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Abstract

Nitric oxide (NO) is a freely diffusible transmitter acting throughout the mammalian
nervous system via guanylyl cyclase activation and cGMP production. Since
neuronal NO synthesis is linked to NMDA receptor activation, much research has
focused on the role of NO in NMDA receptdependent longerm potentiation

(LTP). The proposed role predicts that exogenous NO, paired with a standard LTP
induction protocol, shald restore the N@ependent component of LTP when

NMDA receptors are blocked. Surprisingly, however, tests of this prediction have
not been reported. Here, it was found that exogenous NO, paired wghl@Hz
tetanus during NMDA receptor blockadeelgied a slowlyrising, longlasting

potentiation of CALl field EPSPs in hippocampal slices. Likedépendent LTP,

this potentiation required the tetanus and was guanylyl cydigsendent. Contrary

to predictions, however, the Nidduced potentiation waslditive with subsequent

LTP. At CA1 and other synapses, NO is viewed as a putative retrograde transmitter,
generated postsynaptically and acting presynaptically. Discordant with this role, the
NO-induced potentiation was not associated with a persistangehin pairegoulse
facilitation, an index of presynaptic function. However, endogenous NO did appear
to facilitate neurotransmitter release under conditions of basal stimulation. In this
case, NO generated by endothelial cells was responsible, peripdgisiag the
requirement for endothelitiaerived NO in LTP. An NMDA receptendependent

form of LTP involving L-type voltagegated Ca2+ channels has previously been
described at CA1 synapses. Unexpectedly, we found that this type of LTP also
required NO apparently derived solely from neurons. Unfortunately, supposed
inhibitors of neuronal NO synthesis, though widely used, were found to be
inadequately selective to be of use diagnostically. Finally, presynaptic effects of NO,
such as those described abdvg ve been reported to requir
subunit. Accordingly, immunohistochemistry was used to investigate the location of

this subunit in the hippocampus.
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Chapter 1: Generahiroduction

Nitric oxide (NO)is a free radical gas. It is an air pollutant found in cigarette smoke

and car exhaust fumes, and yet is also an endogenously produceddiffesiigle
transmitter active throughout the body. The effects of endogenous NO signalling
typically fall into three categories: vasodilation, neurotransmission and immune
defence By extension, NO isnvolved in huge number of physiological processes
including, amongst  others, neurodevelopment, platelet  aggregation,
phototransduction, digestion, respiration, cardioués function andeproduction
Accordingly, disordered NO signalling has been implicated in myriad pathologies,
such as arthritis, asthma, hypertension,

In the nervous system, a major role of NO that appeasite been evolutionarily
conserved is in the regulation of synaptic plasticity, which is thought to underlie
various aspects of neurodevelopment, as well as learning and memory in the adult.
Since neuronal NO synthesis is linked to NMDA receptdrannel pening, the
involvement of NO in NMDAreceptor dependent lotigrm potentiation (LTPhas
received much attention. LTP @&form of synaptic plasticity that can be induced in
the laboratory ands a putative correlate of learning. In the mammalian brain,
NMDA receptordependent LTP is archetypal at hippocampal Schaffer collateral
CALl synapsesUnder variousconditions,this LTP is NO-dependentHowever the
precise role of NO remains -flefined, ad some longstanding hypotheses, most
notably that NO is a retrograde messenger, are poorly evidenced. In this project, NO
dependent plasticity at CA1 synapses in the hippocampus has been investigated,

paying particular attention to the role of NO in LTP.

1.1 Discovery of endogenous NO

NO was first described by Joseph Priestivho also discovered oxygems a
colourless, toxic gas with a short héfé (Priestley, 1775)Indeed, toxic effects of
inhaled NO were reported early on in the studyhefmolecule first in 1800 by the
anaesthetist Sir Humphrey Davy(Davy, 1800) whose research interests lay in
nitrous oxide(N,O); then in 1967 afteN,O contaminated with NO killed patients in
the Bristol Royal Infirmary, UK Clutton-Brock, 1967) The first indication that NO

Is a byproduct of normal metabolism was the observation made by Mitehell.
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Chapter 1: Generahiroduction

(1916)that healthy male volunteers were capable of excreting more nitratg) (O
metabolite of NO, than they consume. However, it was not until #8@sLthat the
roles of endogenous NO as a vasodilator, neurotransmitter and cytotoxin were

discovered.

Beginning in 1977, Ferid Murad published a series of papers revealing that various
nitratebased vasodilators, such as nitroglycerine, caused an iaciegguanylyl
cyclase activity in tissues including brain, kidney and liver. Nitroglycerine had been
manufactured by Alfred Nobel (the founder of the Nobel prize) as an explosive and
used since the mitl9" century to relieve anginaalthough the mechanis
underlying its action was unknoweviewed by Marsh and Marsh, 2000jurad

found that in precontracted smooth muscle preparations, such as guinea pig trachea,
cGMP increase was associated with relaxati®oth the increase in cGMP and the
relaxation ould be mimicked by nitratbased vasodilatordNO donors, such as
sodium nitroprusside, arekogenous N@Arnold et al,, 1977; Katsuket al, 1977a;
Katsukiet al,, 1977b; Ignarraet al,, 1981) The vasodilatory properties of exogenous
NO andconcomitantincrease in cGMRvere then confirmed by a group led by Louis
Ignarrousing precontracted strips of bovine coronary art€@ruetteret al,, 1980a;
Gruetteret al, 1980b)

At roughly the same time as this work, Robert Furchgott discovered an apparently
freely-diffusible, endotheliunderived relaxing factor (ERF) responsible for
acetylcholine (ACh)mediated smooth muscle relaxation in aoffarchgott and
Zawadzki, 198Q) Subsequently, numerous similarities between exogenous NO and
EDRF were reported For example, EDRF signalling was cGMPdependent
(Rapoportet al, 1983) Then, in 1987, definitive evidence thahdogenouskly
produced NO was BRF was reported by 2 groups. One group, led by Ignarro,
showed that EDRF derived from bovine pulmonary artery and vein, and exogenous
NO applied to endothelivvdenuded tissues, elicited identical cGMP production and
vasorelaxationUsing a colorimetric asyathey showed that NO is produced and
released from artery and vein upon stimulation with 4" @mophore.Moreover

using spectrophotometry, NO and EDRF were demonstrated to react with a complex

molecule(reduced haemoglobjino form an identical prodagnitrosylhaemoglobin),
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thus providing chemical evidence consistent with NO being EQBfarro et al,

1987) At the same time, a group led by Salvador Moncada showed that NO, detected
using a chemiluminescent assay, was producecliltyred porcine endihelial cells

upon stimulation with the hormone, bradykinin, and was sufficient to account for the
vasodilatory effects of EDRF produced by the porcine endothelial cells on rabbit
aorta(Palmeret al, 1987) Thus, for the first time, a free radical, freeliffusible
transmitter was found to be active in the mammalian padgthe active component

of nitratebasedvasodilatorsvaselucidated

The identification of NO as an intercellular transmitter in brain occurred in 1988.
Years prior to the identifit@n of EDRF as NO, it had been found that various
agents known to depolarise excitable cells, including the N&/K'-ATPase
inhibitor, ouabain, the Nachannel enhancer, veratridine, and glutaniaegrendelli

et al, 1973; Ferrendeliet al, 1974; Ferendelliet al, 1976)elicited C&"-dependent
cGMP accumulation in cerebellar and cortical brain slices. In 1977, 2 groups had
shown that exogenous NO activated guanylyl cyclasecanebellarand cortical
homogenates, leading to cGMP accumula{#mold et al, 1977; Mikiet al,, 1977)

Later, L-arginine was identified as an endogenous activator of a guanylyl cyclase that
had been patrtially purified from the soluble fraction of neuroblastoma cells. NO was
also found to activate the cyclase in a mannat was noradditive with the effect of
L-arginine (Deguchi and Yoshioka, 1982)n 1985, John Garthwaite found that
glutamateinduced cGMP accumulation in dissociategtebellarcells was NMDA
receptordependenf{Garthwaite, 1985)By selectively ablatinglifferent cell types in
cerebellarslices, it was discovered th#te NMDA-induced cGMP accumulation
required an intercellular transmitter, because, although granule cells were necessary
for ~ 90% of depolarisatiemduced cGMP accumulation in whole slicethe
neurons were not required for cGMP accumulation in response to exogenous NO
(Garthwaite and Garthwaite, 1987\ year later, Garthwaite characterisethe
missing transmitter as NO/EDRF afalind it tobe released from brain slices in a
Cd*-dependentmanner following NMDA receptor activatiofGarthwaiteet al,

1988)
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by several groups combined to asserole for (higher concentrations of) NO as a

cytotoxin used fo host defence upon immune challengable 1.1 summarises the

major findings that led to the realisation that activated macrophages are capable of

sustained NO synthesis, leading tle generation ofsupraphysiological NO

concentrations and the apoptosi$ surrounding cells (including macrophages

themselves) by the inhibition of DNA synthesis, mitochondrial respiration and

aconitasdfor review see MacMickingt al,, 1997)

Publication

Finding

Mitchell et al. (1916)
Greenet al. (19813;
1981b)

Urinary levels of nitrate exceeded dietary intake in healthy men
germfree rats, suggesting nitrates are endogenously produce

mammals.

Hegesh and Shliloah
(1982)
Wagneret al.(1983)

Urinary nitrate levels were increased in children with fever and diarr

and in rats upon injection withEscherichia coli (E. Colj

lipopolysaccharides (LPS), suggesting that nitrate biosynthes

increased during illness.

Stuehr and Marletta
(1985)

Experiments conducteid vitro implied that macrophages were sufficig
to account forE. Coli LPS-induced nitrate and nitrite synthesis in mi
Nitrite was suggested to be involved in the production of cytotoxins

for host defence.

Hibbset al. (1987
lyengaret al.(1987)

Nitrite/nitrate synthesis bl. Coli LPS-activated macrophages, as well
cytotoxic effects of macrophages on cultured tumour cells, were fou

depend upon {arginine and result in the @ynthesis of Lcitrulline.

Hibbset al. (1988)

Exogenous NO was shown to reproduce the cytotoxic effects of acti
macrophages otumour cellsin vitro and to be synthesised by activat
macrophages from-arginine in a reaction that yieldsditrulline. It is
concluded that NO is th@recursor of nitrite/nitrate synthesised

macrophages and it is hypothesis that it acts as a cytotoxin via forn|

of iron-NO complexes and degradation of irsumlphur prosthetigrougs.

Table 1.1Key findings relating to the discovery that NO is an effector of activated macrophage

After t he

cytotoxicity.

19806 s, a huge amount of

was conducted. In 1992, NO was named molecule of the yeScibyce In 198,

res ec

Furchgott, Ignarro and Murad won the Nobel Prize in Physiology and Medicine for
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their discoveries relating to the vasodilatory effects of NO, a fitting award since
Alfred Nobel (the founder of the prize) wasnong thefirst people to recognise
nitroglycerine as a vasodilatgMarsh and Marsh, 2000Now, NO is one of the
most researched signalling molecudesive in the mammalian bodRResearch on the
physiology of organisms such as slime mou{@®ldereret al, 2001) jellyfish
(Moroz et al, 2004) molluscs(Parket al, 1998) fireflies (Dudzinskiet al, 2006)

and even plantgreviewed by Wojtaszek, 20Q0has combined to show that NO
signalling has been highly evolutionary conserved. In accordance with histological
data showing avide distribution of the enzgnes responsible for NO synthesis and
signal transductiorthroughout the mammalian body (s&e€.2 and 1.3.2), it is
accepted that N(has a huge number of consequences for mammalian health and
disease Furthermorethe NO signalling pathways highly researched as a putative
target of therapeutic strategies. Sosuecessful outcomes of this research include
antranginals, sildenafil (Viagra) and the use of inhaled NO to treat neonates with

respiratory failure.

1.2 Synthesis of endogenous NO

Soon after NO was identified as EDRF, an assay based on the conversien of L
arginine to Lcitrulline and NO was used to isolatee enzyme responsible for NO
synthesis, NO synthase (NO$)pm rat cerebellunand identify it asnicotinamide
adenine dinucle@e phosphateNADPH)- and calmodulin (CaMylependen{Bredt

and Snyder, 19907 his led to the cloning of braiderived NOSBredtet al, 1991b)

and its localisation to vascular endothelial cells, nerves of the peripheral nervous
system (PNS) and disd¢eepopulations of neurons throughout the bf&redtet al,

1990; Bredtet al, 1991a)

There are now threaentified mammalian NOS isozymes, each coded for by a
distinct gene. Two, the neuronal NOS (nNOS) and endothelial NOS (eNOS), are
constitutivel expressed throughout the nervous system and relate NO production to
intracellular changes in &aby their dependence on £&CaM binding for catalytic
activity. The third, inducible NOS (iNOS), is the isoform expressed in immune cells

such as macrophageand microglia in response to products of infection (such as
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endotoxins) and inflammatory mediators (such as cytokines). Since INOS expression
is only prevalent under pathological states, it will not be considered in detail here
(reviewed byStuehr, 1999Alderton et al, 2001; Daff, 201Q) The existence of a
distinct, constitutively expressed mitochondrial NOS is under debate Laczaet

al., 2006 for a review)

All three weltkknownNOS isozymes synthesise NO fromdrginine by two steps of
monooxygenaon and share a common general structure witte®® homology
(Figure 1.1). Each is conferred with distinct functionality, not only by differences in

tissue distribution, but also by multiple differences in the regulation of their activity.

1.2.1 NOS gtucture and reaction mechanism

Functional NOS exists as a homodimer, each monomer consisting ctexmiNal
oxygenase domain,comprising binding sites for the cattors haem and
tetrahyrobiopterin (BH), and the substrate-arginine, and a @erminal reductase
domain, containing sites forflavin adenine dinucleotide (FAD), flavin
mononucleotideKMN) and NADPHbinding The oxygenase and reductase domains
are linked by a series of amino acids constituting>&"/CaM-binding domain
(Figure 1.7).

The Nterminal of the most abundantly expressed (> 90 % of total) nNOS splice
variant in the braifHuanget al, 1993) nNOSU, contains a PDZ
allows its physical association with various proteins, trmosably the NR2B NMDA

receptor subunit, via the adaptor protein, gystaptic density 98P SD95; Brenman

et al, 1996; Christophersoret al, 1999) The Nterminal of eNOS contains
consensus sequences for myristoylation and cysteine palmitoythtbmllow its

association with the membrane of endothelial cells, specifically at their caveolae,
which are proteirich invaginations of the membranmducible NOS lacks the

ability to associate with membranes and is cytogske Aldertoret al, 2001;Daff,

2010 for reviews)
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nNOS 160kpa

NH,— PDZ S FMN  FMN — FAD  NADPH —— COOH
*

eNOS 135kpa 7,
NH, Y FMN | FMN — FAD  NADPH —— COOH
Myr/ Palm .

iNOS 130kDa 7,

NH, Y FMN — FMN — FAD  NADPH —— COOH
— —
Dimer interface Dimer interface
Oxygenase domain Reductase domain

Figure 1.1Domain structures of thmammalian NO&ozymes. Key: Arg = Arginine; Myr/Palm =
sites for myristoylation and palmitoylatioRDZ = PDZ domain; Zn = zinc ligating cysteine; * =
autoinhibitory loop. Molecular masses of each monomer are given in KDa. Fagapedrom

Alderton et al(2001)

Homodimerisation of NOS monomers creates an extensive interface between the
oxygenase @mains of the two subunit§his may be promoted or stabilised by the
zinc iron indicated irFigure 1.1 and the haem, darginine, BH and CaM cofactors
(seel.2.3 NOS regulationfor more on the role of CaM). There remain several
unknowns as to the exact amanism of NO synthesis by NOS. However, modelling

of the NOS reductase domain on the NADRiitrosomal cytochrome P450
reductase, which also catalyses monooxygenation and contains a diflavin reductase
domain, as well as-kay crystallography studies of tNOS and INOS oxygenase
domains, have led to a general consensus for the mechanism of NOS ladggon.
hypothesisedhat C&*/CaM binding causes a conformational change in the NOS
dimer that facilitates electron transfer through the enzyme from thetaseéutomain

of one monomer to the haem iron of the oxygenase domain of the other monomer.
Electron transfer occurs via the sequential reduction of the bound cofactors, NADPH,
FAD and FMN Figure 1.2).
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Hood

Figure 1.2Suggested pathway of electron flow through NOS. Monomegeyeand whiteFlavins
in the reductase domaacept electrons from NADPH and, in the presence ét/CaM, pass them
to the haem group of the other mononiexken from StueHd.999) Reprodued by kind permission

of Elsevier.

The subsequent reduction of*Feo F&* in the bound haem allows molecular
oxygen to bind, which is then cleaved, resulting in the monooxygenation of beund L
arginine to N-hydroxyL-arginine. Upon a second cycle of nomxygenation, K-

hydroxy-L-arginine is converted into an unstable compound which collapses,
producing Lcitrulline and NO Figure 1.3.

