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Abstract

Nitric oxide (NO) functions as a signalling moleeuhroughout the brain where, via
the intracellular generation of cGMP, it particgstin many functions, such as in
synaptic plasticity. The initial experiments werased on the finding that, in optic
nerve, NO released from blood vessels tonicallyotigjses axons. The aim was to
test the hypothesis that the tonic NO productiom&ntained by phosphorylation of
endothelial NO synthase (eNOS). The results frotraegllular recordings of changes
in the axonal membrane potential suggested that KMase-mediated eNOS
phosphorylation is partially responsible. The sgosat aim was to determine if
blood vessel-neuron communication may be more \pigesl, by investigating if this
mechanism accounts for basal NO production in theeldping rat hippocampus. For
this purpose, measurements of cGMP were chosensassitive index of the local
NO concentration. Contrary to expectations, norob¥@dence for a dominant role of
either eNOS or the neuronal NO synthase emergdtugh the data suggested that
NO formation was calcium-dependent. The next steg t characterise the target
cells of endogenous and exogenous NO in the hipppas, particularly in the light
of findings that, with a better tool for inhibitinthe dominant phosphodiesterase
activity (phosphodiesterase-2), much higher cGM#el& could be evoked than
previously. Accordingly, instead of a predominantdtion in astrocytes, cGMP
immunocytochemistry showed widespread staining @fironal elements (somata,
dendrites, neuropil) throughout the tissue. Thalfobjective was to begin to analyse
NO transduction in cells in real-time, using a newkveloped fluorescent cGMP
sensor. Cell lines expressing various levels ohglyh cyclase and phosphodiesterase
were selected for study. Cellular responsivenesxtemely low NO concentrations
(down to 3 pM) could be detected. Moreover, thedifigs illustrated how the
interplay between guanylyl cyclase and phosphoeliasé activities serves to

generate distinct cellular cGMP profiles.
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1 GeEndEral intdroellciion

CHAPTER1

General introduction



1 GeEndEral intdroellciion

1.1 NITRIC OXIDE EMERGING AS A BIOLOGICALLY
SIGNIFICANT MOLECULE

Nitric oxide (NO) was first discovered by Josepleftiey in 1772, describing it as a
colourless, toxic gas, with a lifetime of only avfseconds. Indeed, NO first came to
medical prominence as a poison when Sir HumphregyBpoke of a terrible burning
in his tongue, throat and chest upon inhaling N@nduhis investigations into nitrous
oxide and other gases as anaesthetic agents (8p2@02). The rediscovery of NO as
a poison owed to the tragedy reported in 1967 whesecontaminated stock of
nitrous oxide killed one patient and gravely inplir@ second (Clutton-Brock, 1967).
Nonetheless, although being a noxious constituenaiofumes and cigarette smoke,
and having long been regarded as a harmful poliugastring of seminal experiments
which will be outlined below provided the steppstgne for NO to rise to biological
fame. Having been proclaimed as the molecule ofyda by the journakcience in
1992, the importance of the discovery of NO washierr recognised by awarding the
1998-Nobel Prize in Physiology and Medicine to e Robert Francis Furchgott,
Louis Ignarro, and Ferid Murad. By the end of ti9&' 2entury the plethora of NO’s
implications was spanning almost every area of lkidioine, including cardiovascular
function, neurotransmission and neuropathologyn,pdiabetes, wound healing and
tissue repair, skin, cancer, immune function, inéeg respiratory function, eye
physiology and pathology, and many others. It cuds to be one of the most

researched molecules.

Prior to the groundbreaking work in the 1980s,ftret implications of NO in biology
date back as far as the late 1860s when Alfred Nsibeovered nitroglycerin to have
an anti-anginal effect. He utilised nitroglycenmhis factories to synthesise dynamite,
in the course of which he observed that some ofvoikers complained of recurrent
headaches, which would disappear over the weekewiite those suffering from
angina pectoris often reported relief from chesingaduring the working week.
Although initially attributed to the vasodilatorycteon of nitroglycerin, about a

century later the underlying mechanism was elueiflato involve metabolic

18



1 GeEndEral intdroellciion

conversion of nitroglycerin to NO (Arnolet al., 1977; Ignarroet al., 1981). The
potential of NO as a vasodilator was further canéid by experiments conducted by
Gruetter and colleagues, demonstrating relaxatfotine vascular smooth muscle in
experiments in which a gaseous mixture of NO imoggn or argon was delivered
into an organ bath containing isolated pre-conti@atrips of bovine coronary artery
(Gruetteret al., 1979).

In 1980, Furchgott and Zawadzki initiated the amale of NO research.
Initially interested in studying the difference Wweenin vivo andin vitro responses of
blood vessels to acetylcholing, vitro preparations generally contracting in response
to stimulation by acetylcholine, experiments usualtilised only “pure” smooth
muscle preparations where isolated arteries had blared of both the adventitia
and the endothelium. On one occasion, Furchg@&¢tkrician, John Zawadzki, forgot
to remove the endothelium in their rabbit aortappration and, to their surprise,
acetylcholine caused a potent relaxation (Furchdd@®9). This culminated in the
first serendipitous discovery in the NO story inierh Furchgott demonstrated that
endothelial cells produce a relaxing factor in cesge to acetylcholine in vessels with
intact endothelium, which was termed endotheliumved relaxing factor or
“EDRF” (Furchgott & Zawadzki, 1980). In this studiurchgott established that
arterial relaxation in response to acetylcholingcty required the presence of the
endothelium, and found relaxation to be preventgd abropine, implying that
acetylcholine was acting on muscarinic receptorgnibate the production of a
diffusible substance, which could ultimately reaitte smooth muscle to evoke
relaxation. At that time, the vasorelaxant effedt rotrovasodilators such as
nitroglycerin and sodium nitroprusside had alrebdgn linked to stimulation of the
enzyme guanylyl cyclase and resultant rise in cGMTe, also NO, which was known
to be spontaneously liberated from sodium nitrogides was shown to increase
cGMP (Arnold et al., 1977; Gruetteret al., 1981; Feelisch & Noack, 1987).
Moreover, the endothelium-dependent relaxation wWemight to be mediated by
cGMP and cGMP-dependent phosphorylation (Rapopdvigad 1983; RapopoHt
al., 1983). Nevertheless, a direct connection betwé@®nand Furchgott’s discovery
was not made until nearly a decade later. Follownugnerous studies indicating
striking similarities between the properties of [d@d EDRF, it was only in 1987 that

19



1 GeEndEral intdroellciion

two separate laboratories published direct evidehae NO and EDRF were in fact
one and the same molecule (Palreteal., 1987; Ignarrcet al., 1987a; Ignarrat al.,
1987b). The group of Ignarro showed that EDRF a@efifrom the pulmonary artery
and vein with intact endothelium had identical wataxant properties to NO applied
to endothelium-denuded tissue preparations. They ptovided chemical evidence
that EDRF released from both artery and vein is N€mnonstrating that EDRF also
reacts with haemoglobin and causes an identicéll ishihe absorbance spectrum as
authentic NO. More-or-less at the same time, Palaret colleagues found that
cultured endothelial cells release an unstable dikgimg agent upon exposure to
bradykinin with identical biological activity to NO Moreover, using a
chemiluminesence technique, Palmer et al. provitieect evidence that the vaso-

active molecule produced in their experiments was N

Only about one year after the identification of HDRs NO, it was discovered that
NO is also produced in the brain following actieatiof the N-methyl-D-aspartate
(NMDA) class of glutamate receptors in neuronsppsging that it may relay signals
to neighboring cells (Garthwaitt al., 1988). The potential of NO to diffuse between
its sources and targets was particularly evidenNBKDA elicited relaxation of rat
aorta only in the presence of cerebellar cells tfveaite et al., 1988). This
groundbreaking discovery was preceded by a strihggwadence indicating the
presence of a transmitter which evokes accumulati@GMP upon NMDA receptor
stimulation. Already in the mid-1970s, Ferrendalid colleagues speculated that
there could be an intermediate transmitter betvgbetmmate-evoked Ghinflux and
resultant cGMP elevation, observing a rise in cGiklilhouse cerebellar slices upon
exposure to glutamate, which was found to be degrendn the presence of €a
(Ferrendelliet al., 1974; Ferrendellet al., 1976). About a year later, Arnold et al.
reported an increase in the activity of the guangyglase in brain homogenates upon
exposure to pure NO gas (Arnod#t al., 1977), which was later found to closely
resemble the increase in enzyme activity induced Lbgrginine (Deguchi &
Yoshioka, 1982). In 1985, the glutamate-evoked inseGMP was finally linked to
NMDA receptor activation by pharmacological mean&arthwaite, 1985).
Eventually, the experimental evidence indicating MObe the connective element

20



1 GeEndEral intdroellciion

between NMDA receptor activation and cGMP accunmatGarthwaiteet al.,
1988) potentially explained the earlier finding ime cerebellum of cGMP
accumulation not predominantly occurring in the earells stimulated by NMDA,
suggesting an intercellular messenger (GarthwaiteG&rthwaite 1987). More
evidence that it was indeed NO that was the missiagsmitter followed rapidly
when it was demonstrated that NMDA receptor adtivaffailed to evoke cGMP
accumulation when the enzyme synthesising NO wiabited, while this remained
intact and was augmented in the presence of LiagiGarthwaitest al., 1989). NO
as a neurophysiological messenger was discovemditing the extensive research

into NO signalling in the central nervous system.

Around the same time of NO being discovered to trargsmitter in the brain, parallel
unrelated investigations identified the potentiIN®D to also serve in the immune
system. Previously, it had been shown that uritewgls of nitrate (N@) exceeded
dietary intake, indicative of a synthetic pathw&rdenet al., 1981). Following an
inflammatory stimulus, the synthesis of Blas increased (Wagnet al., 1983),
which echoed findings of increased urinary nit@teretion in patients suffering from
diarrhoea and fever (Hegesh & Shiloah, 1982). Tas later attributed to activated
macrophages (Stuehr & Marletta, 1985). The deperedenh the cytotoxic action of
activated macrophages on L-arginine (Hilebsl., 1987) led to the confirmation of
NO being part of the repertoire of defenses agdorstign organisms (Hibbet al.,
1988), exerting its cytotoxicity via mechanismsisas metabolic inhibition of DNA
synthesis and mitochondrial respiration, which éwalty culminates in the induction
of apoptosis (MacMickingt al., 1997).

These three diverse functions — smooth muscle atax neural communication, and

immune defense — remain at the core of NO biolagy @&e mediated largely by the

processes outlined in the following sections.
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1 GeEndEral intdroellciion

1.1 FORMATION OF NO

1.2.1 Nitric oxide synthases

The identification of EDRF as NO was rapidly follea by the discovery of the
synthetic machinery for NO. The group of enzymespoasible for NO production
was first described in 1989 to be the?ealmodulin (CaM)-dependent NO synthases
(NOS), and was subsequently characterised throigheul990’s. The isolation and
cloning of NOS from rat cerebellum (Bredt & Snyd&®90; Bredtt al., 1991a) was
rapidly conjoined with immunohistochemical eviderd@mmonstrating NOS not only
to be localised in endothelial cells but also tohimhly expressed in the brain (Bredt
et al., 1990; Vincent & Kimura, 1992), being discretelgcalised in neuronal
populations (Bredét al., 1991b; Vincent & Kimura, 1992).

Currently there are three acknowledged isoformsN@S responsible for NO
production throughout the mammalian system, eastha¢h catalyses the conversion
of the amino acid L-arginine and molecular oxyge.{citrulline and NO. There are
three distinct genes in the mammalian genome engpdespectively, the neuronal
(n)NOS in neurons, endothelial (€)NOS in endothel@ls of the vasculature, and
inducible (i)NOS. Inducible NOS is not found in amgalthy cell but is instead, as the
name implies, induced in various cell types, incigdmacrophages and microglia,
generally occurring in response to products ofadtié®, such as bacterial endotoxin,
or to inflammatory mediators, including cytokingggerleukin-1 and tumour necrosis
factor, resulting in long-term NO production to @itxic levels.

Splice variants of some of the NOS isoforms havso dbeen reported.
Identified variants of NNOS include NN@SNNO and nNOS. A fourth variant
termed NNOS-2 has been reported in the mouse Wratnonly at its mRNA level
(Oguraet al., 1993). The most relevant nNOS variant isdheariant as it is the only
one known to physically associate with NMDA receptim synapses (Brenmahal.,
1996 and see later) and appears to be the mostafiunNOS subtype, accounting
for approximately 95% of all enzyme activity in tbeain (Huanget al., 1993). In
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1 GeEndEral intdroellciion

contrast, both th@- andy-variants appear to lack capacity to associate WNMDA
receptors, the former being up-regulated in sonaénbregions (including striatum,
hippocampus, brain stem and cortex) at its prdesial in mice devoid of the nNQS
and suggested to be the only functional alternativeNOSX, since they-variant
appears to have little or no enzymatic activitydiidnanet al., 1996; Eliassomt al.,
1997; Langnaeset al., 2007). No splice variants of eNOS have so fankbeported,
while relatively little information exists on INOSariants. Alternatively spliced
MRNA transcripts of INOS have been detected in hurepithelial and alveolar
macrophages (Eissat al., 1996). Due to its principal importance in hosfedee
mechanisms as well as pathology, being largelyevent to the work presented in

this thesis, INOS will not be considered in muctitfar detail.

1.2.2 NOS structure and reaction mechanism

NOS proteins are dimers, each monomer comprisiNgierminal oxygenase domain
and a C-terminal reductase domain, these two damiaging linked by a CaM-
recognition sit€Fig. 1.1). The oxygenase domain possesses binding motitsaiem,
the cofactor tetrahydrobiopterin (Bi and the substrate L-arginine, BHhought to
be predominantly promoting and stabilising the actdimeric form of all NOS
isoforms. The reductase domain is equipped withothding sites for NADPH, FAD
and FMN.

The synthesis of NO by NOS involves electron fldwough the enzyme,
which is facilitated by Cd-CaM binding to the CaM-recognition site, and a-step
oxidation of L-arginine to L-citrulline with the ogomitant generation of NO.
Functionally, electrons are donated by NADPH to thductase domain and are
transported through the reductase domain by the BAD FMN redox carriers,
eventually reaching the oxygenase domain of thesipp monomer. Upon arrival of
the electrons at the oxygenase domain, the haemisrmitially reduced from P& to
Fe?*, allowing it to bind molecular oxygen, the cleagazf which in turn leads to the
oxidation of L-arginine at the catalytic site, thed-products being L-citrulline and
NO (Aldertonet al., 2001).
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NO + Citrulline
L-Arginine + O,

aQa oo ==

Oxygenase Reductase Electron
domain domain flow

Fig. 1.1 Synthesis of NO by NOS: structure andlgatafunction. Proposed arrangements of mononegsyity
requires the dimeric interaction between two oxyggendomains and CaM binding between the reductake an
oxygenase domains, which triggers electron tran¥fee reductase reduces NADPH to NADP+, yielding
electrons, which are then carried onto the haenetyai the oxygenase domain of the other mononeethe

bound flavins FMN and FAD. Subsequently, two cyaég-arginine oxygenation occur. The first cyclelgs the
intermediate product N-hydroxyl-L-arginine (NHA)avoxygenation of the guanidine group of L-argirio@ N-
hydroxyl group, a reaction that requires Ba$ a cofactor. In the second cycle, NHA is coragetod L-citrulline

and NO by oxidative cleavag&dapted from Alderton et al., 2001

1.2.3 Catalytic modulation

CaM and ca&®*

The binding of C&-CaM is a pivotal requisite for NOS activity (Bre&ltSnyder,
1990), functioning as a sensor of intracellulaf‘Gmncentrations, where the binding
of C&* to CaM promotes CaM interaction with NOS. A confiational change in the
NOS dimer upon CaM binding supports the flow ofcelens within the reductase
domain as well as the interdomain electron tran@®andaet al., 2001). The C&-
dependence varies among NOS isoforms in that Bé@Seand nNOS require higher
concentrations than iNOS. The iNOS is held in aiivated state even at low €a
levels as it binds CaM very tightly, renderingaitdely C&*-independent. The varying
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Cd*-sensitivity of the different NOS isoforms is detémed by the presence of an
auto-inhibitory loop insert of 40-50 amino acids tire FMN-binding subdomain.
While absent in INOS (Salernet al., 1997), this insert acts to destabilise CaM
binding to eNOS and nNOS at low Ta&oncentrations, thereby preventing the flow
of electrons to the haem moiety. Upon CaM binditigs insert polypeptide is
displaced, initiating the ability of CaM to gateetron flow through NOS (Salerrmeb
al., 1997).

Phosphorylation
nNOS

Although having long been regarded to be predontipa®e’*-dependent, it is now
clear that enzyme activity of both eNOS and nNO$ aiso be influenced via protein
phosphorylation on several putative sites. Thet fiislication that NOS can be
regulated by many different factors came from cignstudies, revealing recognition
sites not only for NADPH, CaM, and flavins, butalshosphorylation sites (Breeit
al., 1991a).

Phosphorylation of nNOS on Ser-847 by CaM-depengeoiein kinases has been
demonstrated to reduce NNOS activity. Initial stsddn purified nNOS from rat brain
found Ser-847 to be phosphorylated by several Capkddent kinases, which was
confirmed by the lack of phosphorylation observegubru mutation of this site
(Hayashiet al., 1999). Phosphorylation of Ser-847 was found 8Bulten an overall
50-60% reduction in enzyme activity, attributedtjadly to suppressed CaM binding.
Later studies in cultured hippocampal neurons cor@d this finding, demonstrating
NMDA receptor-dependent phosphorylation of nNOS-&&f by C4*-CaM protein
kinase Il (CaMKIl) in dendritic spines, which wakbw in onset (Rameaset al.,
2004). An interesting observation made by Rameal ailleagues was that of a
bidirectional regulation of this phosphorylation opess depending on the
concentration of glutamate applied to the neuroMghile low micromolar
concentrations of glutamate elicited enhanced nig@&phorylation, concentrations
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in the several hundred-micromolar ranges were &s®goc with reduced
phosphorylation of the enzyme, indicating that thiéeviation of this negative
feedback control on nNOS activity may be a poténtiachanism contributing to
excessive NO output under conditions of excitotbyxicSustained CaMKIl-mediated
phosphorylation of nNOS-Ser-847, evoked by lowadte concentrations, was also
detected in cultured cortical neurons (Rametaal., 2007).

Other sites on nNOS the phosphorylation of whickiehbeen suggested to
cause a reduction in nNOS activity are Ser-741 bBMKI (Songet al., 2004), and
Thr-1296 (Songt al., 2005), where the latter study employed phospkatasbitors
and mutations mimicking Thr-phosphorylation to cotmeheir conclusion. However,
both studies based their conclusions on obsensataade either in HEK cells or in a
neuroblastoma cell line transfected with nNOS (@adKI in the case of Sorg al.,
2004).

Phosphorylation of Ser-1412 on nNOS, mediated kg $er/Thr protein
kinase Akt in a NMDA receptor-dependent manner,dlas been proposed based on
studies in cultured cortical neurons (Ramehual., 2007). In contrast to Ser-847
phosphorylation, however, this was found to occarerrapidly in response to low

glutamate concentrations and to lead to rapid esgraant in nNOS activity.
eNOS

While a fairly new concept in the field of nNNOS easch, protein phosphorylation on
a number of putative sites by various types of @rokinases is a well-established
feature of eNOS activity regulation. In fact, phlesgylation is now considered to be

one of the most important mechanisms by which eld@ity is controlled.

The two most extensively studied phosphorylatioesson eNOS have been Ser-1179,
which is located in the reductase domain closénéoG-terminus of eNOS, and Thr-
497, which is located in the CaM-binding site. Ritagylation of Ser-1179 enhances
eNOS activity by reducing the enzyme’s’Gdependence (Chest al., 1999) with an
increase Iin the rate of NO production (Dimmederl., 1999; Fultonet al., 1999),

while phosphorylation of Thr-497 reduces enzymeivaygt by increasing the
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Cd*/CaM dependence of eNOS (Cheat al., 1999; Fleminget al., 2001).
Physiologically, phosphorylation and dephosphorgtabf these sites are regulated in
a highly balanced manner. For instance, selectimeutation of eNOS by means of
exposure of endothelial cells to bradykinin resuita transient dephosphorylation of
the inhibitory site Thr-497 in conjunction with SEt79 phosphorylation (Flemirg
al., 2001; Harriset al., 2001). Under unstimulated conditions Thr-497 appdo be
strongly phosphorylated, with weak phosphorylatminSer-1179 (Fleminget al.,
2001). Phosphorylation of eNOS is thought to be dblregulate eNOS activity in a
Cd*-independent fashion (Corsoet al., 1996; Fleminget al., 1998), the
physiologically most important pathway for eNOSiaation being fluid sheer stress.
The activation of eNOS by fluid sheer stress iqquaiin that it can be maintained
over hours and occurs in the absence of extragel@#* (Kuchan & Frangos, 1994;
Ayajiki et al., 1996). Moreover, mimicking Ser-1179 phosphorgiatienhances
eNOS activity, even in the absence of O®immeleret al., 1999).

While being the target of multiple protein kinasearious studies have implicated a
key signal transduction pathway in which activatairphosphatidylinositol-3-kinase
(P13 kinase) and the Ser/Thr protein kinase Aktltesn eNOS phosphorylation on
the Ser-1179 site. Initial studies demonstrated tileatment of endothelial cells with
vascular endothelial growth factor (VEGF) or inautimulates NO synthesis in a PI3
kinase-dependent manner, PI3 kinase inhibitionglrpreventing NO release (Zeng
& Quon, 1996; Papapetropoulas al., 1997). Subsequently, the kinase Akt, a
downstream effector of PI3 kinase, was found tavatg eNOS in endothelial cells
exposed to shear stress, leading to enhanced N@ugifon via Ser-1179
phosphorylation and cGMP accumulation, where iilmbiof PI3 kinase or mutation
of Ser-1179 attenuated phosphorylation and predeaMOS activation and cGMP
formation (Dimmeleret al., 1999). This was joined by the finding that Akt
phosphorylates eNOS-Ser-1179 directly, therebyvaiitig basal NO output from
eNOS in endothelial cells, which is diminished upuntation of the Ser-1179 site
(Fulton et al., 1999). The detection of Akt in immunoprecipitaigs eNOS from
bovine aortic endothelial cells suggests that Ald aNOS associate vivo (Michell

et al., 1999). Apart from fluid shear stress, a numbeeNOS agonists, including
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VEGF, insulin, and bradykinin, can also increaseD&Nactivity through the PI3
kinase-Akt-Ser-1179 phosphorylation pathway (Duskiet al., 2006).

The phosphorylation of eNOS is preventable by Ri@s$e inhibition, the two
main inhibitors of PI3 kinase in use being wortmarend LY 294002. Wortmannin
is a fungal metabolite, isolated froRenicillium wortmannii, and inhibits PI3 kinase
at a low nanomolar 1§. The synthetic compound LY 294002 has a reportgd |
value for PI3 kinase inhibition in the low micromaolrange (Walkeet al., 2000;
Djordjevic & Driscoll, 2002). Both of these compalsare competitive inhibitors of
ATP binding. X-ray crystallography revealed thattb@aortmannin and LY 294002
bind in the ATP binding site of the PI3 kinase tisalbcated in a cleft between the N-
and C-terminal lobes of the catalytic domain. Hogrewvhile the interaction of LY
294002 with PI3 kinase is reversible, wortmanniases irreversible inhibition of the
kinase by forming a covalent complex with a lysiasidue in the catalytic site, which
leads to a large conformational rearrangement (&/&tkal., 2000). Both compounds
were shown to be selective towards PI3 kinase atctincentrations used in the
present work (Daviedt al., 2000).

Other eNOS phosphorylation sites include Ser-688,pghosphorylation of which is
also stimulatory, and Ser-617 and Ser-116. The anpéthe latter two on eNOS
activity remains controversial, based on mixed ihgd from different laboratories
observing either no change in enzyme activity, ohamced or reduced activity,
depending on the stimulating factor used (Maaira., 2007).

Protein-protein interactions

nNOS

A number of proteins have been identified that roeyd and regulate nNOS. These
include the termed protein inhibitor of NOS (PIje C-terminal PDZ ligand of NOS

(CAPON), heat shock protein 90 (hsp90), and NO®ratting protein (NOSIP).
Overall, however, their functions remain poorly argtood.
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PIN, identified as a dynein light chain, may cdmitite to axonal transport of nNOS as
indicated by the finding of it binding to nNOS, Wwhihaving no direct influence on
enzyme activity (Rodriguez-Crespet al., 1998). CAPON may aid membrane
association of nNOS via synapsins at synaptic.sfthe synapsin family of proteins
have been identified as binding partners of CAPONPON suggested to serve as an
intermediate linking nNOS and synapsin. Compariffigient subcellular fractions of
forebrain obtained from mice lacking synapsin | dhdevealed changes in the
subcellular localisation of nNOS and CAPON in thath were increased in the
soluble fractions (Jaffregt al., 2002). NOSIP interaction with nNOS may act to
indirectly reduce nNOS activity by relocating thezgme away from its site of action
at the cell membrane as it has been demonstratetbtiulate both the localisation
and activity of nNOS. This hypothesis arose fromuanber of observations made by
Dreyer and colleagues (Dreyeral., 2004). These included co-immunoprecipitation
of NNOS and NOSIP from brain lysates, co-local@matof NOSIP and nNOS in
neuronal synapses in various rat brain regionslu@ieg hippocampus), reduced
enzyme activity upon stimulation with a Caionophore in a cell line stably
expressing NNOS and transiently transfected withSNRD and neuronal activity-
dependent shuttling of NOSIP between synaptic, sofio and nuclear subcellular
location in cultured hippocampal neurons. Silencaigneuronal activity favoured
nuclear localisation of NOSIP, while non-nucleacdlisation predominated under
conditions of basal activity or NMDA receptor-evok@euronal activity. Finally,
hsp90 inhibition has been reported to reduce nNO®ity in insect cells by
approximately 75%, suggested to be due to impdiesin insertion (Billecket al.,
2002). Additionally, studies on purified nNOS hah®wn hsp90 to enhance enzyme
activity directly and to increase CaM affinity farNOS with resultant elevated
catalytic activity (Songt al., 2001).

eNOS

Just as with phosphorylation, the significance MO& interacting with other proteins

is better established than in the case of nNOS.nib&t extensively studied proteins
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that can interact with eNOS, and regulate enzyntiwigcnegatively or positively,
include caveolin-1, NOSIP, and hsp90.

Caveolin-1 is an integral membrane protein abundaendothelial cells, and serves
as a structural scaffold within caveolae, which argiched with cholesterol and
sphingolipids, which minimise the fluidity of theskscrete membrane regions. The
limited fluidity in caveolae, which eNOS is locad to, draws together proteins,
supporting protein-protein interactions. Studies @mdothelial cell lysates
demonstrated eNOS co-immunoprecipitation with chmeb (Feron et al., 1996;
Garcia-Cardenat al., 1996). Subsequentlyn vitro studies and experiments with
eNOS and caveolin-1 expressed in cells revealed ibth the N- and C-terminal
domains of caveolin-1 interact directly with theygenase domain of eNOS and
thereby inhibits enzyme activity (Garcia-Cardehal., 1997; Juet al., 1997; Michel

et al., 1997). Moreover,n vitro manipulations further indicated that &aM
binding to eNOS disrupts the interaction betwee®&Nand caveolin-1, resulting in
enhanced catalytic activity (Michet al., 1997). Later, experiments using particulate
and soluble cellular fractions indicated that tesaziation and dissociation of eNOS
and caveolin-1 may be a cyclic event, in which aigstion leads to the mobilisation
of eNOS from the particulate fraction upon agorssmulation, followed by re-
association of eNOS and caveolin-1 in the partteufeaction (Feroret al., 1998). In
intact blood vessels, the caveolin-1 was shown dtergly inhibit eNOSin vivo
(Bucci et al., 2000). Bucci and colleagues used a membrane-pétenéorm of the
caveolin-1 scaffolding domain (amino acids 82-18a4l fused it to a cell-permeable
leader sequence. Exposure of mouse aortas to gigl@eesulted in uptake into the
blood vessel, localising to endothelial cells, apdcevention of ACh-mediated
relaxation, with no effect on relaxation in respgns exogenous NO. In aortas from
mice lacking caveolin-1, on the other hand, thaxaht response to ACh is enhanced,
attributable to increased basal NO production ([2tadh., 2001).

NOSIP is another binding partner of eNOS that appsed to have a negative
regulatory impact on enzyme activity. Although thege function of NOSIP remains
to be elucidated, the interaction between NOSIP eM@S has been shown by co-
immunoprecipitation studies in cells (Dedbal., 2001). Although NOSIP did not
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affect eNOS activity when examined byvitro assays, when co-expressed in cells,
NO release was reduced, which was suggested, lbasedmunohistochemical data,
to be caused by redistribution of eNOS from thesipla membrane caveolae to
intracellular compartments (Dedsbal., 2001).

In addition to CaM, another positive regulatorytem of eNOS is hsp90. First, hsp90
was shown to co-precipitate with eNOS, being asgedi with eNOS in resting
endothelial cells (Garcia-Cardesial., 1998; Russelt al., 2000). The treatment of
cells with different stimuli including shear stremsd VEGF enhanced hsp90-eNOS
interaction. Mechanistically, it has been propoged hsp90 may facilitate the ability
of CaM to displace caveolin-1 from eNOS, the theeastituents having been found
to be present in the same complex in endothelids ¢Erattonet al., 2000). Also,
studies on purified enzyme have demonstrated hgp8ahance eNOS activity in the
presence of CaM both at low and high®Ceoncentrations, the Egvalues for both
Cd&* and CaM being reduced in the presence of hsp9RafiEshi & Mendelsohn,
2003a). More direct evidence supporting the eNQ&0snteraction emerged from
experiments showing that hsp90 inhibition not qmgvents VEGF-stimulated cGMP
production in cultured endothelial cells, but alse ACh-evoked vasorelaxation of rat
aortic rings (Garcia-Cardengt al., 1998) as well as flow-induced dilation of rat
middle cerebral artery to a similar extent as diNOS inhibition with a non-selective
NOS inhibitor (Viswanathast al., 1999).

Hsp90 may also affect eNOS activity indirectly kotiag on the kinase Akt.
Hsp90 has been shown to bind both the inactivectwvea Akt and is required for the
interaction of Akt with eNOS (Garcia-Cardeetaal., 1998). Furthermore, it has been
suggested that hsp90 stimulates eNOS by increabiagrate of Akt-dependent
phosphorylation of eNOS, and that the kinase Akt Bsp90 synergistically activate
eNOS at both physiological €aconcentrations as well as independently of‘Ca
indicating that hsp90-mediated Akt activation ahd Akt-unrelated effects of hsp90
could be occurring simultaneougliyjakahashi & Mendelsohn, 2003b). A summary of
the proposed mechanism for eNOS activation via Rk kinase-Akt pathway is
depicted inFig. 1.2.
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Fig. 1.2 Proposed scheme of PI3 kinase-Akt-media@S phosphorylation. Upon binding to their resipec
receptors, shear stress and various ligands cdridesctivation of P13 kinase. PI3 kinase thenlgats the
formation of phosphatidylinositol bi- and triphospés, which are required for the downstream adtimaif the
phospholipid-dependent-kinase-1 (PDK-1). Upon atitbn, the PDK-1 then phosphorylates Akt, whictiates
the translocation of Akt to the plasma membranere/iikt then phosphorylates eNOS on Ser-1179. Upid®
phosphorylation, caveolin-1, to which eNOS is boimils inactive state, dissociates from the enzasé is
displaced by calmodulin (CaM), initiating eNOS aatien and NO formation from L-argininAdapted from
Sessa, 2004

1.2.4 Pharmacological intervention for NOS inhiliion

Inhibitors of NOS have become invaluable toolsifimestigating the biological roles
of endogenous NO. The first series of inhibitorsedeped were derivatives of the
NOS substrate L-arginine, which have a substituemtthe guanidine nitrogen
normally used for NO synthesis. The most commoslyduof these inhibitors include
NC-nitro-L-arginine (L-NNA), N-methyl-L-arginine (L-NMIMA), and NC°-nitro-L-

arginine methyl ester (L-NAME), the latter beingetiprodrug of L-NNA. These

compounds exert their inhibitory action non-seleslyf by competing with L-arginine
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for its binding site. All of these broad-spectrun©8l inhibitors have reasonable
potencies with Kvalues in the low micromolar range (Aldertetral., 2001). Among
the first evidence for the inhibitory action of LNM and L-NMMA at the tissue level
were results from rabbit aorta, in which both coonpis were demonstrated to evoke
concentration-dependent contractions and to preéii-induced relaxation while
leaving relaxation in response to exogenous NCir{dooreet al., 1990).
Considerable effort has also been dedicated tmwv#nd development of
isoform-selective inhibitors. Compounds showing dys®electivity for nNOS over
eNOS and iNOS include N-propyl-L-arginine (NPA; Zlgeet al., 1997; Coopeket
al., 2000) and Ri(1-Imino-3-butenyl)-L-ornithine (L-VNIO; Babu & Gifith, 1998).
To date, L-VNIO is the most potent nNOS-selectwibitor, with a Ki value in the
low nanomolar range, being 120-fold and 600-foldhler for eNOS and INOS
respectively (Babu & Griffith, 1998). A compoundosting good selectivity for INOS
over the other two NOS isoforms is [N-(3-aminoeyiiydenzyl]-acetamidine (1400W;
Garveyet al., 1997; Boeret al., 2000). This inhibitor was found to be approxinhate
5000-fold or 200-fold more selective for INOS owalOS or nNOS respectively
(Garveyet al., 1997). All of these isoform-preferring inhibitoast by targeting the L-
arginine binding site on NOS, competing with L-aige for binding. No selective

eNOS inhibitors are known to date.

1.2.5 nNOS and eNOS in the brain

nNOS

In neurons the predominant isoform of NOS is nN@8S8ich is widely distributed
throughout the brain and spinal cord, albeit atyvm@y amounts among different
regions. For example, the highest activity and esgion of nNOS is found in the
cerebellum (Bredét al., 1990; Bredet al., 1991b), with nNOS localising to virtually
all neuronal cells. On the other hand, in otheasrguch as the cerebral cortex and
striatum, NnNOS appears in a subpopulation of ise@rons. Nevertheless, dense
nNNOS-containing networks of fibres can be seenutinout the neuropil, including

areas with relatively sparse numbers of nNOS-bgani@urons, indicating that the
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majority of neurons receive NO signals (Vincent &riira, 1992; Rodriget al.,
1994). Potential sites of NO synthesis have lardmdgn identified in the past by
means of immunohistochemistry (Bredt et al., 19¢rigo et al., 1994; de Vente et
al., 1998; Burettest al., 2002),in situ hybridisation (Keilhoffet al., 1996), and the
NADPH-diaphorase staining methodology (Vincent &nrira, 1992; Southam &
Garthwaite, 1993; Keilhofét al., 1996), the latter exploiting NOS activity to regu
tetrazolium salts to visible formazans in an NADBépendent manner, thereby

allowing the histochemical visualisation of sitdN®OS activity.

In the hippocampus there have been mixed repomserning nNOS expression.
Initially, intense immunoreactivity was describedthe dentate gyrus (Breet al.,
1990), and also some scattered immunoreactive ngurothe CA1l subfield were
reported (Bredét al., 1991b). In both cases, however, pyramidal neuappeared to
be devoid of nNOS staining. Subsequent immunohisioical studies suggested
NNOS to be largely confined to interneurons in @&l and CA3 subregions of the
hippocampus (Valtschanddf al., 1993; Lummeet al., 2000), which was at odds with
some of the immunohistochemical evidence findingnimoreactivity in CA1-CA3
and subicular pyramidal neurons (Rodrigoal., 1994), and NADPH-diaphorase
results finding strong pyramidal cell staining metsubiculum (Vincent & Kimura,
1992) and CA1 region (Southam & Garthwaite, 19€3entually, the use of weaker
fixation protocols and electron microscopy in cawgtion with light microscopy
clearly revealed the presence of NNOS in a numbey@midal neurons (Endo#t
al., 1994; Wendlandt al., 1994; Blackshawvet al., 2003) and in dendritic spines
(Burette et al., 2002). Strongly labelled cells were demonstratedxpress nNOS
staining diffusely in the cytosol, while weakly istad cells, or those appearing
unlabelled at the light microscopic level, wereaaled to express nNOS localised to
membranes when examined by means of electron mimpyggBuretteet al., 2002). It
transpired from these studies that not only thehogktof fixation but also antibody
incubation times were crucial factors in determgnthe visibility of nNOS. In order
to achieve optimal staining in interneurons, thactien must be terminated before

any nNOS could be revealed in pyramidal neurons.
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The membrane localisation of NnNOS visualised byeBaret al. (2002) is consistent
with the known interaction of nNOS with NMDA recepd at synaptic membranes,
thereby coupling NO formation to NMDA receptor ait§i, the entry of C& in the
vicinity of the receptor resulting in NOS activatioThe association between nNOS
and the NMDA receptor is provided by the post-syitagensity-95 (PSD-95), which
acts as the intermediate interaction partner. PSp@tein contains several PDZ
domains, which are protein-protein interaction fisothNOS also contains a PDZ
domain in its N-terminal region, which interactstlwithe second PDZ-domain of
PSD-95 (Brenmaset al., 1996). The ternary complex is achieved by the@seédDZ
domain of PSD-95 also interacting with a C-termi&ar/Thr-X-Val motif of the
NMDA receptor (Kornatet al., 1995; Christophersost al., 1999). Disruption of the
interaction between NnNOS and PSD-95 by deletiothefN-terminus of nNOS has
been demonstrated to prevent membrane associattboulv affecting the catalytic
activity of the enzyme. Membrane association of ©N®@ith NMDA receptors,
however, is functionally significant in terms of NIM\ receptor-dependent synaptic
activation of NO synthesis. Suppression of PSD#%ultured cortical neurons by
means of anti-sense oligonucleotide techniques feasd to attenuate cGMP
production by more than 60% in response to NMDAeptor-mediated G influx
but not that in response to €a@hannel activation (Sattlet al., 1999). As mentioned
earlier, the splice variants nNB&nd nNOS$ identified in nNOS mutant mice fail to
associate with NMDA receptors at synaptic membran@$?SD-95 as they lack the
PDZ motif, rendering these nNOS isoforms cytos(@Bieenmanet al., 1996; Eliasson
et al., 1997). While nNO$ has been shown to be catalytically inactive, nRM&s
been found to retain catalytic activity when pwidfi (Brenmanet al., 1996).
Moreover, in vivo examination of nNOS activity by visualising citine-
immunoreactivity in brain sections obtained fromceniwith disrupted nNQO$
revealed the presence of active nNOS, althoughtype of the splice variant
responsible (nNO® or y) was not identified (Eliassoat al., 1997). Overall, this
indicates that cytosolic nNOS may be activated b§ @ming from entry sources
other than NMDA receptors.
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eNOS

In contrast to NNOS, eNOS expression is restrictedhe vascular endothelium.
Although initially reported to localise in hippocaal pyramidal neurons (Dinerman
et al., 1994), the same group could not confirm theidifiig, detecting eNOS mRNA
exclusively in brain blood vessels (Deneatisal., 1999), and attributing their earlier
observations to poor antibody specificity arisingnii possible cross-reactivity of the
antibody with other forms of NOS. The exclusivegatece of eNOS in endothelial
cells lining the brain vasculature, but lackingneaurons or glia, was confirmed by
other independernh situ hybridisation studies in both mouse and rat b(Sieidelet
al., 1997; Blackshawet al., 2003), immunocytochemical studies at the lightd a
electronmicroscopic level (Stanarigsal., 1997; Topekt al., 1998), and single-cell
PCR investigations of eNOS mRNA in single hippocampeurons (Chiangt al.,
1994). The cell-specific expression of eNOS wasrlatiggested to be down to DNA
methylation, finding cell-specific methylation pattsin vivo in endothelial cells and
vascular smooth muscle cells of mouse aorta, abdstaexpression of eNOS mRNA
in non-endothelial cell types upon inhibition of BNnethyltransferase activity (Chan
et al., 2004).

At the subcellular level, eNOS is localised to #&l membrane. The N-
terminal region of eNOS contains consensus seqadocé@reversible myristoylation
and reversible palmitoylation (Shaul, 2002). Thesedifications associate eNOS
with caveolae in plasma membranes, localising theyme to sites of G& entry.
While both myristoylation and palmitoylation firmlgnchor eNOS to the caveolar
lipid bilayer, reversible palmitoylation is thoudiat be involved in dynamic regulation
of eNOS activity. Prolonged stimulation of eNOS hasen shown to induce
depalmitoylation with resultant translocation of @8l to the cytosol, a process
suggested to serve as an additional mechanismddulating eNOS activity (Michel
etal., 1997).

Physiologically, NO produced from endothelial celientributes to the maintenance
of cerebral blood flow via the regulation of smeftery and arteriolar tone (Umans &

Levi, 1995). The smallest vessels penetrating theenbare the capillaries, the
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capillary endothelial cells releasing NO tonicaliitchell & Tyml, 1996). While it
has been a relatively old concept that neuronal«ér NO can influence the
vasculature, emerging evidence suggests that N@ &40OS in blood vessels could
also influence neurons directly. Previously, it H#en found that application of
NMDA to rabbit brainin vivo produces dilatation of the cerebral microcircuatand
results in an increase in blood flow, which couk firevented by the Nahannel
blocker tetrodotoxin (TTX), a NMDA receptor antaggin and by nNOS-selective
inhibition (Faraci & Breese, 1993; Faraci & Bridi§95). This led to the implication
that NO released from neurons can signal to thewature. On the other hand, at
leastin vitro, it appears now that NO derived from blood vess®y also influence
neuronal function. Vascular-derived NO has beemdoto modify the membrane
potential of rat optic nerve axons (Garthwadéteal., 2006) and the capacity for

synaptic plasticity in the hippocampus (Hopper &tBaaite, 2006).

1.2.6 The NO signal

The physico-chemical properties of NO distinguishmarkedly from conventional
signalling molecules such as neurotransmittersnge small non-polar molecule,
NO is highly diffusible in both lipid and aqueousveonments. Therefore, it can
readily cross cell membranes without the need etisfised release mechanisms,
thereby accessing all cell compartments unhindefad.extra, unpaired electron
confers radical status upon NO. Nonetheless, N@l&ively stable at physiological
concentrations, which are thought to be in the lmamomolar-to-picomolar range
(Garthwaiteet al., 2005; Hall & Garthwaite, 2009). One or severahudianeous
source(s) of NO, such as for example from the m&soulature and a presynaptic
terminal, can influence neighbouring cells withirilliseconds of NO production
(Garthwaite, 2008). The potential area for signgllwill contain a variety of brain
constituents, including neurons (dendrites, somatag axons), glia, and the
vasculature. While the vasculature may be providingpnic NO source, repeated
activity of groups of neurons may generate a ‘cloofdNO. On the other hand,
limited neuronal activity may result in a much méealised NO signal (Garthwaite,

2008). Taking a 400-nm-diameter postsynaptic dgrest an example, containing
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NMDA receptors associated with nNOS molecules, makinNOS activity would
result in an estimated 2 nM NO at its site of sgsth, reducing to 1 nM NO just on
the other side of the synaptic cleft, and 0.25 nitha periphery of the nerve terminal
where it still would evoke approximately QM cGMP (Garthwaite, 2008), enough
to trigger cGMP-dependent phosphorylation (M#® al., 2004). While the
concentration profile of NO based purely on itdudifon away from its source implies
a high degree of synapse specificity, neighbousimgctures close-by would also be
penetrated by low NO concentrations (Garthwait€)820Considering a tonic NO
source, such as blood vessels, any point in the Fat most a typical cell diameter
(25 um) away from a capillary (Pawlikt al., 1981), the endothelial cells of which
release NO tonically (Mitchell & Tyml, 1996), witlthe three-dimensional
arrangement of the capillary system being as wetéd for delivering NO globally to
the tissue as it is for delivering oxygen (Garthea2008).

Recently, it has been proposed that, in additiorth® rate and pattern of NO
synthesis, active NO inactivation may also be irngdrin shaping the NO signal
under conditions of multiple-source-NO synthesisl(FK Garthwaite, 2006). Brain
tissue actively consumes NO, limiting its half-lé¢ physiological concentrations to
an estimated 10-millisecond timescale (Hall & Gaslte, 2006). A high rate of NO
inactivation was also indicated by the pattern @M immunostaining of sections
from 400um brain slices exposed to different NO concentreidinding a marked
gradient. It was revealed that at intermediate loaticentrations of NO (around 100
nM) the edges of the slice appeared cGMP-positwkile the centre did not,
indicating that NO failed to access this region &ctive concentrations.
Mechanistically, NO consumption was found to beepehdent of other putative
routes for NO inactivation, such as NO reactinghvaikygen. A novel mechanism for
shaping the NO signal when several sources areedttis been uncovered and found
to take place in brain slices, but the identity tbis mechanism remains to be
elucidated. Recent evidence points to a possiblelvement of cytochrome P450
oxidoreductase (Haét al., 2009).
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1.2 NO SIGNAL TRANSDUCTION

1.3.1 The NQc receptor

The key component for translating NO signals intddgical messages is the soluble
guanylyl cyclase (sGC), and to date it is the amdji-established physiological signal
transduction partner for NO. Subsequent to obsemnstn the late 1960s of cGMP-
forming activity being present in mammalian tissuearly work during the 1970s
established sGC as the principal transducer of ig@ats, preceding the identification
of NO as a biologically important messenger molec@hortly after the purification
of sGC from bovine lung, it was found that NO stiatas sGC activity and increases
cGMP levels in slices from rat cerebral cortex aptebellum (Kimuraet al., 1975).
This line of enquiry was crucial for building thggothesis that EDRF was NO, as the
smooth muscle relaxation evoked by EDRF was obddrvee associated with cGMP
formation. The enzyme became initially known as s&Cit was detected in the
soluble fraction of tissue homogenates. Howevesetian the present knowledge that
sGC can also localise to membranes (see below)it &éring attributes such as the
presence of a ligand-binding site for NO and addaiction unit, it is preferable to
refer to it as the guanylyl cyclase-coupled NO @NOreceptor (Bellamy &
Garthwaite, 2002). In a nutshell, activation of th®gc receptor by NO initiates a
conformational change, which is translated intoftst conversion of GTP to cGMP.
This event, as well as structural aspects of thedN®ceptor, its pharmacology, and

its prevalence in the brain will be outlined in maletail in the following section.

General Features

The NQsc receptor has the capacity to capture and commiegnieay low-level NO

signals, even when the latter are very transiemé Khown complement at present is
two a subunits ¢; andaz) and twof subunits 8; andf3,). The active enzyme exists
as a heterodimer of ore and onef3 subunit, thea;[3; heterodimer being the one

initially purified from bovine lung (Russwurm & Kskng, 2002). Currently, there are
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two known isoforms of the N& receptor, namelw;3; andap1, both of which have
been detected at the protein level with widesptesadie distribution, and shown to be
enzymatically active in response to NO (Russwurtddsling, 2002). Both isoforms
share similar kinetic properties with an estimai€d, value of 10 nM for NO under
steady-state conditions in cells (Garthwaite, 2008)pnflicting results exist
concerning the functioning of heterodimers consgtf af, subunit rather than the
[31 subunit. One study reported tla, dimers have a reduced (30%) activity relative
to thea,3; form of the enzyme when expressed in cells (Gapah, 1997). However,
this observation could not be reproduced to datd,re line of enquiry has shown so
far that the3,-protein exists physiologically (Koesling, 1999; 2wurm & Koesling,
2002; Gibbet al., 2003).

The primary structure of the N{Q receptor consists of a C-terminal catalytic
domain, a dimerisation domain, and a N-terminaul&gry haem-binding domain
(Fig. 1.3). Stimulation of the receptor by NO requires thespnce of intact N-
terminal regions from both subunits, as it is {hast of the enzyme that is responsible
for the incorporation of the ligand-binding siteédrthe receptor (Wedek al., 1994,
Foerstert al., 1996). The3, subunit lacks the initial 63 amino acids of thedxminal
region relative to residues of tiflg subunit (Koesling, 1999), and deletion of this
string of amino acids frorf3; leads to the formation of an inactiwef; heterodimer

as a result of its inability to incorporate the mma@oiety (Foersteet al., 1996).

The ligand-binding site for NO is a specialisedrhawoiety (Bellamy & Garthwaite,
2002), which could potentially be targeted by otheemprotein ligands that are
present in the environment the M§xeceptors function in, such as oxygen and carbon
monoxide. However, it has been established thathideem moiety of the N&
receptor selectively binds NO, rigorously excludimgth oxygen and carbon
monoxide (Martinet al., 2006), allowing NO to associate and dissociagelyr
without oxidising the haem iron and forming nitrate occurs in the course of the
NO-oxyhaemoglobin interaction. Detailed structunadtion studies are still being
awaited in order to identify the determinants remiole for this high ligand-

selectivity. Furthermore, among the different redokms of NO (NO, NO, and
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NO™), only the uncharged NO radical (R\has been shown to significantly activate
the NQsc receptor (Dierks & Burstyn, 1996). Moreover, NOhdand to other haem-
containing proteins such as haemoglobin. The capatihaemoglobin to bind and
inactivate NO has been known for long, in fact befédlO was recognised as a
biological molecule, and has also been crucialdsiqy and testing the hypothesis of
NO being a biological messenger. For instanceyesitdies demonstrated that the
endothelium-dependent ACh-evoked relaxation of itatdwortic rings and the
associated rise in cGMP could be prevented by hgkrbim (Martinet al., 1985a),
which was subsequently demonstrated to also oquum exposure to another ferrous
haemprotein, namely myoglobin (Marthal., 1985b). However, the binding of NO
to most haem groups is extremely tight, taking Baureven days for it to dissociate.
This feature alone would immediately disqualify NKOm being a viable dynamic
signalling molecule. On the contrary, however, desfhe NQ;c receptor having a
high affinity for NO (Ko O 20 nM; Garthwaite, 2005), the binding of NO to the
purified haem of its receptor is a readily revdesilprocess, with the rate of
dissociation being 0.04'sThis allows the cyclase to switch off with a hifié of 2-5
sec under physiological conditions upon removaN@i (Kharitonovet al., 1997).
While this applies to NO interacting with its pued receptor, in cells the rate of
deactivation is even faster, being on a 100-milsel timescale. Albeit at the
expense of lowered NO sensitivity, this importaitititaute of NO-receptor interaction
allows the NQc receptor to respond to brief NO transients moréfidly, providing

a system that detects NO with high sensitivity alldws efficient NO signal
transduction (Garthwaite, 2005).

The prevailing model for N&: receptor activation and its structure are sumredris
Fig. 1.3. As aforementioned, the N receptor exists as a heterodimer comprising
andf3 subunits, ultimately forming the transduction uhié haem moiety is attached
to. Each heterodimer incorporates a single haenetyowith the haem binding site
located in the3; subunit, where a histidine residue (his-105) foemmvalent link to
the Fé" centre of the haem group (Wedaehl., 1994). A pivotal requisite for enzyme

activity is the concurrence of both subunits anel them group. Homodimers of the
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receptor could be formed in transfected cells, verte inactive (Zabedt al., 1998).
Additionally demonstrating the requisite of botmgaementary subunits were results
from experiments showing that transfection of ddfe population of cells witkx or

3 subunits individually did not generate enzyme \atgti(Hartenecket al., 1990).
Moreover, change of the his-105 residue to a phenyhe 31 subunit resulted in a
receptor species insensitive to NO, which was fotmbtle because of failure of the
haem to attach to the enzyme (Wedtdal., 1994).

There are three phases in the NO-receptor interadfrig. 1.3), each
involving the formation of a distinct haem speci€his was studied by monitoring
the characteristic absorbance spectra for eachiespeihie absorbance maximum
(known as the Soret band) shifting as the receptoves through the binding and
activation steps upon NO challenge (Zhaical., 1999; Friebe & Koesling, 2003).
Activation of the NQc receptor commences with the binding of NO to theant co-
ordination site on the haem moiety, which is arreaxely rapid event that is nearly
diffusion-limited (Zhaoet al., 1999). Additionally, the rate of association d®Nvith
its receptor was reported to accelerate with iringatemperatures, while the time for
NO to dissociate slows down (Zhabal., 1999). Upon binding of NO to the haem
group, within a millisecond-timescale a 6-coordaatitrosyl-haem complex is
formed first as an intermediate, which is followy snapping of the bond between
the haem-F& and the his-105 residue, leading to the formatéra 5-coordinate
species (Zhaat al., 1999). This bond cleavage causes a conformatiohahge,
thought to be the rate-limiting step for activatiovhich propagates to the catalytic
domain of the enzyme, accelerating the conversfd@Td® to cGMP by up to 1000-
fold probably by supporting access of GTP to thelgac site (Garthwaite, 2005;
Roy et al., 2008). The conversion of GTP to cGMP in the cselaomain of the
receptor is a simple displacement reaction constguno covalent intermediate but
an inversion of the GTP configuration at the proxiiphosphate of GTP, followed by
direct displacement of pyrophosphate by a 3’-hygrgxoup leading to the formation
of cGMP (Senteet al., 1983).

Catalysis of GTP to cGMP also requires a numbesubktrate co-factors. The
divalent cation M§" is suggested to be a necessity to facilitate theitg of GTP,
while binding of C4&" to two negative allosteric sites results in intdn of the NQ¢
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receptor (Kazerouniagt al., 2002). Although both subunits that are partneoeidrm
the receptor contribute to the catalytic domaieyéhis only one single active site NO
binds to (Bellamy et al., 2002a; Roy & Garthwaite, 2006). A second
‘pseudosymmetric’ site may have a regulatory florctiATP is an allosteric inhibitor
of the NQsc receptor. This has been postulated to be via AdRpeting with GTP
for binding at a regulatory site preferring ATP &P (Ruiz-Stewartt al., 2004),
which may be the ‘pseudosymmetric’ site (Rbyal., 2008). Another factor suggested
to inhibit the NQc receptor involves the cGMP-dependent kinase (PKB)ch is
among the major downstream effectors for cGMP (¢mter). It has been
demonstrated in smooth muscle cells that NO indudekG-dependent
phosphorylation of N receptors, inhibiting enzyme activity and cGMPnfiation
(Murthy, 2004). In this way, cGMP appears to previts own production with a

negative feedback mechanism.

