to deduce the actual NOS activity in 

tissue, but give a useful estimate of the duration and amplitude of the NO signal.

Aims of the study

To determine whether increased NOS activity was responsible for increased 

cGMP levels during simulated reperfusion, the endogenous production of NO was 

investigated. Initially NOS activity and activation of sGC were studied in the 

cerebellum. Subsequently, the production of NO during simulated reperfusion 

was investigated in the striatum.
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5.2 METHODS 

Brain slice preparation

Cerebellar slices were prepared as described in Chapter 4 (4.2) and striatal slices 

were prepared as previously described in Chapter 3 (3.2).

Resin preparation

The amino acids arginine and citrulline can be separated according to their 

different charges as previously described elsewhere(Salter et al, 1991). The resin 

AG 50W X8  resin (Biorad) binds positively charged species, including arginine. 

The resin was fully hydrated by first washing in excess 10 mM NaOH for 3 hours 

and then rinsing 3x in water, prior to the preparation of a 50 % (v/v) packed resin 

slurry in 20 mM HEPES, 1 mM EDTA. This was kept stirring prior to the 

addition to samples to ensure that a constant volume of buffer and resin was 

added. The efficiency of arginine binding to the resin was tested by counting the 

radioactive content of ̂ '^C-arginine standards before and after incubation with the 

resin slurry.

Determination of arginine and citrulline in cerebellar slices

Cerebellar slices were incubated in aCSF containing 1 mM citrulline, 20 pM 

arginine and 157 nM '"^C-arginine for 0-35 minutes. The incubation was 

terminated by the immersion of the slice in 200 pi inactivation buffer at 100°C for 

10 minutes. The inactivated slices were then sonicated and the protein content of 

the slice determined. 1 0 0  pi of the homogenate was then added to 1 . 0  ml of resin 

slurry (50 % resin, 50 % buffer containing 20 mM HEPES and 1 mM EDTA) and 

vortexed thoroughly before being left to stand at room temperature for 15 minutes. 

Once settled, 500 pi of the supernatant was aspirated, taking care not to disturb 

the resin, and added to 10 ml scintillant, Optiphase (BDH). The unbound 

radio label in the supernatant is presumed to be citrulline, and using the specific 

activity of the radiolabelled arginine the amount of citrulline produced is 

calculated. To determine the total arginine uptake by the slice, the total 

radioactivity of the homogenate is calculated and expressed per mg protein.
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NOS homogenate assay

Striatal tissue was added to 20 mM HEPES, 1 mM EDTA and 0.2 M sucrose at 

4°C, sonicated and the homogenate protein content determined. The homogenate 

was then washed with resin slurry to remove any endogenous arginine that may 

interfere with the assay: 75 pi of homogenate was added to 75 pi resin slurry, 

mixed thoroughly and then centrifuged at 10,000g for 4 minutes. The supernatant 

was then aspirated and kept on ice at 4°C until use.

To determine the NOS activity, 50 pi of the supernatant was added to 100 

pi 20 mM HEPES, pH 7.4 containing 75 mM valine, 2.5 mM DTT, 0.24 mM 

CaCh, 1.2 mM MgCl2, 1.2 mM citrulline, 120 pM NADPH, 10 pM BH4, 40 U/ml 

CaM, 0.5 mg/ml BSA, 3 pM FAD, 3 pM FMN and 20 pM arginine, 0.1 pM 

arginine. Valine is included in this mixture at such high concentrations to limit 

arginase activity in the absence of more selective inhibitors. In control reactions 

either 100 pM L-NA or 1 mM EGTA were also included. The incubation mix 

was kept at 37°C for 20 minutes, and then the reaction terminated by the addition 

of 0.75 ml resin slurry and mbcing thoroughly. After the resin had settled, 300 pi 

of the supernatant was taken and added to 1 0  mis of scintillant, then the 

radioactive content determined. The citrulline content was expressed as pmol 

citrulline/mg protein/minute (Salter et al., 1991).

NO, NO2 and NO3 determination using chemiluminescence

The NO and NO2’ content of samples was determined following injection into a 

heated reaction vessel containing 75 ml 0.1 % sodium iodide in glacial acetic acid. 

Under these conditions NO2 was reduced to NO, which was removed from the 

refluxing mixture under reduced pressure in a stream of N2, mixed with ozone and 

the chemiluminescent product measured with a photomultiplier. The amounts of 

NO were quantified after correcting for baseline drift and filtering electrical noise. 

NO concentrations were then calculated from the area under the peaks by 

reference to NO2 standards.

To determine the NO3 content of the samples, the NO2 content was 

measured as described above, then the sample NO3 was reduced using the 

enzyme, nitrate reductase. The following reagents were added to 100 pi samples
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of tissue, buffer or NO3 standards in a final volume of 120 |il: 0.6 mM NADPH, 5 

)iM FAD, 20 mU nitrate reductase and 50 mM KH2PO4 . This solution was 

incubated at 37°C for 1 hour and then the NO2 content determined as previously 

described. The efficiency of the enzymatic conversion ofNOs to NO2 was 

determined by the quantitation of NO3' standards (> 95 %) and used to derive the 

NO3 content of the reduced samples.
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5.3 RESULTS
Citrulline assay: basal NOS activity

After the first five minutes, the rate of arginine uptake into the cerebellar slice was 

approximately constant, corresponding to -80 pmol arginine/mg protein/minute 

(Fig 5.2a). The rate of production of non-arginine, presumed to be citrulline, was 

also constant after the first 5 minutes at -5 pmol/mg protein/minute (Fig 5.2b) 

following a similar time course to the arginine uptake. The percentage uptake 

converted to non-arginine was constant over the period studied (Fig 5.2c) and the 

average value overall was 8 . 6  ± 0.4 %.

Neither (a) uptake nor (b) conversion of arginine were affected by the 

inhibition of nNOS with L-NA (100 pM; Fig 5.3a,b). Thus of the arginine taken 

into the slice, > 90 % does not become citrulline, and that which does (as judged 

by this method) is unlikely to be a metabolite of the NOS pathway. Levels of 

basal NOS activity were not detectable in the cerebellar slice via this method.

Citrulline assay: stimulated NOS activity

The effect of NOS stimulation on the rate of arginine uptake and conversion in the 

cerebellar slices was investigated. The activation of NOS following NMDA 

application (100 pM, 5 minutes) was verified by measurement of the intracellular 

cGMP levels. The rate of production of citrulline was approximately constant for 

30 minutes, and unchanged by a 5 minute exposure to NMDA (Fig 5.4a). The 

percentage total conversion was unaffected by either NOS activation using 

NMDA or NOS inhibition using L-NA (Fig 5.4b). To test that NMDA 

application stimulated NOS activity, cGMP levels and arginine metabolism were 

determined in the same slices. NMDA application (0-100 pM, 5 minute) evoked 

a concentration-dependent increase in cGMP levels that were >100 fold basal 

cGMP levels at the maximum concentration tested (Fig 5.5a), but in the same 

tissue no significant changes in citrulline levels were detected (Fig 5.5b).

To test whether these changes were mediated by a NOS-independent 

mechanism the effect of L-NA on NMDA evoked cGMP increases and citrulline 

production in the same slices was tested. L-NA had no significant effect on the 

basal cGMP in the slices (Fig 5.5c). The application of NMDA (30 pM, 5
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Figure 5.2 The rate of uptake and conversion of arginine in cerebellar slices, (a) Arginine 

uptake into the slices and (b) production o f ‘non-arginine’ in the same slices, (c) The metabolised 

arginine is expressed as a percentage o f the total arginine uptake. Data are means ± SEM from 3-6 

slices.
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Figure 5.3 Effect of NOS inhibition on the uptake and conversion of arginine, (a) Arginine 

uptake was monitored in control slices (black bars) or in slices also incubated with L-NA (100 

pM; grey bars), (b) In the same slices the quantity of arginine metabolised in the presence and 

absence of L-NA was compared. Data are means ± SEM from 3-6 slices; n.s = not significant vs. 

control slices.
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effect on the rate of arginine metabolism, (b) In the same slices the inclusion of L-NA (100 pM; 

grey bars) had no affect on the percentage total arginine metabolised in control or NMDA 
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Figure 5.5 The effect of NMDA receptor activation on cGMP levels and arginine metabolism.

(a) Increasing concentrations of NMDA (0-100 gM, 5 min) evoked a dose dependent increase in 

cGMP content but not (b) citrulline levels, (c) The inclusion of L-NA (100 pM, 10 minute 

preincubation) had no effect on basal cGMP levels, but completely inhibited NMDA (30 pM) 

evoked increases, (d) Neither the NMDA stimulation or L-NA inhibition of NOS evoked any 

changes in arginine metabolism in the tissue. Data are means ± SEM from 3-6 slices; * P < 0.05 

vs. control slices.
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minutes) increased cGMP levels from 0.8 ± 0.3 to 40.5 ± 2.6 pmol cGMP/mg 

protein; a response that was completely inhibited by L-NA. In contrast NOS 

stimulation had no effect on citrulline levels in the cerebellar slice (Fig 5.5d).

Even in the cerebellum, the tissue with the highest reported NOS activity in the 

entire CNS, both basal and stimulated endogenous NOS activities are beyond the 

detection limits of this method.

Citrulline assay method checks: Resin

This NOS assay method relies upon the binding of radiolabelled arginine, but not 

citrulline, to a charged resin. To verify that arginine binding was unaffected by the 

experimental procedures such as boiling (5 minute, 100°C) or the presence of 

homogenate (1 mg/ml), the efficiency of arginine binding was determined. The 

binding efficiency was >99 % and was not significantly affected by any of the 

conditions tested (Table 5.3).

arginine treatment % Total arginine 

unbound

Buffer control 0.39 ±0.14

Boiled in buffer (100°C, 5 minute) 0.53 ±0.13

Incubated with slice homogenate (1 mg/ml pre-boiled) 0.83 ±0.19

Boiled with slice homogenate (100°C, 5 minute, 1 mg/ml) 0.75 ± 0.06

Table 5.3 The effect of homogenate and boiling on the efficiency of arginine binding. None of 

these conditions significantly altered die percentage total arginine bound to the resin (P< 0.05 vs. 

buffer control, n = 3-4).

Citrulline assay method checks: homogenate assay 

In order to test that the assay and methods worked correctly, the assay was 

performed using the well-characterised cerebellar homogenate instead of intact 

slices.

105



a
1600-,

1200 -

!
ï

800-

400-

0 -

0 1 2  3 4 5
homogenate concentration (mg protein/ml)

^ 200

 ̂ 100

control + L-NA + EGTA

Figure 5.6 The rate of citrulline formation in cerebellar homogenate. (a) The rate of citrulline 

formation is proportional to the protein concentration of the homogenate (0 -5 .5  mg protein/ml; r 

= 1.0). (b) Production of citrulline was completely inhibited by the addition of L-NA (100 pM) or 

EGTA (1 mM). Data are means ± SEM from 3-6 experiments; * P < 0.05 vs. control homogenate.
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In cerebellar homogenate the conversion of arginine to citrulline was proportional 

to tissue concentration with a specific activity of ~ 300 pmol citrulline/mg 

protein/minute (Fig 5.6a). In contrast to the intact slices, this conversion was 

completely inhibited by 100 pM L-NA and also by the removal of Ca^  ̂(which is 

obligatory for nNOS activity) using the Ca^  ̂chelator, EGTA (Fig 5.6b).

Detection of NO breakdown products: recovery of NO2' and NO3'

The use of various techniques to determine the primary products of the breakdown 

of NO is well documented and so the stimulation of endogenous NOS via 

detection of NOx’ was attempted. Initially the successful recovery of NO and its 

metabolites fi'om aqueous solution and in the presence of brain slices was 

investigated. NO2' (10 pM) and NO3 (10 pM) were added to aCSF and sampled 

over 40 minutes. The end products could be fully recovered as NO% and there 

was no significant loss over time, although the sample variation did increase 

progressively (Fig 5.7a). The recovery of NOx' was unaffected by the presence of 

8d cerebellar slices (-0.8 mg protein/ml aCSF; Fig 5.7b) where 98 % of the NO% 

added was recovered.

NO was also recovered fi’om the NO donor, DEA/NO with a stoichiometry 

of 1.25 moles of NO/mol of donor and was unaffected by the presence of brain 

slices (-0.8 mg protein/ml aCSF; Fig 5.7c).

End product detection: basal NOS activity

The intracellular and extracellular NOx contents of 8d cerebellar slices were 

measured following incubation with or without the NOS inhibitor, L-NA, for 20 

minutes. No significant differences were observed, suggesting that there was no 

detectable NOS activity in the cerebellar slice (Fig 5.8a,b). Of the basal NOx 

content of the slice, 83.6 ± 2.2 % is NO3 , in contrast to the aCSF where only 19.9 

± 9.0 % is NO3 , (n = 3).
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Figure 5.7 The recovery of exogenous NOj', NO3 and end-products of NO decomposition, (a)

A time eourse of the recovery of 10 ^iM NO 2 and 10 jiM NO3 ' from aCSF gassing at 37”C. (b) The 

recovery of total NO 2 and NO 3 ' ( 10 |iM eaeh) following 30 minutes in aCSF, gassing at 37°C in 

the presence (grey bar) or absenee (black bar) of 8 d cerebellar si lees (at a eoncentration of ~ 0 . 8  

mg protein/ml), (c) The recovery of NOx" from the aCSF following incubation with 5 pM DEA/NO 

after 30 minutes gassing at 37"C in the presence (g r^  bar) or absence (black bar) of cerebellar 

sliees (at -0.8 mg protein/ml). Data are means ± SEM from 3-6 slices; n.s = not significant vs. 

control slices.
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Figure 5.8 The NOi' content of 8d cerebellar slices and the surrounding aCSF following 

stimulation and inhibition of endogenous nNOS. The NO^’ content of (a) the aCSF and (b) the 

cerebellar slices was unaffected by stimulation with NMDA (100 |tM, 10 minutes) or inhibition 

using L-NA (100 |iM, 10 minute preincubation and present throughout the experiment), (c) Tlie 

cGMP content o f the slices was determined following the application of NMDA (100 pM, 5 

minutes) and was inhibited by L-NA (100 pM, 10 minute preincubation and present throughout 

the experiment). Data are means ± SEM from 3-6 experiments; * P < 0.05 vs. control slices.

109



End product detection: stimulated NOS activity

Following a 10 minute preincubation with arginine, slices were incubated with 

NMDA (100 pM, 10 minute) and the NOx’ content of the tissue analysed. Despite 

a large increase in intracellular cGMP levels following NMDA stimulation (100 

pM, 5 minute) that was inhibited in the presence of L-NA (Fig 5.8c) no significant 

increase in the intracellular or extracellular NOx content was observed (Fig 5.8 

a,b).

End product recovery in the striatum

The rationale for the use of the cerebellum was that this tissue had the highest 

NOS activity in the CNS as judged by results fi'om various homogenate systems. 

NOS activity in cerebellar slices was very different fi'om that measured in 

cerebellar homogenate. A brief investigation of the NOS activity in the striatum 

using end-product determination was conducted using conditions known to 

stimulate NOS activity. Steps were taken to lower the background contamination 

of NO] and NO3 in the aCSF (Fig 5.9a) fi'om environmental sources, including 

thorough glassware rinsing and the use of high grade reagents, but despite these 

precautions, over a period of 6 h the background level in aCSF gassed at 37°C rose 

fi'om -0.4 pM to 1.25 pM (Fig 5.9a).