H OH
N N HN N HN__O
H,MN 3 -
e e Pyt S
MH INH MH
MADPH + 05 [ VaMADPH + Oy .
- + NO
-Hz0 Hy0
& OU & GIS & DEI
H,N H,N H,N
o o] O
L-arginine M-hydroxy-L-arginine L-citrulling

Figure 1.3Reaction for NO synthesis by NOS. NO is synthesised frangirhine by two stages of

monooxygenadin. Taken from Daff (2010Reproduced by kind permission of Elsevier.
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1.2.2 Location of NOS in brain and its intracellular distribution

nNOS

The first studies of the location of NOS in brain used NABR&phorase staining
(Vincent and Kimura, 19925outham and Garthwaite, 1998yhich relies upon the
reduction of tetrazolium salts to visible formazans in a NAB&#ktl NOSdependent
manner. Since then, immunohistochemi¢Byedtet al, 1991a; Rodriget al, 1994;

de Venteet al, 1998; Burettest al, 2002)andin situ hybridisation(Keilhoff et al,
1996)have also been used to locate nNOS protein and mRNAhandaded to the
consensus that nNOS is expressed throughout the entire rodent and primate brain,
albeit at varying levels in diffent areas. In the cerebellumost neurons are
immunopositive fomNOS (Bredt et al, 1990; Southanet al, 1992) Areas such as

the hippocampus and olfactory bulb also appear rich in the enggmeham and
Garthwaite, 1993) In other brain regions nNOS appears to be restricted to
populations of interneurons, as in the cerebral cortex. However, even in these areas, a
dense network of nNOS positive fibres has been discovereghestingthat the
majority of brain cells could be contacted by NWincent aml Kimura, 1992;
Rodrigoet al, 1994)

The intracellular distribution (and physiology) of nNOS is largely dictated by its
interaction with PDZcontaining proteins, such as P8B. PDZ domains are motifs
for proteinprotein interaction. By binding with BRDZ domain in the Nerminal of
nNOSU, and a-teonindl domainiofithe NKRA reeptor NR2B subunit,
PSD-95 physically links the synthase to the NMDA recegtohristophersoret al,
1999) In this way, nNOS is anchored to a major site of agtidépendent Ca
influx to cells and is therefore thought to be preferentially activated by NMDA
receptor opening. Consistent with this, NMDA causes NO synthasigitro
(Garthwaiteet al, 1988; Garthwaitet al, 1989)andin vivo (Woodet al, 1990) In
tissue supernatants prepared from various brain region$-d€pendent NO
synthesis has been shown to be nNf@endent(Huang et al, 1993) and
suppression of PS5 in cultured cortical neurons lay antisense oligonucleotide
has been found to inbit NMDA -inducedcGMP production by> 60% (Sattleret al.,
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1999) Neuronal NOS and PB$6 colocalise throughout the bra{iBrenmanet al,
1996) andin the hippocampus, immunofluorescent staining has shown that nNOS,
NR2 and PSEB5 calocalise in PSD¢Buretteet al, 2002)

Il n addit i othrere arewo nthe@ite,variants of ANOH a n d seo . The
lackaPDZ domain and are cytosolic. The 929 va
b may be functional i n sever al brain are
bulb and cerebellurtBrenmaret al. 1996;Eliassoret al, 1997 Huanget al.,1993.

eNOS

An initial immunohistochemical study of the location of eNOS in the brain found it
to be expressed in hippocampal pyramidal neu{®msermanet al, 1994)but this
result has not been replicated. Rather, data collected wsisgu hybridisation
(Seidel et al, 1997; Demaset al, 1999; Blackshaw et al, 2003)
immundhistochemistry(Stanariuset al, 1997; Topelet al, 1998)and polymerase
chain reaction (PCR) of DNA from dissociated hippocampal ney©hgnget al,
1994) has combined to assehe consensus that eNOS is exclusively expressed in

the endothelium of blood vessels.

As discussedabove, eNOS has been found to associate with the membrane of
endot hel i al cell s, s p e(GarciaCacdankbet al, 1996) t he ¢
Caveolae are enriched in cholesterol and lipids. It is thought that their limited fluidity

draws proteins together, thereby promoting prepeotein interactiongRazaniet

al., 2002) Binding of eNOS to caveolae membranes is thought to occur via the
enzymeds N-terminal, which contains consensus sequences for myristoylation, which

is irreversible, and palmitoylation, which is reversif&arciaCardenaet al, 1996;

Alderton et al, 2001) Palmitoylation of eNOS may be subject to dynamic
regulation, since nplonged stimulation of eNO®%as been reported to caude

enzymes dalmitoylation and translocation into the cytosol, this presumably

limiting the opportunity for eNOS activation (sé.3.
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1.2.3 NOS regulation

Physiological NO signalling necessitates extremely subtle and dynamic NOS
regulation because N@ lipid solubleand, thereforecannot be stored prior to its
release As such every molecule of NO released by a cell must be synthesised as
directed by changing stimuli. Tredficacy of normal NOS regulation is illustratbg

the range of pathologies in whiahisordered NOproductionhas been implicated
(reviewed by Gross and Wolin, 1995; Hob#isal, 1999; Vallance and Leiper,
2002) and the diversity of endogenous NO signédor example, Hopper and
Garthwaite, 2006)

Regulation by C3/CaM binding

As discussed abovelOS is CaM-dependentUpon binding to NOSCaM facilitates
the rate of electron transfer through
oxidase domainSince CaM is activated by €aNO synthesis is G&dependent

and can be directed by alterations in cell activity.

The activity of each NOS isoform varies, and this can be partially explained by
differences in their Ca-dependencdnducible NOS caecome active at low &
levels because it has high affinity for CaWhis confes iINOSwith the ability for
continuous activity even in the absenceG#" and allows it to generate supra
physiological concentrations of NO'he constitutive isoforms, éDS and nNOS,
require higher Cd concentrations for activity than iINOS because they contain an
autoinhibitory loop(seeFigure 1.1, Aldertonet al, 2001) It has been reported that
purified mutant nNOS lacking the autoinhibitory loop can spontaneoustiisex
haem and generate NO in the absence 6f Gaggesting that the loop normally acts
to destabilise CaM binding and inhibit electron transfer from FMN to haem at low
Cd* concentrationgDalff et al, 1999) At higherthan basatoncentrations of Ga
(ECso of purified rat brain NOS for G4 = 200 nM; Bredt and Snyder 199@}aM
binding to NOS may displace the loop and initiate catalyddertonet al, 2001)
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Requlation by phosphorylation

The original cloning of NOS revealed several potential phosphorylation sites that are
putative sources of dynamic NOS regulation. Regarding nNOS, some interesting
examples of this have been provided by Ranetaal. (2004; 2007). Usingultured
cortical am hippocampal neurons, they have shown that upon glutamate (5 pM)
induced NMDA receptor (and therefore probably nNOS) activation, phosphorylation
of NNOS at serin®47 by C4'/CaM kinase Il (CaMKIl) leads to a slow (taking ~ 15
min) but persitent inhibiton of the synthase. This phosphorylation may be
indicative of negative feedbacdn NO synthesig=ollowing the application of higher
glutamate ¢ once nsernadi ecoses @eBosphdylateddTh)s ,
presumably relieves nNOS of inhibition amday contribute towards NO over
production during glutamate excitotoxicfirameatet al, 2004) Rameatet al. have

also found that the slow inhibition by CaMKIl may be preceded by a rapid, NMDA
receptordependent phosphorylation of NNOSsatine1412 byAkt (protein kinase

B) thatis necessary for NO synthe¢§igameatet al, 2007)

The gsclical phosphorylation of two siteserinel179 andthreonine497, is of
particular relevance to the regulationaeMOS (reviewed by Aldertoret al, 2001;
Garthwaite,2005) Phosphorylation of serirkl79, which is close to the eNOS C
terminal, reduces the dependence of eNOS o &l increases its catalytic rate.
Conversely, phosphorylation of threonid87 in the CaM binding domain increases
the synthas® requirerent for C&"/CaM. Under basal calitions, phosphorylation at
threonine497 predomiates over phosphorylation of serh&79. Upon smulation

of eNOS, threonind97 is dephosphorylated and ser#id79 phosphorylated,
leading to a persistent (over hoguemhancement of eNOS activity, even in the
absence of CA This C&*-independent eNOS activitis thought tounderpin the
low-level, activityindependent, endotheliuderived NO tone that has been
discovered in tissues including optic ner{&arthwaite et d., 2006) and
hippocampugChetkovichet al, 1993; Hopper and Garthwaite, 2008) vivo, the
P13 kinaseAkt pathway is probably therimary means of generating serh&79
phosphorylation, although other kinasggluding cCAMRregulated protein kinase A
(PKA), cGMRregulated protein kinase (PKG) and CaMKIl may also be responsible.
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These kinases, as well as Akt, may be activated in response to stimuli including shear

stress, oestrogens, insulin and vascular emdiatigrowth factor (Garthwaite, 2008).

Requlation by protekprotein interaction

As discussed above, protgwnotein interactions, for example, between nNOS and
PSD95, serve to anchor the constitutive NOS isoforms to cell membranes where
they may bewitched onby a rise in intracellula€&”*. Importantly, the Imding of e

or nNOS to cell membranes is reversible. Indebd,intracellular distributions of-e

and nNOS, and thus the capacity for their activation, are subject to dynamic
regulation by vaous other binding proteins.

The Gterminal PDZ ligand of NOSGAPON), is an adaptor proteithat was
identified by a yeast twbybrid screen with nNOS. Immunohistochemistry for
CAPON shows that it is expressed throughout the brain in a distributiolajopieig

that of nNOS. It contains a-términal domain whiclcompetes with PSID5 for
binding to the PDZ domain of the synthase. This causes the translocation of nNOS
away from the PSD and therefore, may limit neuronal NO syntiésieyet al,

1998) In presynaptic terminals, interaction betweemplaosphotyrosine binding
domain in the Nterminal of CAPON and synapsin 1 may direct nNOS to the
membrandJaffreyet al, 2002)where nNOS may be activated by voltagsted C&
channels (VGCCs), as in tRRNS(reviewed by Vincent, 2010)

NOS interacting protein (NOSIRas also discovered by yeast tiwgbrid screening

with nNOS and may also modulate nNOS by altering its intracellular distribution.
Dreyer et al. (2004) have found that NOSIP and nNOS can loe-
immunoprecipitated from rat brain lysates, andocour in multiple brain areas
including thehippocampus, cortex and cerebellum. They also report that expression
of NOSIP ledsto a reduction in Ca-induced NO synthesis in an immortalised cell
line containing NNOS, and é&moderatg shift in the location of NNOS from the

dendrites to the soma of dissociated hippocampal neurons.
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Other proteirregulatorsoh NOS i nc | uidneh idbp rtootreionf nNOSOG,
chain that may bind to and regulate the axonal transport of (RO&iguezCrespo

et al, 1998)and heat shock protein 90 (Hsp90), which has been shown to facilitate
NNOS activityin vitro, likely by increasing its affinity for CaMSonget al, 2001)

Endothelial NOS is also regulated by various proteins, most notably cateolin
Caveolinl is a membrane scaffolding protein and constitutes the main component of
caveolae. It has been reported that eNOS and cavealinmmunoprecipitate from
endotheliakell lysates and ctocalise in endothelial cells from bovine luf@arcia
Cardeneet al, 1996) Using sitedirected mutagenesis, it has been found that the N
and Gterminal domains of caveofh directly interact with the eNOS oxygenase
domain, resultig in the inhibition of NO synthesis in a manner reversible by
C&*/CaM (GarciaCardenaet al, 1997; Michelet al, 1997b) Accordingly, it has
been found that transfection of mouse aorta with cavdolimhibits NO synthesis
and eNOSdependent vasodilatn in vivo (Bucci et al, 2000) whereas mice lacking
caveolinl exhibit increased Nhduced vasodilatioiDrab et al, 2001) It is now
thought that the inhibition of eNOS by caveelins cyclical, being interrupted by
activity-induced CaM binding to thsynthas&hich causeeNOS activation, anthe
translocation of the synthase from the caveolae membrane to the cytdplasral

et al, 1997a; Feroet al, 1998)

[
Caveolin 1 binding

Cytosol m Membrane
[
i
[

eNOS activation eNOS inhibition

.

CaM binding
[

Figure 1.4 Scheme foregulation of eNOS by caveolih Binding of caveolil to eNOS inhibits NO
synthesis and anchors it to the caveolae membrane. Thadtiter between eNOS to caveelimay
be disrupted by CaM, which may directly compete for the binding site in eNOS, leading to the
activation of eNOS and +distribution of he enzyme from the membrane to the cytosolic fraction
(Feron et al., 1998).
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Hsp90 may also bind directly to eNOS in a?Gaependent manner. It has been
found to ceimmunoprecipitate from endothali cells with eNOS and caveoiin
(Grattonet al, 2000) and has been hypothesised to fad#éitthe displacement of
caveolinl from eNOS by CaM. Indeed, the &®f C&* and CaM for eNOS is
reduced in the presence of Hsg3@kahashi and Mendelsohn, 20Q3&glditionally,
physiological stimuli for eNOS, such aascular endothelial growth factor or shear
stress, have been reported to increase the interaction of Hsp90 and eNOS in isolated
cells, whereas an antibiotimased Hsp90 inhibitor has been found to inhibit eNOS
dependent AClinduced vasodilation of rat aar rings (GarciaCardenaet al,
1998) Coimmunoprecipitation studies also suggest thisp90 mayfacilitate a
physical interactiometweereNOSandAkt (GarciaCardeneet al., 1998) consistent
with findings that the effects of Hsp90 and Akt on eNOSvigtare synergistic at
low C&* concentration§Takahashi and Mendelsohn, 2003b)

In caveolae, eNOS may also directly interact with bradykinimeBeptors, which,
are upstream of the phospholipasel@sphatidylinositol 4/fbisphosphate (PHP
pathway and thearginine transporter, cationic amino acid transporter, which may
facilitate eNOS activity(reviewed by Nedvetskgt al, 2002) NOSIP may also
regulate BlOS in the same way that it does nNOS: Degti@l. (2001) have found
thatthe coexpression 0ENOS and NOSIP in Chinese hamster ovary calisses a
reduction in NOsynthesis and theedistributon of eNOS from the caveolae

membrane to the cytoplasm.

