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Abstract

Improving cognitive function is a growing area ofdrest for pharmaceutical companies.
With an ageing population, cognitive decline isdraing a greater problem.
Understanding the physiological effects of nootcagiugs and the changes that occur
during cognitive enhancement will enable the desigsafer treatments to enhance
cognition. In this thesis cognitive enhancingtsigées are investigated using
neurophysiological and proteomic approaches. Tieetsfof two classes of putatively
cognitive enhancing drugs on emergent network lasaily activities in hippocampal slices
are investigated. The effect of an enriched enwirent, which causes an improvement in
cognitive function, on the expression level of pios$ in the hippocampus is also

investigated.

The development of a new muscarinic acetylchol@eeptor (MAChR) agonist that is
selective for the MMAChHR subtype, called 77-LH-281, has recently besdneved. 77-
LH-281 binds to an allosteric site of the MMAChR which accounts for its increased
selectivity over other mMAChR agonists. This agoo&éises gamma frequency oscillatory
activity in hippocampal slices, a pattern of netvactivity that then vivo equivalent of
which is associated with cognitive processes. §hmma activity is dependent upon both
excitatory and inhibitory networks. 77-LH-281 doex promote epileptiform-like activity
in naive slices as well as a range of models dépitiorm activity, unlike non-subtype
selective mMAChR agonists like oxotremorine-M. Oratorine-M changes the slow inter-
ictal-like events following application of 4-AP aiNBQX into continuous beta frequency
oscillations. This action is not mediated by therWAChR. Thus selective MNAChR
display a preferable range of oscillatory actigt@mmpared to non-subtype selective
MAChR agonists.

Ampakines are a further class of nootropic drugapAkines are positive modulators of
AMPA-type glutamate receptors and they cause imgar@nts in cognitive function of
laboratory animals and humans. The ampakines iigegstl in this thesis are CX691,
which increases the amplitude of currents throbghAMPA receptor, and CX546, which
increases the length of time the AMPA receptompisro These ampakines do not induce
oscillatory activity in naive hippocampal slicest khey increase the frequency of inter-
ictal-like epileptiform activity. CX546 also induséctal-like activity in the 4-AP induced
epileptiform event model. Ampakines may therefar@nmote epileptiform activity in

individuals that are susceptible to epilepsy.
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Exposure to an enriched environment leads to imgm@nts in cognitive performance.
This behavioural change is mediated by changdwedevel of the proteome. Exposure to
an enriched environment changes the expressiorany lasses of proteins including
signalling proteins and proteins that are involirethe structural changes that occur
during cognitive enhancement. One of the protdias significantly changes in expression
is a protein that is associated with cognitive a&fj known as MeCP2. MeCP2 is a

transcriptional repressor and increases in exmmessithe enriched environment.

This thesis demonstrates the diversity of mole¢ultular and network level approaches
that can be used to induce and investigate cognéinhancement. A combination of these
approaches enables timevitro evaluation of current cognitive enhancing stragegind

may lead to the the development of novel approattheshance cognitive function.
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1.1 General introduction

This thesis investigates different cognitive entegment strategies in the hippocampus, a
structure in the brain responsible for many cogaiprocesses including learning and
memory formation. Cognitive enhancement, as deftnethis thesis, is a measurable
improvement in brain function. Strategies to imgr@ognition are important in
ameliorating the symptoms of cognitive decline thatur in many neurological disorders

including Alzheimer’s Disease and schizophrenia.

The major focus of this thesis is the investigatibthe effect that putative cognitive
enhancing drugs have on the communication betweksiand networks within the
hippocampus. These compounds are tested in bogigbbgical models of brain activity
and in several models of epileptiform activity. Td@mpounds investigated are muscarinic
acetylcholine receptor agonists and positive alistmodulators of AMPA type glutamate
receptors, called ampakines. These compounds \weeen for their propensity to affect
synaptic transmission between neurones and emangemork activities in the

hippocampus.

A secondary focus of this thesis is the investagatf the effects of a model of cognitive
enhancement on the global protein expression dfifhgpocampus. The expression of a
range of selected proteins is investigated follgnemposure to an enriched environment,

which is known to lead to improvements in cognitiuaction.

These strategies will allow the evaluation of catrepinions in the field of cognitive
enhancement, as well as providing further insigtd the mechanisms of action of a range

of nootropic drugs.

1.2 The hippocampus

The hippocampus is the most well characterisedoabtbrain region and is ideally suited
for studying network activity due to its highly lamar structure. In humans the
hippocampus is located in the temporal lobe belmweocortex and is involved in
mnemonic processing and the representation of pteite environment (O'Keefe and
Dostrovsky, 1971; Scoville and Milner, 1957). Thpdocampus is so named due to its

resemblance to a seahorBgpos= horsekampos= monster, sea monster; Greek).

The hippocampal formation is divided into four diddels- thecornu ammonigCA) 1-4
(Lorento de No, 1934), and the dentate gyrus. TA8 &d CA1 regions occupy most of
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the hippocampus. The dentate gyrus projects todlie of the CA3 region along the
mossy fibre pathway, and the CA3 region projecthi¢oCA1 and dentate gyrus regions
along the Schaffer collaterals. Cells from the GAdion project through the subiculum

and project out to the entorhinal cortex layer \dnoaes.

Both the hippocampus and the dentate gyrus are-thyered cortices. The dentate gyrus
contains the polymorphic layer (thdus) containing the granule cell axons, the granule
layer (thestratum granulosuincontaining the granule cell bodies, and the mdadayer
(stratum molecularecontaining the granule cell dendrites. The higpopus contains a
polymorphic layer (thetratum oriengcontaining the basal dendrites of the pyramidal
cells, a pyramidal cell layer (ttgtratum pyramidalecontaining the pyramidal cell bodies,
and a molecular layer (trstratum radiatunand thestratum lacunosum-moleculgre
containing the distal apical dendrites of the pyidahcells. The principal cells make up
about 90% of the neurones within the hippocampud these cells form projections to the

adjacent area.