The aCSF NO% content was monitored in the presence and absence of 

striatal slices (-0.8 mg protein/ml aCSF) and found no change after 6  hours (Fig 

9b). Following application of 300 pM NMDA for 5 minutes (in the absence of 

Mg^  ̂to enhance the stimulation) a -10-fold increase in intracellular cGMP levels 

was measured, but no corresponding change in aCSF NOx levels was observed 

during the next 6  hours. Likewise, in slices that underwent O.G.D. and simulated 

reperfusion, cGMP levels increase as has been seen previously (Fig 5.9c and 

chapter 1), but no corresponding change in aCSF NOx values could be detected.
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Figure 5.9 Increases in aCSF N O /in  the presence and absence of striatal slices, (a) NOx

levels in aCSF and aCSF containing 100 |iM arginine ± 1 mM IBMX increased during incubation 

at 37°C, from t = 0 (black bars) to t = 6 hours (grey bars), (b) All experiments using striatal slices, 

(0.7 mg protein/ml) except the aCSF control, were carried out in the presence of 100 pM arginine 

and 1 mM IBMX. The content of aCSF with control, NMDA stimulated (300 pM, Mg^^-free, 5 

minutes) or O.G.D. treated (10 minutes O.G.D., 6 hours repertusion) slices were compared at t = 0 

(black bars) to t = 6 hours (grey bars), (c) The production of NO was confirmed by the increase in 

cGMP levels following NMDA application (300 pM, Mg"-free, 5 minutes) and also following 

O.G.D. and simulated reperfusion (10 minutes O.G.D. and 10 minutes ‘simulated reperfusion’). 

Data are means ± SEM from 3-6 experiments; * P < 0.05 vs. control slices.
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5.4 DISCUSSION 
Arginine uptake
Several studies have measured the rate of arginine uptake in cerebellar tissue 

(summarised in table 5.4), amongst which there is some variation. The rate of 

arginine uptake into the cerebellar slice was constant over 30 minutes at ~ 80 

pmol arginine/mg protein/minute. This value falls within the range of other 
reports using cerebellar tissue (Table 5.1) and is likely to be attributable to the 

transport of arginine into cells by the ‘y+’ transporter.

Tissue Ai^inine uptake
(pmol ai^inine/mg 

protein/minute)

Adult cerebellar 30.5 ± 4.0

synaptosomes 

Adult cerebellar 73.2 ± 10.3

synaptosomes 

Cultured cerebellar 630 ± 40

granule cells

Table 5.4 The rate of ai^inlne uptake into cerebellar cells and synaptosomes

Ref

(Rao & Butterworth, 1996) 

(Rao et oL, 1997) 

(Westergaard et al., 1993)

The rate of arginine uptake by cerebellar slices was unaffected by either (i) NOS 

inhibition or (ii) NMDA stimulation of NOS activity, suggesting that the majority 
of the arginine uptake is not a direct consequence of utilisation by NOS. The 

destination of the arginine taken up into the cells is unknown.

Arginine metabolism

Monitoring the conversion of the arginine to citrulline relies on the differential 
ability of these species to bind to a charged resin. However, many other species 

aside from citrulline will also not bind to the resin. Thus the assumption that all 

species that do not bind the charged resin are citrulline could be flawed. Only the 

further analysis of unbound species using chromatography techniques such as thin 

layer chromatography (TLC) or high performance liquid chromatography (HPLC) 

would confirm this component is citrulline. In most investigations using this 
assay, the prevention of citrulline formation using NOS inhibitors, Câ  ̂chelation
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or verification of the product identity using TLC lends credence to the assumption 

that the unbound species is NOS generated citrulline. However when these 

controls are not performed some caution in interpretation of the data must be 

exercised.

Of the arginine taken up into the cerebellar slices <10 % was converted to 

non-arginine at a constant rate over 30 minutes (~5 pmol/minute/mg protein, ~8 % 

total uptake). Similar rates of citrulline production from the total radiolabel taken 

up have been measured in cortical ‘minces’ (-0.75 %; Alagarsamy et a l, 1994) 

and in human temporal cortex slices (~4 %; Fontana et a l, 1997). The rate of 

arginine metabolism was unaffected by either NOS inhibition or stimulation, 

suggesting that the majority of the arginine metabolism is not a result of NOS 

activity. Basal levels of citrulline production in both the cortical (Fontana et al,

1997) and cerebellar (Okada, 1996;Bredt & Snyder, 1989) slices were insensitive 

to NOS inhibition, and consequently are also likely to be attributable to an 

alternate route of breakdown.

Activation and inhibition of the NOS-sGC pathway in cerebellar slices in 

cerebellar slices was confirmed by analysis of the downstream signalling 

molecule, cGMP. Levels of cGMP were increased in a concentration dependent 

fashion by the application of NMDA, and could be completely blocked by L-NA. 

This manipulation of cGMP production suggests that the NOS-sGC pathway is 

intact in these slices but that the amounts of NO produced are beyond the 

detection limits of this method.

Monitoring the conversion of radiolabelled arginine to citrulline has been 

used to study nNOS activity in vivo and in vitro. Reports using immature 

cerebellar cubes and slices demonstrate that exposure to NMDA increased 

citrulline production to -2.5-3 fold control values, which could be prevented by 

L-NMMA (Bredt & Snyder, 1989). In a study of striatal nNOS activity in vivo, a 

steadily increasing rate of citrulline production was partially inhibited by the 

perfiision of L-NA; indicative of a basal NOS activity (Ohta et a l, 1994).

Another approach for detecting arginine to citrulline conversion is the 

immunohistochemical detection of citrulline, which was used in the striatum in 

vivo where a ~ 4-fold increase of citrulline staining was observed following
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NMDA perfusion (Eliasson et al, 1999). In unstimulated brains only -25 % of 

nNOS positive neurones accumulated citrulline, suggesting that under basal 

conditions most nNOS neurones do not produce citrulline (and, concomitantly, 

NO) at detectable levels.

In this study a radiolabelled arginine-tracer was employed to monitor 

arginine conversion. However, a previous report used a lower concentration of 

entirely radiolabelled arginine, which may have enhanced the sensitivity of 

detectable conversion. Even in this report using 100 % radio labelled substrate, the 

maximal stimulation obtained using intact brain tissue was 2-3-fold control values 

(Bredt & Snyder, 1989). This demonstrates that the increases in NO production 

are small compared to the downstream increases in cGMP production in cerebellar 

slices.

In stark contrast to the absence of detectable nNOS activity in the slice, the 

nNOS activity of the cerebellar homogenate was in agreement with other 

determinations (100-500 pmol citrulline/mg protein/minute; Salter et a l, 

1996a;Hecker et al, 1994). The conversion of arginine to citrulline was 

completely abolished in the presence of L-NA or by addition of the Ca^  ̂chelator, 

EGTA, both hallmarks of NOS activity as has been previously reported (Okada,

1996).

There are many factors that could account for these differences in nNOS 

activity between the intact slice and cerebellar homogenate, such as intracellular 

substrate and/or cofactor compartmentalisation. In the homogenate all cofactor 

and substrate concentrations are supramaximal for nNOS activity, whereas in the 

slice it is unlikely that this is the case. In the unstimulated cerebellar slice all 

arginine metabolism is NOS independent, as judged by the lack of effect of L-NA, 

whilst in the homogenate, all of the arginine conversion is attributable to NOS. 

Other systems also utilise arginine, including protein synthesis and arginase, 

which cleaves arginine to produce ornithine and urea. Immunohistochemical 

studies within the cerebellum have shown arginase to be concentrated in Purkinje 

cells and to a lesser extent in dendrites in the molecular layer, white matter axons 

and the Golgi cells (Nakamura et al, 1990). It is possible that arginase is active 

within the cerebellar slice, but not in the cerebellar homogenate. Valine was
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added to the homogenate at high concentrations to limit arginase activity, but not 

added to slices. Also, the NOS and arginase Km values for arginine are very 

different, 2-5 )iM and ~1 mM respectively (Boucher et al., 1999;Daghigh et al, 

1994). In the homogenate the arginine concentration is ~24 pM, which could be a 

limiting factor for arginase, but not nNOS activity. In slice experiments arginine, 

uptake represents an overall increase in intracellular arginine concentration of ~ 

300 juM over 30 minutes. The reported values for arginine concentration in 

tissues and cells are 100-250 pM (Boucher et a l, 1999), and the addition of the 

arginine taken up by the slice results in a much higher arginine concentration 

(400-550 pM). Thus the activity of arginase is likely to be higher in slices than in 

homogenate. It has been demonstrated that an intermediate in NO production, 

N^-hydroxy-L-arginine, is also a potent arginase inhibitor. In NOS homogenate 

experiments where conditions are optimised for NOS activity (e.g. excess NOS 

cofactors) it is possible that the generation of this species in a homogenate tailored 

for optimal NOS activity could inhibit any arginase activity in the homogenate.

In brain slices no changes in arginine metabolism following stimulation or 

inhibition of nNOS were detected. The presence of a steady rate of arginine 

uptake and a non-NOS route of metabolism greatly reduced the sensitivity of this 

assay. In all other studies that successfully detected nNOS stimulation (albeit a 

small increase) the limit of detection may have been enhanced by the use of small 

concentrations of entirely radiolabelled arginine. It is possible that by using a high 

arginine concentration, non-NOS metabolic routes were unintentionally engaged 

and reduced the assay sensitivity.

End product formation

An alternative experimental approach was also used to investigate NO production; 

the measurement of the NO breakdown end-products, NOx'. Many investigations 

of nNOS activity have determined NO% in vivo using microdialysis, with much 

focus on the role of NO in ischaemia. Microdialysis reveals valuable information 

regarding the changes in NOS activity but the absolute rate of tissue NOS activity 

is difficult to determine. It was established that exogenous NO], NO3 and NO 

released from an NO donor could be successfully recovered from aCSF. The
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recovery of NOx was unaffected by the presence of cerebellar slices (~ 0 . 8  

mg/ml) in all conditions tested. The endogenous NO% content of the aCSF (~ 1.5 

pM) was predominantly NO2 whereas, in contrast, the endogenous content of the 

cerebellum (~ 1.0 nmol/mg protein) was mainly NO3 . This suggests that the 

processes of NOx’ formation from NO are different in tissue and an aqueous 

environment in agreement with previously reported values (Ignarro et a l, 1993).

Stimulation of nNOS activity in the cerebellar slices with NMDA evoked 

a large increase in cGMP content but no detectable increase in intracellular or 

extracellular NO% levels. A study using isolated rat cerebellar synaptosomes 

measured an increase in total NO2 in the tissue supernatant to 2 2 0  % of control 

following NMDA application, which could be completely inhibited by the 

addition of L-NAME or AP-5 (Gorbunov & Esposito, 1994). In other neuronal 

tissue, such as cultured mesencephalic neurons, a transient NOx increase was 

observed following NMDA stimulation, but the total NOx content declined over 

the period studied (Zecca et a l, 1997). This implies that NO and/or NO% may be 

metabolised in these cells. Increased NO% production has also been measured in 

spinal cord slices, after stimulation with prostaglandin E2 (PGE2 ; Sakai et a l,

1998), and hippocampal slices following induction of iNOS (Ma & Zhu, 1997) 

and the increases could be mostly inhibited by NOS inhibitors.

Using the striatum, stimuli previously demonstrated to evoke elevations in 

cGMP levels (chapter 3) were tested and the aCSF NO% levels measured. As with 

the cerebellum, NMDA evoked NOS-mediated cGMP increases but no detectable 

change in the aCSF NOx levels. In a study using cultured striatal neurones a brief 

exposure to NMDA triggered an enduring production of NO that was measured as 

a progressive increase of NOx’ to ~7 pM over 6 h (Strijbos et a l, 1996). Using the 

same stimulation with striatal slices at a similar tissue concentration no significant 

increase in NOx was seen after 6 h, suggesting that the processes which trigger 

persistent NO production in cultured neurones differ from those in the acute 

striatal slice. Transient, L-NA-sensitive increases in NOx content were measured 

in vivo in the striatum following NMDA perfusion (Kendrick et al, 1996) or in 

the hippocampus during reperfijsion (Lei et a l, 1999). Similar transient increases 

of dialysate NOx concentration to ~140 % basal levels were measured following
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NMDA application to the cerebellum which were significantly inhibited by NOS 

inhibitors (Yamada & Nabeshima, 1997a;Yamada & Nabeshima, 1997b). 

Interestingly NMDA mediated increases in cerebellar NOx are mainly NO3 ; 

whereas KCl depolarisation-evoked increases were composed ofNOz. It is 

possible that the method of Câ  ̂entry and thus the route of nNOS stimulation 

may affect the end-fate of NO. This variation of the end product formed in the 

same tissue with different stimuli emphasises the need to monitor the total species 

formed, and not just NO2 content.

The contamination of the aCSF by environmental NO2 and NO3 reduced 

the sensitivity of the assay. The background levels in aCSF alone rose fi’om 

0.25pM to 1.25 pM over 6  hours, and these levels were not significantly affected 

by the presence of striatal slices. The limit of detection of this method is 

estimated to be approximately 0.25 pM NOx, which corresponds to a tissue 

production of ~ 250 pmol NO/mg protein. Due to environmental contamination 
this method is even less sensitive than the citrulline assay in intact tissue, but also 

confirms that endogenous NOS activity in the CNS is very restricted. The basal 

tissue and aCSF NOx contents measured here are similar to published results in 

vitro but, in contrast, no increases were detected following NOS stimulation.

Estimation of maximal stimulated nNOS activity

The value for cerebellar homogenate NOS activity determined here was in 

agreement with previous investigations using similar conditions. However, the 

observation that measurement of NOS activity within cerebellar slices is beyond 

the detection limit of this method is in opposition to some reports (Southam & 

Garthwaite, 1996;Salter el al., 1996b;Bredt & Snyder, 1989). From the detection 

limit of the system using cerebellar slices (~40 pmol citrulline/mg protein) a 

rough estimate of the maximum possible NOS-mediated arginine metabolism can 

be made. Stimulation of the slice with NMDA for 5 minutes caused an elevation 

in cGMP levels that can be inhibited by L-NA. From the detection limit (~40 

pmol NO), it can be assumed that this is the maximum quantity generated during 

the NMDA stimulation; otherwise the NOx content would have been detectable. 

The homogenate assay reveals that cerebellar tissue has high capacity for nNOS
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activity, but in intact cerebellar brain slices nNOS activity is too small to be 

detected. Assuming that the specific activity of the cerebellar tissue is equivalent 

in slices and homogenate then estimates regarding the duration and/or proportion 

of nNOS activity can be made. Here two extreme scenarios that would account for 

such limited nNOS activity in the slice have been examined:

(1) All of the slice nNOS is active simultaneously but briefly

From the citrulline assay detection limit of ~40 pmol/mg, the maximum potential 

duration of nNOS activity of the tissue can be calculated:

= limit o f detection/ specific activity o f the tissue 
= (40 pmol/mg)/(300 pmol/mg/minute)
^0.13 minute
-  8 seconds

In this scenario, if all of the nNOS in the slice were maximally active in response 

to persistent NMDA exposure then the entire population must be active for < 8 

seconds, otherwise detectable amounts of citrulline would be generated.

(2) A small proportion of the slice nNOS is active continuously

If the output of the slice is assumed to be constant throughout the NMDA 

exposure, then the maximum rate of NO generation can be estimated:

=  lindt o f detection/duration o f stimulation

-  (40 pmol/mg)/5 minute
-  8 pmol/mg/minute

If the maximum specific activity of the slice were equivalent to the homogenate 

then the proportion of the total nNOS population active throughout the stimulation 

would be:
= (8 pmol/mg/minute)/(300 pmol/mg/minute)
= 2 .7%

Thus <3 % of the total maximum nNOS activity (as compared with homogenate) 

could be active throughout the stimulation, otherwise the arginine metabolism 

would be detectable. It is unknown which of these scenarios, if either, best 

describes nNOS activity in vitro, and it is likely that the reality in the cerebellar
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tissue is somewhere in between the two (discussed further in chapter 7). From the 

detection limit of this method it is assumed that endogenous NOS activity in the 

CNS is very restricted. Investigations of the cytosolic Ca^  ̂profile in response to 

persistent NMDA exposure have demonstrated that Ca^  ̂concentrations are 

sustained at near steady state levels for many minutes following NMDA 

application. Thus it is unlikely that Ca^  ̂concentration limits nNOS activity 

during a 5 minute NMDA stimulation. It could also be that substrate or cofactor 

supply to nNOS is limiting. Although arginine is taken up into the slice, it is not 

known how much, if any, arginine is taken up into the NOS-containing cells, or 

whether it is restricted to subcellular compartmentalisation that renders it 

unavailable to nNOS. The activity of nNOS could also be regulated by NO 

feedback inhibition or phosphorylation (the same Ca^  ̂influx that stimulated NOS 

activity may also stimulate Ca^^-CaM kinases to phosphorylate, and thus 

inactivate NOS) as demonstrated in vitro.