1.3 NO signal transduction

The identification of NO as EDRF was preceded by the discovery that NO elicits
cGMP accumulation in tissues such as aorta, lung and brain, and that a rise in cGMP
accompanieghe relaxation of smooth muscle (skd Discovery of endogenous

NO). About 20 yars prior to this, cGMP had been detected in mammalian urine and
various tissues. At around the same time, CAMP, produced by adenylyl cyclases, was
recognised as a biological second messenger. This spurred research which led to the

discovery of two majorvarians of guanylyl cyclasehat synthesise cGMP from
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GTP: one that is membranédound and consists of seven isoforms, each of which
containan extracellular binding domain fdigands such asatriureticpeptides and
areunresponsive to NCand another thatoes not span the membrane and contains a
prosthetic haem group able to bind N@viewed by Potter, 201Schulzet al,

1989. The latter cyclase was iii al | y t er meidis ndow knbwnhd e 6 ,

associate with membranes under saconditions (se&.3.2 and therefore has been
renametda o gNOt e-dcivatedr. 6 NO

To date, NO is the only known physiological activator of -N@eted guanylyl
cyclase.Cyclic GMP accumulation via the activation of this enzyme is the only
acceptedmeans of physiological NO signal transduct{@eel.8 and Garthwaite,

2008) Amongst the research that has led to this consensus are findings that mice

lacking eNOS or the N@argeted guanylyl cyclase are incapable of-@Quced
vasodilation(Huanget d., 1995; Friebeet al, 2007)and that NADPH diaphorase
histochemistry for NOS in rodent brain is remarkably coincident with
immunohistochemistry for exogenous MNi@uced cGMP accumulatio(Goutham
and Garthwaite, 1993)

1.3.1 NO-targeted guanylyl cyclasestructure and reaction mechanism

Isoforms of NQtargeted quanylyl cyclase

k

NO-t argeted guanyl yl cyclase is an obligat

subunit(Nakaneet al,, 1990; Buechleet al, 1991; Harteneckt al, 1991) To date,

two endogenous, functional isoforms of N&geted guanylyl cyclase have been
di scover e-@Gn dt {adthiding Bnkymes. The isoforms appear to have a
similar sensitivity to exogenous NO, capacity for cGMP production and

pharmacology{Russwurmet al, 1998; Gibbet al., 2003) but different intracellular

distributions (se€l.3.2 . The U1b1l isoform was first

lung and subsequently botparticipating subunits were cloned and sequenced
(Koesling et al, 1988; Nakae et al, 1988; Koeslinget al, 1990; Nakaneet al,

1990; Russwurnetal, 1998) The U2 subunit was identif

wit h the SUbkequentygumcitti.on al werg fedorted o foeim s
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cells transfected with both subunitslartenecket al, 1991 and in 1998, were
discoveredn human placentéRusswurmet al, 1998) Messagef or t he U1, U
b1l s ubas nowtbeen founthroughout theanammalian body and braifGibb

and Garthwaite, 2001; Mergé al, 2003)

Two other NOt ar get ed guanyl yl cyclase subunit
cloned but ideriified as humarv ar i ant s of t he(Zabeleta.,nd b1
1998) Messenger RNA for B 2 -du@eted guanylyl cyclase subunit has also been
detected in rodentgnd in various organ@ergia et al, 2003) The expression of

this subunit -7wells tes dedn reparted @®@O&sult in a functional
cycl ase, although with reduced sensitivi
isoforms(Guptaet al, 1997; Gibbet al, 2003) However, he transfection of other
types of cel | s-tametad lguanylyl cyalase sudurdts HeOfailed to

yield a functional enzyméGibb et al, 2003) Further mor e, me s s a
subunit in brain and other organs is negligj and there have been no repoitan
endogenousf u n c t i2-comtaiihg NOtargeted guanylyl cyclaséGibb and
Garthwaite, 2001; Mergiat al,, 2003)

General structure of heterodimers

Each functionally relevant N@argeted guanylyl cyclase subunit contains a4 C
terminal, catalytic domain, a dimerisation domain and ateriinal, regulatory
domain (seeFigure 1.5. The catalytic domain appears to have been highly
conserved across each MNa&rgeted guanylyl cyclase subyniand, wthin the
functionalenzyme is so homologous to that of adenylyl cyclase that substitution of
three amino acids produces a ftfdgeted, cAMPsynthesising enzymgSunaharaet

al., 1998) It is highly likely that thecatalytic domain contains the site for GTP
binding, and consistent with this, studies using-gitected mutagenesis have found
the catalytic domaito be sufficient for urstimulated cGMP productiofWedel et

al., 1995)

The Nterminal regulatory domma of each heterodimer binds one haem prosthetic

group primarily through an interaction with the haenfFend His1 05 of t he |
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subunit(Wedelet al, 1994) The U subunits, which diff
other within the Nterminal region, may atsbe necessary for haem bindif\yedel

et al, 1995; Foersteet al, 1996; although see Koglin and Behrends, 20@3)s
partly explaining why N&argeted guanylyl cyclase is an obligatterodimer. The
haemis the NObinding site within the cyclase. has long been known that NO
bindsto haem indeedits interaction with reduced haemoglobin was critical to the
identification of NO as EDRHgnarroet al, 1987) As such, the haem component of
NO-targeted guanylyl cyclase was discovered relatively soon after initial attempts to
purify the enzyme(Craven and DeRubertis, 1978; Geragral, 1981) and was
immediately identified as a putative NO binding site. Now ¢lwidence in favour of

this is convincing. Studies have shown, for example, that haentHosssteret al,

1996) truncation of the Nerminal domair{Wedelet al,, 1995; Foersteet al,, 1996)

or substitution of Hisl05 with phenylalaningWedel et al, 1994) renders the
guanylyl cyclase N@nsensitive.

— Regulatory ohaem
binding domain

— Dimerisationdomain

— Catalytic domain

GTP cGMP

Figure 1.5The domain structure of N@rgeted guanylyl cyclase. The haem is shown in grey.
Adapted from Bartu€009)

NO-targeted guanylyl cyclase activation and catalytic mechanism

Soon after NGargeted guanylyl cyclase was purified from lung, mass spectrometry
and highperformance liquid chromatography were used to determine the reaction by
which the enzyme synthesises cGMP. The accepted scheme is shéigaren1.6.
NO-targeted ganylyl cyclase is thought to synthesise cGMP by the expulsion of
pyrophosphate from GTESenteret al, 1983) A basic amino acid residue (labelled
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X in the figure) the identity of which is currently unknowis, required to accept a

proton from GTP dung thereaction.

Guanogne
PPIO 0
PPIO N
0 >\ ¢ 1
M I M ( 4 NHZ & o N7 UNT NH,
HO—P—O—?—O—E—O
T L Ty
O=P——0 OH
S éiOH 1
X
- /XH

Figure 1.6 Proposed means of cGMP synthesis from GTP byadxigeted guanylyl cyclasé basic
residue in the N@argeted guanylyl cyclase (shown as X) accepts a proton from the hydroxyl group at
position five of the ribosmoiety of GTP. This leads to thespliacement of pyrophosphate (PPiO

from the moleculandtheformation of cGMP.

Detailed structurdunction studies are required to elucidate how NO binding to the
NO-targeted guanylyl cyclase haeratalyses thigeaction. However, studies on a
homologous cyanobacterial NO detector, in conjunction with the analysis of UV
visible absorbance spectra for different haem species formed during NO binding,
have led to a general scheme in which the cyclase passes thraugke, NGO

bound and active statésigure 1.7, Bellamy and Garthwaite, 2002yVhen the
enzyme is inactive, the haemappears to be fiveoordinated, its F& centre
covalently bound to the cyclase via Hi85 inthe Nt er mi n a | of the b1
binding to thehaem which is thought to be so rapid that it is almost diffusion
limited, forms a sixcoordinated haem and thought to cause the haem to pivot,
leading to the rapid (withid ms) translocation and subsequent rupture of the bond
between it andHis-105. Rupture of the boné assumed to cause a conformational
change in the cyclase that propagates to the catalytic domain by some unknown
mechanism and causes up to a @@ increase in the rate of cGMP synthesis. The
propagation of this conformanal change is thought to be the rateiting stepin
activation of the enzyme and ksypothesisedo facilitate access of GTP to the

catalytic site.
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INACTIVE BOUND ACTIVE

i

Soret peak: ~430 nm ~420 nm ~400 nm

Figure 1.7 Two-step modefor NO-targeted guanylyl cyclase activation by N®its inactive state,
the haem group is five coordinated and boundteH35 of the cycl ase bB1l subun
a 6 coordinate haem is formed. This strains the bond betweeil®fisand haem, resulting in its
cleavage and the formation of thetime NGtargeted guanylyl cyclase. Absorbance maximum or
Soret peaks for each species gieen Taken from Bellamy and Garthwai2002) Reproduced by

kind permission of Spring&cience and Business Media

1.3.2 Location of NO-targeted guanylyl cyclase in bain and its

intracellular distribution

As assessed using quantitative reverse transcription R@Rsage fothe NG

targeted guanylyl cyclase is present throughout the body, and is particularly abundant

in the lung and braifMergia et al, 2003) In the latter organn situ hybridisation
(Matsuokaet al,, 1992; Gibb and Garthwaite, 200Immunohistochemistr¢Ding et

al., 2004) quantitative PCR and Western blot analydergiaet al, 2003)suggest

that all three functionally relevant N@rgeted guanylyl cyclase subut s ( U1, U2
b1l) a r ealthougle is annuneyven distribution. Overall, the amount of mMRNA
for each of the U sub~thmiltfs tahpep etaortsalt omebae
consistent withthough not in direct confirmiain of, b being common to both of the
functional NGtargeted guanylyl cyclase isoforms so far identifidéergia et al,

2003) In some brain areas, for example, the cerebellum, hippocampus and olfactory
bulbs, the cyclase appears to be densely expressether areas, such as neocortex

and brain stem, fewer N@rgeted guanylyl cyclase positive cells are observable.
However, n every region NOS and N@rgeted guanylyl cyclase appear do-

occur. Indeed,NADPH diaphorase histochemistry for NOS in raaibr shows a

remarkably coincident distribution with cGMP immunohistochemistry followmg
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vivo perfusion of the NO donor, sodium nitroprussi@utham and Garthwaite,
1993)

Messagef or t he b saways@adcampanied byrmRNA ®rtone owre

typically, both ofthedd subuni t s. Soomec ocanrteaaisn anpopreea rR N A
subunit than the other. For example, thepbicampus and cerebellum appaeaher

in U2, whereas the caudate putamen and
(Gibb andGarthwaite, 2001)These trends have been confirmed by quantitative real

time PCR(Mergiaet al, 2003)

Within cells, the U1b1 and U2é&ridesdaeppp ear t
the ability of t he U2 -costaining synaytic proteins,i nt e r &
including PSD95 and synapse associated prot&in, through its &@erminal
(Russwurmet al, 2001) I n this way, the U2b1 isofo
membrane and in remarkable proximity to sites of NO synthesis. In contrast, the

U 11bisoform appears to be mainly cytosolic, although, in platelets and lung
endothelial cells, it has been found to translocate to the membrane upon raised
concentrations of intracellular €a Translocation to the membrahas been found

to increase the seitivity of the cyclase to N(dZabel et al, 2002) perhaps by

placing the cyclase closer to sites of NO synthesis.

1.3.3 Regulation of NO-targeted guanylyl cyclase

Compared to NOS, relatively little is known about how -Ngeted guanylyl
cyclase activityis regulated. Some putative examples of regulation are given below,
although more work is needed to clarify whether these are physiologically relevant

and what effect they have on Nfduced cGMP accumulation.

Requlation by cdactors

Several cefactorsare required for the conversion of GTP to cGMP. Two*Mgr
cyclase are required for catalytic activity and may facilitate the binding of GTR to th

cyclase. Additionally, ATPinhibits NO-targeted guanylyl cyclase, perhaps by
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binding to a regulatory site competition with GTRRuiz-Stewartet al, 2004; Roy
and Garthwaite, 2006) Apar t from the regul ation
distribution by C&" (see1.3.2, this cation alsoinhibits cGMP synthesisinder

physiological conditiongKazerouniaret al, 2002)

Requlation by phosphorylation

Both the U and b subunits contain sever a
confer the cyclase with dynamic regulatiofreviewed by Pyriochou and
Papapetropoulos, 2005)he effect of kinases including PK#&nd protein kinase C

on NOtargeted guanylyl cyclases have been researchittdpugh studies have
yielded contradictory results. Two studies have shown that PKG may inhibit NO
targeted guanylyl cyclase, thereby providing cGMP production with negative
feedlack (Ferreroet al, 2000; Murthy, 2001) Murthy (2001) found that the NO
donor, sodium nitroprusside, caused an increase in-&¥@ndent’P incorporation

into NO-targeted guanylyl cyclase in gas smooth muscle thawas accompanied

by a reduction in GMP synthesis. Ferreret al. (2000) have reported that NO
targeted guanylyl cyclase is phosphorylated under basal conditions by PKG in
chromaffin cells (neuroendocrine cells of the sympathetic nervous system) and that a
cGMP analogue or PKG activation tkato the activation of a phosphatase,
dephosphorylation of N@argeted guanylyl cyclase and a subsequent decrease in

sodium nitroprussidénduced cGMP synthesis.

Requlation by protekprotein interactions

Severd proteins may regulate the intracellular distribution of the-tdfgeted
guanylyl cyclases. For example, in endothelial cells, Hsp90 may physically link the
NO-t argeted guanyl vyl c(Yendmaesad, 2003 subunit tc
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1.4 Characteristics of NO/dGMP signals

In the brain, NO may act as a neurotransmitter (discub$ef). Research suggests

that bursts of NO are synthesised by nNOS in response to synaptic gtehuaiause

a rise in intracellular Ca(Parket al, 1998; Batcheloet al, 2010) However, ulike

classical neurotransmitters, immunohistochemistry for NOS andtaxgeted

guanylyl cyclase, in accordance with functional studies of NO transmission, suggest
that NO may act as anterograffer example, Parlet al, 1998) retrograde(for

example, Arancioet al, 1995; Arancioet al, 1996; Arancioet al, 2001) and/or
intracellular transmitteffor example, Buretteet al, 2002) These effects may be
synapse specific (see belowlonic NO signals synthesised by continuous eNOS
activity haw alsobeen found to féect paracrine transmission between blood vessels

and groups of neurorffor example, Garthwaitet al, 2006; Hopper and Garthwaite,

20060 To describe the ability of a 6écloudbd
potentially dfect all receptive structures contacted by a physiologically relevant
concentration, the term o6volume signall.i
on the dynamics of NO signalling, details that are vital to our understanding of how

NO is capable o$uch diverse signalling, such as what constitutes a physiological or
pathological concentration of NO, or how far a physiological concentration of NO

can spread through brain tissue from a site of synthesis, remain unclear.

1.4.1 Concentration of physitogical NO signals

Initial attempts to measure endogenous NO employed NO/cGMP assays and NO
electrodes, which translate a chemical reaction between NO and the electrode tip into
an electric potential. Unfortunatelyhése approaches have many drawbacks, and
have led to a wide spread of measurements (from femtomolar to low micromolar
values). More recently, NO biosensors have been used to measure the concentration
of endogenous NO signals elicited by physiological diinthese biosensors are
composed of cGMP binding sites connected to fluorescent proteins. Cyclic GMP
binding causes a conformational change in the proteircandomitanichange in its
fluorescence. Tib type of biosensor takemdvantage of the amplificah of NO

signals by cGMP production and the high selectivity of cGNtRling proteins over
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cAMP and GTP(reviewed by Hall and Garthwaite, 2009)sing a fluorescence
resonance energy transtesised biosensor incorporating the cGhiRding domain

of NO-targeted guanylyl cyclase, Sa#t al. have detected 1 nM endogenous NO
inside un-stimulatedendothelial cells. Approximately 100 pM NO was detected
inside a cell placed next to hippocampal neurons under the influence of spontaneous,
oscillatory network actity or endothelial cells stimulated with ATgSatoet al,

2005; Satecet al, 2006) In support of such low concentrations of NO representing
physiological signals, studies using human embryonic kidney (HEK) cells
transfected witta biosensor composed thfe cGMRbinding domain of PKG fused

to acircularly permutated enhanced green fluorescent prbgeme shown that even
smaller concentrations @xogenousNO (1-3 pM) can be detected by Nfargeted
guanylyl cyclase, even in the presence of a phosphodisstdPDE; a
phosphohydrolase that degrades endogenous cGMP1(4ef Batcheloret al,

2010) Very recently, HEK cells containing this biosensor have been used to detect ~
100-200 pM endogenous NO from overlying cerebellar and hippocampal slices upon
stimulation with NMDA (Wood et al, 2011) Consistent with such low amplitude
physiological NO gjnals, only low nanomolar concentrations of NRave been
recorded in cerebellar slices and hippocampal slice cultures following extreme
stimuli, such as ischemia, maximal NMDA receptor activation and iNOS activation
(reviewed by Hall and Garthwaite, 2009)

1.4.2 Spread of NO through tissues

NO is predicted to diffuse rapidly through tissues (tissue diffusion constant of 8.48
um?s). At low nanomolar concentrations, the NO free radical is predicted to be
relatively stable. For example, autoxidation of M@ be minimal. However, NO

will react with lipid peroxyl radicals and haemoglobin in blood vessels, and it has
been suggested that this will limit the Rbié of NO in tissue to ~ 1 &eviewed by
Garthwaite, 2008)Furtherto this the spread of NO in brain tissue appears to be
hugely limited by an unknown means of NO inactivation. In cerebellar slices, this is
predicted to limit the halfife of < 10 nM NO to ~ 10 maNO inactivation by brain

tissuehas been illustrated by a madkgradient of immunostaining for N@duced
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cGMP in crosssections of 400 prthick cerebellar slices bathed in a solution

containing exogenous N(Mall and Garthwaite, 2006)

Using a high estimate of the rate of NO production by nNOS (20 molecules/s as
measured using the purified enzyme) it has been predictedntlaad 0Onm-diameter

PSD containing 50 NMDA receptqoreach linked to one nNO&nd all active
simultaneously, ~ 2 nM NO would be generated, which, upon diffusion, would
reduce to 1 nM NO on thether side of the synaptic cleft (60 nm away from the
central source of NO), and 250 pM 1 um away. Upon guanylyl cyclase activation,
250 pM NO would be capable of generating ~ 8 cGMP (Garthwaite, 2008)
which is in excess of that needed to triggewdstream signalling, for example, by
cGMP-dependent protein phosphorylati@ifranciset al, 2010)

Following lower NMDA receptor activation, the NO cloud would be predicted to
become synapse specific, a property favouring the role of NO in-smadifc

synaptic plasticity. @nsidering ontinuous NO synthesis, such as by eNOS in blood
vesselsjt should be noted thathtr o ughout t he brain, brain
cell diameter) away from a capillafiPawlik et al, 1981) which are capable of tani

NO production(Mitchell and Tyml, 1996) Therefore,brain capillariesmay beas

well suited for bathing neurons @ low-level of NO as they are to delivering them

O, (Garthwaite, 2008)