The dentate gyrus acts as a gate for sensory ifpatsthe entorhinal cortex entering the
hippocampus (Finnerty and Jefferys, 1993). Inpuiis the dentate gyrus come from the
perforant pathway and axons from the dentate gyroiect to both the CA3 and the CA1
regions of the hippocampus. The CA3 region contegnarrent axonal arborizations that
innervate local pyramidal cells within the CA3 regi The Schaffer collaterals then project
to the CAL1 region.

The CA1 region receives inputs from the Schaffélaterals from the CA3 region. The
CALl region also receives inputs from the entorhamatex and projects through the
subiculum into the entorhinal cortex. The unidireeal perforant path-dentate gyrus-CA3-
CAL series of connections is known as the trisyindpbp of the hippocampus, and is
made by excitatory connections between the prihcigils of each area.

The hippocampus is made up of two major classegwfones- pyramidal cells and
interneurones. Pyramidal cells are the principl$ a# the hippocampus. These bipolar
neurones have their cell bodies in gte&tum pyramidalend have spiny dendritic trees

that project basally to apically. These cells dutagnatergic and excitatory.

Interneurones account for only 8-10% of neurondlérhippocampus but display a much
greater diversity than the relatively homogenousuytation of pyramidal cells (Freund and
Buzsaki, 1996). There are at least 21 differerdsgla of interneuron identified in the CA1
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region of the hippocampus. The interneurones haaayrdifferent neurochemical,
pharmacological, anatomical and electrophysioldgoaperties, although many do have

restricted target regions, lack spines, and are &ZBic.

The interneurones are categorised by these ditfeamameters. The interneurones
innervate either pyramidal cells, excitatory input® the hippocampus, or other
interneurones. The major classes of interneurdradrinervate pyramidal cells are the
basket cells, axo-axonic cells, bistratfied anemsilaculosum moleculare interneurones.
These synapse onto the soma, axon initial segraedtstratum oreins and stratum
radiatum/lacunosum moleculare respectively (Klaugdeand Somogyi, 2008). These
interneurones express parvalbumin or cholecystekas well as a variety of other
biochemical markers (Klausberger et al., 2005)s Hiversity allows highly variable
functionality and resonances to exist within thelineuronal population, important in the

generation and pacing of oscillatory activities.

Neurotransmitters within the hippocampus

The cells within the hippocampus release neurotnétess that act mainly upon two
different classes of receptors at the synapseseleetweells. The first class is ligand gated
ion channels, or ionotropic receptors, which a¢himi1-100 ms. When activated, these
receptors open a pore in the cell membrane thawvalturrent to flow through the pore.
The second major type of receptor is the metabmtr@geptors, or G-protein coupled
receptors. G-protein coupled receptors act over20W®D ms and activate intracellular
second messenger systems in order to change thkrcekcitability or gene expression

within the target cell (Marinissen and Gutkind, 200

Glutamate receptors

It was only in the 1960s that amino acids werd fdentified as being able to mediate
synaptic transmission. We now know that glutamsithé major excitatory
neurotransmitter within the central nervous systeonnum, 1984). Glutamate activates
both ionotropic receptors- known as AMPA, kainategd NMDA receptors (Dingledine et
al., 1999) and metabotropic receptors, known asiw¢topic glutamate receptors
(mGIuRs) (Pin and Duvoisin, 1995).

AMPA receptors are the most highly expressed neamsimitter receptor within the central

nervous system. They are ionotropic glutamate tecg@nd are expressed at the majority
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of the excitatory synapses within the brain. Theyraade up of 4 subunits (Matsuda et al.,
2005), and these individual subunits are calledR&H. Each subunit has 3
transmembrane (TM) domains and an M2 re-entramt tbat forms the functional inner
pore of the receptor. The channel properties departtie expression of the individual
subunit composition. AMPA receptor subunits con&i@Q/R editing site and a flip/flop
domain (Dingledine et al., 1999), allowing for agla range of channel conductances, open
times and desensitisation kinetics. AMPA recep@mesmainly monovalent cation channels
and allow Na and K’ to pass through the ion pore. However, AMPA recespthat do not

contain the GIuR2 subunit are permeable t&" @ollmann et al., 1991).

Kainate receptors are a subset of ionotropic glatarmreceptors that also conduct fast
excitatory synaptic transmission. These receptonsain the GIuR 5-7, KA1 or KA2
subunits (Dingledine et al., 1999), and they ameetas they have a higher affinity for
kainate than AMPA. They are highly expressed upterneurones and application of
nanomolar concentrations of kainate has been shomwroduce oscillatory rhythms within
the hippocampus (Fisahn, 2005; Fisahn et al., 2004)

NMDA receptors are a further class of ionotropiatgimate receptor. NMDA receptors are
again made up of 4 subunits. The receptor musago@tNR1 subunits, as well as 2
NR2A-D subunits to be functional (Laube et al., @PHeterodimeric subunits are
common, although heterotrimeric subunits exist (Br@ll et al., 2008). The NMDA
receptor is often blocked at polarised potentiglthie presence of a Mgion (Nowak et
al., 1984). Strong depolarisation leads to the rehof the M(j+ block of the NMDA
receptor and allows current to flow through theepor (Jahr and Stevens, 1990). The
NMDA receptor is a non-selective cation channet] as such allows Gaentry into the
cell (MacDermott et al., 1986). This process mediatne form of long-term potentiation
(LTP), a long lasting change in synaptic strenptt ts thought to underlie memory
formation (Kandel, 1997).

The final class of glutamate receptors is the nwtapic glutamate receptors (MGIuRs).
There are 8 mGIluRs and they modulate excitatoryimfitory transmission. They are
large 7 transmembrane domain proteins that actolisérse G-proteins, which in turn can
activate phospholipase C and activate or inhikéngthte cyclase (Nakanishi, 1992).
Agonists of mGIluRs can cause oscillatory activitthim the hippocampus (Cobb et al.,
2000).
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GABA receptors

GABA is the major inhibitory neurotransmitter withihe central nervous system, aside
from the spinal cord. Like glutamate receptors, @Ad&tivates ionotropic receptors, the
GABA receptors, and metabotropic receptors, the GAB&eptors. GABA provides the
major inhibitory drive to the hippocampus in aduli®wever, GABA can be excitatory
during early development (Ben Ari et al., 1989) artzures (Ben Ari, 2006), due to a

disruption of the chloride gradient.