It has recently been discovered that the major CNS receptor for NO, sGC 

undergoes rapid desensitisation upon NO activation (Bellamy et a l, 2000). It is 

possible that nNOS could undergo a similar process, which would account for the 

small amounts of NO generated. However, a study monitoring the production of 

NO via cGMP content revealed that the amount of NO released from isolated 

cerebellar cells following NMDA receptor activation was greater at 30 than 5 

seconds, demonstrating that NO is being produced at least 30 seconds post

stimulation (Garthwaite e/ a/., 1988). If in cerebellar slices all of the nNOS in the 

tissue was maximally active for 30 seconds an increase in arginine metabolism 

would have been detected, which it was not. This would suggest that not all of the 

tissue nNOS is maximally active during NMDA stimulation. Studies of NO 

feedback inhibition have suggested that only a small proportion of the nNOS 

population could be active at any given time due to the slow dissociation of NO 

from the enzyme in vitro (Abu-Soud et a l, 1995). The actual mechanism of 

nNOS regulation in the CNS is unknown. Production of NO in intact brain slices 

is beyond the detection limits of two sensitive methods and implies that the 

quantities of NO produced endogenously in brain slices in response to 

physiological stimuli are small.
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Chapter 6; SHAPING OF NITRIC OXIDE SIGNALS BY 

CELLULAR SINKS
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6.1 INTRODUCTION
The rate of endogenous NO production in intact brain tissue was previously 

studied (chapter 5). To better understand the dynamics of the NO produced, the 

kinetics and mechanism of NO decay in biological tissue was also investigated.

NO breakdown

NO has a multitude of fimctions in almost all tissues of the body including the 

control of vascular tone, synaptic plasticity and immunity. It has also been 

implicated in pathophysiological conditions such as neurodegeneration (Bolanos 

& Almeida, 1999) and septic shock (Titheradge, 1999). Not all cells are equally 

susceptible to NO; little is known about cellular defence against NO and its toxic 

metabolites in either the source or target cells. Understanding the varied actions 

of NO requires information regarding the concentration of this messenger 

molecule. At any given time, the NO concentration is a result of the steady-state 

between formation and degradation, which can only be estimated with an accurate 

description of the kinetics of these processes. Under physiological conditions, NO 

is produced by the constitutively expressed enzymes, eNOS and nNOS, which are 

acutely regulated by cytosolic Ca^  ̂levels and also possibly by factors such as 

upregulation of enzyme expression, substrate and co factor concentration.

To date, NO biology has focused on the enzymatic generation of NO but 

little is known of the processes that turn off the NO signal. The duration of most 

biological messengers is controlled by clearance mechanisms, for example, 

released neurotransmitters are either degraded by extracellular enzymes (e.g. 

acetylcholine) or cleared by transporter proteins (e.g. glutamate). The degradation 

route of NO is still unclear. Without a termination mechanism, an NO signal is 

susceptible to the vagaries of chemical decay, an unlikely fate for such a crucial 

signalling molecule. There is a large discrepancy between the half-life of NO in 

aqueous solution (minutes to hours at low concentrations; Schmidt et a l, 1997) 

and the biological half-life (seconds; Kelm & Schrader, 1990) suggesting that NO 

decay is accelerated in biological systems. NO has been reported to interact with 

both organic and inorganic moieties, some of which are known to transform NO 

into other species. Here the established routes of NO inactivation in biological
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tissue and candidate species responsible for the accelerated decay of NO in 

biological systems are discussed.

Interaction with O2 and related species 

Autoxidation

In aqueous solution the primary route of NO breakdown involves interaction with 

O2 in a process termed ‘autoxidation’. The autoxidation of NO in aqueous 

solutions is a complex reaction for which the hill mechanism has not been fully 

elucidated. Multiple reports have demonstrated that NO interacts with molecular 

O2 in aqueous solutions to form mostly NO2 , and have followed the kinetics of 

this process by studying the fall of NO concentration or rise in NO2 levels (Ford 

et a l, 1993). The exact mechanism of autoxidation has been the focus of much 

controversy, discrepancies arising from limitations of the various methods of 

determination. Several recent reports have confirmed that the overall scheme of 

autoxidation is likely to be that shown in equations 1-3 (Schmidt et al, 1997).

2N0 + 0^->2N0^  (1)

2 NO2 + 2NO 2N^O^ (2)

2N^O, -¥ 2 H ^ 0 ^  4N0^- 4477+ (3)

The autoxidation reaction is summarised in equation (4) where k is the rate of 

inactivation.

^ ^  = !AOJiNOf (4)

From this equation it is clear that according to autoxidation, the half-life of NO is 

not constant but will vary inversely with NO concentration. Various experimental 

estimates of A: in aqueous solution (at 22-25°C, pH 7.4) have been listed in Table 

1. At the physiological temperature of 37°C (pH 7.4) a larger rate constant of 13.3 

X 10̂  M'̂ s"̂  was determined (Schmidt et al, 1997). Using the rate constant values 

and the overall reaction scheme, reasonable estimates of the time course of NO 

autoxidation can be made. These estimations have been particularly useful in
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studies utilising NO donors, which decompose in a first-order reaction at 

physiological pH and temperature to liberate NO and thus allow investigation of 

the biological effects of NO (Morley & Keefer, 1993). Mathematical modelling 

has incorporated these complex autoxidation kinetics and allowed accurate 

prediction of the NO profile released from donors (Schmidt et a l, 1997).

Ref. Autoxidation rate constant
(x 10^ M 'V ‘)

(W ink era /., 1993) 6 . 0

(Kharitonov e /a /.,  1994) 6.3

(Lewis & Deen, 1994) 2.1

(Goldstein & Czapski, 1995) 11.5

(F o rd  e t  a l . , 1993) 9.0

Table 6.1 Rate constants for NO autoxidation (in aqueous solution at 22-25°C).

The chemical reactivity of NO with O2 has been considered a means of disposal 

for NO but at the low O2 and NO concentrations measured in vivo, autoxidation is 

far too slow to have much physiological relevance, suggesting that in addition to 

autoxidation, tissue derived factors accelerate NO breakdown.

Biological membranes

Autoxidation has been reported to occur faster in the presence of biological 

membranes or detergent micelles than in aqueous solution (Liu et a l, 1998b). It is 

suggested that due to the hydrophobic nature of NO, it may concentrate in the 

hydrophobic interior of the membrane, where increased NO concentrations would 

accelerate autoxidation. This may have implications for NO travelling from its 

site of production to target cells, particularly in cells with large membrane surface 

area, membrane proteins and membrane soluble species, such as a-tocopherol.

NO and superoxide anions

NO is a free radical species and thus its primary reactions are limited to other 

species with an unpaired electron, including the superoxide anion (O2 ). NO
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reacts with O2 ' (Eq 5) with a rate constant o f-7x10^ M'  ̂ to generate a 

powerful oxidant, the peroxynitrite anion; ONOO (Huie & Padmaja, 1993).

0 2 “ +NO -4 . ONOO- (5)

This almost difihision-limited reaction will only occur when the rate of production 

of the two reactants are comparable and then it will significantly impact the 

biological activities of both NO and O2 However, peroxynitrite is highly toxic 

and has been reported to attack a wide range of biological molecules including 

lipid, DNA and protein and thus it is unlikely to serve as a primary pathway for 

the physiological inactivation of either species (Crow & Beckman, 1995). 

Superoxide anions are produced by both spontaneous and enzyme-catalysed 

reactions. Enzymatic routes of synthesis include generation by xanthine oxidase 

(XO), which is co-localised with NOS in rabbit synaptosomes and generates O2 

as detailed in equation (6 ) (Deliconstantinos & Villiotou, 1996).

xanthine + Oj — H^O  ̂+ 0 {  + uric acid (6 )

A major source of superoxide anions in the cell is the mitochondria, in which 

protein components occasionally Teak’ electrons (Paradies et a l, 2000;Hanukoglu 

et a l, 1993). It has also been reported that nNOS (Xia et a l, 1996), eNOS (Xia et 

al, 1998a) and iNOS (Xia et a l, 1998b) can generate O2 under certain conditions 

in vitro but whether this occurs in vivo is unknown. Spontaneous production of 

O2 by the reduction of O2 may be catalysed by species including transition 

metals. Ferrous iron can perform a one-electron reduction of O2, which generates 

the superoxide radical as follows:

+ O2 -> -  O2 -> + 0 {  (7)

Some proteins that contain iron, including iron storage and transport proteins (e.g. 

ferretin and transferrin) chelate free iron and may limit the production of radical 

species. As superoxide anions are so reactive and hence short lived, determination 

of the tissue concentrations of these species is difficult. However, the role of O2
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has been elucidated in many investigations using the enzyme superoxide disputes 

(SOD). For example, there is limited evidence for formation of peroxynitrite in 

vivo due to its high reactivity, but non-direct evidence for its existence includes 

observations that the half-life of endothelial (Palmer et a l, 1987) or cerebellar 

(Garthwaite et a l, 1988) cell derived NO is doubled by the presence of SOD.

SOD constitutes the primary line of defence against superoxide anions in 

tissue as part of an antioxidant enzyme cascade. O2 ’ does not easily cross 

membranes and therefore must be inactivated in the compriment of its production 

(Crow & Beckman, 1995). There are two categories of SOD, the eukaryotic 

cytosolic and extracellular Cu, Zn-SOD and the mitochondrial NM-SOD. Unlike 

cytosolic SODs, extracellular SOD is heavily glycosylated and readily attaches to 

cell surfaces (Fridovich, 1995). The presence of this extracellular SOD may 

enhance NO signalling and cellular defence against extracellular sources of O2 '. 

SOD converts superoxide anions to hydrogen peroxide, in a rapid reaction for 

which the rate constant is 2 x 10  ̂M ' s ' (Crow & Beckman, 1995). Hydrogen 

peroxide is then converted to water and O2 by the antioxidant enzymes, 

glutathione peroxidase and catalase. The high activity and widespread distribution 

of SOD facilitate rapid inactivation of O2 , thus limiting the production of 

peroxynitrite.

Peroxynitrite and protein nitrosylation

Peroxynitrite is a highly reactive species with a half-life of ~1 sec (37°C, pH 7.4) 

and can interact with thiols groups to generate nitrosothiols (RS-NO). Other NO- 

intermediates, the nitrosonium ion (NO^) and metal-NO complexes could also 

facilitate nitrosylation but this reaction is thought to be predominantly mediated 

by peroxynitrite (Stamler, 1994). The most abundant intracellular low molecular 

weight thiol in the CNS is glutathione (L-y-glutamyl-L-cysteinylglycine, GSH), 

which is known to fimction in many biological processes including protein and 

DNA synthesis, and plays a critical role in the maintenance of protein thiols. GSH 

and other antioxidant species control the cellular redox state and confers 

protection against a wide range of oxidative and free radical insults in vitro. The 

nitrosylated species of GSH, ‘GS-NO’, has been identified in the rat cerebellum in
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vitro, but the function of this and other nitrosylated species in vivo remains 

unclear (Kluge et al., 1997). It has been hypothesised that nitrosothiols may be 

biologically active groups that stabilise NO by protecting it from ‘uncontrolled 

decay’ and possibly deliver it into cells. For nitrosylation to be a means of 

regulating NO concentration, thiol interactions with NO must be reversible. 

Biological control of NO dissociation from thiol groups has been reported in vitro, 
although the affinities with which the enzymes were reported to act upon 

nitrosothiols have little physiological relevance (Nikitovic & Holmgren, 1996). It 

is also possible that nitrosothiols undergo inorganic decay in the presence of Cu^  ̂

(as reported in vitro'. Smith & Dasgupta, 2000;Gorren et a l, 1996), although it is 

hard to reconcile this with the hypothesis that RS-NO represents a finely tuned 

system of NO transport. Controversially, it has been proposed that protein 

nitrosylation may have functions analogous to phosphorylation, possibly by 

alteration of protein conformation (Stamler, 1994).

It is not yet clear whether protein nitrosylation has a physiological role or 

whether it is simply a non-specific consequence of the chemical reactivity of 

peroxynitrite that is only observed under pathophysiological conditions. Despite 

the rapid reaction of O2 ’ with NO, physiological concentrations of NO are so low 

that it is likely that the primary reaction of O2 ’ will be with SOD. However, when 

NO concentrations rise, such as during ischaemia or inflammation, the interaction 

of O2 with NO, and thus the generation of peroxynitrite, is likely to be more 

significant (Crow & Beckman, 1995).

Interactions with transition metals 

NO binding to non-haem iron

The direct interaction of NO with non-haem iron has been known for many years. 

Many proteins contain non-haem iron as a prosthetic group, many as iron-sulphur 

centres (Fe-S) including mitochondrial enzymes and metallothionein (MT). MT is 

a thiol rich protein induced in response to cytokines that sequesters free iron (and 

other metals). It has been reported that the metal moiety may be released 

following interaction with endogenously produced NO (Pearce et al, 2000). It has 

been found to confer protection against NO toxicity in vitro, possibly by binding
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NO at the Fe-S centre to produce iron-nitrosyl complexes and consequently 

lowering cellular NO concentrations. Another non-haem iron-containing enzyme 

that has been reported to consume NO is 15-lipooxygenase (15-LOX), which 

oxidises unsaturated fatty acids and is thought to be involved in cell development, 

differentiation and development of atherosclerosis. 15-LOX is inhibited by high 

NO concentrations, but it is also postulated that NO is consumed by the enzyme 

via a distinct concentration dependent mechanism (O'Donnell et a l, 1999). High 

concentrations of NO can cause the liberation of free iron, Fe (II) from the Fe-S 

complexes that can produce radical species.

Interactions with haem-iron

Where haem is used as a prosthetic group in enzyme activity, NO may influence 

enzyme activity. One of the best characterised interactions of NO with a haem 

protein is NO binding its primary target in the CNS, sGC, which has a rate 

constant of 7x10® M'^s"' (Stone & Marietta, 1996). NO binds ferrous haem so 

avidly that it has been suggested that it may be easier to replace the whole haem 

prosthetic group from the protein rather than dissociate the NO-haem complex 

(Cooper, 1999). Recent determination of the NO dissociation rate has revealed it 

to be more rapid than originally thought (Kharitonov et a l, 1997) leading to the 

suggestion that proteins may modify the iron-nitrosyl bond microenvironment to 

encourage NO dissociation. NO is likely to bind to all prosthetic haem groups in 

a manner regulated by the surrounding protein groups. Here some of the 

interactions of NO with cellular hemoproteins are examined.

Haemoglobin

NO reacts with both deoxyhaemoglobin (deoxy Hb) and oxyhaemo globin 

(oxyHb) to form nitrosyl Hb (HbNO) or met haemoglobin (metHb) and NO3 

respectively. The reaction of NO with Hb is rapid (k~  10  ̂M’̂ s'̂ ) from which the 

extrapolated half-life of NO in circulating blood is extremely short (~20 ps). Free 

Hb effectively scavenges endothelially derived NO in vivo and in vitro and can 

inhibit vascular relaxation (Liu et a l, 1998a;Palmer et a l, 1987). Paradoxically, 

whole blood contains ~ 15 mM Hb packed into RBCs (Liao et a l, 2000), and thus
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if the reaction of free and compartmentalised Hb were equivalent, the half-life of 

NO in blood would be ~1 ps, which means that NO inactivation might prevent 

any biological effects of NO. If this were the case, NO produced in the 

endothelium would also be susceptible to scavenging by blood æid this could 

attenuate NO-mediated events in the vasculature. However, as endothelially 

derived NO mediates smooth muscle relaxation, quenching of the NO signal by 

blood must be limited in vivo. Several hypotheses to account for the limitation of 

NO inactivation by blood have been suggested. The reaction between NO and Hb 

is attenuated by encapsulation of Hb in RBC or liposomes (Rudolph et al., 1997). 

Possibly once encapsulated an unstirred layer surrounding the membrane creates 

diffusion surface resistance, limiting the access of NO to the intracellular Hb 

(Vaughn et al., 2000).