1.4.3 NOinduced cGMP signals

NO-targeted guanylyl cyclase lsghly suited to the capture and transduction of low
amplitude, brief NO signals. As discussed abéi&.1), NO binds the prosthetic
haem of the enzyme. Although unremarkable in structure, the haem, once
incorporated into the N@argeted guanylyl cyclasehas high affinity for NO
(dissociation constant ~ 20 nM) and exhibits remarkable selectivity for it ovéy NO
NO and Q. This allows physiological NO signals to be detected in the presence of >
10,000 fold excess of O Unlike the binding of NO to othehaemcontaining
proteins, such as haemoglobin, the binding of NO totAlQeted guanylyl cyclase

appears rapidly reversibladtivity in cells decays with a hatiime of ~200 ms upon
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removal of NO).This endows the activation of the purified cyclase wittallife of

~ 2-5 s following the addition of a NO scaveng€his haltlife, coupled with almost
instantaneous (within 20 ms) guanylyl cyclase activity upon NO binditawvs the
faithful transduction of transient NO signals.is interesting to notéhat NMDA
receptor activation, which is thought to be the preferential means of stimulating
NNOSin vivo, follows similar kineticqreviewed byBellamy and Garthwaite, 2002;
Koeslinget al, 2004; Garthwaite, 2005; Garthwaite, 2Q08)

Surprisingly physiological signals are predicted to be several 40@Dlower than

the EGp of NO-targeted guanylyl cyclase predicted using platelets and cerebellar cell
suspensions (10 nM)Nevertheless the remarkable sensitivity of N@rgeted
guanylyl cyclase for ipomolar concentrations of NO may be explained by a large
receptor excess. This in turn explains why smooth muscles are capable-of NO
induced relaxation despite the deletion of > 90 % oftid@eted guanylyl cyclase
(Mergiaet al, 2006) An excess of N@argeted guanylyl cyclase is predicted to act
as a sink for NO, which will create a gradient for the diffusion of NO into receptor
pools, thereby promoting the diffusion of NO towards its tar¢g@&tcheloret al,
2010)

1.4.4 Termination of cGMP signals

Independent of the removal of NO and rapid deactivation oft&@eted guanylyl
cyclase, the declining phase afcGMP signals shaped by desensitisation of the
cyclaseand rapid (typically withinl s) degradation of cGMP by PDEs. These
mechanisms furér enable the transduction of NO signals with high fidelity and may
also prevent the generation of saturating concentrations of cGMP. Furthermore,
diversity in the kinetics, subellular location, tissue distribution and regulation of
PDEsmay allow NO sigrals to generate hugely diverse cGMP signals in different
cells and within different intracellular compartme(gseTable 1.3and Fischmeister

et al, 2005)

PDE6s catalyse the hydr o¢yglised monopHosploates | i ¢
(i .excGWVP, GMPY»6by degrading the 36 cyclic
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nucleotide molecule (seéigure 1.9B). PDEs have been found to exist in all cell
types ested. They are a superfamily comprising 11 distinct enzymes. The existence
of multiple active subtypes of each enzyme and of splice variants has led to estimates
that over 50 different PDEs exist in mammals. PDEs appear to exist as homodimers
with a Gtermminal catalytic domain and an-términal regulatory domain containing

sites for interaction with proteins capable of influencindh e e & ezatalytie 6
activity and subcellar location. OverallPDEs appear to share less than 30 %
homology in structure, rl this is consistent with diversity in their soéllular
location, tissue distribution and activi(gee Table 1.3 reviewed by Bender and
Beavo, 2006; Francet al, 2010)

Desensitisation of N@argeted guanylyl cyclase has been demonstrated ibedtzne
astrocytes, platelets and striatal neurons. In intact cerebellar cells, it occurs within
seconds (or less), increases with NO concentratiogo(EE20 iVl NO), and is slow
to reverse (halfime of 16 min). Its mechanism is unclear, although dessaisitn
does not occur in cell lysates or to the purified enzyme, suggesting that some cellular

factor(s) is require@Bellamy and Garthwaite, 2002; Garthwaite, 2008)

1.5 Major cGMP targets

1.5.1 cGMP-dependent protein kinase (PKG)

PKG is a serindthreonine kinase dependent upon cGMP binding for catalytic

activity. Two isoforms of PKG, encoded by two genes, have been discovered: PKGI,

of which there are two functional spl i cce

PKGs exist as homodimers, each subunit caomtgi a Nterminal domain
responsible  for  dimerisation, interaction  with  regulatory proteins,
autophosphorylation and autoinhibition; a regulatory domain with two homologous
allosteric binding sites for cGMP; and at€&minal catalytic domain with substeat

and ATRbinding sites(reviewed by Feilet al, 2005a; sed-igure 1.8). The N
terminal of PKGI |, but not PKGI U or
myristoylation which allows the association of this isoform with plasma membranes
(Vaandrageet al, 1996). Additionally, P Ki€rhindl remiond b
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and this may confer each variant with differences in sensitivity, substrate specificity

and localisatiorfreviewed by Francist al., 2010)

It is unclear exactly how cGMP binding to PKG aaisan increase in
phosphorylation. Currently, it is thought that, in the absence of cGMP, the catalytic
domain of the kinase is covalently bound to and inhibited by theriHinal. Binding

of cGMP to the catalytic domain is hypothesised to cause a cortfonalachange or
elongation of PKG that distances theté&tminal from the catalytic domain, leading

to the relief of autoinhibition and a thre® terfold increase in phosphotransferase
activity. The binding of four cGMPs to PKG (two per monomesmequred for full

activity (Feil et al, 2005a) PKGI contains one high affinity and one low affinity

cGMP site, whereas PKGII contaitwo low affinity sites. This may partly explain

why the PKG isoforms are differentially sensitive to cGMP. Sensitivity tMEG
follows the order: [Gdm@ietal, 1999 K@imet al> PKGI
(1995) report that the Kv al ues of recombinant PKGI U a
mouse brain and expressedHEK 293 and Sf9 cellare 0.092 uMand 0.80 uM

cGMP, respectively. Theensitivities of all the PKGs to cGMP may be increased by
autophosphorylation at a site overlapping the autoinhibition domain in the N
terminal, leading to an increase in the enzymes activity at basal cGMP concentrations

and prolonged activatioffrrancisetal., 2010)

Catalytic Domain Catalytic Site | Autoinhibitory

cGMP-Binding Sites’

Regulatory Domain T,

@ v
(®) Autophosphorylation Site

* + » + Distinctive Contacts for
Interaction with Certain Proteins

Figure 1.8Predicted structure of PKGI. Monomers are labelled. The leucine zipper is the proposed
site of homodimerisation. In the absence of cGMP, the catalytic site is inhibited by binding to the

autoinhibitory subdomain. Binding of cGMP causes a conformatioraigdhthat is proposed to
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remove the catalytic site from autoinhibitory contacts (see red arrow). Adapted from Francis et al.
(2010) Reproduced by kind permission of ASPET Journals.

Like NOS and N@&argeted guanylyl cyclase, PKG appears to be widgyessed in

the mammalian bodyand is predominant in brain, platelets and the cardiovascular
system Messenger RNA and protein for both PKG isoforms has been detected
throughout the rodent brain, including in the cerebellum, olfactory bulbs, cordex an
hippocampus. The distributions of each isof@ppearo overlap(elHusseiniet al,

1995; de Venteet al, 2001; Feilet al, 2005b) Using immunoblotting, it has also
been shown t hatPK® bsplibe varianes art present altfiough to
varying ratios in different brain regior{seil et al, 2005b)

Through the use of techniques such®#slabelling, several potential PKG targets
have been identifiedTable 1.2, and PKGmediated phosphorylation has been
linked tomultifariousprocessesncluding synaptic plastity, cytoskeletal dynamics

and smooth muscle relaxatio(Feil et al, 2005a; Franciset al, 2010) Given
problems such as the lack of a known PKG phosphorylation consensus sequence, it is
thought that many PKG substrates/effeocfsPKG-dependent phosphorylation are
unknown. Nevertheless, the effects of PKG phosphorylation so far identified
correlate well with the phenotype of PKG knemitt mice (Schlossmanret al,

2005)
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Isoform | Substrate | Substrate Processes effectedy | Reference
location phosphorylation
PKG 1 G-substrate | Neurons Synaptic plasticity (LTD)) | Detreet al.(1984)
PDE 5 Platelets Multiple processes Corbinet al. (2000)
Smooth muscle| downstream of NO/cGMP
Neurons signalling &)
VASP Platelets Aggregation 2) Massberget al. (1999)
Neurons Structural plasticity (LTR) | Wanget al.(1991)
IRAG/InsP; | Smooth muscle| Relaxation §) Schlossmanet al.
receptors Platelets Aggregation 2) (2000)
PKG11 GluR1 Neurons Synaptic plasticity (LTH)) Serulleet al.(2007)
CREB Neurons Gene expressiory) Gammet al.(1995)

Table 1.2Patential PKG substrates. Sometential PKG substrates, their prime location and the

processes that might lsffectedupon their phosphorylation by PKG are listed. CREB = cAMP

resporse elemenbinding protein; GIlR1 = AMPA receptor GIuR1 subunit; Ins®P inositol 1,4,5

trisphosphate; IRAG #nsP;R-associated cGMP Kinase Substrate; LTD = lgdegn depression;

VASP = vasodilatostimulated protein. Arrows indicate whether Piosphorylation is inhibitory

(Z) or required/facilitatory

(y).

1.5.2 cGMP-regulated phosphodiesterases

viacGMP-mediated
phosphorylatiorof PDEs as exemplified by an increase in the catalytic activity of

PDE 5 upn PKGdependent phosphorylatiqithomaset al, 1990; Corbinet al,

2000) by di binding oPDENGMP t o
terminals, as in PDEs 2, 5, 6 and 20working model of cGMRegulated, cGMP

Some PDEs are cGMregulated. This may occur

and/ or rect

hydrolysing PDES5 is shown irigure 1.9A
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B NH
1

A CATALYTICDOMAIN PDES

REGULATORY,
DOMAIN

CATALYTIC DOMAI

Figure 1.9Predicted structure of PDE 5. A) POEis predicted to be a homodimer, each monomer

comprising catalytic and regulatory domaifiie catalytic site is found within the catalytic domain,
close to &r?* and another divalent metal ion (perhaps ¥gr Mr?*) which facilitate the

polarisation of a hydroxyl ion from water for breaking the cyclic phosphate ring. Catalysis can be
enhanced by PKGI phosphorylation at sefit@ near the amino terminus, and/ord§MP binding
to GAFA.B)PDEsd egr ade the 36 cyclic phosphate bond i
Adapted from Francis et al. (2010) and Bender and Beavo (2B@@)oduced by kind permission of

ASPET Journals.

0 GAFO6 domai ns acronyanmfehe firs threeeclasses of protein in which
they were discovered GMP-regulated PDEs, cyanobacteraenylyl cyclase and
Escherichia colitranscription factorFhla), are common to proteins involved in
cyclic nucleotide signalling. Two GAF doina (A and B) are found in the-N
terminal of cGMPregulated PDEs 2, 5, 6, and 10. In different PDEs, cGMP may
selectively bind one or the other GAF domain, causing either an increase or decrease
in cyclic nucleotide hydrolysis (se@able 1.3. It is unclea why cGMP
preferentially binds one GAF domain over the other, and what the functare(@)

GAF domains that do not bind cGMP. PDE 11, which is found in skeletal muscle,
prostate, kidney, liver, testes and pituitary glands, also contains GAF domains,
although one is truncated and the RBERctivity is insensitive to cGMReviewed by
Bender and Beavo, 2006)

PDE actinty not only regulates the N@GMP pathway, but may also facilitate

crosstalk between cAMP and cGM&ependent signalling cascadesr Example, it

has been advanced thatrise in intracellular cGMP may lead to the competitive
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inhibition of cCAMP hydrolysis by PDESs that are not substsslective, for example
PDE 1C. It has also beediscoveredthat the hydrolysis of cAMP by PDE 3 is
inhibited by a rise in cGMP, presumably because the enzyme has high affinity for
cGMP but hydrolyses it slowlfDegermaret al, 1997) In human cardiac myocytes,
cGMP-mediated inhibition of PDB is thought to occur downstream of NO, leading

to cAMP accumulation, PKA activation and a phosphorylatlependent increase in

the activity of L-type VGCCs, which are critical to cardiac functig€rstein et al,

1995) The NO-cGMP-PDE 3 pathwayhas als been implicated in the regulation of
other channels required for cardiac function, such as hyperpolarisativated,
cyclic nucleotidegated (HCN) channelsndis thought to act in concert with other
cGMP-regulated PDEs, includingGMP-activated PDE2 (Fischmeisteet al,, 2005)
Outside cardiac myocytes, a cGNRluced increase in cAMP hydrolysis by PRE

has been implicated in platelet aggregation and hormone secretion from the adrenal
gland (reviewed by Bender and Beavo, 2006pther processesincluding
neurodevelopment and synaptic plasticityight also be affected by PDiEediated
cAMP and cGMP crostalk, since these nucleotides often act in parallel signalling

pathways during these phenomena.

Given the above, the diversity in POsue distibution, substrate selectivity and
kinetics(summarised iMable 1.3, as well as thintracellular compartmentalisation
of PDEs by their associatiowith kinases andcaffolding proteinsPDE activityis
likely to havehuge consequences for the diversifycGMP signalsthat could be
elicited by one NO signal in one céleviewed byFischmeisteet al, 2005; Bender
and Beavo, 2006; Franais al, 2010)
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PDE Location(s) Cytosol/ | Substrate ~ K, (nm) ~Vinax ¢GMP | Notes
Membr- (nmol/min/mg)
ane GMP | cAMP | ¢GMP | cAMP
1A-C Brain, smoothmuscle, heart, ¢ A-B: cAMP <¢GMP | 1-6 1-100 30-300 10-150 - Activity enhanced by
lung, sperm, macroplages C: cAMP = c¢GMP similar [Ca**/CaM]
required for nNOS.
2A1-3 Brain, adrenal gland, heart, Al:C cAMP = ¢GMP 10 30 120 120 1 Major PDE in
platelets, endothelium A2-3:M hippocampus.
3A-B Brain, heart, smooth muscle, Cand M CAMP > ¢cGMP 0.1-02 | 02-04 | 03-2 3-9 l
kidney. sperm. oocytes
5A Brain, spine, platelets, smooth | C cGMP selective* 3-6 300% 1 1 1 Major PDE in
muscle, lung, heart, kidney hippocampus.
6A-C Retina, pineal gland only A-BM ¢GMP selective* 15 650* 2000 - l Most efficient PDE
9A Alltissues tested, including ¢ cGMP selective* 0.1 250% 5 - - Expression pattem
brain, kidney, spleen, gut similar to NO-targeted
guanylyl cyclase
10A2-3 | Brain, testes, heart, thyroid AlLA3:C | cAMP < ¢cGMP 14 0.2-1 4 0.7 - cAMP-inhibited (by high
A2M cAMP affinity but slow
cAMP hydrolysis)

Table 1.3cGMP-hydrolysing PDEs. The table lists all the known cGMmrolysing PDEs, some of
their main locations, their intracellular distribution, substrate selectivityakd \,ax The column
|l abell ed 6cGMP®d shows the efPeaxrn BRBDE aactiinwcirteya,s ew

facilitatory and Z is inhibitory. I nformat.i

1.5.3 Cyclic nucleotide-gated channels

Cyclic nucleotide gated (CNG) channels were first discovered in rod cells in the
retina(Fesenkecet al, 1985)as a result of research aimed at discovering the channel
responsible for the cGMme di at e d 0 (desiewkd by Baylar, 49965don

after this they were also found in cone céBonigk et al, 1993)and olfactory
sensory neuronéDhallan et al, 1990) in which they generate the maitorant
inducedelectrical signa(reviewed byCraven and Zagotta, 2006; Cukkemanel.,

2011) Using techniques such assitu hybridisation and Northern blotting, mMRNA

and protein for CNG channels has now been detected throughout the nervous system
in brain areas including hippocampus and cerebellum, and in organs such as heart

and kidneyreviewed by Kaupp and Seifert, 2002)

CNG channels are structurally related to voltgaéed K channelsalthoughtheir

activation by voltage is negligible. Rather, they open upon direct binding of cyclic
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nucleotides to an intracellular domain within thetgdminal. Native channels are
heterdetrameric, each subtype, of which three have been conclusively identified,
typically comprising a e3pambairegaatorysubunio f t h
(b1U, b1b, b3 or U4). The regulatory s
sensitivity andbind regulatory factors like CaMDifferent combinations of subunits

appear to endow CNG channels in different tissues with unique properties. For
exampl e, CNG channels in rod cell s, whi c
CNGDb1 subuni t ectivaaforeGMP] wwhéréay olfectetype channels,

which are hypothesised to contain two C
subunit, respond equally well to cAMP and cGkKaupp and Seifert, 2002)

All subunits share a common topology, comprising six trandmnane domains with

a C&'-permeable, cation selective pore between the fifth and dBabh subunit
contains &C-terminal domain for cyclic nucleotide binding (CNBI@hich has been
likened to the cGMP binding domain within PKG and is thought to be homodog
with the CNBD of HCN channel subunits. Based on the recent crystallisation of the
HCNZ2 subunit CNBD, it is thought that each CNG channel subunit CNBD bimels
cyclic nucleotide. The dependence of channel activation on cyclic nucleotide
concentration 9 very steep, therefore allowing a broad range of inputs to be
transduced with high fidelity. Analysis of the concentratiesponse curve has led to
the hypothesis that multiple, probably four, cyclic nucleotides are required for full
channel opening.tlis unclear how nucleotide binding causes channel opening,
althoughit has been proposed that occupation of the CNBD causes a conformational
change that is transferred to the sixth transmembrane domain HipkeC(a stretch

of ~ 80 amino acids that issemntial for channel gating and promotes tetramerisation;
seeFigure 1.10. Unusually, CNG channels do not desensitise, but theiitseys

to cyclic nucleotides may k&gnificantly inhibited by CaM binding suggesting that

the CNG channel Gacurrentcanaffect negative feedback @NG channel activity

(see reviews by Kaupp and Seifert, 2002; Craven and Zagotta, 2006)
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CNG HCN
C&* Na Na® K*
Extracellular
+
+
1/213(4|5 6 1/2(3(4|5 6
+
+
?%7“%7" A4 * 7%7“%7" A4 *
N CNBD N CNBD
C T\CGMP C T\CGMF
Intracellular cAMP cAMP

Figure 1.10Predicted topology of CNG and HCN channel subunits. Each subunit constitutes six
transmembrane dorires (S16), a pore loop between $5 and a cyclic nucleotiddinding domain
(CNBD) in the Gterminal connected to S6 by ali6ker (*). CNG channels conduct €aand N4&.