Inactive 430 nm

NO
Heam
domain
420 nm
Dimerisation is/
domain

Catalytic
domain ’

GTP

Active 400 nm

cGMP e

Fig. 1.3 Activation of the Ng- receptor. The resting inactive state of the raaregxists with the F& centre of the
haem moiety bound by his-105 of fhesubunit (absorption maximum ~ 430 nm). Upon bigddhNO, a 6-
coordinated haem is formed (absorption maximumo-8), followed by cleavage of the proximal histiglibond
leading to the formation of a 5-coordinate nitrasgem (absorption maximum ~ 400 nm), and a conftoma

change, which is propagated to the catalytic silapted from Bellamy & Garthwaite, 2002
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Pharmacology of the NQc receptor

Inhibition of the NOg¢ receptor:

The most widely used inhibitor of the N©receptor, and certainly the most selective
one, is the compound ODQ. This compound has bedncharacterised in terms of
its potency, selectivity, and mechanism of actiand is an invaluable tool in
differentiating cGMP-mediated from cGMP-independeffects of NO. ODQ has
been shown to inhibit cGMP formation in intact lralices in response to NMDA
receptor stimulation or exogenous NO with similatgmcy (1Go (020 nM), with no
effect on NOS in the relevant concentration rargeNOgc receptor inhibition, and
no effect on the other type of guanylyl cyclasevieg atrial natriuretic peptide
(ANP)-evoked cGMP accumulation in endothelial cetisact (Garthwaiteet al.,
1995). Moreover, probing the inhibitory action obQ on purified enzyme revealed
that inhibition occurred non-competitively with pext to the substrate GTP
(Garthwaiteet al., 1995). ODQ has been shown to work at the haenetshoif the
NOgc receptor, incubation periods of several minutedf{ime 13 min) leading to
irreversible inhibition of purified enzyme as auk<f oxidation of the ferric centre
of the haem group from Feto FE* as evaluated by spectroscopic measurements
finding a characteristic Soret peak shift (Schrainehal., 1996). Non-specific effects
of ODQ have been reported, finding inhibition ohet haem-containing proteins,
including NOS (Feelischt al., 1999). However, non-specificity of ODQ is obsetve
only at much higher concentrations 80 uM) than those required for maximal
inhibition of the NQc receptor. A benchmark concentration of i ODQ to be
used to selectively inhibit NO-cGMP-mediated effegpplies accordingly.

In the past other inhibitors had been presentextlestive NQc receptor antagonists,
which are spuriously still used sometimes nowadayese include methylene blue
and LY83583. They are very poorly selective compmsynboth being known to
compromise NOS activity (Mayest al., 1993; Luoet al., 1995) and, in the case of
methylene blue, to also generate superoxide anidrish react rapidly with NO,

thereby inactivating NO (Woliet al., 1990). Also to mention is that there have been
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reports of LY83583 blocking neuronal cyclic nucidetgated ion channels in the
same concentration range (1-10 uM) required for promising 50% of NQc
receptor activityn vitro (Leinders-Zufall & Zufall, 1995). These non-seleeteffects
make data interpretation difficult, and these coumus should not be used to

evaluate NO-cGMP-mediated effects.

NO donors:

A number of compounds can be used to stimulatecdN@eceptor activity
independently of NOS-generated NO, evoking an #szein cGMP levels.
Originally, these comprised the so-called nitrowiisdors, including nitroglycerin
and sodium nitroprusside (SNP; Katsekal., 1977). The essential trouble with these
compounds, however, includes that they do not thireelease authentic NO, often
necessitating metabolism by cellular proteins, aiteh produce other NO-derivatives
(Feelisch, 1993). For instance, SNP can generafead® NO additionally to NO, as
well as cyanide ions, and its decomposition depesrddight and thiols. Equally
troublesome compounds include SIN-1, SNAP, and GSMNBIN-1 releases
superoxide (@) alongside NO, thereby generating peroxynitritdN(@D), the latter
being a highly oxidising species that has a plethairtoxic effects on cells ranging
from irreversible respiratory inhibition to DNA dage. SNAP and GSNO are S-
nitrosothiols, also generating the other two redimxms of NO, and their
decomposition also being light-sensitive and depahdn the presence of thiols and
transition metals (Feelisch, 1998). The generakensus is that the interpretation of
results achieved through the use of these NO-lelga®smpounds is complicated and
they should not be used. Unfortunately, howevemyrat them are still used to the
present day, often at very high concentrations.

The pharmacological solution to the problems asgedi with earlier compounds
came with the development of the so-called NONO#dsrley & Keefer, 1993;

Feelisch, 1998). These compounds are invaluable tocstudy the actions of NO as
they deliver authentic NO to tissues. These com@sane a series of nucleophile/NO

adducts, which are synthesised by exposing a npicileoin solution to NO gas, and
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contain a characteristic [N(O)NJunctional group. The essential advantages offere
by NONOates include stability when they are in ¢doform, and spontaneous
decomposition in aqueous solution, releasing atith&O with a stoichiometry of 1-
2 mol NO per mol NONOate. Moreover, decompositidntttese compounds is
exclusively governed by temperature, pH, and thentity of the nucleophile
precursor, so that addition of a NONOate compound solution at physiological
temperature and pH will result in the release dhentic NO with predictable kinetics
which will further only depend on the NO donor centration and half-life.

A series of NONOates have been produced and areneccrally available,
with the half-life of degradation ranging from ordycouple of seconds to 24 hours.
Which NO donor with what half-life should be choseiill depend on the nature of
the experiment and the desired NO release profileparallel to this, once a
compound has been chosen with a particular half-Iif is important to select the
application time sensibly, especially when workmith one that has a relatively short
half-life. The meaning of this can be illustrate@lMwith the following example
extracted from findings by Bellamgt al. (2002b). Experiments on purified N©
receptors demonstrated that the concentration of ggdluced by 0.3uM of the
NONOate DEA/NO (f, = 2.1 min under physiological conditions) peakH@tnM
after 2 min and then falls below detection limieaf5-6 min. The rate at which cGMP
was accumulating was found to occur maximally fe4 &in after NO exposure,
followed by the rate rapidly falling to zero aft@pproximately 6 min when NO fell
below 20 nM and eventually disappeared. ThesetsesMemplify that it is important
to measure the response under investigation agpeopriate time points when NO is

still present at active concentrations.
Allosteric enhancers of NOgc receptors.
A number of compounds have been developed thataschllosteric enhancers,
sensitising the Ng: receptor towards NO. These pharmacological toals a

particularly useful when measuring the cGMP outpatresponding to very low

(picomolar) NO concentrations.
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The first compound earning recognition as an alestenhancer of N&: receptor
activity was YC-1. This compound was initially falito cause platelet disaggregation
independently of NO by activating NQ receptors with ensuing cGMP formation
(Wu et al., 1995). Later it was revealed that YC-1 inhibkisoimbosis in micen vivo
(Tenget al., 1997). The novelties of this compound emergduoktthat it increased the
catalytic efficiency of the Ng: receptor alongside increasing the potency of NO fo
its receptor by interacting with an allosteric stte slow the rate at which NO
dissociates from its binding site, thereby stainifisthe NQ;c receptor in its active
form (Friebe & Koesling, 1998; Mayer & Koesling,@D. The finding that YC-1 did
not cause the characteristic shift in the Sorebgdt®n band indicated that this
compound was acting not at the haem moiety like bi@,was binding to a distinct
site (Friebe & Koesling, 1998). Consequently, Y@ecame known as an ‘allosteric’
activator of NQc receptors. The synergistic effect of YC-1 with N@de it unclear
whether the previously observed NO-independentceffare real, or the result of
YC-1 synergising with trace levels of environmert® (Friebeet al., 1996a), or, in
the case of a tissue sample, basal NO levels. Atsoulation of NQc receptors by
YC-1 required the presence of the haem moiety lfEreal., 1996b). Later down the
line, complications started to transpire with Y®dsed on a number of non-selective
effects. YC-1 has been shown to inhibit a rangelufsphodiesterases (PDEs; see
below), making the aspirations of unravelling tiharacteristics of the N& receptor
by means of this compound difficult (Friebeal., 1998). Additionally, the reported
inhibitory effect of YC-1 on K channels (at concentrations lower than required fo
NOgc receptor stimulation; Wet al., 2000a), and Nachannels (Garthwaitet al.,
2002b) further complicates the use of YC-1 in ihta&ssues.

A different compound, also acting as an allosteribancer of Ngk: receptor
activity, is available, namely BAY 41-2272. Thisngpound has so far proven to be a
‘cleaner’ compound compared to its forerunner Y@ig has been demonstrated to
reduce blood pressure in hypertensive ratsvivo when administered orally,
increasing the survival rate in a low-NO rat modélhypertension (Stasc#t al.,
2001). Analogous to YC-1, BAY 41-2272 is proposedstimulate enzyme activity
independently of NO, but dependently on the presesfcthe haem moiety in the
NOgc receptor (Straulet al., 2001; Stasclet al., 2001). Moreover, like YC-1, the
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binding of BAY 41-2272 fails to initiate a Soretrithchange, indicative of it binding
to a site distinct from the NO binding site (Stasthl., 2001). Although reported to
affect PDE activity like YC-1, BAY 41-2272 is appimately two orders of
magnitude more potent than YC-1 (nanomafaisus micromolar respectively), with
no inhibitory effect on PDE appearing at concerdret of up to 1QuM (Staschet al.,
2001; Mullershausest al., 2004a). Photoaffinity labelling studies have megd the
binding site for BAY 41-2272 (and YC-1) to be iretiN-terminal region of thel;
subunit of the receptor, being in close proximiytivo cysteine residues (Cys-238
and Cys-243; Stasa al., 2001; Beckeet al., 2001).

A recent study has provided more insights concegrrime alleged NO-
independent modulation of enzyme activity by akost NOsc receptor enhancers
(Roy et al., 2008). As aforementioned, these compounds argtitdo act in a NO-
independent manner based on findings that they hesidual activity even in the
absence of added NO or in the presence of NO sgavesuch as haemoglobin. New
data now suggests that when BAY 41-2272 is apg@lteshturating concentrations, the
potency of NO for its receptor becomes astonisiihgih (EGo 04 pM) so that trace
environmental NO levels would be enough to sigaifity enhance enzyme activity
(Friebeet al., 1996a; Royet al., 2008). Additionally, it was found that the allest
site that binds BAY 41-2272 (or YC-1) may be thensasite that binds ATP, the
latter, as mentioned earlier, acting as an all@siehibitor of enzyme activity. This
was derived from the observation that BAY 41-227@vpnts ATP-mediated
inhibition of NQsc receptors (Rowt al., 2008).

Localisation of the NQsc receptor in the brain

The NQsc receptor has been visualised in the brain botitsanRNA and protein
level, with both isoforms of the receptor being gamt, albeit with uneven
distribution. Some areas show more abundafi, while others express,3; more
prominently. For instance, the, and [3; subunits were shown to be particularly
notable in the cerebellum and the hippocampus, widmparably weaker levels

appearing for thex; subunit, while other areas such as the caudat@mmut and
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nucleus accumbens appeared richainand 3; but relatively poor ina, (Gibb &
Garthwaite, 2001). Overall, however, while the pmachating isoform in other tissues
is the a;3; heterodimer, the highest occurrence of thf; isoform is found in the
brain, with levels comparable to those wif3; as judged by thg3; subunit being
present at twice as much as the wvsubunits (Mergiat al., 2003). While thex,3;
isoform is mostly cytosolic, a special attribute tbé a,f3; isoform is its ability to
interact with the third PDZ domain of PSD-8bvivo (Russwurnet al., 2001), NQc
receptors having indeed been found to associate mMOS at subpopulations of
dendritic spines in the hippocampus (Burettal., 2002). Also presynaptically in the
hippocampus, some axon terminals appear to coecaNOS, NQc receptors, and
the presynaptic protein synaptophysin (Burettal., 2002). Moreover, while overall
there appear to be comparable levels of the twgd\€ceptor isoforms in the brain,
the hippocampus (and also cerebellum) is an exareptithat it displays much higher
MRNA levels fora; thana; (Gibb & Garthwaite, 2001; Mergiet al., 2003). While
previously it had been shown that the receptorN@r also localises to pyramidal
neurons, appearing as a ‘ring-like’ immunostainingcell somata (Burettet al.,
2002), a recent study investigated the expressimfiilgp of the two different
functional subunit compositions at high resolutioemploying light- and
electronmicroscopy, as well as mRNA analysis (Sdabet al., 2007). Szabadits and
her colleagues demonstrated that, at least in tppobampus, thex; subunit is
restricted to a large number of GABAergic interres, being detectable in axon
terminals that establish synaptic contacts on samdéndrites, and axon initial
segments. On the contrary, the subunit was detected only in pyramidal neurons,
while the3; subunit was visualised both in interneurons ancpydal neurons. The
authors speculated that the absence aubunits in interneurons might ensure that

these neurons do not target the dd@eceptor to their afferent excitatory inputs.

The relationship between neuronal NO sources and tar gets:

Establishment of the relationship between endogeM@ synthesis and its sites of
action allows insights into the functioning of N@daits effector cGMP as a signal
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transduction pathway, and is also revealing comegrithe status of NO as an
intercellular signalling molecule. This is geneyalhchieved by comparing the
distribution of NOS with that of the N£2 receptor. An atlas for the expression profile
of NOgc receptors in parallel to a map of NOS localisati@s been provided by
means of immunohistochemistry and NADPH diaphotas®chemistry respectively
in rat brain obtained from animals that had beafuped with an NO donor (Southam
& Garthwaite, 1993). A good match between the preseof NQ;c receptors and
cGMP formation is apparent in various brain regjoarsd the general consensus is
that both proteins, NOS and the jreceptor, are functionally expressed in close
proximity, with the localisation of N&: receptors appearing complementary to that
of nNOS. Hence, the direction of signalling by NOdifferent neuronal circuits can
be either retrograde or anterograde as it can bthasised presynaptically in axon
terminals or postsynaptically in dendrites, aceessls pre- or postsynaptic receptors.
For instance, a comparatively small number of N@SHye multipolar neurons
radiate throughout neocortical layers 2-6, while-Blithulated cGMP accumulation is
seen in nearly all neurons in these layers (SoutBa@arthwaite, 1993). In the
cerebellum, prominent NOS staining is apparent upnout the neuropil of the
molecular layer containing the granule cell axonkjle the downstream Purkinje
cells lack NNOS (Vincent & Kimura, 1992), but exgseNQ;c receptors (Ariancet

al., 1982). This juxtaposition of source and target Ao been demonstrated at the
synaptic level (Burettet al., 2002; Szabaditst al., 2007), finding a good match
where the expression of NnNOS and MQeceptors on the two sides of the synapse
coincide (i.e. NOS-positive postsynaptic densiteee usually apposed to N©
receptor-bearing presynaptic axon terminals). Addglly, as outlined above, the
0,B; isoform of the NQc receptor is, via interaction with PSD-95, ablddcalise to
postsynaptic membranes where nNOS is, and co-$ataln of NNOS and the NQ
receptor has also been observed presynapticallse{tgat al., 2002). This expression
profile would place the Ng: receptor in a convenient position for the transidmcof
localised nNOS-derived NO signals. Another feattwemention is that a rich
expression of nNOS, appearing as a mesh of filaésting throughout a particular
brain region, may correspond to fibres forming pg®s and releasing NO elsewhere.

For instance, a lack of cGMP staining was foundiadothe distinctly nNOS-positive
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neurons in the pedunculopontine tegmental nuclduthe brainstem, while clear
cGMP-staining was apparent in the thalamus whettetee NnNOS-positive neurons
project (Southam & Garthwaite, 1993). This notignin line with all grey matter
regions that accumulate cGMP also containing nN&sitham & Garthwaite, 1993).

Overall, the remarkable coincidence of NOS and\ifbg: receptors also emphasises

very well the ‘major target-status’ of the N©receptor for NO throughout the brain.

1.3.2 Other NO signal transduction routes

S-Nitrosation

One route for NO signal transduction, which is peledent of NQc receptor
activation, and has been perceived to be importarthe chemical modification of
protein function by the transfer of the NO moiety pirotein thiol (-SH) groups
(Stamleret al., 2001), a process now termed S-nitrosation (Kophet002). Within
the brain, modification of NMDA receptors has beeported to occur via S-
nitrosation of cysteine residues, resulting in deegulation of NMDA receptors, NO
being claimed to act in this way as a feedbackleeguof NMDA function (Stamler
et al., 2001; Liptonet al., 2002). Overall, however, a role for S-nitrosation
physiological NO signalling is highly controversial

The chemical reactivity of NO is such that it ist mble to simply associate
with thiols directly in a reversible manner. Forioatof a S-nitrosothiol first requires
the formation of an oxidised species of NO such@&s$ or N,Os to proceed. A direct
reaction of NO with thiols would produce a thiokdiphide (not a nitrosothiol), and
NO from S-nitrosothiols is not released spontangousiditionally, the sulphur and
the nitrogen in a S-nitrosothiol interact by forigia stable covalent link, which is not
particularly susceptible to bond breakage, unlessnnexposed to strong irradiation
(Hogg, 2002). Recently, it has been demonstrataNIMDA receptor inhibition via
S-nitrosation is a consequence of concomitant axeo® UV light and high, non-
physiological NO concentrations, indicative of gattual generation of a nitrosating
species such as N@Hopperet al., 2004). While high NO concentrations or UV light
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alone had no significant effect on NMDA receptotiaty, pairing of the two factors
resulted in irreversible depression of NMDA receptediated fEPSPs in
hippocampal slices, as well as depression of NMBgeptor-mediated currents in
HEK cells expressing NMDA receptors. Based on thleubtful physiological

relevance of NO-mediated S-nitrosation of protethgs matter will not be further

considered here.

Cytochrome c oxidase

Another potential physiological target for NO hasviously been suggested to be the
cytochrome c¢ oxidase of mitochondria. Previoudlyhas been postulated that NO-
mediated inhibition of cytochrome c oxidase is ggablogically relevant scenario in
which NO presumably regulates cellular oxygen camsion by competing with
oxygen for binding, thereby regulating the affinity mitochondrial respiration for
oxygen (Brown, 1995). However, following extensiwevision, the physiological
concentration of NO has been revealed to be inldiaenanomolar to picomolar
range, most likely not exceeding 10 nM (Garthwd@)5; Hall & Garthwaite, 2009).
Studies in cerebellar cells estimated agylZalue for NO-mediated cytochrome ¢
oxidase inhibition of approximately 120 nM at phoegical (30 uM) oxygen and
steady-state NO delivery (Bellangy al., 2002b). Additionally, it was found that, in
order for NO (at concentrations that would maximahgage the N&: receptor) to
cause 50% inhibition of cellular respiration, theygen concentration would have to
fall to 5 uM, which is an oxygen level that would be pathotadif it prevailed in the
brain for more than a few seconds (Bellarely,al., 2002b). Moreover, very high
concentrations of NO{10 uM) had to be applied to organotypic hippocampalesli
in order to kill them by respiratory inhibition (Keeset al., 2004). Also in the rat
optic nerve preparation, only a relatively high M@ncentration (approximately 100
nM) was found to kill axons, attributable to metabalisruption with consequent
ATP depletion and loss of ionic homeostasis (Gaaitenet al., 2002a). Importantly,
it has also been demonstrated that thesf@ceptor is not saturated during maximal
endogenous NO synthase activity, the endogenousdh@entration under maximal

stimulating conditions rising to an apparent 4 nivcerebellar brain slices (Bellamy
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et al., 2002b), which is consistent with the vivo situation in which cGMP rises to
only a fraction of the maximally achievable levelgeen during abnormally elevated
neuronal activity. Overall, since the interactid\N® with cytochrome c oxidase may
only be relevant under pathological conditionswill not be subjected to further

consideration here.

1.3.3 The cGMP signal — desensitisation and PDEs

The major components regulating the cGMP profilevin to date comprise a finely
controlled balance between cGMP synthesis via®N@ceptor activation and cGMP
degradation combined with rapid N@receptor desensitisation, the ‘switch-on’ and
‘switch-off’ of the receptor upon NO removal beirgy process occurring on a
millisecond timescale. These features renderc®N@ceptors highly effective in
transducing NO signals into cGMP signals with gogphtiotemporal fidelity,
enabling diverse patterns of cGMP responses tod\iietgenerated by different cells
in different subcellular domains. The receptorN@ can activate in response to very
low NO concentrations (down to the low picomolange), rapidly convert the NO
signal into up to 1000-fold higher concentratioh€@MP within a second, and then
cease activity within a second when NO productiops

A crucial factor in shaping cGMP signals is the meubalance to the rate of cGMP
synthesis that is mainly provided by PDEs. These a&mnzymes termed
phosphohydrolases which selectively catalyse thardiysis of cyclic nucleotides to
the corresponding inactive non-cyclised monophasptia. 3',5-cGMP to 5’-GMP)

by degrading the 3’ cyclic phosphate bond in thelicynucleotide molecule. There
are currently 11 PDE families known in mammals, pasing 21 different gene
products, with additional splice variants that neayibit different tissue distributions
and subcellular localisations contributing to ferthdiversity. The isoenzymes
operating in the CNS include PDE5 and 9, whichhaghly selective for cGMP, and
subtypes 1, 2, 3, and 10, all of which hydrolys¢hbeGMP and cAMP (Bender &
Beavo, 2006). Also PDE4 may be involved to someerexin cGMP degradation

when cGMP levels rise to very high levels as hasnbgemonstrated in cerebellar
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astrocytes (Bellamy & Garthwaite, 2001b). The vestersity of the types and
properties of PDEs are in stark contrast to theatikadly limited molecular
heterogeneity of NOS and the N®receptors. Judging from the level of diversity of
PDEs, it is not surprising that these enzymes aqawige the generation of many
different cGMP signals which may differ in ampligjdduration, and localisation,
where, depending on the ‘pattern’ of PDE expressiora given cell, differently
featured cGMP signals may be at play in the sartieTdee presence of two or more
different PDEs in the same cell, albeit localisirig different subcellular
compartments, enable PDEs to generate and mat@®P-signalling compartments

within the cell.

The dynamic nature of N§2 receptors is highlighted by very fast activationtlgin

20 ms) and rapid deactivation (half-time of 200 ms)addition and removal of NO
respectively (Bellamy & Garthwaite, 2001a). Thisndgnic behaviour goes hand in
hand with the NQ@c receptor also desensitising within seconds (@) lesintact cells
upon NO exposure, as has been demonstrated in etflarelastrocytes, human
platelets, and striatal neurons, finding a markedide in enzyme activity with time,
recovering only slowly (half-time of 16 min) andilbg more pronounced at higher
NO concentrations with an Egof 10-20 nM for NO to cause desensitisation
(Bellamyet al., 2000; Wykest al., 2002; Moet al., 2004; Halveyet al., 2009). The
molecular mechanism of N{Q receptor desensitisation remains to be identified,
although a number of observations have pointedioeesunknown, possibly cGMP-
regulated, cellular factor(s) being responsiblaeathan it being an intrinsic property
of the NQs¢c receptor (Bellamy et al., 2000; Wykeisal., 2002). This latter notion
was indicated by desensitisation of thecNeceptor not taking place when in its
purified form or when studied in lysed cells, whimte conditions in which the factor
would be absent or may be destroyed or dilutedjeeng it inactive. An alternative
explanation for the response decline involves PIEhas been proposed that in
platelets the ‘sag’ in the cGMP response with tupen NO exposures is associated
with enhanced PDES5 activity due to PKG-mediatedsphorylation of the PDE,
while the desensitisation observed in the presefdeDE inhibitors may be due to
depletion of the substrate GTP (Mullershauseral.,, 2001; Mullershausest al.,
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2003). However, not consistent with these suggestiovere the findings that
desensitisation in cerebellar cells, which alsoresp PDES5, is unaffected by large
variations in GTP utilisation, and that the profdé cGMP accumulation remains
unaltered upon inhibition of PKG or phosphatasedi@yet al., 2000; Wykest al.,
2002). Moreover, in rat platelets receptor desesagibn was found to occur over the
entire range of PDE activities (i.e. PDE activigftlintact down to up to 100-fold
reduction in PDE activity), with 80% of the maximuantivity of the NQ receptor
being subject to desensitisation (Mal., 2004). The general consensus at present is
that there may be a number of different factorsegowmg desensitisation, which may
be different among different types of cells.

How the concerted working of PDEs and desensitisatould be instrumental
to shaping the cGMP signal is well exemplified bg situation observed in cerebellar
astrocytes and platelets. In cerebellar astrocytbg, combination of rapid
desensitisation but very low PDE activity results a large increase in cGMP
accumulation and a long-lived plateau in responsd® (Bellamyet al., 2000). On
the contrary, rat platelets respond to NO with ayueansient increase in cGMP
(peaking within 2-5 sec) based in part ondd®@eceptor desensitisation and partially
on PDE5 activation (Mcet al., 2004; Halveyet al., 2009). The desensitisation
component has been found to predominate, with tecegesensitisation reverting
very slowly with a half-time of 16 min, while PDE&gtivity subsides much quicker
upon NO removal with a half-time for recovery of & (Halveet al., 2009).

1.4 DOWNSTREAM EFFECTORS OF cGMP

1.4.1 cGMP-dependent kinase (PKG)

The cGMP-dependent protein kinase (cGK) or prokemase G (PKG; as it will be
referred to here) belongs to a family of Ser/Thotgin kinases, and is activated by
submicromolar cGMP concentrations (Gamenh al., 1995), converting cGMP

elevations into changes of cellular function viaogphorylation of Ser- or Thr-
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residues of a number of substrate proteins. In masrthere are two genes that
encode PKG proteins, generating two isoforms, narR&GIl and PKGI, the latter
comprising the two variants PK&land PKGB. The PKGI family are cytosolic
proteins, while PKGII is anchored to the plasma meme via myristoylation at its
N-terminal glycine residue (Vaandrageial., 1996).

All PKG isoforms exist as homodimers, being compogktwo identical monomers,
each of which contains an N-terminal domain, a le&guy domain which contains
two allosteric cGMP binding sites, and a C-termigatalytic domain, the latter
comprising binding sites for ATP and the targett@im The N-terminal region
contains regulatory sites for dimerisation, auteddition, auto-phosphorylation, and,
in the case of PKGII, myristoylation (Lohmarah al., 1997). Activation of PKG
requires the occupation of both cGMP-binding siteachieve full catalytic activity,
where the binding of cGMP induces a conformatiafmange, ultimately relieving the
N-terminal auto-inhibition of the C-terminal cattycentre (Gamnet al., 1995; Wall
et al., 2003). Phosphorylation of the target protein lage the transfer of a phosphate
group from ATP, which is bound in the C-terminalatgtic domain of PKG, to a Ser-
or Thr-residue of the target protein. As alreadyhtiomed, the N-terminal region of
PKG contains a number of regulatory sites, one loickvis the auto-inhibitory site
which is responsible for the inhibition of kinasetigity in the absence of cGMP.
Among the other N-terminal regulatory sites, one important for the
homodimerisation of the PKG subunits, while anotleaws auto-phosphorylation of
this region, leading to more persistent kinasevagtivhich can outlast the timeframe
of the original stimulus (Lohmanret al., 1997). For example, PK@I auto-
phosphorylation causes a nearly 4-fold increasédadsal kinase activity, and an
approximately 2-fold decrease in the §gGor cGMP-evoked phosphorylation of
target proteins (Smitkt al., 1996). Although being very similar, the differdPKG
isoforms do differ in terms of substrate sensivivhich is conferred by differences
in their N-terminal domain. The PKGI isoforms atgoat 8-fold more sensitive to
cGMP than PKGII, while the PK@lisoform is approximately 10-fold more sensitive
to cGMP activation than the PKlsoform (Gamnet al., 1995).
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All PKG isoforms have been detected in the braiith wecent analysis of mMRNA
expression (Leiret al., 2007) and immunohistochemical evaluation (El-teirsset
al., 1999; Feilet al., 2005) suggesting PKGI to be the predominant isofd&regions

in which the PKGI protein has been detected incledeebellar Purkinje cells,
suprachiasmatic nucleus, hypothalamus, medullepcak cortex, amygdala, olfactory
bulb, the ganglion cell layer of the retina, and Hippocampus. Results from studies
employing mRNAIn situ hybridisation and immunoblotting with isoform-setiee
probes (Geiselhornigest al., 2004) or antibodies (Fed al., 2005) suggest that the
PKGIla is the predominating isoform in the cerebellum amel medulla, while the
PKGIB isoform exists at high levels in the cortex, th#aaory bulb, the
hypothalamus, and the hippocampus. Similar levetb®two PKGI variants appear
to be present in the eye. The expression profileK&Il has also been studied at the
MRNA level, as well as protein level by means ofmumohistochemistry and
Western blot analysis. A line of such enquiriesgasgs that PKGIl has a widespread
distribution in the brain, with particular abundanno the cerebral cortex, the olfactory
bulb, the thalamus, and the superior colliculi Flsseiniet al., 1999; de Ventet al.,
2001b).

The target proteins for the different PKG typesvesl as their discrete
physiological involvement in PKG-mediated effects the CNS remain largely
unexplored. Among the proposed targets for PKGLhis protein phosphatase-1
inhibitor G-substrate, which has been shown by imopuecipitation as well as
MRNA- and peptide-mapping techniques to be conatedrin cerebellar Purkinje
cells (Detreet al., 1984; Endcet al., 1999; Hallet al., 1999), and is only detected at
negligible levels in the cortex and hippocampus t®et al., 1984). Another
phosphatase inhibitor is DARPP-32, which sharesdiogy with G-substrate, and
has also been suggested to be a target for PKGiateddphosphorylation (Tsoet
al., 1993). Other proposed targets for PKGI-mediatedsphorylation include the
PDE5 (see below), inositol 1,3,4-triphosphate s)(IPeceptors, which supports
stimulation of C&" release from IRsensitive stores in the cerebellum and vascular
smooth muscle (Haugt al., 1999; Wagneet al., 2003), the vasodilator-stimulated
protein (VASP), which is implicated in vesicle freking and the regulation of the
actin cytoskeleton (Butét al., 1994; Hauseet al., 1999), and the small GTPase
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RhoA, which is implicated in vesicle trafficking l{&broek et al., 2003). A target
protein for PKGII has been suggested to be the GduBunit of AMPA receptors in
the hippocampus (Serulet al., 2007; see later). Broadly, cGMP-PKG signalling ha
been implicated in a number of processes, includyraptic plasticity and learning,

behaviour, development, and nociception (Schlossreal ., 2005).

1.4.2 cGMP-regulated PDEs

As mentioned earlier, some members of the vast Ridily degrade cGMP and
thereby affect cellular responses by shaping cGMfPats derived from Ng:
receptor activity. However, the role of PDEs in cBEignalling is more sophisticated
than that as they also act as downstream effecf@@MP. The activity of some PDE
isoforms can be modulated negatively or positiviely cGMP, either directly by
cGMP binding to a regulatory domain of the PDEjnatirectly via cGMP mediating
phosphorylation of the PDE. Additionally, crossktddetween cGMP and cAMP
signalling cascades occurs by cGMP-dependent mibolulaof cAMP-preferring
PDEs (andice versa). Moreover, different outcomes of cGMP signals rpegvail in
different microdomains of a cell, which is achievag PDEs being associated with
different macromolecular complexes, which may casgregulatory proteins, such
as kinases, anchoring or scaffolding proteins, @hér signalling proteins. This latter
aspect is thought of as a key supporter of theifsgigec of cGMP effects in a
particular tissue (Bender & Beavo, 2006). For edsble 1.1 provides a summary of
PDEs hydrolysing cGMP and/or being regulated byoittlining the main features.
The majority of PDEs exist as homodimers, being posed of a catalytic C-terminal
domain and a regulatory N-terminal domain. The IgataC-terminal domains are
highly homologous among the different PDE famili@ghereas the N-terminal
domain is the crucial feature that imparts uniquecfional fingerprints upon the
different PDEs based on the incorporation of onenmmre regulatory segments
(Bender & Beavo, 2006).
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cGMP-specific PDEs

PDES5:

PDES5 is highly selective for cGMRTable 1.1) and has the special feature of
containing two so-called GAF domains (GAF-A and GBJFin the N-terminal
region, additionally to the catalytic cGMP-bindidgmain. The name of this motif is
based on the three classes of proteins in whiehag identified, including @MP-
regulated PDEs, the cyanobactermtabaena Adenylyl cyclase, and thé&. coli
transcription factoFh1A, hence GAF'. In PDEs, these GAF domains are known to
exclusively bind cGMP, and serve as non-catalyicsteric sites (Martinezt al.,
2002). Apart from cGMP binding to the catalyticesif the enzyme, these small
molecule-binding motifs also bind cGMP, usually @@MVIP molecule per monomer.
Binding of cGMP to the GAF-A motif in PDE5 (K40 nM), which is more than
100-fold more selective for cGMP than cAMP (Zoraghal., 2005), activates the
PDE and accelerates the rate of cGMP hydrolysishis Bvent of cGMP-GAF
interaction also makes PDE5 a target for PKGI, whéhe PKG-mediated
phosphorylation of PDE5-Ser-93 enhances the affioit PDE5S for cGMP and the
stimulatory effect of cGMP on the rate of hydro$ysurther (Thomast al., 1990;
Turko et al., 1998; Mullershaused al., 2001; Rybalkiret al., 2003; Mullershausen
et al., 2003; Shimizu-Alberginest al., 2003; Mullershausesmst al., 2004b). In the
brain, injection of cGMP analogues into mouse btas been found to evoke PDE5
phosphorylation in cerebellar Purkinje neuransvivo, which was observed to be
missing in PKGI knockout animals (Shimizu-Albergiseal., 2003). It has been
suggested that phosphorylation of PDE5 induces rdoomational change, which
increases the affinity of the GAF-A domain for cGM approximately 10-fold, and
consequently enhances the catalytic activity of BD nearly 2-fold (Corbiret al.,
2000; Francisat al., 2002). Overall, this feature of PDES5 is thoughtprovide a
negative regulatory mechanism whereby cGMP regalate own accumulation

negatively.
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PDE 5 is characterised by being localised in theosnl, and only one
subform, the PDESA, is known to exist to date, @llpdth a number of possible
variants. It became a famous PDE isoform upon beiscpvered to be a regulator of
vascular smooth muscle contraction, and the tdiethe drug sildenafil (Viagra,
Turko et al., 1999; Bender & Beavo, 2006). As deduced from mRahalysis and
immunohistochemical results, PDE5 shows the mogin@ént expression in
cerebellar Purkinje cells, but is also expressetthénspinal cord, and pyramidal cells
of the hippocampus as well as granule cells ofddraate gyrus, while it shows only
little or negligible expression levels in otheriprareas (Koterat al., 1997; Koteraet
al., 2000; Giordanat al., 2001; van Staveregt al., 2003; Shimizu-Alberginet al.,
2003; Bender & Beavo 2004; van Staveeeal., 2004; de Ventet al., 2006).

PDEOS:

The highest affinity to bind cGMP is imparted onEF) having by far the lowest,K
for cGMP, with its K, for cAMP being more than 1000-fold greater, renugthis
PDE isoform highly cGMP-selectiy@able 1.1). To date the only isoform recognised
is PDE9A. However, as with PDESA, also here a numntfevariants have been
identified. Unlike PDES5, PDE9 does not contain Gaetifs. Overall, there is not
much else known concerning the regulation of PDE&nfer & Beavo, 2006). The
high affinity of PDE9 to bind cGMP would predictathcells expressing this PDE
isoform maintain very low basal cGMP levels, impting PDE9 to be an important
constituent in cGMP signalling. In this respectsitinteresting that the pattern of
PDE9 mRNA expression in the brain appears to cjosesemble that of N&
receptors, suggesting a potential functional assioci or coupling of these two
constituents in regulating cGMP levels (Andreetval., 2001). To tailgate this latter
aspect, the distribution pattern of PDE9 in tharbegppears to be widespread, having
been detected in neurons of the dentate gyrus #isawepyramidal cells of the
hippocampus, and various other regions of the bimttuding the cerebellum (in
Purkinje cells), olfactory system, neocortex, thala, and basal ganglia, with the
highest mMRNA expression levels detected in thealengyrus, olfactory bulb, and
Purkinje neurons (Andreewa al., 2001; van Stavered al., 2002; van Stavereset
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al., 2003; van Staverest al., 2004). Overall, PDE9 is thought to be predomilyaat
neuronal PDE, but its presence has also been ptaiuh astrocytes (van Staveetn
al., 2002). PDE9 enzymes are localised in the cytesaiept the PDE9AL variant,
which has been observed to localise to the nugMianget al., 2003). However, the
nuclear expression has been observed in HEK cellsctsvely transfected with
PDE9A1, and a possible physiological relevancehif bbservation remains to be
determined. One special feature of PDE9 is itstasce to the broad-spectrum PDE
inhibitor IBMX.

PDEG:

The PDES6 family is highly abundant in the retina & ultimately best known for its
role in phototransduction, existing as a membram@td enzyme in rod and cone
photoreceptors, where it mediates cGMP breakdowat tleads to the
hyperpolarisation of photoreceptor cells. PDE6 cosas two catalytically active
subunits ¢ andf in rods, and twax subunits in cones), which are associated with
two identical inhibitoryy subunits and a regulatofy subunit, the latter thought to
modulate enzyme localisation (Bender & Beavo, 200B)ere are three PDEG6
isoforms known to date, termed PDEG6A, PDE6B, an&E®&D, where the former two
are found in rods and PDEG6C is expressed in cdndbe dark, PDES6 is kept in an
inactive state by the presence of the inhibitprgubunits. In common with PDES5,
PDES®6 is not only highly selective for cGMP, butaatsontains two N-terminal GAF
domains (GAF-A and GAF-B). It has been suggestatl docupation of the GAF-A
by cGMP enhances the affinity between the inhilgitpsubunits and the C-terminal
catalytic subunits (Muradowt al., 2004). Upon light stimulation, GTP-bound
transducinet displaces the inhibitory subunits from the catalytic core, thereby
allowing activation of the PDE6. The result is vergpid cGMP degradation,
supporting phototransduction by leading to the wlesof cGMP-gated channels and
the consequent hyperpolarisation of the photoreceg#lls. A special feature of the
PDESG family is that it has the highest catalytiioggncy compared to all other PDEs,
with more than 3000 cGMP molecules being hydrolysed molecule of PDE6 per
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second (Gillespie & Beavo, 1988). The extreme ifficy of PDE6 supports very

rapid adaptations occurring to changes in ligrenstty.

PDEs with dual substrate selectivity

PDE 1:

PDE1 can hydrolyse both cGMP and cAMP and therabyiges a mechanism of
cross-talk between the two signalling moleculesthiat competitive inhibition of
cGMP breakdown can be achieved by elevations in BABVels, andice versa. A
distinguishing characteristic of the PDE1 familytiat its members lack the GAF
domains, but are instead regulated by'@aM binding to two N-terminal CaM
binding domains, which are structurally followed ity C-terminal catalytic domain.
At present, there are three isoforms known of PDiglmely PDE1A, PDE1B, and
PDEL1C, which differ in their substrate preferen(eable 1.1), but are all cytosolic
proteins (except for the ones expressed in speend& & Beavo, 2006). A number
of possible variants have been identified, with Fi2E1A having the largest number
of variants.

The binding of C&/CaM to PDE1 has the effect of enhancing the réte o
catalysis, without much impact upon thg &Kincaidet al., 1985). The mechanism by
which CaM binding activates PDE1 is not well unti®od, but previous biochemical
studies have suggested that it involves relievanoinhibition imposed upon enzyme
activity, where the CaM binding domain spans anbiibry sequence (Sonnenbugg
al., 1995). Additional scope for regulation of enzymaivity is suggested to be
provided by phosphorylation mediated by cAMP-demenigrotein kinase (PKA) or,
in the case of PDE1B, by CaM kinase Il, all of whzause a reduction in the affinity
of the enzyme for CaM binding, thereby compromisamgyme activity (Sharma &
Wang, 1985; Hashimotet al., 1989; Ang & Antoni, 2002). What makes the PDE1
family of particular interest in the NO-cGMP pathia its activation by C&/CaM.
As outlined earlier, NOS activation is also semsitio C&". Therefore, the presence
of two enzymes in the pathway that are sensitivE€dd levels may have important
implications in that an increase of Tavould, on the one hand, stimulate NO-

62



1 GeEndEral intdroellciion

mediated cGMP production and, on the other hanthpéa it as a result of activation
of the cGMP-hydrolysing constituent. Such scenhee been revealed by a study by
Mayer and colleagues (1992), in which both NOS &RRE1 were found in the
cytosolic fraction of brain synaptosomes, the twmayees sharing a common range
for C&* sensitivity (EGo 0 200-300 nM; Mayekt al., 1992). The authors suggested
that the failure of NQ@c receptor-, NOS-, and PDE1-bearing cells to accateul
cGMP upon C# influx may be explained by the suppression of ¢fMP signal
because of Cadependent acceleration of cGMP degradation by PBiBfvever, the
ECso for activation by C& has been found to vary among different PDE1 vésian
(e.g. 0.27uM for PDE1A1l and 3.21M for PDE1C1; Bender & Beavo, 2006).

In the brain, all three isoforms of PDE1 are expeesin various brain regions,
including the cortex, hippocampus, cerebellum, atdhtum, albeit at differing
degrees not only among different areas, but alsbinva neuronal population of the
same region. For instance, PDE1A and PDE1B areesgpd in neurons of the
neocortex, striatal neurons, and hippocampal pytamneurons (Mennitiet al.,
2006). The heterogeneity of a neuronal populationerms of PDE1 expression is
exemplified by the situation in the cerebellum, véehBDE1B appears at high levels in
some Purkinje cells but not in others (Shimizu-Atiee et al., 2003; Bender &
Beavo, 2004). Functionally, it has been reported thice lacking PDE1B (the only
PDE1 knockouts available) suffer deficits in sddgarning in the Morris water maze
and also exhibit increased locomotor activity (Reted., 2002). Overall, there is still
an urgent need for potent and selective PDE1l planiogical tools, and the
development of mice with disruption of other PDEEhgs would also be beneficial in

further elucidating the functional roles of the PDfamily.

PDE2:

Of this PDE family only one isoform is known so,fire PDE2A, of which there are
three known variants, namely PDE2Al, PDE2A2 and BEE PDE2 is
characterised by dual substrate selectivity, hydinj both cAMP and cGMP
efficiently with high Vhax and low K, (Table 1.1). In terms of the subcellular
expression profile, PDE2A1 is cytosolic, and PDE2ABd PDE2A3 are both
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membrane-bound enzymes (Bender & Beavo, 2006).l&into PDE5 and PDES®6,
PDE2 also contains regulatory GAF domains, buthis tase cGMP binds to the
GAF-B motif (Martinset al., 1982; Martinezet al., 2002; Bender & Beavo, 2006).
Exclusive binding of cGMP to the GAF-B domain rergd¢he affinity of PDE2

greater for cGMP, and results in positive coopettgtiin that hydrolysis of both

cGMP and cAMP is enhanced upon cGMP-GAF interacti®esed on the marked
increases in the rate of hydrolysis of both cGMB eAMP that are observed upon
incubation of the enzyme with cGMP, PDE2 is somesimeferred to as ‘cGMP-
activated PDE’ (Bender & Beavo, 2006). This modutateffect of cGMP on its own

breakdown as well as on cAMP levels highlights pguential cross-talk between
these two signalling pathways, and offers a medmarny which a NO stimulus can
indirectly affect cAMP signals in cells.

In the brain, PDEZ2 is found in the cortex, theadtnm, and the hippocampus (Wykes
et al., 2002; Suvarna & O’Donnell, 2002; van Staveeeml., 2003; van Stavereet
al., 2004; Mennitiet al., 2006). The matter of PDEZ2 in the hippocampus bdla
subject in Chapters 4 and 5. PDE2 has been progosesjulate cGMP levels that
arise in response to NMDA receptor activation im m@urons from cortex and
hippocampus (Suvarna & O’Donnell, 2002), and als®-&oked cGMP
accumulation in rat striatal neurons (Wyketsal., 2002). Functionally, PDE2 has
been implicated in synaptic plasticity, and leagnand memory. Inhibition of PDE2
has been reported to enhance hippocampal long-pertentiation (LTP), and to
improve memory in social and object recognitiorksafBoesset al., 2004; Rutteret
al., 2007).

PDES:

This dual-substrate PDE family is also regulatedc®MP like PDE2. However, in
this case cGMP binding does not limit cyclic nutiée accumulation by stimulating
PDE activity, but instead inhibits PDE activity,etkfore enhancing cAMP levels.
This again exemplifies how a NO stimulus may infice the cellular level of CAMP,
but this time in a positive way. Another differertoere is that cGMP does not affect
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PDE3 activity in an allosteric manner. The catalgite of PDE3 degrades cAMP
much more effectively than cGMP (\ is 0 10-fold higher for cAMP than cGMP)
but yet has a high affinity for cGMP. This latteafure renders cGMP a competitive
antagonist, where it competes with cAMP for bindiogthe catalytic site of PDE3
(Degermaret al., 1997). Furthermore, the activity of PDE3 has béemonstrated to
be enhanced by approximately 2-fold via PKA- or PKhnase-mediated
phosphorylation (Manganiello & Degerman, 1999). réatly, there are two known
isoforms of PDE3, namely PDE3A and PDE3B, whereesdwariants of the former
have been identified (Bender & Beavo, 2006). THeednt isofoms can be cytosolic
or particulate, where residues in the N-terminajioe have been suggested to
regulate membrane association (Shadtual., 2000). Expression of this PDE family
has been reported in neurons in the striatum gopbltampus, but discrete functional
roles remain to be elucidated (Menmitial., 2006).

PDEI0:

Also the PDE10 family has the capacity to hydrolgs¢h cGMP and cAMP, binding
cAMP with greater affinity than cGMP but hydrolygictGMP about 5-fold more
effectively than cAMP (Soderlingt al., 1999). The PDE10 family is suggested to be
a CAMP-inhibited enzyme (analogues to cGMP-inhibieDE3). There is currently
one isoform known, the PDE10A, of which there ave tecognised variants (Bender
& Beavo, 2006). Several studies have documentedlPBREo be limited to the testis
and the brain (Fujishiget al., 1999; Soderlinget al., 1999; Seegeet al., 2003).
Particularly high levels of mMRNA transcript are fmlin striatal neurons, other areas
including the cerebellum, the hippocampus, theatinals, and spinal cord. However,
no protein was detectable in the hippocampus asrrdeted by Western blotting
(Seegeret al., 2003). A possible function of PDE10 in synaptlagticity has been
speculated based on the finding that mRNA levels RDE10A variants are
upregulated following LTP (O’Connat al., 2004).
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Isoform Substrate Km—cGMP Km — CAMP Vimax— CGMP | Vax— CAMP Comments
specificity (UM) (uM) (umol/min/mg) | (umol/min/mg)
PDE1A CAMP < cGMP 2.6-35 72.7-124 50 — 300 70 — 150 Ca”/CaM activated;
cytosolic
PDE1B cAMP < cGMP 1.2-59 10-24 30 10 “0&aM activated:;
cytosolic
PDE1C CAMP = cGMP 0.6 2.2 0.3-1.1 - - CiLaM activated;
cytosolic
PDE2A CAMP = cGMP 10 30 123 120 cGMP-activated;
membrane-bound (2A2 ar
2A3) or cytosolic (2A1)
PDE3A cAMP > cGMP 0.02-0.15 0.18 0.34 3-6 CGMP-irtleithj
membrane-bound or
cytosolic
PDE3B CcAMP > cGMP 0.28 0.38 2 8.5 cGMP-inhibited;
membrane-bound
PDESA cAMP < cGMP 29-6.2 290 1.3 1 cGMP-binding, cGMP-
specific; cytosolic
PDEG6A/B cAMP < cGMP 15 700 2300 ~ 500 cGMP-binding, cGMP-
specific; membrane-boung
PDE6GC CcAMP < cGMP 17 610 1400 - cGMP-binding, cGMP-
specific; cytosolic
PDE9A CcAMP < cGMP 0.07-0.17 230 4.9 - High affinity, IB-
specific; cytosolic
PDE10A CcAMP < cGMP 13-14 022-1.1 3.5 0.74 cGMP-bigdimembrane
bound (10A2) or cytosolic
(10A1 and 10A3)

Tabel 1.1 Overview of cGMP-degrading PDEs
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1.4.3 Cyclic nucleotide-gated (CNG) channels

The ability of cGMP to activate these cation-selecthannels was first documented
in retinal rod photoreceptors (Fesengoal., 1985), followed by the cloning and
sequencing of rod photoreceptor CNG channels (Kaep@l., 1989) and the
discovery of CNG channels in retinal cone cellsrigk et al., 1993) and olfactory
receptor cells (Dhallaet al., 1990), where they are involved in visual and aitfay
signal transduction by converting sensory infororatinto changes in membrane
potential. CNG channels are now known to have aemwadespread distribution, at
least at the mRNA level, including the hippocamfkimgstonet al., 1996) and the
cerebellum (Kingstomt al., 1999; Strijbost al., 1999), and may therefore play a role
in the communication between central neurons. Cheniagtic features of CNG
channels include weak sensitivity to voltage, ap&ning upon direct binding of
either cGMP or cAMP. In the absence of extracell*, these channels are
permeable to Naand K. However, they have a higher affinity for C&o that, at
physiological extracellular Gaconcentrations (1-2 mM), the pore of the chani®els
blocked by the divalent cation excluding Nand K, and, consequently, €a
becomes the dominant ion permeating the activergiar(Kaupp & Seifert, 2002).
Based on these channels allowing Qaflux when they open upon cyclic nucleotide
binding, it becomes apparent that these channeldd ciigger CAa'-dependent

processes within a cell.

CNG channels closely resemble voltage-gatédtannels, and are therefore thought
to have evolved from these channels. Functional @N&nels exist as a tetrameric
assembly ofo and3 subunits arranged around a central pore. Basduydropathy
plotting, all subunits are predicted to share aromm architecture, comprising a 6-
transmembrane domain (S1-6), an ion conducting pegeon which is located
between S5 and S6 and carries the inward catiamemts, and an intracellular C-
terminal cyclic nucleotide-binding domain (CNBD) wh follows the S6 domain
(Kaupp et al., 1989; Matulef & Zagotta, 2003). The pore regiavhich is the
determinant of ion permeation properties of thencled is very similar to the one in
K* channels except for two residues that are abee®NIG channels but present ifi K
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channels. Indeed, mutation of these residues hphetinthat no other regions in the
channel are required to confer the profoundly d#ifé permeation qualities of the two
channel types (Heginbothaehal., 1992). The CNBD consists of thraeehelices and
an eight-stranded anti-parall@iroll, and it is the binding of cGMP (or cAMP) the
CNBD that evokes the direct opening of the chaf¥eltulef & Zagotta, 2003).

Molecular cloning has identified two subfamiliessafbunits in vertebrates, which are
termed CN@((1-4) and CN@(1,3), where there are two splice variafi$g and31b)
known to exist for the CNfL. Heterologous expression of subunits has sugtjeste
subunits CN@ 1-3 to be core subunits, which are able to forncfiemal homomeric
channels. On the contrary, CH& and thef3 subunits lack this capability, and are
instead regarded to have regulatory roles influsmathannel properties such as
ligand sensitivity and gating properties (Kaupp &if€rt, 2002; Craven & Zagotta,
2006).

The CNGx1 and CN@1la subunits are primarily found in rod photorecepto
the rod CNG channels thought to be made of thre&&INsubunits and one CN8&a
subunit (Weitzet al., 2002). Cone photoreceptors appear to expressynaMGoa3
and CN@3, where two CN@3 subunits are thought to pair up with two CB85
subunits to form the native channel (Pesa@l., 2004). The CNG2, CNGo4, and
CNGB1b subunits are found in olfactory receptors, thBve channel being thought
to comprise a tetramer of two core Ci&subunits and two regulatory subunits —
one CN@4 and one CN@Glb (Zheng & Zagotta, 2004). The rod and cone CNG
channels prefer cGMP as their ligand, while thaaliry-type channels are relatively
non-selective between cGMP and cAMP (Kaupp & Sgi802).

Functionally, much remains to be learned aboutettoesmnnels and how they may be
participating in the NO-cGMP signal transductiors@ade, which has been made
difficult by the lack of good pharmacological tooBased on the features of these
channels, it is plausible to suggest that membpaential and C& influx may be
modulated through NO-cGMP-mediated activation of GChannels (Biekt al.,
1998). For instance, based on defined NADPH-diaggg®iactivity in amacrine cells
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and NO-activated CNG channel currents in cultustohal ganglion cells, which were
occluded upon pre-exposure to cGMP, it has beegestigd that NO from nearby
amacrine cells could elevate cGMP levels in retgaiglion cells, thereby enhancing
CNG channel activity (Ahmaet al., 1994). Another suggested role for the NO-
cGMP-CNG channel pathway is the modulation of nearsmitter release. In retinas
isolated from lizards, it has been demonstrated th@-cGMP-mediated CNG
channel activation promotes neurotransmitter reléasn cone presynaptic terminals,
which was sensitive to N§& receptor inhibition, culminating in enhanced newlo
firing of the postsynaptic horizontal cells (Sawcke et al., 1997). In the
hippocampusin situ hybridisation studies and patch clamp-recordimgsnfcultured
neurons demonstrated the presence of both olfacaoy rod-type CNG channels in
this brain region, being localised in neuronal samand dendrites of pyramidal
neurons, as well as in granule cells of the derggtas (Leinders-Zufalét al., 1995;
Kingstonet al., 1996). Consistent with the expression profileCdfG channels in the
hippocampus, it has been suggested that the alfastpe CNG channels support
LTP in the Schaffer collateral/CA1 synapse recorfilech hippocampal slices, based
on the finding that theta-burst-evoked LTP in miaeking thea subunit of the
channel was reduced (Paremt al., 1998). Also NQc receptor-sensitive
depolarisation of the membrane potential of rapbgampal CA1 pyramidal neurons
in slices has been reported, that was, howevegnsgisve to NOS inhibition and the
ODQ concentration used was twice the ‘bench-mar&hcentration, therefore
guestioning the physiological relevance of thisesbation (Kuzmiski & MacVicar,
2001).