The interaction between NO and Hb in RBCs is even further reduced by 

intravascular flow (in comparison with static cell suspensions), which was 

attributed to the generation of a RBC-free zone (Liao et a l, 1999). As blood flows 

through vessels it has also been reported that a ‘zone’ devoid of RBCs forms at 

the vessel surface. This would increase the distance between the NO producing 

endothelial cells, or nNOS positive neurones, and the RBCs, and thus could 

reduce the NO-Hb interaction (Liao et a l, 1999). However, the relevance of this 

zone in smaller vessels, such as capillaries, where the potential for the formation 

of an RBC-devoid zone is limited spatially, is unclear. The measured rate of NO 

inactivation by RBCs in vitro (Liu et a l, 1998a) will probably affect the rate of 

NO inactivation in vivo to a greater or lesser extent, and thus the half-life of NO in 

the body is likely to be affected by blood vessel distribution and capillary density. 

It has also been suggested that NO is not scavenged by Hb, but rather carried as 

nitrosylated cysteine residue (Cysp93 -SNO-Hb) which may play a role in 

vasoregulation (Yonetani et a l, 1998;Gow & Stamler, 1998). However, very little 

of the total Hb content (<0.3 %) is present as SNO-Hb and so the physiological 

relevance of this species is unclear.

It is not known which of the above mechanisms, if any, account for the 

lack of NO inactivation by RBCs in vitro, or indeed, in vivo. Additionally, Hb has 

been found to be expressed endogenously in cultured neurones, but not glia, and
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the function of this is not known (Ohyagi et a l, 1994). Immunohistochemical 

investigations have indicated that Hb is present in most neurones, including the 

Purkinje and granule cells of the adult cerebellum, but the function of this protein 

in these cells is unknown. Interestingly, a parasitic nematode. Ascaris 

lumbricoides contains an octameric Hb which is thought to utilise NO for the 

removal of O2 (generating NO3') termed ‘NO-activated deoxygenase’(Minning et 

al., 1999). The removal of O2 in this case also inactivates NO and thus is also a 

route of NO metabolism that may protect against host defences in this parasite.

Bacterial globins and denitrification enzymes

The bacteria Escherichia Coli (E.Coli) posses a soluble flavohaemoglobin which 

was found to be expressed in response to NO under anaerobic conditions (Poole et 
al, 1996). This flavohaemoglobin acts as a NO dioxygenase in its ferrous form, 

incorporating O2 into substrate (NO) to produce NO3 in a cyanide-sensitive 

manner (Hausladen et a l, 1998;Gardner et al, 1998). Ferrous haem is 

regenerated from the ferric form by an NADH-dependent reduction. Similar NO- 

consuming flavohaemoglobins have been identified in Saccharomyces cerevisiae 

(Liu et al, 2000) and Salmonella typhimurium (Crawford & Goldberg, 1998). 

Flavohaemoglobins are related to the haemoglobin family and associated 

haemoglobin reductases but it is unlikely that the microbial globins participate in 

O2 transport as there is little diffusion barrier into single cells, nor would the 

expression levels significantly contribute to O2 storage. Instead, it is likely that 

this protein is a defensive mechanism to protect bacteria from toxic levels of NO.

NO is an intermediate of nitrogen fixation in anaerobic bacteria during 

dissimilatory denitrification (Ye et a l, 1992). Distinct redox enzymes in 

anaerobic bacteria are responsible for the reduction ofN 0 2 , NO3 , nitrous oxide 

and NO (Watmough et a l, 1999). The reduction of NO2’ to NO during 

denitrification is catalysed by the class of enzymes known as the nitrite reductases 

(NIR) which contain either copper (CuNIR) or more frequently, haem (cdiNIR), 

as CO factors (Watmough et al, 1999). As in most cell types, elevated NO levels 

are toxic to these bacteria and so they are equipped with NO degrading enzymes, 

NO reductases (NOR), to keep the NO steady state concentrations low. NIR and
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NOR activity and expression are interdependent, being co-regulated at the 

transcriptional level (Van Spanning et al, 1997). The NOR enzyme is usually 

isolated as a heterodimer, Nor BC, which contains prosthetic haem groups. NORs 

are a close relative of the haem-copper oxidases, including cytochrome c oxidase 

(CcO), which bind and reduce O2 . It is interesting to note that these bacterial 

denitrification enzymes are related to the cytochrome oxidase family and it has 

been suggested that the mitochondrial respiratory chain developed fi'om the 

anaerobic denitrifying respiratory system (Saraste & Castresana, 1994).

Mitochondrial respiratory enzymes

The possible role of NO as a regulator of respiration was discussed in Chapter 1. 

Here the converse scenario is examined. Accelerated decay of NO has been 

observed in various purified and crude preparations of CcO (Zhao et al, 

1995;Brudvig et al, 1980) and also in the presence of mitochondria (Borutaite & 

Brown, 1996). NO binds to the binuclear site (haem a3-Cu b) of CcO in 

competition with O2 (Giuffre et a l, 1996). It is reported that two NO molecules 

can bind to the binuclear site of reduced CcO (Brudvig et a l, 1980), in contrast to 

more recent stoichiometry that suggest a ratio of 1.1 for NO binding to CcO 

(Stubauer et al, 1998). Some of the evidence used to implicate CcO in the 

accelerated inactivation of NO is based upon the observation that NO decay is 

inhibited by cyanide (Borutaite & Brown, 1996;Zhao et al, 1995). However, NO 

may bind to the Cu b site even when the haem a3 site is occupied with cyanide 

(Brudvig et al, 1980). It has been suggested that NO binds to, but is not 

metabolised by, CcO, and that this binding was slowed in the presence of cyanide 

(Stubauer et al, 1998). Thus, studies identifying reactions mediated by CcO using 

cyanide inhibition may fail to discriminate between NO binding and NO 

metabolism.

In the presence of purified ferrocytochrome c (a periplasmic protein that 

contains a pentacoordinate haem group), NO decay was accelerated which may be 

due to the reduction of NO to NO . This species could then interact with O2 to 

produce ONOO- without requirement for superoxide anion generation (Sharpe & 

Cooper, 1998). In this study, the presence of CcO did not further accelerate the
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rate of NO decay, implying that the active species was cytochrome c. Recent 

investigations have lent further weight to the hypothesis that CcO can inactivate 

NO. NO bound to CcO was converted to NO2 which may inhibit CcO at the 

copper site(Torres et al., 2000). The dissociation of NO2 ' from CcO was slow, but 

found to be accelerated in the presence of high concentrations of reductant (Torres 

et al, 2000) and was light sensitive (Sarti et a l, 2000). It remains to be seen what 

contribution CcO makes to the accelerated degradation of NO in vivo.

Haem Oxygenase

Recent reports have shown that NO binds to the constitutively expressed haem 

degradation enzyme, haem oxygenase (HO-2), that cleaves haem into biliverdin, 

Fe (II/III) and carbon monoxide (CO) (Ding et a l, 1999). In this study, NO bound 

to and inhibited HO-2, but no investigation into the half-life of NO was made. 

Nonetheless, HO-2 was proposed to be a potential intracellular sink for NO. 

Peculiarly, the recently isolated HO-3 isoform, which does not effectively catalyse 

haem breakdown and has no known function, was not tested (McCoubrey, Jr. et 

al, 1997). The localisation of the HO family reveals co-localisation with sGC 

(Verma et a l, 1993) and also with NOS producing neurones (Vincent et al, 
1994), but the relevance of this distribution remains unclear. Further investigation 

of the HO iso forms with respect to the kinetics of NO inactivation will reveal 

information regarding the role of HO in NO signalling.

Hemopexin

Spectrophotometric studies have revealed that NO binds the protein, hemopexin, 

(Shipulina et al, 1998) which has been identified in multiple tissues including 

neurones and glia (Morris et a l, 1993). This protein binds a haem group non- 

covalently with an exceptionally high affinity (kd ~ 1  x KF'^M) and is imported 

into cells by receptor-mediated endocytosis (Muller-Eberhard & Nikkila, 1989). 

Thus it is suggested that hemopexin may act as a haem storage and transport 

system and might play a role when haem is released fi*om proteins under 

conditions of trauma and haemolysis. Under these conditions it may prevent the 

formation of harmful oxidants generated by free haem. Spectophotometric studies
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demonstrated that NO binds to ferrohaem-hemopexin (which lacks any free 

sulfhydryl groups) to form a relatively stable complex. No information regarding 

the effect of this interaction on NO concentration and half-life was investigated 

and thus the role, if any, of hemopexin in NO inactivation remains unclear.

The biological inactivation of NO

Accelerated decay of NO has been observed in many cellular and subcellular 

systems. In some cases the use of SOD has revealed that some NO is inactivated 

by interaction with O2 ’ but in studies where this possibility has not been tested, 

the mechanism of NO inactivation is unclear. The half-life of NO in perfused 

heart was measured to be <100 milliseconds (Kelm & Schrader, 1990), and in the 

presence of endothelial cells ~5 seconds (Palmer et al., 1987). Another indication 

of tissue-mediated decay is that the major product in aqueous solution is NO2 , 

whereas in biological tissue NO transformation yields mainly NO3 (Ignarro et a l, 

1993). However, NO2 is converted to NO3 in the presence of Hb or RBCs, so 

whether the tissue transformation to NO3 is direct or via the intermediate 

production of NO2' is unclear (Kelm, 1999).

Aims of the study

Many distinct species have been reported to interact with NO in vitro, but the 

significance of these reactions in vivo is unknown. Both the cellular concentration 

and subcellular localisation of each species are important in estimating the 

contribution of these candidates for NO inactivation. The primary source of NO in 

the CNS, nNOS, is localised to discrete neuronal populations that constitute only a 

small proportion of the total cell population, and yet due to the unique properties 

of this messenger, the synthesised NO has a large sphere of influence (Wood & 

Garthwaite, 1994). The half-life of NO determines its spatial range and temporal 

extent of its actions but little is known of the metabolic pathways that limit the 

reactivity of NO in biological systems. Here the breakdown of NO in brain tissue 

and other systems is investigated.
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6.2 METHODS 
Cerebellar cell suspension

A suspension of isolated cerebellar cells was prepared as described in chapter 5 

(5.2 Methods). Where perfused cerebella were required for the cell suspension, 

Wistar rats (8 d) were anaesthetised with an intraperitoneal (i/p) injection of 

pentobarbital (150 pi of 10 % pentobarbital in PBS) and then transcardially 

perfused with 10 mis of PBS at 30-37°C. The cerebellum was quickly removed 

and the isolated cell suspension prepæ"ed as described previously.

Red Blood Cell (RBC) number determination

Perfused and non-perfused cerebellar cells suspensions were fixed by addition to 4 

% paraformaldehyde in 0.1 M phosphate buffer at room temperature for 30 

minutes then dried onto gelatin-coated slides and rehydrated with distilled water. 

A nuclear stain, hemalum, was applied for 15 seconds after which all nucleated 

cells were darkly stained and the unstained RBC were clearly identifiable. The 

stained and unstained cells were counted and the RBC content expressed as a 

percentage of the total cell population.

Isolated RBC suspension

Approximately 0.5-1.0 ml of whole blood of 8 d Wistar rats was added to 5.0 ml 

PBS. The cell suspension was mixed, the supernatant aspirated and then 

centrifuged at 2300 g for 10 minutes. The cloudy upper layer containing platelets 

and the contents of lysed cells was aspirated and the cells reconstituted in 5.0 mis 

fresh of PBS, then centrifuged again. This process was repeated 3 times in PBS, 

and then the RBC concentration determined a hemocytometer and the suspension 

and kept on ice until use.

HeLa cell preparation

Human HeLa cells were seeded at a concentration of 2.1 x 10̂  cells per 75 cm  ̂

flask (T-75) in Dulbeccos minimal essential media (DMEM) supplemented with 

10 % fetal calf serum (PCS), 10 pg/ml penicillin and 10 pg/ml streptomycin. 

Once the cells were 70-90 % confluent the media was aspirated and replaced with
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5.0 ml of 0.25 % trypsin in PBS, then the cell suspension centrifiiged at -150 g  for 

4 minutes. The cell pellet was then reconstituted in 1 ml of PBS, the cell 

concentration determined using a haemocytometer and the suspension adjusted to 

a final concentration of 20 x 10̂  cells/ml in PBS.

Tissue homogenate preparation

Cerebella from 8 d Wistar rats were immersed in 20 mM Tris-HCl, pH 7,4 at 4°C, 

then homogenised in an ice-cooled ground glass Potter homogeniser. The 

homogenate protein concentration was determined and adjusted to 1 . 0  mg/ml and 

kept on ice or frozen until use. Where other tissues were used, they were dissected 

from perfiised rats as for the cerebellum. All tissue homogenate concentrations 

were then adjusted to 1 mg/ml protein prior to use.

NO and O2 concentration measurements

One ml samples were measured in a sealed, stirred vessel maintained at 37°C 

equipped with both a Clark Type electrode (Rank Bothers, UK) and an NO 

electrode (Iso-NO, World Precision Instruments, UK). The NO probe responses to 

NO were calibrated using the chemical reduction of NaN0 2  in the presence of 0.1 

M H2SO4 and 0.1 M Nal and were linear over the range tested (0-10 pM). The O2 

probe was zeroed by the addition of excess Na^ dithionate, and the O2 content of 

air equilibrated solution at 37°C assumed to be 185 pM as previously reported 

(Schmidt et ai, 1997). Compounds were injected into the incubation chamber 

through a rubber seal using a Hamilton syringe (maximum volume, 10 pi). The 

NO and O2 probe signals were sampled at 1 Hz using the software. Duo 18 

version 1.1™ (World Precision Instruments, UK).

O2 depletion

In order to remove O2 samples were incubated with lU/ml ascorbate oxidase 

(AO) and 100 pM ascorbate in the sealed incubation chamber and the O2 

concentration monitored. Experiments began only after the O2 concentration 

within the chamber was stable at 0 pM (as defined each day using the addition of 

excess sodium dithionite to buffer) for at least 3 minutes.
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End-product determination

Levels of NO2’ and NO3 were determined as previously described in chapter 5. 

Proteinase K digestion

Homogenates at 1.0 mg/ml protein were incubated in 20 mM Tris pH 7.4 

containing 1 mM CaCb and 0.1 mg/ml proteinase K (pK) for 30 minutes at 37°C 

and then kept on ice until use.

SDS-PAGE of protein samples

Protein samples were incubated in 62.5mM Tris at pH 6 . 8  containing 2 % (w/v) 

SDS, 100 mM DTT, 10 % glycerol and 0.001% bromophenol blue for 10 minutes 

at 90°C. Samples were then separated by SDS-PAGE using the Mini Protean II 

gel electrophoresis system (Bio-Rad) with a discontinuous buffer system 

(Laemmli, 1970). A 10 % acrylamide gel was run at a constant voltage of 100 

volts until the dye front reached the bottom of the gel. Resolved proteins were 

then detected with a Silver Staining Kit, Protein (Pharmacia Biotech, UK).

Determination of sample haem concentration.

The haem content of each sample was extracted for quantitation as previously 

described (Ingi et a l, 1996;Ponka & Schulman, 1985). Briefly, 1.0 ml of 

homogenate or haem standards was vigorously mixed with 1 . 0  ml ethyl acetate 

(EtAc): glacial acid (3:1), washed 3 times with 1 ml 0.3 % sodium acetate and 

twice with 1.0 ml 1.5 N HCl. 100 pi samples of the resulting upper layer were 

added to 0.5ml 2.0 M oxalic acid and heated to 100°C for 30 minutes. After 

cooling the sample fluorescence at 662nm following excitation at 400nm was 

measured using a LS-50B luminescence spectrophotometer (Perkin-Elmer, UK) 

and the sample haem content quantified by comparison with haem standards (0 - 1 0  

pM).

Extraction of the homogenate haem content

Extraction of the haem content was performed by mixing 1.0 ml of homogenate or 

standards with 1.0 ml of Et Ac: glacial acid (3:1) and mixing vigorously. The
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upper hydrophobic layer (containing haem) and the lower aqueous layer were 

separated and centrifuged to dryness under vacuum in a Eppendorf Concentrator 

5301 (Eppendorf, UK). Each fraction was reconstituted in 20 mM Tris HCl, pH 

7.4 containing 1 % DMSO and 1 mM DTT immediately prior to testing for NO 

inactivation, or in 500 pi glacial acetic acid for high-performance liquid 

chromatography (HPLC) analysis.