HCN channels conduct Nand K'. It is unclear whether they conduct®aCNG channis are
activated upon binding of either cAMP or cGMP to the CNBD, depending on the channel type. HCN
channels are activated upon membrane hyperpolarisation which causes the movement of positively

charged residues (+) in S4 and the opening of the poreijraf cAMPor cGMPto the CNBD

causes a depolarising shift in voltage dependence.

The ability of CNG channels to directly translate NO/cGMP signals into rises in
intracellular C&" has generated intense interest in their physiology, although many
aspects of CNG function remain unclear. Among the processeshich the
NO/cGMP/CNG pathway has been implicated are axonal guidance in chick retina
during developmenfWu et al, 1994) regulation of membrane potential ¥ and
activity-dependent conductance in frog and rat olfactory ney®ctsmachtenbergt

al., 2003) neurotransmitter release from lizard cof®avchenkecet al, 1997)and
synaptic plasticity (LTP) at CA1 synapses in methippocampal slicearentet

al., 1998)

1.5.4 Hyperpolarisation-activated, cyclic nucleotideregulated channels

HCN channels were first discovered in sinoatrial node cells in the heart and then in
neurons, including hippocampal neurons, in the late 1970s and early 1980s. They
have now been detected throughout the rodent central nervous system, including in

brainstem retina, olfactory bulbs, cerebellum and spinal cdidotomi and
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Shigemoto, 2004; Milligart al., 2006) They are closely phylogenetically related to
CNG channels and are similar in structure, being tetramers comprised of varying
(unknown) combinations fofour different subunits (), each including six
transmembrane domains and an intracellular CNB@ure 1.10. Unlike CNG
channels, they are primarily voltagated. As in voltaggated K channels,
positively charged residues in the fourth transmem#rdomain of each subunit
serve as a voltage sensor which move inwards during hyperpolarisation. Unusually,
this sensor, by some unknown downstream mechanism, elicits channel opening in
response to hyperpolarisation (at potentials negativ8@do-60 mV (resting Wy)).
Channel opening leads to an inward’Marrent known assl(hyperpolarisation), 4l
(queer), or{(funny) and depolarisatiorf the membrane towards the action potential
threshold. Consequently, HCN channels have been linked to the generation of
oscillatory activity in excitable cells, most notably in sinoatrial node cells, which are
pacemakers for heart rate, and thalamocortiglrons, which generate rhythmic
Obur st 6 act-rapideyeymovkemant sledpeekigara 1.11; reviewed by
Craven and Zagotta, 2006)
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Figure 1.11Role of HCN channel activity in oscillatory activities in excitable cells. HCN channel
activation underpins the oscillatory activity of sinoatrial node cells in the heart and thalamocortical
relay neurons in the brain (see locations in upper panels)ldier panels show the ionic currents

responsible for each phase of each form of oscillatipn.lbw-voltage activated, -fype VGCC
current. Figurecompiled using images fromww.texasheartinstitute.of@ccessed 1/5/2012nd
wwwknol.google.com (access@2/09/11), Craven and Zagotf2006)and Biel et al(2009)

Binding of either cAMP or cGMP to the HCN channel CNBD causes a depolarising
shift in HCN channel activation (by ~ 15 mV upon stimulation of recombinant
homomeric HCN2 channels with saturatingncentrations of cAMP), speeds up
channel opening and increases the amplitude,. ohdcordingly, cAMP binding to
channels in sinoatrial node cells causes an increase in heart rate. Binding of CAMP
and cGMP have similar effectsn HCN channel activity, ldnoughrecombinant and
native channels are typically less sensitive@MVP (by ~ 1830-fold compared to
cAMP), which has led to doubt over whether cGMP is a natural ligand for HCN
channels. Sensitivity to cyclic nucleotides, as well as activation kinatid gating

properties, appear to vary with subunit compositi@views: Craven and Zagotta,

2006; Bielet al,, 2009)
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The unusual properties of have implicated HCN channels in the setting of resting

Vm, Which will be subject to a depolarising shiitthe presence of HCN channels,

and the regulation of resting membrane resistance, which will be lowered in the
presence ofil Accordingly, O armipst culrentw(eitltel hypera t e s
or depolarising) will evoke a smaller change g When |, is active. This willlead to

the stabilisation of resting/,, under basal conditions and ancrease in the

amplitude attenuation of excitatory postsynaptic potentials (EPSPs) as they travel to

the soma. Thereforey Is thought to be involved idendritc integration and EPSP
summation. Through the above processes,l, has been found to regulate
neurotransmission and synaptic plasticity in multiple areas of the nervous system, in

particular the hippocampBiel et al., 2009)

HCN channels have only recently been identified as potential targets of NO/cGMP.
Some of the first research in support of this was performeglimea pig and cat
thalamocortical neurons. Pape and Ma@E992) found that the depolarisation of
restingVn, via the NO/cGMP/HCN channel pathway causes a reduction in bursting

by limiting the deinactivation of Ftype VGCCs and consequent rebound
depolarisation. In this way, NO/cGMP has been hypothesised to regulate the switch

in thalamocortical neurons from burgi behaviour during nerapid eye movement

sleep to o6single spiked mode which preve

wakefulness.

More recently, the NO/cGMP/HCN channel has been found to regulate the
excitability of neurons in the spirf&im et al, 2005) optic nervgGarthwaiteet al,,

2006) and hippocampu¢Neitz et al, 2011) Depolarisation of spinal neurons by
HCN channels has been postulated to underlie central sensitigKimnet al,

2005) a process likened to LTP and a correlate ofmiorpain(reviewed by Jet al,

2003) In the hippocampus, the modulatiai HCN channels by endothelium
derived NO is thought to set a basal level of neurotransmitter release at CAl

synapse¢Neitz et al, 2011)

Several aspects of NO/cGMP/HCN signadliremain ambiguous and more work will

be needed to elucidate its impact on physiology. Given the apparent insensitivity of
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recombinant HCN channels to cGMP, it would be interesting to test whether the
above effects of NO result from binding of cGMP to HCNannels directly, or
through an indirect effect on cAMBiInding to channels, for example, by a reduction

in PDEinduced hydrolysis of cCAMP.

1.6 Pharmacology of NOS and NGtargeted guanylyl cyclase

Some of the major pharmacological tools available for thanipulation of

NO/cGMP signalling are summarisedTiable 1.4

Agent Example compounds and notes

General NOS NG-nitro-L-arginine (.-NNA)
antagonists N-methytL-arginine (LNMMA)
NG-nitro-L-arginine methyl ester (NAME; L-NNA pro-drug)

L-arginine analogueslow micromolar Ko ;sfew secondary effectsactively transporteq
into cells(reviewed by Aldertoret al, 2001)

Isoform NNOS:N5-(1-Imino-3-butenyl}L-ornithine(L-VNIO; Babu and Giriffith, 1998)
selective NOS | iNOS: [N-(3-aminoethylyl)benzyHacetamiding1400W; Garveyet al, 1997)

inhibitors
The most potent, selective NOS inhibitors availabteeNOS inhibitors are available.

NO-targeted 1H-[1,2, 4]oxadiazolo[4,3a]quinoxalinl-one(ODQ); Garthwaiteet al, 1995)
guanylyl cyclase
inhibitors Prevents NO binding the cyclase by oxidising the haem prostretip(Schrammeet al,
1996) Unlike other inhibitors such as methylene blue and LY83583, which in
secondaryargetsincluding NOS(Mayer et al, 1993;Luo et al, 1995)and CNG channel
(Leinderszufall and Zufall, 1995)ODQ is highly selective at 10 pM.

NO donors 1-substituted diazed-ium-1,2-diolates(NONOates)

A series of compounds that release NO at predictable(ratéswed by Morley and
Keefer, 1993)Other donors such as sodium nitroprussideSnitroseN-
acetylpenicillamine (SNAP) are widely used but reldd€&, NO, cyanide ions and©
and decompose in an unpredictable mafgmretiewed by Feelisch, 1998)

Table 1.4Major pharmacological tools used for the manipulation of NO/cGMP signalling.
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1.7 Endogenous activators of N@argeted guanylyl cyclase other
than NO

Carbon monoxide (CO) has been postulated by several researchers to activate NO
targeted guanylyl cyclas Like NO, CO is shotlived, freelydiffusible and
endogenously produced. The enzyme responsible for its synthesis, haem oxygenase,
is primarily responsible for degrading haem in etgtthrocyte§Dawson and Snyder,

1994) In situ hybridisation has showthat mMRNA for haem oxygenase is present
throughout theCNSin a distribution complementary to that of N@rgeted guanylyl
cyclasg(Vermaet al, 1993)

Endogenous CO signalling has been implicated in various processes ranging from
olfaction (Vermaet d., 1993) to LTP at hippocampal synapggduo et al, 1993)
to NANC transmission and smooth muscle relaxati¥ne et al, 2000) Many
studies, mostly performed on the enteric nervous system, suggest that CO and NO

are cetransmitters.

However, unlike mice lacking NOS, mice deficient in haem oxygenase display no
gross behavioural abnormalities and have normal whole brain cGMP levels
(reviewed by Boehning and Snyder, 200Spme of the specific effects of CO on
physiology are also contrevsial. For example, it has been reported that LTP is
normal in mice lacking haem oxygenase, and that supposed haem oxygenase
inhibitors, though widely used, inhibit LTP in wilype and haem oxygenase
deficient miceto a similar exten{Posset al, 1995) Furthermore, serious doubts
over whether CO is a physiological activator of guanylyl cyclase haverhisea by

the finding that millmolar concentrations of C@eld only a fourfold increase in the
activity of purified NOtargeted guanylyl cyclas@Brune and Ullrich, 1987)The

poor sensitivity of NGtargeted guanylyl cyclase to Cf@ay be explained by the
finding that CO binding to theyclase fails to break the bond between-Hi% and

the haenprosthetic grougStone and Marletta, 1994Additionally, doubts over the
availability of the haem required for CO synthesis, and the apparent lack of

regulation of haem oxygenageviewed by Boehning and Snyder, 20a8ve led to
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a general consensus that CO is not a physiologically relevant activator -of NO

targeted guanylyl cyclase.

1.8 NO-targeted guanylyl cyclasendependent NO signal

transduction

Some examples of presumed physiological NO signal transduction independent of
NO-targeted guanylyl cyclase exist. For example, the heterosynaptic spread of LTP
at synapses between rat cerebellar parallel fibores and Purkinje cells reported by
Jacobyet al. (2001) was found to be prevented by NOS inhibition and NO
scavenging but not by a concentration of the -fd@eted guanylyl cyclase
antagonist, ODQ (5 uM), that was effective in blocking cerebellar LTD.

It has been hypothesised that effects of NO indégeinof NOtargeted guanylyl
cyclase might be transduced by ®Baitrosation of cysteine thiol #H) groupsS-
nitrosation can be evoked using high concentrations of NO that can react with
oxygen to produce nitrosating species such g@3;NChanges in # function of
proteins upon Sitrosation are thought to resuitom changes in their tertiary
structure, which is in part determined by the location of cysteine tfoidzinskiet

al., 2006) S-nitrosationwas exemplified by the negative feedback of biDsynaptic
NMDA receptors reported by Liptoet al. (2002) who proposed that it occurred via
S-nitrosation of NMDA receptor cysteine residues. However, this was later found to
be an artefact of unaging suprghysiological concentrations of exogenous NO
using UV light, which may have led to tepuriousgeneration of nitrosating species
(Hopperet al, 2004) Perhaps in part because of the difficulty of studying nitrosated
proteins, which are very unstablPudzinskiet al, 2006) there appear to be no
unambiguous examples of physiological NO signalling wimit®sation or by a
related process called-ritrosylation Moreover, the requirement for high NO
concentrations means that, vivo, S-nitrosationand Snitrosylationare likely to be
restricted ¢ certain pathological conditions involving raised NO concentrations, for

example, following iINOS activatiofZzhang and Hogg, 2005)

55



Chapter 1: Generahiroduction

Mitochondrial cytochrome C oxidase, which is the last enzyme in the respiratory
electron transport chain, has also beeggested as an alternative target for NO,
leading to speculation that NO might, by competing withf@ binding, inhibit
mitochondrial respiratioifErusalimsky and Moncada, 200An example of thisn
normal physiology is found in the firefly, in which gic bursts of NO generated in
the inseds lantern may transiently inhibit mitochondrial respiration, therefore
allowing free oxygen to accumulate to a level necessary for the initiation of the
biochemical cascade underlying the characteristic fireflghfidDudzinski et al,
2006) However, in mammals at physiological Goncentrations (280 pM), the

EGCso of cytochrome oxidase C for NO (~ 120 nm) is significantly greater than even
generous estimates of physiological NO concentrations, which are prodoiltoily

the low picomolar range (sek4.1). Furthermore, endogenous NO is unlikely to
exceed a few nanomolar following even intense stimulation of {@3ewed by

Hall and Garthwaite, 2009Y hus, mitochondrial inhibition by NO is also likely to be
restrcted to conditions involving supiahysiological concentrations of N@ndbr

very low concentrations of OAs such, N&argeted guanylyl cyclase is the only

recogniseghysiologicalNO receptor.

1.9 NO signalling in brain

1.9.1 NO-mediated neurotransmission ad modulation of cell excitability

NO acsk as a neurotransmitter in the brai@arthwaite, 2008)As in the PNS,
anterograde neurotransmission may occur upon postsynaptic nNOS activation
response taction potentiadependentintraaxonalCa" influx via N-type VGCCs

and/or other C& channels (reviewed by Vincent, 2010) Anterograde
neurotransmission by NO has been exemplified at a synapse between two identifiable
neurons of the buccal ganglia of the pond shaimnaea stagnalisThe relianceof

this synapse on NO as a neurotransmitter means that, when the participating neurons
are cocultured, depolarisation of one can cause an EPSP in the other, regardless of a

physical connectiofParket al, 1998)
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Retrograde NO transmission may occwildwing the opening of postsynaptic
NMDA receptorsandhas been exemplified by Aranoa al. They lave shown that,
during LTP induction at synapses between dissociated hippocampal neurons, NMDA
receptor activation leads to postsynaptic NO generatioraaubsequent increase in
neurotransmitter release through presynaptictBiQeted guanylyl cyclagé\rancio

et al, 1995; Arancicet al, 1996; Arancicet al, 2001) The relevance of this to intact
tissues remains unclear (¥8kapter 3).