1.4.4 Hyperpolarisation-activated cyclic nucleotide-modulated
(HCN) channels

General features

HCN channels have only relatively recently emergesl a potential player in
transducing NO-cGMP signals. Similar to CNG chasnelso HCN channels are
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modulated by cyclic nucleotide binding. However,il@f{CNG channels are virtually
voltage-insensitive and open directly upon cyclicleotide binding, HCN channels
are quite different in that their binding of cychucleotides modulates their voltage
dependence for activation. HCN channels have lamylpd scientists due to their
‘unorthodox’ behaviour compared to other voltagéedachannels in that they activate
at more hyperpolarised membrane potentials negdtver close to the resting
membrane potential. This unique characteristic ledsto the nicknaming of their
current as ‘funny’ ¢) or ‘queer’ (), alongside the more ‘conservative’ nomenclature
of ‘hyperpolarisation-activated’ {). While CNG channels carry an inward current
dominated by C&, but also to a lesser extent by monovalent catoie as K, Na',
Li*, and C$ (Kaupp & Seifert, 2002), the inward current cortédcby HCN channels
is a mixed cation current of both"Kand N& at an average permeability ratio of 4:1
(Robinson & Siegelbaum, 2003; Wahl-Schott & Bigd02). There is some evidence
suggesting that HCN channels expressed in HEK2B8 also conduct Ca ions to a
small extent (Yuet al., 2004), but the functional relevance of this ramaio be
elucidated, and, unlike CNG channels, HCN chanaet¢snot blocked by divalent
cations (Kaupp & Seifert, 2002). The binding of loyawucleotides has the effect of
causing a depolarising shift in the voltage depandeof HCN channel activation.
HCN channels are found in a variety of excitabléscencluding neurons, cardiac
pacemaker cells, and photoreceptors (Pape, 1996]-8¢hott & Biel, 2009), their
function being best established in the heart whecentrols heart rate and rhythm by
acting as a ‘pacemaker current’ in the sinoatrsh\)( node (Acciliet al., 2002;
Barbuti & DiFrancesco, 2008).

HCN channels have a proposed struci(iig. 1.4) as described for CNG channels.
Four isoforms have been cloned in mammals, termé&N HL-4, homomeric
expression of the different subtypes revealinged#iices in terms of activation
kinetics, gating properties, and cyclic nucleotisiensitivity (Accili et al., 2002;
Robinson & Siegelbaum, 2003; Wahl-Schott & Bielp2)) These subunits combine
to form tetrameric channels, arranged around aralemore, but the subunit
stoichiometry of native channels remains largelknown. The different subunits
share an unifying structure, each comprising a solto N-terminus, which is
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important for subunit association (Proergtal., 2002), six transmembrane domains
(S1-S6) of which the S4 is the positively chargettage sensor that moves inwards
on hyperpolarisation to produce channel openingora-forming region between S5
and S6, which determines ion selectivity, and @asytic C-terminal CNBD, which is
preceded by a C-linker region and to which cyclicleotides bind. The difference in
activation polarity compared to other voltage-dejett channels is suggested to be
determined by the downstream coupling mechanisnwdmet the voltage sensor and
the gate (Rosenbaum & Gordon, 2004). Binding of ¢Gdt cAMP to the CNBD
speeds up channel opening and causes a shift ivatamh to more depolarised
potentials and an increase in current amplitudeniiiating the removal of a tonic
inhibition of the channel (Robinson & Siegelbau@02; Wahl-Schott & Biel, 2009).

The determination of the crystal structure of mdrthe HCN2, beginning just
after the end of S6 and extending through the Kelirand CNBD, has provided
insights into cyclic nucleotide-dependent channebutation (Zagottaet al., 2003).
The CNBD is made of an eight-stranded anti-par@Hell, which is connected to the
pore by the C-linker region consisting of sixhelices. The construction of truncation
mutants has shown that, during the inactivatede stae channel is inhibited by the
CNBD at its core transmembrane domain region S1V8éingeret al., 2001). The
same study suggested that differences in the efficdhk CNBD, exerting different
levels of tonic inhibition, are the cause of vagyiactivation gating and cyclic
nucleotide-dependent modulation, where cyclic rmotdie binding relieves this
inhibition. Indeed, the deletion of the CNBD wasifid to mimic the effect of CAMP
by moving the voltage dependence of channel gatimgore depolarised potentials to
a similar level as cAMP. Subsequently, chimericusubstudies demonstrated that the
difference in cCAMP efficacy also depends on therattion of the CNBD with the 80
amino acid C-linker, which itself has no intrinsihibitory influence, but accounts
for the differences in basal gating and cAMP motioita by interacting with the
CNBD (Wanget al., 2001).
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Fig. 1.4 The proposed topology and structure for HlBBinnel subunits. A single subunit comprisesidielical
membrane-spanning segments (S1-S6), a positivalgeld S4 domain, and cytoplasmic N- and C- terriimé
putative pore region between S5 and S6 extendghetmembrane, and the cyclic nucleotide bindingaia
(CNBD) is located in the C-terminal regiokdapted from Robinson & Segelbaum, 2003

As aforementioned, the HCN subtypes exhibit madiéfidrences in their biophysical
properties, including voltage-dependence, actimatkimetics, and cyclic nucleotide
sensitivity. Homotetramers of HCN1 show the fastegivation kinetics, falling on a
hundred-millisecond timescale, while HCN4 is thewstst channel, taking several
seconds to activate at resting membrane potentilgladually becoming faster at
more hyperpolarised potentials. HCN2 and HCN3 shauativation kinetics
intermediate to that of HCN1 and HCN4. Estimatetles for the half-maximal
voltages for activation are -70 mV for HCN1, -95 rfo¥ HCN2, -85 mV for HCN3,
and -100 mV for HCN4 (Wahl-Schott & Biel, 2009). ferms of cyclic nucleotide
sensitivity, HCN1 and HCN3 homotetramers are tlstlsensitive, while HCN2 have
greater sensitivity, followed by HCN4, which arerosigly regulated by cyclic
nucleotides. Although much remains to be learnexibative channel compositions,
HCN channels have been shown to co-assemble to lietaromers. A construct of
HCN1 and HCN2 subunits has been found to exhibitdutadgion by cAMP and
activation kinetics intermediate to those of HCNid &HCN2 homomers (Ulens &

Tytgat, 2001). Both native and heterologously espee channels are activated by
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cAMP and cGMP with similar efficacy, albeit withfdirent sensitivity. Based on
apparent dissociation constants, the channels appéa about 30-fold less sensitive
to cGMP as compared to cAMP, resulting in cCAMP Qeaiten considered as the
‘natural’ ligand, showing approximately 10-fold gter potency to activate channels
(DiFrancesco & Tortora, 1991; Ludweg al., 1998; Zagottat al., 2003). However,
there have been instances where cAMP and cGMP degnenstrated to exhibit quite
similar concentration-effect profiles (Ingram & \laims; 1996).

Initially, it had been proposed thatdating is directly regulated by cyclic nucleotide
binding to the cytoplasmic CNBD, not involving otheodulatory factors such as
protein phosphorylation (Pape, 1996; Robinson &&ligaum, 2003). However, it has
now emerged that also HCN channels may be modulétgdother factors
independently of cyclic nucleotides. The membrapel |phosphatidylinositol-4,5-
bisphosphate (PHp apparently acts as an allosteric ligand, shiftthg voltage-
dependence of HCN channel activation to more deigeld values by about 20 mV
(Zolles et al., 2006; Piaret al., 2006). A possible physiological significance this
has been proposed on the grounds of enzymatic dkgya of phospholipids
reducing channel activation and slowing neuronahdi frequency (Zollest al.,
2006). How PIR exerts this effect mechanistically is still unkmowDther proposed
factors include the non-receptor tyrosine kinag&cand the Ser/Thr-kinase mitogen
activated protein kinase p38-MAP, where c-Src heenlfound to enhance activation
kinetics of the channels via C-linker domain phaspgtation, and p38-MAP is
suggested to shift voltage-dependent activatioomtwe positive potentials (Wahl-
Schott & Biel, 2009). An involvement of PKA in chaal modulation has so far only
been reported in rat olfactory receptor neuronsrehinfusion of the PKA catalytic
subunit was found to shift the activation voltagertore positive potentials (Vargas &
Lucero, 2002). Furthermore, like with many othensilling components, it appears
that there are ‘context-dependent’ mechanisms atswork in the case of HCN
channels. A number of interacting proteins that nmélpience the coupling of HCN
channels to signalling pathways and the traffickioigthe channels to different
cellular compartments have been identified, ingigdthe TPR-containing Rab8b-
interacting protein (TRIP8b), which had no previgusscribed function, the mink-
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related peptide 1 (MiRP1), and the cytoplasmic fetdfprotein filamin A. Their
functional implications in native tissue remainbi® determined (Wahl-Schott & Biel,
2009).

Phar macological manipulation of I,

HCN channels can be blocked with*Gand various organic compounds, including
ZD 7288, zatebradine, and ivabradine. The two nsostmonly used inhibitors are
caesium (C§ and ZD 7288 (Harris & Constanti, 1995; Takigawetaal., 1998;
Ghamari-Langroudi & Bourque, 2001).

The compound ZD 7288 has been suggested to adgmrpes of a lipophilic
quaternary cation that can readily cross the celinttrane when applied externally,
which is consistent with intracellular applicatiari ZD 7288 also inhibiting pl
Moreover, it has been proposed that ZD 7288 exsrigblocking effect in a non-use
dependent manner, with an approximate half-maxiph@tking concentration of 2
uM (Harris & Constanti, 1995). Inhibition of, by ZD 7288 occurs in a time- and
concentration-dependent manner and is irreversiislaction being relatively slow(
10-15 min; Harris & Constanti, 1995; Takigawtaal., 1998; Chevaleyre & Castillo,
2002). ZD 7288 has been reported to have also elecis/e effects at high>(30
MM) concentrations. At these higher concentratiafi3, 7288 has been observed to
depress basal synaptic transmission, which didocgour upon Cs application and
was also not occluded by Cand therefore assumed to kéndependent (Chevaleyre
& Castillo, 2002).

In contrast to ZD 7288, while also exerting itseetfin a non-use dependent
manner, C5induces block much more rapidly in a reversiblenne, and has no
effect on | when loaded into the cell interior, indicating tthia acts on the
extracellular site (Harris & Constanti, 1995). Hameg CS$ has the shortcoming of
also blocking K inward rectifier (k;) channels (Pape, 1996; Ghamari-Langroudi &
Bourque, 2001). Inhibition ofck results in extracellular Kaccumulation, leading to
membrane depolarisation, which is indeed observé@nwusing CS (Ghamari-
Langroudi & Bourque, 2001). This may have greatadngnce when using Cgo
block k, as the conductance of HCN channels is highlyiteaso external K levels,

74



1 GeEndEral intdroellciion

where a reduction below normal levels (2-4 mM) te&ol a marked decrease in |

magnitude andice versa (Robinson & Siegelbaum, 2003).

Expression of HCN in the CNS and proposed functions

While in the heart HCNS3 is absent (&hial., 1999; Moosmanaet al., 2001), all four
subtypes of HCN are found in the mammalian braideasrmined by their expression
pattern at protein and mRNA levels. HCNL1 is foundhe neocortex, hippocampus,
brainstem, cerebellum, olfactory bulb, and spinatdc(Moosmanget al., 1999;
Santoroet al., 2000; Notomi & Shigemoto, 2004; Milligast al., 2006). HCN2 has
been reported to have widespread distribution, higinest expression levels detected
in the thalamus, brainstem, hippocampus, and olfpdiulb (Moosmangt al., 1999;
Santoroet al., 2000; Notomi & Shigemoto, 2004). In contrast, HCN seen in the
CNS at very low levels, appearing to be mainlyrietd to the olfactory bulb and
hypothalamus, whereas HCN4 is predominantly express the thalamus and
olfactory bulb (Moosmangt al., 1999; Santoret al., 2000; Notomi & Shigemoto,
2004).

An emerging general consensus is thaplays an important role in influencing
intrinsic neuronal excitability. Tonic activationf ¢, sets the resting membrane
potential at a depolarised level, and also redubesinput resistance so that the
influence of any current on the membrane potergiedduced according to V =1 x R.
These basic properties can lead to opposing effdcls on neuronal excitability,
depending on the HCN isoform and the type of imgatching the cell. Dendritig, |
can reduce neuronal excitability on the basis afuceng membrane resistance,
ultimately causing a decrease in dendritic summaiio response to a dendritic
depolarising input. In other words, ihfluences the cable properties of dendrites and
in turn shapes the time course of the EPSP asptogagated to the soma. On the
other hand, by depolarising the resting membranenpial, |, can enhance neuronal
excitability by driving the neuron closer to firinlgreshold of action potentials. Based
on these features, the physiological roles ascribddCN channels include control of
oscillatory activity of neurons, maintenance ofialele conduction by counteracting
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hyperpolarisation occurring during high-frequencgtiaty, control of resting
membrane potential, and modulation of membransteesie and dendritic integration
(Robinson & Siegelbaum, 2003; Wahl-Schott & Bi€09).

Evidence supporting the presence of a NO-cGMP-HCN pathway in the brain

It has been demonstratea vitro that rhythmic oscillations of thalamic neurons are
generated by the interplay betwegrahd a low threshold Gacurrent, termed 4,
that arises from T-type Gachannels. It is proposed thatdlowly depolarises the
membrane, which in turn evokes a low-threshold* Gmpike via activation ofl
These spikes are depolarising and last tens ofsetlbnds and therefore cause the
generation of a series of Napikes. The prolonged depolarisation then leads tipe
inactivation of T-type C4 channels, terminating the low-threshold *Capike.
During the spike, HCN channels are deactivated,retbee generating a
hyperpolarising overshoot upon termination of tr& Gpike. This hyperpolarising
overshoot removes the inactivation of the T-typé"@hannels and activatgsdgain,
initiating a new cycle. This ‘burst mode’ of thalenmeurons is characteristic for non-
REM sleep and is thought to reduce sensory infaondtansfer to the cortex during
this sleep state (McCormick & Bal, 1997). One loé ffirst reported observations
suggesting NO as a potential regulatorptdme from studies in guinea-pig and cat
thalamocortical relay neurons maintainedvitro in slices (Pape & Mager, 1992).
Using intracellular recordings it was found thatthbodNO and a cGMP analogue
depolarise the membrane potential of these neubgnd-3 mV and reduce their
membrane resistance. The target for the NO-cGMBwaat being | was deduced
from the current-voltage relationship that suggest® to have a greater effect at
hyperpolarised potentials, the rate of rise andlgnae of , found to be enhanced by
NO or cGMP. This work by Pape & Mager (1992) fold@ to shift the voltage for
half-maximal activation of the channels to a moepalarised value by approximately
5 mV. In this way, NO was demonstrated to poterathd reversibly block the
oscillatory activity in these spontaneously actheurons by causing a reduction in
rebound depolarisation because of less de-inaiivadf I, consequently reducing
rebound action potentials (Pape & Mager, 1992).
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During wakefulness and REM sleep, thalamocortielrans are depolarised
by afferent inputs and switch to a ‘transmission’single spike’ mode, as opposed to
the situation during non-REM sleep (McCormick & PBdl997). Fibres of the
cholinergic tegmental neurons innervate the thatgrand contain nNOS (Vincent &
Kimura, 1992). These neurons are thought to ineréaair firing rate just before the
transition from sleep to wakefulness (McCormick &lB1997), which in turn would
presumably facilitate the release of NO into thedmus. Taken together, it appears
that there is the possibility that NO regulates shtch between the two distinct
firing modes of thalamic relay neurons, regulatihg transition from the ‘burst
mode’ associated with non-REM sleep to the ‘trassion mode’ prevailing during
REM sleep and wakefulness, thereby supportingrttiease in the transfer of sensory
information to the cortex (Pape & Mager, 1992).

The above evidence suggesting the NO-cGMP pathvgag anodulator of HCN
channels was supported by a number of subsequeadiest Exogenously applied
cGMP was demonstrated to enhangein dissociated guinea-pig nodose and
trigeminal neurons, finding the cGMP analogue teeha very similar concentration-
effect profile to the related analogue for cCAMP,en both analogues applied at 1
mM caused a shift in the half-maximal activationtage of about 4 mV to more
depolarised potentials (Ingram & Williams, 1996hig indicated that NO-cGMP
signalling could play a role in nociceptive progegswhich was further implied by a
recent study by Kim and colleagues (2005), find@ and exogenously applied
cGMP to augmentlin rat substantia gelatinosa neurons in spinatl ahices, the
effect of the former being prevented by &receptor inhibition. Additionally, they
reported NO to evoke depolarisation of the neutmnspproximately 5 mV, which
was sensitive toplblock by CS. Based on these findings a possible role of NO in
central sensitisation was suggested (l&tral., 2005).

Exogenously applied cGMP or NO has also been dstraiad to increase |
in guinea-pig trigeminal motor pool and rat mesg@hedic neurons maintaineih
vitro in slices (Abudarat al., 2002; Poset al., 2003). In these studies, NO (in an
ODQ-sensitive manner) and exogenous cGMP reversigppolarised the membrane
potential by approximately 3-7 mV and reduced tmeghold for firing so that the
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enhancedplhad an excitatory effect, suggested to have amitapce in various jaw

reflexes and movements. In both papers, these meuwere demonstrated, by
immunohistochemical analysis, to be innervated bNOBS-bearing fibres,

underscoring a possible physiological relevancenofiulation of these neurons by
NO.

Recently, it has been discovered tivatvitro in the rat optic nerve, tonic eNOS-
derived NO depolarises axons, this being transdumedcGMP engaging HCN
channels. The prevailing tone of the NO-cGMP-HCN#teaned membrane potential
was found to lie around the midpoint, indicatingttibthe system is well balanced to
respond to changes in eNOS activity (Garthwetitd., 2006).

1.5 OVERVIEW OF THE PHYSIOLOGICAL FUNCTIONS OF
NO IN THE CNS

1.5.1 Development

There are three distinct steps NO has been suggastelay a role in during CNS
development. These are inhibition of proliferaticend promotion of cell
differentiation, influence over the direction ofunge growth, and the refinement of

topographical projections.

The indication of NO regulating neurogenesis in diegeloping embryo brain and in
neurogenic areas in the adult brain came from studemonstrating an inhibitory
effect of NO on the rate of proliferation of undiféntiated neuronal precursors, and
an accelerating effect on the neuronal differemmmaprocess, NO thereby presumably
acting as a switch between proliferation and déifeiation. Inhibition of endogenous
NO production by means of NOS inhibitors or apglma of haemoglobin to
scavenge NO was found to increase the proliferationultured embryonic mouse

brain neuronal progenitor cells or postnatal subv@rar zone progenitors as
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guantified by the expression of markers of prodfarg cells such as nestin and
bromodeoxyuridine (BrdU). Exogenous NO, on the ottend, was found to have the
opposite effect (Cheng al., 2003; Matarredonet al., 2004). Analogous results were
obtained in studies investigating the role of NOcll proliferation of neuronal
progenitor cells in the adult mammalian brain (Petrél., 2003; Packeet al., 2003;
Moreno-Lopezt al., 2004).

Consistent with NO facilitating cell differentiatiois the finding that the
expression of neuronal phenotypic markers is delaygon NOS inhibition or NO
scavenging by haemoglobin, but increased upon N#@icapion, which are the very
same treatments that promote or suppress proldaraespectively (Chengt al.,
2003; Moreno-Lopezt al., 2004; Matarredona&t al., 2004). The spatiotemporal
pattern of NnNOS expression appears to correlatdh WO acting as an anti-
proliferative, pro-differentiation molecule. In thieveloping rodent CNS, transient
increases in NNOS expression parallel cessatigradiferation and the beginning of
differentiation, while in the adult brain NOS-bewgyineurons are adjacent rather than
within areas of adult neurogenesis (Moreno-Logkeal., 2000; Packeet al., 2003;
Moreno-Lopezet al., 2004). Moreover, the growth factor brain-deriveslirotrophic
factor (BDNF) was shown to reduce cell proliferatend to augment nNOS levels in
post-mitotic neurons nearby proliferating cellstie developing cortex, executing a
stimulatory effect on neuronal differentiation theds sensitive to NOS inhibition or
NO scavenging (Cherg al., 2003).

Additional evidence supporting the role of NO iresk early developmental
processes has been provided by studies using askeny nNOS, which were found
to exhibit an increase in the number of prolifergtcells, albeit to a lesser extent as
compared to the effect observed upon non-sele®N®& inhibition, indicating that
NO sources other than the deleted NOS form maynbelved in the regulation of
proliferation and differentiation (Packetral., 2003). Overall, it appears that NO acts
in a paracrine fashion during these early stagesenfronal development, being
released from nearby differentiating neurons t@ steuronal precursors from further
proliferation and to initiate differentiation intceuronal phenotypes. However, as the
involvement of the N@c receptor and ensuing cGMP production has not bestad,
the mechanism(s) through which NO exerts theseratiemain elusive. The absence
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of NOgc receptors and cGMP in neurons prior to differdittig as evaluated by
means of immunohistochemistry, as well as the lacleffect of allosteric NQc
enhancers on proliferation, have indicated thatakernative, as yet unidentified,
signalling process may be at play (Arnheldl., 2002).

Several studies have proposed a role for NO ircdimerol of neurite outgrowth. In the
developing visual system of the ferret, based dismauptive effect of NOS inhibition,
NO has been suggested to be involved in directatipal axons to the appropriate
locations in the lateral geniculate nucleus ofttredamus (Cramesat al., 1996). This
finding parallels the proposed role of cyclic natides in regulating neuronal growth
cones, where it was observed that varying levelsyafic nucleotides change the
turning behaviour of isolated growth cones Xénopus spinal neurons, NO-
stimulation of cGMP formation or application of &MNIP analogue converting
repulsion to attraction (Songt al., 1998). There are a number of contradictory
observations, however, showing either collapse @tchction of growth cones in
response to NO (Ernst al., 2000; Gallcet al., 2002; Heet al., 2002), or NO-cGMP-
mediated attraction of growth cones and protectiom collapse (Campbelt al.,
2001; Schmidet al., 2002; Xianget al., 2002; Steinbaclet al., 2002). Overall, the
opposing observations appear to be related todheentration of NO that is applied.
Growth cone collapse occurs in studies applying dd@ors at high micromolar to
millimolar concentrations, while attraction and feaction is observed in studies
applying lower NO donor concentrations or cGMP agaks. Also, for instance,
semaphorin-3A-mediated attraction of rat corticalapnidal cell dendrites to the pial
surface was demonstrated to depend orxdN@ceptors and PKG, localising N©
receptors to the region of the cells where apieaddites are generated, and finding
that inhibition of these two constituents disruptiented dendritic growth. However,
pharmacological inhibition of these constituentd dot cause the dendrites to be
repelled by semaphorin-3A, implying that N&receptor activity does not simply act
as a polarity switch. Additionally, the repellefiteet of semaphorin-3A on pyramidal
cell axons was found to be independent of this yayh (Polleux et al., 2000).
Another study, although not identifying the siteastion of cGMP (i.e. growth cones
vs. their target cells), reported that reducing cGMfrels impairs synapse formation
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between mossy fibres and CA3 pyramidal cell apdealdrites in the stratum lucidum,
leading to random orientation of mossy fibres (Nhashiet al., 2001). Evidence
coming from studies documenting effects of exogshowpplied NO or cGMP
analogues therefore suggests a role for NO in atiggl the direction of neurite
outgrowth. The involvement of endogenous NO wast findicated in retinal axon
path finding (Crameet al., 1996), and by a study on PC12h cells (Yamagzaki.,
2001), showing prevention of nerve growth factodmeed neurite outgrowth
following NOgc receptor inhibition or upon inhibition of endogeisdNO production
by means of broad-spectrum NOS inhibition or NOveoging. Additionally,
Yamazaki and colleagues found enhanced NADPH-di@sieoactivity and nNOS
protein in cells prior to neurite outgrowth. Redgnta study in organotypic
hippocampal slice cultures from postnatal ratsgiglectronmicroscopy demonstrated
that the postsynaptic site promotes synapse foomatiith nearby axons via NO
derived from the nNOS-PSD-95 interaction site (Midokoet al., 2008). The key
findings leading to this proposal included preventiof synapse formation upon
deletion of the second PDZ domain of PSD-95, oough small interfering RNA-
induced down-regulation of nNOS or pharmacologlmaad-spectrum inhibition of
NOS. Interestingly, knockdown of nNOS had only atiph effect in this respect,
while non-selective NOS inhibition caused complatabition of synapse formation.
This could point towards another NO source (e.gO8Ncontributing. Conversely,
application of a cGMP analogue or slow-releasing N@hor enhanced synapse
formation. Finally, the notion that NO is actingvdwstream of PSD-95 was indicated
by the result that NO donor treatment also incréaymapse formation in slices with
deleted PDZ, which was prevented upondy@eceptor inhibition (Nikonenket al.,
2008).

Overall, however, it appears difficult to proposegeneral model for NO-
regulated neurite growth, as this may differ amapgcies, and also may vary
depending on the extracellular cue communicatinth wihe NO-cGMP signalling
cascade in a given brain region, as well as the e@Mector engaged. For example,
in postnatal dissociated dorsal root ganglion nesiranhibition of endogenous NO
synthesis by means of broad-spectrum NOS inhibitioa NO scavenger revealed a

repulsive action of endogenous NO on axon guidaiheeextracellular cue being the
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neurotrophic factor neurotrophin-4. AdditionallyONscavenging or N&: receptor
inhibition were both found to convert the neurotrop4-induced repulsion of the
growth cones to attraction (Tojineaal., 2009).

NO has also been implicated in mediating activiypendent refinement of
topographical projections after a coarse map has led down by guidance cues.
However, this seems to be restricted to only a &pecific areas. Inhibition of
endogenous NO production has been demonstratedause cdisorganisation of
refinement of ipsilateral retinotectal or retindamllar projections in the chick and rat
in vivo (Campello-Costat al., 2000; Wuet al., 2001). In the rat, projections undergo
topographical refinement within the first two paatad weeks, and the role of NO in
this process was compatible with the spatiotemp®xplession profile of NOS in the
tectum and colliculus during the period of refinedvaximal NOS activity in tissue
homogenates or NADPH-diaphorase levels were medsoweards the end of the first
postnatal week, followed by a slight decrease leyaihd of the third postnatal week,
which is the time point marking the end of topodpapl fine-tuning, and an
approximately two-third reduction in adulthood (CQaetio-Costaet al., 2000).
Overall, these findings are in line with double-kkout mice that lack eNOS and
NNOS exhibiting delayed refinement with more difugpsilateral retinocollicular
projections that eventually become more refinedhage presumably due to residual
NOS activity in the knockouts (Wet al., 2000b). Additionally, the refinement
process in normal mice or NnNOS or eNOS knockouté iprogress before eye
opening, but significantly delayed in double knaatso (Wu et al., 2000c). Also,
during visual system development, the terminalsreifnal ganglion cell axons
segregate first into eye-specific layers within tharsal lateral geniculate nucleus
(dLGN), which is followed by a process of sublantioa during which the ON- and
OFF-inputs from retinal ganglion cells are orgadiseto sublayers. It has been
demonstrated in ferret kittens that the periodaetinngeniculate axon sublamination
within the dLGN requires activity of the incomindpies, NMDA receptor-mediated
NO synthesis, and ensuing N®receptor-dependent cGMP formation. This was
accompanied by the finding that the period of catine refinement in the
retinogeniculate pathway overlaps with transientegplation of NQc receptor
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activity in pre- and postsynaptic elements, as akkby particularly strong cGMP
staining during the second to third postnatal wéegameyet al., 2001). Also
continuous infusion of ferrets with ODQ by meansosiotic mini-pumps led to
impaired normal sublamination, indicating that #uo#ivity of the NO-cGMP pathway
may be required for normal ON- OFF-sublaminaiiorivo (Leameyget al., 2001).

The organisation of other sensory projections appé& be unrelated to the
NO-cGMP transduction pathway. The lack of large lescaeuroanatomical,
neurochemical, or behavioural changes in adulte®vahg chronic neonatal NOS
inhibition in vivo suggests that NO may not be a necessity in th@dion and

refinement of cortical neuronal maps during lateali@oment (Contestabile, 2000).

1.5.2 Acute effectson neuronal function

Neuronal function can be modulated by NO in ane@coanner via influences upon
neuronal excitability, firing rate, and neurotranisen release. This section will

outline the possibilities by a number of examples.

In a study in rat hypothalamic slices, NO was regubrto reduce the firing rate of
spinally projecting paraventricular nucleus (PVNgurons by enhancing GABA
release through a cGMP-PKG-dependent mechanismt €L, 2002; Liet al., 2004).

In this case, L-arginine, a cGMP analogue or NOoda@nhanced the frequency of
GABAergic miniature IPSCs and reduced the dischawity of PVN neurons, the
NO-mediated effect being prevented by inhibiting B3 receptors, scavenging NO,
inhibiting NOgc receptors or PKG, or selectively inhibiting nNORurthermore,

inhibition of NOS activity or scavenging of basaDNvas found to have no effect,
suggesting that the NO-mediated effect is stimelsked rather than tonic. On the
contrary, a subpopulation of PVN neurons in thedtlyplamus that project to the
rostral ventrolateral medulla have been found tcrease their discharge rate in
response to NNOS inhibition, demonstrating a tanigibitory function of NO,

exogenous NO having the opposite effect (Sterral., 2003). Other proposed
mechanisms via which the NO-cGMP signalling pathwauld exert postsynaptic

inhibitory effects on excitability include hyperpoisation by activating various types
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of K" channels as has been observed for delayed-redfificchannels in cultured
mouse neocortical neurons (Hanal., 2006), leak K channels in basal forebrain
neurons maintainedh vitro in slices (Kanget al., 2007), and ATP-sensitive 'K
channels in brainstem neurons maintaimeditro in slices (Mironov & Langohr,
2007). While the former two studies investigated tht the level of NO donors,
cGMP analogues, and N@receptor inhibition only, Mironov & Langohr (200@)so
tested the effect of two different NO scavengeis aroad-spectrum NOS inhibitor.
They found that exogenous NO suppressed spontarsgoaptic currents, activated
K* channels, and inhibited L-type €achannels, inhibition of endogenous NO
synthesis having the opposite effect. iArvivo example of NO acting in an inhibitory
manner is derived from work in the cat visual cort@here inhibition of endogenous
NO levels caused an increase in the responsesstalvstimuli in a small (5%)

population of cells (Cudeiret al., 1997).

NO has also been shown to dis-inhibit by reducidB@ergic transmission, thereby
acting in an excitatory manner indirectly. For exdenin the cerebellum, endogenous
NO appears to reduce GABA release from Golgi daylsonically hyperpolarising
them, possibly through mediating the opening ajéatonductance Eaactivated K
channels (Wall, 2003). Also, GABAmediated currents in cerebellar granule cells,
which are innervated by GABAergic Golgi cells, agp® be tonically suppressed by
NO through a PKG-dependent mechanism (Roletléb., 1996). The overall result of
this NO-mediated effect is dis-inhibition of graeutell activity due to the negative

effect on GABAergic tone.

In the rat ventrobasal and lateral geniculate nusctd the thalamus, exogenous NO or
application of a cGMP analogue were found to depsdaneuronsn vitro, and to
enhance neuronal responses to whisker or lightuttion respectively, as well as to
ionotropic glutamate receptor activationvivo, indicating that NO enhances sensory
transmission through the thalamus (Skehal., 1999). An enhancing effect of NO has
also been observed in the visual cortex, wherebitibn of endogenous NO levels
was found to lead to decreases in the responsesual stimuli in a population (38%)
of cells, while protocols enhancing NO levels eretagusly or exogenously caused an
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increase in the number of action potentials in easp to visual stimuli (Cudeiret
al., 1997; Kara & Friedlander, 1999). In rat medialstdgular nucleus neurons
maintainedn vitro in brain stem slices, the NO-cGMP pathway was shtwcause
depolarisation and increase their spontaneous atigehrate via activation of CNG
channels (Podd&t al., 2004; Poddaet al., 2008). Nitric oxide-cGMP-mediated
depolarisation has also been obserfivedtro in a number of different central neurons
via HCN channel modulation (see above). Anothesids route for NO to modulate
excitation in a facilitating manner has been pregof be via suppression of K
conductances. For instance, intracellular recosliingm rat striatal neuroris vivo
revealed NO, perhaps derived from local nNOS-begarnterneurons, to modulate the
spontaneous up- and down-state membrane activitysgnaptic responses (West &
Grace, 2004). This study demonstrated that NO sansembrane depolarisation
probably by cGMP-mediated suppression dfddrrents, with the ultimate net effect
of enhanced EPSPs. Pharmacological disruption ofNGQc receptor signalling by
means of infusion of a NO scavenger, nNOS inhibitorODQ, on the other hand,
was found to reduce neuronal responsiveness atsciavith membrane

hyperpolarisation.

Direct excitatory effects of NO on synaptic transsion could also be based on NO-
cGMP-PKG-dependent augmentation of glutamate relbgspotentiating Ca entry
through presynaptic N-type €achannels, as has been demonstrated in rostral
ventrolateral medulla neurons in brainstem slicdsiafg et al., 2003). Another
potential mechanism in NO-modulated transmitteeasé has been suggested to
involve inhibition of presynaptic voltage-gated” Khannels, including Kv1.1 and
Kv1.2 subtypes, a mechanism reported to be involmgubtentiating GABA release
to PVN neurons (Yanget al.,, 2007). Paradoxically, also NO-cGMP-mediated
activation of K channels has been found to facilitate neurotraesmielease. In
peptidergic nerve terminals of the posterior p#yit NO-cGMP-PKG-mediated
enhancement of Gaactivated K-channels activity at depolarised potentials hanbe
found to facilitate transmitter release. This igygested to be associated with
increased action potential afterhyperpolarisatwmich in turn facilitates the recovery
of Na' channels from their inactivated state, ultimatedgucing the rate of action

85



1 GeEndEral intdroellciion

potential failure. This in turn would allow more Cainflux and consequently

increased neuropeptide release (Klyacéika., 2001).

1.5.3 Long-term modulation of neuronal function

The function of NO in the CNS that has been studiedlst extensively is its
involvement in synaptic plasticity. This is an aitti-dependent process in which
neurons undergo long-term adjustments in the dineofytheir synaptic connections
either in the ‘upward’ or ‘downward’ direction iegponse to brief periods of altered
input. These processes are known as long-term tatien (LTP) and long-term
depression (LTD) respectively, and are commonlppsed to be a cellular correlate
of learning and memory (Bliss & Collingridge, 1998eveset al., 2008; Nader &
Hardt, 2009). In LTP, the correlated firing of thee- and postsynaptic neuron leads
to an increase in the efficiency of synaptic traission as such that subsequent
presynaptic activity is able to exert a strongefluence on the firing of the
postsynaptic neuron. Since the first observatioh™® at the perforant path/granule
cell synapse in the rabbit hippocampus followingebhigh frequency stimulation
(Bliss & Lomo, 1973), this structure in the med&inporal lobe became the dominant
model of this process, with intense research aintmgelucidate the molecular
mechanisms of synaptic plasticity. Nonetheless, isSTRot a phenomenon restricted
to that brain region, but has — just as the recgirphenomenon to LTP, namely LTD,
which has been most extensively described in thebelum — also been observed in
other brain regions. The NO-cGMP pathway has beepgsed to be involved in LTP
in the hippocampus, cerebral cortex, cerebellumygaiala, and the spinal cord, as
well as in LTD in the cerebellum and the striatdrhere has been much controversy
in the vast research field of NO in synaptic plastj but one well-accepted
hypothesis is that NO may act pre- and/or postsyeally. This section will outline
features of NO in LTP and LTD in the light of thgopocampus and the cerebellum

respectively.
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NOandLTP

The involvement of NO in LTP has been extensivalyded at the Schaffer
collateral/CA1l synapse in the hippocampus. Follgwihe establishment that this
involved postsynaptic NMDA receptors, in combinatiwith NO’s properties (i.e.
association with NMDA receptor activation and dsftility), NO became implicated
in a scheme where NMDA receptor-mediated‘Gaflux activates nNOS leading to
postsynaptic NO formation, which then diffuses asteograde messenger across the
synaptic cleft to activate its receptor in the gregptic terminal, ultimately thought to
converge on changes in neurotransmitter releasehi@ite & Boulton, 1995).

Initial evidence showing that NO can augment nearsmitter release came
from experiments on cultured hippocampal neuromslirig that a low nanomolar
concentration of exogenous NO increases the freyueh spontaneous miniature
EPSPs, while bath application of the membrane-impable haemoglobin to
scavenge NO, or postsynaptic injection of a NOSbibdr, prevented LTP (O’Delét
al., 1991). A number of subsequent studies have stggbdhe proposition that
presynaptic NO signalling involves N@ receptor activation, cGMP accumulation,
and PKG activation. Evidence supporting a presyodptalisation of the cGMP
response came from studies on NMDA receptor-depend&P between pairs of
cultured hippocampal pyramidal neurons, finding thgection of cGMP only into the
presynaptic neuron is sufficient to facilitate aitji-dependent LTP alongside an
increase in miniature EPSPs, while inhibition of ddQeceptors or PKG prevented
the induction of LTP (Aranciet al., 1995). This paralleled further experiments, using
the same preparation, showing that tetanus-evok@di& prevented by injection of a
NO scavenger into pre- or postsynaptic neurons,lewhinder conditions of
simultaneous NO application and tetanic stimulatibpe LTP was only prevented
when the scavenger was injected into the presynagtiron. Additionally, tetanus-
induced LTP was prevented upon injection of a N@IShitor into the postsynaptic
neuron, but not the presynaptic neuron (Araneioal., 1996). A predominant
involvement of PKG in presynaptic signalling wasstfi proposed based on the
detection of PKGI in presynaptic terminals, demmatisd to co-localise with the
vesicle protein synaptophysin (Aranceb al., 2001). Studying NMDA receptor-
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dependent LTP between pairs of cultured hippocanmgairons, the same study
reinforced the concept of presynaptic NO-cGMP digmavia PKG based on the
observation that injection of purified PK&lprotein or a PKG inhibitor into the
presynaptic neuron respectively facilitates or prdg LTP induced by a weak
tetanus. At odds with these findings are resutimfistudies in hippocampus-specific
PKGI knockout mice, reporting not only normal LTiPjuvenile animals (4-6 weeks)
and reduced LTP in older animals (12 weeks), bsb atormal hippocampus-
dependent learning of the older mice in contexfigalr conditioning and spatial
learning in a water maze (Kleppisetal., 2003).

There are a number of mechanisms suggested toliend&-mediated modulation of
transmitter release, including changes in the nafdeesicle fusion, the number of
vesicles released in response to afferent stinmmatand vesicle recycling. PKG
targets suggested to link the cGMP signal to vesitiinction include the
C&*/calmodulin-dependent protein kinase Il (CaMKIIdahe vasodilator-stimulated
phosphoprotein (VASP). The possible presynapticction of CaMKIl in this
scenario was provided by a study in cultured hippgeal neurons, demonstrating
that presynaptic injection of a membrane-impermeabaMKII inhibitor peptide
prevented LTP in response to weak tetanic stimaatglutamate, an NO donor, or
PKG activator, while presynaptic injection of CaMKiself paired with tetanic
stimulation evoked LTP in the presence of a NOSP&G inhibitor (Ninan &
Arancio, 2004). However, this is at great odds witstudy investigating hippocampal
slices from mutant mice lacking the dominant CaMMllisoform selectively in
presynaptic CA3 neurons of the Schaffer collatpethway, reporting an inhibitory
rather than stimulatory function of CaMKII in adtirdependent transmitter release
(Hindset al., 2003).

It is suggested that activity-dependent potentmatie accompanied by
cytoskeletal changes at the presynaptic site, csimpgra rapid increase in clusters of
the vesicular proteins synaptophysin and synapginionovaet al., 2001; Wangt
al., 2005). In these latter studies, at synapses leetyairs of cultured hippocampal
neurons, application of glutamate was shown to ¢edNO-dependent clustering of
both pre- and postsynaptic proteins. A regulataaatin dynamics, namely VASP, has
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been implicated as a downstream target of cGMP-BI§Balling, suggested to be a
critical component in activity-dependent changedramsmitter release. It has been
found in cultured hippocampal neurons that VASPeappto be an endogenous PKG-
substrate and that PKG-dependent VASP-Ser-239 pbogdgtion is important in the
induction of LTP, all necessary components (i.e ciN@ceptors, PKGI, and VASP)
being expressed in presynaptic terminals (Aramrtial., 2001; Wangget al., 2005).
Finally, a different set of work in cultured hip@oapal neurons that monitored exo-
and endocytosis in the neurons by means of fluerescimaging suggested that NO
promotes synaptic vesicle recycling in an actidgpendent manner, the NMDA
receptor-dependent production of NO acceleratingcle endocytosis in a cGMP-
dependent manner (Micheetal., 2001; Micheveet al., 2003).

There is also evidence suggesting routes for emthiansmitter release
independent of PKG. Experiments on cone/horizomi@l synapses in culture
indicated that exocytosis can also be triggered®WP-evoked C3 influx through
CNG channels (Savchenket al., 1997). CNG channels are expressed in the
hippocampus in cell bodies and processes of CA1GA8 neurons, and therefore
they may serve as transducers that link activifyetelent generation of cGMP in the
presynaptic terminal to increases in transmitterase (Kingstomt al., 1996; Bradley
et al.,, 1997). In support of this latter notion is thading of reduced LTP in the
Schaffer collateral pathway recorded in hippocanstiaks from mice with disrupted
CNG channels (Parestal., 1998).

In addition to its presynaptic action, NO may alsct postsynaptically. While
postsynaptic NMDA receptor activation requires giaate release into the synaptic
cleft and membrane depolarisation in order to biewed of their Mg* block, fast
excitatory transmission in the CNS is mediated BJPR receptors. It has emerged
that activity-regulated AMPA receptor traffickingpresents an additional mechanism
for the modification of synaptic strength. Initiavidence came from studies in
cultured hippocampal neurons, reporting an increasthe amplitude of EPSPs in
response to brief applications of glutamate, assediwith an increase in the number
of postsynaptic protein clusters containing the Falusubunit of AMPA receptors
(Antonovaet al., 2001), which was later demonstrated to be rejplécapon exposure
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to a cGMP analogue and dependent on PKG (W), 2005). A recent study in
cultured hippocampal neurons and adult mouse hgppal slices suggested that
cGMP regulates AMPA receptor trafficking and sulbucomposition via PKGII
(Serulleet al., 2007). These authors reported PKGIl and GluRtddocalise and
interact in a cGMP-dependent manner, resultingpénpgthosphorylation of the Ser-845
residue of the GIuRlI, ultimately leading to an sa&se of AMPA receptor surface
expression at extrasynaptic sites. Impediment osphorylation by mutating the Ser-
845 residue prevented the surface increase. Semdecolleagues (2007) found the
increase in AMPA receptors and the associated eeinaent in synaptic strength to
occur in response to exogenous NO as well as NM&sptor activation in a NOS-,
NOgc receptor-, and PKG-dependent manner. Also, adudilip to the data obtained
in cultured neurons, the authors demonstrated actiedh in LTP in slices upon
PKGII inhibition by a PKGII inhibitor peptide.

There is also evidence in terms of postsynapticd8MP actions regarding
the regulation of gene expression. It has beenrtegdhat transcription via cCAMP-
response-element-binding protein (CREB) can bevatetil in a NO-cGMP-dependent
manner in the hippocampus (lat al., 1999; Lu & Hawkins, 2002; Chiegt al.,
2003). These studies, employing protein analysisnlegns of Western blotting and
immunofluorescence in slice preparations, showadl @REB in postsynaptic CA1
cell somata is phosphorylated via the NO-cGMP-PK&hway. The complete
signalling cascade for cGMP-mediated activation OGREB-regulated gene
transcription remains to be clarified, but a medmninvolving C&" release from
ryanodine-sensitive stores has been proposed (lagkins, 2002). Additionally,
the possibility has been put forward that the ctigmidecline in Alzheimer’'s disease
might, at least partially, result from inhibitionf dippocampal cGMP-CREB-
interaction by amyloid? peptide (Puzzet al., 2005). Puzzo and co-workers found in
their experiments on hippocampal slices that appba of low micromolar NO donor
concentrations, a cGMP analogue, or an allostefdgd\receptor activator, protects
against the impairment of LTP that is caused byosype to amyloid® in a PKG-
dependent manner. Additionally, the authors demmatest that amyloig® prevents
tetanus-induced phosphorylation of CREB in CAl aimata, which could be
rescued by NO in a cGMP-dependent manner, as wellyaPKG activation, the
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amyloid{f3 possibly directly interfering with the NO-cGMP patay as it prevented

tetanus-evoked cGMP elevation.

Investigations using genetic approaches to studyrniportance of endogenous NO in
LTP have yielded incoherent results. For exampleeracking eNOS or nNOS were
demonstrated to exhibit normal hippocampal LTP,leviiouble knockouts lacking
both NOS isoforms showed impaired LTP in the stratadiatum containing CA1l
pyramidal apical dendrite/CA3 axon synapses witlyrss anatomical abnormalities
and the reduction in LTP being quantitatively sanifo that observed upon exposure
to a broad-spectrum NOS inhibitor in wild-type m{&»onet al., 1996). Others found
impaired LTP in eNOS knockouts (Kanter al., 1996; Wilsonet al., 1999). An
important role of eNOS was suggested as disrughirgocalisation of eNOS to the
cell membrane impaired LTP, which could be overcdmgeexpressing a chimeric
form of the eNOS constitutively targeted to thd ceémbrane (Kantoet al., 1996).
Complications may arise in NNOS knockouts due &upregulation of active splice
variants of the enzyme (Eliassehal., 1997; and see above). In eNOS knockout
mice, disruptions in other second messenger pathwey make data interpretation
difficult, as indicated by studies of the mossyrdilsynapse in the dentate gyrus
(Doreuleeet al., 2001). On the other hand, there is the implicativat endogenous
NO generated from both nNOS and eNOS play theit patL, TP. NO appears to
function not only as an acute signalling molechuiat is evoked during the triggering
of LTP, but also a tonic one (Bon & Garthwaite, 2DRecently, it has been revealed
that LTP induction at the Schaffer collateral/CAhapse requires both a tonic, low
level eNOS-derived NO as well as activity-evokedagibh nNOS-generated NO
(Hopper & Garthwaite, 2006). However, the preciskes of these two distinct NO
signals remain to be uncovered.

Recent studies using genetic approaches have gored the endogenous
pathway at the level of N& receptors. Mice lacking either tlog or a, subunit of
the NQsc receptor were shown to have reduced LTP in visodical slices, which
could be restored in both strains by exposure ¢&®IP analogue (Haghikiet al.,
2007). Also hippocampal LTP, recorded in slicesrfrmice lacking either tha; or
0, subunit of the NQc receptor, is abolished in both knockout strainag@igehet
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al., 2009). Tagatgeh and colleagues (2009) also pedviddication for a presynaptic
role of theai3; isoform of the NQ@c receptor in neurotransmitter release, observing

increased paired-pulse ratios in mice lackingaheubunit.

NOandLTD

LTD has been best characterised in the cerebellvimare the large dendritic tree of
an individual Purkinje cell in the molecular layef the cerebellar cortex receives
excitatory inputs from a single climbing fibre antany parallel fibres originating

from the granule cells in the granular layer. Tiisn of plasticity is evoked when the
parallel fibres are repeatedly activated simultaisgo with the climbing fibre that

converges onto the same Purkinje neuron, leadin@pstsynaptic Ca rises, and is

thought to underlie specific forms of motor leamisuch as adaptation of the
vestibulo-ocular reflex, which keeps images stable the retina during head
movements (Ito, 2001).

A string of studies have implicated NO-cGMP sigimgl in this process. The
prevention of LTD induction was demonstrated inebetlar slices upon NOS or
NOgc receptor inhibition, substituting NO or applyin@MP analogues restoring it
(Boxall & Garthwaite, 1996; Lev-Ramt al., 1997). Here, NO is thought to act as an
anterograde messenger that is produced upon reeetttivity-evoked NMDA
receptor activation on presynaptic parallel fibmas liberated from interneurons
(Casadcet al., 2002; Shin & Linden, 2005), and then evokes postgtic LTD via
stimulating a cGMP-dependent signalling pathwaghm postsynaptic cell (Boxall &
Garthwaite, 1996; Ito, 2001). As mentioned earlirrkinje cells are rich in PK@G]
and it is this downstream effector of cGMP thatthsught to play a key role in
cerebellar LTD. Inhibition of PKG was shown to inmp&TD in cerebellar slices
(Hartell, 1994; Lev-Ranet al., 1997), which was consistent with the later firgihat
mice with a Purkinje neuron-specific disruptiontbé PKGI gene exhibit abolished
LTD recorded in acute slice preparations (Fetilal., 2003). Additionally, these
mutants were found to show marked deficits in tadaptation of the vestibulo-ocular

reflex, while exhibiting normal general motor perfance as assessed by foot print
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patterns and the runway tests. The possibilityhisf $pecific phenotype arising due to
structural or physiological abnormalities has bemred out based on the
demonstration that the Purkinje neurons in thestantsi have normal climbing fibre
innervations as revealed by normal dendriti¢*Gagnals in the Purkinje cells upon
climbing fibre stimulation, without any notable mpbological changes of the

cerebellar cortex in general (Feilal., 2003).

Reciprocally to what has been suggested in LTR,TID the rapid internalisation of
AMPA receptors has been proposed to contributbdcekpression of cerebellar LTD
(Wang & Linden, 2000). LTD induction is thought ttmprise an increase in
postsynaptic endocytosis of GluR2-containing AMP&captors, a process that is
proposed to involve phosphorylation of the Ser-&3ldue of the GIuR2 by protein
kinase C (Wang & Linden, 2000; Chuegal., 2003). A central role of the GIuR2
subunit in this respect was highlighted by the ifigdthat LTD is absent in cultured
cerebellar Purkinje neurons from mice lacking tAMPA receptor subunit, which
could, however, be rescued by transiently transfgdhe cells with the wild-type
GluR2 subunit (Chunget al., 2003). An alternative mechanism suggested for
enhanced AMPA receptor phosphorylation and consequemoval from the
postsynaptic membrane is reduced phosphatasetac@arebellar Purkinje cells are
rich in the PKG-target protein G-substrate, whiglaiphosphatase inhibitor (Dette
al., 1984; Hallet al., 1999; Endcet al., 1999). Phosphorylation of G-substrate via the
cGMP-PKGI cascade has been shown to suppress tiatyaof the protein
phosphatases 1C and 2A (Hetllal., 1999), inhibition of the latter having been found
to lead to enhanced AMPA-GIuR2 phosphorylationuftuwed cerebellar neurons, in
turn causing endocytosis of the receptors and emtiggnaptic currents in a manner
that occludes subsequent induction of LTD (Lauetegl., 2004).
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1.6 GENERAL AIMSOF THISWORK

Previous data obtained in the optic nerve poinveal potential mechanism of vasculo-
neuronal communication involving eNOS (Garthwadtel., 2006). The aim was to
further test the involvement of eNOS and to ingzde the underlying mechanism for
the maintenance of tonic NO synthesis in the rétaoperve, assessing the role of the
P13 kinase-Akt pathway, which is thought to be ofh¢he key mechanisms for tonic
eNOS stimulation. Previous work has indicated toeMOS-derived NO to be a
requisite for LTP induction in the hippocampus (Hep & Garthwaite, 2006). The
subsequent aim was to determine if blood vessalemecommunication may be more
widespread, investigating further if a PI3 kinaspehdent mechanism also accounts
for basal NO production in the rat hippocampus.

Taking advantage of the now available pharmacosdgmols, the following
objective was to re-investigate the targets for MOthe hippocampus based on
inconsistencies regarding N@receptor expressioversus cGMP accumulation and
functional implications in this brain region.