HPLC analysis

The equipment used for the analysis of the samples was a Hewlett Packard Series 

n  1090 HPLC system containing a 15 cm x 3.9mm prepacked Li Chrosorb 

column. The method used to quantify the content of the samples was based upon 

that described elsewhere (Ryter et a l, 1999). The solutions used were thoroughly 

degassed with helium for > 5 minutes prior to use and a flow rate of 1.5 ml/minute 

was used throughout. Following the injection of 25 pi of sample, a linear gradient 

from 100 % buffer A (100 mM ammonium acetate (pH 5.2) and 60 % methanol 

(v/v)) to 100 % buffer B (methanol) over 14 minutes was used, followed by a 

reversion to 100 % buffer A for a fiirther 5 minutes. Throughout the experimental 

run the absorbance at wavelengths 250-600 nm was measured every 2  seconds. 

The absorbance spectra of a control buffer run was subtracted from homogenate 

and haem standard extracts shown in Fig 6.4(d).
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6.3 RESULTS
NO decay in aqueous solufiou

NO concentration was monitored following the addition of the NONOate NO 

donors, DEA/NO or Disodium l-[2-(carboxylato) pyrrolidin-1 -yljdiazen-1 -ium 

1,2-diolate (PROLI/NO) to buffer (Fig 6.1a,b). Upon addition of DEA/NO, which 

has a half-life of 2.1 minutes (at 37°C, pH 7.4), the NO concentration rose to a 

peak of ~1 pM within ~3 minutes and then gradually declined in a manner 

consistent with known rates of donor release and decay by autoxidation (Fig 6.1a). 

The NO profile released from PROLI/NO, which has a much shorter half-life of 

1.8 seconds (at 37°C, pH 7.4), peaked within 1 minute and then fell to 20 % of the 

peak value over 10 minutes (Fig 6.1b). The temporal delay between the actual 

and measured NO peak using PROLI/NO is because the NO probe response time 

was slow (0.14 ± 0.01 min'\ n = 3) and so rapid changes in NO concentration 

could not be measured accurately. Using an equation that describes the 

autoxidation of NO in aqueous solution at defined NO and O2 concentrations 

(equation 8), the rate constant for NO decay can be derived.

[OJiNOf
Using a previously reported value of O2 concentration in air-equilibrated solution 

(185 pM at 37°C; Schmidt et al, 1997) the rate constant of NO autoxidation was 

~20 X 10̂  M'  ̂s'̂  at 1 pM NO in agreement with previously reported values (Fig 

6. Id). More detailed analysis revealed that the measured rate constant increased 

with decreasing NO concentration, which is likely to be due to NO leakage from 

the sample chamber. Due to the complexity of the DEA/NO profile (where donor 

is still being released during the fall of NO concentration), it is difficult to extract 

any quantitative analysis of NO decay. However, PROLI/NO has such a short 

half-life that 99.9 % of the NO has been released during the first 18 seconds (10 

half-lives), and after this time the NO concentration is determined solely by NO 

inactivation and electrode response time. As the rate of autoxidation and leakage 

varied with NO concentration, to compare rates of NO decay it is necessary to use 

fixed NO concentration ranges between experiments.
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Figure 6.1 Effect of cells on the rate of NO decay. The addition of two distinct NO donors, (a) 

DEA/NO or (b) PROLI/NO (both 1.0 (tM) to buffer results in a profile of NO release and gradual 

decay v ia  autoxidation. In cerebellar cell suspension (20 x 10  ̂cells/ml) following the addition of 

(a) DEA/NO or (b) PROLI/NO (both 1.0 pM) the NO profile peak is attenuated and the rate of 

decay is accelerated compared to buffer, (c) This acceleration was quantified by plotting In [NO] 

vs. time for 0.4 to 0.2 pM NO following PROLI/NO addition (at which time release of NO from 

the donor is negligible) and calculating a pseudo first-order rate for inactivation (min *') from the 

linear gradient. Using a fixed NO range for calculation ensures that the contribution of 

autoxidation to all measured rates is constant, (d) Comparison o f experimentally and theoretically 

derived rate constant of autoxidation reveals that experimental values deviate (red circles) from 

predicted values (black circles) at low NO concentrations. The experimental values are calculated 

from the rate of decay in buffer following addition of 2 pM PROLI/NO (n=2). All data are means 

± SEM of 3-6 experiments.
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The rate of NO decline between 0.4 and 0.2 pM NO was determined as this range 

was common to most experiments. NO decay in this range approximated to a 

first-order reaction and thus when the natural log of [NO] was plotted against time 

a linear graph was achieved (Fig 6.1c) from which the pseudo first-order rate 

constant (k2) for inactivation was derived.

Accelerated NO decay in the presence of cerebellar cells

In the presence of a cerebellar cell suspension at 20 x 10̂  cells/ml (equivalent to 

0.84 ± 0.04 mg/ml protein, n = 4) the rate of decay of NO released from 

PROLI/NO and DEA/NO was accelerated (Fig 6.1a,b). In the presence of cells 

the apparent rate approximated to a first-order reaction and the rate constant was 

>4-fold greater than in buffer (Fig 6.1c) at ~ 0.9 min ' vs. ~ 0.2 min ' in buffer. 

Following homogenisation cerebellar tissue retained the ability to inactivate NO 

(Fig 6.2a). The activity of homogenised cerebellum was only ~ 60 % of that seen 

in cells but a cell preparation lysed by sonication (> 90 % lysis confirmed by 

trypan blue staining) retained all of the intact cell activity (98 ± 12 %, n = 3). It is 

possible that cell preparation represents an enrichment of the active fraction 

compared to homogenate. The rate of NO inactivation was proportional to both 

cell and homogenate concentration over the range tested (Fig 6.2a).

Preparation Pseudo first-order rate 
constant (min

Buffer 0.19 ±0.06

8d Cell suspension
Control
+ lOOU/ml SOD

1.67 ±0 .36*  
0.93 ± 0.06 *

8d Homogenate
Control
+ lOOU/ml SOD 
+ ImM EDTA
Boiled homogenate (90°C, 10 min)

0.64 ± 0.06 * 
0.62 ±0 .12*  
0.61 ± 0.06 * 
0.25 ± 0.06

Adult homogenate
+ lOOU/ml SOD 0.49 ± 0.03 *

Table 6.2 Rate of NO decay in various cerebellar preparations.

All data are means ± SEM of 3-6 experiments; *P < 0.05 vs. buffer control
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Figure 6.2 NO inactivation is proportional to tissue concentration and is not attributable to 

RBCs (a) The rate of inactivation of NO released from 1 pM PROLI/NO in both cells and 

homogenate (both with 100 U/ml SOD) is proportional to protein concentration, (b) Comparison 

o f cell preparations (20 x 10 ^cells/ml, 100 U/ml SOD) from perfused and non-perfused rats 

(perfusion significantly reduces the RBC concentration from 0.85 ± 0.21% to 0.37 ± 0.07 %, n=3; 

P < 0.05) shows that perfusion did not significantly alTect the rate of NO decay. In an equivalent 

RBC concentration to that in the ncm-perfused cell preparation (0.85 % = 0.17 x 10  ̂RBCs/ml) no 

significant increase in the rate o f decay (p<0.05, n=3) was observed compared to buffer.
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The rate of NO decay in the cell suspension was attenuated by the addition of 

SOD (where 100 U/ml had maximal effect) but no such effect was measured in 

homogenate. O2 production in cells does contribute to accelerated NO decay but 

over half of the activity in cells, and all of the homogenate activity, is SOD- 

insensitive and thus likely to attributable to another mechanism.

The rate of NO decay in adult cerebellar homogenate was -80 % of that in 

the immature cerebellum, suggesting that consumption of NO is not a 

developmental phenomenon. In addition to SOD-insensitivity, the 8d cerebellar 

homogenate was also unaffected by the addition of the metal chelator, EDTA, 

which sequesters free metal ions. However, the activity of homogenate was heat 

inactivated (90°C, 10 minutes; table 6,2),

Red blood cells

A potential contributor to the accelerated decay measured in an isolated cell 

preparation is the presence of RBCs and so the RBC number and NO 

consumption rate were compared in an isolated cells prepared from control rats 

and those intracardially perfused with saline prior to cell dissociation. There was 

a significant reduction in the number of red blood cells but not a significant 

reduction in the corresponding activity for these preparations. A RBC suspension 

at an equivalent concentration to that of the control cell preparation (0.85 % = 

0.17 X  10*̂  RBC cells/ml; Fig 6.2b) had a small but insignificant effect on the rate 

of NO decay (n=3; P < 0.05 vs. control). A HeLa cell suspension (20 x 10*̂  

cells/ml, 100 U/ml SOD) completely devoid of RBCs also inactivated NO with a 

rate of 0.81 ±0.18 min'  ̂ (n = 3) suggesting that inactivation of NO is a general 

property of mammalian cells. These results suggested that accelerated NO 

breakdown in the presence of cells is not due to the presence of RBCs but another 

as yet unidentified ‘sink’.

Biological transformation of NO produces NO3 and is O2 dependent.

To obtain information about the chemistry of NO inactivation the degradation 

products were analysed by chemiluminescence (Fig 6.3a). Following the addition 

of 1 pM PROLI/NO to both buffer and homogenate, -1.6 pM NO% was
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recovered. In buffer, where NO degradation occurs by autoxidation, the NO2* 

/NO3 ' ratio was 80:20 as expected, but with increasing homogenate concentration 

the ratio decreased and then reversed to a final value (at 3-10 mg protein/ml) of 

25:75. Thus the major product of accelerated NO decay in the homogenate is 

NO3 . As NO is oxidised to generate NO3 , the Oz-dependence of this biological 

transformation was investigated (Fig 6.3b). It was discovered that accelerated 

decay of NO in homogenate was completely inhibited in the absence of O2 . The 

residual rate of decay in buffer in the absence of O2 and homogenate is likely to 

be a consequence of leakage of NO from the sample chamber.

Endogenous and exogenous haem groups accelerate NO inactivation.

As haem groups are known to facilitate the conversion of NO to NO3 the effect of 

free ferrous haem was also tested. All experiments with bare haem were carried 

out in DMSO and DTT in order to maintain solubility and ferrous (Fe^ )̂ redox 

state.

Condition Pseudo first-order rate constant 
(min^)

Control 0.65 ± 0.06

Bilirubin 0.66 ± 0.06

Biliverdin 0.78 ±0.11

Haem 4.92 ± 0.90 *

Table 6.3 The effect of haem and related species on the rate of NO decay

All at 5 (iM in 20 mM Tris-HCl, pH 7.4 with 1 %  DMSO, 1 mM DTT. Data are means ± SEM  o f 

3-6 experiments; *P < 0.05 vs. buffer control

Under these conditions the basal rate of NO inactivation in buffer is accelerated, 

presumably as a consequence of interactions of NO with the high concentration of 

thiol and sulphur residues. Bare ferrous haem accelerated the breakdown of NO 

but no other haem-related species (biliverdin, bilirubin; all at 5pM) had a 

significant effect of the rate of NO decay (Table 6.3).
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Figure 6.3 Accelerated decay of NO produces nitrate and is O2 dependent

(a) Following addition of IpiM PROLI/NO to homogenate and buffer, concentrations 

of NO2 ' and NO 3 ' were determined using chemiluminescence. (b) The accelerated 

decay of NO in 1 mg/ml homogenate was completely inhibited in the absence of 

O2 (where the residual rates o f NO decay in buffer and homogenate may represent 

leakage of NO from the chamber).
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Haem groups: NO binding and superoxide anion generation

The rate of NO inactivation in various tissue homogenates from perfused rats was 

determined and compared with tissue haem content. This revealed that the rate of 

decay was proportional to endogenous haem content (Fig 6.4a) and so the effect 

of exogenous haem groups was investigated. Bare ferrous haem accelerated NO 

decay in a concentration dependent manner (Fig 6.4b). The non-linearity of the 
rate with increasing haem content in this case reflects the rates of decay are 

approaching the response time of the NO-probe.

To test whether the accelerated inactivation of NO in tissue homogenates 

was protein dependent, each sample was digested with pK (as confirmed by gel 

electrophoresis and silver staining; Fig 6.5b). Digestion of cerebellar homogenate 

did not attenuate the activity; in contrast, it increased the rate from 0.72 to 1.8 
min'  ̂ (Fig 6.5a). All digested tissues had similar activity to exogenous ferrous 

haem of an equivalent haem concentration (Fig 6.4c). Ethylacetate (EtAc) 

extractions of the haem content of cerebellar, kidney and spleen homogenates 

were found to contain >70 % of the original homogenate activity, whilst the 

remaining residue (containing the total amino acid content) was inactive (Fig. 

6.4d). To investigate the composition of the extracts, analytical HPLC spectra for 
haem standards and spleen extract were compared (Fig. 6.4e). There were no 

other species detected in the EtAc extract except haem. From these experiments it 

was apparent that ‘free’ haem groups accelerated NO decay. As bare haem is 

suspected to generate free radical species, the effect of SOD was investigated (Fig 

6.6). In the presence of 1 pM Hb the amount of NO detected within 30 seconds of 

5 pM PROLI/NO addition was reduced in comparison to buffer, indicating that 

Hb binds NO in a very rapid reaction (in agreement with other reports) but 

subsequently no further acceleration of decay of the remaining unbound NO is 

observed (Fig 6.6a). Bare haem also bound NO rapidly, thus reducing the NO 

peak height, however in contrast to Hb, the rate of NO decline was also 

accelerated (Fig 6.6b).
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Figure 6.4 The role of intracellular haem groups in NO breakdown, (a) The intracellular haem 

content of 1 mg/ml tissue homogenates from perfused rats correlated well (r=0.97) with the rate of 

NO decay following the addition of 5 pM PROLI/NO. (b) Exogenous ferrous haem accelerates the 

decay of NO released from 5 pM PROLI/NO in a concentration dependent manner, (c) The 

digestion of perfused tissue homogenates with proteinase K (pK) increased the rate of NO decay ~ 

2-3 fold (5 pM PROLI/NO). The non-linearity of the rate with haem concentration is attributable 

to the electrode response time (4 w w c  • 7.08 ± 0.66 m in ', n==3). (d) An EtAc extract of tissue 

homogenates (hatched bars) contained >70 % of the original homogenate activity (black bars), 

whilst the residue (white bars) was inactive. The rate of breakdown in buffer (autoxidation) is 

shown (grey bar). All data are means ± SEM of 3-6 experiments, (e) The composition of the spleen 

EtAc extract and a 10 pM haem standard were compared using analytical HPLC, revealing that the 

only detectable species in the extract is haem (peak at 410 nm).
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Figure 6.5 Proteinase K digestion of the tissue homogenate. Homogenates ( 1 mg/ml protein) 

were digested by incubation with 0.1 mg/ml pK at 37°C for 30 minutes, (a) Digestion of cerebellar 

homc^enate evoked a ~3-fold increase in the rate o f NO decay (b) The complete digestion of the 

homogenate protein ( 1 mg/ml) in a range of tissues was confirmed using gel electrophoresis and 

silver stain protein detection. Each lane contains the following: a: molecular weight markers, b: 

cerebellum, c: whole brain, d: kidney, e: lung, f: spleen, g: liver, h: heart. All data are means ± 

SEM of 3-6 experiments.
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Figure 6.6 Distinct kinetics of interactions between NO and haenn^lobin (Hb), bare haem 

or cerebellar homogenate. All experiments used 5 pM PROLI/NO added at t= 0 minutes, (a) 1 

pM Hb reduced the peak height of NO hut did not affect the subsequent rate of NO decay ( 2 - 8  

minutes), (b) All experiments with hare haem contain 1 % DMSO and 1 mM DTT which 

accelerated the rate o f NO decay in buffer alone. In the presence o f 1 pM haem there was a 

reduction in peak height and acceleration o f the rate of subsequent NO decay. The addition of 

5000 U/ml SOD did not abolish the haem dependent reduction of the NO peak height, hut 

completely inhibited the later acceleration of NO decay, (c) 1 mg/ml cerebellar homogenate had no 

effect on the peak height o f NO hut significantly accelerated the decay rate from 2-8 minutes.