NO may also modulate neurotransmission by other molecules. Studies,
predominantly ofneurotransmitter efflux from tissue preparatiansvitro, have
implicated tonic and activitydependent NO production in the regulation of the
release of neurotransmitters includiA@h, noradrenaline, dopamine, glutamate and
GABA from brain areas as diverse as cortex, striatum, hypothalamus and
hippocampus (se€hapter 4 for examples). Interestingly, the release of one
neurotransmitter may be both -upnd dowrregulated by NO dependj on the
concentration of NO involved and the tissue under siueyiewed by Prast and
Philippu, 2001)

Most of these effects appearto be underpinned by N@nediated changes in
membrane excitability. Common targets for NO afealid C&" channelqreviewed

by Garthwaite, 2008)Other targets include, for example, GABAeceptors, as
illustrated in dissociated cerebellar granule cells by Rolstlal. (1996) serotonin
receptors, as illustrated using invertebrate neuf&tsaubet al, 2007) and the
serotonin uptake transport@eviewed by Garthwaite, 2007%everal effects appear
to involve PKGmediated phosphorylatiomAs well as an increase or decrease in cell
excitability caused by NO, studies, for example, usipgpocampal slicefVakaraet

al., 2007)and in the hippocampus vivo (Hadaet al, 2003) suggest thaNO can
cause the idinhibition of synaptic activity via a reduction of GABAergic

transmission.
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1.9.2 NO signalling between blood vessels and neurons

In the brain, NOmay sighal from central neurons to blood vesselad this mayink
local synaptic activity with vasodilation. For example, application of NMDA to
hippocampal slices has beeeportedto cause N@lependent vasodilation of
microvessels(Lovick et al, 1999) Smilar effects in other brain areas such as
cerebellum and cortexreviewed by Garthwaite, 2008)ave been found to be
sensitive to inhibition by the Nahannelinhibitor, tetrodotoxin (TTX), suggesting
that the underlying mechanisshaction potentiatiependent.

Interestindy, NO also signals from blood vessels to neurons. Convincing evidence
for vasculoneuronaNO transmissiorhas been provided using optic nerves, which
contain only blood vessels and axons and no nNORaslbeenfound that a low
level NO tone produced by capillary eNOS casmic depolarisation of axons via a
pathway involving HCN channe(Garthwaiteet al, 2006) A low-level (~ 0.1 nM)
endotheliuraderivedNO tone has also been discovered in the hippocaliipasper
and Garthwaite2006) and eNOS appears to be necessar\fordependent LTP at
CALl (Kantor et al, 1996; Wilsonet al, 1999; Bon and Garthwaite, 2003; Hopper
and Garthwaite, 2006and mossy fibre(Doreuleeet al, 2001) synapses. Mice
deficient in eNOS also exhibit imjred LTP in the neocortgfaul et al, 1999)and
striatum (Doreuleeet al, 2003) suggesting thavasculoneuronaNO signalsare
active in multiple brain areasn vivo, this form of NO signal may enable blood

borne agents to influence neuroaativity.

1.10 NO and synaptic plasticity in adults

1.10.1 Synaptic plasticity

The term synaptic plasticity was coined by Jerzy Konorski in 1948 to describe the
ability of neurons to change the strength of their connections in response to activity.
He, alongwith many scientists, assumed synaptic plasticity to be critical for

information storage in the brain. This idea was first proposed by Santiago Ramon y
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Cajal in 1894 but it was not until 1949, that tipisstulatewas formalised into a
hypothesis(see Andesenet al, 2007 for a review)At this time, Donald Hebb
proposed that if two connected neurons are simultaneously and repeatedly active,
then the efficacy of the synapse involved will incre@$ebb, 1949)

1.10.2 Longterm potentiation

Hebbodshehsyipsott hat 6neurons that fire toge
attention as a putative explanation for learning and menbortyt was not until 1973

that Hebbian plasticity was first described. In a grebrebking report, Tim Bliss

and Terje Lomo(1973) demonstated a persistent (lasting haurenhancement in
synaptic activity following a brief tetanus (100 or 15 Hz %R0 9 applied to
hippocampal perforant patiranule cell synapses in anaesthetised rabbits. Consistent
wi t h He bb 6 3s lopgdastingupbtantiation, latehrenamed LTP, was found

to be specific to the pathway that was tetanig@udersenet al, 1977) to depend

upon coincident preand postsynaptic depolarisation that exceeded a threshold for
LTP induction(McNaughtonret al, 1978; Wigstronet al, 1986) and to persist over

hous or daysin vitro (Bliss and GardneMedwin, 1973)and up to a yeain vivo
(Abrahamet al, 2002) Theseproperties of LTP have spurred its study at synapses
throughout the brain, in areascsuas the amygdal®ityatev and Bolshakov, 2005)

and cortex(Feldman, 2009)and in several species including humé&@soke and

Bliss, 2006) No w, the term O6LTPO iasting (cclohne t o ¢
activity-dependent increase in the efficaclya synapse. It is recognised that the
potentiation can be composed of multipfge- and postsynaptic expression
mechanisms including, amongst others, increased neurotransmitter release, increased
conductance via excitatory postsynaptic receptors, inatepsstsynaptic receptor
density, a change in gene expression and/or the structural remodelling or growth of
new synapsegLynch, 2004; Malenka and Bear, 2004; Bliss al, 2007) The
recruitment of specific expression mechanisms appears to depend umynapse

under study, the animal used, and the conditions of the experiment, most notably the
induction protocol used, of which there are multiple electrical and chemical

proceduregreviewed by Bliset al,, 2007)
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It should be noted that the relationstbetween LP, learning and memory is
debatible (se€l.1]). Additionally, the study of LTP in certain areas of the nervous
system has led to hypotheses that it represents a physiological correlate of various
other phenomena, for example, chronic pain edusy the central sensitisation of
noiceceptive synapses in the spide et al, 2003) and addiction caused by the
potentiation of dopaminergic synapses in the ventral tegmental\afel 2003)
Similarities betweenthe mechanisms underpinning LTP afmkms of activity-
dependent synaptic plasticity thought tmccur during the development and
refinement of synapses have also been recogfisetewed by Kandel and O'Dell,
1992; Contestabile, 2000)

In mammals, LTP is archetypal at hippocampal Schaiéateral/commissural CA1
synapses. The easy study of LTP at these synapses has been permitted by the use of
transverse hippocampal slices. Slicing the hippocampus along the transverse plane
reveals a laminar structure and allows for the preservatioi ¢fiexa majorneural
pathwayswhich can be maintagd in vitro for hous, easily manipulated and
recorded from(reviewed by Teyler, 1999t Schaffercollateral/commissuraCAl
synapses, low frequency synaptic transmission is largely mediated by ApieA
glutamate receptor activatiofPavies and Collingridge, 1989). TP is typically
induced using high frequency stimulation (HFS1 &, 100 Hz burst of stimuli or
tetanus), although it has been reported following multiple other stimuli, as well as
after somedrms of learning (se&.11.9. In all cases testedl,TP has been found to
depend upon postsynaptic C#éLynch et al, 1983; Malenkaet al, 1988)and with

few exceptions (seeChapter 5 for discussion), NMDA receptor activation
(Collingridge et al, 1983a;Collingridgeet al, 1983b; Malenka, 1991; Tsiest al,

1996) NMDA receptor activation is glutamatand voltagedependent, the channel
being blocked by Mg close to the restiny . During HFS, depolarisation of the
postsynaptic membrane, largely due AMPA receptor activation, summates. The
NMDA receptorchannes are relieved of Mg and permit C& influx which initiates

LTP expression Kigure 1.10. In this way, NMDAreceptors act as molecular
coincidence detectors for simultaneous presynaptic dglate release) and
postsynaptic (dmolarisation) activity, thus explainingvhy NMDA receptor
dependent LTP is inpt#pecific and associatiygeviewed by Blisst al, 2007) In
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concurrence with NMDA receptor activatiomultiple other means of raising the
intracellular C4" concentration may baecessary for LTP induction, includirige
activation ofmetabotropic glutamate receptors, VGCCs and intracelluldr stares
(Lynch, 2004; Blisst al, 2007)

The rise in intracellula€&* caused by thactivation of NMDA receptors and other
channelduring LTP induction initiatesnultiple signalling cascades responsible for
the persistent amplification of subsequent postsynaptic respdbstsls of these
cascadesemain largely unclear, althougio siages of LTP expression, early (early
LTP; > 1 hr posinduction) and late (lateTP; uswally > 4 hr post induction), have
been distinguished by their dependency oew protein synthesis, with lateTP
relying on transcription and translatifioynch, 2004;Malenka and Bear, 2004; Bliss
et al, 2007) It is alsogenerally agreed that both sides of the synapsenvolved in
LTP expressionyet the conditions that dictate the extdmt each side contributes
and at what time point following induction remambiguous Many recent studies
have focused on the mechanisms responsible for increases in postsynaptic AMPA
receptor density often observed following LTP inducf{ihircoll, 2003; Malenka and
Bear, 2004; Kerchner and Nicoll, 2008; Kessels and Malinow, 200®resynaptic
neurons, increases inglutamate release have also bedgtectedusing quantal
analysis(Dolphin et al,, 1982; Bekkers and Stevens, 198ay, more recently, direct
imaging technique&Zakharenkeet al, 2001) Indeed, a recent study by @& et al.
(2009) showed that LTP at Schaffepllateral/commissuraCAl synapses was,

under their conditions, almost entirely presynaptically expressed.

Given that NMDA receptedependent LTP is induced postsynaptically, presynaptic
LTP mechanisms nec&tate a retrograde messenger, capable of relaying a signal for
LTP expression from the postsynaptic induction site back to the presynaptic neuron.
Several freely diffusible, as well as membrane spanning, molecules have been
suggested as candidate retragranessengers, including arachidonic g€ikDell et

al., 1991) carbon monoxid€Zhuoet al, 1993)and cell adhesion molecul@Bliss et

al., 2007) However, NO has received the most attention.
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1.10.3 LTP and NO

The first studies to implicate NO as an intercellular, possibly retrograde, transmitter
in LTP showed a deficit in the maintenance of CA1 LTP in hippocampal slices
following the application of nosselective NOS inhibitors or of the extracellular NO
scavengr, haemoglobin, during LTP inductiofSchuman and Madison, 1991;
Bohmeet al, 1991) Subsequently guanylyl cyclase inhibitors wéyand to have
similar effects on LTRBoulton et al, 1995; Luet al, 1999; Bon and Garthwaite,
2003) It is now generallyccepted that NO/cGMP signalling may participate in LTP

in several brain areas, possibly contributing to some forms of memor$.(sk8. It

is also known that both a tonic (endothelial) and phasic (neuronal) NO signal are
required for NGdependent CAILTP (Bon and Garthwaite, 2003; Hopper and
Garthwaite, 2006)consistent with reports th&nhockout mice deficient in neuronal

and endothelial NOSare incapable of wildype LTP (Sonet al, 1996) Similarly,

LTP in the visual cortexHaghikiaet al, 2007 and hippocampuélagatqgetet al,

2009) has also been shown to require both guanylyl cyclase isoforms, perhaps
implying the existence of distinct NO/cGMRBediated pathways that contribute to
LTP. Numerous putative effectors of NO/cGMIpendent LTP havebeen
identified, including PKG(Arancio et al, 2001; Serulleet al, 2007) CaMKII
(Ninan and Arancio, 2004)VASP (Wang et al, 2005) CREB (Lu et al, 1999)

PDEZ2 (Boesset al, 2004)and CNG channel@arentet al, 1998) However, there

remain several unknowns regarding the precise role of NO/c&d#tallingin LTP.

Firstly, the conditions under which LTP becomes-tNébendent remain unfileed.

At Schaffercollateral/commissuraCAl synapsesfor example, LTP has been fuali

by several groups to be Niddependenin vitro (Cummingset al, 1994; Phillipset

al., 2008)andin vivo (Bannermaret al, 1994b) The involvement of NO in LTP

may be determined by the experimental conditions used. Specific factors may be the
LTP induction protocol ued (Raymond, 2007)and/orthe age or strain of animals
(Williams et al, 1993; Holscher, 2002}t should also be noted that the majority of
studies that do show a role for NO in LTP also show a residuaindépendent
component, consisht with the idea that LTP can be established by multiple,

independent mechanisms.
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Secontly, the specific cellular mechanisms underpinning the role of NO in plasticity,
and, indeed the Ilocus of N@ependent potentiation, remain unclear.
PostsynapticallyNMDA receptor/NO/cGMP/PKG signalling may play a role in the
increased AMPA receptor density observed following LTP induction. Seztiid.

(2007) report that cGMRactivated PKGII can bind to the GIuR1 AMPA receptor
subunit Gterminal domain. This resulia the phosphorylation of GIuR1 agerine

845 and a subsequent increase in surface expression of AMPA receptors-at extra
synaptic sites, presumably ready for insertion to synapses. The increased membrane
expression of GIuR1 correlated with changes in piindransmission that were also
NO/cGMP/PKGdependent and, it was found that LTP was reduced in hippocampal
slices under PKGII antagonis(®erulle et al, 2007) Lu et al. (1999) have also

found that NO may effect changes in gene expression during TRevia a pathway
involving PKG and CREB.

Presynaptic actions of NO have also been reported, consistent puittive
retrograde NO transmissiqreviewed inTable 3.1). Some of the most compelling
evidence for this has been reported by Araretical. Using pairs ofdissociated
hippocampal neurons, they have revealed that NO produced postsynaptically may,
through presynaptic N@argeted guanylyl cyclase, PKG and CaMKIl, induce a LTP
characterised by an increase in transmitter rel@assncio et al, 1995;Arancio et

al., 1996; Arancicet al, 2001; Ninan and Arancio, 2004Ylore recent studies also
suggest a role for retrograde NO transmission in LTP, showing, for example, that
mice lacking the AMPA receptor GIuR1 subunit display a predominantly presgnapti
LTP in the hippocampus and neocortex that is completely blodkedNOS
antagonism (Hardingham and Fox, 2006; Phillipset al, 2008) Some
immunohistochemical evidends also consistent with retrograde NO transmission
(seel.12.5), as arereports thatthe remodelling of presynaptic varicosities often
observed in culture following LTP can be indudedhippocampal slices cultures
upon the application of NO dono(sdlikonenko et al, 2003) Neverthelessthere
remains little evidence in functional neuratpways that LTP requires retrograde

NO transmissioriseeChapter 3).
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PRESYNAPTIC CELL

NMDA
receptor: open
under HF S.

AMPA receptor:
Signal relay

| POSTSYNAPTIC CELL |

Figure 1.12NMDA receptordependent LTP induction and possible expression througNO.
Glutamate released from the presynaptic termiBaRostsynaptic AMPA receptors activate,
depolarising the cell3. Depolarisation summates sufficiently to relieve NMDA receptor channels of
Mg? 4. NMDA receptors permit Gainflux which activates nNOS and NO synthesi®O may
contribute to postsynaptand/or presynaptic LTP mechanisms by activation of guanylyl cyclase and

cGMP accumulation. Presynaptic mechanisms require retrograde NO transmission (blue arrows).

1.10.4 Longterm depression and NO

Reciprocal in nature to LTP is LTD, a persistent daseein synaptic efficacy that

can be induced by low frequency stimulation (for example, 100 stimuli at 1 Hz).
NMDA receptordependent LTD has been described in the hippocampus at CA1
synapse¢Bliss et al,, 2007) butthis form of plasticityhas been bestharacterised at
Purkinje cell synapses in the cerebellum. At these synapses, LTD is induced by the
repeated, low frequency activation of climbing fibre inputs, just after parallel fibre
inputs. It is hypothesised that the climbing fibre input acts asrram signal and

attenuates inappropriate parallel fibre input to Purkinje ¢kds2001)
Interestingly, NO, produced in parallel fibres or interneurons upon NMDA receptor

activity, appears to play a critical role aerebellar LTD(reviewed by Garthaite,

2008) Studies have shown that NO causes an increase in cGMP in Purkinje cells,
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leading to PKGmediated phosphorylation of the phosphatase inhibitesuléstrate.
This, in combination with protein kinase C activity, leads to a pattern of AMPA
recepte phosphorylation which favours AMPA receptor endocytosis, a mechanism
of LTD expression that may also be active following the induction of this form of
plasticity at CA1 hippocampal synapg8diss et al, 2007)

1.10.5 Other forms of synaptic plasticy

Multiple forms of shorterm synaptic plasticity havelso been characterised
including facilitation (discussed inrChapters 34) and postetanic potentiation
(PTP) a transient plasticitythat is underpinned by multiple mechanisarsd is
usually observed in the firstA min after LTP inductiofZucker and Regehr, 2002)

Il n addition, Abraham and Bear (1996)
describe the hypothesis that synaptic plasticity may be influenced by past events at a
synapse. Metaplasticity may influence the threshold level for the induction of LTP
and LTD, as well as the direction of plasticity following synaptic stimulation. As
such, metaplasticity may be intimately linked to the homeostasis of synaptic activity,
preventing, for example, the saturation of efficacy at active synapses, as would be

predicted to occuat a purely Hebbian synap@sbraham, 2008)

1.11 LTP, NO and learning and memory

1.11.1 Types of memory

Based mainly on studies of memory in humandhvbitain damage and on animal
models of memory loss, different forms of memory have been delineated by several
researchergseeFigure 1.13, most famously Endel Tulvingt is also recognised

that longterm memory occurs in phases, for example, acquisitionsolidation and
retrieval, each of which may rely on different physiological processes in different

brain areas.
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Non-declarative
memory

Classica
conditioning/

Figure 1.13Current taxonomy of memory. Declarative memory is conscirsdeclarative

memory is noftonscious. Episodimemory refers to memory for events. Semantic memory refers to

memory 6ér facts. Taka from Bird and Burgess (2008).Adapted by kind permission of Nature

Publishing Group.