The GABA\ receptor is a ligand gated ion channel that isemgrlof 5 subunits (Nayeem
et al., 1994). For a functional ion channel ati@eago andp subunit must be present, with
the other subunits made upwff, v, 9, €, w, 6 or p subunits (Sieghart et al., 1999). Again,
the different expression of the channels leadsfterdnt channel properties. Each subunit
is made up of 4 transmembrane domains and the am2rirembrane domain lines the pore
and forms the selectivity filter for the ion chahn&hen two molecules of GABA bind to
the receptor, the ion channel opens and allowsittvement of anions, primarily Gbns

and to a lesser degree bicarbonate (KCiOns (Bormann et al., 1987).

The GABAg receptor is the corresponding metabotropic receptd mediates inhibitory
synaptic transmission on a slower time course.GABAg receptor is a 7 transmembrane
domain receptor and has a requirement to form beiteers of GABAR1 and GABAR?2
to allow functional expression of GABAMarshall et al., 1999). The GABAeceptor is
linked through the ¢ G-protein and activation of the GABAeceptor causes an
inhibition of presynaptic G4 channels (Wu and Saggau, 1995) and opens post&yKap
channels (Dutar and Nicoll, 1988). At postsynafuitct GABAg receptor activation leads
to hyperpolarisation of the cell through the adiiva of inwardly rectifying K channels,
acting to decrease excitability of the network pfg¢synaptic loci GABA activation
inhibits the release of neurotransmitters includB®BA (Misgeld et al., 1995), leading to
an increase in local excitability (Leung et al.020 High doses of GABAantagonists
and the genetic depletion of GABAR1 (Brown et al., 2003; Schuler et al., 2001) @
convulsive, indicating the network effect of GABActivation is to decrease excitability

predominatly through postsynaptic mechanisms.
Acetylcholine receptors

Acetylcholine receptors are highly expressed inhiippocampus. They consist of both

nicotinic ionotropic and muscarinic metabotropicaptors. The nicotinic acetylcholine
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receptors (NAAChRs) are made up of 5 subunits, riketthe GABA, receptors described
above (Changeux and Edelstein, 1998). They codtaiansmembrane spanning domains,
with the TM2 region as the selectivity filter. Thage permeable to monovalent cations.
Only the NnAChR made up entirely @7 subunits is permeable to C4Seguela et al.,
1993).

Muscarinic acetylcholine receptors have been shovire present in the many different
areas of the central nervous system, initiallydisligand binding studies, then by the use
of oligonucleotide probes (Buckley et al., 1988)d dinally by the use of
immunocytochemistry (Levey et al., 1995). In thpdacampus, the different receptor
subtypes are found differentially expressed inedéht areas. The Meceptor subtype is
strongly expressed in the pyramidal cell layerhaf hippocampus and the granule cell
layer of the dentate gyrus. The kéceptor is found mainly in non-pyramidal neuroaed

in discrete bands of fibres surrounding the pyraineells; out with the hippocampus it is
found in the medial septum and the diagonal bari8vota, important cholinergic inputs to
the hippocampus (Hajos et al., 1998). Ther&teptor is enriched in pyramidal neurones,
the stratum lacunosum-moleculare and in the obhtet bf the molecular layer of the
dentate gyrus. The Meceptor is expressed in non-pyramidal neurorite®, pathways

and in the inner third of the molecular layer. Theand M; receptors are largely found
postsynaptically, whereas the ldind M, receptors are localised pre-synaptically, and the
distribution of the receptors is highly complemewtd; receptors display 3-fold higher
expression level than Meceptors in the hippocampus, and the recepterve®f the M
receptor is estimated to be above 75% (Porter,e2@02). The Mreceptor is therefore the
predominant excitatory muscarinic acetylcholineepgor subtype found in the

hippocampus.

The receptors also have a complementary expressibe perforant pathways (the main
excitatory input into the hippocampus) and assmeiat/commissural projections (the
major pathways for integration of information alahg septotemporal axis) (Rouse et al.,
1999). In the perforant pathway, the,Ni; and M, receptors are found presynaptically,
with the Ms receptor dominant in the lateral perforant pathwidne M, and M, receptors
are found presynaptically on the associationalyayh and the Mreceptor is also found
on the commissural pathway. This differential esgren all over the hippocampus allows
complex regulation of the differing physiologicabponses mediated by cholinergic
pathways.
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The mAChRs act through a number of different seaoedsenger cascade systems in the
central nervous system.;MMz and M; predominantly act throughdg as postsynaptic
receptors, and the Mind M, receptors act mainly throughogz as presynaptic receptors.
Cholinergic excitation is known to cause depoldiiseof pyramidal cells, with an
associated increase in input resistance. Cholioeegieptor activation leads to the
blockade of a calcium activated potassium condeetatiepression of the after
hyperpolarisation (AHP) and increases in cell grigCole and Nicoll, 1984b). The M-
current is also blocked (Cole and Nicoll, 1983)eT, receptor is known to depolarise the
pyramidal cells via increases if (a hyperpolarisation activated current) agg(a

calcium activated non-specific cation current) (Mamd Paulsen, 2005). The; kceptor

is thought to block the leak potassium conductdRaéer and Alger, 1990; Porter et al.,
2002). Cholinergic excitation is known to releaatium from intracellular stores in CA1
pyramidal neurones, mediated by inositol 1,4,5hgphate (Power and Sah, 2002). This

leads to a rise in free intracellular calcium ia #oma and nuclear regions.

Muscarinic receptors are known to regulate theassdeof several neurotransmitters in the
hippocampus. Although mAChR activation excites GABgic interneurones, GABA
release is reduced (Behrends and ten Bruggen@$8) ¢ia the M and My mAChR

induced suppression of the pre-synaptic releaséimeny of the GABAergic

interneurones (Zhang et al., 2002). In turn, musgareceptor mediated transmission is
regulated by several receptors. GAB#ceptors, via pre- and post-synaptic mechanisms,
prevent muscarinic mediated excitation of CA1 pyidahcells (Morton et al., 2001).