(d) The rate measurements for these experiments (a-c) reveals that Hh did not affect the measured 

rate of NO decay and that the increased inactivation by hare haem, hut not cerebellar homogenate, 

was inhibited by SOD in a concentration-dependent manner (0-5000U SOD/ml). Data are means ± 

SEM from 3-6 experiments; *P < 0.05 vs. buffer control, n.s = not significant.
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The haem-mediated acceleration of NO decay was inhibited by SOD in a 

concentration-dependent manner, being maximally inhibited by 1000 U/ml (Fig 

6.6b,d). At this concentration the rapid NO binding (i.e. peak height) was 

unaffected. Accelerated NO decay in the presence of bare haem and digested 

tissues was likely, therefore, to be a consequence of superoxide generation. In 

contrast, the NO peak following addition of 5 pM PROLI/NO to 1 mg/ml 

homogenate is equivalent to buffer, but the subsequent rate of NO decay is 

accelerated and unaffected by 5000 U/ml SOD (Fig 6.6c,d). This suggests that the 

interaction between NO and homogenate is slow compared to that between Hb 

and bare haem and is not attributable to the generation of superoxide anions.

Saturation of the homogenate capacity to accelerate NO decay

Comparison of the inactivation rates using different PROLI/NO concentrations (1 

pM and 5 pM) revealed a decreased rate of decay using larger donor 

concentrations (Fig 6.7a). Similarly, the rate progressively decreased with 

repeated applications of 1 pM PROLI/NO (Fig 6.7b). This inverse relationship 

between the amount of NO added and the rate of NO decay, regardless of the time 

course of application, suggests that the homogenate capacity for NO inactivation 

is finite.

Repeated application of 1 pM DEA/NO to a cell suspension (20 x 10̂  

cells/ml) revealed that the NO ‘sink’ in a cell suspension could also be saturated 

(as judged by peak height) by 3 consecutive 1 pM applications, the last of which 

resulted in a NO peak similar to that observed in buffer alone (Fig 6.8a). Once 

fully saturated, the NO inactivation capacity of the cells recovered with a half-life 

of ~ 75 minutes (Fig 6.8b; n = 2). The exhaustion of both cellular and 

homogenate NO inactivation revealed that the tissue sink was saturable under the 

conditions used here. Consequently, in measuring the rate of inactivation using 

bolus additions of NO (using DEA/NO and PROLI/NO) it is possible that what 

was measured was the effectiveness of a partially saturated sink. To overcome this 

problem, a donor with a constant rate of NO production was employed to allow 

more detailed examination of changes in the rate of NO breakdown.

148



0.8 n

0.7-

0 .6 -

.s 0 .5-
f
c 0 .4 -
a
S8 0 .3 -
a2 0 .2 -

0.1 -

0 .0-

1 5
PROLI/NO (^M)

b u fftr

1 2 3

Number o f  

1 (iM PROLI/NO applications

Figure 6.7 Accelerated decay of NO in cerebellar homogenate (a) A single application of I and

5 pM PROLI/NO was added to I mg/ml homogenate (100 U/ml SOD), (b) 1 pM PROLI/NO was 

added to 1 mg/ml homogenate + 100 U/ml SOD and the NO concentration monitored until the NO 

had completely inactivated, then the PROLI/NO addition repeated. This process was repeated four 

times, during which the rate o f NO decay progressively decreased. Data are means ± SEM from 3-

6 experiments; *P < 0.05 vs. homogenate treated with 1 pM PROLI/NO.
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Figure 6.8 The saturation and recovery of cellular NO inactivation. In these experiments the 

peak height obtained with IpM DEA/NO in bufler was -0 .8  pM. Cellular inactivation was judged 

by a reduction in the apparent peak height measured compared to buffer, (a) 1 pM DEA/NO was 

applied to 20 x 10  ̂cells/ml (+ lOOU/ml SOD) and the peak height and accelerated decay of NO 

monitored. Once all o f the NO had decayed, this process was repeated twice in the same cell 

suspensitwi. After the third application the NO peak height achieved was similar to that obtained in 

buffer alone (O.SpM) and the cellular inactivation assumed to be at least partly saturated (n=2, raw 

data shown as individual grey columns), (b) Cells exposed to three subsequent IpM DEA/NO 

applications were then left for various periods (0-120 minutes) prior to a fourth IpM DEA/NO 

application and a progressive decrease in peak height (and thus an increase in cellular inactivation) 

was observed. The control cell value (-0.41 pM) is the peak height achieved with the first 

DEA/NO application (i.e. previously untreated cells). The half-life of recovery for cellular 

inactivation was estimated to be -75  minutes (n=2, raw data shown as individual points; grey and 

black circles).
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Biological breakdown shapes NO signals

As DETA/NO has a half-life of 20 hours, it decomposes in a first-order reaction 

and so the rate of NO release is approximately constant for several hours. This 

rate of release from 250 pM DETA/NO was measured (in zero O2) to be 0.23 ± 

0.02 pM/minute (n = 3). In air equilibrated buffer, the NO concentration rose 

slowly to a plateau o f-0.8 pM after about 8 minutes, indicating that the rate of 

production and degradation by auto-oxidation have achieved a steady-state (Fig. 

6.9). When cerebellar cells were present, a very different profile was observed. 

Following the addition of 250 pM DETA/NO (indicated by the black arrow), the 

NO concentration rose initially but within a minute a plateau of 55 ± 2 nM (n = 3) 

was achieved (Fig. 6.9). However the plateau was not sustained and after ~3 

minutes, NO concentrations rose, although more slowly than seen in buffer (0.06 

and 0.2 pM /minute respectively). This indicates that the NO concentration is 

shaped by a saturable cellular sink. Further analysis of the regulated plateau NO 

concentration achieved in cells allows derivation of the inactivation rate of the 

cells assuming that the following scheme applies.

DETA / NO — NO — > products (9)

Here autoxidation is ignored as at the relevant NO concentrations it will make a 

negligible contribution. Using the equations previously used to estimate NO 

release from donors (Southam & Garthwaite, 1991), at time (t) the NO 

concentration is given by:

[NO\ = A,DETAINO\ ' (e'*-'- e ' ^ ' )  (10)
*2 - k ,

where x is the ratio of mol NO released per mol donor (in the case of DETA/NO, 

this is 1.6; calculated from the rate of NO release). Since the rate of donor release 

of NO (ki = 9.6 X 10'  ̂s’*) is far smaller than the rate of decomposition (k2) 

equation (10) simplifies to equation (11).
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Figure 6.9 The control of NO concentration in cells by cellular inactivation. Both prior to and 

following the addition of 250 pM DETA/NO (indicated by an arrow), NO and O2 concentrations 

were recorded simultaneously in both buffer and 20 x 10^cells/ml (both containing 100 U/ml 

SOD). DETA/NO was added to cells at 100 to 140 pM O2  in all experiments. The control rate of 

O2 consumption (filled circles; O 2 c o n tr o l)  is compared with a recording corresponding to cells and 

DETA/NO (open circles; 0 2 ( + N 0 ) ) .  The NO concentration measured in the cell suspension (solid 

line; ce ils  (N O ))  is compared with that in buffer (dashed line; b u ffe r (N O )) . The NO concentration 

in the cell suspension was corrected mathematically for the effects of autoxidation (dotted line). 

This figure contains single experimental traces o f both NO and O2  levels that are representative of 

those obtained in at least three experiments.
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[7VO] = x[£>£r^/AfO]-^(l - e - ‘=') (11)
K

The steady state NO concentration is thus described as:

[ATO] = x{DETA / NO} ̂  (12)
*2

Following the addition of 250 joM DETA/NO to buffer a steady state NO 

concentration was achieved, which corresponded to an inactivation rate constant 

o f-0.3 min"\ This value is similar to the inactivation rate constant derived using a 

distinct NO donor, 1 pM PROLI/NO (-0.2 min'^), indicating that the rate of NO 

decay in buffer is independent of the donor used. The steady state plateau 

obtained following the addition of 250 pM DETA/NO to cells was 55 ± 2 nM, 

corresponding to a rate constant of 4.18 ± 0.33 min'^ (n = 3). The rate constant 

was approximately -4-fold that in cells following the addition of 1 pM 

PROLI/NO, suggesting that the rate of cellular inactivation varied with the NO 

application.

The rate can also be used to predict the time taken to achieve a steady state 

NO concentration. In the cell suspension, -95 % of the maximum steady state in 

the cell suspension could be achieved within 60 seconds (using the k% value of 

4.18 min'^) and indeed die rate of decline following cessation of NO production 

would be equally fast. A plot of equation (11) using the experimentally derived 

value of k2 from 20x10^ cells/ml is compared with the experimental data (Fig 

6.10a) and describes the kinetics of NO concentration up to and including the 

plateau well. In accordance with equation (12) the amplitude of the steady state 

NO concentration achieved should be proportional to (i) the rate of NO production 

(i.e. donor concentration) and (ii) the cell concentration used.

Here, 250 pM DETA/NO results in a steady state NO concentration of 55 

± 2 nM whilst 100 pM DETA/NO results in a proportionally lower steady state of 

20 ± 3 nM (Fig 6.10a). The experimental data with this lower donor 

concentration are also well described by equation (12). The amplitude and 

duration of the steady state NO concentration were both related to cell 

concentration. As the cell concentration is halved from 20 to 10x10^ cells/ml the
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Figure 6.10 The amplitude of the NO plateau is proportional to donor and cell concentration

(a) The initial phase of the NO inaetivation seen in the presence of cells is shown for two 

DETA/NO concentrations, 100 and 250pM DETA/NO, where the plateau coneentraticxts achieved 

are 20.5 ± 3 nM and 55 ± 2 nM respectively. Using the amplitude of the NO steady state achieved 

with 250|tM DETA/NO the NO profile following addition o f both donor concentration was 

modelled (solid black lines, described in text) Data shown are the mean of 3 experiments, (b) The 

NO profile altered with different cell concentrations (0, 5, 10 and 20 x 10  ̂cells/ml, all open 

circles) in agreement with theoretical values (solid black lines, described in the text). Data are 

means ± SEM from 3-6 experiments.
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Figure 6.11 The rate and capacity of cellular inactivation are proportional to cell 

concentration, (a) From the NO plateau achieved with 250 pM DETA/NO (+100 U/ml SOD) the 

rate eonstant was derived, revealing that the rate of inactivation is proportional to tissue 

concentration, (b) Calculation o f the NO consumed by the tissue during the plateau phase (from 

the measured value o f the rate of NO release frcan DETA/NO and the plateau duration) the 

capacity of the tissue can be estimated and is observed to be proportional to tissue concentration. 

Data are means ± SEM from 3-6 experiments.
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amplitude of the NO plateau doubled, and the duration for which the plateau was 

sustained approximately halved. As the cell concentration decreased, the plateau 

of NO concentration evident at higher cell concentrations became progressively 

more shoulder-like, but the amplitude and kinetics of the early phases were still 

well described by equation (11). From the plateau NO concentration, the rate 

constant of NO inactivation for the different cell concentrations was calculated 

(Fig 6.1 la). These results indicated that the rate of inactivation was proportional 

to tissue concentration.

The ability of the sink to regulate NO concentration when NO was being 

continually produced was finite. The duration of the NO plateau crafted by a 

cellular sink was related to the donor concentration, and consequently the rate of 

NO release. With 100 pM DETA/NO the plateau was sustained for ~7 minutes 

whilst with more donor (250 pM) it was only -2.5 minutes. Similarly the 

duration of the plateau decreased with decreasing cell concentration. These 

findings suggest that the tissue has a net capacity for NO inactivation (Fig 6.10b). 

As the rate of NO release fi'om DETA/NO and the plateau duration are known, the 

tissue NO inactivation capacity during the plateau can be estimated. The capacity 

of the tissue was shown to be proportional to cell concentration (-0.75 nmoles 

NO/mg protein; Fig 6.1 lb). After this sink has been exhausted the NO 

concentration rose. The rise in NO concentration in the absence of autoxidation in 

cells was modelled (dotted line; Fig 6.9). These calculations revealed that even 

after 10 minutes the rate of NO concentration increase is still only -50 % of that 

in buffer at equivalent NO and O2 concentrations, and thus the tissue still 

inactivated NO, albeit at a reduced rate (Fig 6.9).

Cerebellar homogenate NO inactivation

Cerebellar homogenate also inactivated NO (Fig 6.12 a-c), generating a plateau of 

62 ± 3 and 15.8 ± 4.0 nM NO with 250 pM and 100 pM DETA/NO respectively, 

similar to the values obtained in intact cells (Fig 6.10a). Using 250 pM 

DETA/NO the plateau lasted -  2 minutes, but with 100 pM DETA/NO no 

saturation of the homogenate sink was observed (up to 15 minutes).
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Figure 6.12 The accelerated decay of NO in cerebellar homogenate. Consumption o f NO was 

observed in I mg/ml cerebellar homogenate (+ lOOOU/ml SOD) using either (a) 100 pM or (b) 250 

pM DETA/NO. (c) The mean ± SEM of three separate experiments using these two DETA/NO 

concentrations are shown.
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NO activation of the soluble receptor, sGC

The consumption of NO by the tissue sink restricts concentrations of bioavailable 

NO but to be useful it must also allow activation of physiological targets. The 

capability o f ‘plateau’ NO concentrations to evoke physiological responses such 

as stimulation of sGC was investigated. The activation of sGC was measured 

during the plateau NO concentrations achieved with cells and DETA/NO. The 

intracellular cGMP concentrations increased rapidly over the first 30 seconds, 

then fall to an approximate plateau (Fig 6.13, inset). By comparing the cGMP 

content of cells at 120 seconds after DETA/NO application it was found that 

maximal stimulation of the enzyme occurred with 30 pM DETA/NO and that the 

EC50 was -10 pM (Fig 6.13). The measured steady state NO concentration 

(which is assumed to be constant throughout the suspension) has been shown to 

vary proportionally with donor concentration (Fig 6.1 Oa). From this, the steady 

state NO concentration obtained using 10 pM DETA/NO in the cell suspension is 

estimated to be ~ 2 nM.

Cellular respirât:ou aud NO

Another system that is sensitive to low NO concentrations is the respiratory 

enzyme, CcO. The O2 and NO concentration of the isolated cell preparation were 

recorded simultaneously and it was observed that during the NO plateau achieved 

following DETA/NO application, O2 consumption was unaffected (Fig 6.9) 

suggesting that the species responsible for NO consumption is unlikely to be a 

respiratory enzyme. Only subsequently, when the inactivation mechanism 

becomes saturated and NO concentration rises above ~150 nM is the rate of 

respiration inhibited. Addition of 1 mM KCN prior to application of DETA/NO 

completely inhibited respiration in the isolated cell preparation, but did not affect 

the initial capacity of the cells to inactivate NO and thus generate a plateau phase 

of NO concentration (Fig 6.14). However, following exhaustion of the initial NO 

sink, the rising phase was slowed in comparison with control cells.
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Figure 6.13 Activation of the NO receptor, sGC, by steady state NO concentrations. sGC

stimulation was investigated during the steady state NO concentrations obtained using DETA/NO 

with 20 X 10̂  cells/ml from a perfused cell preparation. As the steady state NO concentration 

should be proportional to donor concentration, the concentrations of NO produced by different 

donor concentrations can be extrapolated and have been added to the graph. Maximal sGC 

stimulation at 120 seconds was obtained with 30 pM DETA/NO (~ 6  nM NO) and the EC50 of 

stimulation was 10 pM DETA/NO (~ 2 nM NO). A time course of cGMP accumulation in cells 

stimulated with 10 pM DETA/NO over 2 minutes is displayed (inset). Data are means ± SEM 

from 3-6 experiments.
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Using PROLI/NO, a transient inhibition of cellular respiration was achieved and 

so NO concentration and the rate of O2 consumption were compared to investigate 

the potency of NO for respiration (Fig 6.15a). As it is reported that the inhibition 

of respiration by NO is dependent upon O2 concentration, the NO donor was 

added at to each experiment at an O2 concentration of 100 to 130 pM. The IC50 

for NO inhibition of respiration under these conditions was-150 nM and maximal 

inhibition was observed at -300 nM NO (Fig 6.15b). Comparison of the NO 

concentration response curves for the physiological stimulation of sGC and the 

inhibition of respiration demonstrate that the concentrations of NO required for 

these distinct effects were nearly 75-fold apart.
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Figure 6.14 The effect of Inhibition of respiration on the cellular inactivation of NO.