The lack of information about endogenous NO and EGdgnals is a major
deficit in the current understanding of this si¢ingl pathway. A final objective of the
present work was to begin to analyse NO transdugticcells in real-time combined
with steady-state delivery of NO at physiologicaincentrations, using a newly
developed fluorescent cGMP sensor (Naugtchl., 2008) transfected into cell lines

expressing various levels the N§receptor and phosphodiesterase.
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CHAPTER 2

General materials and methods
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2.1 MATERIALS

2.1.1 Reagents

Pharmacological agents

Table 2.1: Overview of pharmacological compounds utilised

Compound Abbreviation Action Solubility Source
Acetylcholine chloride ACh Cholinergic agonist 10 n8¥bck in Sigma
dH,0

D-(-)-2-Amino-5- D-AP5 NMDA receptor 20 mM Stock in Tocris

phosphonopentanoic acid antagonist dH,O

(2)-1-[N-(3-Ammoniopropyl)- PAPA/NO NO donor 10 mM Stock in Axxora

N-(n-propyl)-amino]/NO 10 mM NaOH

[R-(R*,S*)]-5-(6,8-Dihydro-8- Bicuculline GABA, receptor 100 mM Stock in Tocris

oxofuro[3,4-e]-1,3-benzodioxol- antagonist DMSO

6-yl)-5,6,7,8-tetrahydro-6,6-

dimethyl-1,3-dioxolo[4,5-

glisoquinolinium chloride

Bradykinin acetate BK Bradykinin receptor | 1 mM Stock in dHO | Sigma
agonist

Cadmium sulfate 8/3-hydrate €d Non-selective Cd 20 mM Stock in Sigma
channel blocker dH,O

2-(4-Carboxyphenyl)-4,4,5,5- | CPTIO NO scavenger 100 mM Stock in | Axxora

tetramethylimidazoline-1-oxyl- dH,O

3-oxide . potassium salt

(2S)-3-[[(1S)-1-(3,4- CGP 55845 GABA receptor 10 mM Stock in Tocris

Dichlorophenyl)ethyllamino-2- antagonist DMSO

hydro

xypropyl](phenylmethyl)phosph

nic acid

6-Cyano-7-nitrogquinoxaline-2,3{ CNQX AMPA/Kainate 10 mM Stock in Tocris

dione receptor antagonist DMSO

2-(N,N-Diethylamino)- DEA/NO NO donor 10 mM Stock in Axxora

diazenolate-2-oxide
diethylammonium salt

10 mM NaOH
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[2-(3,4-dimethoxybenzyl)-7- BAY 60-7550 PDEZ2 inhibitor 1 mM Stock in Axxora
[(1R)-1-[(1R)-1-hydroxyethyl]- DMSO
4-phenylbutyl]-5-
methylimidazo[5,1-
f][1,2,4]triazin-4(3H)-one
4-Ethylphenyl-amino-1,2- ZD 7288 HCN channel blocker 10 mM Stock in Tocris
dimethyl-6- dH,O
methylaminopyrimidinium
chloride
Forskolin - AC activator 10 mM Stock in Tocris
DMSO
Gadolinium(lll) chloride Gd® TRP channel blocker 10 mM Stock in Sigma
hexahydrate DMSO
HOE-140 - Bradykinin Breceptor | 1 mM Stock in dHO | Sigma
antagonist
1-Hydroxy-2-0x0-3-(N-ethyl-2- | NOC-12 NO donor 10 mM Stock in Axxora
aminoethyl)-3-ethyl-1-triazene 10 mM NaOH
3-Isobutyl-1-methylxanthine IBMX Non-selective PDE 1 mM final Sigma
inhibitor concentration
(except PDE 9) dissolved in aCSF
Lanthanum(lll) chloride La>* TRP channel blocker 20 mM Stock in Sigma
heptahydrate DMSO
N-Methyl-D-aspartic acid NMDA NMDA receptor agonist10 mM Stock in Tocris
dH,O
NC-Monomethyl-L-arginine L-MeArg Non-selective NOS 10 mM Stock in Tocris
acetate inhibitor dH,O
2-(4-Morpholinyl)-8-phenyl-4H- | LY 294002 PI3K inhibitor 20 mM Stock in Tocris
1lbenzopyran-4-one DMSO
hydrochloride
NC-Nitro-L-arginine L-NNA Non-selective NOS 10 mM Stock in 10 | Tocris
inhibitor mM HCI
1H-[1,2,4]Oxadiazolo[4,3- oDQ NQscreceptor inhibitor | 10 mM Stock in Sigma
a]quinoxalin-1-one DMSO
Phenylmethanesulphonylfluoride PMSF Protease inhibitor 100x Stock made i
or phenylmethylsulphonyl DMSO
fluoride
N-Propyl-L-arginine NPA nNOS inhibitor 10 mM Stoirk Axoora
DMSO
SKF 96365 hydrochloride - TRP channel blocker 10 Biigck in Tocris
dH,0
Superoxide dismutase (from SOD Catalyses the 100K U/ml Stock in | Sigma

bovine erythrocytes)

dismutation of

dHO
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superoxide radicals to
hydrogen peroxide and

molecular oxygen

Tetrodotoxin TTX N4 channel blocker Soluble in acetic acjd Latoxan

Uric acid - Endogenous 30 mM Stock in Sigma

antioxidant; converts 60 mM NaOH

NO, into NO,
Vinyl-N-5-(1-imino-3-butenyl)- | L-VNIO nNOS inhibitor 10 mM Stock in Axxora
L-ornithine dH,O
Wortmannin - PI3K inhibitor 1 mM Stock in Sigma
DMSO
Other reagents
Table 2.2: Overview of other reagents used
Compound Abbreviation Source
Bicinchoninic acid Protein assay kit BCA kit Perbio
Bovine serum albumin (fraction V) BSA Sigma
Cyclic adenosine monophosphate)( *H-cAMP kit GEHealth-
biotrak assay care
Chromium potassium sulfate - Sigma
3,3’-Diaminobenzadine tablets DAB Sigma
Dimethyldichlorosilane solution (for coating DMDS Sigma
Dimethyl sulfoxide DMSO Sigma
Donkey serum - Chemicon
DPX mounting medium - VWR
Dulbecco’s Modified Eagle Medium (1x), DMEM, high glucose Invitrogen
High Glucose
Dulbecco’s Phosphate Buffered Saline (1x D-PBS Invitrogen
Ethylenediaminetetraacetic acid disodium EDTA Sigma
Ethylene glycol-bis(2-aminoethylether)- EGTA Sigma
N,N,N’,N’-tetra-acetic acid
Foetal Bovine Serum (Heat inactivated) FBS Invitrogen
Gelatine powder (for coating) Gelatine Sigma
Geneticin Selective Antibiotic (G-418 G-418 Invitrogen
Sulfate)
v-Globulins bovine blood v-Glob Sigma
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Glycine - Sigma
Hygromycin B - Invitrogen
Hydrogen peroxide 0, Sigma
Magermilchpulver (dried milk) - VWR
MEM Non Essential Amino Acids MEM-NEAAs Invitrogen
OCT embedding medium OCT Lamb
Paraformaldehyde PFA Sigma
Peroxidase suppressor PS Perbio
Poly-D-Lysine PDL Sigma
Sodium bisulfite - Sigma
Sodium dodecyl sulphate SDS VWR
Tris-hydrochloric acid Tris-HCI Calbio-
chem
Tritiated cyclic guanosine monophosphate | *H-cGMP Amers-ham
(GEHealthc
are)
Trizma base Tris base Sigma
Triton X-100 Triton Sigma
Trypsin, 0.05% with EDTA Trypsin Invitrogen
Tween 20 Tween Sigma
Vectashield mounting medium with 4’,6'- DAPI Vector
diamidino-2-phenylindole
Vectastain Elite ABC complex ABC reagent Vector
Zeocin Selection Reagent Zeocin Invitrogen

Note: All standard reagents (including salts used foBa@nd other solutions) were

obtained from BDH (VWR) unless otherwise stated.

Antibodies

Table 2.3: Overview of antibodies:

Primary Antibodies

Antigen Host Dilution Source
cGMP Sheep 1:40000 Gift from Dr. J. de Vente
(Maastrich, Netherlands)
CNPase Mouse 1:2000 Chemicon
eNOS Mouse 1:200 Transduction
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GCp1 Rabbit 1:500 Cayman
GFAP Rabbit 1:1000 Chemicon
NeuN Mouse 1:1200 Chemicon
NF 200 Mouse 1:500 Chemicon
nNOS Rabbit 1:500 Zymed
eNOS (for Western blot) Rabbit 1:1000 BD Biosciences
Phospho-eNOS (Ser1179) | Rabbit 1:2000 New England Biolabs
(for Western blot)
Secondary Antibodies
Antigen Host Tag Dilution Source

Mouse Donkey Alexa 594 1:600 Invitrogen
Rabbit Donkey Alexa 594 1:1500 Invitrogen
Rabbit Donkey Biotin 1:200 Chemicon
Sheep Donkey Alexa 488 1:1000 Invitrogen
Rabbit Goat Horseradish 1:25000 Perbio
(for Western blot) peroxidase

conjugated

Suppliers key

Axxora
Calbiochem
Cayman

Chemicon

GEHealthcare

Invitrogen
Lamb

Latoxan

New England Biolabs

Perbio
Sigma
Tocris

Transduction

Axxora Ltd (Alexis Biochemicals), Nottingm, UK
Calbiochem (Merck Chemicals Ltd), Magfham, UK
IDS Ltd (Cayman Chemical), Tyne & Wear, UK
Chemicon Europe Ltd, Hampshire, UK
GE Healthcare (Amersham Biosciergks, UK
Invitrogen Ltd, Paisley, UK
Raymond A Lamb Ltd, Eastbourne, UK
Latoxan Laboratories, Rosans, France
New England Biolabs (Cell siging technology, Inc.)
3 Trask Lane, Danvers, MA 01923, USA
Perbio Science UK Ltd, Northumberland, UK
Sigma-Aldrich Company Ltd, Poole, Dor&#,
Tocris Cooksen Ltd, Avonmouth, BristoKU
BD Transduction Laboratories (BD Biesces),
Oxford, UK
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Vector Vector Labs Ltd, Peterborough UK
VWR VWR International, Dorset, UK
Zymed Zymed Laboratories Inc, San Francisco, G3A

2.1.2 NO donors

Stock solutions at 10 mM were prepared freshly edah of experimentation in 10

mM NaOH, and kept on ice until use. The NO donasduare members of the 1-
substituted diazen-1-ium-1,2-diolate (NONOate) €la$ compounds that generate
authentic NO at predictable rates (Kee@tral., 1996). These compounds have
different half-lives and were chosen accordinghe timeframe requirements of the

experiment.

Table 2.4: NO donor compounds

Donor Structure Half-life (pl 7.4; 37°C)
PAPA/NONOate 15 mins
=0
OHNJN
i !
T S MCH
DEA/NONOate 2 mins
-0
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NOC-12 100 mins

2.2 GENERAL SOLUTIONS

2.2.1 Atrtificial cerebral spinal fluid (aCSF)

Was composed of the following (in mM): NaCl (12®CI (2.0), MgSQ 7H,0
(2.19), NaHCQ (26.0), KHPQO, (1.18), CaCl (2.0) and glucose (11.0); the aCSF was
equilibrated with 95% @/ 5% CQ; pH (37°C) = 7.4.

2.2.2 Reagents used in cGMP radioimmunoassay

Inactivation buffer

Was composed of Tris-HCI (50 mM) and EDTA disodigadt (4 mM); pH was
adjusted to 7.4 (solution kept at 4°C).

cGMP Standard stock solution (80 nM)

Stocks of 80 uM cGMP (sodium salt) were preparedhattivation buffer (aliquots
were kept at -20 °C); for a working solution the 8@ stock was diluted 1: 1000 in
inactivation buffer to give a 80 nM cGMP solutidkept at 4°C) which was used to
prepare the standards (standards were diluted dmwnthe 80 nM stock solution in

inactivation buffer).
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cGMP blank

Cyclic GMP at 10 uM was prepared in inactivatiorffbu(aliquots were kept at
-20°C and working stock was kept at 4°C).

[*H]-cGMP solution

Stock solutions, later diluted in inactivation karff were prepared by diluting the
original PH]-cGMP supply 1: 1000 in 50% ethanol (aliquots evkept at -20°C).

cGMP antibody (raised in rabbit; made by Giti Garthwaite)

Antibody (freeze-dried kept at -80°C; reconstitutied dH,O) was prepared in
inactivation buffer containing-globulin (132 mg per 17.5 ml inactivation bufféoy
precipitation purposes).

Ammonium sulphate solution ([NHy].SO;; saturated)

One litre of dHO to 390 g ammonium sulphate; stored at 4°C.

2.2.3 Solutions used for immunohistochemistry

Phosphate buffer (PB)

Stock ‘A’ and stock ‘B’ solutions were prepared; ‘@ontained 31.2 g NajPO, . 2
H,O dissolved in 1 L dkD; ‘B’ contained 35.6 g N&lPO, . 2 HO dissolved in 1 L
dH,0; a 0.2 M stock of PB solution was prepared ad@agnl of ‘A’ to 405 ml of
‘B’; pH was adjusted to 7.4; a 0.1 M stock of PBusion was prepared diluting the
0.2 M PB solution 1: 2 in d}O.

103



2 GeEnEral nnaierielsainel mneinoels

Tris-buffered saline (TBS)

5.85 g of Tris base (Trizma) was dissolved in 230k,O; 3.4 ml HCI (37%) was
added to 200 ml d¥D; 250 ml Tris solution, 192 ml HCI solution and@8.g added
NaCl were combined and topped up to a final volwhd L with dHO; pH was
adjusted to 7.4.

Tris-buffered saline with Triton (TBST)

TBS with added Triton at 0.1%.

Paraformaldehyde (PFA) fixative (in 0.1 M PB)

To make 4% or 1% fixative, 4 g or 1 g PFA were attte40 ml dHO; heated with
stirrer to 65°C; added 1-2 drops of 5 M NaOH toacléhe solution (filtered if
necessary); allowed to cool and made up to 50 il di,O; added 50 ml of 0.2 M
PB solution to final volume of 100 ml; adjusted piH7.4 (stored at 4°C; never kept
for longer than a week).

Sucrose solutions

Prepared in 0.1 M PB.

Coating slides for immunohistochemistry

Dissolved 5 g of gelatine in 1 L of hot g8 let cool while continuously stirring;

added 0.5 g chromium potassium sulphate; dippdeskeveral times in the solution;
drained and let dry in a dust free warm oven (3730
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2.2.4 Extracellular solutions used for the imagig experiments

Imaging buffer

Was composed of the following (in mM): NaCl (13&¢CI (2.0), MgSQ (1.19),
KH,PO, (1.18), CaCl (1.5) and glucose (5.5), HEPES (10); the pH wgssaed to
7.4 at 37°C by adding 5 M NaOH solution (1-1.5 mihe osmolality was adjusted to
285 mOsm (% 2).

Clamp buffer

To achieve a constant concentration of NO overvargperiod of time (Griffithset
al., 2003), the following was added to the imagingfé&ufCPTIO (100 uM), SOD
(200 U/ml) and uric acid (300 uM). The broad-spattrNOS inhibitor L-NNA (30
KM) was added to inhibit any endogenous NO prodacilo complete the attainment
of a clamped NO profile, an NO donor with a londffie was chosen (in this case

NOC-12; see below).

2.2.5 Solutions used for Western blotting

SDS PAGE buffer (“Running buffer”)

In a final volume of 1 L dissolved: 3 g Tris-badd, g glycine and 1 g SDS in dg;

stored at room temperature.

Transfer buffer (“Blotting buffer”)

In a final volume of 2 L dissolved: 12 g Tris-bas®l 56 g glycine. Dissolved these in
just under 2 L of dkD and add 50 ml methanol. Removed 500 ml to a fioesthe for

gel treatments and stored the remainder at 4°Ge:No$ buffer was used for soaking

the polyvinylidene fluoride (PVDF) membrane, spagessembling cassettes.
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Equilibration buffer

For each gel to be shaken, took 100 ml of trartsféfier and added 0.5 ml triton and

100 pl of antioxidant (see below).

1000x Antioxidant

Prepared a 10% solution of N'N’-dimethylformamid&\F) in 5 ml dH0O; dissolved

1 g of sodium bisulfite in this solution. Frozenlinml aliquots and kept one working
tube at 4°C.

10x TBS (diluted to 1x TBS for use)

In a final volume of 1 L dissolved: 24 g Tris-bamed 88 g NaCl in dkO. Added

approximately 16.5 ml of concentrated HCI for pia-7.4 (adjusted if necessary).

TBS with detergents (“Washing buffer”)

To 500 ml of 1x TBS added 1 ml of 10% Triton an8l &l of 10% Tween. Notefhis
solution was used to wash the membranes in blogxpgriments following antibody

incubations and in some instances also to dilutibedies.

Blocking and antibody dilution buffers

5% milk dissolved in 1x TBS were used to block thembranes to prevent non-
specific background binding of the antibodies. Pphenary antibodies were diluted to
their final concentration in 1x TBS containing 5968 and 0.075% Tween. The
secondary antibody was diluted to its final concaidn in 1x TBS containing 5%
milk and 0.05% Tween.
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2.3 METHODS

2.3.1 Protein measurement

Following homogenisation of the tissue by means sohication, the protein
concentrations of each sample were determined Ilypadson to bovine serum
albumin (BSA) standards using the BCA Protein Ask#ty which is based on the
reduction of C" to Cu' in the presence of protein under alkaline condgidriefly,

10 ul of sample or BSA standards (0-100 pg/ml mgnéom a 1 mg/ml BSA stock;
all prepared in inactivation buffer) in triplicatess dispensed into a 96-well plate to
which 200 ul of the BCA reagent was added. Theeplatere incubated for 30 min at
37°C, allowed to cool to room temperature followsdmeasuring the absorbance at
562 nm using a Spectra Max 250 spectrometer (Mdecievices, California, USA).
The absorbance over the standard concentratiore rerag linear, from which the
unknown protein content of the samples was caledlathe remainder of the samples
was centrifuged at 800 rpm for 10 min at 4°C tdgte¢he debris, the supernatant used
for cGMP quantification by means of radioimmunogsésee below). Samples not

assayed immediately were kept at -20°C.

2.3.2 Quantitative evaluation of cGMP accumulatio —

radioimmunoassay (RIA)

The principle of RIA is based on competitive birglino an antibody raised
specifically for cGMP. The test tube will containfized quantity of tritium {H)-
labelled cGMP, a fixed amount of antibody for cGMRd an aliquot of unlabelled
cGMP (in this case the supernatant form the tissuspension). The two cGMP
‘species’ will compete for the binding to the aniily and the more cGMP the tissue
sample contains the less radioactively labelled &GMIl be bound to the antibody,
which appears as a lower dpm count when readingsdingples in the scintillation
counter (andice versa). The abbreviation ‘dpm’ stands for disintegraigrer minute
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and is the measure for the number of atoms in atgyaf radioactivity that decay

per minute. Below is an overview of the RIA procedu
RIA procedure in detail

Sandard curve:

Standards were tested in duplicates (18 microfubged required). To 6 (‘A-F’) tubes
250 ul inactivation buffer were added. To tube Z80 ul of cGMP standard stock
solution was added. From tube ‘A’ it was doublaititi down to tube ‘F’ (i.e. 250 pl
from ‘A’ to ‘B’ containing 250 pl inactivation buér, 250 pl from tube ‘B’ to ‘C’

containing 250 pl inactivation buffer, etc). Thexies of dilutions gave the following

amounts of cGMP (pmol/assay tube):

‘A’ =4 pmol
‘B’= 2 pmol
‘C’'=1pmol
‘D’=0.5 pmol
‘E’ = 0.25 pmol
‘F' =0.125 pmol

Tubes 1 + 2 contained inactivation buffer only,dsid5 + 16 contained the 80 nM
cGMP standard stock solution (giving 8 pmol cGMB#&stube) and tubes 17 + 18
contained the cGMP blank. The tubes in betweenagoed the standard dilutions in

ascending order, producing a sigmoidal standardec{see below).

The following quantities were added to the microfuge tubes:

Unknown Sample / Standard (ul) [BH]-cGMP (ul) Rabbi-anti-cGMP (ul)

100 50 50
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Samples were incubated at 4°C, placed on ice foinanum of 2 hours or left under

these conditions overnight.
Protocol following incubation period:

Ammonium sulphate solution (1 ml) was added to eadie to precipitate the
antibody-bound complex and left for 5 min on icelldwed by centrifugation at
12500 rpm for 5 min at 4°C to pellet the antibodyHd complex. The supernatant
was removed by vacuum suction to separate theaaytibound complex from the
unbound cGMP and 1 ml of dB was added to each tube to dissolve the pellit (le
for 20-30 min or until dissolved). A volume of 0.8 was transferred to scintillation
vials containing 5 ml scintillant. Vials were shakgigorously to mix well and
counted for 5 min per vial using a scintillationuoter (LS6500 <*'Cs; Beckman

Coulter Ltd).
RIA analysis

The radioactivity in each sample is determined iagikgrations per minute (dpm).
The dpm data was entered in and analysed with i@rgi 7.5 Client to obtain the
amount of cGMP in a sample given as pmol cGMP pgpnotein. First, the standard
curve data was entered, plotting the dpm coungsfasction of pmol cGMP per tube

on a logarithmic scale. The data was fitted uslgfollowing logistic function:

Al- A2
+

1+( )
XO

y= A2

Where y is dpm, Al and A2 are the mean zero cGMP top of the standard curve)
and mean blank (i.e. bottom of the standard curespectively, p is the slope (that
should approximate 1), x is pmol cGMP/assay tulexans the amount of cGMP at
which half of the displacement has occurred. BelowFig. 2.1, an example of a

typical calibration curve obtained in one of my exments is shown.
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Fig. 2.1. Typical standard curve obtained for RIA

Having obtained the values for Al, A2 angl ixis possible to calculate the amount of
cGMP in pmol normalised to ‘per mg tissue proteumsjng OriginPro 8. This was

achieved by the following series of steps:

» Spread sheet in Origin

* Enter dpm of unknown samples into column(A)

» Set column(B) equal to x
.e. X =%* (((A1 - A2) / (column(A) — A2))-1), where x = pphcGMP per
assay tube

* Set column(C) equal to 10 * column(B), giving thmaunt of cGMP in pmol
per mi

* Set column(D) equal to the dilution factor for eaample (e.g. 2 for 1:2
dilution, 5 for 1:5 dilution etc)

* Set column(E) equal to column(C) * column(D), giyipmol cGMP per ml of
the original sample

» Enter the concentration of protein (mg protein/afljhe brain slice that where

obtained by means of the protein assay for eaclplgamto column(F)
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Set column(G) equal to column(E)/column(F), givthg amount of cGMP in
pmol per mg of tissue protein

All data are presented as means £ SEM obtained &rommimum of three samples in
duplicates derived from three different animalsatiStical evaluation of cGMP
measurements was carried out in GraphPad InStaioveB (GraphPad Software,

Inc., San Diego, CA, USA) using ANOVA with Dunnettest, statistical significance
being accepted at P < 0.05.
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M echanism of vasculo-neuronal
communication through nitric
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3.1 INTRODUCTION

The characteristics of NO set it apart from ‘claaBi neurotransmitters.
Firstly, NO is not produced in advance or storettjigonally, it is freely diffusible
and able to cross membranes rapidly. The uniquerenaf NO is highlighted by its
ability to spread out in a three-dimensional fashiBased on these properties, NO
may act on different tissue elements within theirarrespective of anatomical
connection (Garthwaite & Boulton, 1995; Garthwa&@®8).

Central axons have been proposed as a target fofded®enteet al., 1998),
but the functional changes it induces are largelgxplored. The optic nerve provides
a good model to study white matter function asomsists solely of axons, blood
vessels, and glial cells (Waxmahal., 1991; Bolton & Butt, 2005). The NO-cGMP
pathway has been shown to play an intriguing rol¢his tissue (Garthwaitet al.,
1999a; Garthwaitest al., 1999b). Stimulation of optic nerves with NO haseb
demonstrated to induce the generation of cGMP ionsxonly (Garthwaitest al.,
1999b), followed by the finding that NO at high centrations kills axons
(Garthwaiteet al., 2002a). In association with the latter findingwias shown that
high concentrations of NO cause a biphasic dealion of optic nerve axons, the
second large phase being associated with pathalogations of NO (Garthwaitet
al., 2002a). The second phase of the depolarisatianfatand to be blocked by the
Na" channel blocker TTX, reflecting the Neependent toxicity under conditions of
impaired cellular respiration and ATP loss. In cast, the earlier small phase of the
depolarising response persisted (Garthwetital., 2002a). Based on these previous
findings, initial work (Garthwaitest al., 2006) was aimed at elucidating the cellular
mechanism through which axons depolarise in resgptima low concentration of NO.
Garthwaite et al. (2006) discovered that the deysitey response induced by low
concentrations of exogenous NO was cGMP-dependerd, that the underlying
mechanism for this voltage response involved thectimodulation of HCN channels
by cGMP, these channels being a potential downsttaeget for cGMP (see Chapter
1) and having been proposed to reside in the rat oprve previously (Engt al.,
1990; Sty=t al., 1998). Yet, more strikingly, it emerged that theras a tonic source

113



2)

3 IVlEghEiniEm of vesgulo-nEZuranzl commmmunicztion Tnrggn
nitric @siczin guiicnerve

of NO in the optic nerve that kept optic nerve axona depolarised state under basal
conditions, the endogenous NO acting through theesaechanism as exogenous NO
(Garthwaiteet al., 2006).

After setting out to identify the source of thisntauous NO release, it was
found that it was NO coming from the capillariegmpeating the optic nerve that
influences the membrane potential of optic nervenax(Garthwaiteet al., 2006).
While NO is usually considered a key player purelyterms of vascular function,
communication between neurons and vascular elemient@king place during
development, where it has been found that bloodelssend out signals via certain
growth factors to aid axonal guidance (Carmeliet&ssier-Lavigne, 2005). In terms
of vascular function, NO is able to reach undedysmooth muscle cells to raise
cGMP levels and, consequently, to induce vessatalibn in large blood vessels over
distances of several 100 um (Maréral., 1985a; Goldt al., 1990). In contrast, any
point in the brain is at most a cell diameter (26)away from a capillary (Pawliét
al., 1981), the endothelial cells of which release té@ically from the endothelial
isoform of NOS (Mitchell & Tyml, 1996). The glob&vels of NO produced may
depend on the geometrical arrangement of capiasighin the tissue (Tsoukias &
Popel, 2003), and the three-dimensional arrangewofahie capillary network around
axons would be able to deliver NO just as welltaistributes Q (Garthwaite, 2008).
Concerning the expression pattern of endothelfN@sS in the brain there have been
disagreements in the past. Previous immunohistoda¢istudies claimed eNOS to be
also expressed in some neurons (Dinermtaa., 1994) or in astrocytes (Ligt al.,
2007). However, concerning the latter, the spatyfiand credibility of the staining
has not yet been confirmed, and no astrocytic edQO%uronal (n)NOS was detected
in the rat optic nerve (Garthwaigt al., 2006). For instance in the work by Léhal.
(2007), only a very small number of structures ajpge to be positive for both eNOS
and the astrocytic marker GFAP, and, judging byrtheeire of the staining, the minor
degree of co-localisation is likely to be arisimgprh astrocytic endfeet contacting
blood vessels. Additionally, the observations madderms of eNOS residing in
neurons has been disputed (Chiah@l., 1994; Demast al., 1999) and based on

more recent evidence the general notion is acceygtetlOS being primarily located
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in endothelial cells (Seidedt al., 1997; Stanariugt al., 1997; Topelet al., 1998;

Demaset al., 1999; Blackshavet al., 2003; Charet al., 2004). Taking these aspects
and the unique characteristics of NO compared wither neurotransmitters into
consideration, the possibility of components of thascular system actively

influencing neuronal function becomes readily covedae.

3.2 AIM OVERVIEW

The overall evidence from preceding work led to tggestion that the
endothelial cells of the capillary network withimet optic nerve persistently signal to
axons, causing depolarisation by releasing NO fetN®@S (Garthwaitet al., 2006).
Although direct communication between neurons dr&\vascular system has been
implied, this has only been noted for ‘neuron-todal vessel’ rather than the opposite
way around. Fergus & Lee (1997), for example, fouimit NMDA-evoked
vasodilatation of microvessels monitored in a hggopal slice preparation is
diminished upon nNOS inhibition, implicating NO dexd from local neurons in
close apposition to blood vessels directly paréitipg in the regulation of vascular
tone. Foregoing work found expression of both nNED8 eNOS in rat optic nerves,
but a lack of INOS (Garthwaitet al., 2006). However, nNOS was only detected in
large blood vessels on the surface of the nerequintly co-localising with eNOS, as
has been observed in pial blood vessels (Setdal, 1997). This was in contrast to
the restricted and rich expression pattern of eN@®ughout the microvascular
network that runs within the optic nerve (Garthwaat al., 2006). A number of
guestions remained to be answered, which would heldurther validate the
hypothesis of blood vessels directly signallingaboons, and if it merited further
examination. Additional experimental evidence wamight to further test the
hypothesis that eNOS is indeed the chief endogesourke of NO in the optic nerve.
Moreover, the electrophysiological technique usedat a direct readout of the actual
changes in membrane potential. Hence, to furthatuate the significance of the
findings, the aim was to carry out a calibrationastimate the actual change in
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membrane potential, correlating to the DC potentietected by the extracellular
recordings. Finally, it was of interest to eluceldhe underlying cause of tonic NO
release under basal conditions. Production of N@fendothelial cells is stimulated
by a variety of factors, such as shear stress, hwhiood vessels are constantly
exposed to, as well as a number of humoral factoctyding acetylcholine, vascular
endothelial growth factor (VEGF), bradykinin, anestrogen (Dudzinsleat al., 2006).
One of the key regulatory mechanisms of eNOS agtatibasal level is thought to be
the PI3 kinase-Akt phosphorylation pathway, whi@n anediate a 15- to 20-fold
increase in eNOS activity, enabling the enzymeuttcion even at resting levels of
cytosolic C&" (Dimmeler et al., 1999; Fultonet al., 1999; Michellet al., 1999;
Dudzinskiet al., 2006). The present study aimed at investigatihgther it is this
mechanism prevailing in the rat optic nerve, thgrgbverning ongoing NO release.
The rationale for testing this is not only to felléhe mechanism upstream, but also to
obtain more evidence that would test further thggested involvement of eNOS in
the proposed scenario. Some of the data that willpkesented here have been
published in conjunction with data that originafemm preceding work (Garthwaits

al., 2006).

3.3 METHODS

3.3.1 Optic nerve preparation andn vitro maintenance

Optic nervegFig. 3.1) from 10- to 11-day-old Sprague Dawley rats weredusill
animals were purchased from Charles River UK Ltae &nimals were sacrificed by
cervical dislocation followed by decapitation agprgyed by the UK Home Office
Schedule 1 regulations. Following transection ef diptic nerves immediately behind
the eye, the cranium was cut along the hemisph&tbr@ and removed. The brain
was then gently retracted, which has the effegiulling the optic nerves through the
optic canals, and placed into pre-oxygenated, add-aCSF. Optic nerves were then

excised as a pair by severing them from the ogtiastn, leaving a small piece of
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chiasm attached, and were then separated by cuaiftomg) the midline of the chiasm.
A piece of thread was tied to the retinal end, ltowathe nerves to be physically
manipulated into the chamber. Nerves were thersfieared into a flask containing
continuously oxygenated cold aCSF, and were lefo@in temperature to recover for

at least 30-60 min before installing the tissuthimrecording chamber.

Solutions for K calibration experiments

Nerves were perfused and allowed to stabilise iBRa€omposed of the following (in
mM): NaCl (120), KCI (2.0), MgS©7H,0 (1.19), NaHC®@ (26.0), KHPO, (1.18),
CaCl (2.0) and glucose (11.0); the aCSF was equilidratiéh 95% Q / 5% CQ; pH
(37°C) = 7.4. Taking into account that the aCSRaiaed 3.18 mM K, appropriate
volumes of a 4 mM KCI stock solution were addedtlie aCSF (N replaced
isotonically with K) to expose the nerve to 15, 40, and 130 mMtKe depolarising
responses to which were recorded.

3.3.2 The grease-gap technique

Principle and method procedure

The isolated optic nerve was mounted in a threepastment grease-gap recording
chamber(Fig. 3.1), similar to the one designed and described inildeyaGarthwaite
and Batchelo(1996). The principle of the grease-gap methothésitnposition of an
extracellular resistance formed by a greased Waseparating two chambers of a
tissue bath. A voltage change in the middle chanfimbere the main body of the
nerve lies) leads to intra- and extracellular curféow. The extracellular component
of the current generates a voltage between thestdes of the barrier as it flows
across the resistance. This voltage change is oreditusing Ag/AgCI electrodes.
The observed voltage deflection corresponds taageltchanges in the population of
axons that cross the barrier, where the amplitufledepend on the quality of the
greased seal (i.e. the size of the extracellukstance). Apart from its simplicity, the
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grease-gap technique provides a number of advantagd as stable responses over
long periods of time (usually several hours) andtbwa noise level with a good
baseline stability, which allows small potentiabolges to be detected. In addition, it
is a relatively non-invasive method, therefore dig tissue damage due to

experimental procedure.

The central chamber (0.5 ml capacity) was connetctedpump, allowing continuous
perfusion with aCSF with or without test compouata rate of 1.5-2 ml/min, and the
perfusate was removed by a suction arm in the middamber. The recording bath
was separated into a three-compartment unit bypsis of Perspex slats that would
be placed on top of each other. The Perspex s$latsmould be positioned on top of
the nerve had a groove so that the nerve would@atrushed. The regions that come
into contact with the sides of the recording badh, well as the grooves of the
partitions were greased with Dow Corning High-VatuuGrease (Cole-Parmer
Instrument Company Ltd, London, UK) in order toabta good seal that provided
the resistance between the chambers. The maindfdtg nerve was contained in the
middle compartment. Once the nerve was installed, dentral compartment was
immediately perfused with aCSF and the two sidevdiers were filled with aCSF to
a suitable level but were not perfused. Nerves edtefor further recovery until a
stable recording baseline was obtained (normaltydpproximately 1 hour). The
whole chamber and the perfusates were kept at@3°€ throughout the experiments
and all perfusates were continuously equilibratéti 85% Q/ 5% CQ. Experiments
were started once a stable baseline had been ebtdPotential changes in response
to pharmacological agents were recorded using AGIAdectrodes embedded in agar
(see below) and monitored on a personal computeg uSlampex 8.0 (Molecular
Devices, Palo Alto, CA) for data collection. To ckehe stability of the recordings
and nerve viability, control responses to the N@QacPAPA/NO (1 uM) and/or K
(2-3 mM, added as KCI) were obtained before the stad after completion of each
recording. Changes in DC potential provided thedoeid of changes in membrane

potential.
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Recording
_ Electrodes

Optic
werve In Flow /

Fig. 3.1. Schematic showing the grease-gap set up

Ingredients and method for Ag/AgCI electrodes:

2 X 2 mm sockets

2 x 20 cm lengths of silver wire (AG10-W 2 m 0.25dia.; Harvard apparatus Ltd)
Rapid Araldite

2 X pipette tips (size P20/P200)

2 x 1 ml syringes

Agar

NaCl solution 0.9%

Chloriding setup (battery and NaCl solution sligtetidified with HCI)

Storage vessels for electrodes

Shorting wire (5 cm wire with 2 mm plug either end)

The silver wire was soldered to the sockets. Tworntred and bent tips were glued to
the end of the syringes with Araldite and left tt.sThe silver wires were then
cleaned with acetone and wound around a metal stigkve a spiral that would fit in

the syringes. This was followed by careful cleaniagemove grease, and coating
with chloride until the wires had turned black-realeured. Subsequently, 100 ml of

4% agar made up in 0.9% NacCl solution was heatedRgrex beaker. Once the agar
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was dissolved, it was left for a few minutes utité solution was clear and free of air
bubbles. The hot agar was sucked up into the s3sing a level that would cover the
spiral portion of the wires. With finger over thgiage tip, the spiral was inserted and
the socket pushed in firmly. When the agar hadembehough to stop it from flowing

back out, the syringes were returned to the beadaaining agar. This was then left
at 4°C allowing it to set completely before remayitne electrodes. The electrodes
were stored in 0.9% NaCl solution at 4°C. Befoegtstg an experiment the recording
electrodes were allowed to equilibrate at room terafure and returned to 4°C after
the experiment. A pair of electrodes was usualgdu®r approximately 2-3 months,

if their quality was very good. Running down of theality of the electrodes was

normally judged by drifts during the recordings amdsariable control responses in

successive experiments.

3.3.3 Western blot

Following isolation (see above for details), optierves from 10- to 11- day old
Sprague Dawley rat pups were kept in 50 ml Erleranéigsks containing 20 ml pre-
oxygenated, ice-cold aCSF. Flasks were transfetwed shaking water bath for a
recovery period of 1-2 hours at 37°C with a cons&tream of carbogen flowing
through the inlet stopper, mimicking the recoveeyipd optic nerves were normally
given before commencing electrophysiological experits. Subsequent to recovery,
the PI3 kinase inhibitors LY 294002 and wortmanwere added to their respective
flasks for an incubation period of 20 min. In theeantime, control nerves not
receiving pharmacological treatment, were snapefnoaver dry ice / iso-pentane into
an Eppendorf tube. The same was carried out forother nerves that had been
exposed to PI3 kinase inhibitors following the esyp@ period. For each condition, at
least ten nerves were pooled into one Eppendoe taborder to obtain plenty of
protein for the Western blot. The frozen optic msrwere stored at -80°C until

Western blotting.
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Sample preparation

Eppendorf tubes containing the frozen optic nemwvese placed on ice and left to
thaw (samples were kept cold at all times). Lysifdy was then added at 100 pul to
each tube, followed by addition of PMSF at 1% fisahcentration. Samples were
sonicated, and 10% Triton at 1% final concentratiwas added to the protein
suspension. Samples were spun for 5 min at 6000atp4AC, the supernatant placed
into a fresh Eppendorf tube (discarding the pellet)d protein contents determined
using the BCA Protein Assay kit. 4x loading buffeas added to an appropriate
amount of sample (e.g. 12 pl of 4x loading bufteB6 pul protein sample) followed

by loading the samples into the gel pockets (sé@\)eThe protein / loading buffer

mix was not denatured by boiling at 95°C beforeliong the sample onto the gel

(when done so, no staining was obtained).

Western blotting

Proteins were separated by means of SDS-polyaciylgei electrophoresis loading
crude protein homogenate (70 ug) plus loading bufféo a 4-15% Tris-HCI ready
gel (Bio-Rad), loading a total of 40 pl into eachlwThe gel was then left for 30 min
gently shaking in equilibration buffer before predang to the protein transfer onto a
PVDF membrane. Using electrophoresis, the protaimdb were blotted onto a piece
of PVDF membrane that had previously been hydrawedoaking it in methanol
followed by dHO and then equilibration buffer. To achieve thet@rotransfer, the
negative charge was on the side of the gel anghdlséive charge on the side of the
PVDF membrane, so that the negatively charged ipotgould be driven over onto
the PVDF membrane. Following the blot, the sidettif membrane that had been
facing down on the gel was marked and the memldlard at 37°C. The membrane
was stored at 4°C until proceeding for staininggtagein of interest.
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Probing for phospho-eNOS (Ser1179) and total eNOSqein

Note: Where not specified, steps were carried out at room temperature.

The PVDF membrane was first re-hydrated by plading methanol (shaking) for a
couple of minutes followed by a couple of rinseghwdHO. The membrane was then
placed into 1x TBS for 5 min (shaking). Non-specibackground binding was
blocked by immersing the membrane in 5% dried maitkulsion (made in 1x TBS)
for 1-2 hours (shaking). Following blocking, the mi@ane was washed in 1x TBS
(no detergents) for 5 min (shaking). Primary ardipavas added made up to its final
concentration in 1x TBS containing 5% BSA and 0%75ween and left incubating
overnight at 4°C (gently shaking). The final cortcations for the primary antibodies
used were 1: 2000 and 1: 1000 for phospho-eNOSBI@S protein respectively. To
prevent protein degradation the preservative sodiaitle was added to the antibody
dilutions (50 pl of 10% sodium azide per 10 ml)inkary antibody incubation was
followed by 3x 5 min washes with washing bufferc@sdary antibody (horseradish
peroxidase anti-rabbit) was applied to the membi@ng: 25 000 made in 1x TBS
containing 5% dried milk and 0.05% Tween and leéubating at room temperature
for approximately 2 hours (shaking), which wasdualed by 3x 5 min washes with
washing buffer. The membrane was rinsed severastiwith dHO to get rid of any
residual detergent contained in the washing buRgrally, the membrane was placed
into developer solution (1: 1 ratio of SuperSigheest Pico Luminol/ Enhancer
solution: SuperSignal West Pico Stable Peroxideutswl; Thermo Scientific,
Rockford, IL, USA) for 5 min (shaking) and put intbe developer cassette. The
stained protein blot was developed in the dark rbgrplacing a piece of film into the
cassette onto the membrane, which was then dewklogbsing the X-Ograph
Compact X2 film processor (Xograph Imaging systestbury, Gloucestershire,
UK). Following developing, the PVDF membrane waspared for re-probing with a
different primary antibody by leaving it in Restovéestern Blot Stripping buffer
(Thermo Scientific, Rockford, IL, USA) for 10-20 miat 37°C, followed by a few
rinses with dHO. The membrane was let to dry at room temperatara piece of
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filter paper and, if not immediately re-probed,retbat 4°C. To re-probe the PVDF
membrane with a different primary antibody, the\abeteps were repeated exclusive

of the blocking procedure.

3.3.4 Analysis

Electrophysiology

Response amplitudes, when reversible, were measetative to the interpolated
baseline, obtained by fitting a linear regression5t min periods on either side.
Otherwise, measurements were made relative to #g@nmoltage during a 5 min
period of preceding baseline. The data were andlyseng Clampfit 8.0 (Molecular
Devices, Palo Alto, CA) and OriginPro 7.5 Clientl data are presented as means +
SEM of a minimum of three experiments obtained frtmee different animals.
Statistical evaluation was carried out in OriginPt® using Student’$-test and

statistical significance was accepted at P < 0.05.

Western blot

Time of antibody incubations (primary and seconylawashing intervals, and
exposure time in developer solution were kept traes between the phospho-eNOS
and total eNOS blots. Western blots were capturetithen analysed by means of
densitometry using the Gel Analysis Software Gemmds (5yngene, Cambridge, UK).
This was performed for the bands stained for thespho-eNOS and total eNOS, the
latter serving as the reference which was usedcéorecting for uneven protein
loading. The ratios of the densities of the baratsesponding to phospho-eNOS over
the density of the respective bands correspondingotal eNOS protein were
determined in arbitrary units and expressed asep&age of controls (i.e. protein from
untreated optic nerves). For each condition testelast ten nerves were pooled into
one Eppendorf tube in order to obtain plenty ot@rofor the Western blot, and each
condition was tested in three independent expetisndrhe remaining analysis was
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carried out in OriginPro 8. Statistical analysisswaerformed in GraphPad InStat
version 3 (GraphPad Software, Inc., San Diego, O8A) using ANOVA with
Dunnett’s test, statistical significance being ated at P < 0.05.

3.4 RESULTS

3.4.1 NOS isoforms responsible for tonic NO prodzion in

the optic nerve

Effect of bradykinin, an eNOS stimulator

To test further the hypothesis that eNOS is theogadous source of NO in
the optic nerve by which blood vessels signal tongx experiments were conducted
that investigated the action of bradykinin, a wesdtablished stimulator of eNOS in
endothelial cells, where the receptors for this ogethous eNOS activator, the
bradykinin B receptors, exist in a complex with eNOS €Jal., 1998; Marrercet al.,
1999; Pradat al., 2002).

Exposure of rat optic nerves to bradykinin (300 né¥pked reproducible
depolarisationgFig. 3.2a), peaking after 2-3 min and reversing on washingtbe
agonist. Both the general NOS inhibitor L-NNA (1Q01) and the N@Qc receptor
antagonist ODQ (10 uM) caused hyperpolarisatiodgtpl + 0.074 mVn = 4 for L-
NNA; -0.233 = 0.034 mVn = 4 for ODQ) signifying the loss of basal, toni©ONand
inhibited the bradykinin-evoked depolarisatifffig. 3.2b,c,f). The depolarisation in
response to bradykinin was also significantly pregd in the presence of the
bradykinin B receptor antagonist HOE-140 (1 uMp. 3.2d,f). However, the lack of
an obvious hyperpolarising effect of HOE-140 on Iblasal membrane potenti&ig.
3.2d) indicates that endogenous bradykinin is unlikelycontribute to the tonic NO
release in rat optic nerve measurably. Measurenveeits made on random stretches
of baseline for the same duration (15-20 min) tcoaat for possible drifts; positive
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peaks averaged 0.045 + 0.009 nm=(5) and negative peaks averaged -0.060 = 0.006
mV (n = 7), with the average of both in the same recbrisg 0.019 + 0.002 m\h(=

8). The average effect of HOE-140 on the basel@®§7 + 0.0028 mVn = 3) was

not significantly different from average fluctuai®in the baseline.

To further test if bradykinin is acting through trellular mechanism
suggested for NO-induced depolarisation (Garthwiita., 2006), the role of HCN
channels was explored. Perfusion of the HCN chamiebitor ZD 7288 (10 uM)
elicited a marked hyperpolarisation (-1.6 + 0.27 ,mV= 4) and prevented the
response to bradykini(Fig. 3.2ef), implying that HCN channels are mediating the
bradykinin-induced depolarisation. Overall, if Nghthesised by eNOS in endothelial
cells signals persistently to axons, as indicategreceding data (Garthwaigt al.,
2006), it would be predicted that an agonist tledé¢cively increases eNOS activity
evokes a NO-dependent depolarisation through HCMbls that is associated with

cGMP formation. The data presented here are censigith these predictions.
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FIG. 3.2. Effect of the eNOS stimulator bradykifiBK) on rat optic nerveA: BK evokes reproducible
depolarisation of optic nerves € 4).B-E: Inhibition of BK-induced depolarisation by L-NN&(n = 4), ODQ
(C; n=3), HOE-140D; n = 3) and ZD 7288K; n = 4).F: Summary data for experiments illustratedBi& (n =
3-4;**p < 0.009,*p < 0.002,""p < 0.001,"p < 0.00001) Note: Applications of compounds i&-E were for the

duration shown by the horizontal bars. The scailirng applies to all scale bars.

Possible involvement of NOS isoforms other than eN®

Although foregoing data (Garthwaitt al., 2006) as well as data presented
here strongly imply eNOS as the main source resplengor the ongoing NO
synthesis in optic nerves, more evidence was soughexclude the possible
involvement of other NOS isoforms in the rat optierve. One way to test the
involvement of nNOS more directly would be the w$emice lacking the gene for

nNOS. However, such knock-out mice are problematigce to remaining
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compensatory active splice variants (see Chapter Therefore, instead, a
pharmacological approach was adopted to investigjai® issue, utilising three
inhibitors (NPA, L-VNIO and 1400W) that have bedown to have good selectivity
for nNOS over eNOS in enzymatic studies (Babu &ffian, 1998; Bretscheket al.,
2003; Erdakt al., 2005) and in whole tissue (Hopper & Garthwai@)&). This also
provided a way of testing for the involvement ofON, as one of the compounds
(1400W) also inhibits INOS more potently than eN@&d nNOS; Garveyt al.,
1997).

Perfusion of the nerves with the nNOS/INOS inhibitdO0OW (1 uM), or the
NNOS inhibitors L-VNIO (100 nM) or NPA (1 uM) hadrsignificant antagonistic
effect on the bradykinin-evoked depolarisation, Hyperpolarisation caused by L-
NNA (100 uM) being retaine(Fig. 3.3a-d). Also, no significant effect was observed
on the baseline under basal conditions during mpeabation of these inhibitors
(-0.056 £ 0.0043 mVn = 5 for 1400W; -0.085 + 0.0093 mW, = 4 for L-VNIO; -
0.062 £ 0.007 mVn = 3 for NPA) as compared to fluctuations in thedime (see
above). These data suggest that there is no mésswantribution of the other NOS
isoforms to the tonic level of NO in the optic nerer to the increase in NO in
response to bradykinin. Taken together, these fdatiaer strengthen the implication

that eNOS as is the principal endogenous NO source.
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FIG. 3.3. Testing for the role of nNOS and iNO%dnic NO production in the rat optic nereC: Compounds
inhibiting nNOS (NPAA; L-VNIO, B; 1400 W,C) and iNOS (1400WC) had no significant antagonistic effect on
the depolarisation elicited by bradykinin (BK) and]ike L-NNA, did not cause a noticeable hyperpigktion. In
the presence of the nNOS/iNOS inhibitors, L-NNAaieed its hyperpolarising action of the usual magte that
was observed in experiments discussed and illestredrlierD: Summary data for experiments illustratedh\i@

(n = 3-5).Note: Applications of compounds i&-C were for the duration shown by the horizontal b@ke scaling

in A applies to all scale bars.

3.4.2 Estimation of the true magnitude of membraa potential

changes that occur using the grease-gap technique

To estimate the true magnitude of the membranenpatechanges obtained
from recordings using the grease-gap method, eaidir experiments were carried
out that were based on a previously adopted apbr(&tyset al., 1993; Leppanen &
Stys, 1997). Voltage responses to PAPA/NO (1 uMjewecorded at the beginning
of each experiment (0.44 + 0.13 mW= 4), serving as a control for nerve viability

and recording stability. This was followed by perfig the nerve with ascending
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concentrations of K(15 mM, 40 mM and 130 mM; added as KCI), corregtior
junction potentials before each application andindurthe plateau phase of the
depolarisation evoked by ‘K Sufficient wash-out time was allowed after each
application until the response had returned to lbesePresuming an intracellular'K
concentration of 130 mM in the rat optic nerve §3dyal., 1993; Leppanen & Stys,
1997; Styset al., 1997), the application of 130 mM'Kshould drive the membrane
potential to near zero. The mean recorded depatats under these conditions at
steady state were 18.9 + 2.4 mV< 4;Fig. 3.4). Mean depolarisation at steady-state
in response to 15 and 40 mM Kolution were 4.4 + 0.64 mV and 11.7 + 1.9 mV,
respectively f = 4; Fig. 3.4). The ratios of the responses to isotonic (130 nikVl)
solution and to PAPA/NO were very similar in théfelient nerves, ranging from 39
to 46 (mean: 43 + 1.’/ = 4). The mean magnitude of depolarisation in @asp to
each of the tested "Kconcentrations was obtained, and a value of -80 waé
assumed for the resting membrane potential of fitec merve (Styst al., 1997).
From these data it was possible to estimate (fioenGoldman equation) the actual
membrane potential at each of the respectivec#ncentrationgFig 3.4). Having
determined that a mean depolarisation of 18.9 mkégponse to isotonic Ksolution
corresponds to a shift in membrane potential fr@&d to 0 mV (Fig. 3.4), it is
possible to estimate the true magnitude of membparential changes occurring in
the experiments in response to pharmacological tagdime results obtained from
these calibration experiments imply that the acto@an depolarisation produced by 1
UM PAPA/NO is approximately 2 mV, while the size tfe ZD 7288-evoked
hyperpolarisation corresponds to an actual chahgbaut 6-8 mV (Garthwaitet al.,
2006). The overall scope of NO for altering the rbesme potential in optic nerve

axons is approximately 6 mV.
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FIG. 3.4. Calibration experiments for estimatiorira# true value of membrane potential changes inptt
nerve, recorded by means of the grease-gap regomathod. The magnitude of the depolarisationgsponse to
ascending K concentrations were in close relation with thengjes in membrane potential that would be predicted

by the Goldman equation, assuming the same exintareK* concentrations.

The above was determined from the Goldman equasdollows:

Goldman equation is given as

£ = RT | BdK'], + Ru[Na'], + Py [Cl7],
ZF PJ[K'], +PB,[Na’], + P,[CI],

As estimated previously (Stgsal., 1993; Leppanen & Stys, 1997; Stgsal., 1997),

in the rat optic nerve [K; is 130 mM ([K], = 3 mM), [N&]; is 25 mM ([Nd], = 146
mM), and [CI]; is 55 mM ([Cl], = 122 mM), the permeability ratios being 35:1:0.1
for Pc:PnaPcr (Styset al., 1993; Leppanen & Stys, 1997). Incorporating thiese
concentrations that have been estimated to prevdile rat optic nerve (Stya al.,
1993; Leppanen & Stys, 1997; Sstsal., 1997) into the Goldman equation predicts a
resting potential of -77 mV, a value consistent hwiprevious experimental

determinations of the resting membrane potentigis(& al., 1997). The respective
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concentrations of K applied in the experiments (i.e. 15, 40 and 130)mbére
incorporated into the Goldman equation, giving anbhar of values for the resting
membrane potential that would exist at these rdsmecextracellular K
concentrations. This ultimately provided the caltion curve against which it would

be possible to estimate the magnitude of changfeeimembrane potentigfig. 3.4).

3.4.3 Underlying cause of tonic NO synthesis —leoof PI3 kinase

One of the key mechanisms for maintaining tonic &Nf@tivity in endothelial
cells is phosphorylation of the enzyme, in parbtigh the PI3 kinase-Akt pathway
(Dimmeleret al., 1999; Fultonet al., 1999; Michellet al., 1999; Dudzinskit al.,
2006). The following sets of experiments invesegiaivhether this mechanism is also
responsible for the continuous NO release from eN®Soptic nerves. If the
endogenous NO level in rat optic nerves is susthiheough this phosphorylation
pathway, inhibition of the PI3 kinase should océelke hyperpolarising response to a
general NOS inhibitor, andce versa. Inhibition of PI3 kinase would be expected to
cause hyperpolarisation in itself, which should grevented upon N& receptor
inhibition presuming that the NO is acting viaréseptors and cGMP accumulation.
To test these assumptions, the general NOS inhibiddeArg (100 uM) was used. In
contrast to the previously used inhibitor L-NNAMeArg is reversible, which was a
requisite in this set of experiments. It has bekaws in earlier work that this
reversible NOS inhibitor causes hyperpolarisatiepeatedly, given that sufficient
time is allowed for wash-out of the compound (Gastteet al., 2006).

Two different PI3 kinase inhibitors, wortmannin (M) and LY 294002 (30
1M), both induced comparable hyperpolarisationsctviwere, however, of slightly
smaller magnitude than that seen in response to gid@eral NOS inhibitor
(wortmanninvs. L-MeArg: 0.24 + 0.03ss. 0.37 £ 0.07 mV; LY 29400%s. L-MeArg:
0.25 + 0.01vs. 0.34 = 0.03 mV;n = 4-6; Figs. 3.5c and 3.6c). Both PI3 kinase
inhibitors partly prevented the hyperpolarisati@used by L-MeArdFig. 3.5a,b,c),
whereas the hyperpolarisations evoked by the Pias inhibitors were occluded
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when L-MeArg was added beforeha(tlg. 3.6a,b,c). Upon inhibition of the NQc
receptors by ODQ (10 uM) the hyperpolarisationsbath wortmannin and LY
294002 were preventgfig. 3.7a,b,c), confirming that the PI3 kinase inhibitors act
through inhibition of NO which acts via its guanlytyclase-coupled receptors. In all
experiments, control voltage responses to PAPA/NIQuIM) were recorded which
were of the usual magnitudes found in previous expnts (Garthwaitet al., 2006),
and were unaffected in the presence of PI3 kinaggoeral NOS inhibitors (0.34 *
0.03 vs. 0.39 + 0.04 mV in the presence of inhibitors). eoer, as would be
expected, the response to PAPA/NO was preventdtieimpresence of OD(Fig.
3.7a,b,c). In summary, these data suggest that the tonicd\&ase from eNOS in the
rat optic nerves is, at least partly, maintainedP kinase-mediated phosphorylation.
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FIG. 3.5. Effect of PI3 kinase inhibition on thepense to a general NOS inhibitdrB: The hyperpolarising
action of L-MeArg was patrtially prevented by botl3 Rinase inhibitors, wortmannif\( n = 6) and LY 294002
(B; n = 4), while the PI3 kinase inhibitors alone progdi@ hyperpolarising response. The PAPA/NO-evoked
depolarisation was not different from what is uguabserved under normal conditiois. Summary data for
experiments depicted i andB. The mean hyperpolarising effect of L-MeArg wasajer as compared to that in
response to wortmannin or LY 294002, and was prfisevented by both PI3 kinase inhibitors{ 4-6;*p <
0.03,**p < 0.002).Note: Applications of compounds i andB were for the duration indicated by the horizontal

bars. The scaling iA applies to all scale bars.
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FIG. 3.6. Effect of NOS inhibition on the responsd®|3 kinase inhibitorsA-B: The hyperpolarising effect of
both, wortmannin@; n = 4) and LY 2940020; n = 4), was near to completely occluded in the presef L-
MeArg, the latter having the usual hyperpolariséfigct under control conditions. The voltage resgsnto
PAPA/NO remained unaffected, as compared to whasuslly observed under control conditio@s Summary
data for experiments shownAnandB (n = 4; "p < 0.008,""p < 0.001).Note: Applications of compounds iA

andB were for the duration indicated by the horizomtals. The scaling iA applies to all scale bars.
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FIG. 3.7. Role of the PI3 kinase phosphorylatiothpay in the maintenance of tonic NO release friN@E in
rat optic nerve — cGMP dependen&eB: The hyperpolarisation induced by wortmanrinrf = 4) or LY 294002
(F; n=4) was prevented by ODQ, as was, expectedyR &feA/NO-evoked depolarisatiof: Summary data for
experiments illustrated i andB (n = 4;*p < 0.004,**p < 0.001) Note: Applications of compounds iAandB

were for the duration indicated by the horizontalsh The scaling iA applies to all scale bars.