1.11.2 LTP and memory

The initial report of LTP by Bliss and Lom@d973) coupledwith studies showing

that it was inpuspecific, associative and persistent, pded the first demonstration

of a Hebbian synaptic plasticityrthe Hebbian characteristics of LTP have led many

researchers toiew LTP as a correlate of learning and memalhoughthis is

highly debated.

In 2000, Martinet al. f or ma |

sed

t he

0synaptic pl as

hypothesis. This proposes that activity dependent synaptic plasticity occurs during

normal brain activity at synapses necessary l&arning andmemory, and is

necessary and sufficient for the storage of information. Mattal. (2000)described

four criteria that must be met of a synaptic plasticity sufficient to explain memory.

Based on these criteria, Bliss al. (2007) have posed four maimiestions that must

be answered to test whether LTP is a correlate of learning and memory: 1) are the

mechanisms underlying LTP correlated with those underlying

learning and

memory?; 2) does learning induce LTP?; 3) do changes in synaptic weights

subsequento learning cause forgetting?; 4) does LTP induction generate a memory

without animals having gone through learning?
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A wealth of studies have been directed to answering the first question, and suggest
that, in general, the mechanisms underlying LTP ofapges are correlated with
those underlying learning and memory in tasks dependent on the same brain area.
Early studies showed that factors such as ageing and stress impact LTP and learning
and memory in a similar mannéreviewed by Lynch, 2004)Manipuhtions that
attenuate or augment LTWere also shown teimilarly affect the ability of animals

to learn and remember some behavioural tasks. For example, Mbais(1986)

found that the NMDA antagonist, D/AP5, inhibited LTP at perforant patiranule

cell synapsesn vivo and learning in the Morris water maze, a task tisat
hippocampusiependentMorris et al, 1982) Morris et al6 dindings have since

been supported by numerous studiles example, Tsieret al, 1996; Tanget al,

1999) Additiond | vy , ot her LTP Oplayersd appear
memory (reviewed by Lynch, 2004)For example, Gieset al. (1998) have found

that, in accordance with multiple other repdfts example Silvaet al, 1992a; Silva

et al, 1992h) mice | acking functional UCa MKI |
LTP (Lismanet al, 2002) display impaired hippocampal LTP ahbrris water
mazelearning. It should also be noted that a positive correlation between LTP and
learning and memory has beebservedoutside the hippocampuseviewed by

Lynch, 2004) For example, in the amygdala, manipulations, includieglockade

of the NMDA/NO/cGMP pathway, that have been found to inhibit LTP at synapses
between the lateral amygdala and auditory thalaimarge also been found to
attenuate auditory fear conditionir{r example, Baueet al, 2002; Otaet al,

2008) an amygdaladependentask(Goosens and Maren, 2001)

In further support of the SPM hypothesasidconsistent with the seconguestion(is

learning associated with the induction of LTP&imuli that enhance subsequent
learning, such as environmental enrichment and training in behavioural tasks, have
been found to enhance field EPSPs (fEPSPs), neurotransmitter release and cause
variousbiochemical changeassociated with LTRsuch as increased AMPA receptor
densityat synapsesin brain areas including the visual cortex, motor cortex and
amygdala(reviewed by Lynch, 2004; Blisst al, 2007) In the hippocampus, two

key studies have been panfned by Gruaret al. (2006)and Whitlocket al. (2006)

who used arrays of electrodes implanted in area CA1 to measure synaptic efficacy
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during learning. Gruaret al. (2006) found that, in mice during trace eye blink
conditioning, the amplitude of evokdBPSPs steadily increased in a manner that
was NMDA receptodependent. Whitloclet al. (2006) found that at a minority of
electrodes, fEPSPsane significantly and persistently increased in rats following
onetrial inhibitory avoidance learning. Strikihg this increase occluded subsequent
LTP.

Accordant with thethird question(do changes in synaptic plasticity caused by LTP
induction cause forgetting, i.e. by altering synaptic weights?), 8rah (2001)have

found that high frequency stimulatiapplied to the dentate gyrus of rats through
implanted electrodes blocked prior memory for the Morris water maze (i.e. induced
retrograde amnesia). Interestingly, high frequency stimulation had no effect when
applied in the presence of a NMDA antagorfis(2-carboxypiperazird-yl)propyl1-
phosphonic acid, suggesting that the retrograde amnesia may have been caused by a

NMDA receptordependent change in synaptic weights.

These data are broadly in favaafrthe SPM hypothesis, although it should be noted
that there are several pieces of evidence that are inconsistent with the theory. For
example, whereas most forms of LTP are NMDA recep&pendent, the NMDA
antagonist, D/EAP5 seems only to attenuateasipl learning in taskaive animals,
suggesting that the relationship between LTP and learning is not @@ewmherman

et al, 1995 although se€hapter 5 for examples of NMDA receptendependent

LTP). Additionally, some but not all(Moseret al, 1998), studies have found no
effect of manipulations designed to saturate LTP on subsequent ledBliag and
RichterLevin, 1993) These inconsistencies perhaps reflect passibility that
learning and memory require the activity of multiple neural payswavolved in
networks spanningeveralbrain areas. Indeeghany researchers agree that the view
thato LTP equal s me mo (reyidved by Lyncletal, 083nBlidset st i ¢
al., 2007)

The use of LTP induction protocols that are unlikely to @sent natural patterns of
neuronal activity havealso raised doubts over the relevance of the mechanisms

underlying LTP to learning, although induction protocols patterned after the theta
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rhythm, which can be observed in the hippocampus using electroatugeiphy

during exploratory behaviouo,r i nv ol v i n gareGfiacient megeherdtingr st s 6
LTP (for example, Morgan and Teyler, 200The idea that synaptic plasticity, as
modelled by LTP, is involved in memory is further complicated by the fatitthas

not been possible to link LFike synaptic plasticity to a certain stage or type of
memory. The role of other forms of plasticity such as depotentiation and LTD are

also unclear, and a major outstanding question is whether synaptic plastitigy in
hippocampus must persist for as long as a memory.

Finally, it should be noted that synaptic plasti¢cis been proposed to better model
physiological processebat are related to, but distinct from learning and memory
such as attentio(Shors andVatzel, 1997) and thathere have been no direests

of fourth prediction of the SPM hypothesiddes LTP induction generate a memory
without animals having gone through learnipgPurthermore, it is uncleanow
plasticity at an individual synapse mighaffect the activity of a network.
Nevertheless, studies, for example, those by Whitkickl. (2006) and Gruargt al.
(2006) are compelling. Therefore, while i
or that LTP in the form induced in the laborat@yists naturally, the mechanisms
underlying LTP appear to be the best molecular correlates of learning and memory
currently amenable to study in the laboratory. Additionally, an appreciation of LTP
mechanisms could have wide implications for our undedstgnof all basic
principles of plastic synaptic transmission, especially if neurons make use of all the

means of synaptic plasticity available to th@tiss et al, 2007)

1.11.3 NO and learning and memory

If LTP is a correlate of learning, and NO is required for some forms of LTPijttlsen
predicted thalNO is necessary for at least some forms of learning. In support of this
prediction several studies suggesiat a role for NO in learning and memohas
been evolutionarily conservedln invertebrates such as the sea slAglysia
californica, the pond snailLymnaea stagnaljsand honey beéipis mellifera for
example,NO appears to be required for associational learning during classical

conditioning. h particular, tasks invoimg olfactory or appetitive cues seem
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particularly sensitive to NOS inhibitiofreviewed by Sussweiet al, 2004) For
example, application of the NOS inhibitor,NAME, during and after aversive
appetitive conditioning in Aplysia has been found to block shornd longterm
memory for theconditioned stimulus. In contrast, INAME had no effect on
spontaneougeeding and no effect when applied one min after training. The authors
therefore concluded that NO was required during #wuisition but not

consolidation of the memoi(Katzoff et al,, 2002)

In mammals, NOS and N@rgeted guanylyl cyclase inhibition has also been found

to attenuate learning during hippocamuplependent tasks. For example,
intraperitoneal injection othe NOS inhibitor, ENNA, was found by Bohmet al.

(1993) to block the ability of rats to learn in a radial arm maze (which is
hippocampusassociated) and a social recognition test involving olfactory memory.
CAl LTP was blocked in slices from rats thaceived injections of the NOS
inhibitor. Similarly, Majlesskt al. (2008) have found that ratieated withL-NAME

via a cannula implanted near the CAl region of the hippocampus were impaired in
the Morris water maze.Specifically, escape latency andvedled distance were
increased whereas the number of entries into the quadrant containing the platform
decreased. No effects on motivation or sensorimotor coordination were observed and
the inhibition could be reversed by the-application of Larginine,which may have
outcompeted INAME for binding to NOS, as has been shown to occur in
hippocampal slicegEast and Garthwaite, 1991h addition,3-(5-hydroxymethyi2-
furyl)-1-benzytindazole a compound that sensitises N&geted guanylyl cyclase to

NO (Ko et al, 1994)and also blocks PDHE%alle et al, 1999) has been found to
enhance CA1l LTP via a mechanism involving the NO/cGMP/PKG pathway and
shorten the escape latency of mice from the Morris water (@zenet al, 2003;
Chienet al,, 2005)

It should be noted that some forms of learning and memory in tasks associated with
other brain areas also appear to be Ni@Sendent, for example, NOS inhibition has
been found to impair cerebelludependent eye blink conditioning in rabbits
(Chapmarnret al, 1992)and amygdalalependent place conditionin@arrindastet

al.,, 20026 Nat ural 6 forms of |l earning, such
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lamb, have also been found to require NO/cGMP signafliegiewed by Susswein

et al, 2004)

As with therole of NO in LTP, more work is necessary to elucidate the contribution

of NO to learning and memaoryReported effects of NO on learning and memory
phenomena are so diverse that NO has not been associated with a particular stage or
form of memory(reviewedby Sussweiret al, 2004) Additionally, and consistent

with the role of NO in LTP, several groups have found no effect of NO on learning

in tasks which other groups have found to be MNd@fendent, for example, the
Morris water maz¢Bannermaret al, 19%a; Bloklandet al., 1999) The species and

strain of the animal under study, the behaviour being tested and crucially the training
paradigmmay dictate whether NO is required. These factors also appear to regulate
the requirement of learning and memoryidg behavioural tasks for other LTP

opl ayer so. For example, the requirement
inhibitory avoidance task appears to be dependent on the number of training trials

given(Irvine et al, 2005)

1.11.4 The hippocampusnd memory

As discussed above, the archetype of LTP occurs in the hippocathpd® is a
correlate of learning and memory, then tB®M hypothesis dictates that the
hippocampus should be required for these phenomena. Consistent with this, theories
of hippocampal function have moved away from early hypotheses suggesting that it
is involved in olfaction, attention or emotion and towards a role in memory
(Anderseret al,, 2007)

Probably the best known evidence for a role of the hippocampus in memory came
from a case study of a patient, named HM, by William Scoville and Brenda Milner
(1957). HM had ~ two thirds of his hippocampus, as well as other areas of the
hippocampal formation, removed in a surgery aimed to treat his epilepsy. The
operation successtylalleviated his condition, but at the expense of his ability to
form new longterm declarative memories. In accordance with the current taxonomy
of memory Figure 1.11) |, H M 6 $erm sahdo nosdeclarative (for example

procedural or skills) memory remai intact(reviewed by Corkin, 2002 )
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Since Scoville and Milnero6s study, mul t i
the consensughat the hippocampus is required for declarative memory. Several
theories of the specific role of the hippocampusehbgen developed. One of the
first, named ¢6éthe declarative theorydo, p
medial temporal lobe, the hippocampus is required for the aguoisof all

declarative memorybut that after some period, these are solidated to the

neocortex, explaining why old memories are often spared following hippocampal
damage (as in HM). More elaborate theories suggest that the hippocampus is also the

site for the longterm storage of episodic memories, and/or that the hippoesiis

involved in the acquisition of episodic, but not semantic, memory. Another set of

t heori es, for exampl e, 0t he relational t
recollection, the hippocampus allows the association of information, such as the
contextual details of an event, that are initially processed and later stored in different

neocortical areas.

An extension of theelationalt heory i s -maphet lcteogmy G,i vehi ch
that the major role of the hippocampus is to construct sinde an allocentric
representation of an environment in order to enable navigation through it. It is
thought thathe cognitive map may arise \tiae acquisition, and subsequent retrieval

of spatiotemporal associatiofieviewed byLynch, 2004; Bird and Brgess, 2008)

This theory was borne of findings that humans and animals with hippocampal
damage have problems in navigation, for example during the Morris water(imaze

example, Morrietal, 1982) and from the discovery by (
1971 that pyramidal neurons are place ealidls which fire when an animal is in or

imagining to be in a specific location in an environmémaviewed by O'Keefe,

2007)

1.12 The hippocampus

The hippocampus (Greek for sea horse) was first named mziXEb87) because of
its resemblance to the fish. The laminar structure of the hippocampug.{2:2

facilitates the study of neurons and synaptic connections within it using extracellular
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and intracellularelectrophysiologicatecordingin vivo andin vitro. As such, many

basic aspects of neurotransmission, neuropharmacology and neurophysiology have
been elucidated by studies of the hippocampus and its principal cells, pyramidal
neurongreviewed by Teyler, 199%nderseret al, 2007)

1.12.1Location of the hippocampus

The hippocampus proper (sometimes called
because of its resemblance to the rams horn of the EgyptianA@aah) is part of

the hippocampal formation, which also comprises the dentate gyrus (a structure
interlocked with the hippocampus proper), the subiculum, presubiculum,
parasubiculum, and the entorhinal cortex. The location of the hippocampus in human

and odent brain is shown iRigure 1.14 The hippocampal formation is part of the

limbic system, an elaboration of the cerebral cortex in the temporal lobe that also
contains the amygdala, mammillary bodies and entorhinal cortex, amongst other
structuresThe limbic systemis not consideretb have a unified functiofreviewed

by Amaral and Lavenex, 20Q7)

Human brain Rodent brain

Hippocampus

Figure 1.14Location of the hippocampus in human and rodent brain. Hippocampus shown in blue.
Light blue image in the rodent brain shows a tramsgéippocampal slice. Images from

www.en.wikipedia.org andww.ucl.ac.uk.

1.12.2 Anatomy of the dentate gyrus and hippocampus
The components of the limbic system generally have fewer layers than the neocortex
and the hippocampus and dentate gyrus are no exceptions. The dentate gyrus consists

of three layers or strata: the principal, granule cell layer (stratum granulare), the
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molecular layer (stratum moleculare), and the polymorphic layer (stratum polymorph
or hilus; seeFigure 1.15A). The stratum granulare is ~84cells thick and densely
packed. There are ~ 1.2 x®igranule cells in one rat dentate gyrus. Their dendrites
form aconical tree and extend perpendicularly into the molecular layer where they
form synapses with axons of several pathw&ygure 1.15B).

Il n 1934, Lorente de Nfj subdivided the hi
Ammonis (CA) 13 (seeFigure 1.15A). The polymorphic layer of the dentate gyrus
was also ascribed CA4. The prinaiplayer of the hippocampus is called the
pyramidal cell layer, or stratum pyramidale. Within it, pyramidal neurons are
arranged & cells thick. They are characterised by angislar soma (~ 20 pM in
diameter) and extensive dendritic trees that extend perpendicularly from the stratum
pyramidale in both directions: the basal dendritic arbour, which contains multiple
primary dendrites, extends into the stratum oriens; the loageral dendrites extend

into the strata lucidum (in CA3), radiatum and lacunosum moleculare (iR1CA&e

Figure 1.15B). As the stratum pyramidale extends from CA3 to CAl and into the
subiculum, pyramidal cells become smaller and the connections thatrihles
change. On average, a single pyramidal neuron may reced@ 3fkcitatory and

1700 inhibitory inputs. Excitatory synapses form on dendritic spines, whereas
inhibitory synapses form on dendritic shafts, soma and axons. Pyramidal and granule

neurons ee predominantly glutamatergfoeviewed by Amaral and Lavenex, 2007)
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Figure 1.15Strata of the hippocampu&) Image is a 10 prthick transverse section of adult mouse

hi ppocampus stained with Mayerds hemgkum (scal e
stratum granulare; Im = lacunosum moleculare; lu = stratum lucidum; mo = stratum moleculare; or
= stratum oriens; p = stratum pyramidale; po = stratum polymorph; ra = stratum radiatum; sub =
subiculum. Inset shows a magnified section of CAL1 staiftedoluidine blugseeChapter 7for
methods of staining)rhe stratum pyramidale is shown and the proximal apical dendrites of
pyramidal neurons are visible. Scale is 100 uM. Orientation is as in main irBagée drawing
showing the orientation of pgmidal neuron and granule cell dendrites. The directions of their
spread are illustrated by arrows (s&el2.4for discussion of pathways). Image adjusted from

www.cyberounds.com.