The O2  and NO concentrations were monitored in a cell suspension (20x 10  ̂cells/ml, lOOU/ml 

SOD). O2  consumption was inhibited by the addition of KCN (red arrow; 1 mM). Following the 

addition of DETA/NO (black arrow; 250 pM) the NO concentration in buffer rose slowly to ~1 

pM, but in the presence o f cells, the NO concentration was clamped at -8 0  nM for -  2 minutes 

before rising slowly.
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Figure 6.15 Inhibition of cellular respiration by NO (a) The O2 and NO concentrations were 

measured simultaneously in the cell suspension (20 x 10  ̂cells/ml, lOOU/ml SOD), before and 

after the addition o f 1 pM PROLI/NO. (b) The O2 consumption rate of the cells was calculated and 

compared to the NO concentration in the cell suspension. Data are means ± SEM from 3-6 

experiments.
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6.4 DISCUSSION

Investigation of the decay of NO in isolated cells and tissue homogenates has 

revealed that NO concentrations are controlled, as are most biological messengers, 

by the presence of a powerful breakdown mechanism. NO inactivation occurred 

more rapidly in the presence of tissue than in buffer alone. In contrast to the end 

product of autoxidation in buffer, NO2 , the 0 2 -dependent accelerated decay in 
homogenate mostly transforms NO into NO3 . In this study it was not possible to 
determine if NO3' is the immediate product of NO metabolism or is formed 

following the production of an intermediate species. Alternative routes for NO3 

production include the conversion of NO2' to NO3 in the presence of free Hb or 

whole blood (Kelm, 1999) and the spontaneous decomposition ofONOO to form 

NO3 (Crow & Beckman, 1995). Acceleration of NO decay in cells was 
unaffected by perfusion, nor mimicked by RBCs at an equivalent concentration to 

the cell preparation. Superficially this is in conflict with a recent report that the 

half-life of NO is directly proportional to RBC concentration (Liu et ai, 1998a). 
The data from this study has been summarised here (data points; red circles; Fig 
6.16).
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Figure 6.16 RBC concentration and the half-life of NO in PBS

The half-life of NO in aqueous solutions is well documented to be minutes to 

hours (depending on the NO concentration) and was determined to be ~3 minutes
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in air equilibrated PBS at 37°C in agreement with previous determinations 

(Sharpe & Cooper, 1998). Comparison of this value (blue circle) with the 

reported RBC data (red circles) indicates that the relationship between RBC 

concentration and the half-life of NO in buffer is not linear at low RBC 

concentrations. In agreement with the experimental findings, this analysis 

suggests that the RBC concentration present in the isolated cell preparation cannot 

account for the measured cellular inactivation of NO.

The pseudo first-order rate constant of NO decay was determined in 

various tissues and was found to correlate with endogenous tissue haem content. 

As little, if any, free haem exists in cells the measured haem is likely to be bound 

within haemoproteins. Liberation of the prosthetic haem groups by protein 

digestion increased the rate of NO inactivation in all tissues and extracts of the 

tissue haem content contained the total activity of the pK-digested homogenate.

At an equivalent haem concentration to that in the various tissues, exogenous 

haem standards had similar effects on the rate of NO breakdown.

NO binding to haem groups occurs with rate constants in the range of 

~10 -̂10* M’̂ s ’ in vitro (Cooper, 1999). Such rapid interactions are beyond the 

resolution of the NO probe and thus cannot be measured directly, but were 

reflected as a reduction of the peak NO concentrations obtained. Following the 

application of PROLI/NO to Hb or bare haem, the peak NO concentration was 

reduced, suggesting that NO bound to both species. Free haem, but not Hb, 

generated O2 which accelerated the decay of NO, presumably via formation of 

ONOO. In contrast, no decrease in peak height was observed in the cerebellar 

homogenate, implying that the NO-homogenate interaction did not occur as 

rapidly as NO-Hb or NO-haem binding, and the accelerated NO inactivation was 

not attributable to interaction with O2 as it was unaffected by the presence of 

1000 U/ml SOD.

It is unlikely that all cellular haem groups in tissue interact with NO 

equally, for example haem-containing respiratory enzymes do not appear to be 

affected during the steady state plateau phase achieved immediately following the 

addition of DETA/NO to cells. Haemoproteins such as hemopexin (Shipulina et 

al, 1998) and haem oxygenase (Ding et a l, 1999) bind NO directly in vitro, and
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could possibly counteract NO toxicity by lowering the intracellular NO 

concentration, but physiological evidence of this interaction remains to be 

demonstrated. It is possible that the relationship between the rate constant of NO 

inactivation and tissue haem content is not direct. Following a bolus addition of 

NO donor, the more haem present, the more NO will be bound immediately, and 

correspondingly, the less NO remains unbound to be degraded by alternate 

mechanisms, such as the cellular sink. As the tissue NO sink is saturable, the more 

haem present, the less saturated any cellular sink would be, and hence the faster 

the rate of NO inactivation.

The apparent rate constant of cellular bioinactivation of NO was 

dependent upon the method of measurement. Using the pseudo-first-order 

estimations of decay released from PROLI/NO the rate constant for NO decay in 
the presence of cells was 0.9 m in’. However, from the steady state achieved 

between DETA/NO release and biological inactivation of NO, a larger rate 

constant of 4.2 min ’ was derived. This discrepancy is probably due to the partial 

saturation of the inactivation mechanism of this cell concentration using 1 pM 

PROLI/NO, and thus the values obtained with 250 pM DETA/NO prior to the 

observed saturation of the mechanism are likely to be more reliable. The rate 

constant of inactivation via autoxidation in buffer obtained using the steady-state 

obtained with DETA/NO or the rate of decline using PROLI/NO were similar (0.3 

and 0.2 min ’ respectively). The rate constant of NO inactivation is proportional 

to tissue concentration over the range tested, and so the rate of NO decay in vivo 

can be extrapolated. As intact cerebellar tissue is approximately 100-fold more 

concentrated than the isolated cell preparation, the rate constant is predicted to be 

420 min’. In other words, that the half-life of NO in vivo is ~83 milliseconds. 

This is of a similar order to other biological signals such as dopamine (Bunin & 

Wightman, 1999).

Cerebellar homogenate had a similar ‘sink’ capacity to the cell suspension. 

This lends credence to the evidence that RBCs are not responsible for NO 

inactivation, as lysed RBCs would behave as Hb (as described in Fig 6.16 and 

observed in (Liu et a l, 1998a) and could not account for the NO profile observed. 

The profile of NO released in the presence of cells or homogenate is summarised
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below, where a steady state NO concentration is achieved before the inactivation 

mechanism is gradually overcome and the NO concentration rises, but more 

slowly than observed in buffer alone. If the rate of cellular inactivation were 

similar to the rate of NO-Hb interactions, no plateau would be achieved. Instead, 

NO would be sequestered immediately upon release until the Hb was exhausted 

and only then would the NO concentration rise in a similar fashion to buffer alone 
(as illustrated in Fig 6.17). The cellular and homogenate inactivation of NO is 

finite under the conditions used here.

Buffer Hb Cells or homogenate

Figure 6.17. Schemes to summarise the NO profiles obtained after addition of DETA/NO

(red arrows) to buffer, that predicted upon addition to Hb and cells or homogenate.

From the duration over which the ‘sink’ maintains a steady-state NO 

concentration with the constant rate of NO release, the capacity of the sink is 

estimated to be ~ 0.75 nmol/mg protein. In order to understand the physiological 

significance of this ‘sink’, the tissue capacity for NO synthesis must also be 

considered. The Vmax and specific activity of cerebellar nNOS are well 

documented, but little is known of the duration of endogenous NO production in 
vivo. The concentration of endogenous NO produced in the cerebellum can be 

estimated by comparison of cGMP accumulation in response to endogenous and 

exogenous NO as previously described in chapter 4. From this it can be estimated 

that maximal NMDA stimulation of endogenous nNOS in cerebellar cells evokes 
cGMP responses similar to those measured here with a steady state NO 

concentration of ~1 nM. To attain this concentration, the rate of NO formation 

would need to be ~ 4 pmol/mg protein/minute. Assuming the cell capacity to be
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saturable and unable to recover, the duration of constant NO production by the 

tissue that would fully saturate the NO ‘sink’ can be calculated.

Sink duration =  (sink capacity)/(rate of tissue NO production)

= (0.75 nmol/mg protem)/(4 pmol/mg protein/min)
= 188 minutes 
= 3.1 hours

This calculation of sink duration in vivo assumes (i) NO production occurs at a 

constant rate for several hours and (ii) the absence of a regeneration mechanism. 

However, it is unlikely that under physiological circumstances NO is produced 

continually for ~3 hours. Measurements of NO signalling kinetics have 

demonstrated transient increases in activity; in keeping with its role as biological 

messenger (Shibuki & Kimura, 1997). Using a different NO donor to achieve 

saturation, the cellular sink was capable of recovery with an apparent half-life of 

-75 minutes. Taking both of these points into consideration, this calculation is 

likely to underestimate the true capacity of the tissue. Under physiological 

conditions where the rate of NO production is low and regeneration of the sink 

may occur (albeit slowly), it is possible that the sink is never fully saturated. It is 

conceivable that only under conditions where NO production is elevated 

persistently, (i.e. during iNOS expression or persistently elevated Ca^ )̂, or the 

regeneration mechanism is compromised, that the NO sink becomes saturated.

Following the saturation of the cerebellar cell sink using DETA/NO, NO 

concentrations rise, but more slowly than observed in buffer alone. This phase, 

termed the ‘drain’, may represent the gradual saturation of the NO sink’, as one 

or more factors becomes progressively rate limiting. Alternatively, the ‘sink’ and 

‘drain’ may be distinct phenomena. Once the ‘sink’ is saturated, other 

intracellular species such as haemoproteins and iron-sulphur centres may bind 

and/or transform NO. As described by Eq.l4, the NO concentration is directly 

proportional to the rate constant of inactivation. During the ‘drain’ the NO 

concentration rose progressively, reflecting a continual decrease in rate of 

inactivation. Whether this represents the gradual decline of a single route of NO 

consumption or the consecutive engagement and saturation of different species
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that interact with NO is not known. The factor(s) responsible for NO inactivation 

in cerebellar tissue have not yet been identified.

The majority of established interactions between NO and proteins are mediated by 

haem and non-haem iron groups (Cooper, 1999). Some of the bacterial and yeast 

flavohaemoglobin proteins accelerate NO decay and are thought to provide 

cellular defence against NO generated either during denitrification or by host 

immune systems. Flavohaemoglobins are found in both prokaryotes and 

eukaryotes are distant relatives of the Hb gene family. The fiavohaemoproteins 

encoded by the HMP (E.Coli; Hausladen et a l, 1998) and YHBl (yeast; Liu et a l, 

2000) genes, accelerate the decay of exogenously applied NO in vitro. HMP 

inactivates NO to NO3 under aerobic conditions and in the absence of O2 can 

transform NO to nitrous oxide (N2O). Similarly to HMP, the end product of NO 

inactivation in cerebellar homogenate is also NO3 , but in contrast, no anaerobic 

activity was observed in homogenate. Recently, a novel flavohaemoprotein, a 

cytochrome b5 type NAD(P)H oxidoreductase, ‘b5+b5R’ has been identified (Zhu 

et a l, 1999). The transcript for this protein was found to be expressed in all 

human tissues and cell lines tested. Cytochrome b5 (b5) and b5 reductase (b5R) 

are important redox proteins that have many functions including methaemoglobin 

reduction in erythrocytes. It is suggested that this protein may play a role in O2 

sensing but, like the bacterial and yeast counterparts, it is possible that this protein 

may have a role in the inactivation of NO.

The existence of an NO sink is important physiologically for several 

reasons. The main source of NO in the CNS is nNOS and it is likely that within 

discrete brain regions most of the available nNOS will be activated roughly 

simultaneously. The action of an NO sink will create signals of a strength related 

to the rate of NO production. This translation of the original NO production rate 

into a constant and predictable NO concentration within a physiological range, 

(amplitude coding), allows the cells to respond to stimuli differing in strength is 

how the tissue responds physiologically. The presence of cellular inactivation 

also sharpens the NO signal, creating rapid transient increases in NO 

concentration.
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The inactivation rate constant was proportional to the cell concentration 

over the range tested and thus allows tentative extrapolation to an in vivo scenario. 

If this as yet unidentified route of cellular inactivation was the sole route of NO 

breakdown in vivo then the predicted half-life of NO in the cerebellum would be 

~83 milliseconds, and the time taken to rise to and from steady state NO 

concentrations to be -300 milliseconds. Under physiological conditions, Ca^  ̂

dependent nNOS activated by elevated Ca^  ̂but is not active for sustained periods 

concentrations. The presence of this inactivation mechanism would ensure that the 

kinetics of NO are reasonably tuned to the rise and fall of cytosolic Ca^\

This cellular NO sink could influence NO signalling but may 

simultaneously serve to restrain NO concentrations to sub-toxic levels. It is well 

documented that high NO concentrations can have many deleterious effects on 

cells, including inhibition of CcO. Under physiological conditions, for NO to act 

as a messenger, a system of inactivation must still allow NO to diffuse to targets 

such as sGC whilst also keeping NO levels below those which could impair 

respiration and thus have deleterious effects on cell homeostasis.

Following donor application, NO concentration was translated into a 

cGMP concentration of fixed amplitude in cells, following a profile similar to that 

previously reported (Bellamy et a l, 2000). Maximal stimulation of sGC was 

achieved using 100 pM DETA/NO, at which the steady state NO concentration is 

-20 nM, and predicted that the EC50 value of NO stimulation of sGC is -2 nM. 

This value is the lowest yet reported for the stimulation of sGC, compared to 

estimates determined in cerebellar cells (< 20 nM; Bellamy et a l, 2000) and in 

vascular relaxation (5-10 nM; Kelm et a l, 1988, Kelm & Schrader, 1990).

At these NO concentrations no significant inhibition of respiration was 

observed. It has been reported that NO may have a physiological role in the 

control of respiration (Brown, 1999), however, prolonged severe inhibition of 

respiration is likely to be pathological. The O2 concentrations used in these 

cellular preparations exceed those found in brain tissue (-100 and 30 pM 

respectively) and as NO binds to CcO in a manner competitive with O2, the 

potency of NO CcO inhibition in vivo may be greater than that determined here. 

However, even considering that NO inhibition of CcO varies in proportion to
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[02]  ̂as has been reported (Koivisto et al, 1997), the IC50 of CcO inhibition at 30 

juM O2 would still be 8-fold higher than the EC50 for sGC.

Inhibition of respiration with KCN did not affect NO inactivation by the 

cellular sink. The lack of sensitivity to KCN implies that the sink mechanism is 

unlikely to include enzymes that are CN‘ sensitive, including CcO. However,

KCN enhanced NO inactivation by the drain, as reflected in a slowing of the rate 

of NO concentration rise. This may be a consequence of increased free radical 

generation as a consequence of CcO inhibition as has been previously reported 

(Turrens & Boveris, 1980) that is not sufficiently counteracted by the presence of 

100 U/ml SOD.

These observations present an exciting view of the delicate balance of NO 

signalling and toxicity. The existence of a degradation mechanism shapes the 

kinetics of an NO signal by (i) limiting the bioavailable NO to an ambient steady 

concentration linked to the rate of release and (ii) sharpening the signal by 

increasing the speed of changes in NO steady state concentration. Only once this 

mechanism is overcome by persistent NO production does the concentration rise 

to levels that impair respiration. Physiologically, it is unlikely that sufficient NO 

is produced to saturate the inactivation mechanism, but under pathophysiological 

conditions where excessive NO is produced, it may become saturated and NO 

concentrations rise to toxic concentrations. Accelerated NO inactivation provides 

a major mechanism for the control and refinement of physiological NO signals 

and may also play a role in protection against pathophysiological insults.

170



Chapter?: QUANTITATIVE EVALUATION OF DATA
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During this study details of the dynamics of NO production and breakdown in the 

CNS were obtained. Tn this chapter certain results will be discussed in the light of 

this new information.