Quantitative evaluation of eNOS phosphorylation bymeans of Western blotting

As the data derived from the electrophysiologicgbeziments only provide
circumstantial evidence with regard to the involestnof the PI3 kinase pathway in
eNOS phosphorylation, Western blotting was employedrder to investigate this
more directly. Optic nerves were exposadiitro to either LY 294002 (30 uM) or
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wortmannin (1 pM) and then snap frozen before prdirg to perform Western

blotting. Control nerves were treated in the sanag except for the exposure to PI3
kinase inhibitors. Antibodies directed against gihusylated eNOS at the residue
serine 1179 (S1179) or to total eNOS protein weeduThis provided the possibility
to try evaluating, first, the amount of phosphoigtheNOS protein relative to total
eNOS protein, and, secondly, whether the amoubtasél phosphorylated eNOS was
reduced after optic nerves had been exposed tBIth&inase inhibitors LY 294002

or wortmannin. As determined by means of densitoynetnd normalised to total

eNOS protein to correct for uneven protein loadingjther of the PI3 kinase

inhibitors led to a detectable decline in the degrephosphorylation of native eNOS
at S1179Fig. 3.8).
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FIG. 3.8. Effect of PI3 kinase inhibition on eNOBogphorylation as determined by means of Westarttirig. A:
Representative Western immunoblots of phospho-eNOIS$(top row) and total eNOS (bottom row) in the
absence or presence of LY 294002 (30 uM) or wortrima(l uM).B: Summary data for experiments illustrated

in A (n = 3;™p > 0.05). The ratio of the densities of phophdadaeNOS-S1177 bands to their respective total
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eNOS bands was determined in arbitrary units. Bachiepresents the mean + SEM of phospho-eNO&l/ tot
eNOS expressed relative to the results obtained tnotreated control optic nerves. C, control (irdreated optic
nerves); LY, LY 294002-treated nerves; W, wortmantneated nerves; P-eNOS S1179, phospho-eNOS-Sér-11

3.5 DISCUSSION

Data from foregoing work (Garthwaitt al., 2006) pointed to an intriguing
concept, in which two distinct structures, namdbold vessels and axons, display an
unexpected sequence of communication. These dggested a scenario in which
endothelial cells of the microvasculature permeptihne optic nerve persistently
signal to optic nerve axons by releasing NO derifvreth eNOS. The ultimate result
of the NO signal was axonal depolarisation, theewlythg transduction pathway
engaging cGMP-mediated HCN channel modulation. Tésults presented here
address several questions, which required answésifigrther confirm the proposed
hypothesis of blood vessels actively influencingrad function. The current work
provides further evidence indicating that eNOShis thief contributor to tonic NO
synthesis in the rat optic nerve, and suggests lihsal eNOS activity is partially

maintained by a PI3 kinase-mediated mechanism.

Direct signalling from blood vessels to neurona relatively unusual concept,
and further evidence was sought that would testhéneeNOS is indeed the principal
source of NO in the optic nerve that influences t®nal membrane potential
(Garthwaiteet al., 2006). Display of the right characteristics umMOS stimulation
with bradykinin provided further indication concerg eNOS being the tonic NO
source, including bradykinin-evoked depolarisatibat is prevented upon NOS and
NOgc receptor inhibition and mediated by HCN channd&lereover, the lack of
effect of pharmacological tools that exhibit salextinhibition of NNOS (and iINOS)
over eNOS further argues against the participatfoNOS isoforms other than eNOS
in the proposed scenario, which is in support eédoing findings (Garthwaitet al.,
2006). Also the observation of HCN channel inhdntievoking hyperpolarisation is
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in line with previous work (Garthwaitet al., 2006). HCN channels have been
implicated in the control of pacemaker and osa@latactivity in the heart and brain
respectively (see Chapter 1), setting of the rgstimembrane potential, as well as
control of membrane resistance, dendritic integratand regulation of synaptic
transmission (Robinson & Siegelbaum, 2003; Wahle®ck Biel, 2009). Central
axons express HCN channels (Notomi & Shigemoto,4p0@nd the current
conducted by these channels has been proposed tmpgmtant in maintaining
reliable conduction by counteracting membrane pglarisation during high-
frequency activity in axons. It has been proposdtt tactivity-dependent
hyperpolarisation as a result of the high actiwfythe electrogenic N&K* pump
during repetitive action potential firing, N&eing extruded out of the cell to oppose
the large net-influx of Nathat results from high-frequency neuronal activity
counteracted by I(Grafeet al., 1997; Solenget al., 2003; Robinson & Siegelbaum,
2003). This is suggested to be relatedstoonducting a Nainward current into the
axoplasm, resulting in depolarisation. This in tumould drive the membrane
potential back to its resting level, assisting tedl to reach threshold for triggering
the next action potential. The finding that inhiit of HCN channels leads to
membrane hyperpolarisation indicates thatid active at the resting membrane
potential of the rat optic nerve, NO apparentlyisgtthe resting membrane potential,
and, possibly, influencing excitability and reliabtonduction via cGMP-mediated
HCN channel modulation. The, Iconducted by HCN channels has also been
demonstrated in retinal ganglion cells (Tabata Kida, 1996), where, lis proposed
to be activated during and following hyperpolargsifight responses, transiently
enhancing excitability after termination of ligtitnsuli. A mechanism engaging NO-
cGMP-mediated modulation of HCN channels may helplaen why block of NOS
activity inhibits light-evoked compound action pati@ls in the optic nerve (Maynard
et al., 1995), while modulation of dendritic or somati€N channels by the NO-
cGMP signalling pathway may affect neuronal firittgeshold or pattern (Pape &
Mager, 1992; Abudaret al., 2002).

The reason for using the isolated rat optic nervepgration is its well

established utility as a white matter model, allogvireproducible, quantitative
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measurements of white matter functionvitro (Waxmanet al., 1991; Bolton & Buitt,
2005). The cellular population of the optic nernamprises axons of the retinal
ganglion cells, glial cells and capillaries (Fotezs& Peters, 1967; Butt & Ransom,
1993). Myelination begins around the sixth postndéy and proceeds rapidly so that
at the end-point of development the entire axopalation is fully myelinated. Also,
there is an increase in size as maturation of i merve ensues. Neonatal optic
nerve axons have a diameter of about 0.14 pum,nirast to a diameter of about 0.8
pm in the case of adult optic nerve axons (Forre&t®eters, 1967; Fostett al.,
1982). This study uses 10- to 11-day-old rat op&oves which have been shown to
have an average axonal diameter of approximatedy |On, containing mixed
populations of axons with respect to the degreay#lination and diameter (Foster
al., 1982). The electrophysiological method used Ieig standard extracellular gap
technique, advantages of which include stable d¥gs over long periods of time,
allowing repeatable drug wash-in and wash-out, e as the monitoring of the
average membrane potential of all axons of thecopérve. In common with all
extracellular recording methods, however, the gregp technique does not give the
real value of membrane potential. Hypotheticallge acould carry out intracellular
patch-clamp recordings from axons. However, suclagproach to record directly
from optic nerve axons is not practical due tosh®all axonal diameter compared to
the diameters of patch or sharp electrodes anddwvbal highly unlikely to yield
stable, long duration recordings. Since the elgtiysiological technique used is not a
direct readout of the actual changes in membrartengal, it was necessary to
guantify these findings further. Calibration expegnts estimated an actual shift in
membrane potential of 2 mV in response to the NGod®APA/NO, and 6 mV for
the overall scope of NO altering the membrane pieim optic nerve axons. Studies
that looked at HCN channel modulation by NO-cGMghalling in neurons (Pape &
Mager, 1992; Ingram & Williams, 1996; Abudaataal., 2002; Poset al., 2003; Kim

et al., 2005)observed effects on the membrane potential that@rgarable with that
observed on optic nerves. In addition, a small teEation of the presynaptic
membrane potential has been shown to lead to eatanmmobability of

neurotransmitter release in rat brainstem (Awatranma al., 2005). Also, an
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analogous modulation of membrane properties bycta@ndogenous NO-cGMP

signalling has been observed on rat striatal neirovivo (West & Grace, 2004).

Although a C&'-dependent enzyme, eNOS is subjected to additional
regulation through multiple phosphorylation sitd® tonic activity achieved also at
resting levels of cytosolic Gabeing mainly attributable to PI3 kinase-Akt-mediht
phosphorylation (Dudzinsket al., 2006). The present study investigated whethisr it
this mechanism prevailing in the rat optic nerdegréby governing ongoing NO
release. The observation about NO tonically defstay optic nerve axons is
revealed as a membrane hyperpolarisation upon M@Bition. If NO maintains a
constant depolarisation via PI3 kinase-mediated &N@osphorylation, exposure of
the optic nerve to a PI3 kinase inhibitor shoukbatvoke a hyperpolarisation, which
in itself should be prevented in the presence dir@ad spectrum NOS inhibitor.
Moreover, the hyperpolarisation in response togidseeral NOS inhibitor should also
be reduced in the presence of a PI3 kinase inhibWoreover, the action of the PI3
kinase inhibitor would be sensitive to inhibitioh the relevant mechanism, namely
NO acting via its guanylyl cyclase-coupled receptor axons (Garthwaitet al.,
2006). The results presented here are in line witdse predictions, indicating a
participation of the PI3 kinase pathway in sustagnionic NO release from eNOS
under resting conditions. However, while the hypé&psations in response to either
of the used PI3 kinase inhibitors (wortmannin arnti294002) were occluded in the
presence of the general NOS inhibitor L-MeArg, opértial inhibition was observed
vice versa (57% inhibition of L-MeArg-evoked hyperpolarisatidoy LY 294002vs.
49% by wortmannin). This indicates only partial ohvement of the PI3 kinase
pathway, which is consistent with the PI3 kinasdibrors evoking smaller
hyperpolarisations than the broad-spectrum NOSitdri One may ask why a broad-
spectrum NOS inhibitor occludes the response obsgeunpon application of the PI3
kinase inhibitors but notice versa. This could possibly be answered by considering
the point of the signalling pathway at which thedgbitors act. Applying the broad-
spectrum inhibitor blocks the activity of NOS ouées it prevents the binding of L-

arginine, the substrate required for NO formati@ee( Chapter 1). In contrast,
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applying PI3 kinase inhibitors will only block thaspect of NOS activity regulation,
meaning that any other factor, such as for exangpt@ll fluctuations in the
intracellular C&" concentration, could still contribute to keepin§@S to some
degree active. Furthermore, from these types oémx@nts it is not possible to know
whether the total eNOS population is in a phosplated state. It is likely that only a
partial eNOS population is under the control of RilfBase-mediated phosphorylation,
while the remaining population maintains tonic tyi via a different regulatory
mechanism.

There are proteins, for example, that may intevattt eNOS and regulate its
activity positively (Fultoret al., 2001; Fleming & Busse, 2003). These include hsp90
which generally exists in association with eNOShwitendothelial cells (Garcia-
Cardenaet al., 1998). Furthermore, multiple phosphorylation sitth eNOS have
been recognised, and it is suggested that therestilalge more, as yet unidentified,
sites (Boo & Jo, 2003; Moumt al., 2007). Additionally, phosphorylation of eNOS at
different sites can be regulated not only by PI3ake or its downstream kinase Akt,
but also by various other protein kinases, sucRK& (Butt et al., 2000; Booet al.,
2002a; Bocet al., 2002b; Michelket al., 2002), PKG (Buttt al., 2000), AMPK (Chen
et al., 1999; Thorset al., 2004) and CaMKIl (Fleminget al., 2001). A further
complication is the regulation of eNOS phosphorgtatby different phosphatases,
including PP2A, PP1 and calcineurin (Boo & Jo, 20BRming & Busse, 2003;
Mount et al., 2007). In summary, the above demonstrates theplexity that
underlies eNOS regulation. The main site of eNOS&sphorylation is considered to
be the Ser-1179 (Dudzinski al., 2006). In the light of this, it has been showar, f
example, that this residue on eNOS may be phosfatedyby at least five different
protein kinases, including Akt (e.g. Budt al., 2000; Fleminggt al., 2001; Thorset
al., 2004). Moreover, different protein kinases mayogghorylate a number of
different sites on eNOS (e.g. Chetral., 1999; Buttet al., 2000; Michellet al., 2002).
Taken as a whole, which site on eNOS is phosph@ylar dephosphorylated by
which protein kinase or phosphatase may depencaors such as vascular type or
origin, and on the general cellular context as wasllon the given stimuli (Michel &

Feron, 1997; Shaul, 2002). Overall, participatidnaay of the above mentioned
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factors could account for the only partial conttibo of PI3 kinase in the optic nerve
with regard to tonic NO synthesis from eNOS.

Investigating the effects of PI3 kinase inhibitoren basal eNOS
phosphorylation by means of Western blotting resulin a discrepancy with the
foregoing electrophysiological data. There was atectable decline in the degree of
basal eNOS phosphorylation in rat optic nerves lilaatbeen treated with LY 294002
or wortmannin as compared to control nerves. Omsipdity is that the effects of the
inhibitors observed in the electrophysiological esiments are due to these inhibitors
acting on some other unknown factor which ultimatebntributes to tonic NO-
mediated cGMP synthesis in the rat optic nerveerflitively, it can be argued that
Western blotting is too insensitive to detect angjeain basal eNOS phosphorylation
upon PI3 kinase inhibition at the whole tissue léliat may nevertheless be enough
to bring about a change in eNOS output seen as rpgiaeisations in the
electrophysiological experiments. Although this oetology is popularly used to
establish the presence of a given protein, it is sustable for detecting changing
levels for all proteins — especially not relativedynall changes. Large, obvious
changes may be easily detectable as against aroackbof small variations caused
by possible artefacts. However, the present woikvsstigating basal, unstimulated
eNOS phosphorylation and several aspects of thteodemay make the detection of
smaller changes problematic. Given that the bangpeaing for S1179-
phosphorylated eNOS are already fairly weak ancefineld this may indicate that
one is already at the verge of the detection lithghould be taken into consideration
that aspects such as differences in the backgrmtedsity are not taken into account,
as the measurements obtained from the densitoraaalysis do not correspond to
absolute peak values from which the respective dracikad densities had been
subtracted. Additionally, the slightest variationband density brought about perhaps
artefactually, such as for example uneven film axpe or the slightest smearing of
the bands at the edges of the blot, could maketanis differences to the values
obtained later in the analysis, especially whenliggawith relatively weak bands

and/or rather small changes. Consequently, a ggnif change may be masked. This
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possibility arose especially after comparing the raimbers from one experiment to

the other, as demonstrated below (see also Fiy. 3.8

. P-eNOS/total P-eNOS/total eNOS P-eNOS/total eNOS % of control % of control
Experiment #

eNOS
1 0.131 0.224 0.189 171 144
2 0.268 0.242 0.217 90 81
3 0.312 0.240 0.285 77 91

* Control = 100%
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Experiment #2 Experiment #3

100 —

80 —

60 —

40 —

20 —

P-eNOS-S1179 / total eNOS
(% of controls)

Y . N .
o_,“‘ & O qb‘ 2
ARV
v vo®

Looking at the results from the individual experitgedepicted above it appears that
in two experiments PI3 kinase inhibition caused soraduction in the level of
phosphorylation ranging between 10 to 20%. Howemeanother experiment the
values suggest that there was in fact an increagghosphorylation. This result is
difficult to interpret. Nevertheless, if the lanesrresponding to experiment #1 were
in fact ambiguous, it could be suggested thatalgh fairly small, there appears to

be a trend in the other two experiments revealmmes degree of reduction in the
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basal level of eNOS-S1179 phosphorylation. Morepwadthough statistically not
significant, this extent of decline in the degrdeeblOS phosphorylation may be
sufficient to bring about a change in eNOS outpat ts revealed as small membrane
hyperpolarisation in the electrophysiological retings corresponding to some loss of
ongoing endogenous NO synthesis in the whole n@verall, perhaps increasing the
n number of independent experiments may lead tetergence of a clearer result. It
is true that previous studies have successfullyleyed the same pharmacological
and methodological approach in order to evaluageithpact of blocking the PI3
kinase on eNOS phosphorylation and activity. Howgeearlier studies establishing
the importance of this phosphorylation pathway egulating eNOS activity have
compared the degree of inhibition to situations s#lective stimulation and
enhancement of eNOS phosphorylation, using agoarsépplying shear stress. The
scope of detection is most likely to be much greimi¢hese cases as the signal is first
increased before comparing it to the reduction gnb@about by preventing the action
of the PI3 kinase. Furthermore, much of the publisivork has been carried out
using cultured aortic smooth muscle cells, for egl@mor isolated endothelial cells,
rather than a whole tissue. Previous work studstmegrole of the PI3 kinase pathway
at the whole tissue level had to use large amoahtprotein (0.4 mg or more)
combined with subsequent protein purification tonelate everything that does not
bind NADPH (as eNOS does) in order to detect argclesngle band for
phosphorylated eNOS (Hust al., 2002). Looking at the result obtained in the pnes
study, one can notice that the bands for phosphitegyl eNOS are very weak
compared to those corresponding to total eNOS,namdspecific bands were visible
when probing against phosphorylated eNOS. The aalyildirected against eNOS
would detect all eNOS protein rather than only 814 79-phosphorylated population
and the result may imply that only a small popolatof eNOS is in the S1179-
phosphorylated state, enough to contribute to teNi®S activity. This idea would tie
in with some of the suggestions brought forward vab@mn the basis of the
electrophysiological data. On the other hand, h@wmethe weakness of the band
corresponding to S1179-phosphorylated eNOS maylystle based on the anti-
phospho-eNOS antibody binding more weakly to itdgam, and perhaps protein
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purification would enhance the signal that is det@dor phosphorylated eNOS at
basal level also in this case. However, also heeequestion may yet arise whether
normalisation of the relatively weak population ®1179-phosphorylated eNOS to
total eNOS protein could possibly introduce somerdo the final result.

In summary, the lack of a detectable effect of nNRSS inhibitors and the
characteristics of bradykinin-evoked depolarisafiother strengthens the implication
of vascular eNOS as the principal source of theogadous tonic NO level in the
optic nerve that actively influences the axonal roemne potential. The role of eNOS
is further underpinned by the finding that one lué key regulatory mechanisms for
basal eNOS activity, namely the PI3 kinase phospation pathway, appears to be at
least partially contributing to ongoing NO syntlgesthis notion is supported by the
electrophysiological data. However, a discrepanag wevealed when investigating
the role of PI3 kinase-mediated eNOS phosphoryldtip means of Western blotting,
seeing no measurable, significant reduction in eM8$79-phosphorylation. It is
most likely that this is due to this methodologynigenot sensitive enough to detect
small changes in the signal under investigation.

A partial contribution of the PI3 kinase pathwaytdaic eNOS-derived NO is
consistent with findings in rat hippocampal sligg¢topper & Garthwaite, 2006),
wherein it has been demonstrated that a basal e@%ed NO level is partially
dependent on a PI3 kinase-mediated mechanism aedjuged for LTP (Hopper &
Garthwaite, 2006). Deletion of eNOS has been regatd impair synaptic plasticity
in the hippocampus (Wilsoet al., 1999), the cerebral cortex (Haatlal., 1999), and
striatum (Doreuleest al., 2003). One of the main physiological stimulattos P13
kinase-mediated eNOS phosphorylation is shearsstthe force imposed on blood
vessel walls by blood flowing across them. Thiscéowould ultimately increase as
blood flow increases (as would occur for instaneeind) exercising), therefore
boosting NO production in the vasculature. Theifigdof increases and decreases in
eNOS activity changing cGMP levels and the membraoeential in opposite
directions may provide a possible mechanism througith changes in blood flow

and eNOS activity are coupled to changes in nelifomation, providing a possible
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hypothesis for how factors that change eNOS agtiuit vivo, such as physical
exercise (Greent al., 2004), alter brain activity. In relation to thjghysical exercise
is also indicated to boost brain function and invpreynaptic plasticity, to increase

learning, and to enhance cognitive function (vaaeBr 2009).
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CHAPTER 4

M echanism for tonic NO synthesis
In the hippocampus
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4.1 INTRODUCTION

The study presented in this chapter stemmed fromk glwowing that there is a
tonic level of NO continuously synthesised by eN@S the rat optic nerve
(Garthwaiteet al., 2006). Chapter 3 addressed the underlying meshmafor this
tonic NO release, finding a partial involvement RIf3 kinase, phosphorylation of
eNOS via the PI3 kinase-Akt pathway being amongktheregulators of basal eNOS
activity (Dimmeleret al., 1999; Fultoret al., 1999; Michellet al., 1999; Dudzinsket
al., 2006). Founded on the data obtained from elebyrsiplogical recordings (see
Chapter 3) it was intended to determine the levddasal eNOS phosphorylation in
rat optic nerves by means of a more direct appro@cte option was to employ
Western blotting, which would give a more direchdeout in terms of the level of
basal eNOS phosphorylation relative to the amo@itdtal protein. Additionally, this
would test whether the PI3 kinase inhibitors, LY4Q02 and wortmannin, are acting
through the alleged mechanism in a more direct wRrgvious work from this
laboratory has shown that there is also a toniellesf NO in the adult rat
hippocampus under basal conditions, the sourceglENOS in blood vessels, finding
this tonic NO level to be partly sensitive to Plédse inhibition (Hopper &
Garthwaite, 2006). Moreover, while in the optic veethe eNOS-derived tonic NO
appeared to modify the axonal membrane potentiattf@aiteet al., 2006), in the
adult rat hippocampus this basal level of NO wasntb to be a requisite for
hippocampal LTP (Bon & Garthwaite, 2003; Hopper &artawaite, 2006). Based on
these findings, the aim was to use the hippocarsipze preparation as the control
tissue in the Western blot experiments in the piconerve. As the forgoing work
(Bon & Garthwaite, 2003; Hopper & Garthwaite, 20@8ed adult rat hippocampus,
to allow a more direct comparison with what hadrbémind in immature rat optic
nerves (Chapter 3), the primary aim was to detezntire significance of the PI3
kinase pathway in maintaining tonic NO releasehie immature rat hippocampus,
replicating some of the experiments performed ipp&y and Garthwaite (2006).

The most sensitive and reliable method availablehat time to monitor
existing endogenous NO levels was the measurememGMP levels that are
sensitive to NOS inhibition (Griffithst al., 2002). However, this method has a limit
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of detection when looking at very low cGMP levelsdér changes of the cGMP
signal upon pharmacological manipulation. One irtgodr hallmark of the

hippocampus is very high activity of the cyclic taatide degrading enzyme
phosphodiesterase (PDE), which contributes to fffeeudty to measure detectable
GMP levels. Therefore, in order to study endogendOsproduction in unstimulated
hippocampal slices, using cGMP as an index, itisessary to firstly prevent cGMP
breakdown and, secondly, to amplify the activitytloé NQsc receptors. Fortunately,

there are good pharmacological tools availableate tb do just this.

Several isoforms of PDE have been demonstratece ttodalised in the rat
hippocampus by means iofsitu hybridisation and immunohistochemical approaches.
These include PDEL, 2, 3 and 4 (Ludetaal., 1991; Repasket al., 1993; Furuyama
et al., 1994; Reinhardt & Bondy, 1996), as well as PDBf, &0 a weaker extent,
PDE5 (van Stavereret al., 2004). However, the principal PDE iso-enzyme
responsible for cGMP hydrolysis in the hippocamappgears to be PDE2 (Repaske
al., 1993; van Stavered al., 2001; Suvarna & O’Donnell, 2002), being expressed
throughout postnatal development up until adultheémhgside PDE5 and 9 (van
Stavereret al., 2003; van Stavered al., 2004). The major role of PDE2 in cGMP
hydrolysis in the hippocampus is emphasised byiesuiihding no detectable effect
of PDE1 and PDES inhibition on cGMP accumulationtie hippocampus (van
Stavereret al., 2001; Suvarna & O’Donnell, 2002) and the fact PBE4 is a CAMP-
specific PDE (Bender & Beavo, 2006) the inhibitimirwhich would be of no benefit
to the current study. Intuitively, the first appcbawould be to use a general PDE
inhibitor such as IBMX in order to prevent any giveDE activity that could be
governing the profile of the cGMP signal. Howeuis could impose a number of
possible complications. First of all, the one PBBform not affected by IBMX is
PDED9, so that a combination of PDE inhibitors wohtd required if one wanted to
ensure the inhibition of this PDE isoform (e.g. IRNMind BAY 73-6691; Wundegt
al., 2005; Bender & Beavo, 2006). Also, IBMX is not\eery clean’ compound,
antagonising adenosine receptors (Céoal., 1988), which may modulate synaptic
transmission and neuronal excitability (Dunwiddie Redholm, 1989; Greene &
Haas, 1991). Activation of presynaptic Al recepleeds normally to a reduction of
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neuronal firing, which is suggested to be the testisuppressed glutamate release
(Mitchell et al., 1993; Wu & Saggau, 1994; Fowlet al., 1999). Conversely,
inhibition of adenosine receptors can lead to aremse in neuronal firing. An
additional problem that may arise is related tofdat that IBMX would also prevent
the breakdown of cAMP, so that crosstalk betweemBAand cGMP signalling
pathways may ensue (Vigmeal., 1994; Pelligrino & Wang, 1998; Bender & Beavo,
2006) making the interpretation of the data difficlAs mentioned above, the
prevalent PDE isoform in the hippocampus appeabetthe PDE2, which is not only
strongly expressed in hippocampal neurons (Repa&tkal., 1993) but also in
endothelial cells (Sadhat al., 1999). Despite it being able to degrade both cAdvig
cGMP with similar K, and Vnax in vitro (Martins et al., 1982; Bender & Beavo,
2006), evidence coming from studies on corticalroesi and hippocampal slices
indicates that cGMP primarily is elevated upon PDIighibition (Suvarna &
O’Donnell, 2002; Boesset al., 2004). This could be explained by the presendeli
isoforms specifically degrading cAMP, binding thagclic nucleotide with greater
affinity than PDE2 (Bender & Beavo, 2006). A compdupreviously used as a PDE2
inhibitor is EHNA. However, not only does this cooymd exhibit a poor potency
towards PDEZ2, it also potently inhibits adenosieardinase (Sattin & Rall, 1970;
Vargeeseet al., 1994; Caiolfaet al., 1998), therefore potentially increasing
extracellular adenosine levels (Curdbal., 1998).

The cGMP signal of main interest in this study esponds to a low tonic NO
level prevailing in unstimulated hippocampal slicégherefore, to achieve an
improvement in the signal-to-noise ratio, the comus BAY 60-7550 and BAY 41-
2272 were used. The former is a recently developaghly selective and potent
PDE2 inhibitor devoid of the other actions seerhi@a case of EHNA (Boes al.,
2004). BAY 41-2272, is used to further amplify #@®MP signal, being an allosteric
enhancer of N receptor activity sensitising N{Q receptors towards very low
(picomolar) concentrations of NO (Stasathal., 2001; Garthwaite, 2005; Ray al.,
2008).
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4.2 AIM

The initial aim of this study was to test the hypasis that tonic NO release under
basal conditions in immature rat hippocampal sliesnediated via PI3 kinase-
dependent phosphorylation of eNOS, further evalgathat it is this NOS isoform
that is the principal source of endogenous tonicl&i@ls.

4.3 METHODS

4.3.1 Hippocampal slice preparation andn vitro maintenance

Ten-day-old Sprague Dawley rats from Charles Ri€rLtd were used. The animals
were sacrificed by cervical dislocation followed Bgcapitation as approved by the
UK Home Office Schedule 1 regulations. The cranwas cut along the midline and
gently peeled away, followed by removal and placenté the brain into ice-cold,
pre-oxygenated aCSF. Brains were first severedugirothe hemisphere-midline
before the hippocampus of each hemisphere wastesoknd carefully cleaned of
adhering brain tissue. Transverse slices (400 kim;4.1) were cut from the central
portion of the hippocampus using a Mcllwain tisshepper (The Mickle Laboratory
Engineering Co. Ltd). The slices from each hippogmasnwere kept in separate 50 ml
Erlenmeyer flasks containing 20 ml pre-oxygenatedld aCSF. Flasks were
transferred to a shaking water bath for a recoperyod of 1-2 hours at 37°C with a
constant stream of 95%,05% CQ flowing through the inlet stopper.
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Fig. 4.1 Transverse hippocampal section, including a schematic outline of the basic anatomy of the

hippocampus (Source: Neves et al., 2008)

4.3.2 Aortic ring preparation

Aortic rings were prepared from 10-day-old Spradeewley rats (Charles River,
Margate, UK). The animals were sacrificed humanatgording to Home office
regulations by cervical dislocation. Upon exposuiréhe aorta, adhering perivascular
connective tissue was gently cleaned away, anthtivacic portions rapidly removed
and immediately immersed in cold aCSF that had Ipeerequilibrated with 95% O
5% CQ. Subsequent to gently flushing out the remainilogdb from the aortas, 2-3
mm aortic ring segments were cut using a razorebl@mh average 6 to 8 rings were
obtained per aorta. Aortic rings were transferratb i50 ml Erlenmeyer flasks
containing 20 ml pre-oxygenated, cold aCSF, andttefecover in a shaking water
bath for 1-2 hours at 37°C with a constant stredm@580 &, / 5% CQ flowing
through the inlet stopper.
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4.3.3 Experimental treatment of slices and cGMP gasurements by

means of radioimmunoassay (RIA)

Subsequent to the recovery period at 37°C in thkish water bath, rat hippocampal
slices (or aortic rings) were randomised, transigrithem to fresh aCSF before
starting the pharmacological treatments. Equilibratvith 95% Q/ 5% CQ at 37°C
occurred throughout the experiment. Except forstfees providing the measurements
for ‘basal’ cGMP levels, hippocampal slices were-prcubated with the PDE2
inhibitor BAY 60-7550 for 15 min before adding aagonists and left to be present
throughout the experiment. Aortic rings were indeldafor the same interval with the
general PDE inhibitor IBMX. All antagonists to bested were applied for a certain
interval prior to BAY 60-7550 and then continuedo present for the remainder of
the experiment. Except for LY 294002 and wortmanmihich were applied 20 min
prior to BAY 60-7550, all other inhibitors testecerg incubated for 10 min prior to
BAY 60-7550 exposure. Exposure of hippocampal slisePAPA/NO, NMDA and
BAY 41-2272 were for 5 min, 2 min and 5 min respaady/, and ACh was applied for
1 min in the case of aortic rings. To inactivate thological reaction within the
tissue, each of the slices or aortic rings werasfiexred into a separate Eppendorf
tube containing 250 pl of boiling inactivation beiffat the appropriate time, and left
to boil for at least 15 min. Tissue samples wesntleft to cool to room temperature
and homogenised by sonication, and the proteineconneasured using the BCA
Protein Assay Kit. Afterwards, samples were cemyggfd at 800 rpm for 10 min,
discarding the debris. The supernatant was usettermine the cGMP amount by
means of RIA as described in detail in Chapterl# Tevel of cCAMP was quantified
using the’H-cAMP kit (GE Healthcare, Amersham Bioscience, IBydJK).

4.3.4 Analysis

The procedure for determining cGMP content norredli® protein amount has been

dealt with in detail in Chapter 2. All data are ggpted as means + SEM obtained
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from at least two different slices per animal, itestat least three rats. Statistical
evaluation was carried out using ANOVA with Dunieetiest in GraphPad InStat
version 3 (GraphPad Software, Inc., San Diego, O8A), statistical significance

being accepted at P < 0.05.

4.4 RESULTS

4.4.1 Ildentification of suitable concentrations DBAY 41-2272 and the
PDEZ2 inhibitor BAY 60-7550

The aim of this part of this study was to evaluate basal NO synthesis under resting
conditions in the immature rat hippocampus alorggdamining hippocampal slice
viability. To assess hippocampal slice viabilitystj the amount of cGMP formation in
response to NMDA was determined. The rise in cGMRegponse to NMDA depends
on NnNOS, therefore providing an index for neuroN@ formation within the slices.
NMDA (1-300 pM) in the presence of BAY 60-75501(M) gave rise to concentration-
dependent cGMP accumulati¢fig. 4.2a), as did the NO donor PAPA/N@ig. 4.2b).
Despite the presence of the PDE2 inhibitor BAY &&J (1 uM), basal cGMP
levels in hippocampal slices were near to beingetewablgFig. 4.2d,e). However, it
is this basal level of cGMP that is related to tiveic endogenous NO level, the main
subject of the study presented in this chapterhArmacological approach provides a
solution to this problem. The compound BAY 41-224@s allosterically to sensitise
NOgc receptors to NO, pulling the equilibrium over tetactive species of the N©
receptor (Royet al., 2008). The net result in general is enhancedsiactof NOgc
receptors in the presence of low NO levels, whereas been suggested that in the
presence of BAY 41-2272 the N@receptors would exhibit low picomolar sensitivity
for NO (Garthwaite, 2005; Rost al., 2008). Exposures of slices to BAY 41-2272 (0.3-
30 uM) in the presence of BAY 60-75501{M) resulted in a concentration-dependent
increase in cGMP leveldig. 4.2c), which was inhibited by the broad-spectrum NOS
inhibitor L-NNA (100 pM;Fig. 4.2d) and the NQc receptor inhibitor ODQ (10 puM;
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Fig. 4.2e). This confirmed that the response to BAY 41-223 2NO-dependent and

corresponds to a boost in NEreceptor activity.
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FIG. 4.2 Concentration-response curves for NMDA, 700+

PAPA/NO, and BAY 41-2272 in rat hippocampal slices. 600+
A-B: Concentration-dependent increase in cGMP in 5004
response to ascending concentrations of NMBPor

PAPA/NO(B) in the presence of the PDE2 inhibitor

BAY 60-7550 at its maximal concentration of 1 M, an
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index for brain slice viabilityr{ = 5-6).C: Concentration- 2007

pmol cGMP/mg Protein

100

dependent increase in cGMP in response to ascending +10 uM ODQ

concentrations of BAY 41-2272 in the presence of the O L 3 1M L s o
PO u u u u u u
PDE2 inhibitor BAY 60-7550 at its maximal conceriat & @'« o BAY 41-2272
\e N .
of 1 uM (0 = 6-12).D: Concentration-response curve for M (in the presence of
1 uM BAY 60-7550)

BAY 41-2272 in hippocampal slices incubated with the

PDE2 inhibitor BAY 60-7550 in the absence and presaf L-NNA, verifying the dependence of the BAY 41-
2272 effect on endogenous NO. The cGMP signal spaese to all tested BAY 41-2272 concentrations was
prevented by L-NNA rf = 4-6). E: Concentration-response curve for BAY 41-2272 inpbgampal slices
incubated with the PDE2 inhibitor BAY 60-7550 in thlesence and presence of ODQ, further verifyinghiGe
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dependence of the cGMP response evoked by BAY Z2-ZPhe cGMP signal in response to all tested BAY 41
2272 concentrations was prevented by OR@ b-6).

The present study uses the recently developed Riiadtor BAY 60-7550.
In adult rat hippocampal slices this compound chis&MP levels as well as cGMP,
significant cCAMP levels being detected when the cemtration of BAY 60-7550
exceeded 1 uM (Boess al., 2004). Although, according to the observationsienia
adult hippocampal slices, 1 puM of BAY 60-7550 shkibube a reasonable
concentration to use, it is yet possible that tbeepcy of BAY 60-7550 to increase
cAMP formation in young hippocampal slices diffeas, appears to be the case for
NMDA- and BAY 41-2272-evoked responses (compare sBa# al., 2004 and
Hopper & Garthwaite, 2006 with the present dath)hds been reported that NO
release from eNOS and its phosphorylation via ti3ckihase-Akt pathway may also
be stimulated directly by cAMP (Zhang & Hintze, B)OAlso PKA has been found
to stimulate eNOS, but in this case in a PI3 kinadependent manner (Ba al.,
2002a; Booet al., 2002b). It has been implied that PKA does notessarily act in
association with cAMP in this respect. For examplmong the cAMP-independent
mechanisms proposed is direct activation of PKAvhagoactive peptides including
endothelin-1 and angiotensin Il (Duliet al., 2001). Nonetheless, a factor which
directly increases cAMP in endothelial cells woaldo stimulate PKA. Additionally,
it has been reported that the kinase Akt may bigated in a P13 kinase-independent
manner by CAMP (Sablet al., 1997). For this to occur in the preparation ingesed
in the present study, cAMP would need to be raisélin the blood vessels. The
finding of PDE2 expression in a variety of microsels, including within the brain
(Sadhuet al., 1999), makes the odds of cCAMP interfering witle ttesponse under
investigation more likely. Furthermore, BAY 60-753tas been found to have
inhibitory actions on purified PDE1 and PDES5 (Boesal., 2004). PDES inhibition
(van Stavereret al., 2003; van Stavereed al., 2004; Rutteret al., 2005), but not
PDE1 inhibition (van Staverest al., 2001), has been shown to raise cGMP levels in
the hippocampus marginally. To address the conagortr of BAY 60-7550 required

to avoid possible interference of the above with thsponse under investigation,
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slices were tested for cAMP accumulation in thespnee of different BAY 60-7550
concentrations. The previously reported effectBAY 60-7550 on PDE1 and PDES
were examined on purified enzyme (Boessl., 2004). Based on aspects such as
diffusion properties of a compound in a whole tessit is likely that higher
concentrations of BAY 60-7550 would be required arder to exhibit actions
observed on purified PDEs. Nonetheless, the coratemis of BAY 60-7550 tested
in the cAMP assays in the current work were kepbwehe ones which had been
shown to inhibit PDE isoforms other than PDE2. @m@e aspect to consider is the
potential crosstalk between cyclic nucleotides sastihe ability of cGMP to inhibit
cAMP-specific PDEs, which would in turn lead to anbhed cAMP levels (Bender &
Beavo, 2006). Overall, the aim in this section waglentify a concentration of BAY
60-7550 that would not only be devoid of interfgrimctions, but would also
nonetheless result in a good window of cGMP fororatvhen applied in conjunction
with BAY 41-2272. A good window of cGMP level wasnsidered to be submaximal
but large enough so that the signal-to-noise natald not impose a problem when
looking at inhibition of the response.

Exposure of hippocampal slices to different conagiins of BAY 60-7550
(0.001-1 uM) in the presence of a set concentradioBAY 41-2272 (1 uM;Fig.
4.3a, or 3 uM;Fig. 4.3b) led to concentration-dependent increase in cGM#ch
was prevented by L-NNA (100 uM) and ODQ (10 pM) thasal level of cGMP
(with or without added BAY 60-7550) again being n&aundetectable when BAY
41-2272 had not been appligelg. 4.3a,b).

To test whether cAMP was capable of evoking aneiase in basal cGMP
levels in the presence of the PDE2 inhibitor, the highest concentrations of BAY
60-7550 tested (0.1 and 1 uM) were probed in tleseurce of the adenylyl cyclase
activator forskolin (10 uM). Incubation of slicestvthese two test concentrations of
BAY 60-7750, followed by exposure to forskolin,léd to evoke a significant rise in
cGMP as compared to the basal level with or withadded BAY 60-7550Hig.
4.3b). The lowest concentration of BAY 60-7550 thatlstsulted in an adequate
window of cGMP accumulation, and should be devoidinberfering actions as
outlined above, was found to be in the 10 nM ramgenbined with 3 uM BAY 41-
2272. Two concentrations in that range (10 and B were compared with the
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general PDE inhibitor IBMX in the presence of eitlierskolin (1 and 10 pM) or
BAY 41-2272 (3 uM), the latter determining whetr@BMP accumulation under
these conditions can raise CAMP levels. IBMX cauaegreater increase in cAMP
compared to the basal level with or without addédrB50-7550 Fig. 4.4; given in
pmol cGMP/mg protein: ‘IBMX only'vs. ‘basal’, '10 nM BAY 60-7550 only’ and
‘30 nM BAY 60-7550 only’ was 13.38 + 0.4&. 3.47 £ 0.75, p < 0.001, 4.69 £ 0.67,
p <0.001, and 3.94 £ 0.39, p < 0.001 respectivaelgwould be expected when many
different PDE isoforms are inhibited. Inhibition BDE2 with 10 or 30 nM BAY 60-
7550 also evoked an increase in CAMP when the dgetyclase was activated by
forskolin, albeit to lesser extent than IBMXig. 4.4; given in pmol cGMP/mg
protein: ‘IBMX + 1 uM forskolin’vs. '10 nM BAY 60-7550/forskolin’ and ‘30 nM
BAY 60-7550/forskolin® was 75.79 + 1.9s. 8.19 + 1.77 and 13.04 = 1.09
respectively, p < 0.001; ‘IBMX + 10 pM forskolinvs. ‘10 nM BAY 60-
7550/forskolin’ and ‘30 nM BAY 60-7550/forskolin’ as 165.4 + 6.4s. 55.5 + 0.3
and 62.1 + 10.4 respectively, p < 0.001). Thisassistent with PDE2 being a dual
substrate enzyme that hydrolyses both cAMP and cGRE#nder & Beavo, 2006).
However, stimulating cGMP synthesis by applying BAY-2272 failed to induce a
significant rise in cAMP levels when the PDE2 intob BAY 60-7550 was present,
being not significantly different from cAMP levelseasured under basal conditions
in the absence or presence of BAY 60-78b{y. 4.4), suggesting that there is no
crosstalk occurring between the two cyclic nucldedi under these conditions. Direct
stimulation of CAMP accumulation by forskolin (1uNP) the presence of 10 nM
BAY 60-7550 failed to raise cAMP levels significentompared to the basal level
with or without added BAY 60-7550, while in the pemce of 30 nM BAY 60-7550
and forskolin (1 uM) this resulted in a significadifference in cAMP levels as
compared to the basal level with or without addédrB50-7550 Fig. 4.4; given in
pmol cGMP/mg protein: 30 nM BAY 60-7550 + forskolm. ‘basal’, ‘10 nM BAY
60-7550 only’, and ‘30 nM BAY 60-7550 only’ was 0&.+ 1.09vs. 3.47 £ 0.75, p <
0.001, 4.69 + 0.67, p < 0.001, and 3.94 + 0.39,(p001 respectively). The levels of
cAMP measured under conditions where only BAY 66&'was present at 10 or 30
nM were not significantly different from basal lésé-ig. 4.4).
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In summary, 10 nM of the PDE2 inhibitor BAY 60-758&s chosen for all
subsequent experiments. This concentration resuteal good window of cGMP
accumulation when slices were exposed to BAY 412293 uM), and does not
enhance cAMP formation or inhibit PDE isoforms otliean PDE2, as described
above. Moreover, at 10 nM BAY 60-7550, no crosstatkween the two cyclic
nucleotides was apparent as forskolin failed teer@GMP significantly and BAY 41-
2272 did not evoke a significant increase in CAMAS to the BAY 41-2272
concentration, 3 uM was chosen to be used in catipmwith the PDE2 inhibitor, a
concentration at which BAY 41-2272 lacks PDE intaby activity (Staschet al.,
2001; Mullershauses al., 20044a).
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FIG. 4.3 Concentration profile of the PDE2 inhibiBAY 60-7550 on cGMP accumulatioA: cGMP
accumulation in response to 1 uM BAY 41-2272 inghesence of ascending concentrations of BAY 60-7550
The cGMP signal was prevented by both L-NNA and Qbdnfirming NO- and cGMP-dependence respectively
(n = 3).B: cGMP accumulation in response to 3 uM BAY 41-227thipresence of ascending concentrations of

BAY 60-7550. The cGMP signal was prevented by bothiNA and ODQ, confirming NO- and cGMP-
dependence respectively. Also, the adenylyl cyctasi@ator forskolin failed to evoke an increase GMP
synthesis (n = 3). Note the low cGMP signal detgetander basal conditions in the absence or pceseinBAY
60-7550.
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FIG. 4.4 Concentration profile of the PDE2 inhibiBAY 60-7550 on cAMP accumulation. The adenylyl lege
activator forskolin evoked a concentration-dependwrease in cAMP accumulation in the presendb®fon-
specific PDE inhibitor IBMX and the PDE2 inhibitor BA60-7550. The guanylyl cyclase sensitizer BAY 41-
2272 failed to evoke a significant increase in cAMRAthesis (n = 3Note: Except in the case of IBMX, the
cAMP level detected under conditions of BAY 60-7%gplication alone was not significantly differerarh that
measured under basal conditions.

4.4.2 Underlying cause of tonic NO synthesis —dhole of PI3 kinase

As described earlier, one of the key mechanismsghioto be responsible for
tonic eNOS activity is the PI3 kinase-Akt pathwagich was found to be partially
contributing to basal eNOS-derived NO synthesighi@ immature rat optic nerve
(Chapter 3) and in the adult rat hippocampus (Hogp@arthwaite, 2006).

In immature rat hippocampal slices, the PI3 kinakéitors LY 294002 (100
KM) and wortmannin (1 pM) were tested against tBMP accumulation in response
to 3 UM BAY 41-2272 and 10 nM of the PDE2 inhibi®AY 60-7550, a condition
that gave a good window to work with in terms oé ttGMP signal (see above).
Neither of the two PI3 kinase inhibitors signifitignreduced the cGMP response
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(Fig. 4.5), questioning the involvement of the PI3 kinaséhpaly in the maintenance
of basal eNOS activity in the developing rat hipgropus as opposed to the rat optic
nerve (Chapter 3) and the adult rat hippocampugipeo & Garthwaite, 2006). In
contrast, exposing the slices to the broad-spect@® inhibitor L-NNA, inhibiting
the enzyme more directly by preventing the substfat NO synthesis (i.e. L-
arginine) to bind to the enzyme, prevented the cGlgRal down to basal leve(Big.
4.5).
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FIG. 4.5 Role of the PI3 kinase in the maintenasfdeasal NO release. Two different PI3 kinase iitbil, LY
294002 and wortmannin, both failed to significaraffect the cGMP levels that were measured in tesgnce of
BAY 41-2272 and PDE2 inhibitor (n = 6-8p > 0.05). In contrast, consistent with previousutes, the NOS
inhibitor L-NNA prevented the cGMP signal, in liméth the response being dependent on endogenouf\N@.
as previously observed, only a very low cGMP sigmaild be detected both under basal conditionshemvBAY

60-7550 was applied exclusively.

Apart from the likelihood of other factors (see @t 3) partially
contributing to or being responsible for the leeéltonic NO in the immature rat
hippocampus, one alternative explanation for tlo& Iaf inhibitory effect of the PI3

kinase inhibitors could be related to the applarattime of the allosteric N&
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receptor enhancer BAY 41-2272. It is suggestedithtite presence of BAY 41-2272,
NOgc receptors would exhibit low picomolar NO senstiGarthwaite, 2005; Roy
et al., 2008). Such NO levels may persist in the hippgeanslices even following
P13 kinase inhibition. If this were the case, l@rpugh application of BAY 41-2272
would more slowly, but yet eventually, drive the MB signal to a level that
approaches that seen in the absence of a PI3 Kinhggtor. Related to this
argument, the scope of inhibition may depend ontisdreat 5 min application of
BAY 41-2272 the cGMP response has reached steaty-st is still in its rising
phase. A greater antagonistic effect would be eegeduring the rising phase of the
agonist-evoked response. This has been shown, xamm@e, in the case of the
inhibitory action of ODQ on NO-induced cGMP increagMoet al., 2004). To test
this idea in the light of the present investigatierperiments were performed to look
at the responses to BAY 41-2272 at different tirogs in the absence and presence
of a PI3 kinase inhibitor. If the above argumentédhone would predict a greater
degree of inhibition by the PI3 kinase inhibitoitla early time points.

The level of cGMP was determined in response to BAY2272 (1 uM) and
the PDEZ2 inhibitor BAY 60-7550 (10 nM) at the tirpeints 30 s, 1 min, 2 min and 5
min in the absence and presence of wortmannin (L INd difference in the degree
of inhibition was found among the different timeirgs (Fig. 4.6), further disputing
the participation of the PI3 kinase pathway in presmg basal NO synthesis in the

immature hippocampus.
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FIG. 4.6 Role of the PI3 kinase in the maintenasfadenic NO release — dependence on the applicéitioa of
BAY 41-2272. In comparison with the respective colstrthe P13 kinase inhibitor wortmannin failedrégluce the
cGMP accumulation significantly in response to BA¥-2R72, irrespective of the time BAY 41-2272 haére
applied for (n = 3™p > 0.05).

4.4.3 ldentification of NOS isoforms responsibléor tonic NO

synthesis

Since the PI3 kinase pathway is apparently notliracbin the maintenance of
tonic NO release in the immature rat hippocamphe, techanism(s) and the
source(s) of basal tonic NO synthesis remainecetddiermined. Firstly, the aim was
to try to dissect out which isoform(s) of NOS tlo@it NO is coming from — eNOS
and/or nNOS. To test the involvement of nNOS, tiffecent nNOS inhibitors (L-
VNIO and NPA) and an inhibitor that exerts greamdibitory potency for INOS than
NNOS (1400W; Garvewt al., 1997; Boeret al., 2000; Younget al., 2000) were
employed.

The cGMP signal was measured in hippocampal stltaishad been treated
with BAY 41-2272 (3 uM) and BAY 60-7550 (10 nM) foWing pre-incubation with
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one of the nNOS inhibitors, L-VNIO (100 nM) or NRA pM), or the nNOS/INOS
inhibitor 1400W (1 uM;Fig. 4.7). All of the inhibitors used were applied at a
concentration effective in the adult hippocampusgper & Garthwaite, 2006). The
cGMP response to BAY 41-2272, which correspondsemdogenous basal NO
production, was unaffected by these inhibit{ffsy. 4.7). This would immediately
point to eNOS as being the major source for toni® Nynthesis. However,
puzzlingly, control responses to NMDA (100 uM), ainidepend on nNOS, were also
not affected significantly by the nNOS/INOS inhds# in the same experimentsd.
4.7), making the interpretation of these data difficé@verall, this result makes it
impossible at this stage to conclude anything abimiinvolvement of NOS isoforms
other than eNOS as contributors to the ongoinglldd€asynthesis. In contrast, L-
NNA, which inhibits all NOS isoforms, prevented bahe NMDA-induced and the
BAY 41-2272-evoked cGMP accumulation accordin@lig. 4.7).
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[ BAY 41-2272 (3 um) } all in the presence of

[ NMDA (100 pM) 10 nM BAY 60-7550
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FIG. 4.7 Source of basal endogenous NO — nNOS/iN®8.nNOS inhibitors NPA and L-VNIO, as well as the
nNOS/iNOS inhibitor 1400W, at their usual workingncentrations, all failed to reduce cGMP levelthia
presence of BAY 41-2272 and the PDE2 inhibitor BA¥#50 as compared with their respective contral ¢
" > 0.05) . This would be indicative of NOS isofarother than eNOS not being significant contribsitor
ongoing NO synthesis under basal conditions. Howewreexpectedly, the same inhibitors also fell siror
preventing the cGMP signal significantly in respete NMDA, making the interpretation of this datalpematic
(n=6;"p >0.05).
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One reason for the above result shown in Fig. 4ay e that the applied
concentrations of the nNOS/INOS inhibitors are n@iximal for inhibition in the
immature hippocampus, despite showing clear intwipitictivity against the cGMP
signal in response to NMDA in the adult hippocamfidspper & Garthwaite, 2006).
This possibility can be extended based on compargdhe data presented here to
those obtained from adult hippocampal slices (Hodpéarthwaite, 2006). In the
forgoing study by Hopper & Garthwaite (2006), tie@S/INOS inhibitors, used at
the same concentrations as here, prevented theotmegponses to NMDA. However,
30 UM BAY 41-2272 was required to increase cGMIRetels that were only about a
fifth of what is observed here in immature hippopairslices exposed to only 3 uM
of this compound. Also, 100 puM NMDA, the same camnrcagion used here, produced
cGMP levels in adult hippocampal slices that wendy aabout a third of what is
yielded here from immature hippocampal slices. €hmdiferences may indicate why
higher concentrations of the nNOS/INOS inhibitoraynbe required to accomplish
significant inhibition of the cGMP signal in resganto NMDA. To test this idea, the
aim of the following set of experiments was to loak concentration-dependent
inhibition of the NMDA-evoked cGMP signal by thesdibitors. As nNOS is of the
main interest here, iINOS being usually only inducedler certain pathological
conditions over a course of several hours (ladeetodh, 1995; ladecol&t al., 1996;
Moro et al., 1998; Yamadat al., 2003 and is absent in hippocampal slices sulgecte
to standard treatment and incubation (Hopper & I@&eaite, 2006), only the
inhibitory actions of L-VNIO and NPA were examined the following set of
experiments.

First, the concentrations of these inhibitors reggiito prevent the response to
NMDA were established by producing concentratiombition curves(Fig. 4.8).
Surprisingly, approximately 10-fold higher concatitbns of both inhibitors were
necessary in order to achieve efficient inhibit{80-90%) of the response to NMDA
(Fig. 4.8) and that was similar to the degree of inhibitiobserved in adult

hippocampal slices (Hopper & Garthwaite. 2006).
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FIG. 4.8 Effect of nNOS inhibitors on NMDA-stimuéatt cGMP accumulatio®-B: Concentration-effect curve
for NPA (n = 6; 1Gy = 1.4 + 0.43 uM)C-D: Concentration-effect curve for L-VNIO (n = K50 = 0.28 + 0.08

1LM). Note, for both inhibitors a concentration-depemdiecrease in cGMP levels was observed in treepoe

of increasing concentrations of nNOS inhibitor.thermore, cGMP accumulation was prevented in thsgirce

of L-NNA, providing confirmation of the NMDA-indwed response entailing NO.