There is therefore a reciprocal inhibition betwaestylcholine and GABA transmission.
The tonic activation of pre-synaptic adenosine édeptors inhibits muscarinic mediated

depolarisation of CA1 pyramidal cells.

Oscillations in the hippocampus

One of the most noticeable features of the brairernwrecording electro-encelphalograms
(EEGS) using scalp electrodes from mammals, iptasence of regular patterned
oscillatory activity. This activity is a functiorf aeuronal assemblies and can be grouped
into distinct frequency bands, and recorded froertident hippocampus during different
activities. Low frequency oscillations (0.5-2 Hache observed during slow wave sleep,
whereas rhythmic components with medium frequen&ek) Hz) and fast frequencies
(40-100 Hz) are found during REM sleep and exptosafctivities. Similar rhythms can
be observed in hippocampal slice preparations hichvapplication of various agonists to

the slice leads to several different types of emetrgetwork activity. The oscillations that
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occurin vitro in hippocampal slices are also grouped in disdretpency bands. These
include delta frequency oscillations, with oscitsatfrequencies that lie between 0.5 and 4
Hz, theta frequency oscillations, with oscillatipequencies that lie between 4 and 12 Hz,
beta frequency oscillations, with oscillation fregaies that lie in the range of 13 to 30 Hz,
gamma frequency oscillations, with oscillation fneqcies that lie in the range of 30 to
100 Hz, and fast ripples, with oscillation frequiescahat lie in the range of 100 to 400 Hz
(these are sometimes known as high frequency asaeills). Some of the physiological
oscillations that occur in the hippocampal slicesestigated in this thesis are detailed in
figure 3.1.A.

Pathophysiological oscillations are also foumdivo andin vitro in the hippocampus and
in other cortical structures. These are often agsat with CNS disorders such as
epilepsy, schizophrenia and Parkinson’s diseasdtifiiag these aberrant oscillations has
been suggested as an approach to evaluate thpebé&cabenefit of treatments of these
diseases (Cobb and Davies, 2005).

Theta frequency oscillations

The theta frequency oscillation is thought to btoal for temporal coding and the
modification of synaptic strengths, with LTP enhedhcluring theta frequency oscillations
(Huerta and Lisman, 1993). The major currents tinaerlie theta frequency oscillations
are generated by the entorhinal input, the CA3 fieheollaterals, and voltage dependent

C&” currents in pyramidal cell dendrites.

An intact septal input from the medial septal-diagdoand of Broca (MS-DBB) is
necessary foin vivotheta oscillations (Fischer et al., 1999) leadmthe hypothesis that a
rhythmic input from the septal projections was iieggito impose the rhythmic activity.
The MS-DBB contains both cholinergic and GABAergiojections to the hippocampus.
The MS-DBB is able to generate and maintain its tivata rhythnin vitro (Garner et al.,
2005).

The extracellular field is composed of the sumnfe8Rs on the soma and EPSPs on the
dendrites of pyramidal cells. It has been propdbkatithe interplay between the inhibitory
feed-forward input from the septum and the excitatoput from the perforant pathway
generates the theta frequency oscillation. EPS#Ps fne perforant path act to provide
rhythmic excitation to the pyramidal cells, and lalmergic projections from the MS-DBB

slowly depolarise pyramidal cell dendrites. Thewtyt of cholinergic neurones also leads
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to a slow depolarisation of basket cell interneesmwhilst the activity of the GABAergic
neurones projecting from the MS-DBB rhythmicallypleypolarises basket cell
interneurones. Basket cell interneurones in tuavide phasic inhibition of the soma of
pyramidal cells. The tonic cholinergic excitationmerneurones, coupled with the theta
frequency phasic inhibition of interneurones by G¥eBgic projections from the MS-

DBB, may be responsible for the phasic output tdrimeurones (Buzsaki, 2002).

These oscillations can, however, also be observedltured hippocampal cells and
septally de-afferated hippocampi, withvivomicro-infusion of carbachol and bicuculline
(Colom et al., 1991). This suggests the hippocampust have an intrinsic network

oscillator, in order to synchronise emergent afstivi

The primary intrinsic hippocampal network oscillat®thought to be found in the CA3
region of the hippocampus, although it has alsm Iseggested that the intrinsic oscillator
is the CA2 region (Fischer, 2004). Carbachol castioiulate theta frequency oscillations
in the CAL1 region in the absence of the CA3 redWilliams and Kauer, 1997). The
propagation of the oscillatory activity is dependem synaptic transmission via AMPA
receptors and also dependent on NMDA receptorso$biiation is initiated by the
depolarisation of the CA2/CA3 pyramidal cells byieation of muscarinic acetylcholine
receptors, causing pyramidal cells to dischargectiér, 2004). However, activation of the
M1 mAChR on pyramidal cells alone is too slow to astdor the generation of theta
frequency membrane potential oscillations. mACh&vation depolarises pyramidal cells
which leads to the modulation of intrinsic membranerents like \;, I, and k, and the
pyramidal cells show resonant frequency preferendtsn the theta frequency range
(Pike et al., 2000). Stratum oriens/lacunosum maége (O-LM) interneurones also
display a resonant frequency within the theta fesqy range. Theta frequency
subthreshold membrane oscillations can be indut€xliM interneurones by the
activation by mAChRs located on the interneuroneafitnan and Lacaille, 1999). These
interneurones also can provide phasic inhibitiopyiamidal cell dendrites, pacing the

oscillation.

Gamma frequency oscillations

As mentioned above, another major relevant oseijathythm recorded botim vivo and
in vitro is the gamma frequency oscillation, which is tHaug allow some forms of
cognitive processing and perceptual binding to o¢Guay and Singer, 1989; Mann and

Paulsen, 2005), including storage of memories amda@ousness. It provides a temporal
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structure to co-ordinate the activity of individuedurones. Gamma frequency oscillations
are often found superimposed upon the theta osaiisin vivoin the hippocampus, an
interaction which can be disrupted by the blockaid®AChRs (Hentschke et al., 2007).