1.12.3 Hippocampal interneurons

GABAergic interneurons exist throughout all strata of the hippocampus and dentate
gyrus, and although they are outnumbered by principal cells (pyramidal and granule
cells), all principal cells are thought to be contacted by interneurons. The interactions
between principal cells and interneurons are complex. For example, hundreds of
pyramidal cells may contact one interneuron which in turn may synapse with
thousands of pyramidal neurons. Additionally, interneurons are a major target of
pathways entering thieippocampus from other brain areas, suchhaseptum and
raphe nucleusinterneuronsare thought to effect feedback and fdedvard on

principal neurons, and may play a critical role in the generation of behavieurally
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cued oscillatory activity in theippocampus, such as theta rhytlireviewed by
Freund and Buzsaki, 1996)

Multiple subtypes of hippocampal interneuron have been discovEth have
different locations within the hippocampus, morphology, connections,
electrophysiology, pharmacology amdmunocytochemistry. This diversity has been
illustrated by the finding that, in area CAl alone, at least 16 types of interneuron
have been delineate(Parraet al, 1998) Interneurons with cell bodies in the
pyramidal cell layer have been classified irftmr groups on the basis of their
synaptic targets. These are: 1) as®nic or chandelier cells, which each contact the
axon initial segment of over 1000 pyramidal cells and regulate action potential
initiation; 2) basket cells, which innervate and reeexcitatory input from as many

as 1006plus pyramidal cells; 3) bistratified cells, which synapse onto apical and
basal pyramidal cell dendrites; 4) radial trilaminar cells, which span the entire radius
of pyramidal cell dendrites. Interneuron specifiterneurons also occur throughout

all hippocampal strata. Their axons terminate only on other interne(n@newed

by Freund and Buzsaki, 1996; Amaral and Lavenex, 2007)

1.12.4 Connections in the hippocampus

The major input to the hippocampus is frane entorhinal cortex. This brain area
forms an interface between the hippocampus and neocortex. It receives, and is
thought to integrate, highly processed, multimodal sensory information from multiple
areas of the cortex, especially the associationairhpeal and parahippocampal
cortices, as well as other brain areas such as the thalamus. It is thought to be required
for declarative memory, in particular spatial memory, and grid and head direction
cells, which may be required for spatial memory, havenbéund within it

(reviewed by Bird and Burgess, 2008)

A major input b the hippocampus from the entorhinal cortex occurs from pyramidal
neurons in layer Il via the perforant path, which perforates the subiculum and forms
connections with granule cedendrites Figure 1.16. The perforant path may also

contact GABApositive interneurons in the molecular layer and apical dendrites of
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CAS3 pyramidal neurons. Additionally, neurons from layer Il of the entorhinal cortex

project to CAL neurons and the subiam via the temporoammonic pathway.

Within the hippocampus, a trisynaptic circuit exists which is thought to conduct a
unidirectional flow of information from CA3 to CAl and the subiculuRig(re

1.16. First, the granule cells give rise to distinctivemyelinated axons, named
mossy fibres because they display varicosities (called mossy fibre expansions) along
their entire length. These extend into the polymorphic cell layer, where they synapse
with GABAergic interneurons, and then enter the stratundlum in CA3, where

they make large glutamatergic synapses with CA3 pyramidal neurons. A single
mossy fibre may contact a dozen pyramidal neurons, and make ~ 30 contacts with
each of them. Each CA3 pyramidal neuron may receive input from more than 50
granuk cells. From CA3 and CA2 pyramidal neurons, information may then be
passed to CA1 via the Schaffer collaterals residing in the strata radiatum and oriens.
Each CA3 pyramidal neuron may contact multiple CA1 neurons. Each CA1 neuron

might be innervated byver 5000 CA3 cells.

From CAL pyramidal cells, connections extend into the oriens and alveus and on to
the deep layers of the entorhinal cortex via the subiculum. The deep layers of the
entorhinal cortex then send outputs back to the cortex. Throughpaktern of
connections, it is thought that relatively unprocessed information entering the
entorhinal cortex from multiple cortical areas traverses the entire hippocampus, may
be processed and perhaps associated somehow, and then returned back tocthe corte
perhaps for longerm storaggreviewed by Bird and Burgess, 2008; Newtsal,

2008)

Finally, it should be noted that there are also multiple connections between areas of
the hippocampus other than those noted above. Within CA3 and CA2 (but nqt CA1l)
for example, there are multiple recurrent (associational) connections, as well as
connections from the contralateral CA3 and CA2 (commissural connections).
Modifications of recurrent connections in area CA3 during the acquisition of
information are cenéll to a key computational mode of hippocampal function

proposed by Marr (1971). Additionally, Marr suggests that the reactivation of some
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recurrent connections in CA3 and subsequent hippocampal pathways by an
incomplete cue may induce the reactivation aiitiple other pathways CA1 and
subsequently throughout the cortex, eventually leading to the reinstatement of the
full memory of an event by pattern completitsee Bird and Burgess, 2008 for a
review). This model has since been supported by findihgsmice lacking NMDA
receptors in area CA3 are impaired in the Morris water maze when only partial

spatial cues are presditakazaweet al, 2002)
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Figure 1.16Major connections of the hippocampal formation. Taken from Neves(20aB)

Reproducedy kind permission of Nature Publshing Group

1.12.5 Location of NOS and N@argeted guanylyl cyclase in the

hippocampus

At CA1-CA3 synapses, functional/pharmacological evidence detailing a role for NO
in NMDA receptordependent LTP and other proceskas implied the presence of

e- and nNOS(Hopper and Garthwaite, 2006as well as all three functionally
relevant guanylyl cyclase subunfesl, a2 and 31; Tagatgehal, 2009) and this has
been corroborated by histological data showing the presenteesd proteins in

relevant structures.

78



Chapter 1: Generahiroduction

Initial histological studies found nNOS to be primarily located in the stratum
granulare of the dentate gyrus, in the neuropil of the dentate molecular layer and
stratum radiatum of A mmo med ellshmeasumably a s  we
interneurons, throughout CAlseeFigure 1.15 for key to anatomyPBredt et al,

1991a; Vincent and Kimura, 1992; Valtschaneffal, 1993 Dunet al, 1994; Lin

and Totterdell, 1998) Since then, immunostaining and electron microscopy
following relatively weak fixation of tissues (0.% % paraformaldehyde; PFA) has

also revealed nNOS protein in the cytoplasm of pyramidal cell soma and at synapses
throughout the stratum radiatum whetanay contribute to synaptic transmission
and/or plasticityWendlandet al, 1994; GonzaleHernandezt al, 1996; Burettest

al., 2002) This distribution of nNOSas since been confirmdyy the isolation of
NNOS mRNAfrom dissociated CA1 pyramidal mens(Chianget al, 1994) The
increase in stained structures following immunohistochemistry for nNOS using
relatively weakly fixed tissue may reflect better preservation of nNOS epitopes or
improved access of the antibody to the protein due to a reduatialdehyde cross

linking of proteins, for example, in the PSD.

Unsurprisingly, eNOS is found throughout the hippocampal vasculgBlaekshaw

et al, 2003) As mentionedabove {.2.2, some groups have also reported eNOS
staining in pyramidal neurons in rodglinermanet al, 1994; O'Dellet al, 1994)
and human(Doyle and Slater, 199Mippocampusalthoughattempts to replicate
these results have failed. Rather, several stutbesexample Chianget al., 1994)

support the current consensus that eNOS expression is restricted to blood vessels.

An initial study of the location of guanylyl cyclase in hippocampus usingitu
hybridisation showed message for the protein through@ustifata pyramidale and
granulare(Matsuokaet al, 1992) Later, mRNA for all three functionaHselevant

subunits of the N@ ar get ed guanyl vyl cycl ase, u1,
present in the developing and adult rat hippocan{@ibb and Garthwaite2001;

Mergiaet al, 2003) In contrast to other brain areas in which the amount of mRNA

for each of the U subuniatal(2008) havefpund x i mat
that, in the hippocampus, mRNA forthk2 s ubuni t i's significa

than message f or inlsituhybritlisation, Bibmand Garthwaité n g
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(2001) detected an abundance of mRNA foret U2  a anits irbthe stsaturn
pyramidale, butti was uncl ear whether t pywamdal subu
cellsor in the surroundingtrataradiatum and orien&ibb and Garthwaite, 2001)

At CA3-CAl synapses, functional evidence detailing both -pésir example,

Serulleet al,, 2007)and presynapti¢for example, Phillipet al, 2008)effects of NO

following the induction of LTP has been corroborated by a complimentary
distribution of guanylyl cyclase and nNOS either side of the synd@hsetteet al,

2002) Using immunohistochemistry optimised to detect synaptic proteins, Betette

al. (2002) have showntha n NOS and the guanyl vyl cycl ac
associate with each other at a subpopulation of synapses (< 10 %) within CAl. In
support of putative retrograde NO transmission, 4eosbedding immunogold

electron microscopy revealed nNOS withinetfPSD of asymmetric axospinous
synapses and in close spatial proxi mity
within axon terminals. Additionally, Burettet al. (2002) imply that a minority of
postsynaptic densities were positive for guanylyl cyclésé and presyna
varicosities positive for nNOS, suggesting that anterograde and/or intracellular NO
transmission may occur. The location ofthe-N@ r get ed guanyl yl cyc

is the topic ofChapter 5.

1.13 General Aim

Interest in the role oNO in LTP is largely rooted in the hypothesis that ,NO
synthesised by nNOS upon NMDA receptitrannelopening,acts as a retrograde
messenger during NMDA receptdependent LTRreviewed by Feil and Kleppisch,
2008) In this way, NOmight account forpregnaptic effects of LTP Although
evidence fora presynaptic effect of NO during LTHas been yielded from studies of
synapses between dissociated hippocampal pyramidal ngéu@rio et al., 1995;
Arancio et al, 1996; Arancioet al, 2001) and many resarchers describe NO as a
retrograde messenger, there is little unambiguous evidence for retrograde NO
transmissioror a presynaptic effect of NO following LTP inductionssiapses in
intact tissues (reviewed ihable 3.1). The first aim of the project wgatherefore to
isolate the N@&ependent component of NMDA recepttependent LTP at CA3
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CALl synapses in intact tissues (transverse hippocampal slices) and to test whether it
was characterised by a persistent increase in neurotransmitter releasehasigpg

in the magnitude of PPF of CAl1 fEPSPs as an indicator of presynaptic efficacy (see
Chapter 3).

Related to this, the second aim was to investigate the effect of NO on
neurotransmitter release at CA1 synapses under basal stimulation (i.e. stimulation
cawsing no observable persistent plasticity; €¥epter 4). The major reasowas

that mice lacking the N@argetedg uany | y I cycl amanthyUbkens ubun
found to exhibit reduced Al PPF under basal conditigneonsistent with tonic
facilitation of neurotransmitter release at wilgpe CALl synapseflagatqehet al,

2009) We hypothesised that if NO was found to regulate neurotransmitter release at
CALl synapses under basal conditions, then the isoform responsible might be eNOS,
because a lovlevel, activity-dependent, endotheliuderived NO tone exists in the

hippocampugChetkovichet al, 1993; Hopper and Garthwaite, 2006)

A third aim related to whether the role of NO in CA1 LTP is stricty NMDA
receptordependent (se€hapter 5). Although nNOS ighought to be preferentially
activated by NMDA receptor opening, we noticed that the properties of a NMDA
receptorindependent CA1l LTRreviewed by Teylert al, 1994)were similar to
NO-dependent LTP. Therefore, we tested the involvement of NO in th®AM
receptofindependent CA1 LTP

Finally, we wanted to investigate the locatiorttud NO-targeted guaylyl cyclase in
the hippocampus. Of specific interest whe location of thec y ¢ | & subusits
(Chapter 7), because it lthbeen recentlpuggestethatth e Ud® 1U0U2b1 i sof o
of the cyclase have distinct roles iLTP (Tagatgeh et al, 2009)
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2.1.1 Pharmacological compounds

The pharmacological compounds/ peptides that were used are listedlan 2.1

Unless otherwise stated, compounds were prepared such that the final concentration

of the solvent applieth vitro was no more than 1:100, or 1:1000 for DMSO. 3é&e

Key to Suppliersfor supplier details.

Compound/ Chemical nameand primary reason for | Solvent | Supplier

Peptide use

Acetylcholine 2-acetyloxyethyl(trimethyl)azaniurchloride H.O Sigma

chloride (ACh) (Cholinergic agonig

¥-Agatoxin IVA - H.O Alomone
(P/Qtype VGCCinhibitor)

D-AP5 (2R)}-2-amina5-phosphonopentanoic acid NaOH Tocris
(NMDA antagonis)

L-Arginine (2S)2-amino5- aCSF Sigma
(diaminomethylideneamino)pentanoic acid
(NOS substrade

BAY 60-7550 2-[(3,4-dimethoxyphenyl)methyy-[(1R)-1- DMSO Cayman
hydroxyethyl}4-phenylbutyl}5-methytimidazo[5,1-
fl[1, 2 4]triazin-4(1H)}-one
(PDE 2 inhibibr)

Cadmium sulphate | cadmium trisulphate octahydrate H.O Sigma
(VGCC antagonist (norselective)

2-Chloroadenosine | (2R,3R,4S,5Rp-(6-amina2-chloropurin9-yl)-5- aCSF Sigma
(hydroxymethyl)oxolane,4-diol
(Adenosine receptor agot)is

CNQX disodium disodium 6cyana7-nitroguinoxaline2,3-diolate DMSO Tocris
(AMPA/kainate receptainhibitor)

¥-Conotoxin GVIA | - H.O Sigma
(N-type VGCCinhibitor)

EGTA 2-[2-[2-[2- NaOH | Sigma

[bis(carboxymethyl)amino]ethoxy]ethoxy]ethyl

(carboxymethyl)amino]acetic acid

83




Chapter 2: General materialad methods

(C&™ chelabr)

Forskolin

[(BR,4aR,5S,6S,6aS,10S,10aR,10B%xhenyt
6,10,10btrihydroxy-3,4a,7,7,10gentamethytl-oxo-
5,6,6a,8,9, 1hexahydre2H-benzo[flchromerb-
yllacetate

(Adenylyl cyclase agontis

DMSO

Tocris

FPL 64176

methyl 4(2-benzylbenzoyh?,5dimethyt1H-
pyrrole-3-carboxylate
(L-type VGCC currenenhancer

DMSO

Tocris

FX-4053.3HCI

6-{[(3R,4R)-4-(2-{[2,2-difluoro-2-(3-
fluorophenyl)ethyllamino}ethoxy)pyrrolidi¥8-
yllmethyl}-4-methylpyridin2-amine trinydrochloride
(nNOS inhibitw)

DMSO

Prof.
Richard

Silverman

Gadolinium (111)

chloride

Trichlorogadolinium hexahydrate

(Transient receptor potentighannel antagortis

DMSO

Sigma

IBMX

1-methyt3-(2-methylpropyl}7H-purine 2,6-dione

(PDE inhibitor (nonselective)

DMSO

Sigma

JK-5.3HCI

6-{[(3R,4R)-4-(2-{[2 -(3-chloro-5-fluorophenyl}2,2-
difluoroethyllamino}ethoxy)pyrrolidin3-yljmethyl} -
4-methylpyridin2-amine trinydrochloride
(ProposediNOS inhibita)

DMSO

Prof.
Richard

Silverman

S-MCPG

4-[(2S)2-aminc 1-hydroxy-1-oxopropan2-
yllbenzot acid

(Metabotrojic glutamate receptor inhibitpr

NaOH

Tocris

(+)-MK -801
maleate

(+)-5-methyt10,1% dihydro-5H-
dibenzop,d]cyclohepter5,10imine maleate

(NMDA receptoropen channel blockgr

HO

Tocris

NBQX disodium

2,3-Dioxo-6-nitro-1,2,3,4
tetrahydrobenzo[flquinoxalin€’-sulfonamide
disodium

(AMPA/kainate receptor inhibityr

DMSO

Tocris

Nifedipine

dimethyl 2,6dimethyt4-(2-nitrophenyl}1,4-
dihydropyridine3,5-dicarboxylate
(L-type VGCC inhibitoy

DMSO

Tocris

NMDA

(2R)-2-(methylamino)butanedioic acid
(NMDA receptor agonijt

NaOH

Tocris

L-NNA

2-aminae5-[[amino(nitramido)methylidene]amino]
pentanoic acid

(NOS inhibitor (norselective)

HCI

Tocris
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