Having identified the profile of inhibition of th@NOS inhibitors in the

immature hippocampus, the question now was wheligeconcentration at which the

response to NMDA was prevented would also inhlet¢cGMP signal upon BAY 41-

2272 exposure. The prediction is that if eNOS esghlitary contributor to basal NO

levels the response to BAY 41-2272 should not leegmted by inhibition of nNOS.
Exposure of hippocampal slices to BAY 41-2272 (3)vid BAY 60-7550

(10 nM) in the presence of L-VNIO (1 uNFig. 4.9a) or NPA (10 uM;Fig. 4.9b),

both at a concentration that also prevented the RNtluced respons@-ig. 4.8a,c),
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led to significant inhibition of the cGMP signdlBig. 4.9a,b). Lower concentrations
of nNOS inhibitor failed to reduce the cGMP leval response to BAY 41-2272
markedly(Fig. 4.9a), as was the case for NMDA-evoked respor(ég. 4.9a), the
latter implying only partial inhibition of nNOS. Athe cGMP response was only
reduced by approximately 50%, these data indidze lloth eNOS and nNOS may
partially be involved in keeping up the NO prodaatiat basal level. As there are no
inhibitors available for eNOS, it was not possitddest whether the remainder of the
response could be prevented when both nNOS and eMD&S selectively inhibited.
Also, there is still the likelihood that the degrek inhibition observed at higher
concentrations of NNOS inhibitors is because tHacaeNOS also. Therefore, a way
was sought to find out whether the degree of inioibiobserved was due to nNOS
inhibition only (seeFig. 4.10). If this were the case, it would provide reason t
hypothesise that both nNOS and eNOS may partia@lydsponsible for tonic NO

synthesis.
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FIG. 4.9 Effect of nNOS inhibitors on NMDA-stimuéat and BAY 41-2272-evoked cGMP accumulatforThe
NMDA-induced cGMP response was concentration-depetigreduced in the presence of increasing
concentrations of L-VNIO. In contrast, in the ca$®AY 41-2272, only the maximal concentration of @S
inhibitor tested (i.e. concentration of NNOS inhdbirequired to prevent the cGMP level in respanSesMDA)
resulted in a significant decrease in the cGMPIllgve 3; **p < 0.01).B: The cGMP increase in response to

BAY 41-2272 was only significantly reduced at thecentration of NPA that was required to preventdG& P
level in response to NMDA (n = §p <0.002).
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It is well known that stimulation of NO synthesis blood vessels by ACh
occurs via eNOS activation (Furchgott & Zawadzky§8@) and aortas from mice
lacking eNOS have been shown to lack a dilatinggaese to ACh (Huangt al.,
1995). This standard way of generating NO from eN@& exploited to test the
selectivity of the nNOS inhibitors. The questionswehether the concentrations of L-
VNIO and NPA that significantly reduced the cGMRdEin response to BAY 41-
2272 (seerig. 4.9a,b) were only due to nNOS inhibition or were alsoeafing the
activity of eNOS.

Aortic rings cut from 10-day-old rat aortas werenstlated with ACh (10 uM)
in the absence or presence of ascending concentsatif the two nNOS inhibitors
(Fig. 4.10). Concentrations that led to partial inhibitiontbé response to BAY 41-
2272 (Fig. 4.9a,b) and prevention of the NMDA-evoked signal as weélig( 4.8a,c
and Fig. 4.9a), also resulted in partial reduction of the cGM¥leevoked by ACh in
the rat aortdFig. 4.10).

From this it can be concluded that, at least initlmature rat hippocampus,
the allegedly selective nNOS inhibitors L-VNIO aN&A, do not seem to be suitable
tools for identifying the isoform of NOS involved the biological response under
investigation. From these data, showing a clearlapeof selectivity of these nNOS
inhibitors between eNOS and nNOS, in conjunctiothwa lack of good eNOS
inhibitors, it is impossible to determine whetheryoone or both of the two NOS
isoforms are responsible for the persistent NOassgeunder basal conditions in the

immature rat hippocampus.
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FIG. 4.10 Rat aorta control — effect of nNOS intlatston ACh-stimulated eNOS-dependent cGMP accuroulati
Note, concentrations of both L-VNIO and NPA, whigare previously found to significantly affect the P
increase in response to BAY 41-2272 in hippocamipzs also reduced the ACh-evoked cGMP responss in

aortas (n = 4; *p < 0.05, **p < O.in <0.001).

4.4.4 What maintains tonic NO?

Possible involvement of glutamate receptors, Nachannels and GABA

The cGMP response seen upon NMDA receptor activai® related to
glutamate-evoked, Gadependent activation of nNOS in neurons (Garttewtitl .,
1988; Garthwaite, 1991). There is a possibilityt thasal neuronal activity sustains
neurons in a depolarised state, which may resaih fbasal glutamate release and
some glutamate receptor activation. This couldmately aid in establishing tonic

NnNOS activity. A further test for the involvement aNOS in the basal NO
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production was to determine whether the cGMP resp@associated with endogenous
NO could be prevented when NMDA receptors werebitdd. Additionally, AMPA
receptors and voltage-dependent Wlaannels can also participate in the activation of
NNOS (Southamet al., 1991). Moreover, during certain stages of posinat
development the neurotransmitter GABA is excitatbejore adopting its inhibitory
nature (Ben-Ari, 2002; Ben-Argt al., 2007). This is the result of an initially high
intracellular chloride concentration based on thiaygked expression of the'K CI co-
transporter. An interesting feature of the excitatmature of GABA during
development is the occurrence of so-called giapbldeising potentials (GDPs). This
is a network-driven pattern of electrical activitydeveloping circuits which leads to
the generation of large intracellularCascillations (Ben-Ari, 2001). In addition, the
switch from an excitatory to an inhibitory nature GABA during development is
suggested to take place during the second postmaak in the hippocampus
(Khazipovet al., 2004; Ben-Ariet al., 2007). Noting that the present work is carried
out on 10-day-old hippocampal slices, there ispibssibility of GABA evoking C&
oscillations that could ultimately lead to NO syedis. Using pharmacological agents,
the aim of the following set of experiments wasetamine if any of the above
neurotransmitters are linked to the tonic NO foiorain the immature hippocampal
slices.

The responses to BAY 41-2272 (3 uM), in the presesicPDE2 inhibitor,
remained unaffected by the NMDA-R antagonist D-ARB0 uM), the AMPA-
R/kainate-R antagonist CNQX (30 uM), and the” Mhannel blocker TTX (1 puM;
Fig. 4.11a), the inhibition of the responses to NMDA and ¥eng by the respective
antagonists serving as positive contr@g. 4.11a). Also the GABA, receptor
antagonist bicuculline (50 uM) and the GABAeceptor antagonist CGP 55845 (3
KM) failed to exhibit an effect on the cGMP sigiflg. 4.11b). The non-selective
NOS inhibitor L-NNA prevented cGMP accumulation epected(Fig. 4.11a,b).
These data suggest that, although cGMP levelsstimulated hippocampal slices are
NO-dependent, it is unlikely that any of the ab@ystems are linked to tonic NO

production.
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FIG. 4.11 Effect of pharmacological agents inhilgtiGABA receptors, Nachannels, or glutamate receptors on
cGMP levelsA: Effect of pharmacological agents, blocking"Na& GIuRs, on cGMP levels. Incubation of
hippocampal slices in aCSF containing the PDE2 itdilBAY 60-7550 and BAY 41-2272 in the absence or

presence of APV to block NMDA receptors, CNQX todd@AMPA receptors and TTX to block Nahannels.
While causing clear inhibition when tested agaihstagonist, none of the agents produced signfficduibition
of the cGMP level in response to BAY 41-2272, whiBINA did, the latter being in line with the BAY 43272-
evoked response being endogenous NO-depender-g *-p < 0.001)B: Effect of GABA receptor inhibition.
Incubation of hippocampal slices in aCSF contaitivegPDE?2 inhibitor BAY 60-7550 and BAY 41-2272 in the
absence or presence of bicuculline or CGP 5584%tik iSABA, or GABAg receptors respectively. No
significant inhibition of the cGMP response to BAY-2272 occurred, while L-NNA abolished the cGMPnsig

as expected (n = 3-8 > 0.05).
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Calcium dependence

As described in the main introduction (Chapterlibth constitutive isoforms
of NOS (eNOS and nNOS) are Caependent enzymes. One route fof ‘Gantry and
consequent nNOS-dependent NO formation would bevidig NMDA receptor
activation. However, as this study is looking astimulated hippocampal slices, this
would mean that there is circuit activity occurrivgh neurons being in a depolarised
state. Since inhibition of glutamate receptors;” Maannels, and GABA receptors
failed to affect the cGMP levels in response to BAY-2272 (Fig. 4.11a), the
scenario outlined above is highly unlikely. Othetemtial routes for G4 entry into
cells are via voltage-gated €ahannels.

To investigate the G&dependence of endogenous basal NO release in the
immature hippocampus, slices were exposed to tmerge C&" channel blocker
cadmium (Cd", 200 pM). This led to significant reduction of tBAY 41-2272-
evoked cGMP signalFig. 4.12a). To evaluate the total contribution of Taslices
were incubated in Gafree aCSF containing the Eahelator EGTA (1 mM). While
Cd?* caused approximately 60% inhibition, omission of £&* at all resulted in
further reduction of the cGMP signal, producing cdat of approximately 90%
inhibition as compared to the control respo(fSg. 4.12a). Consistent with forgoing
results, also ODQ and L-NNA prevented cGMP accutianiain response to BAY
41-2272(Fig. 4.12a).

To ensure that the conditions used so far for éstahg the C&" dependence
were not causing inhibition of the response dusdme direct action on the N©
receptors, control experiments were performed inclwhlthe responses to the NO
donor PAPA/NO were assessed in the absence andnpeesf the same conditions
tested above. The response to PAPA/NO remainedfemted by the presence of
Cd®*, while C&'-free conditions led to a small, but yet statidhcaignificant,
increase in the cGMP levéFig. 4.12b). The latter may be due to relief of a small
degree of inhibition, which the N§2 receptors are experiencing in the presence of
Cd* (Kazerouniaret al., 2002). As expected, ODQ fully prevented the respoto
exogenous NQ@Fig. 4.12b).
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FIG. 4.12 C&"-dependence of BAY 41-2272-evoked cGMP accumulafiofExposure of slices to the general
C&" channel inhibitor cadmium or incubation of sliéeszero C&"/ EGTA both significantly reduced the cGMP
accumulation that is caused by BAY 41-2272 (n §p9< 0.001)B: The same conditions now tested against
cGMP accumulation that is caused by the NO dond®&AO. No inhibitory effect was observed, excludthg
possibility of these conditions directly interfegimvith cGMP production by affecting the N@receptor. Under
Ca*-free condition there appeared to be a slight ms®én the cGMP response (n = 6; *p < 0.05).
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The next question was whether it would be posstbleolate the subtype(s) of
Cd&" channels involved. Previous experiments discusaed illustrated above
revealed that there is no spontaneous circuit ictioccurring in the immature
hippocampal slices and that the basal NO leveldependent of glutamate receptors.
Based on this, it is unlikely that the high-voltaggtivated C& channels (including
L-, N-, P-, Q- and R-type Gachannels, (Catteraék al., 2005) are involved as their
activation would require neurons to be in a defiséar state. Therefore, €achannel
types were tested which could facilitate?Centry also under resting conditions. Low-
voltage activated Gachannels, which include the T-type®Cahannels, can activate
at relatively negative membrane potentials (-50 t@V¥70 mV; Catterall, 2000). An
interesting feature of T-type channels is theirileiting a so-called window current,
which means that a fraction of these channels caintean a current tonically under
resting steady-state conditions as their inactwvatand activation profiles overlap
(Hugheset al., 1999; Jones, 2003; Iftinca & Zamponi, 2009). Ttosld provide a
level of basal C& entry, which could in turn stimulate NOS activitynportantly,
these channels have also been shown to be expresdagpocampal pyramidal
neurons somato-dendritically (Talleyal., 1999; McKayet al., 2006), as well as in
microvascular endothelial cells of the bovine adtemedulla (Bossiet al., 1989;
Vinet & Vargas, 1999) and rat brain (Delpiano & Uk, 1996).

Hippocampal slices incubated in the presence ddehiiNi**; 50 pM), at this
concentration reported to be a selective R-/T-t@g& channel inhibitor (Soongt
al., 1993; Zampongét al., 1996; Totteneet al., 1996), revealed a marked reduction in
BAY 41-2272-evoked cGMP accumulatififig. 4.13a).

Another potential candidate was the large familycb&nnels referred to as
transient receptor potential (TRP) channels, ofcWwhmumerous different subtypes
exist, some of which are thermosensitive (Pedeeseih., 2005). Entry of CA via
this putative route has been suggested to occilreirrase of both neurons (Moren
al., 2004; Talaverat al., 2008) and endothelial cells (Wissenbathl., 2000; Guler
et al.,, 2002; Niliuset al., 2003; Yao & Garland, 2005; Kwae al., 2007). In
endothelial cells, for example, they are proposedbeé constitutively open at body
temperature, thereby providing a way foPCm enter cells under resting steady-state

conditions.
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Three different inhibitors, lanthanum {a100 pM), gadolinium (GY; 30
uM) and SKF96365 (10 puM), suggested to generaliglblTRP channels (Leung &
Kwan, 1999; Halaszovickt al., 2000; Pinillaet al., 2005), were examined. All three
inhibitors produced significant inhibition of th&&MP signal induced by BAY 41-
2272(Fig. 4.13a). Combining TRP channel inhibitors with the T-tyg®annel blocker
Ni?* caused an additive degree of inhibition, which wasparable to that produced
by the general G4 channel blocker Cd (Fig. 4.13a). Taken all together, these data
indicate that at least one or more subtypes of TREBnnels, and T-type €a
channels, appear to be likely routes for"Centry under resting conditions which
allows for tonic NO synthesis to be sustained udesial conditions.

To certify that the inhibition seen under the abtes&ed conditions is not due
to a direct effect on the N receptors, control experiments were carried out in
which they were tested against the response evbigetthe NO donor PAPA/NO.
None of the inhibitors on their own or combinatiook inhibitors used in the
foregoing experiments affected the cGMP signal esponse to the NO donor
significantly, while this was prevented upon inkitm of the NQ receptor by ODQ
(Fig. 4.13b).
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FIG. 4.13 Effect of subtype-selective®achannel inhibitors on the BAY 41-2272-evoked cGMBponsé\:
Exposure of slices to the R-/T-type®ahannel blocker nickel or to three different TRRrmahel inhibitors

(lanthanum, gadolinium and SKF96365) caused af&igni reduction in the cGMP level. Additive inhtiloin

occurred when a TRP channel inhibitor was appliettiénpresence of nickel, the overall extent ofhition

approximating the one seen in the presence ofghergl C&" channel blocker cadmium (n :j‘.i] <0.001, *p <

0.01, *p < 0.05). Note: Statistical analysis shawned employed ANOVA with Tukey's: The same C4

channel blockers now tested against cGMP accumaldtiat is caused by the NO donor PAPA/NO. No iitbii

effect was observed, excluding the possibilityrafse conditions directly interfering with cGMP puation by
affecting the NQc receptor (n = 37 > 0.05).

178



4 IMEehzniEm for twnic NO synineis|in the hipootzimpus

4.5 DISCUSSION

Stemming from foregoing findings in the adult hippmpus (Hopper &
Garthwaite, 2006), the initial objective of the g@at study was to investigate the
involvement of the PI3 kinase pathway in the maiatee of basal NO production
from eNOS in the immature hippocampus. This wasndéd to then serve as a
comparison to what had been found in the immaitatreptic nerve (Garthwait al.,
2006 and Chapter 3). Unexpectedly, this work toatea direction upon realisation
that there appear to be marked differences in Nf@adling — at least in the aspects
investigated here — between the immature and eatutippocampus.

The measurement of a robust cGMP signal in immahippocampal slices
upon PDE2 inhibition with BAY 60-7550 in conjunatiowith BAY 41-2272 to
amplify the NQs¢c receptor output confirmed the presence of biokfiactive NO in
the unstimulated tissue. Also, pharmacologicalsteising the general NOS inhibitor
L-NNA and the NQc receptor inhibitor ODQ at concentrations that wioahsure
maximal inhibition (East & Garthwaite, 1991; Gartte et al., 1995) confirmed that
the cGMP signal resulting from PDEZ2 inhibition aN@gc receptor sensitisation is
indeed dependent on endogenous NO and corresporasitity of NQsc receptors.
Suitable concentrations of both BAY 60-7550 and BA¥2272 in order to achieve a
good working window in terms of the cGMP level aido a ‘clean’ cGMP response
devoid of possible interferences (such as cAMP m@mecdation), as well as
hippocampal slice viability were established. Sgoeatly, when moving on to
investigating whether the tonic NO production ine tlunstimulated immature
hippocampus was governed by the PI3 kinase pathwegy, data disputed an
involvement of this mechanism. Both PI3 kinase hitbrs tested (LY 294002 and
wortmannin), shown previously to affect endogendoisic NO-mediated cGMP
production in the adult rat hippocampus (Hopper &tBwaite, 2006), and indicated
to at least partly sustain tonic NO levels in themature rat optic nerve (Chapter 3),
failed to affect the amount of cGMP accumulatiomaaponse to BAY 41-2272 in the
immature hippocampus investigated here. The diffeebetween the immature and

adult hippocampi points to the possibility thatesst in this brain region, the profile

179



4 IMEehzniEm for twnic NO synineis|in the hipootzimpus

of basal NO synthesis may be differently controltiening development. In contrast,
optic nerves were from rats of the same age asthmature hippocampal slices (i.e.
10- to 11-day old). This indicates that, in termhsustenance of basal endogenous NO
levels in an unstimulated tissue, the same mecdmanieay not be common among
different brain regions. A divergence could be tedato the fact that, while the optic
nerve is a white matter tract exclusively composedxons, blood vessels and glial
cells, the hippocampus consists of not only vasallements and glial cells, but also
a complex circuitry with synaptic connections abdradant expression of both eNOS
and nNOS. There is the likelihood of not only difiet mechanisms being at play in
maintaining a basal NO level, but also of this toNIO production playing different
roles at different developmental stages. This dasiea possibility will be explored

in more detail later.

Subsequently to the initial findings suggesting tive PI3 kinase pathway is
not involved in controlling basal NO synthesis lire immature hippocampus, one of
the first questions that arose concerned the istdarf NOS at play. While evidence
obtained from immature optic nerves and adult hggpapi pointed to eNOS as the
primary source of basal NO with undetectable cbatron of nNOS (Garthwaitet
al., 2006; Hopper & Garthwaite, 2006), this may nottbe case in the immature
hippocampus. To investigate a possible contributbnNOS to basal NO levels in
the immature hippocampus, the effect of nNOS inbibi on the endogenous NO-
dependent cGMP level was assessed. Concentratibnthese inhibitors were
employed that were previously shown to prevent th®IDA-evoked cGMP
accumulation but not cGMP levels that depend oralbesdogenous NO (East &
Garthwaite, 1991; Hopper & Garthwaite, 2006). Oh¢he inhibitors (1400W) also
provided a way of testing the involvement of iING&hibiting a greater inhibitory
potency for INOS than nNOS (Garveyal., 1997; Boeret al., 2000; Younget al.,
2000). Inhibition of nNOS, or iINOS, failed to re@uthe cGMP level in response to
BAY 41-2272, the latter being consistent with iIN®8ing an unlikely candidate
based on its principal involvement in pathologis#tations, its induction being
initiated over the course of several hours (ladeeblal., 1995; Moroet al., 1998;
Yamadaet al., 2003). Additionally, INOS was not detected in gopampal slices
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subjected to standard treatment and incubation gelog Garthwaite, 2006). The
lack of effect of NNOS inhibition would initiallymply that there is no detectable
constituent of neuronal NO release. Surprisinglgwéver, at the concentrations
tested, the nNOS inhibitors also fell short in r@dg the NMDA-evoked response
significantly, indicating an inadequate degree dlQO% inhibition at these
concentrations in immature hippocampal slices. @©xglanation for the failure of
NNOS inhibitors to reduce the NMDA-induced cGMPnsigmay be insufficient
concentrations used. Determining the potency oht©S inhibitors in the immature
hippocampus led to the discovery thatl0-fold highencentrations of the nNOS
inhibitors were required to prevent NMDA-evoked c8Mccumulation compared to
findings in adult hippocampi (Hopper & Garthwai®®06). Also worth mention is the
observation that immature hippocampal slices weoglyring about three times as
much cGMP in response to the same concentraticdiMiDA upon PDE2 inhibition
as compared to findings in adult hippocampal sliddsreover, also the cGMP
response to BAY 41-2272 was noticeably greatehenitnmature hippocampal slices
despite exposure to a 10-fold lower concentratibBAY 41-2272 than that applied
to adult hippocampal slices (Hopper & Garthwait@0@&), indicating that higher
endogenous NO levels may prevail in the immatuppdcampus.

An early study observed smaller cGMP responses MDA in adult
hippocampal slices compared with immature tissuast{E Garthwaite, 1991),
indicative of developmental differences. In the esastudy, it was found that
supplementation of L-arginine, the substrate for $y@thesis, markedly enhanced the
response to NMDA in the adult tissue. These findimgdicate that there may be
higher endogenous L-arginine levels in developipgpdcampal slices. Moreover, the
NNOS inhibitors that were used in the present stafgpete with L-arginine to exert
their inhibitory action (Erdagt al., 2005). Taken together, a difference in the amount
of endogenous L-arginine may be an underlying medso the necessity of higher
concentrations of nNOS inhibitors to achieve theeeof inhibition of the response
to NMDA as is observed in adult hippocampal sliCHss is in concert with findings
coming from studies investigating the potenciesbfbitors towards nNOS directly.
The use of different concentrations of L-arginires Hed to variations in the 4
values reported (Wolff et al., 1998; Cowetrtdl., 1998; Hagermt al., 1998).
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When probing the concentrations of the nNOS inbibitthat efficiently
prevented NMDA-induced cGMP accumulation againstyBAL-2272-evoked cGMP
levels, a partial reduction of the latter occurrelbwever, also this result failed to
give any indications concerning the NOS isoformivned in maintaining basal NO
levels. Much higher concentrations of nNOS inhitstavere required to reduce the
cGMP response to BAY 41-2272, and although with dowotency, the nNOS
inhibitors have the potential to also compromisé&N\activity (Zhanget al., 1997;
Boer et al., 2000). Selectivity towards nNOS at the higherocamtrations of nNOS
inhibitors required in the present study to efiintig inhibit NNOS was not preserved.
Compromise of eNOS activity by the higher concditurs of nNOS inhibitors was
evident by ACh-mediated eNOS-dependent cGMP proaluah rat aortas also being
significantly reduced. Because of this overlap atepcies of the nNOS inhibitors, it
is not possible to come to a clear conclusion iiggrthe source of basal NO in the
immature hippocampus.

Arguably, the lack of reduction of the cGMP signalresponse to BAY 41-
2272 upon indirect inhibition of eNOS activity byeans of preventing PI3 kinase
activity could point to eNOS not being involved. wiever, the C&-dependence of
eNOS activity should be taken into consideratioreventing PI3 kinase-mediated
phosphorylation of eNOS will reduce the sensitiviti the enzyme towards €a
(Dudzinski et al., 2006) but will not in itself entirely enable eNCO®m being
activated by other factors (see Chapter 3). Thegefbthere is sufficient Ga present
to preserve a basal state of eNOS activity, thidccamount to enough basal NO
output that would be detected upon sensitisatiothefNQ;c receptors to very low
NO levels by means of BAY 41-2272 (Garthwaite, 20Rby et al., 2008). Equally,
none of the data presented in the present studwsla firm conclusion to be made
with regard to the contribution of NNOS. The po#jbremains that both or only one
of the isoforms may be at play to preserve ongdi¥@ formation under basal
conditions. One issue these data reveal, howewvecetns the questionable reliance
on the selectivity of these nNOS inhibitors. Numerstudies use these compounds —
as well-established nNOS antagonist — and interplaia for or against an
involvement of nNOS based on the effects obsenidutivese inhibitors. In addition,

there may be false conclusion regarding the invakmt of eNOS. The variations in
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the observations made in studies that have imastigthe potency and selectivity of
NNOS inhibitors on isolated enzymes show cleardi tesults are sensitive to aspects
such as different assay conditions (e.g. L-argircorcentration used) and species
(Nakaneset al., 1995; Wolffet al., 1998). This sensitivity will probably be aggraset
when working on a whole tissue. Potencies of thek#itors at the cellular level
could be influenced by several factors. Permeghdlitd/or intracellular metabolism
of the compound may vary among different prepanatigpossibly depending on
species, age and/or brain region investigated. ,Adsen if membrane permeability
may not impose a problem for access se, differences in the cellular context of the
enzyme may impinge on the interaction between tingoitor and its binding site.
Considering the physical association of NMDA reoeptand nNOS (Brenmaat al.,
1996; Christophersosat al., 1999; Valtschanoff & Weinberg, 2001), the present
other proteins that may be targeted to the siteNfDS may shield the enzyme from
an easy access of the inhibitor. For example, nMGity or its location may be
influenced by interactions with various proteinstsas synapsin and hsp90 (Billecke
et al., 2002; Jaffreyet al., 2002; Dreyert al., 2004). As already mentioned above,
another potential influence upon enzyme-inhibittteraction may be differences in
the concentration of endogenous L-arginine. Appears to be a possibility in terms
of the hippocampus, this may vary according toage of the animal. While in the
adult hippocampus the nNOS inhibitors were fountiaee higher potencies towards
NNOS inhibiton compared with previous studies (Beteal., 2000; Coopest al.,
2000; Hopper & Garthwaite, 2006), the results i@ pnesent study reveal that much
higher concentrations need to be employed to aehieibition of the bulk nNOS
activity. Moreover, different endogenous L-arginieels may prevail in different
brain areas. Overall, the data obtained in thegmtestudy, showing that at least in the
hippocampus the inhibitory profile of the nNOS initors differs between immature
and adult tissue (Hopper & Garthwaite, 2006), ulkerthe importance of the
inclusion of appropriate controls when using thesepounds. Failure to do so may
lead to either nNOS being wrongly assumed to baracgpant in the response under

investigation or to eNOS being overlooked as ardouriior.
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To further test a possible contribution of a neat@omponent to endogenous
NO production, a number of neurotransmitter systeme investigated that could be
involved in nNOS stimulation. It has been estimateat the presence of BAY 41-
2272 shifts the potency of NO for its receptordw Ipicomolar concentrations (&
~ 4 pM; Royet al., 2008). Spontaneous NO oscillations in the picamodnge have
been measured in hippocampal neurons grown inreu{&atoet al., 2006). Sato and
colleagues observed periodic spontaneous NO reledseh was NMDA receptor-
dependent and relied on spontaneous neurotransmiss revealed by its sensitivity
to N& channel block by TTX, as well as coincident withuronal C&" spikes.
Spontaneous circuit activity in the hippocampatesdi could lead to a basal level of
glutamate being released, which could ultimatelgdlgo activation of AMPA
receptors and/or, given a sufficient degree of owealr depolarisation, NMDA
receptors. Both AMPA and NMDA receptors are perreab C&", which in turn
could stimulate NO formation from nNOS which is ptad to NMDA receptors
(Brenmanet al., 1996; Christophersost al., 1999; Valtschanoff & Weinberg, 2001)
and is expressed in pyramidal neurons at the prdiel (Endohet al., 1994;
Wendlandet al., 1994; Buretteet al., 2002; Blackshawet al., 2003). Block of neither
glutamate receptors nor Nahannels revealed any significant change in theIRG
response evoked by BAY 41-2272. This implies theg tonic NO production in
immature hippocampal slices is unlikely to be dej@a on spontaneous
neurotransmission. This is consistent with findings adult hippocampal slices
(Hopper & Garthwaite, 2006). Additionally, tonic Ngeneration from NOS that is
independent of NMDA receptor activation and maiméaa basal cGMP level — as
revealed upon PDE inhibition — has been demonsirpteviously in hippocampal
and striatal slices (Chetkoviah al., 1993; Griffithset al., 2002), On the other hand,
the evidence taken together reveals a possibleegiancy between hippocampal
neurons in their native environment and neurons @@ grown and maintained in
culture, perhaps arising from a different balaneénveen excitation and inhibition.
Overall, the finding that pharmacological manipigat of either of the above
examined systems did not show a detectable impacthe cGMP signal that
corresponds to the tonic NO level makes the invoket of nNOS even more
doubtful. On the other hand these data are in flagbeNOS being the key player in
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basal NO synthesis. However, based solely on the dbtained here, this is still
speculative, bearing in mind that there are othmemtial routes by which nNOS

could be stimulated in neurons such as, for exan@#e entry via C&" channels.

Both eNOS and nNOS are €alependent, another potential route of'Ca
entry into cells being voltage-gated ®ahannels. Incubation of hippocampal slices
with the general G4 channel blocker cadmium markedly reduced the c@d4Ponse
to BAY 41-2272, while incubation of slices in €dree aCSF prevented cGMP
accumulation to a level approaching that measurdble absence of pharmacological
treatment or upon NOS or N@receptor inhibition. This result strongly indicatidat
in the immature hippocampus basal NO levels areflghCa*-dependent. As to the
Cd* channel types involved, the data obtained in ttesent study suggests T-type
C&"* channels and TRP channels as possible contributors

There are three isoforms of T-type “C@hannels (Perez-Reyes, 2003), all
three having been found to be expressed in hipppabpyramidal neurons (Talley
al.,, 1999). Additionally, T-type channels have alsoerbedemonstrated on
microvascular endothelial cells from rat brain (Deho & Altura; 1996). These
channels exhibit a window current; that is theyldig an overlap between the curves
describing their inactivation and activation, effeely allowing them to support a
maintained current under steady-state conditiongyidset al., 1999; Jones, 2003;
Iftinca & Zamponi, 2009). The level of cGMP wasrsigcantly inhibited by nickel at
concentrations reported to inhibit T-type (and Rely C&" channels (Soonet al.,
1993; Zamponkt al., 1996; Tottenest al., 1996), indicating a likely involvement of
T-type channels in G&dependent NOS activation. The involvement of tighh
voltage activated R-type €achannels can probably be discounted, as theiradiciin
would require neurons to be depolarised. Howeweradcertain that the effect of
nickel is not due to R-type channel inhibition,thar experiments should have been
conducted, employing a selective R-type channelibitdr such as SNX-482
(Newcombet al., 1998). T-type C& channels have been demonstrated to provide a
route for sustained Gaentry in the adrenal cortex (Cohenal., 1988) and in the
heart (Nilius, 1985; Hagiwarat al., 1988), regulating secretion from adrenal
glomerulosa cells and pacemaker potentials in atnal node cells respectively.
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Also, mice lacking T-type channels were found tdibi constitutively constricted
coronary arterioles and focal myocardial fibrosissplaying normal contractile
responses but defective NO-mediated relaxation@b £Chenet al., 2003). Chen and
colleagues (2003) also demonstrated preventioalakation of coronary arteries by a
low concentration of nickel.

The other possible contributor to Tantry under basal conditions that was
assessed were TRP channels, which are permeaBtand also can be open at the
resting membrane potential (Clapha&mal., 2001) or be stimulated by extracellular
signals such as the brain-derived neurotrophicofa(@DNF; Li et al., 2005). The
TRP channel family is one of the largest amongdiffferent groups of ion channels,
comprising at least 28 genes that are subcatedanse six different protein families
(Pederseret al., 2005). TRP channels are intimately involved ie fhrocesses of
sensing and responding to environmental changds asicemperature, mechanical
forces and taste (Damasmnal., 2008). With relevance to the present work, member
of the TRP channel family have also been founde@xpressed in endothelial cells
(Wissenbachet al., 2000; Guleret al., 2002; Niliuset al., 2003; Yao & Garland,
2005; Kwanet al., 2007) and in neurons in various brain regiondutiog the
hippocampus (Morast al., 2004; Talaverat al., 2008). Among the 28 different TRP
channel isoforms, at least 19 are found in vasceaothelial cells. Some are open
constitutively while others are activated by ciatulg vasoactive agents released
from vascular cells (Yao & Garland, 2005; Kwetral., 2007). Either way, opening of
these channels elicits a rise in?Cm the endothelial cells, leading to the releaksa o
number of vasodilating agents such as NO. For mestathe TRPV4 has been found
to be highly expressed in endothelial cells (Wisseh et al., 2000) and to be
constitutively open at body temperature, therebyemmally contributing to the
maintenance of a steady-state’Ckevel (Giileret al., 2002; Niliuset al., 2003).
Additionally, mice lacking TRPV4 are devoid of N@quEndent vasorelaxation to
ACh (Freichelet al., 2001). TRP channels that have been found to peesged in the
hippocampus include TRPV1 and TRPV4, as well asypels 1, 3, 4, 5 and 6 of
TRPC (Moraret al., 2004; Talaverat al., 2008). For example, TRPV4 channels have
been demonstrated to allow basal*Caflux at 37°C in hippocampal neurons,
potentially influencing neuronal excitability (Slakakiet al., 2007). Taking the data
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obtained in the present study together with thesro#tvidence outlined above, it is
possible that T-type channels and TRP channelatdeast partly responsible for the
Cd*-dependent basal NO production in the immature dipmpal slices, the NO
possibly originating from blood vessels (eNOS) andeurons (nNOS).

The overall picture of the present study reveals wajor difference between
the adult and the immature hippocampi. While in #dgeilt hippocampus tonic NO
release was found to be partly mediated by the KMase pathway (Hopper &
Garthwaite, 2006), the basal NO production in thenature hippocampus appears to
be mainly controlled in a Gadependent manner, with no detectable contribution
the PI3 kinase pathway. Moreover, while pharmadoligapproaches in the adult
hippocampus allowed differentiation between eNO# ahNOS, in the immature
hippocampus overlap in potencies of available ibib prevented such a clear
distinction between NOS isoforms. Several importgsues arise from this work.
What could be the significance of activity-indepenty C&*-mediated tonic NO
synthesis in the immature hippocampus? What rolg beaserved by possibly both
eNOS and nNOS being locked into a state of badalitg® Is it possible that the
readout obtained in these experiments correspond®rtic NO release initiated
artefactually in the unstimulated hippocampal slite

Calcium is a ubiquitous intracellular signalling lexxule that is involved in a
vast array of different cellular processes. Theyeam impressive universality to
calcium signalling, including its involvement in \a#opment. In the rat brain,
angiogenesis, the formation of new vessels, iscootplete until about postnatal day
20 (Plate, 1999). Endothelial cells play an impuairteole in this process, and TRP
channels, for instance, have been proposed totafiegiogenesis through several
mechanisms such as activation by angiogenic grdatiors including vascular-
derived endothelial growth factor (VEGF) and pletalerived growth factor (PDGF,;
Nilius et al., 2003; Yao & Garland, 2005). Moreover, NO has &lsen implicated to
play a role in angiogenesis (Ziche & Morbidelli,0®) Donnini & Ziche, 2002), as
has VEGF both in the developing and adult brainr{tviet al., 1997; Plate, 1999;
Greenberg & Jin, 2005). On the other hand, howeteedate there is no evidence
showing directly that dysfunctional endothelial TBiRannels lead to impaired vessel
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development or repair. Also in neurons,?Cascillations may have a purpose in
development. For example, neuronal spontaneo’$ €gnals that appear to be
independent of synaptic activity have been obsemvexdltured immature spinal cord
neurons by means of €aimaging (Fabbroet al., 2007). The authors described
mitochondrial C&" uptake and release mechanisms to be a sourceytimplasmic
repetitive C4" transients in the neurons. Developmental processeb as neurite
growth and neuronal differentiation are thoughbé&dependent on different patterns
of C&" transients (Gu & Spitzer, 1995; Gu & Spitzer, 1966mez & Zheng, 2006).
Interesting in this respect is the finding that, éaample, types of the TRPC channel
appear to be implicated in neurite outgrowth andnak pathfinding (Grekat al.,
2003; Moraret al., 2004; Talaverat al., 2008). Spontaneous glial €@scillations in
acute brain slices have also been observed (&aalri, 2001; Nettet al., 2002). Glial
cells are known to release a number of substamodsding growth factors (Martin,
1992). Could there be a complex interplay amongdlagessels, neurons and glia
during development? For instance; could spontan@zis activity in glia promote
the release of substances which in turn could actheir receptors that my be
expressed by neurons and/or endothelial cells,uim tausing spread of €a
fluctuations (by, for example TRP channels) to ¢hesructures and ultimately
stimulating tonic NO synthesis? Could it be possilthat during postnatal
development both neurons and blood vessels exibdsal level of continuous NO
production, either being involved in their own nration (e.g. angiogenesis, neurite
growth) or influencing each other? Finally, to toyput this idea into context, NO has
been shown to be involved in various processesigureuronal development in both
vertebrates and invertebrates (Bicker, 2005; BicR@07), NO being implicated in
the granule cell migration in the rat cerebellurar fnstance, and cGMP being
proposed to play a role in growth cone behavionrsmhail neurons, growth cone
morphology and neuronal pathfinding have been tepgaio be influenced in a NO-
mediated, cGMP-dependent manner (van Wagenen & dRela2®01; Tornieri &
Rehder, 2007). Here, the authors provided evidéinae NO released from a given
neuron can affect growth cone dynamics on neighbgucells. Also in cultured
hippocampal slices, for example, cGMP has beengsex to be a participant in
mediating the correct targeting of mossy fibreshef dentate gyrus to the CA3 region
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of the hippocampal formation (Mizuhasdtial., 2001). However, the latter study on
hippocampus claimed to have not observed eviderare NO involvement,
unfortunately not showing the data and not desmgilthe types of experiments
executed to investigate the role of NO. Alterndtivé is likely that the effects the
authors observed were related to cGMP productionthigy particulate natriuretic
peptide-stimulated guanylyl cyclase, which is irsgve to NO. Although uncertain,
this line of evidence could point to cGMP playingode in aspects of hippocampal
development, some of which may or may not be NOt+ated. Another purpose of
basal NO-mediated cGMP production during develognmeay be to engage the
regulation of gene expression and protein synthegidch could be mediated by
phosphorylation of some transcription factors sashCREB by cGMP-dependent
protein kinase (PKG; Pilz & Broderick, 2005).

To summarise, it is very tempting to reason andgpée that there may be a
dual contribution of eNOS and nNOS to tonic NO lsvéen the immature
hippocampus. However, from the present work thecggs) of NO remain unknown.
The lack of good pharmacological tools makes itasgible to identify the origin of
the endogenous basal NO in the immature hippocampeter pharmacology is
crucial to build a new hypothesis concerning thie raf tonic NO release in the
immature hippocampus. Also, regarding the undeglymechanism for tonic NO
release, this work only provides circumstantial device and more detailed
investigation is required to clarify the componenislved. It is also possible that the
persistent NO production and corresponding cGMRItewere induced artefactually.
Preventing normal degradation of cGMP greatly afigsliand prolongs the cGMP
signal, which is an experimental way to detectNli&mediated cGMP accumulation
but is highly un-physiological. Hippocampal slicegre pre-exposed to the PDE2
inhibitor BAY 60-7550 for at least 15 minutes befaany further pharmacological
manipulation. Since cGMP can modulate many dowastreffectors, this prolonged
cGMP accumulation may have led to continuous NOQh®gis. For instance, both
NNOS and eNOS may be phosphorylated by PKG, incrg@nzyme activity (Butét
al., 2000; Garthwaite, 2008), and the finding that ¢kVP response corresponding
to basal NO levels was prevented undef*@ae conditions could simply reflect the
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Cca*-dependence of constitutive NOS isoforms. Overainy aspects of the present

work remain inconclusive.
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CHAPTERS

Targetsfor NO in the
hippocampus
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5.1 INTRODUCTION

As described in more detail in Chapter 1, NO exaissactions via a
mechanism which commences with its synthesis byNRe synthase (NOS), the
constitutive isoforms of this enzyme being neuro@NOS, which is found in
neurons (Bred&t al., 1991b; Vincent & Kimura, 1992), and endotheliag)NOS,
which is expressed in blood vessels (Chieing., 1994; Seideét al., 1997; Stanarius
et al., 1997; Topekt al., 1998; Demast al., 1999; Blackshavet al., 2003; Charet
al., 2004). This is followed by NO binding to its reter, the guanylyl cyclase,
generating the second messenger cGMP, which canitiberact with a number of
downstream targets, including ion channels, protéinase G (PKG) and
phosphodiesterases (PDEs; see Chapter 1). Nitideaman be produced in various
brain constituents, including neurons and the asaystem, and is able to diffuse
from its site of synthesis in a three-dimensiona@nmer to target structures in its
vicinity such as astrocytes, neurons, and bloodelsegGarthwaite & Boulton, 1995,
Garthwaite, 2008). Since the discovery that NOhis missing transmitter that is
generated in response to NMDA receptor activati@ar(hwaite et al., 1988;
Garthwaite, 1991), the list on how NO may affecunomal function has grown,
including its implication in the long-term regulati of neuronal function (see Chapter
1) where neurons can undergo long-term changeberefficacy of their synaptic
connections. This event, referred to as long-terotemtiation (LTP), has been
observed in different brain regions, the most esiterly studied being the
hippocampus, and is considered to model the celleleents that underlie the
acquisition and storage of information (Bliss & (@wiridge, 1993; Nevest al.,
2008; Nader & Hardt, 2009). Nitric oxide via cGMBngration has been implicated
in both pre- and postsynaptic changes such as m@aiulof neurotransmitter release
(O'Dell et al., 1991; Arancicet al., 1995; Arancicet al., 2001) or increase in AMPA
receptor density respectively (Waspal., 2005; Serulleet al., 2007), these changes
being implicated in LTP (Garthwaite & Boulton, 199Brast & Philippu, 2001,
Collingridge et al., 2004; Kerchner & Nicoll, 2008). For example, @k et al.
(2007) demonstrated cGMP-dependent PKG-mediatespblooylation of GIuR1 (the
AMPA receptor subunit required for NMDA-dependeftR), in this way apparently
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facilitating the delivery of the GluRI subunit tateasynaptic sites. Moreover, cGMP-
mediated PKG-dependent phosphorylation of the trgstson factor CREB has been
reported to occur in the hippocampus, suggestingin@olvement of the NO-
signalling cascade in the component of LTP thaesedbn RNA and protein synthesis
in the postsynaptic neuron (lebal., 1999). Additionally, direct removal of NO from
the postsynaptic neuron by means of injection ef Nl scavenger CPTIO has been
found to impair tetanus-evoked synaptic potentrafio & Kelly, 1999).

Intuitively, based on the implications stemmingnfrdunctional studies, one
would expect to see cGMP accumulation in the appatep structures upon N$
receptor activation, such as axons and neuronakisontnexpectedly, however,
previous studies found no detectable cGMP formaitiatie principal neurons of the
hippocampus, the pyramidal cells, despite the esgiwa of the NQc receptor both at
its mMRNA and protein level (Matsuolehal., 1992; Teunissest al., 2001; Burettest
al., 2002; Gibb & Garthwaite, 2001; Ding al., 2004; Szabadit&t al., 2007).
Conditions employed in previous studies found ndM&Gaccumulation in neuronal
cell bodies of the hippocampus but predominant cGiMiunoreactivity (cGMP-IR)
in astrocytes, particularly around the CALl regidhis was accompanied by cGMP
staining in some interneurons and varicose fibreslifferent sub-regions of the
hippocampus (de Ventt al., 1988; de Ventet al., 1996; van Staveregt al., 2001;
Teunisseret al., 2001; van Staverest al., 2004; van Staveregt al., 2005). Thus, it
appears that there is a clear mismatch betweeroraica and functional studies
concerning the involvement of the NO-cGMP signagllpathway in neuronal function

that can be either at the pre- or postsynaptid,|@gediscussed above.

One very important component of the NO-cGMP signglpathway is PDE
(see Chapter 1), as it provides great spatioterhporarol over the cGMP signal,
rapidly breaking cGMP down to the inactive derivatiGMP (Bender & Beavo,
2006). Therefore, the amount and duration of cGhtation will highly depend not
only on its rate of synthesis but also the presearzk activity of PDE (Garthwaite,
2005). Moreover, the shape of the cGMP signal misy determine the downstream
target and ensuing biological effect. For example concentration of cGMP
accumulating at its site of synthesis in a neuroifl determine whether the
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downstream target is an ion channel or PKG, the haxing different affinities for
cGMP binding (Garthwaite, 2005). In the hippocamphlis presence and high activity
of PDE is an important hallmark (see Chapter 4trottuction). Currently there are
11 PDE families known, the main ones found in tigpbcampal formation being
PDEZ2, 5 and 9 throughout various embryonic andnadat developmental stages up
until adulthood (van Staverasal., 2003). Previous evidence implicates PDE2 as the
major PDE that shapes cGMP accumulation in the ddampus (see Chapter 4 —
Introduction).

In order to characterise signalling cascades aed tmpact on functional
aspects, the availability of selective pharmacaaltools is invaluable. Although
there have been inhibitors available, the low poyeend non-selectivity of available
inhibitors could have confounded studies into thle of these enzymes. For PDE2, a
commonly used inhibitor in the past has been tmepound EHNA, which, however,
not only has poor potency but is also used as enpeidenosine deaminase inhibitor
(see Chapter 4 — Introduction). More recently, ghlyi selective and more potent
PDEZ2 inhibitor, known as BAY 60-7550, has been tgyed and shown to enhance
LTP of synaptic transmission and to improve thdqrerance of rats in a number of
memory tasks (Boesa al., 2004). Other tools for manipulating the NO sid¢jngl
pathway include the so-called NO donors. ThechN®@eceptor can be activated
independently of NOS-generated endogenous NO Isgtbempounds. The choice of
NO donor and the conditions they are used undevitakin terms of the outcome of
the cGMP signal as both of these aspects will deter how NO is released (Morley
& Keefer, 1993; Keefeet al., 1996; Schmidgt al., 1997; Feelisch, 1998). Another
aspect to consider is the signal-to-noise ratithefcGMP signal. Depending on the
methodology utilised, a cGMP signal could remainletected. Thus, additionally to
inhibiting PDE, it is possible to further amplifite signal by using compounds such
as BAY 41-2272, which sensitises the &Oreceptors to NO, with the effect of
shifting the potency of NO for its receptor frommMaanomolar to low picomolar
concentrations (Stasehal., 2001; Garthwaite, 2005; Rayal., 2008).
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5.2 AIM

Taking advantage of the now available pharmacosdgimols, the aim of this study

was to re-investigate the targets for NO in theogbgampus.

5.3 METHODS

5.3.1 Hippocampal tissue preparation

Hippocampi were isolated and sliced at 400 um asrdeed in detail in Chapter 4,
and left to recover in a shaking water bath for heirs at 37°C with a constant
stream of 95% @/ 5% CQ flowing through the inlet stopper. Brain slicesrave

transferred to fresh aCSF before exposure to planiogical treatment. For each
experiment, a number of slices were processeddantitative cGMP evaluation by
means of radioimmunoassay, while the remainingesliwere further processed for

immunohistochemistry.

5.3.2 Quantitative analysis of cGMP accumulation

A number of hippocampal slices were processed @¥E immunohistochemistry
(see below) while some were treated for cGMP qtieation by means of
radioimmunoassay (RIA). Following a recovery perioid1-2 hours at 37°C in a
shaking water bath, rat hippocampal slices wenesteared into fresh aCSF before
starting the pharmacological treatments. Except floe slices providing the
measurements for ‘basal’ cGMP levels, hippocampe¢s were pre-incubated with
the PDE2 inhibitor BAY 60-7550 for 15 min beforedamy any agonists, the PDE2
inhibitor being present throughout the experiménhibitors such as L-NNA and
ODQ were applied for a 10 min interval prior to BA9-7550 and were present for
the remainder of the experiment. Exposure of hippgzal slices to DEA/NO and
BAY 41-2272 was for 2 min and 5 min respectivelgplging BAY 41-2272 first to
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sensitise the Ng: receptors before adding the NO donor. To inaativiaé biological
reaction within the tissue at the appropriate tieech of the slices was transferred
into a separate Eppendorf tube containing 250 pbafing inactivation buffer,
leaving it to boil for a minimum of 15 min. In pded, hippocampal slices for the
immunohistochemical analysis were transferred fixi@tive (see below). After tissue
inactivation, samples were left to cool to room pemature, homogenised by
sonication, and the protein content measured uiegBCA Protein Assay Kit.
Following this, samples were centrifuged at 800 rfan 10 min, discarding the
debris. The supernatant was used to determineGMPcamount by means of RIA as

described in detail in Chapter 2.

5.3.3 Fluorescence immunohistochemistry

The antibody against cGMP was kindly given to usJayn de Vente, Maastricht
University. Following pharmacological treatmentge tllices used for histological
evaluation of cGMP accumulation were placed ontmege of filter paper and then
transferred into 4% fresh depolymerised PFA fixati8lices were fixed for 2 hours at
4°C under constant motion, subsequent to which wWese washed 4-5 times with 0.1
M PB (15-20 min each) and then placed into 5% sefor 2 hours standing at 4°C.
Subsequently, slices were transferred to 20% sacaosl left overnight standing at
4°C. This was followed by placing the slices firgb a 1: 1 mixture of OCT and 50%
sucrose for 1 hour at room temperature and thennieat OCT for approximately 30
min before embedding in OCT in the appropriate eddbvey mould over dry ice / iso-
pentane. Slices were then cryosectioned at 10 potioss, mounted onto gelatine-
coated slides, which were left to dry at room terapee overnight before storing
them at -20°C. Frozen tissue/OCT blocks that wertecnyosectioned immediately

were stored at -80°C.

Staining procedure

Slides were allowed to thaw and were then re-hgdratith TBST at 2x 5 min. Non-

specific binding was blocked by adding 10% seruradenin TBST) from the host of
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the secondary antibody (in this case donkey) foodr at room temperature, followed
by applying primary antibody made up in TBST conitagy 1% serum, leaving it to
incubate overnight for approximately 20 hours a€ 4thegative controls were
incubated with TBST-1% serum). Primary antibodiesravused at the following
dilutions: 1: 40 000 sheep-anti-cGMP, 1: 2000 measttCNPase, 1: 1000 rabbit-
anti-GFAP, 1: 1200 mouse-anti-NeuN, and 1: 500 reaudi-NF 200. Primary
antibody incubation was followed by washing withSBat 4-5x 10-15 min before
applying the secondary antibody (made up in TB®F)1f hour at room temperature
in the dark. Secondary antibodies were used atfahewing dilutions: 1: 1000

donkey-anti-sheep-Alexa 488, 1: 1500 donkey-aribiteAlexa 594, and 1: 600
donkey-anti-mouse-Alexa 594. Slides were washeld WBST at 4-5x 10-15 min and
then mounted and coverslipped in mounting mediuomt@ning DAPI to stain the

nuclei). Slides were stored at 4°C in the dark.

5.3.4 Immunohistochemistry for G,

For the G@; immunohistochemistry, animals were deeply anag@s#gtewith 200 pl
i/p of Pentoject (Pentobarbitone sodium — 200 mp/pdr animal, followed by
intracardial in situ fixation (this procedure was kindly carried out Mr. Nick
Davies). Then situ fixation consisted of one flush with cold PBS (041 sterile), to
avoid blood contamination, followed by perfusiortiwtold, fresh depolymerised 1%
PFA fixative. Whole hippocampi were transferredini% cold PFA and left for 3
hours at room temperature under continuous mokohowing fixation, hippocampi
were washed 5 times with 0.1 M PB (20-30 min eaglaed into 5% sucrose for 2-3
hours standing at 4°C, transferred to 10% sucrose fhours standing at 4°C, and
finally added to 25% sucrose in which they werd ®fernight standing at 4°C.
Subsequently, whole hippocampi were incubated fBrhburs in 1: 1 OCT and 50%
sucrose, followed by approximately 30 min neat OCHe hippocampi were then
embedded in OCT in the appropriate mould over o@d iso-pentane, dipping the
bottom of the embedding mould into a plastic diglsting on the card ice and
containing iso-pentane to ensure rapid freezingthaf tissue. Slices were then

cryosectioned at 10 um sections, mounted ontoigetabated slides, which were left
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to dry at room temperature overnight before stotiregn at -20°C. Frozen tissue/OCT

blocks that were not cryosectioned immediately vetoeed at -80°C.

Staining procedure

Slides were allowed to thaw and were then re-hgdratith TBS (no triton) at 2x 5
min. Tissue was permeabilised with neat acetonéfarin, continuously dropping
some onto the slide, followed by 3x 5 min washeth WiBS. Peroxidase suppressor
was then applied for 15 min at room temperaturdoi@d by 3x 5 min washes with
TBS. Non-specific binding was blocked by adding 188tum (made in TBS) from
the host of the secondary antibody (in this casekely) for 1 hour at room
temperature. Primary antibody (rabbit-anti{C1: 500) made up in TBS containing
1% serum was then applied and incubated overnmhagpproximately 20 hours at
4°C (negative controls were incubated with TBS-1&um), followed by 4x 10-15
min washes with TBS. Sections were then incubatéith wecondary antibody
(donkey-anti-rabbit-biotin; made up in TBS at 1:020for 1-2 hours at room
temperature, followed by 4x 10-15 min washes wilB8T Subsequently, ABC reagent
was applied for 45 min at room temperature, follovay 4x 10-15 min washes with
TBS, and DAB was then applied in excess for 4-5 atimoom temperature. Slides
were then rinsed with plenty dB, counter-stained with haemalum (applying it for
20-25 seconds at room temperature and immediaitetyng it off with tap water),
washed once with di®, and finally allowed to air-dry overnight at rodemperature.
Slides were then mounted and coverslipped in DPX @fowed to dry overnight
before taking pictures, storing them at room terapee.

5.3.5 Analysis

cGMP guantification by means of RIA

The procedure for determining cGMP content norredlito protein amount has been
dealt with in detail in Chapter 2. All data are ggpted as means + SEM obtained

from at least two different slices per animal,iteght least three rats.
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Immunohistochemistry

Images were taken, using a communal Leica TCS SFbcal microscope, running
Leica LCS SP2 software (Leica Microsystems, Heidajb Germany). The Leica
TCS SP confocal microscope is equipped with fogeia giving 5 selectable lines;
Argon ion giving 458nm (blue) and 488nm (cyan), pion 568nm (green/yellow),
HeNe 633nm (red) and a water-cooled Argon ion pcoduUV with lines at 351 and
364 nm. The Leica DM-R upright fluorescence micops is fitted with standard
FITC/TRITC filters. In the saved settings box oétheica software, the appropriate
filter was selected — e.g. DAPI (UV laser; blue ssion, e.g. Hoechst and other UV
dyes excited by 351 and 364 nm such as DAPI usetthanpresent study), FITC
(Argon laser; green emission, e.g. FITC, fluoresc&FP and other green dyes
excited by 488, 512 and 476 nm such as Alexa-4&®8 uis the present study) or
TRITC (HeNe laser; red emission, e.g. TRITC, rhootenred, Texas red, Cy5 and
other red dyes excited by 568-633 nm such as A®daused in the present study).
For 10 um tissue sections, 6 optical sections waen and each was averaged 4-6
times. When comparing cGMP staining in differenttpaf the same tissue section,
the same parameters were applied. Negative contreis also imaged in parallel
with the same parameters. The images were theegsed and merged in Leica LCS
Lite. To determine cGMP-positive structures, th@rapriate markers were stained
and co-localisation was evaluated. Images presentede are qualitative

representatives of at least three observations ftiffierent rats.
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5.4 RESULTS

5.4.1 Localisation and characterisation of cGMP-psitive structures

Stimulation of NOgc receptors — in the absence of NO donor

cGMP signal corresponding to endogenous NO:

Incubation of hippocampal slices in the presencePBE inhibitor only,
resulted in barely detectable cGMP accumulationdidsincubation of slices under
basal conditions without pharmacological treatm@ng. 5.4). In the presence of
submaximal concentrations of both BAY 60-7550 (M) and BAY 41-2272 (3 uM),
cGMP levels were measured by RIA to be 151 = 14 Ipmp protein (Fig. 5.4).
Under these conditions, cGMP signals were obsemvaidly in astrocytes, especially
around the CAL region, a few interneurons, and dleesselgFig. 5.1b and Fig.
5.2). A similar staining pattern was found when slieese incubated in the presence
of the broad-spectrum PDE inhibitor IBMX (1 mM) aBAY 41-2272 (3 uM;Fig.
5.1a and Fig. 5.2), a condition investigated previously in rat andus® hippocampi,
with a prominent cGMP signal in astrocytes (espcaround the CALl area) and
varicose fibres (van Stavereh al., 2004). Moreover, the similarity of the staining
pattern that is obtained using either IBMX or BAY-8550 at a submaximal
concentration echoes findings concerning the srityl@bserved when using IBMX
and the PDE2 inhibitor EHNA in the absence or pmeseof an NO donor (van
Stavereret al., 2001).