Gamma oscillations can be induced in the hippocarmpvitro by the application of
kainate, the application of mGIluR agonists, andahyglication of cholinergic agonists
such as carbachol (Buhl et al., 1998; Fisahn £1888). Although these oscillations are
within the same frequency band they display a diffdal pharmacology. Kainate and
MGIuR agonist-induced oscillations are maintaimethe presence of AMPA receptor
antagonists (Fisahn et al., 2004), whereas chgijinénduced oscillations are blocked by
AMPA receptor antagonists (Fisahn et al., 1998) galmma oscillations are dependent on

fast inhibition mediated by GABAreceptors.

The predominant class of interneurone that is asduimunderpin gamma frequency
oscillatory activity within the hippocampus is tharvalbumin expressing persomatic fast
spiking basket cell. These interneurones make @¥6-@f the interneurones in the
hippocampus (Freund and Buzsaki, 1996), displaptaimsic resonance of about 40 Hz
(Pike et al. 2000), fire an action potential atet gamma cycle, display mutual inhibitory
connections between basket cells, and the curirgtg and sources of the gamma
frequency oscillation is located in the perisomagigion (Mann et al., 2005). As basket
cells can innervate ~1000 pyramidal cells theyideally placed to synchronise pyramidal
cell activities (Cobb et al., 1995).

Gamma frequency oscillations have been modelleghektelyin silico, in order to gain
further mechanistic understanding of the oscillatimitially, in a model by Traub et al
(Traub et al., 1996), the frequency of oscillatiores dependent on GABAconductance,
time delay and the driving current to interneuroesynchronised inhibitory synaptic
conductance occurs if a sufficiently large popolatf neurones fire within a short space
of time. In this model the tonic excitatory driviegrrent needs to be homogenous to allow
synchronisation to occur and strong inhibitory gps&s are required to maintain global
synchronicity. The introduction of shunting inhibit between basket cells in a model of
gamma frequency oscillations allows greater colerén emerge with an increased

heterogeneity in tonic excitatory drive and firiingguency (Vida et al., 2006).
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Beta frequency oscillations

Beta frequency oscillation®8oddeke et al., 1997) are possibly the least al@racterised
of all the cholinergic induced hippocampal osadfgtactivities. They are often grouped
together with gamma frequency oscillations, as #reyrarely observed in absence of
gamma oscillations, and seem to have a similariplogyy and pharmacology (Shimono et
al., 2000). The functional significance of betailtsttons within the hippocampus is
currently unknown. A twice gamma oscillation threlshtetanic stimulus to the CA1
region causes a shift from gamma oscillations ta bscillations (Traub et al., 1999). This
stimulation is associated with a loss of synchrionthe network, and is thought to be due
to an increase in the €adependant AHP current. Subthalamic network osizliss within
the beta frequency range arise during dopamineidatfiy in Parkinson’s disease, and

these oscillations are associated with reduced mewe (Levy et al., 2002).

1.3 Epilepsy

The hippocampus is able to generate oscillatoryigctiue the high levels of recurrent
interconnectivity that is present in this area. Mafghis oscillatory activity is of a
physiological nature, as mentioned previously, iarassociated with different states of
alertness and cognitive tasks (Gray and SingeQ)1®®wever, pathological oscillations,
such as those associated with epilepsy, can as®faom the hippocampus. The
hippocampus and the entorhinal cortex play a prédamb role in the causation of seizures

in temporal lobe epilepsy (Goddard et al., 1969).

Epilepsy is a common major neurological disord&#eciing over 0.5 % of the world
population (Kaneko et al., 2002). Epilepsy is meslifin a range of ways, stretching from
absence seizures, in which patients stare vacaight, up to tonic-clonic seizures in
which patients lose consciousness and jerk vigletitivas defined by Jackson (1890; see
Swash 2005) as an

“episodic disorder of the nervous system arisiogifthe excessively
synchronous and sustained discharge of a groupuwbnes”.

Seizure activity is characterised by excessiveriigtdf neurones in the central nervous
system. The term epilepsy refers to repetitive munmerous seizures, which occur at
unpredictable occasions. Seizures are charactdrsegcessive bursting of CNS
neurones. At the cellular level, epilepsy eventsloa observed as paroxysmal

depolarisation shifts and action potential firingorincipal cells (Matsumoto and Marsan,
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1964). Epilepsy can be caused by many factorsjdineg cerebral trauma, injury, toxins,
tumours, and genetic causes, whilst the causenoé sdiopathic epilepsies are poorly

understood.

Seizures are manifest at the EEG level as perladie amplitude oscillatory activity

known as ictal events. Ictal events are associaigdrepetitive firing of pyramidal cells,
and the depolarisation block of interneurones (dbs et al., 2006). They are manifest at
the extracellular level as hypersynchronous bugstischarges as observed in figure 3.1 B.
Inter-ictal events, which are characterised aslsipgpulation events, are often present
between these ictal events. The presence of ict&lravents is used as a biomarker to

diagnose epilepsy (Jefferys, 1993).

Particular types of epilepsy are initially charaisted by the location at which the seizures
are generated, and whether the seizures are ledarsgeneralised. A degree of
hyperexcitability and hypersynchrony of neuroneslfeto seizure generation.
Hyperexcitability can occur following excessive digisation of neurones.
Hypersynchrony can occur when too many neuronedegelarised at the same time

(Najm et al., 2001). Throughout the central nerveystem neurones are activated by
depolarisation, and in turn innervate and depaastber neurones. Neurones require some
degree of excitability and synchronicity, as in gemeration of oscillatory activity. It is the
unregulated depolarisations of many neurones wakmarrow time frame that leads to the

generation and propagation of seizures.

The hippocampus is particularly susceptible togiheeration of seizures due to the high
levels of interconnectivity and excitatory synagtemnsmission that occurs in this brain
region (Schwartzkroin, 1993). Over half of pargailepsies originate in temporal lobe
structures (Luciano, 1993). The seizure suscejyilmf the hippocampus arises due to the
strong and recurrent excitatory connections betwieerCA3 pyramidal cells (MacVicar et
al., 1982).The elements that allow physiologicdiiltations within the hippocampus also

underlie the susceptibility of the hippocampusathplogical oscillatory activity.