Chapter 3: The vicious cycle kills neurons through NO production

Investigation into the involvement of the glutamate-NO-cGMP pathway in a 

striatal slice model of ischaemia demonstrated that an NMDA receptor-mediated 

elevation of sGC activity occurred during simulated reperfusion. The increase in 

NO production was partially inhibited by TTX. In both in vivo and in vitro 

models of ischaemia, Na^ channel blockade inhibited glutamate release, which 

could explain the inhibition of NO production in this striatal slice model. From 

this investigation it was shown that the components involved in excitotoxicity in 
vitro were also implicated in changes to the glutamate-NO-cGMP pathway in a 

striatal slice model of ischaemia (Strijbos et al., 1996). As NO was shown to be 

produced during simulated reperfusion and known to play a key role in the 

development of excitotoxicity, NO production was investigated more directly. In 

vitro., the accumulation of extracellular NO% was used as an index of NO 

production. However, NOS activity by determination of extracellular NO% or 

from the conversion of substrate was not detected. The discrepancy between the 

two systems provoked further investigation of the data obtained in other studies in 

vitro.

From the accumulation ofNO%' in the media surrounding cultured striatal 

neurones following NMDA stimulation (Strijbos et a l, 1996), the maximum rate 

of NO synthesis can be calculated. The rate of accumulation is approximately 

linear over the first 6 hours following NMDA application, and thus the rate of NO 

synthesis can be estimated;

Rate o f NO synthesis = (NOI concentration)/(time)

^  (5 /J,M)/(4 hours)

= 1.25 fiM/hour 

= 0.021 fjM/minute
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As the protein concentration of tissue in this study was ~1.0 mg/ml (Strijbos, P.; 

personal communication), the maximum rate of NO production by the striatal 

culture is estimated to be ~21 pmol NO/mg protein/minute. According to the 

limit of NOx' detection in the slice model (-250 pmol/mg protein), had NO 

production occurred in slices at the same rate as in the culture system, detectable 

NOx’ product would have accumulated after -12 minutes. However, in the in vitro 

slice model used here, no detectable NOS activity was observed over 6 hours.

This implies that the processes occurring following NMDA application in striatal 

slices and striatal cultures differ in at least the production of NO.

From the estimate of the rate of NO production, the data obtained in 

cultured striatal tissue can be examined with respect to the tissue capacity for NO 

consumption. Assuming that striatal tissue has the same capacity for NO as 

cerebellar tissue (-  0.75 nmoles NO/mg protein), the period of time that the tissue 

‘sink’ could completely consume the NO produced can be estimated as follows:

Duration o f cellular sink = (capacity o f the tissue)/(rate ofproduction)
= (0.75 nmoles/mg protein)/(21 pmol/mg protein/min)
= 35.7 minutes

With respect to the time scale of events that take place (e.g. changes in culture 

viability) the exhaustion of the sink does not appear to coincide temporally with 

any pathological changes measured, however, the resolution of the experiment 

(hourly time points) prevents any conclusions being made. Assuming that the sink 

and drain are exhausted, the only route of NO decay is via autoxidation. As the 

rate of NO production has been derived from this study, the ambient NO 

concentration in the medium surrounding these neurones can be estimated using 

equation (4) as detailed in section 6.1.2.

= (4)
at

This equation can be rearranged to solve for the NO concentration at any given 

rate of NO decay as shown in equation (13).
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At the steady-state between NO production by the tissue and breakdown by 

autoxidation, the rates of these two processes will be, by definition, equal. From 

this accumulation, the rate of NO release is calculated to be -0.02 pM NO/minute, 

and as autoxidation varies in a defined manner with NO concentration, the NO 

concentration at which the rate of autoxidation is equal to the rate of production 

can be estimated. At 185 pM O2, the NO concentration at which the two 

processes are equal is -0.4 pM. If the rate of NO production were constant (which 

it is for -  6 hours), this would be the constant NO concentration in the media. At 

this concentration of NO cellular respiration may be -50 % impaired (Koivisto et 

al, 1997). At the O2 concentration used (-185 pM), only once the NO 

concentration in the medium had fallen below -100 nM would the inhibition of 

respiration be negligible. The rate of NO production which would correspond to 

an NO concentration of 100 nM is -1.5 nM/minute, or -0.1 pM/hour. In the 

culture model of excitotoxicity, NO production only fell to this rate after 10 hours. 
Thus it is likely that the tissue respiration is, to a greater or lesser degree, impaired 

during the course of the experiment. It is interesting to note that the first 

significant reduction in cell v/flbility of neuronal cultures in which iNOS has been 

induced occurs when the rate of NO production reaches that which would 

correspond to impairment of respiration (>0.l pM/hour at t= 48 to 72 hours) 

(Strijbos et al, 1996). The implication of this observation is that the mechanism 

of NO mediated cell death in this system may be, at least in part, via inhibition of 

respiration.

If this is the case, this could possibly account for some of the discrepancies 

obtained between the striatal slice and culture models. In striatal cultures the O2 

concentration is -185 pM, whilst the striatal slices are incubated in media gassed 

with -1 mM O2 (aCSF at 37°C). At higher O2 concentrations not only will the rate 

of NO breakdown via autoxidation be higher by the same factor as the O2 

concentration, but as the inhibition of respiration by NO is proportional to [0 2 ]̂  

the NO concentration required to inhibit O2 consumption will be much higher 

(Koivisto et ah, 1997). Consequently the NO concentration, hence the rate of NO
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production, required to inhibit respiration will be much higher in slices than in 

cultured tissue; in brain slices it is likely that pM NO concentrations would be 

required to inhibit respiration. To achieve a steady NO concentration of 1 pM NO 

in 1 mM O2, according to equation (5) the rate of NO production by the slice 

would have to be -0.8 pM/minute. Such concentrations were not detected in the 

striatal slice model and thus it is unlikely that respiration was inhibited.

Inhibition of respiration in the striatal culture model of excitotoxicity could 

be responsible for the results obtained. The loss of cellular ATP as a consequence 

of respiratory inhibition could render glutamate transporters inactive and result in 

an increase in the extracellular glutamate. If the subsequent production of NO 

persistently inhibited respiration, then the situation would progressively 

deteriorate culminating in a decrease in cell viability. It is possible that the 

persistent inhibition of respiration by NO is a compulsory element in the 

progression of excitotoxicity. Thus although the initial insults were the same in 

both systems, due to differences in O2 it is possible that the subsequent effects of 

NO were different. Some evidence for this is that the duration of elevated NO 

production in slices is <I hour, as judged by the elevated cGMP levels, whereas in 

in vitro models of excitotoxicity, NO production is sustained for many hours (>10 

hours; Strijbos et al., 1996). This implies that the production of NO is not 

enduring in striatal slices. If NO inhibition of respiration is requisite for the 

evolution of excitotoxicity, then the process may not have been engaged in striatal 

slices.

Chapter 5: A profile of basal and stimulated NO production

Using the steady state NO concentration obtained following the addition of NO to 

a cerebellar cell suspension a new value of the EC50 of sGC stimulation by NO 

was obtained (2 nM). This value is lower previous estimations using purified 

enzyme (250 nM; Stone & Marietta, 1996) but compared reasonably well with the 

values found in preparations discussed previously (5-30 nM; see 6.4.Discussion). 

In cerebellar cells, stimulation of endogenous nNOS by NMDA application 

generates cGMP levels that reach only a third of that obtained using a maximally 

effective NO concentration (Garthwaite et a l, 1988). From the concentration
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response curve of sGC (Fig 6.13) this equates to a steady state NO concentration 

of ~1 nM. The rate of NO release required to sustain a constant concentration of 

~1 nM in cells is ~5 nM/minute. Taking account of the tissue concentration, this 

corresponds to a tissue NO production rate of 4 pmol/mg protein/minute. 

Consequently, during a 5 minute NMDA exposure only ~20 pmol/mg protein NO 

may be generated in total. According to the detection limit of the citrulline 

method (40 pmol NO/mg protein), this quantity would still be below detection 

limits.

The time course of intracellular cGMP accumulation in cerebellar cells and 

slices reveals that the levels of this second messenger are sustained for >5 minutes 

following NMDA application. In another study using the same tissue preparation, 

addition of Hb to cells activated with NO produced an immediate decline in 

cGMP concentration (Bellamy et al, 2000). This suggests that the NO 

concentration following NMDA application is sustained for > 5 minutes, as would 

be required to generate a steady state concentration of 1 nM NO. If this were not 

the case, a decline in cGMP concentration would have been measured over this 

period. Previously, two scenarios describing NO production during NMDA 

stimulation were discussed. In light of the time course of cGMP accumulation, it 

is likely that the scenario in which NO production is constant during the 

stimulation is more representative of the true course of events. Thus it is likely 

that <3 % of the total tissue nNOS is continually active throughout a 5 minute 

NMDA stimulation. In these studies of nNOS activity, NMDA receptors were 

persistently stimulated, resulting in sustained Ca^  ̂levels. By studying nNOS 

activity under these conditions, it is likely that any estimations of NO production 

overestimate nNOS activity during physiological signalling.

Chapter 6: A biological sink for NO

Investigation of the half-life of NO in biological systems has revealed that cells 

contain NO ‘sinks’ which shape NO signals. According to the measurements of 

NO half-life in cells, in vivo this would correspond to a value of ~83 milliseconds. 

This value is in agreement with other determinations of the half-life of NO in 

perfused heart (Kelm & Schrader, 1990) and is in the same order as the half-life of
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other signalling molecules, such as 5-hydroxytryptamine (Bunin & Wightman,

1999). The NO sink allows cells to translate a rate of NO production into a steady 

state NO concentration. This ‘amplitude coding’ together with rapid 

desensitisation of sGC, allows target cells to respond to NO in a manner that is 

graded with stimulus strength. These experiments indicate that not all tissue 

nNOS produces NO in response to NMDA receptor stimulation, indeed it is 

estimated that <3 % o f the total nNOS protein present is active.

Our studies suggest that (i) nNOS activity is linear with time over 5 

minutes and (ii) that the maximum rate of NO production in vitro is ~8 pmol/mg 

protein/minute (Chapter 5). As the protein concentration of tissue in vivo is 

approximately 100 mg/ml, this rate of NO production corresponds to 0.9 

p.M/minute. Assuming that both nNOS and the NO sink are evenly distributed 

throughout tissue (which is incorrect for nNOS), and that the rate constant o f NO 

decay to be 8 s’', during a constant production of NO in vivo o f 0.9 pM/minute, 

the steady state NO concentration achieved is ~2 nM. As Ca^  ̂ is essential for 

nNOS activity, it is likely that the production of NO will mirror changes in 

cytosolic Ca^  ̂concentration. Using the derived maximum nNOS activity 

following NMDA receptor activation and the extrapolated rate of NO decay in 

vivo, the NO profile during such as Ca^  ̂transient can be modelled (Fig 6.18).

300 msec 
transient2 .0 -

0.5-

0 .0 -

0.60.0 0.2 0.4
time (seconds)

Figure 7.1 A calculated profile of NO production during a 300 millisecond Ca transient.
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NO bioinactivation also governs the kinetics of the rise and fall of NO 

signals in tissue. With an inactivation rate of 8 s'̂  in vivo, the rise to or fall from 

steady state NO concentrations would be >90 % complete within 300 milliseconds 

(Eq.l3). This concentration of NO is capable of physiological effects such as the 

stimulation of sGC, (for which the EC50 is ~2 nM) whilst too low to engage 

potentially pathophysiological events such as the inhibition of respiration. The 

speed of responses achieved due to the high turnover of NO is in keeping with the 

other components in the glutamate-NO-cGMP signalling. The decay rate time 

constant of glutamate in the synapse has been estimated as ~1 millisecond 

(Bergles et a l, 1999) which corresponds to a half-life o f-0.7 milliseconds. A 

single Ca^  ̂transient though the NMDA receptors has a decay time constant of 

0.35 seconds, and thus a half-life of -  240 milliseconds (Murthy & Sejnowski,

2000). The extrapolated half-life of NO decay in vivo is -83 milliseconds, thus the 

NO signal is capable of dynamics that match the kinetics of a typical Ca^  ̂

stimulus. In the absence of b ioinactivation, the decay of NO concentrations 

would be slow (minutes to hours), not fitting with its role as a neurotransmitter 

involved in rapid coincidence events such as LTP. So how does this predicted 

model of an endogenous NO signals compare with measurements of NO in vivo'i 
The half-life of endogenously produced NO is difficult to measure as nNOS 

activity must have ceased in order to obtain an accurate determination of the 

decay rate of the produced NO. In addition, the speed of the NO microsensor 

responses should be in the same order as changes in NO signal, otherwise the rate 

of any changes monitored will be a reflection of the microsensor, not the 

physiological event. In contrast, the steady state amplitude of the NO signals has 

been successfully determined using an NO microsensor placed on the surface of 

CNS slices. In spinal cord slices, the maximal increase in NO concentration 

following stimulation (20 Hz, 50 seconds) was -0.25 nM and decayed with a half- 

life o f-2.5 seconds (Kimura et al, 1999). Another study using cerebellar slices, 

the maximum NO concentration achieved following short pulse trains to the 

climbing fibres, at 20 pulses at 20 Hz, was -2 nM and decayed with a half-life of 

-2  seconds (Shibuki & Kimura, 1997). Stimulation of cortical brain slices (20 

Hz, 5 seconds) produced an NO signal that peaked at 4 nM and decayed with a
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half-life of ~2.5 seconds (Fujisaki et al., 1999). It is important to note that the NO 

concentration in all three systems appears to be approaching steady state levels, 

even during the period of stimulation, as is predicted from the steady-state 

between NO formation and decay using the information obtained within this 

study. These three reports using CNS tissue demonstrate that the NO 

concentrations achieved following electrophysio logical stimulation of endogenous 

NOS are similar to those that predicted from the results obtained in this 

investigation.

In addition to shaping NO signals within cells, the cellular sink also served 

to keep NO at subtoxic levels. In the face of continual NO production the NO 

sink in both cells and homogenate were eventually saturated. However, the 

subsequent rise in NO concentration was slower than that measured in the absence 

of tissue over relatively long periods of time, revealing that NO was still being 

inactivated. The presence of a saturable NO inactivation mechanism has 

implications for the role of NO in pathology and physiology. It is possible that 

during physiological signalling, the NO clamp is never exhausted, being 

regenerated on a similar time scale to its saturation. However, when the rate of 

NO decay is increased, such as following induction of iNOS or during ischaemia, 

the quantities of NO generated are large enough to saturate the sink. Under 

saturated conditions, the NO concentration could then rise to exhibit pathological 

effects.
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CONCLUSIONS
NO can function as both a signalling molecule and a toxin. The lack of detail 

regarding the kinetics of NO production and degradation in biological tissue limits 

the current understanding of NO behaviour.

Activation of the glutamate-NO-cGMP pathway in brain slices was 

observed in a model of ischaemia and following NMDA stimulation. However 

NO production was beyond detection limits, indicating that <3 % of the total 

nNOS was active during this stimulation. Consequently, the maximum NO 

concentration achieved was estimated to be ~ 2 nM. Using an NO donor it was 

discovered that the EC50 of the NO receptor, sGC, was also ~ 2 nM. This suggests 

that activation of only a small proportion of the total nNOS content is required for 

the maximal activation of tissue sGC.

The biological inactivation of NO by an as yet unidentified mechanism has 

been observed. The rate of NO breakdown was shown to vary with endogenous 

haem content in various perfused tissue homogenates but whether this is a 

reflection of a direct interaction remains unclear. The saturation of this 

unidentified mechanism may be pivotal in determining whether NO has 

physiological or pathological effects. Under physiological conditions where NO 
production is transient, bioinactivation may shape NO signals to match the 

temporal resolution of nNOS activation. When NO production is enduring, such 

as following ischaemia and iNOS expression, the inactivation mechanism may 

become saturated and allow NO to achieve toxic concentrations.

The task ahead is to determine the precise nature of this mechanism and to 

isolate, identify and characterise its components. Armed with this information it 

should be possible to more fully comprehend the dynamics of NO signalling in 

brain tissue.
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