In order to maximise the signal in response to gedous NO the effects of
maximal concentrations of these agents were inyastil. When tested on purified
PDE2, BAY 60-7550 showed maximal inhibition of enmy activity at 0.1-1 uM
(Boesset al., 2004). Only the activity of PDE1 was noticeabffeeted by BAY 60-
7550, while PDE5 activity was marginally enhand@daring in mind, however, that

these data correspond to observations made ongoueihzymes, it is most likely that
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a higher concentration would be required for thestions to occur when looking at
the whole tissue level. A lower potency of inhilb#oin slices is based on cell
permeability or possible intracellular metabolisitbe compound. For example,
differences in potency were found for the PDES5 bitor DMPPO when comparing
the inhibitory effect in an enzymatic assay to k m®del (Coste & Grondin, 1995).
Furthermore, while inhibition of PDE5 has been shaw elevate cGMP to some
extent, no increase in cGMP has been found to ogpan PDEL1 inhibition in the
hippocampus (de Venet al., 1996; van Staveregt al., 2001). As it is well known,
cyclic nucleotides can modulate each others’ sigmafile by, for example, one
acting on a PDE affecting the breakdown of the osueh as is the case with cGMP
inhibition of PDE3 that may ultimately lead to enbad cAMP levels (Vignet al.,
1994; Pelligrino & Wang, 1997; Bender & Beavo, 2p0®his could ultimately
interfere with the signal of interest. The levelscBMP in the presence of different
BAY 60-7550 concentrations have been assessedopsdyiin adult hippocampal
slices, significant cCAMP elevation being obtaineldew the concentration of BAY 60-
7550 exceeded 1 uM (Boedsal., 2004). Taken together, a maximal concentration of
1 uM was chosen for BAY 60-7550 in conjunction wathmaximal concentration of
10 uM BAY 41-2272, the latter being devoid of natestive effects such as PDE
inhibition (Staschet al., 2001; Mullershausemt al., 2004a). It should be noted,
however, that even if cross talk occurred betwdentivo cyclic nucleotides under
these chosen conditions, or any other cGMP-hydiradyBDE isoform were inhibited,
this would not interfere with the primary aim oktpresent study, namely to evaluate
structures in the hippocampus that are potential td@ets, being capable of
synthesising cGMP. Moreover, direct elevation of\iA via PDE4 inhibition has
been reported to result in weak cGMP-IR in someagtes only (van Staverehal.,
2001).

Under these chosen conditions in the present diuelyl uM BAY 60-7550
and 10 uM BAY 41-2272), the level of cGMP was fouade enhanced to 578 + 53
pmol/mg protein(Fig. 5.4) and a quite distinct staining pattern revealeelfits
compared to previously tested conditions. In additio broad astrocytic cGMP-IR
throughout the hippocampal formation, a greatepgrion of interneurons appeared
to be immuno-positive for cGMRFig. 5.1c). More strikingly, a brightly stained
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cluster of unidentified cells, most likely pyramideells (as verified later by co-
localisation with the neuronal marker NeuN), wapapnt in the subiculum, as well
as faintly stained pyramidal cells in the CA4 reg{big. 5.1c). In addition, cGMP-IR
was noticeable throughout the neuropil of the slfEey. 5.1c). The cGMP-IR
resulting from incubation of slices with these mnmaal concentrations of BAY 60-
7550 and BAY 41-2272 was absent in slices that Ibeeh exposed to the same
treatment but in the presence of the broad-spectd@®® inhibitor L-NNA or the
NOgc receptor inhibitor ODQ, confirming mediation by degenous NO and
specificity to NQsc receptor activity respectivelyig. 5.1d-f).
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3 uM BAY 41 + 100 pM L-NNA
+ 1 mM IBMX

3 UM BAY 41 + 100 uM L-NNA
+ 10 nM BAY 60

10 uM BAY 41 +10 yM ODQ
+ 1 M BAY 60

FIG. 5.1 cGMP-IR (green) in whole sections of rat ippocampal slices incubatedn vitro under the
conditions indicated in the upper right corner of ech panel. (A, B)Predominant cGMP-IR in astrocytes
surrounding the CA1, with a few interneurons througthe hippocampal formation also stained for cGKP
Onset of detectable cGMP-IR in the neuropil as a®lin pyramidal cell bodies in CA4 and more stronglthe
subiculum.(D-F) Representative controls for the treatment conditomwn in (C). cGMP-IR was abolished in L-
NNA and ODQ-incubated slices, confirming the NO-elegence of the signal and the specificity of tlangtg
respectively. Nuclei are stained with DAPI (blugib, subiculum; scale bar, 200 um (A-C), 50 um (D-F)
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FIG. 5.2. Confocal images taken at a higher magndation, showing cGMP-IR (green) in astrocytes which

are double immunostained for their marker GFAP (red. Photographs illustrating cGMP-IR in astrocytes
around the CALl region in sections of hippocampakslincubated with submaximal concentrations oPth&2
inhibitor BAY 60-7550 (10 nM) and Bay 41-2272 (3 uf&)-C), or the broad-spectrum PDE inhibitor IBMX (1
mM) and BAY 41-2272 (3 uMJD-F) Note: indicated by the arrows are cGMP-positiviélmadies outside the
pyramidal cell layer, most likely being interneusoiuclei are stained with DAPI (blue); so, stratmens; sp,

stratum pyramidale; sr, stratum radiatum; scaldrb&; 30 pum; scale bar iR, 50 pm.

Stimulation of NOgc receptors — in the presence of NO donor

Effect of BAY 60-7550 and BAY 41-2272 at maximal concentrations in the presence of
an NO donor:

The cGMP signal presented in the foregoing dataesponded solely to
endogenous NO. Therefore, the capacity for cGMRiractation upon addition of an
NO donor remained to be investigated. Thus, intaadto inhibiting PDE2 by means
of BAY 60-7550 at the maximal concentration of 1 EWd sensitising the N£
receptor by means of BAY 41-2272 (10 uM), slicesemexposed to the NO donor
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DEA/NO (10 puM), this concentration of DEA/NO caugimaximal cGMP elevation
in rat hippocampal slices (Bon & Garthwaite, 200nder these conditions, the
cGMP signal was pushed to a remarkable 1741 + 4&l/prg protein as determined
by RIA (Fig. 5.4). This corresponded to a quite different stainiadtgrn from that
observed previously. Clear cGMP-IR was apparemiunout the neuropil, as well as
in pyramidal cells of the subiculum, CA1, CA3 and4(Fig. 5.3a), recognisable by
the distinct, compact arrangement of the cell bodre the band of the stratum
pyramidale. This staining for cGMP was entirely exfiisin sections from slices that
were incubated in the presence of OD)g. 5.3b). No staining appeared in the

granule cell layer of the dentate gy &s$g. 5.3a).

10 uM DEA/NO +10 yM ODQ
+ 10 pM BAY 41
+1 uM BAY 60

FIG. 5.3. cGMP-IR (green) in whole sections of rahippocampal slices incubatedn vitro under the
conditions indicated in the upper right corner of ech panel. (A)Marked cGMP-IR in the neuropil throughout
the hippocampal formation with noticeable stainimgyramidal cell bodies in CA4, CA3, CA1 and subiculu
(B) No detectable cGMP-IR in sections from slices thaite incubated in the presence of ODQ, confirnirey
specificity of the staining. Nuclei are stainedhwRAPI (blue); scale bar, 200 um.
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FIG. 5.4. Quantification of the cGMP signal by meaa of radioimmunoassayFor each animal tested, some of
the hippocampal slices were processed for the gatwe evaluation of the cGMP-IR observed. Respectiv

conditions are colour coded, showing the amouGNIP accumulation that resulted when slices wherebated

in aCSF containing the PDEZ2 inhibitor BAY 60-7550 &l 41-2272, with or without added NO donor, in the
absence or presence of L-NNA or ODQ. Note, onlgha‘red group’ did L-NNA fail to prevent the cGMP

response, which is consistent with exogenous N@gbapplied (n = 3-6).

Sections were counterstained for a number of elloharkers in order to
localise cGMP accumulation. To look at the cGMPHRpyramidal cells, sections
were co-stained with NeuN, a neuron-specific matkat stains the cytoplasm and
nucleus of cell somata as well as dendrites in sceses (Mulleret al., 1992; Weyer
& Schilliing, 2003). Confocal images taken at higheagnification revealed a clear
co-localisation of cGMP in the cell bodies of pyidai cells in the region of the CA1,
CA3, CA4 and subiculurfFig. 5.5). The most intense staining for cGMP appeared to
be in the CA4(Fig. 5.59-1) and the subiculunfFig. 5.5j-1), followed by slightly
weaker cGMP-IR in the CA3 and CAFig. 5.5d-f). Among these regions, the CA1

showed the weakest intensity of cGMP-IR and fewascoverall seemed to be
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immuno-positive for cGMP as compared to the otlegians investigate¢Fig. 5.5a-

). In the case of the CA3 region, an interestinguiegawas the stratum lucidum — the
area in which the pyramidal cells receive theiraptic inputs from the mossy fibres
originating from the granule cells in the dentayeug — appearing darf€ig. 5.5d-f).
This implies that the presynaptic component of Hyisapse may be devoid of cGMP
accumulation under these conditions. In contrésiret was evident cGMP-IR in the
apical dendrites of CA3 pyramidal ce(lsig. 5.5d-f). In all four hippocampal regions
illustrated, there are some brightly stained cellibs outside the stratum pyramidale
on either side which are most likely interneuroagualged by co-staining with NeuN
(Fig. 5.5). Furthermore, in the subiculum, in which a didtiolster of cells appears
to be positive for cGMP, clearly co-localise withetneuronal marker NeuN. Yet, a
number of cells stained for NeuN in this hippocampab-region evidently lack
cGMP-IR (Fig. 5.5j-1). Cell counts of neurons for Fig. 5.5 estimated 3% eurons
stained for cGMP in CA1 (43 cells out of 117), 7694CA3 (35 out of 46), 48% in
CAA4 (33 out of 69), and 62% in subiculum (45 ou¥8j.
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FIG. 5.5. Confocal images taken at a higher magndation, showing cGMP-IR (green) in pyramidal cell
bodies which are double immunostained for NeuN (rédn hippocampal slicesncubated with 1 p BAY 60-
7550, 10 uM Bay 41-2272, and 10 uM DEA/N@®hotographs show cGMP-IR in pyramidal cell bodie€A1

(A-C), CA3(D-F), CA4(G-I) and subiculunfJ-L). Note the clear dendritic staining for cGMP in CABiclei are
stained with DAPI (blue); Sub, subiculum; so, stratoriens; sp, stratum pyramidale; sr, stratumatadi; sl,

stratum lucidum; gcl, granule cell layer; h, hilssale bar, 50 um.
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To investigate cGMP-accumulation in axons, sectimese co-stained with
the marker NF200, an intermediate filament protekpressed abundantly along
axons. Axons positively immunolabelled for cGMP wefound in all regions
examined, namely CAl, CA3, CA4 and the subiculirng. 5.6). Axons appeared to
be more heavily stained for cGMP in the C{lg. 5.6a-c), CA3 (Fig. 5.6d-f) and the
subiculum(Fig. 5.6j-1), while less intense cGMP-IR showed in the QA#. 5.6g-1).
Clear axonal staining was revealed both in thewstreoriens and stratum radiatum
around the CA1 and CA3 regiofBig. 5.6a-f). Around the CA4 region, most axons
stained for cGMP were found to be in the polymarptell layer (or hilus) of the
dentate gyrugFig. 5.6g-i). Also noticeable are some fibre-like structureat tare
clearly cGMP-positive but are not stained for NF20Bese are most likely astrocyte
processes or possibly dendri{€sg. 5.6).
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FIG. 5.6. Confocal images taken at a higher magndation, showing cGMP-IR (green) in axons which are
double immunostained for NF200 (red) in hippocampaslicesincubated with 1 u BAY 60-7550, 10 uM Bay
41-2272, and 10 uM DEA/NOPhotographs show cGMP-IR in axons in GALC), CA3 (D-F), CA4 (G-l) and
subiculum(J-L). Nuclei are stained with DAPI (blue); Sub, subioul so, stratum oriens; sp, stratum pyramidale;

sr, stratum radiatum; sl, stratum lucidum; gcl,ngda cell layer; h, hilus; scale bar, 50 um.
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Pronounced cGMP-IR was also found in astrocytesoutjitout the
hippocampal formatiolfFig. 5.7a-c), co-localising with the astrocytic marker GFAP,
which is a type of cytoskeletal intermediate filamhprotein abundant in this type of
glial cell. No cGMP-IR was detected in oligodendres (Fig. 5.7d-f), perceptible as
a lack of co-localisation of cGMP-IR with the stiaig for the enzyme CNPase which
is prominent in oligodendrocytes. These data applall regions investigated, the
illustrations of the CA3 being representative foservations made in the subiculum
as well as the CA1 and CA4 regions of the hippoasnmnd throughout the

hippocampal section as a whole.

cGMP | =2

z

FIG. 5.7. Confocal images taken at a higher magndation, showing cGMP-IR (green) in glial cells whia
are double immunostained for their respective markes in hippocampal slicesncubated with 1 © BAY 60-
7550, 10 uM Bay 41-2272, and 10 uM DEA/NQ@A-C) Photographs illustrating examples of cGMP-IR in
astrocytes, here showing astrocytes in the CA3 d@oinfihunostained for GFAP (redP-F) Photographs
illustrating examples of cGMP-IR in oligodendrocythere depicting these cells in the CA3 double-
immunostained for CNPase (red). Nuclei are staini¢ld RAPI (blue); so, stratum oriens; sp, stratumagpyidale;

sr, stratum radiatum,; sl, stratum lucidum; scale 5@ pm.
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5.4.2 Localisation of the NQc receptor in the immature

hippocampus

Previous results suggested that optimal proteimiatafor the NQc receptor
was achieved only after a weak fixation paradigrar@geet al., 2002). The method
optimised and applied by these authors was adaptine present study, resulting in a
staining pattern resembling the one demonstratedqusly in the adult hippocampus
(Burette et al., 2002), as well as that of mMRNA expression of teeeptor in the
immature hippocampus (Gibb & Garthwaite, 2001). bmwstaining for GB; protein
was evident in the pyramidal cell bodies of the G&éa, the CA3 region, and also in
neurons in the CA4 area and the subicu(&ing. 5.8a-d). Prominent staining was also
recognised in the granule cell layer of the dentgteis (Fig. 5.8€). Throughout the
different sub-regions, intense immunostaining was detected in cell bodies outside
the defined neuronal cell layers, most likely beinterneurons, which have been
shown previously to express G{abundantly (Burettet al., 2002; Szabaditet al.,
2007). Also striking was the prominent fibrous, ptate staining throughout the
neuropil, which could be presynaptic, postsynamimd/or astrocytic elements,

consistent with their ability to synthesise cGMP.
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FIG. 5.8. Immunostaining for GCB, in immature rat hippocampal slices.Photographs showing CA&), CA3

(B), CA4(C), subiculum(D), dentate gyruéE) and a representative image of the negative coimtnwhich
primary antibody was omitted, lacking GdmmunoreactivityF). So, stratum oriens; sp, stratum pyramidale; sr,
stratum radiatum; sl, stratum lucidum; gcl, grareé# layer; h, hilus; scale bar, 100 pum.

5.5 DISCUSSION

In terms of NO sources in the hippocampus it isl Webwn that these could
be neurons and/or blood vessels. Less clear, howeas been the matter concerning
the targets for NO in this brain region. The woregented here demonstrates that
NO, via activation of its receptor, the guanylylclase, initiates the formation of
cGMP not only predominantly in astrocytes as obsgin previous studies, but also
in cell bodies of pyramidal neurons in the diffdreab-regions of the hippocampus,
as well as in some dendrites and, possibly, axpms. concurred with the expression
pattern of the N@c receptor found in the present study in immatuggpbcampal
slices. The high specificity of the cGMP-directattidody used in the present study
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has been evaluated extensively in previous stydies/enteet al., 1987; Tanakaet
al., 1997), showing no cross-reactivity with cAMP, kiyaucleotide monophosphate
or triphosphates, or guanosine, indicating that gtsning revealed in the present
work exclusively reflects NO-responsive, cGMP-swsiBing structures. This is also
in harmony with the lack of staining for cGMP upiorhibition of NQsc receptors,

demonstrated in the present work.

Up until now, as visualised by means of immunolalsemistry, the general
notion concerning cGMP-producing structures in the hippocampus either under
basal conditions or exposed to exogenous NO inatieence or presence of PDE
inhibitor, has been that the targets expressingtiomal NQsc receptors are only
astrocytes, a dense network of unidentified vagac@bres throughout this brain
region, and blood vessel walls, with the occasiomérneuron also displaying
cGMP-IR (de Ventet al., 1988; de Ventet al., 1996; van Staveren et al., 2001;
Teunissen et al., 2001; van Staveeeal., 2004; van Staveres al., 2005). However,
none has been detected in postsynaptic structatsding pyramidal or granule cell
somata and dendrites. In contrast, functional stidiave provided evidence that
points to NO-mediated cGMP signal transduction rigkiplace both pre- and
postsynaptically in hippocampal neurons, a cleanmatch with anatomical studies
(see Introduction). This mismatch is further highted by the clear expression of
NOgc receptors in pyramidal and granule neurons atniRNA and protein level
(Matsuoka et al., 1992; Teunisseret al., 2001; Buretteet al., 2002; Gibb &
Garthwaite, 2001; Dingt al., 2004; Szabaditst al., 2007), not agreeing with the
failure to detect cGMP accumulation in these stmes upon NO challenge. The
present study found clear expression of the pGGubunit throughout the
hippocampus, with prominent localisation in pyraatidell bodies of the subiculum,
CA1l, CA3, and CA4, as well as neurons in the graradll layer. Additionally, a
dense, punctate staining was observed througheutehropil. This corroborates the
previous demonstration of all three subunits bemgsent in the immature
hippocampus at their mRNA level (Gibb & GarthwaR601).

The pattern revealed for the GCsubunit largely complements the pattern of

cGMP accumulation in the immature hippocampus, detnated in the present study.
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Successful activation of the NQreceptor requires thesubunit ¢, or ap) linked to
the B;-subunit, and the prosthetic haem (Hartengtckt., 1990; Zabekt al., 1998). A
simple explanation for why no cGMP accumulation basn observed so far in all
NOgc receptor-bearing structures could be that ndadtalictures in which the receptor
has been detected contain receptors that aresriuhction-determining form. This is
emphasised by the fact that only antibodies ditkeigainst one or the other subunit
have been employed, the presence of one subunitgwotg any information
regarding the functional state of the receptor. &tre granule cells in the
developing cerebellum, for instance, appear toesgther, subunit, as demonstrated
by in situ hybridisation, but lack any other subunits (GibbGarthwaite, 2001).
Alternatively, the receptors may be rendered inacby some other factor(s). The
idea of NQs¢c receptors in cell somata being inhibited by som&ogenous factor or
by the absence of some vital cofactor has beenfgutard previously (Domek-
Lopacinskaet al., 2005). In analogy, a mismatch between receptaribg and
ligand-responding structures has also been obsémwetious regions of the rat brain
upon exposure to atrial natriuretic peptide (ANRhe resulting response
corresponding to cGMP output from the NO-insensifiorm of the guanylyl cyclase
(Saavedra, 1987; de Verdgeal., 1989; de Ventet al., 1990a). For example, despite
it revealing the highest density of ANP receptddadvedra, 1987), the supraoptic
nucleus was found to not show ANP-responsive, cGivifelucing cells (de Ventet
al., 1990a). Moreover, cholinergic somata in the ctugaitamen of adult rats were
found to express N& receptors, but, when exposed to NO, only fibresrimi cell
bodies appeared to accumulate cGMP (de Vental., 2001a). Also in cerebella
Purkinje cells no detectable cGMP accumulates (eet&kt al., 1990b; de Ventet
al., 1998) despite the presence of §dQ@eceptor subunits in these cells (Zwilgtial .,
1981; Nakanest al., 1983; Dinget al., 2004), mirroring the unexplained mismatch
found in the hippocampus. Even in the presence AY B1-2272, to sensitise the
NOgc receptor to NO, and PDE inhibitor, no cGMP immuaosng has been
observed in postsynaptic hippocampal structures Stavereret al., 2004). The lack
of cGMP accumulation in hippocampal pyramidal teltiies, despite the presence of
the NQsc receptor, as indicated by GCexpression, has also been demonstrated in
the mouse brain (van Stavereral., 2004).
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At this point two things should be considered. thirsmmunohistochemistry
allows to locate a given receptor and to investigts functional activity by locating
cells exhibiting immunostaining for the relevangral. However, there is a limit to
the sensitivity of immunohistochemistry, which abdikely be the reason for why
clear axonal cGMP-IR, for instance, was only obsdrwnder conditions of
maximally evoked cGMP production (i.e. PDE2 inhibjtBAY 41-2272 and NO
donor). On the other hand, the presence of songétbristained structures may mask
very weakly stained structures. Overall, the absesfccGMP-IR is not an absolute
indication for the non-existence of cGMP-producsiguctures in the region under
investigation. Even complete failure to detect wychucleotides by means of
immunohistochemistry has been reported in the edalys (Cumminget al., 1977;
Cumminget al., 1980), in this case the paradigm of fixation app® to be a crucial
factor, with long fixation times found to destroyll acyclic nucleotide
immunoreactivity (Rall & Lehne, 1982; de Vemteal., 1987). Secondly, although not
an aspect looked into experimentally in the presemrk, the age of the animal at
which cGMP accumulation is investigated may be irtgrd in determining the scope
of the detection limit of the cGMP-IR, as relatedtie amount of cGMP produced in
the given tissue. Different patterns of cGMP-regfiog structures may reflect
variations in the NO-cGMP signalling cascade dedent developmental stages.

One of the key findings in the current study wasrdmarkable capacity of the
immature tissue to produce cGMP. Purely correspundio endogenous NO,
incubation of the 10-day-old hippocampal sliceshwitaximum concentrations of the
PDE2 inhibitor and BAY 41-2272 to sensitise the d4Oreceptors produced
approximately 600 pmol of cGMP per mg protein. Anhi of the NO donor
DEA/NO to this condition amounted in remarkable amts of cGMP accumulation
in the whole tissue, approaching 1800 pmol of cGpM? mg protein. These data
reflect a cGMP-producing capacity never observddrban the hippocampus. While
this work utilised immature hippocampal slices, thmajority of previous work
evaluated cGMP localisation in adult hippocampss$ue, finding the characteristic
cGMP-IR mainly in varicose fibres, astrocytes, lbla@ssel walls, and the occasional
interneuron, with a clear absence in postsynapgiments as discussed above. In the
rat cerebellum, for instance, there is an incréasg&sMP content in astrocytes upon
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maturation but a decreased responsiveness of thec N€ceptor to NMDA
(Garthwaite, 1982). A significant decrease in ba&lP levels has been found in the
olfactory bulb and the hippocampus of aged anim&lsn compared to adult rats (de
Venteet al., 1990a), andn vitro slice studies have revealed changes in the furadtio
activity of the NQ receptor during development (Markerink-van Ittenset al.,
1997), noting that cGMP synthesis in cerebral nealrgomata in response to NO is
more widespread during postnatal development tmamadult and aged animals.
Subsequent to the linkage of NO and cGMP produdtddMDA receptor activation
(Morris et al., 1994), also in the spinal cord NOS-mediated cGiRthesis has been
proposed to be reduced upon maturation, NMDA-indud¢O-mediated cGMP-IR
occurring in 2-week-old rats but none in adult (8nati-old) animals (Vlest al.,
2000). In the same study the authors describedrappangoing NO synthesis in
neonatal spinal cord slices which was, howevergtgaable in the adult tissue slices.
Furthermore, cholinergic neurons of the rat basedldrain and the caudate putamen
apparently lose the greater part of their capaatgynthesise cGMP in response to
NO upon maturation, a marked reduction beginningnduhe second postnatal week
(Domek-Lopacinskaet al., 2005). These age-dependent changes with regard to
detectable cGMP accumulation may, however, be redifferentiated. Cholinergic
fibres in the neocortex, for instance, retain theapacity to synthesise cGMP in
response to NO throughout life (de Vestal., 2001a), whereas there is apparent loss
of NO-responsiveness in the cholinergic fibres ¢ie thippocampus during
development (Domek-Lopacinska al., 2005). As to the reason for why there are
higher levels of cGMP in the brain in general dgripostnatal development, this
could be related to the proposed function of cGMiFing maturation of neuronal
networks both in vertebrates and invertebratesk@ic2005; Bicker, 2007). For
example, in the rat cortex, cGMP has been suggdstel@termine the direction of
dendritic outgrowth during development (Polleetxal., 2000), where inhibition of
cGMP production or PKG was demonstrated to resulrandom orientation of
dendrites. The indications concerning lower detdetdevels of cGMP in the adult
CNS parallels the finding of higher PDE activitythre aged brain of rats, resulting in
more active cGMP degradation (Chalimoniuk & Str@gdar, 1998). Other studies
have indicated changes not only in PDE activity, &lso alterations in mRNA and
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protein expression of some PDE isoforms such as1P&itl PDE3 during brain
development (Billingslewt al., 1990; Reinhardt & Bondy, 1996). Additionally, nreor
directly related to the present work, it appeasad #iso the expression of PDE2, PDE5S
and PDE9 increases during maturation of the hipppcs (van Staverest al.,
2003).

In the present study, incubation of immature higmopal slices with either
the general PDE inhibitor IBMX or the PDE2 inhibit®AY 60-7550 at its
submaximal concentration in the presence of a sulonah concentration of BAY 41-
2272 resulted in a similar distribution of cGMP-tedominantly in astrocytes
around the CALl region, a few interneurons and bleeskels, which is in agreement
with previous evidence cited above. However, upoxposure to maximal
concentrations of BAY 60-7550 and BAY 41-2272, esytic cGMP-IR became
more apparent throughout the different hippocanmegions and marked cGMP-
immunofluorescence started to clearly appear ituster of neuronal cell bodies in
the subiculum alongside diffuse neuropil stainimgl aveak cGMP-IR in some cell
bodies in the CA4. More pronounced staining thraugtthe neuropil as well as in
pyramidal cell bodies of the subiculum, CA4, CA3damo a lesser extent, CAl
occurred only following the addition of the NO don®nder conditions of added
exogenous NO, granule cells still lacked cGMP-IRjck could be related to weaker
expression of PDE2 in this region but greater abnod of PDE9 (van Staverenal.,
2003; van Stavered al., 2004). On the other hand, clear cGMP accumulatias
now evident in dendrites of pyramidal cells in t68&3 region, as well as axons
surrounding or transecting the regions investigabederms of the axonal staining,
however, the extent of investigation carried outha present study does not allow
further conclusions to be made concerning the iyenf the cGMP-accumulating
axons. The mere presence of NO-reactive axonserdiffierent sub-regions of the
hippocampus does not imply that these axons tetminaa particular region or make
a particular functional contact within the hippogarms. Moreover, there is also the
likelihood that some (if not the majority) of th&kIP-stained axons are interneuronal
or are part of a pathway travelling through thepbigampus. Cholinergic neurons of
the medial septum and diagonal band of Broca, foample, project to the
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hippocampus, the varicose cholinergic fibres ofs¢heareas that innervate the
hippocampus having been demonstrated to synthe&b# (Domek-Lopacinskat
al., 2005). Additionally, upon addition of DEA/NO, tle&sMP-immunofluorescence
seemed now to be brighter in the cell bodies of ghkiculum and the CA4 area
compared to when no NO donor was added.

The different conditions revealing a sequence oérgience of NO-responding
targets, immunofluorescence intensity seeminglydpdirighter as cGMP levels are
raised more, could reflect different profiles of PRctivity contained in cells in a
given region. While PDEZ2, alongside PDE5 and PDt9g been demonstrated at the
MRNA level primarily in neuronal cell bodies (vartagerenet al., 2003; van
Stavereret al., 2004), a different balance among these PDE istfon terms of their
activity and/or abundance could be responsiblevimying cGMP signals in the
different hippocampal subregions. This possibiktgtrengthened by the lack of these
PDE isoforms in astrocytes (van Staveetral., 2004) and the profile of cGMP
accumulation in these cells, for example.

The identification of cGMP in astrocytes even ire thresence of PDE
inhibitor alone (van Staverest al., 2001) and cGMP appearing in blood vessel walls
even in the absence of PDE inhibitor (de Vesital., 1996), is a good indication that
PDE activity is a key determinant of detectable d&Bignals. Also, in the present
study under all conditions tested, in the absemqgaasence of the NO donor, cGMP-
immunofluorescence was obvious in astrocytes. dukh be noted, however, that,
while astrocytes in the CAL region appeared cGMS§itpe even under ‘endogenous
NO conditions’, cGMP accumulation in astrocytestlme other areas investigated
appeared clearly upon addition of exogenous NO lama of DEA/NO, or when
maximal concentrations of BAY 60-7550 and BAY 41723vere applied. This could
reflect different subpopulations of astroglia extiily different PDE activity. In
analogy, a subregional heterogeneity of astrogha heen suggested previously,
demonstrating that populations of these glial amis/ contain either ANP-responding
guanylyl cyclase or Ng: receptors only, or both (de Vergeal., 1989; de Ventet
al., 1990a; Teunissed al., 2001). In contrast, no cGMP-immunofluorescences wa
detectable in the oligodendrocytes with only a spanumber of these glial cells

appearing immuno-positive for their marker CNP&&Pase is an enzyme found in
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oligodendrocytes and is thought to be involved yelm formation. For example, in
multiple sclerosis, where the main hallmark is tegeneration of myelin, plague
regions where myelin is lost also exhibit reducexdkls of CNPase (Johnsehal.,
1986). Immunohistochemically, in the corpus calfoswf the rat forebrain,
oligodendrocytes have been demonstrated to have Fe@dducing capacity in
response to NO (Tanalahal., 1997), using the same antibodies as the preseiy.s
Tanaka and colleagues found that the number of c@MBucing oligodendrocytes
decreases during maturation and appears to betabstre adult brain, suggesting
that the cGMP-dependent signalling pathway couldnlbelved in the regulation of
myelin formation. Tanaka et al. also showed thatdhs no cross-reactivity between
the cGMP antibody, also used in the present stadg,the 2'3’-analogues contained
in oligodendrocytes. The limited number of CNPaséred oligodendrocytes in the
immature hippocampal slices could be explained Hey éxpression profile of this
oligodendrocyte marker in this brain region. Up postnatal day 10 (the age of
animals used in the current study), CNPase exmmessivery low, being nearly non-
existent during the first 8 days of rat life, biiagply increases and approaches its
peak around the fourth postnatal week (Virgtlial., 1990). This trend of CNPase
activity concurs with the beginning of myelinatiomyelinated fibres in the
hippocampus being first seen between postnatal #i&yand 17 and progressively
increasing until postnatal day 25 (Savasekaal., 1999; Meieret al., 2004). Immature
oligodendrocytes in the rat brain are suggeste@xjoress a number of different
markers sequentially (Virgilet al., 1990) and, although the few CNPase-positive
oligodendrocytes did not reveal any cGMP accunmtatn response to NO, it could
be argued that there may be populations of oligdamytes at this developmental
stage that may be targets for NO but could onljyobalised by means of a different
marker. On the other hand there is no evidenceD&Zin these glial cells, the only
PDE subtype inhibited in the current work. Hent@Jso becomes conceivable that, if
there was any cGMP synthesis occurring in oligodecytes, one or more isoforms

of PDE other than PDE2 could be degrading it, mgikinintraceable.

Another question remaining is as to why previousligts failed to observe
cGMP-IR postsynaptically, particularly in neuroneéll somata. One previous
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indication that cGMP may rise in dendrites deriyemm a previous study that also
employed BAY 60-7550 (Boes$ al., 2004). Exposing hippocampal slices to similar
conditions (i.e. maximal BAY 60-7550 concentratiplus NO donor), the authors
demonstrated diffuse, punctate neuropil stainingd@MP. This is similar to the
observation made in the present study followingilbation of the slices with maximal
concentrations of BAY 60-7550 and BAY 41-2272 ie #ibsence or presence of NO
donor. However, Boess et al. found only minimall@malisation of cGMP with the
presynaptic marker synaptophysin, leading the astio the conclusion that,
although cGMP levels may be increased in a sulfggesynaptic terminals, the main
rise in cGMP may occur in postsynaptic parts ofrteeron. However, also Boess and
colleagues failed to detect cGMP-IR in pyramiddl bedies, which could be related
to the absence of BAY 41-2272 as compared to tesenmt study. Moreover, the data
presented here clearly show cGMP accumulation mddies emerging from CA3
pyramidal cell bodies, as evaluated by the co-lseaabn with the neuronal marker
NeuN, which can also stain dendrites (Mulleh al., 1992). While the study
conducted by Boess et al. employed BAY 60-7550 g@issthe present work, a likely
explanation for the absence of cGMP-IR in pyramidell bodies may be the
pharmacological paradigm employed. Perhaps additi@gmcompound sensitising the
NOgc receptors so that the signal would be even furtmaplified would have
revealed positive cGMP staining in the neuronal aamAnother aspect worthwhile
considering, however, is the possibility of diffetesplice variants of PDE occurring
in a given tissue or cell. Different splice varmritave been reported for PDE2,
PDE2A1 being a cytosolic form, and PDE2A2 and PDE2&ing membrane-bound
variants (Bender & Beavo, 2006), where PDEZ2 inhippocampus has been shown to
appear ‘ring-like’ mainly around the plasma memleraxi pyramidal neurons (van
Stavereret al., 2003). Studies that have investigated PDE2 irhippocampus have
focussed on mMRNA expression, which does not negBsgave an accurate account
concerning protein abundance. Also, the publishedkwloes not distinguish among
different PDE2 splice variants. Therefore, previdasls employed to inhibit the
PDEZ2, such as EHNA, may have not been effectivénagall possible PDE2 splice
variants, expression of which in the hippocampusnoa be excluded to date.
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Although not known, it may be that BAY 60-7550 hasnore efficient inhibitory
potency towards different variants of PDE2.

The absence of cGMP-IR in hippocampal pyramiddl s@inata may also be
brought about by the experimental and pharmacadbgiaradigm used in previous
studies in terms of NO application. The majoritypoévious work employed the NO
donor SNP, which is a troublesome NO donor to weith. The interpretation of
results generated from several NO donor compounayg be complicated by the
production of NO-derivatives other than authenti®.NDecomposition of SNP can
generate NQ NO and CN in addition to NO and its degradation is dependent
light and thiols (Feelisch, 1998; Miller & Megsd)07). NO donors belonging to the
family of NONOates on the other hand, including DE® used in the present study,
have been established to release authentic NO ¥witbwn half-lives under
physiological conditions (Maragas al., 1991; Morley & Keefer, 1993; Keefet al.,
1996) and should therefore be used ideally. Inrtbépect, differential stimulation of
NOgc receptors by SNP and DEA/NO has been reportedke place in cortical
tissue for instance (Nedvetskyal., 2002), where application of compounds for the
same amount of time revealed DEA/NO to stimulategh@ceptor activity with
greater potency than SNP. Moreover, according ¢ofitidings by Nedvetskegt al.
(2002), DEA/NO, used at a third of the concentrattd SNP, evoked higher amounts
of cGMP accumulation in various brain regions, ugdhg the medulla,
hypothalamus, midbrain, and striatum. Also in tleeebellum there was a slightly
greater effect of DEA/NO compared to SNP. Only alkmumber of previous studies
that investigated NO-responding targets in the twpmpus have employed DEA/NO
(van Stavereret al., 2004; van Staverest al., 2005). However, in these studies
DEA/NO was dissolved in aCSF and applied to theugsslices for 10 minutes. The
NONOates should be dissolved in alkaline solutiand be applied just before it is
required to induce the biological response. DEA/NMGstable and kept in a non-
releasing state in alkaline solutions but spontaslgodecomposes with a half-life of
2 minutes at physiological pH and temperature (Byo# Keefer, 1993; Keefeat al.,
1996). Therefore, it is possibly that, given thHa tNO donor was dissolved in aCSF

and applied for 10 minutes before inactivating bi@ogical reaction, only minimal
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cGMP production was evoked so that the real scop&bP accumulation remained

undetected, associated with missing the optimatiawnof NO release.

To summarise, the present study revealed clear d@¢Pansiveness of
postsynaptic structures in the hippocampus as dsimaded by cGMP-IR in
pyramidal cell bodies in different sub-areas, exjyte the previous mismatch
between anatomical and functional investigatiortse ©bservation of dendritic and
axonal cGMP accumulation requires more detaile@stigation, the identity of the
latter remaining unresolved in the present workei@¥, the present findings reveal a
pharmacological paradigm that will be useful toedetine NO targets in the brain and
so possibly uncover new NO-responsive structurekhoAgh the majority of
pyramidal cell-cGMP-IR only appeared upon additmnan NO donor, it can be
speculated that the same cGMP-producing cells eapond to endogenous NO,
which, however, is beyond the detection limit af immunohistochemical approach.

Demonstrating so far unidentified NO-respondingictires in the CN3$n
vitro by means of cGMP-IR has certainly been a good taidclarifying the
neurobiological aspects of NO. However, immunolulsémistry only provides a
‘snapshot’ of the biological response, providingyeoor or no spatiotemporal
information. Aspects such as diffusion of cGMP framinitial site of synthesis prior
to fixation cannot be determined by means of thishmdology. The data shown here
allows no firm conclusion concerning the ‘real’ c®Nproducing sites in the
hippocampus. For example, it cannot be known wehtainty whether cGMP is
mainly synthesised in dendrites and/or closely adothe soma membrane and then
diffuses globally into neuronal cell bodies, or Wiex it is originally produced
globally in pyramidal neurons. Given that PDEZ2 mibited in conjunction with
evidence suggesting this PDE isoform to be located'ring-like’ appearance around
the plasma membrane of pyramidal neurons (van &aeeal., 2003), diffusion of
cGMP seems likely. Advances in the design of cGMRsgive indicators that can be
expressed in a whole tissue may make it possibli@evestigate this matter in the

future.
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6.1 INTRODUCTION

Based on the numerous functions of cGMP in cellea@nts and complex
biological processes, there has been great interefite development of sensitive
tools that would allow monitoring of the spatialdatemporal behaviour of cyclic
nucleotide levels upon receptor stimulation. A camnig-used classical method to
study NO-evoked cGMP accumulation has been radiainmassay (RIA), which
allows the detection of changing levels of biolagimolecules at the whole tissue
level. However, there are a number of downsideghts approach. In order to
determine cGMP levels, using antibodies directeairsy the cyclic nucleotide, cells
or tissues need to be homogenised. Moreover, gthBIA has been a useful method
to monitor endogenous NO levels by measuring cGBIRI$ that are sensitive to
NOS inhibition (Griffithset al, 2002), it has a limit concerning its sensitivayd it
does not allow examination of free cGMP levelsteas dantibody will also recognise
pools of cGMP that are bound to downstream tardetysiological effects of NO
without detectable cGMP rises by RIA have been mepo(Mergiaet al, 2006).
Mergia et al. (2006) found that aortic rings fromcenlacking about 94 % N&
receptors relax in response to NO with the corredpig cGMP accumulation being
undetectable by means of RIA. A further importardveback of this biochemical
assay is its low temporal and no spatial resolutlrevious studies have set out to
study the temporal characteristics of NO-induced/&Gaccumulation in tissues by
terminating the biological reaction at differenné points. However, acquisition of
time courses in this way is very laborious and &dasmporal limit, especially when
considering the very fast kinetics of NO-evoked d&Bignals (Garthwaite, 2005). In
rat cerebellar cells for instance, the kineticstf reaction rate between NO and its
receptor were found to be on a sub-second scalka(®e & Garthwaite, 2001a),
significant increases in cGMP being observed atm®) On the other hand, the
importance of resolving cGMP signals spatiallynslerlined by the concept of cGMP
compartmentalisation, which assumes different cGbticentrations in various

cellular compartments, ultimately determining tlesultant physiological effect of a
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NO-evoked cGMP signal. An intriguing aspect of ayciucleotide-mediated signal
transduction has certainly been how specific catlutesponses are achieved
considering the vast number of effector systemsplesuto cGMP signalling. As
discussed in more detail in Chapter 1, the spatipteal profile of a given cGMP
signal is not only determined by its rate of systheébut also by its degradation by
phosphodiesterase (PDE). In a different resped, bt only desirable to understand
the purpose of different cyclic nucleotide-genem@isystems being present in a given
cell, but also the rationale for different PDEs hwiarying substrate specificity,
affinity, and subcellular location occurring notiypbroadly in a given cell but even in
microenvironments within that cell. A particulartigan of components present in a
given microdomain of a cell may greatly influendee toutcome of the cyclic
nucleotide signal in terms of its ability to difeusaway from its site of production as
well as its duration and amplitude, therefore deieing the ensuing biological
response based on the targets accessible to a ¢ signal (Garthwaite, 2005;
Fischmeisteet al, 2006).

Devising tools that would enable one to continugusbnitor the changes in
cGMP concentrations in living cells in real-time ldagh spatiotemporal resolution
would substantially enrich our understanding of BI@GVIP signalling. A great deal of
effort has been put into this objective by scidatia the past. One approach involves
the use of recombinant CNG channels combined véttrephysiological recordings
or C&'-sensitive dyes, measuring or imaging the catiomrect or change in
intracellular C&" respectively that result upon channel activationrésponse to
cGMP elevation. For example, CNG2 channels hava bewloyed as cGMP sensors
in rat cardiomyocytes (Castret al, 2006). The authors provided evidence for
compartmentalisation of cGMP signals derived frathez the natriuretic peptide- or
NO-activated types of guanylyl cyclase. Castro anlleagues (2006) found that,
while cGMP generated by the natriuretic peptidevatéd enzyme was accessible at
the plasma membrane and controlled exclusively DE2Pactivity, the cGMP signal

generated by Ng: receptors had access to the membrane only wherb RS
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inhibited. While Castro et al. (2006) derived thidings from recording the €a
current conducted by CNG channels, another studiedeout by Piggotéet al. (2006)
also investigated the differential patterning ofM¥& responses to NO donors and
natriuretic peptide, finding also spatial segrematof cGMP signals in cultured
vascular smooth muscle cells infected with adensvencoding the CNéz subunit.
Here the readout for changes in GMP-modulated CR&wel activity was the €a
influx through the channels using the’Gaensitive fluorescent dye fura-2 (Piggett
al.,, 2006). A potential problem that may arise usihg tmethod is the fact that
activated CNG channels conduct?Cmns which in turn may influence downstream
components of the signalling cascade that are thems C&*.

Another method that has attracted a lot of attenitiothe context of real-time
measurements of cGMP dynamics in living cells inesl the use of fluorescence
resonance energy transfer (FRET)-based cGMP imdailhe principle of these
indicators constitutes the interaction of cGMP withe of its natural binding
domains, such as GAF-domains of PDE2 or PDES5 (Md#weét al, 2006; Russwurm
et al, 2007), or parts of PKG (Sa&t al, 2000; Hondat al, 2001; Russwurnat al,
2007), which are fused between two fluorescentgimet and which generally vary in
their dynamic range, cGMP sensitivity, and seléitivBinding of the cyclic
nucleotide to the biosensor induces a conformalti@hange which leads to an
increase or decrease in the distance betweenubeeficent proteins which in turn is
translated into a change in FRET. It is the chamgd-RET that is ultimately

monitored, providing information concerning the dgrics of cGMP signals.

The use of FRET-based cGMP indicators has providseghts into the
spatiotemporal characteristics of cGMP signallirgr example, Cawlegt al. (2007)
provided information concerning temporal cGMP dyre@nin cultured aortic smooth
muscle cells. The authors demonstrated the comcénteience of NQc receptor
activation and PDE5 activity on the kinetic profié cGMP peaks in the smooth
muscle cells, observing a sharp increase in cGMBwed by a rapid degradation

phase, the decline in the response being prevamped PDE5 inhibition. Other
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interesting methods that have been developed fgcectude a PKG-based FRET
sensor coupled to. and B subunits of the Ng: receptor (Satet al, 2005). This
construct had a detection limit of 0.1 nM NO. Enynhg this guanylyl cyclase-
coupled cGMP indicator, the authors demonstratati2mM NO, which is plenty to
induce vasorelaxation, is generated in culturecdwas endothelial cells even in the
absence of shear stress. The same laboratory tbdaged a reporter cell line named
Piccell (Satcet al, 2006), which can be used to monitor NO levelsmwip®wn in co-
culture with the cells of interest. Sato and caless (2006) demonstrated remarkable
NO sensitivity of their new system with a detectionit of 20 pM, and, in the course
of their study in primary hippocampal neurons, wered an oscillatory release of
picomolar NO concentrations from neurons which wyaschronised with periodical
neuronal C& spikes.

Though the use of FRET-based indicators has cértamdded to the
knowledge about NO-cGMP signal transduction, thisthod suffers from several
disadvantages. Using this approach to study thaospaporal dynamics of cGMP
requires technically laborious dual emission d&ectsystems. Other limitations
include low changes in the overall emission ratol &ow sensitivity so that small
fluctuations in cGMP levels can not be detectedréduer, low NO concentrations
are capable of initiating cGMP synthesis (Gartheya005), the amount of elevation
of which may be physiologically relevant but yet detected by the cGMP indicator
used. Additionally, low selectivity, and poor resibility and speed are a problem in
FRET. Lastly, other attributes of available cGMMigators to be improved include
the problem of pH sensitivity, no applicability vivoin mammals, and interactions of
the biosensor with endogenous proteins, the latissibly being responsible for the
low maximal intensity changes observed in livingiscéNauschet al, 2008). Very
recently, a new non-FRET based cGMP biosensor natElincG has been
developed and tested in Wolfgang Dostmann’s laboyain the University of
Vermont, and was demonstrated to have superiortrgpecharacteristics, fast
association and dissociation kinetics, allowingtaepof the very rapid rise and fall in

cGMP, and greatly improved environmental stab{lyauschet al, 2008).
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FlincG and ‘clamped’ NO

The development 08-FlincG (fluorescence indicator for cGMP) was ldyge
based on the concept of non-FRET?Ciadicators (Baircet al, 1999; Nakaiet al,
2001), which since have successfully been emplayefisualise C& patterns during
the cardiac cycle in the heart vivo (Tallini et al, 2006). The FlincG indicator
constitutes two tandem PKG-derived cGMP bindingssithat are fused to the N-
terminus of a circularly permutated enhanced gribgorescent protein (CpEGFP),
which permits substrate-indicator interactions te llirectly translated into
conformational changes and an increase in fluorescantensity of a single cpEGFP
molecule (Nausclet al, 2008). A diagram of the FlincG construct is dégicinFig.
6.1 The authors removed interactions between endageR&KG ands-FlincG by
deleting the N-terminal domain of the PKG-derivé&aMP binding domain which is
responsible for dimerisation between PKG proteiffss latter modification led to
improved maximal changes in fluorescence intendfiyrthermore,s-FlincG was
found to benefit from high selectivity for cGMP oveAMP (>280-fold) and to
respond to low nanomolar NO-concentrations derivech the short-lived NO donor
DEA/NO (EGso, peano= 4 nM; Nausctet al, 2008). Another advantage &FlincG
was its resistance to small changes in pH undesiplogical conditions (pKs-riince =
6.1; Nausctlet al, 2008). Importantly, Nausch and colleagues (20@&e produced a
novel cGMP biosensor with outstanding high-speeatktics. Rapid temporal and
spatial cGMP changes can be captured more acouradethe fast rates for cGMP
association and dissociation with or fréaiFlincG ensure that the indicator does not
act as a sink for cGMP. Moreover, the cGMP bindaupstant ofé-FlincG was
estimated to be 170 nM, which is approximatingd®MP affinity for its endogenous
binding partners such as PKG and PDES5 in vascuataoth muscle cells (Naus@t
al., 2008).
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Fig. 6.1 Diagneof FlincG, published in Nausch et al., 2008.

A possible source of error in NO research is thg W@ is applied. This has,
for instance, led to inconsistent reports conceyrire potency of NO for its receptor
(Griffiths et al, 2003; Garthwaite, 2005). Numerous studies haveé am still
deducing results from experiments in which NO iveéeed in constantly changing
concentrations. The basis of this problem is th&inaous decomposition of the NO
donor over time and the potential of NO to intenaith oxygen, the latter known as
autoxidation (Fordet al, 1993). Previously an easy-to-use method has been
developed to deliver NO concentrations under clampenditions so that the
biological response or profile of N receptor activation can be directly related to a
known concentration of NO (Griffithet al, 2003). The principle of this method is a
balanced state between NO release at a constantfromh an NO donor and an
appropriate rate of NO consumption. This is achdelyg combining a long-lived NO
donor with the chemical NO scavenger CPTIO. Thmmate of using an NO donor
with a long half-life is to provide a slow rate @écomposition of the donor relative to
the duration of the experiment so that a constatet of NO release is achieved. On
the other hand, CPTIO, which allegedly does notefrate the cells (Griffithgt al,
2003), scavenges NO extracellularly. The end refuttombining a state of fast NO
diffusion into the cells with continuous extrac#iuremoval of NO is an existent

dynamic equilibrium of NO across the cell barri@ritfiths et al, 2003).
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6.2 AIM

The objective of the present study was to inveti¢D-evoked cGMP dynamics in a
heterologous expression system, combining real-tmeging and clamped delivery

of NO at physiological concentrations.

6.3 METHODS

6.3.1 Cell culture of HEK cells

Four different HEK293 cell lines expressing the dQeceptor and/or PDES were
chosen for study. One of the cell lines, generaiedeffrey Vernon in the Garthwaite
lab, permanently expresses thg; NOgc receptor targeted to the cell plasma
membrane. Three more HEK cell lines with differerpression levels of the NQ
receptor and/or the PDE5 were kindly provided byi®doesling, University of
Bochum. Of these latter three, one had been tretesfgpermanently with the normal
a1p1 NOgc receptor only. The other two cell lines had beamgfected permanently
with the normali;3; NOgc receptor and PDES5, one expressing higher amodinke o
PDE5 than the other (Mullershausen al, 2004b). The two respective PDE5-
expressing cell lines will be referred to as HEK/BDE5 and HEK-GC/PDE%".
The PDES5 activity in HEK-GC/PDES" cells is approximately 1.5-times higher than
in HEK-GC/PDEDS5 cells (Mullershausen al, 2004b).

All of the four different HEK cell lines were culted at 37°C in a humidified 5% GO
atmosphere in DMEM supplemented with 5% heat-deadttetal bovine serum, 1%
penicillin / streptomycin and 1% non-essential amarcids, composing the basic
culture medium for these cells. The basic cultuedinnm for HEK cells expressing
the membrane-targeted;; NOgc receptor additionally contained the antibiotic

zeocin at 300 pg/ml in order to select againstgtmvth of wild type cells. For the
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same purpose, basic culture media for the HEK esifsessing PDE5 additionally to
the normalaf; NOgc receptor contained the antibiotics hygromycin, &4ind
zeocin, each being at a final concentration of @ggml, while cells expressing only
the normalasf; NOgc receptor were cultured in basic growth medium @aially

containing hygromycin and G418 at 200 pg/ml each.
General procedure for cell maintenance

Cells were grown in filter-capped T175 flasks camtay 20-30 ml of basic culture
medium (see above), replenished with fresh medippncximately every 3-5 days as
required. At approximately 80% confluence, cellgevsplit as follows. Media were
removed followed by one wash with 1x DPBS, takiagecnot to disturb or detach
cells at this stage. Following removal of DPBS, Bahtrypsin solution was added
and left for approximately 2 min or until cells hdeétached. In order to stop the
trypsin reaction, 7 ml of basic culture medium vaasled, followed by triturating the
cells. Depending on when confluence of cells wesrdd, the flask containing fresh
basic culture medium was inoculated with an appabervolume of the cell

suspension, the remainder of which was discarded.

6.3.2 Infection of HEK cells with FlincG

FlincG was kindly donated by Wolfgang Dostmann, unsity of Vermont. To

amplify the adenoviral stock, HEK293T cells weredisnd the procedure according
to Invitrogen was followed. In brief, the day befathe infection, 293T cells were
trypsinised, counted, and plated at 3 X &€lls per 10 cm plate, plating them in 10 ml
of normal growth medium containing serum. Once ¢tb#s had reached 80-90%
confluency, 100 pl of crude adenoviral stock waseadto the cells. Cells were
incubated at 37°C in a humidified 5% g@tmosphere, allowing the infection to
proceed until 80-90% of cells had rounded up andewtating or only lightly

attached to the tissue culture dish (typically B&/s post-infection). Adenovirus-
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containing cells were harvested by squirting ceffsthe plate with a 10 ml pipette,
transferring the cells and media to a sterile falttbe. The tube was then placed at -
80°C for 30 min, followed by placing the tube iIB&C water bath for 15 min to
thaw. This freeze / thaw cycle was repeated tw8uhsequently, cell lysates were
centrifuged at 3000 rpm for 15 min at room temperato pellet the debris. Finally,
the supernatant containing viral particles wergquadted under sterile conditions and
stored at -80°C.

All HEK cells lines containing theyB1 NOgc receptor and/or PDES were plated in
basic culture medium (at 2 ml per well) onto polyyBine coated coverslips (No. 0
thickness, 0.08-0.12 mm; 13 mm diameter; VWR lrd&amal, Dorset, UK) in 6-well
plates (Falcon Discovery Labware, Marathon Labayatupplies, London, UK) at
the desired density at least 24 hours prior tocinda. Care was taken not to plate too
densely as this would have made it difficult toesela field with the right balance of
number of cells and cell-free background. Normadlyensity of 30-40% confluence
prior to infection was aimed for. On the day ofeiction, several hours before the
addition of the virus, the medium was changed ®&deulture medium devoid of the
‘selection’ antibiotics (i.e. no zeocin, hygromycior G418). For infection of HEK
cells with the FlincG biosensor, adenovirus’(10° per ml presumed titer) was first
diluted at 1/ 100 in cold DPBS and then added ¢onhklls containing 2 ml of medium
and 30-40% confluent HEK cells at 1: 30 000, givinfinal titer of 3.33 x 193.33 x
10° particles per ml. Cells were incubated in the @mes of the viral construct for

approximately 36 hours at 37°C and 5%,@@nosphere before imaging.