The approach to treating epilepsy is to decreasexhitability and synchronicity of
neurones. This is achieved mainly through two waysdppression of function of sodium
or calcium ion channels that mediate cellular depsation (such as phenytoin or
ethosuximide), or the enhancement of GABA receptediated synaptic inhibition (the
use of benzodiazepines or barbituates). Other dsugs as phencyclidine, ketamine or

MK-801 have anticonvulsant effects through theticacas NMDA glutamate receptor
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antagonists, but are not used clinically as thexelpsychological side effects (Krystal et
al., 1994). The majority of patients with epilepegpond well to therapy but
approximately 20% of patients with primary genesedi epilepsy and 35% of patients with
focal epilepsy display seizures that cannot bewcétd (Reutens and Berkovic, 1995;
Spencer et al., 1981).

Many compounds have the potential to cause or edateepilepsy, acting through the
modulation of ion channels or receptors. For a douge pro-epileptogenic the drug must
promote hyperexcitability and hypersynchrony ofnoees. Both the modulation of
glutamatergic and cholinergic synaptic transmis$iave been implicated previously in
epileptogenesis (Sakai et al., 2001; Turski etl@89; Wong et al., 2002). The pro-
epileptogenic nature of putatively cognitive entiagarugs must be extensively
investigated, as any effective cognitive enhansingtegy must not also lead to the

generation of seizures.
Experimental models of epilepsy

In order to evaluate the potential of compoundse@ro- or anti-epileptogenic, several
animal models are used. Timevitro hippocampal slice model allows the easy applicatio
of drugs at a known concentration and the manifmulaif environmental factors. Several
drugs and conditions are used to model the epiléypipocampus. The models all increase
the excitability of neurones and cause a synchatiois of the output of these neurones

(Gulyas-Kovacs et al., 2002) and they induce idtaland inter-ictal like activity.

Thein vitro models used to investigate the mechanisms ofgjidem activity in this

thesis include:
1. The application of the Kchannel blocker 4-AP.
2. The application of bicuculline, a GAB&receptor antagonist.

3. The removal of Mg from the extracellular medium to allow NMDA medidt

transmission

4. The use of a combination of 4-AP and the AMPA/ktrglutamate receptor
antagonist NBQX
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These mechanistically distinct models of epileptiiactivity were chosen as they
modulate different and complementary parts of ippdcampal network. 4-AP changes
the intrinsic excitability of hippocampal neuronbiguculline removes fast GABAergic
inhibitory transmission, and the zero fMgnodel enhances NMDA transmission. In the
combined 4-AP/NBQX model an attempt was made tilaisdhe interneurone network to

allow the further investigations into hippocampetworks.
The 4-AP model

Inter-ictal-like activity is induced in hippocampslices following the application of the'K
channel blocker 4-AP. 4-AP can induce epileptifaetivity in vivo (Szente and Baranyi,
1987) andn vitro (Perreault and Avoli, 1992). Application of 4-ARals to three main
actions: (1) the blockade of the fast K current (k) and the slower delay (D) curreng)|
increasing axonic and presynaptic excitability, &2)ddirect actions on voltage dependent

calcium channels (Lundh and Thesleff, 1977).

Ia is the current responsible for the fast repoléinseof the action potential after firing. At
the concentrations used in this and other stugiés (1M) 4-AP does not significantly
block the h current (Storm, 1988). The turrent, which is a slowly inactivating’K
current, allows the cell to integrate synaptic itspaver tens of seconds. Without this
current, inputs into the pyramidal cells quicklyrsnate and action potentials occur
(Storm, 1988). Theabp, Which is the current that regulates burst firimgneurones (Brown
and Randall, 2009), is increased by a reductidi ahd b and the increase of the
magnitude of this current leads to paroxysmal dmjeihg shifts at the intracellular level
(Perreault and Avoli, 1991). The inter-ictal adivihat is induced by application of 4-AP
originates in the CA3 region and propagates tdCthé& region (Perreault and Avoli, 1992).

The bicuculline model

Bicuculline is a competitive GABAreceptor antagonist acting at the orthosteric GABA
binding site. Blockade of fast inhibition prevefasd-forward and feedback inhibition in
the network and decreases the inhibitory drivénéortetwork (Miles and Wong, 1987).
Application of bicuculline leads to seizure actiih vivo (Ben-Ari et al., 1981). The
activity induced within the hippocampal slice moeteminiscent of the inter-ictal spike

activity that occurs in the epileptic EEG.
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GABAergic feedback inhibition normally exerts tigtantrol over the pyramidal cells
within the CA3 region. When fast inhibition is rewsal by the block of GABA receptors
recurrent synaptic connections between pyramidtd facilitates the propagation of
depolarising action potentials through the netw&ilowing the application of

bicuculline subthreshold excitatory postsynaptiteptials can trigger paroxysmal
depolarisation shifts in the membrane potentiah{Rgpoulou and Descombes, 1999). CA3
pyramidal cells respond to mossy fibre stimulatsnf the fibres were stimulated several
times as opposed to the single occasion, agaimadine removal of feedback and feed-

forward inhibition within the network.

Methyl derivatives of bicuculline have been repdrte block SK channels, which mediate
the afterhyperpolarisation potential (AHP) (Khawbét al., 1999). The AHP is
responsible for spike frequency adaptation in pydaircells, an important regulator of
excitability. The block of the AHP by bicucullineatinyl derivatives would lead to an
increased excitability of the network, presumaldptcibuting to the emergence of inter-

ictal-like events in hippocampus.
The low magnesium model

The removal of M§'ions from the extracellular bathing medium of thgplocampal slice
leads to the eventual emergence of inter-ictal4ikents. Although low Mg solutions
would be expected to lower the firing thresholddotion potentials (Hille et al., 1975), the
removal of the M§' block of the NMDA receptor is enough for the getien of
synchronous activity (Traub et al., 1994). Thiseimforced by the sensitivity of these
events to NMDA receptor antagonists. Paroxysmabl@eising shifts, the intracellular
correlate of the inter-ictal-like activity observatithe extracellular level, are observed in
the CA3 pyramidal cells following the removal of #gons from the bathing medium. As
the low Md* model does not directly interfere with the intarrene network, the model is
useful for the study of the role of the GARAeceptor in the generation and spread of
oscillatory activity (Tancredi et al., 1990), altlgh the effects of this receptor that are
mediated through the NMDA receptor are greatly cediufollowing the removal of the
Mg** block.