6.3.3 Imaging

On the day of imaging, approximately 1-2 hours befstarting the experiments, the
medium containing the FlincG-adenovirus was remowadl replenished with

complete culture medium devoid of the ‘selectionfilaiotics.
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Before each experiment, flow rate and temperatwesevehecked and, if necessary,
were adjusted to 1.5-1.6 ml/min and 37°C (+ 0.%peetively. To measure the delay
between switching to a different solution and tbalution reaching the chamber, the
passage of a deliberately introduced air bubble tiwaed. All drug applications were
corrected for this delay. Also, to determine thiécefncy of wash-in and wash-out,
fluorescein (1 nM) was perfused at the end of gmesrment, and the equilibration

parameters determined by fitting the rising antifglphases to the following logistic

function:
y= Al—XA2 L A2
1+()°
XO
Where:

A1l = start of wash-in or wash-off

A2 = equilibration of wash-in or wash-off

y = change in fluorescence in the chamber
X = time (sec)

Xo = half-time of wash-in or wash-off

p = slope

A sample analysis is illustrated kig. 6.2 Overall, the mean half-timeg) for wash-
in was 7.5 + 0.72 sec with a mean slopedf 2.2 + 0.77 1§ = 24). For wash-out, the
corresponding values were 8.6 + 0.77 sexd@nd 2.4 + 0.70 fop (n = 24).
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Fig. 6.2 Wash-in and wash-out of fluorescein faledmining the mixing parameter&: Whole graph
showing 3 min application of fluorescel. Parameters determined for wash-in mixing ti@e.

Parameters determined for wash-out mixing time.

A coverslip was placed into the chamber (0.5 mlac#ty) and a platinum ring (12
mm diameter) used to hold it down. The coverslis ywarfused with clamp buffer
and a field of cells brought into focus using thégit field. A field of cells was
chosen on the basis of morphological criteria aasonable expression levels of the
FlincG. In general, the coverslips were screenedaffield containing several cells
positively expressing the FlincG, avoiding fieldsainly containing very round or
bright cells and/or lacking enough cell-free backgrd space. The acquisition time
(or frame rate) as well as exposure time were &sfjuBom one experiment to the

other as required.

To achieve conditions of ‘clamped’ NO concentrasiothe ‘clamp buffer’ contained
the NO scavenger CPTIO (100 uM). Other constituevse urate (300 uM) to
remove NQ that is formed by the reaction between NO and CR&Enhd SOD (100
U/ml) to scavenge any superoxide anions that wothérwise react with NO to form

peroxynitrite (Griffithset al, 2003). To prevent any endogenous NO productios, t
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clamp buffer also contained the broad-spectrum N®®itor L-NNA (30 uM). The
potential problem of NO loss via autoxidation waggligible at the Ilow
concentrations of NO used (0.001-30 nM) based errdlte of the reaction between
NO and oxygen being proportional to the squardnefNO concentration (Foret al,
1993; Griffiths et al, 2003). A mathematical model developed by ProfnJo
Garthwaite in Mathcad was used for determiningdbecentrations of NO donor and
CPTIO to be added to the clamp buffer in orderdbieve the desired clamped NO
profile. As an examplérig. 6.3shows an outline of the model, depicting the cladp
profile of 1 nM NO:

A - : . .
NO(t5-10 0 |- —
0 | |
0 2 4 6
60
B 110 * C 110° T T
9.98:10 ° —
CPTIO (1) D(1)9.8-10 ¢ |- -
9.96:10 ° —
-5 I I -6 I I
9.94-10 6.
0 2 4 6 9610 © 4 2 4 6
t t
60 60

Fig. 6.3 Clamped NO concentrations as determinéoigua Mathcad document written by Prof. J.
Garthwaite — A: Clamped profile of 1 nM NO. B: CPTtonsumption over time. C: Decomposition of

NO donor over time.

The following parameters were employed to obtagabove profile:

[Donor], = 10 uM, the initial concentration of NO donor addo the clamp buffer

immediately before application in order to obtainM of ‘clamped’ NO;
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eNO = 1.3, the mol of NO released per mol NO donor;

[CPTIO]p = 100 uM, the starting concentration of CPTIO tkatdded to the clamp
buffer;

thalf = 100, the known half life of the NO donor €12 in minutes at 37°C and pH
7.4,

k1 =1.155 x 19, the rate constant for donor decompositiot):(s

k2 = 1.6 x 10, the rate constant for reaction of NO with CPTIO;

Furthermore:

t = time in seconds

[NOJ](t) = concentration of NO at time t
[Donor](t) = concentration of NO donor at time t
[CPTIO](t) = concentration of CPTIO at time t

Finally, this is solved according to the followieguation:

Donor ' = NO
NO+CPTIOOf - CPTI + NO,

Assuming exponential decay of the donor, the de@sitipn reaction will follow first

order kinetics with a rate of

d[Donor] (t) =

o —k,.[Donor](t)

Accordingly, the rate of NO formation is given by

%(t) = k,.[Donor|(t) eNO
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And will ultimately be determined by the amountiN®D being removed by CPTIO, so
that

df

g'to] (t) =k,.[Donor](t).eNO- k,.[CPTIO|(t).[NOJ(t)

The decay of CPTIO will be given by its reactioteravith NO

d[CPTIO] . _

- —k,[CPTIO|(t).[NOJ(t)

For all experiments, the concentration of CPTIO Wegt constant (i.e. at 100 uM)
and the concentration of NOC-12 to be added wasstat] as required to obtain the

desired free NO concentration, which ranged fropMilto 30 nM.

Cells were continuously perfused with clamp bufferd imaged on an inverted
microscope (Axiovert 135 TV Zeiss) using a x40 mfagation oil immersion
objective and a 12-bit monochrome camera (Q Imagiotera-XR; Microimaging
Applications Group, Marlow, Buckinghamshire, UK)daa combined filterwheel and
lamp (Prior Lumen200Pro; Prior Scientific Instrurteehtd). A standard filter set was
used (Chroma filter set 49002 GFP containing anE40 nm/40x excitation filter,
a T495LP dichroic mirror and an ET525/50nm emittehroma Technology Corp.,
Dorchester, Dorset, UK). The images were acquirethgu Image-Pro Plus 6.3
(MediaCybernetics, Inc., Bethesda, MD, USA). Thend® has an absorption
maximum at 491 nm, excitation at 480 nm yieldingeamssion maximum at 511 nm,
which is shifted when cGMP binds gk- 170 nM; Nausclet al, 2008). Cells were
imaged at varying acquisition rates depending air ttesponse profile. In general,
HEK cells only expressing the NQ receptor were imaged at a frame rate of 0.2 Hz
acquisition speed, while HEK cells expressing tl@@;Nreceptor and PDE5 at lower

or higher levels were imaged at 0.5 Hz or 1 Hz eespely. Exposure times were
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adjusted according to the level of FlincG expressind ranged from 90 to 110 msec.
All inhibitors were pre-incubated for 5 min priav NO application. The NO donor
NOC-12 (t2= 100 min at pH 7.4 and 37°C) was applied for 1,maimess otherwise
stated, at an appropriate concentration requirechdioeve the desired clamped
concentration of NO. The cGMP analogue 8-Br-cGMR warfused for 15 min. NO

applications were at 10-15 min intervals unlesewotise indicated.

6.3.4 Analysis

FlincG-expressing cells that were very bright (n&arsaturated) or moved were
excluded from the analysis. The data were analysatny Image-Pro Plus 6.3, Excel
and OriginPro 8. Areas of interest (AOIs) were cigd for each FlincG-expressing
cell and the mean fluorescence intensity was medsaver time. The background
(Fo), which was selected in cell-free areas, was aated from all values of the mean
fluorescence intensity (F) measured for the wholpeement, givingAF, and, to
normalise the fluorescence intensityf was divided by & Following normalisation
of the data ta\AF/F, all cells were averaged to show the mean Fline&lout of the

experiment.

6.4 RESULTS

6.4.1 Evaluation of FlincG as a cGMP sensor

Influence of varying levels of FlincG on responserpfiles

To ensure that no errors are introduced due tdfaring effect on cGMP the
cell line exhibiting the fastest response to N@®.(HEK-GC/PDEB" see later) was
chosen for the comparison of the cGMP profiles agnoalls containing varying
amounts of FlincG. No noticeable change in thearsp profiles was observed when
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comparing different cells, with some expressingtaib-fold higher FlincG content
than othergFig. 6.4) No change in fluorescence occurred in controleexpents
testing cells which had not been infected with fiacG-adenoviral construgfig.

6.5)

C 1400 D

1200

50]

30 sec

1000

800 / \,,_,..,

L
g ("‘\w
] A
a0f—— T o
£
200 - 7%
s,
NO (1 nM) o
O T T T 1
450 500 550 600 650
Time (sec)

FIG. 6.4Response profiles to 1 nM NO in HEK-GC/PDE%cells containing different amounts of
FlincG. A: Bright-field image of HEK cellsB: Areas of interesC: Read-out of areas of interest before
normalisation taAF/F,. Up to a 5-fold difference in the level of Fline&pression had no noticeable
impact on the shape of the response to 1 nM DtGAveraged traces of cells expressing lowest,

intermediate, and highest levels of FlincG seepainelC.
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0.05+
FIG. 6.5 Effect of NO in cells not infected with
the FlincG. A: Bright-field image of cells.B:
Areas of interestC: Trace showing the mean
ooo-@w% readout of the response to 1 nM NO. No change
WX&%% 69% y in fluorescence intensity occurred. Shown are
- M L, averaged traces af = 16, representative of 3

OF/F,

NO (1 nh) observationsNote: Application time of NOC-12

is indicated by the horizontal bar. In blue are *

-0.05 T T T T T T T T T 1

0 1 2 3 4 5 SEM.
Time (min)

Evaluation of FlincG as a sensor for changes in cGRIin response to clamped
NO using HEK cells expressing the membrane-localidar;f5; NOgc receptor

The first aim was to test whether the fluoresceritange in response to NO
application was the result of activation of B receptors and ultimately
corresponding to a change in cGMP. Cells were sty exposed to 1 nM NO,
resulting in successive changes in fluorescen@nsitly, the response returning back
to baseline upon removal of N@ig. 6.6a,b) The response to NO was abolished in
the presence of the NQ receptor inhibitor ODQ, signifying dependence &GMP
generationFig. 6.6a,b) No change in the baseline occurred during prabation of
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ODQ. Additionally, the cGMP analogue 8-Br-cGMP alswoked a change in

fluorescence intensitfFig. 6.6¢,d)

A 0.4

0.2+

0.0

AFIF,

-0.2

-0.4-
0.4+

w

0.2+

0.0

AFIF,

8-Br-cGMP
NO (1 nM) (1 mM)

024 1o i

0DQ (3 uM)

-0.4 T T T 1 -0.2 T T T T T .
0 10 20 30 40 0 2 4 6 8 10 50 60 70 80 90
Time (min) Time (min)

FIG. 6.6 NQc receptor-dependence of FlincG emitted fluorescehemges in response to NO exposird:
Representative tra@®) and averaged tracesmf 4, representative of 3 observati¢B$ showing cGMP
responses to 1 min applications of 1 nM clampediiNtbe absence or presence of OAD: Representative
tracgC) and averaged tracesmf 5, representative of 4 observati¢d3 showing cGMP responses to 1 min
application of 1 nM clamped NO and 8-Br-cGMP. NqanelsC andD depict data obtained in experiments
shown in Fig. 6.9Note: Application times of NO and ODQ are indicated bg horizontal bars. Red, mean; blue,
+ SEM.

The profile of cGMP signals is determined by itteraf synthesis by N&
receptors and its degradation by phosphodiestdRIB&; see Chapter 1). Having
confirmed that the increase in fluorescence intgnsidependent on N& receptor
activation by NO(Fig. 6.6) the aim was to assess whether the falling phaslkeeo
response upon NO removal was the result of cGMRKol@vn by PDE. This test
would further contribute to validating whether ttlganges in fluorescence intensity
are based on changes in cGMP levels. Applicatiorl afM NO resulted in the
characteristic change in fluorescence intensitgdgally returning back to baseline
upon wash-out of NO. In the presence of the brgedisum PDE inhibitor IBMX,
the increase in fluorescence intensity persistdbbviing NO removal and only
returned to baseline upon wash-out of IBMKig. 6.7) Wash-out of IBMX and
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restoration of PDE activity was confirmed by redaggtion and removal of NO

resulting in the previously mentioned rise and ifalihe fluorescence intensity.

FIG. 6.7 Effect of PDE inhibition on NO-evoked
cGMP-mediated FlincG responses A:
Representative trace showing cGMP responses to
1 nM clamped NO in the absence or presence of
the broad-spectrum inhibitor IBM)8: Averaged

traces ofn = 5, representative of 5 observations.

Note: Application times of NO and IBMX are

IBMX (100 uM) o .
029  @anm H indicated by the horizontal bars. Red, mean; blue,

" " ————————— 1+ SEM.
0 10 20 30 40 50 60
Time (min)

The next set of experiments investigated the dyosmi the cGMP signal to
different clamped NO concentrations. Exposure ofKHEells expressing the
membrane-targeteah3; isoform of the NQc receptor to 1 min of different clamped
concentrations of NO generated a concentrationsakp® increase in the mean
fluorescence intensitfFig. 6.8a,b) A clear response was detected at 300 pM NO, the
FlincG reaching its maximum fluorescence at 10 mddulting in a plateau phase of
the response. The initial rate of the response aiseelerated with higher NO
concentrations (Fig. 6.8c,d) as did the decay ratéFig. 6.8e,f) the latter
corresponding to the response falling back to @sdaster. Exposure to a high (30
nM) NO concentration was followed by a second aspion of 1 nM NO, the
response to which appeared reduced and to havanarstise time but faster decay
time as compared to the response evoked by theafwsication of 1 nM NQFig.
6.8g) Overall, the response to the second exposure rd¥1 INO (i.e. ‘post-30 nM
NO’) appeared shallower with an accelerated rateth&f fluorescence change
returning to baseline. A submaximal concentratibA @M NO was chosen to serve

as the control signal in all subsequent experimastghis allowed monitoring the
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progression of the whole response without loss h&f peak due to the FlincG

saturating.
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FIG. 6.8 Concentration-response of FlincG to clatnpencentrations of NQA-B: Representative tra¢d) and
averaged traces of n =(B) showing cGMP responses to ascending clamped ctratiens of NO, applied for 1
min. C-F Graphs showing mean initial rates of rise tiff@<D) and the decay timdg-F) of responses to

increasing NO concentrations. Indicated in pa@edsdE is an example of measurements taken of the initial

rising phase and response decline. PBngfows individual traces of mean initial rise tinfleermalised to zero),
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the slopes of which are plotted@ PanelF shows individual traces of mean decay times (nbsed to a fixed
point), the slopes of which are plottedinG: Comparison of the mean initial rates of rise anchgldimes of
responses to 1 nM NO before (‘1 nM NO pre-30 nM N&id after (‘1 nM NO post-30 nM NO’) exposure to
higher NO concentrations. Indicated in the graghtiae slopedNote: Application times of NO are indicated by
the horizontal bars. In panB) red is mean; blue is £ SEM.

From the changes in fluorescence intensity, esiimstof the corresponding cGMP

concentrations can be made by rearranging the Miishienten equation to:

Where:

[cGMP] = concentration of cGMP

r=AF

Rmax = AFmax

n=1.47, and is the slope of the calibration cuovknown [cGMP] (Nauschkt al,
2008)

ECso = 150 nM; the [cGMP] causing a half-maximal chaimgiuorescence (Nausch

et al, 2008)

In Fig. 6.8 AFmax Wwas 0.21 units in fluorescence change (correspgnidi the mean
change in fluorescence caused by 3 nM, 10 nM andM8INO), corresponding to 1
MM cGMP (Nauschet al, 2008). Using the equation above, the change in
fluorescence in response to 300 pM NO (0.10 umitsjesponds to approximately
141 nM of cGMP, while the responses to the firstM. NO application (0.18 units)
and the last 1 nM NO application (0.11 units) tf@dtowed a high (30 nM) NO
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concentration correspond to approximately 507 ni 860 nM cGMP respectively.
From these estimates, it can be suggested thasesgpto a high NO concentration

caused over 60% loss of the response to a subgdqueNO concentration.

As revealed by the data shownHig. 6.8 following exposures to successive,
ascending NO concentrations, the profile of contesponse to 1 nM NO was altered
compared to that in response to the first appbcatf 1 nM (Fig. 6.8) the initial
rising phase was found to be reduced, whereas dlcaydrate was found to be
increased. The next set of experiments evaluatedhehthese changes in the control
response profile were the result of the relativielyg duration of the experiment,
giving several NO challenges, or directly relatedapplying a high (30 nM) NO
concentration. Following a single exposure to enl{80 nM) NO concentration, the
response profile to the subsequent application oMMl exhibited a reduced initial
rising rate and an accelerated falling phase coeapty the control response to the

first application of 1 nM N(Fig. 6.9a-c)
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FIG. 6.9 Changes in the response profile to lowfdbi@wing exposure to a high NO concentratiénB:
Representative tragd) and averaged tracesmf 5, representative of 4 observati¢B$ showing cGMP
responses to submaximal (1 nM) and saturating ¥80atamped NO concentrations, applied for 1 nin Plotted
are mean initial rise and fall times of fluoresaebanges normalised to zero or a fixed point aamy. Slopes
are indicated in the grapNote: Application times of NO and 8-Br-cGMP are indiaatey the horizontal bars. In

panelB, red is mean; blue is £+ SEM.

6.4.2 NO sensitivity

FlincG response to clamped NO using HEK cells expssing the normalaff;

NOgc receptor

The following set of experiments investigated th@-Bvoked cGMP profile in
HEK cells expressing the normakp; NOgc receptor kindly provided by Doris
Koesling. Cells were exposed to ascending condaemtga of NO revealing
concentration-dependent increases in fluorescemneasity. A change in fluorescence
intensity resulted at NO concentrations as low a3 the FlincG saturating around
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100 pM. Comparing these data to the concentratspanse profile of HEK cells
expressing the membrane-targetefl; NOgc receptor(Fig. 6.8) it is found that the
HEK cells used in this set of experiments are yedd0-fold more sensitive to NO
(compare concentration-response profile illustrateBig. 6.8a,bwith Fig. 6.10a,).
This observation is also consistent with the respdn an approximately 30- to 100-
fold lower concentration of NO exhibiting a similanitial rise time (comparé-ig.
6.8c,dandFig. 6.109. Additionally, a much lower concentration of NGasvable to
cause saturation of the FlincG (i.e. 100 giéy. 6.10a,bvs.10 nM,Fig. 6.8a,h).

The remarkable sensitivity of this particular jreceptor-HEK cell line was
exploited to investigate whether a fluorescencenghacould be detected in response
to environmental NO. An increase in fluorescenctensity was detected upon
removal of the NO scavenger CPTIO, which reverseddseline when the N
receptor inhibitor ODQ was appliefFig. 6.10a,b) Application of 8-Br-cGMP
evoked a response also in the presence of Qg 10a,b) confirming that the loss
of the fluorescence change upon NO exposure iptdgence of ODQ is the result of
NOgc receptor inhibition and not due to a direct effect the FlincG indicator.
Additionally, this latter observation further prdeis evidence that the changes in
fluorescence intensity are associated with chamgessMP. Comparing the initial
rise times of fluorescence changes, it was possibleestimate the level of
environmental NO existing around the recording db@mThe level of environmental
NO was estimated to be 10 pMig. 6.10c)
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FIG. 6.10 NO sensitivityA-B: Representative tra¢@) and averaged tracesmE 5 (B) showing cGMP responses
to ascending concentrations of clamped NO, revgaliflincG signal to a NO concentration as low a$/3
Wash-off of the NO scavenger CPTIO resulted innemgase in fluorescence intensity, correspondirgy to
response to environmental NO, which was prevenpeh @xposure to ODQ. The response to 8-Br-cGMP was
preserved in the presence of ODX) Plotted are the mean initial rises in fluorescentensity upon NO
exposure, normalised to zero. Indicated in thelyee slopes, showing a much steeper rise in responl00 pM
NO as compared to 3 pM, corresponding to fastersémaler rise times respectively. In red is theahitise of the
response to environmental NBote: Application times of compounds are indicated ke ltlorizontal bars. In

panelB, red is mean; blue is £+ SEM.

6.4.3 Impact of PDE and NQc receptor activities on the profile of

FlincG responses

The following series of experiments aimed to chimase the shape of the
cGMP-mediated FlincG signal in HEK cell lines pemaatly expressing the normal
a1f1 NOgc receptor and lower or higher levels of PDE5 (HEK-GC/PDE5 and
HEK-GC/PDE%"" respectively; Mullershausest al, 2004b), which were also kindly

given to us by Doris Koesling.

249



I=2iion ©f 2un=gy et for rezl=tme czipiure
Islin resyonse o clammped NO

[ A
conceniredions

Concentration-response profile

Exposure of HEK-GC/PDE5 and HEK-GC/PD¥ESB cells to NO evoked
FlincG responses that were markedly distinct frbowm @dnes observed in the forgoing
experiments using HEK cell lines permanently exgires only NQsc receptors (and
their native PDE). Application of different clamp&D concentrations resulted in
concentration-dependent FlincG signals, exhibigngiphasic shape~i{g. 6.11 and
Fig. 6.12. The shape of the responses is exemplifielign 6.11c-eandFig. 6.12c-e
for HEK-GC/PDES5 and HEK-GC/PDES" cells respectively. Each concentration of
NO evoked a response comprised of a rapid rise suzkequent fall within
approximately 1 min, the rise times being fastethi@her NO concentrations as
indicated by the steeper slopes of the initiahggphasesHig. 11fandFig. 121). With
increasing NO concentrations the rate of the inits in the response became steeper
with faster onset of the response declifg.(11andFig. 12). In all cases, the FlincG
signal in response to NO began to return towardelye while the cells were still
being perfused with NO, indicating cGMP-mediatedtshivon of PDES (Rybalkiret
al., 2003; Mullershauseat al, 2003). In the HEK-GC/PDES5 cells, at a low (30 pM)
NO concentration the response reached a plateaustanted to reverse within
approximately 40 sec of response onset, which wasd to be 20-25 sec and
approximately 5 sec in the case of 1 nM and 30 n®I idspectively. In the case of
the HEK-GC/PDEB®" cells, at 1 nM NO the response reached plateatstanted to
reverse within approximately 20 sec of responsetonile the NO was still present,
which was found to be approximately 10 sec in thgecof 10 nM NO application.
One difference that transpired between the HEK-GE® and HEK-GC/PDE®"
cells concerned their sensitivity to NO. The thoddhfor detecting a response in
HEK-GC/PDES5 cells was at 10-fold lower NO concettras than in the HEK-
GC/PDES'Y" cells (10 pMvs. 100 pM; Fig. 11a,b and Fig. 12a,). This latter
observation is consistent with the HEK-GC/PDE5 hgwyreater NQc activity than
the HEK-GC/PDEB®" cells (Mullershausert al, 2004b) and is paralleled by the
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initial rise times of responses to the same NO eptrations being steeper in the
HEK-GC/PDES5 cells than in the HEK-GC/PDEB cells Fig. 11fandFig. 129.
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FIG. 6.11 Concentration-response profile of HEK-GOfBzells.A-B: Representative trag¢d) and averaged
traces oh = 10, representative of 3 observati¢gBy showing cGMP responses to ascending concentsatibn
clamped NO, revealing FlincG responses to a NOaatnation as low as 10 pM. Notice the almost cotegiess
of the response to a low (100 pM) NO concentragifter exposure to a high (30 nM) NO concentratidlso note
the ‘undershoot’ in the responses to higher NO entrations. The distinct shapes of the responseariong
concentrations of NO are depicted in par@iE, showing the enlarged traces of the responselgsdt 30 pM
(C), 1 nM(D), and 30 nM NQE). F-G Graphs showing mean initial rates of rise timegesponses to increasing
NO concentrations. PanElshows individual traces of mean initial rise tinfleermalised to zero), the slopes of
which are plotted i, Indicated in the graph illustrated in paRedre slopes, being much steeper in the case of
higher NO concentrations, corresponding to fassertrmesNote: Application times of compounds are indicated
by the horizontal bars. In pandsE, red is mean; blue is + SEM.
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FIG. 6.12 Concentration-response profile of HEK-GOHBI" cells.A-B: Representative tra¢@) and averaged
traces oh = 12, representative of 3 observati¢By showing cGMP responses to ascending concentsatibn
clamped NO, revealing FlincG responses to a NO @atnation as low as 100 pM. Notice the marked tdghe
response to a low (1 nM) NO concentration afterosxpe to a high (30 nM) NO concentration. The dégti
shapes of the responses to varying concentratioN®are depicted in pane&-E, showing the enlarged traces of
the response profiles to 1 n(@), 10 nM(D), and the second application of 1 nM NO after d Mg
concentratior(E). F-G Graphs showing mean initial rates of rise timegesponses to increasing NO
concentrations. PanElshows individual traces of mean initial rise tinflaermalised to zero), the slopes of which
are plotted irG. Indicated in the graph illustrated in paRedre slopes, being much steeper in the case oéhigh
NO concentrations, corresponding to faster risesinm red is the initial rise of the responsest@xposure to a
low (1 nM) NO concentration after high (30 nM) Ni&eing slower compared to that measured upon tsie fir
application of 1 nM NONote: Application times of compounds are indicated by tlorizontal bars. In pandss

E, red is mean; blue is + SEM.
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As was apparent in the forgoing experiments, theeN@ked FlincG signal in
HEK-GC/PDE5 and HEK-GC/PDE% cells displayed a biphasic profile

comprising a sharp rise followed by rapid revershlthe response back towards

baseline while NO was still being perfused. Thehbgc nature of the response was

particularly pronounced in the HEK-GC/PDEB cells. The aim of the following set

of experiments was to investigate the nature o tifphasic shape of the NO-evoked

FlincG response further. Cells were repeatedly sggddo a submaximal (1 nM) NO

concentration (i.e. a concentration at which thedd had not reached saturation) for

3 min (instead of 1 min). The first exposure reedaihe first phase of the response

comprising a fast rise, which was followed by a f@®p. The fast decline appeared

to stabilise about half-way down, revealing theosecphase of the response, which
appeared to be in a steady-state until the NO washed off(Fig. 6.13a-d) The
profile of the responses to subsequent NO chalkergpeared altered in that they

almost lacked the initial ‘spike’ phagEig. 6.13c-d) with the second ‘plateau’ phase

appearing to slowly decline while NO was still pegFig. 6.13a-b)
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FIG. 6.13 Effect of prolonged repeated NO exposuréhe response profile in HEK-GC/PD¥EBcells.A-B:
Representative tra¢d) and averaged tracesmf 7 (B) showing cGMP responses to repeated applicatiofs of

nM clamped NO, each NO challenge lasting for 3 miiate the change in the response profile from one

displaying a distinctive ‘spike’ phase followed &yplateau’ phase seen in response to the firsekiidsure, to

one almost lacking the initial ‘spike-like’ phasktlee responseC-D: Enlarged traces of responses to the (€3t

and lasi(D) application of NO, indicated in pangl Note: Application times of NO are indicated by the horizal

bars. In panelB-D, red is mean; blue is + SEM.
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Testing for basal NQs¢ receptor activity

It was noticed in the forgoing experiment that grefile of the response
consisted of an under-shoot passing the initia¢lraes following NO removal, which
was particularly pronounced in the HEK-GC/PDE5@fig. 6.11) This may be the
result of a basal level of cGMP in the cells, thalrolysis of which by the active
PDES5 would be revealed as the fluorescence intedsitreasing beyond the baseline
level. The next set of experiments assessed wh#ther was a basal level of cGMP
in the cells. The prediction is that if there wassdl NQ;c receptor activity in the
cells, then inhibition of PDE5 to stop cGMP degtamta would reveal a FlincG
response. To avoid a possible interference of N@ieation, cells were first exposed
to the PDES5 inhibitor sildenafil, revealing a cleacrease in fluorescence intensity
that returned to baseline upon wash out of silden®&ig. 14a,b) Subsequent
exposure to NO resulted in the usual FlincG respo&airprisingly, a response to
sildenafil was still observed in the presence & NMQsc receptor inhibitor ODQ,
while no FlincG response was evoked by NO, but résponse to 8-Br-cGMP
remained intac{Fig. 14a,b) Closer examination revealed an over 50% shallower
slope of the response to sildenafil in the preseoic®©DQ as compared to the
response evoked by the first sildenafil expog#ilg. 14c) indicating that part of the
initial (faster) response to sildenafil may be OB€nsitive and, thus, N{2 receptor-
dependent. Additionally, although not very markedting pre-incubation of ODQ a
small ‘dip’ could be seen in the baseline when Iogkat the averaged traces of
individual cells(Fig. 6.14b) which would be supportive of there being a bas&\1P

level in unstimulated cells.
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FIG. 6.14 Effect of PDES5 inhibition under basal ditions — HEK-GC/PDEDS5 cell#-B: Representative tra¢d)
and averaged tracesmf 15, representative of 3 observatigBs A marked FlincG response resulted upon
sildenafil exposure prior to any NO application,end sildenafil evoked a response in the absencerasénce of
the NQs¢ receptor inhibitor ODQ. The response to NO wasgmeed by ODQ, while 8-Br-cGMP still evoked a
FlincG signal C: Plotted are the mean initial rise phases, nornthliseero. Indicated in the graph are the slopes.
Note the much shallower rise of the response tesifil in the presence of ODQ as compared toitke f
application of sildenafilNote: Application times of compounds are indicated ke ttlorizontal bars. In panB|

red is mean; blue is £+ SEM.
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6.4.4 Reproducibility of NO-evoked FlincG responses in fst
responding HEK cells expressing the Ng: receptor
and PDES

The next series of experiments investigated theaatp of the system
characterised in the present study to provide netaolobrief, successive NO-mediated
responses. Cells expressing different proportidn@gc receptors and PDES were
stimulated with a submaximal clamped NO concemrafi.e. concentrations at which
the FlincG had not reached saturation) repeateatl3® sec at 2 min intervals. Both
HEK-GC/PDES5(Fig. 6.15) and HEK-GC/PDE%®" cells (Fig. 6.16)were found to
produce a reproducible readout of FlincG responses.

In the case of HEK-GC/PDES5 cells the main changsenked was a subtle
reduction in the response magnityééy. 6.15a,b) with the initial rates of rise times
following a fairly stable trend at repeated 100 NI@ exposure$6.15e,f) Comparing
the response shape arising to the first and laseki@dsure, no marked change was
apparen{Fig. 6.15c,d)

Also HEK-GC/PDESY" cells allowed monitoring of reproducible
fluorescence changes in response to successive INermges(Fig. 6.16a, b)
However, a more pronounced change in the shageeatsponse was observed when
comparing the responses to the first and last N@sxweqFig. 6.16c,d) While the
cGMP profile resulting in response to the first M@plication comprised a distinct
biphasic shape as observed in foregoing experin{éigs6.16c¢) the response to the
last NO exposure appeared to lack the distind fiinese that consisted of a rapid rise
and fall (Fig. 6.16d) Overall, the change in the response shape ofHBEK-
GC/PDES'Y" cells is consistent with the observations madéoigoing experiments
(Fig. 6.13) In the case of the HEK-GC/PDES cells a noticeable drop in the initial
rising rate of the response occurred upon the & challenge, the subsequent
response rising rates following a relatively stablend with repeated 1 nM NO

exposure$6.16e,f)
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FIG. 6.15 Reproducibility of NO-evoked FlincG respea — HEK-GC/PDES cell&\-B: Representative traga)

and averaged tracesf 15(B) showing cGMP responses to recurring NO exposearassubmaximal clamped

NO concentration, each NO challenge lasting fos@0at 2 min interval€-D: Enlarged traces of responses
indicated in pandB, showing the response profiles seen upon the(@sand las{D) exposures to NO
respectively. E-F: lllustrated are the individuadan initial rising phases of the fluorescence charig response

to NO, normalised to zer&), the slopes of which are plotted in paReNote: Application times of NO are

indicated by the horizontal bars. In par#®, red is mean; blue is + SEM.
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FIG. 6.16 Reproducibility of NO-evoked FlincG respes — HEK-GC/PDES" cells.A-B: Representative trace
(A) and averaged tracesmf 13(B) showing cGMP responses to recurring NO exposerassubmaximal
clamped NO concentration, each NO challenge la$ting0 sec at 2 min interval€-D: Enlarged traces of
responses indicated in pamglshowing the response profiles seen upon the(@sand las{D) exposures to NO
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to NO, normalised to zen&), the slopes of which are plotted in paReNote the value of the first point in panel
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by the horizontal bars. In pandsD, red is mean; blue is £+ SEM.
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6.5 DISCUSSION

The present work combined the use of the new cGMiBehsor FlincG
(Nauschet al, 2008) and the delivery of known, steady-state. (iclamped’) NO
concentrations (Griffithet al, 2003) to begin to analyse NO transduction in-real
time. Alongside a basic characterisation of thiprapch, the findings in the present
work illustrate on a continuous timescale how theerplay between Ng receptor

and PDE activities may serve to generate distielitilar cGMP profiles.

The first part of the study assessed the methoglolddl data obtained
provided further evidence that the changes in #soence intensity correspond to
NO-evoked changes in cGMP. Observations suppothigynotion included ODQ-
sensitive and concentration-dependent increasdkionescence intensity upon NO
exposure, and ODQ-insensitive FlincG responses ugoplication of a cGMP
analogue. Additionally, prevention of the responseline back to baseline in the
presence of a non-selective PDE inhibitor is cdestswith the knowledge that the
cGMP signal is governed by its rate of synthesidN@sc receptors and its rate of
degradation by PDE (Garthwaite, 2005; Bender & Bea006; see Chapter 1),
indicating the presence of cGMP-hydrolysing PDE{HEK cells.

Buffering of cGMP by FlincG could alter free diffos of cGMP. If the
indicator is relatively immobile, free diffusion @lGMP may be hindered. On the
other hand, if the indicator is mobile, diffusioraynbe enhanced as the indicator may
act as a carrier that limits intrinsic binding t86MP by cell constituents (e.g. PDE
and PKG). Thus, high indicator levels may alter kngetics of the response. This
issue was assessed in cells that exhibited thestasisponses with a distinct biphasic
shape, and no noticeable changes were found ineiponse profile among cells of
varying brightness (see Fig. 6.4 and Fig. 6.5). @ksumption is that the varying
brightness of FlincG-transfected cells is relatedhte amount of FlincG. However,
the path length (i.e. cell thickness) and basal &GMvels could also affect the

brightness, where a thick cell would fluoresce miti@n a thin cell. Also, the path
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length may vary if the cell moves imperceptibly the floor of the coverslip, which
can cause apparent changes in cGMP. A solutiondore a more accurate readout of
changes in cGMP would be a ratiometric approachar&fterisation of FlincG
(Nauschet al, 2008) revealed that the indicator displays a sgaxcitation peak at
410 nm in addition to the 491 excitation maximurhefiefore, as opposed to previous
FRET-based cGMP biosensors, additionally to theaathge of a single wavelength
excitation system being employable, the dual ettoitaspectrum of FlincG offers the
possibility to combine the two excitation waveldmgtand carry out ratiometric
analysis which would cancel out issues of varyigg doncentration and path length,
and can be used to determine the intracellular cGidRcentration. On the other
hand, a ratiometric approach would mean taking vetures instead of just one for
each frame, which may be problematic when investigavery fast signals. Further
refinements are plausible. Due to the rate of leatthange, it is likely that the initial
rising rates and falling rates of the responsdd@oare underestimates, particularly in
the fast-responding HEK cells (i.e. HEK-GC/PDE5 anBK-GC/PDES" cells).
The assumption that can be made at this stage ag #ithough the actual
concentration of NO in the cells is not at steatdyesimmediately, the rising and
falling phases are likely to be proportional to t¥@ concentration applied. To avoid
delays arising from a perfusion system (e.g. mixinge of compounds entering the
chamber), there is the possibility of pressuregpgl NO onto a given cell, allowing
NO to be applied locally within much shorter intgliss and acquiring responses at
millisecond-timescales (Batchelor, unpublished)wideer, this approach may have a
number of disadvantages which one would need teecbfor, such as variations in
the location of the pipette in relation to a giveail and uncertain concentration of NO

a given cell is exposed to.

Four different HEK cell lines were chosen to invgete this novel approach
of monitoring cGMP signals in real-time in resportseknown, steady-state NO
concentrations. Some of the cell lines permanemtjyressed only the N§Q receptor,

while others permanently expressed thedN®eceptor and PDE5. One proposed
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mechanism by which the profile of NO-cGMP signallimay be regulated and is
proposed to be the underlying cause of the lodd@fresponsiveness as a result of
continued exposure of cells to NO is the graduak lof mRNA levels of Ng:
receptor subunits and protein, which has been dstradad upon long exposures of
cultured rat smooth muscle cells to NO donors andet cGMP-dependent (Filippov
et al, 1997; Scott & Nakayama, 1998). While this meckanprovides long-term
regulation, short-term regulation of the sensiyiof the NO-cGMP pathway may be
provided by NQc receptor desensitisation, cGMP-consumption bywacBDE, or
both, ultimately shaping acute cellular cGMP regasnto NO and likely determining
the selection of downstream pathways by cGMP (Gamitie, 2005; Halveyet al,
2009).

‘Bell-shaped’ responses were recorded in the t ldell lines permanently
expressing N@creceptors only, which varied about two orders ofniude in terms
of their sensitivity to NO, indicating different aunts of NQc receptor. An increase
in the initial rate of fluorescence change occuréth increasing NO concentrations,
demonstrating faster switch-on of the jOreceptors at higher NO concentrations,
the response decline being most likely governedPBDE-mediated hydrolysis of
cGMP as suggested by non-selective PDE inhibitiocking the response in a
sustained plateau that only returned upon waslofotlte PDE inhibitor. The plateau,
which was reached within the 1 min NO applicatiogflects the point at which
equilibrium exists between the rate of cGMP synthesd breakdown. Following
exposure to a high (30 nM) NO concentration, thepoases to low NO
concentrations exhibited a slower initial risingeraThis is likely to be the result of
NOgc receptor desensitisation, where it has been demaded in rat platelets that NO
desensitises its receptor with angg@f 10-20 nM, the half-time for recovery being
16 min (Halveyet al, 2009). Additionally, the response decline to a IDO
concentration following a desensitising NO challengas observed to be steeper
compared to that of the response recorded uporfirgteapplication of low NO,
indicating switch-on or acceleration of some fathat results in faster break-down of

cGMP. One possibility is the switch-on of a cGMRitotysing PDE following
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exposure to a high NO concentration, ultimately stay faster decline of the
subsequent response evoked by a lower NO condentras the rate of hydrolysis
would outcompete Ng: receptor activity. The contribution of NQ receptor
desensitisation to the shallower initial rise af tlesponse is consistent with estimated
cGMP accumulation being reduced by approximatel§o & compared to that in
response to low NO before a desensitising NO cdratton. Additionally, judging
by the shape of the concentration-response cuiviestial rising rates, it appears that
NO at 10 nM evoked a degree of desensitisationjrial rising rate to subsequent
30 nM NO being shallower.

In the HEK cell line that exhibited greater NO déwisy, an increase in
fluorescence was detected at NO concentratiorsnaad 3 pM, a breakthrough in the
detection limit of NO-evoked cGMP signals and aidation of FlincG as a
superlatively sensitive biosensor. As estimatednfrime initial rising rates of the
responses to different NO concentrations, the enuiiental NO around the recording
chamber was approximately 10 pM. Studies in cel@baktrocytes suggested that an
NO concentration of only 10 pM could theoreticajgnerate enough cGMP (200 nM)
to engage targets such as cGMP-dependent proteasds (PKG; Roy & Garthwaite,
2006). The potential of small amounts of atmosghBl© generated by traffic and
industrial combustion to cause cGMP accumulatianbieen demonstrated previously
by studies on Ng: receptors purified from bovine lung, which founel@ fold
activation of NQc receptors by NO present in the atmosphere in goseimity to
the Berlin inner city circular highway, which wargepented in the presence of an NO
scavenger (Friebet al, 1996a). The sensitivity of N§& receptors and ensuing cGMP
production to NO in polluted air highlights the iorpance of evaluating carefully the
dependence of a given observation on endogenouprbiduced within a tissue. The
potential effect of environmental Ni@ vivo is implicated by reports that inhaled NO
at amounts measured in atmospheric NO (Friebeal, 1996a) has beneficial
consequences in patients suffering from pulmonargettension (Rossairgt al,
1993).
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In the case of the cells expressing MOreceptors and PDES, biphasic
responses were recorded, which is consistent witvigus work that used a
biochemical approach (Mullershausetral, 2004b). The initial fast rise of the FlincG
response, giving rise to the first phase of thgaase, was followed by a rapid
decline of the response while NO was still presBoth the initial rising rates of the
responses as well as the onset of response deoliree accelerated with ascending
NO concentrations. These observations are consistiéh activation of PDE5 by
cGMP and allosteric enhancement of PDE5 activity diyMP binding to the
enzyme’s GAF domain (Rybalkiat al, 2003; Mullershausert al, 2003) so that
PDES5 activity eventually exceeds N©receptor activity, causing cGMP levels to
fall. Additionally, at a non-desensitising NO contration (Moet al, 2004; Halveyet
al., 2009) the initial ‘spike-like’ phase of the res;se was blunted following repeated
NO exposures. This latter observation was indieatdf a longer-term negative
feedback on NO-evoked cGMP accumulation unlikely itovolve receptor
desensitisation at the low NO concentrations tes@ahsistent with this idea are
findings that sustained enhanced PDES activity lmannitiated by NO via cGMP-
PKG-mediated phosphorylation (Mullershausstnal, 2003; Mullershuaseet al,
2004b). It has been demonstrated in the sameinellthat cGMP not only directly
activates PDES5, therefore enhancing its catalytotividy, but also leads to
phosphorylation of PDES5 which renders the enzymie abhbind cGMP with greater
affinity and slows the rate at which PDE5 deactagatMullershausert al, 2004b).
Additionally, endogenous cyclic nucleotide-activhténase has been reported to be
present in native HEK cells, and an increase in PPBRosphorylation under basal
conditions and after NO application has been detnatesi in HEK cells over-
expressing PKG (Mullershausen al, 2004b). On the other hand, the present work
shows that the response to a low NO concentratibovmiing a high desensitising NO
concentration was almost lost in cells expressi@gdNreceptors and PDES, which is
likely attributable to NQc receptor desensitisation and PDES5 activity out{oeting
the rate of cGMP synthesis (Garthwaite, 2005; Hakteal, 2009). A desensitising

component at 10 nM was also evident by the conagotr-response profile of the
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initial rising rates of the responses of both HE#I dines expressing both N{
receptor and PDED5, the initial rising rate of tlesponse evoked by 30 nM being
shallower compared to that of 10 nM NO. This ranfieNO concentration causing
NOgc receptor desensitisation is consistent with figdim rat platelets, which found
an EGo of 10-20 nM for NO to cause desensitisation (Hgleeal, 2009).

The promising nature of the method characterisethénpresent study was
highlighted by experiments showing reproduciblengjes in fluorescence intensity in
cells permanently expressing both dQeceptors and PDES for up to ten successive,
brief (30 sec) exposures to low (non-desensitisiNg) concentrations at 2 min
intervals. The reproducibility of responses to IN® concentrations was indicated by
the initial rising phases of the response to sugeesNO applications following a
relatively stable trend, indicating that no marldsgensitisation occurred. However,
in the case of the cells expressing higher levéIPDES (i.e. HEK-GC/PDE®"),
blunting of the first (‘spike-like’) phase of theipbasic response occurred when
comparing the first response to the last one, stersi with the idea that there may be
a long-term change such as PDE5 phosphorylationroog as discussed above. This
latter observation could also explain the drophie initial rising rate upon the first
NO challenge, which appeared to then continueatively stable trend in response to
subsequent NO exposures. It may be that cGMP adationuin response to the first
NO application renders PDE5 more active, which iBs&#s in the course of the

following NO challenges.

One surprising finding in the present studies orKHEC/PDED5 cell lines was
a partly ODQ-insensitive FlincG response recordednuPDES inhibition in the
absence of added NO, but in the presence of thesddé@enger CPTIO as well as the
broad-spectrum NOS inhibitor L-NNA, which would pemt any endogenous NO
production. Part of the response seen upon PDEbitioim is likely to depend on
basal NQc receptor activity as indicated by a much shallogradient of the initial
rising phase of the response upon JdQ@eceptor inhibition as compared to that

revealed in the absence of ODQ. On the contraryinogease in fluorescence was
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observed upon PDE inhibition in cells expressingyoNOgc receptors. The
observation of basal cGMP production that appearsary among the cell lines
investigated suggests a possible flaw of proceduiqgossible explanation for results
indicating basal cGMP production in one cell linet mot another is the rate of
acquisition. While cells expressing only i&receptor were imaged at 0.2 Hz, cells
expressing both N& receptors and PDE5 were imaged at 0.5 or 1.0 HgreAter
speed of acquisition would mean that cells are sggdo more light. A phenomenon
of light-induced smooth muscle relaxation, referteds ‘photorelaxation’, has been
reported (Ehrreich & Furchgott, 1968). The authdesluced that the light-evoked
relaxation may be related to NO release, the stspesource being nitrite as
indicated by relaxation of non-photosensitive tessypon nitrite and light exposure.
The phenomenon of light-induced relaxation has esibeen investigated further,
aiming to identify and quantify the source thatapparently sensitive to light
exposure and leads to NO liberation. More recembnts from studies in rat aorta are
in support of S-nitrosothiols and nitrite beingight-sensitive source of NO that is
independent of NOS activity (Rodriguetal, 2003; Batenburegt al, 2009). Reynell
and Batchelor in the Garthwaite lab (unpublisheahduicted experiments in which
cells were exposed to altering intervals of ligkp@sure, finding that increasing the
interval reduces the effect on basal cGMP arwk versa Additionally, the NO
scavenger CPTIO used in the present study is ngtfast acting (Garthwaite, 2008),
and the reaction of CPTIO and urate, which is a@entained in the extracellular
solution, produces nitrite. Hence, based on thatserlconsiderations it is plausible to
suggest that build up of nitrite may in fact be soeirce of NOS-independent, light-
evoked basal cGMP production. This possible artefiagy have influenced other
results obtained in the present work. For exantpke existence of basal cGMP levels
may lead to a continuous state of PDE5 activatiam.the other hand, basal cGMP
production may explain the ‘undershoot’ of the wagge beyond the initial baseline
upon NO removal, observed in cells expressingsN@ceptors and PDES. A possible
explanation may be that the enhanced PDE5 actibribyight about by NO-evoked

increases in cGMP levels would hydrolyse basal cGMels, leading to the
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fluorescence intensity reducing below the initiakéline intensity. Eventually, upon
subsidence of PDE5 activity, the rate of basal cG8¢Rthesis may catch up and
would reach equilibrium with its rate of hydrolysigeverting back to the initial

baseline. As artefactual, basal cGMP levels mayedaced by altering the extent of
light exposure, there is scope for addressinggioblem, either technologically or by
preventing the build-up of NOS-independent NO sesidirectly.

As mentioned previously, there was also a markedQ@1i3ensitive
component of the sildenafil-evoked response. Ttag be explained by a tonic cGMP
level produced by the NO-insensitive, natriuretepjide-activated guanylyl cyclase.
Due to the lack of appropriate pharmacological gaiblis possibility could not be
investigated. Alternatively, mutations of the haeoordinating his-105 residue of the
B1 subunit of the N@c receptor were shown to give rise to a guanylylase species
that is NO-insensitive, haem-depleted, and cornstdly active under basal
conditions (Wedekt al, 1994). The failure to prevent the sildenafil-eedk-lincG
response by ODQ indicates that this effect mayant be due to the presence of a
haem-free population of the guanylyl cyclase simtgbition of NOgc receptors by
ODQ requires haem oxidation (Schramraekl, 1996). Therefore, it is plausible to
suggest that the presence of a constitutively ectiaem-free receptor species may
account for the observed sildenafil-evoked effectne absence of added NO that is
insensitive to NQc¢ receptor inhibition by ODQ.

The physiological relevance of the various NO-ewbKeincG response
profiles observed in the expression systems ass@sshe present study is indicated
by the finding of similar NO-evoked cGMP signalsoring in human platelets and
aortic smooth muscle, as deduced from biochemiegsmrements (Mullershausen
al., 2001). In human platelets, NO has been demoasitiat evoke transient ‘spike-
like’ cGMP responses with the rapid increase in ¢&paking within approximately
5 sec and declining to almost basal levels in tes 1 min. This resembles very
closely the NO-evoked response profiles capturettienHEK-GC/PDES®" cells. On

the contrary, responses monitored in HEK-GC/PDHE egere more similar to the
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situation observed in aortic smooth muscle celleene NO-evoked cGMP levels
were found to approach maximum airca 20-30 sec with a slower and less
pronounced decline of cGMP. While PDES is the ppacPDE isoform in platelets
and smooth muscle, PDE2 plays an important rol&SRMP hydrolysis in a number of
brain regions including the hippocampus, cortex atrthtum (van Stavereet al,
2001; Suvarna & O’Donnell, 2002; Wykes al, 2002; van Stavereet al, 2003).
Similar to PDES5, PDE2 also contains regulatory Gifains (Martinget al, 1982;
Martinezet al, 2002; Bender & Beavo, 2006), so it may functionikarly to PDES.
The FlincG response profiles recorded in cells egging only the Ng: receptor on
the other hand may be more closely related to ithatsn in real-time in astrocytes.
For example, in cerebellar astrocytes, which pashégh levels of NQc receptors,
the combination of rapid N& receptor desensitisation and very low PDE activity
results in a large increase in cGMP accumulatiah asustained plateau in response
to NO, with the shape of the cGMP response beingemed overwhelmingly by
NOgc receptor desensitisation (Bellaney al, 2000). These properties may allow
astrocytes to respond to very low NO concentratigpussibly derived from the
vasculature and/or neurons (Garthwaite, 2008) esinalate there is no good evidence

for astrocytes themselves synthesising NO.

Although the present study validated the method/ @m a temporal level,
there is great potential to also study spatial dyina of cGMP signalling by means of
this novel approach. Nausch and colleagues (2008trated spatially confined
cGMP elevations in cultured aortic smooth musclésceecording global cGMP
transients in response to NO, but membrane-confi@dP elevations in response to
activation of natriuretic peptide-sensitive guahglyclase. The latter was shown to be
transformed into a global signal upon inhibitionRIDES. This new method waits to
be characterised at the single neuronal level. dene study used a FRET-based
cGMP biosensor expressed in cultured brain sligesital-mediated gene transfer
(Heppet al, 2007). The authors revealed a role of PDE2 inréuilation of basal

cGMP levels in thalamic neurons, finding tonic N@Sivity in these cells. However,
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in experiments monitoring stimulated N©receptor activity, concentrations of NO
were not delivered at known steady-state conceotrstand a very small change in
FRET started to occur at 50 nM of DEA/NO, with nraal FRET changes occurring
at 50 uM and above, indicating poor sensitivity.d&idnally, the readouts were
relatively slow so that fast signalling events cbulot be monitored accurately.
Following the characterisation of FlincG in HEK Icéhes, a further aim of the
present study was to investigate the spatiotempadile of cGMP accumulation in
response to NO in cultured hippocampal neuronsdi&sussed in Chapter 5, the
results obtained by means of immunohistochemistoyigded only a ‘snap shot’ of
the cGMP response. Global cGMP immunolabelling oecl in pyramidal cell
somata throughout the different regions of thehrppocampal formation, as well as
in some dendrites and possibly axons (see Chajptétdwvever, this result was only
obtained by greatly amplifying cGMP accumulation meurons by means of
sensitising NQc receptors to NO (BAY 41-2272), inhibiting PDE2 (BA60-7550)
and adding an NO donor. Attempts were made to esptiee FlincG in cultured
hippocampal neurons by means of &'Geosphate transfection approach (Jiang &
Chen, 2006), using FlincG cDNA provided by Wolfgdbgstman and neurons kindly
grown and provided by Lily Yu. However, no FlincGpeession at all could be
obtained in the neurons due to unknown reasonsofiging strategy in the future to
express FlincG in neurons may be via Sindbis wngshated transfer of FlincG
(currently investigated in the Garthwaite lab). ngsiSindbis virus-mediated transfer
of FlincG, it might be plausible to investigate thike of cGMP accumulation in
pyramidal neurons, and to characterise the imph&DE inhibition, Sindbis virus-
mediated gene transfer having been shown to beyhgfficient and selective to
neurons compared to glial cells (Gwaigal, 1998). Solely based on the histological
evidence illustrated in Chapter 5 the neuronal dosnaf cGMP accumulation remain
elusive. Is it localised only in dendrites and/@ngrally to membranes, or can it
accumulate globally within the neuronal soma? & firmer were the case, how does
inhibition of different PDE isoforms impact on tepread of the cGMP signal from a

spatial and temporal point of view? Or to posedhestion in another way — at which
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NO concentrations (or shapes of NO episodes) #iiereit PDE isoforms recruited to
the profiling of the cGMP signal? Unfortunately,edio lack of time, these questions

could not be addressed as part of the presensthesi

In conclusion, the present study supports the coetbuse ob-FlincG and
the ‘clamped’ delivery method of NO to study fastpetitive cGMP transients in
response to very low NO concentrations. Moreovieg, ability to capture distinct
changes in cGMP profiles that are based on varpnogortions of NQ@c receptor
and/or PDE activities demonstrates the sensitvitthe method and its applicability
in monitoring different cGMP signals in differentpes of cells, provided that the
indicator can be delivered to the cell interiorg(eastrocytes, neurons). Using this
method, it may be possible to study the temporefilps of events such as N
receptor desensitisation, or even the temporalilpradf pharmacological tools
influencing cGMP signals. For example, it may hesaful tool in the future to assess
properties of pharmacological agents acting on M®gc receptor, such as
permeability properties, reversibility, and tempgeofile of pharmacological action
of the compound. Additionally, this method has plag¢ential of becoming a valuable
tool in investigating quantitatively how PDEs hylyse cGMP in intact cells, as well
as in discerning how different PDE isoforms in aegi cell may be contributing to
shaping NO-mediated cGMP signals.
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