The combined 4-AP and NBQX model

The 4-AP/NBQX is a model of epileptiform activity the hippocampus first identified by
Perrault and Avoli in 1992. In this model the intetal-like events induced by the
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application of 4-AP described above are modulatethe application of the
AMPA/kainate glutamate receptor antagonist NBQXisThodel putatively isolates the
interneurone network, and as such is used in ltleisis to determine the effect potentially
epileptogenic compounds on the interneuronal nétwidowever, several caveats to the

interpretation of the activities observed in thisdal need to be observed.

Initially, the concentration of 2 uM NBQX used img thesis may not completely block
AMPA/kainate receptors. NBQX is a competitive ataigt at these receptors (Honore et
al., 1988; Sheardown et al., 1990), and as 4-Adhgly increases glutamate release (Pena
and Tapia, 2000; Tapia, 1996), NBQX antagonism begvercome. Secondly, although
Perrault and Avoli confirmed the necessity for GABeditated synaptic transmission in
their events, this does not mean the events agty/swrried by the interneurone network.
GABA may rather have a role in the initiation ocray of these events as for the
oscillatory activity described above. Thirdly, ingortant role of NMDA receptors in
oscillatory activity is not considered in this mbéda the interpretation of the data from the
4-AP/NBQX model these caveats will be observeddiadussed.

1.4 Cognitive Enhancement

Many strategies, including the use of drugs, eserand environmental conditions have
produced measurable changes in the ability of rsd@nimates and humans to complete
cognitive tasks (Carey et al., 2001; Ingvar et97; Varty et al., 2000).

Cognitive deficits occur in many disorders of temtral nervous system, including
Alzheimer’s disease, schizophrenia and in somedahepilepsy. An attempt to delay and
even reverse the cognitive decline that occursyioiig these disorders is an important
therapeutic area for pharmaceutical companies. Dt increase nicotinic acetylcholine
receptor function are currently used to ameliotiagecognitive and mnemonic decline in
Alzheimer’s disease sufferers (Newhouse et al.7L99emory loss in Alzheimer’s
disease is thought to be associated with a loskaiergic projections, and boosting
cholinergic activity with anticholinesterase intidys or NAChR agonists prevents the
progression of cognitive decline observed in Alnieri's disease sufferers (Friedman,
2004). Nicotinic receptor drugs may also be usefabntrolling the positive symptoms of
schizophrenia (Martin et al., 2004). UnfortunatebhAChR agonists can promote
epileptiform activity (Roshan-Milani et al., 2003)d so other strategies to promote

cognitive function are currently under investigatio
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The enhancement of glutamatergic function haslalsgp been associated with enhancing
cognition. The enhancement of both NMDA and non-NMiDediated excitatory
transmission causes cognitive enhancement in ammdels (Kandel, 1997; Lynch,
2002). As mentioned above, the NMDA receptor mediaine form of LTP. LTP is
understood to be the cellular basis of memory foiong Kandel, 1997). The blockade of
NMDA receptors by MK-801 or ketamine leads to inmpant of memory formation
(Sharma and Kulkarni, 1991). The use of positivelatators of AMPA receptors, known
as ampakines, leads to cognitive enhancement antednd humans (Hampson et al.,
1998; Ingvar et al., 1997; Ito et al., 1990).

The activation of mMAChRs has been reported to becpgnitive. Activation of mAChRs
can facilitate memory formation (Markram and Se@8B0). Conversely the mAChR
antagonists atropine and scopolamine are knowneteept memory storage in rodents
(Blozovski et al., 1977; Grauer and Kapon, 199@) hunmans. A partial agonist of the M
receptor, sabcomeline, improves the reversal legrof primates (Harries et al., 1998).
Also, application of a MMAChR antagonist, which causes dose-dependerases in
acetylcholine release, leads to improvements isipasvoidance tasks and working

memory in primates.

The enhancement of oscillatory activity has beeplizated in cognitive enhancement.
Carbachol can enhance LTP through cholinergicalliyced oscillations (Huerta and
Lisman, 1993), but this effect is abolished follagithe knock-out of the MMAChR
(Shinoe et al., 2005). As noted above, agonistsAChRs induce gamma frequency
oscillatory activity (Fisahn et al., 1998). Follawjithe genetic depletion of the; bubtype
of mMAChR gamma frequency oscillations are not iredlloy mAChR agonists (Fisahn et
al., 2002). Gamma frequency oscillations are aasediwith cognitive function and
aberrant gamma frequency oscillations are assdciwtl schizophrenia (Tallon-Baudry
and Bertrand, 1999). Consequently thesubtype mAChHR is a potential target for

cognitive enhancing strategies.

Aside from the use of nootropic drugs, some enwirental conditions can lead to the
enhancement of cognition in rodents. The envirortal@mnrichment protocol causes
spatial re-mapping in the hippocampus, and leattebavioural changes and

improvements in cognitive function.
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1.4.1 Putative cognitive enhancers

The M mAChR agonist 77-LH-281

The compound used in this thesis to investigatedleeof M, receptor in physiological
oscillatory activity, epileptogenesis and the plolesenhancement of cognition is 77-LH-
281. This is an allosteric full agonist of;veceptors (Langmead et al. 2008). 77-LH-281 is
a chemical analogue of AC-42, which binds to almgctsite on the Mmuscarinic
acetylcholine receptor (Langmead et al., 2006)s Fite is thought to be located in the N-
terminus/TM1 and the third outer loop/TM7 domaifshe M, receptor (Spalding et al.,
2002), away from the orthosteric acetylcholine bigdsite located in TM3. In contrast, N-
desmethylclozapine, a clozapine metabolite witimagf for the M, receptor, occupies a
binding site that overlaps the orthosteric bindiitg of the M mAChR (Spalding et al.,
2006).

Activation of the M receptor by carbachol (Marino et al., 1998) and N-
desmethylclozapine (Sur et al., 2003) potentiatelOM receptor currents in CA1

pyramidal cells. As NMDA receptor mediated curreats responsible for one form of

LTP enhancement this potentiation may increase ronaniunction and enhance

cognition. M mAChR agonists have also been implicated in #s&tnent of Alzheimer’s
Disease (Fisher et al., 1996). It is interestiregefore to investigate the potential of 77-
LH-281 to enhance cognitive function, and atteropagsess the potential unwanted effects

of this agonist in epileptiform models.
Ampakines

Aside from muscarinic acetylcholine receptor agnianother class of nootropic drug are
ampakines. Ampakines are positive allosteric maduaof AMPA type glutamate
receptors (Arai and Kessler, 2007). Different anpak exert their effect through
decreasing desensitisation of AMPA receptors, legghg open times in response to
agonist application, improving the binding of gim@te to AMPA receptors and increasing
the conductance of the AMPAR channel. Thereforténpresence of ampakines fast
glutamatergic transmission is more efficient arsinailar release of glutamate will cause a
greater depolarisation of the postsynaptic membpatential than in the absence of
ampakines. As ampakines enhance excitatory gluegiattransmission, they can
facilitate synaptic plasticity and enhance learr(ingnch, 2004).
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There are two major structural classes of ampakbas of which positively modulate
AMPAR transmission but have different effects oa #MPA mediated current.
Benzothiazides, which include the drugs cyclotllaznd IDRA-21, one of the earliest
ampakines identified, block the desensitisatioAMIPA receptors (Xia and Arai, 2005)
but they have little effect on the deactivatiorAMPA receptors. Deactivation and
desensitisation of AMPA receptors occurs on a tigade fast enough to affect the

excitatory postsynaptic current (Lynch, 2004).

Benzamide drugs have effects on the open timesamductance of AMPA receptors.
They all reduce the deactivation kinetics of AMR&eptors and they slow the rate at
which the synaptic responses decay (Arai et ab42Blagarajan et al., 2001). However,
different compounds have different actions depemdimthe chemical structure of the
ampakine. For example CX546 has been shown tolgm@aiong the decay of AMPA
receptor mediated excitatory postsynaptic curréesSCs) but has little effect on the
amplitude of the EPSC (Nagarajan et al., 2001)colmrast, CX516 increases the
amplitude of the excitatory post-synaptic curreutt ftas a much smaller effect on the rate
of decay of synaptic responses (Arai et al., 2004¢ concentration of CX516 needs to be
much higher (within the millimolar range) to obsemhis effect on EPSC decay time than
the effect on response amplitude. CX691 also isge#éhe amplitude of the EPSC, and is
20-50 times more potent than CX516 (Johnson @19819).

As well as effects at the cellular level, ampakihasge effects at the synaptic level. At the
Schaffer collateral-CA1 pyramidal neurone synapgglication of some ampakines
increases the amplitude of fEPSPs. Under an LT&digm, application of ampakines
facilitates the induction of LT vivo (Staubli et al., 1994) in response to theta burst
stimulation. Depending on the specific ampakine,dffect on LTP can vaiin vitro.
Application of CX546 increases the amplitude of LiRereas cyclothiazide does not.
Both CX546 and cyclothiazide lower the thresholdlf®@P induction.

In a model of epileptiform activity in which intéctal-like events are induced by the
removal of MG" ions from the extracellular bathing medium, sulbsed application of the
ampakine cyclothiazide causes a significant ina@ashe length of defined seizure-like
events in hippocampal slices (Lasztoczi and Kard066). Cyclothiazide also produces
epileptiform activity in hippocampal cultures aindvivo (Qi et al., 2006). This effect is
partially due to the effect of cyclothiazide bloogiGABAa receptors (Deng and Chen,
2003), much like the bicuculline model of epileptih activity described above. The other

classes of ampakines, which do not delay rece@®ermksitisation but do increase the
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AMPA receptor open time or EPSP amplitude, mayelss prone to the generation of
epileptiform activity in the hippocampus as theeqgtor can still desensitise under high
levels of stimulation. They are more specific foe AMPA receptor than cyclothiazide as
they have little affinity for the GABA receptor.

1.4.2 Environmental Enrichment

Environmental enrichment and cognitive enhancement

An enriched environment is an environment that seg@animals to a spatially complex
inanimate stimulation and increased social contdehb (1949) noticed rats raised in his
home performed better in cognitive tasks thannated in the lab, indicating that
increased stimuli at home could be responsiblehisreffect (Toscano et al., 2006). As
such environmental enrichment is a model of cogamiéinhancement as animals perform
better than control rats in a number of measuresngintognitive ability. This is mediated
through the modulation of the structure and growftheuronal cells (Nilsson et al., 1999).
Such changes may be responsible for the increabe isynaptic strength of the perforant
path in the hippocampi of animals exposed to aitkeed environment. Environmental
enrichment can also induce the production of newarees, which occurs, amongst other
areas, within the subgranular layer of the derggtas in the hippocampus. Neurogenesis
and gliogenesis (the production of new neuronalgiiad cells respectively) is known to
occur at levels five times greater in animals e émriched environment than in control
animals. However, neurogenesis is not requirethimbehavioural effects observed in

animals exposed to the enriched environment (Metsal., 2006).

Environmental enrichment can also ameliorate cogndeficits induced by a number of
conditions (Guilarte et al., 2003; Toscano et2003) including developmental lead

exposure and exposure to prenatal ethanol.

It is known that changes in the expression of gexesr following exposure to an
enriched environment (Rampon et al., 2000). It thasefore decided to investigate the
changes that occur at the global proteomic metlsatua gel electrophoresis approach
combined with mass spectrometry to identify thec#meprotein changes that occur
following environmental enrichment. This approattbvas measurement of changes at the
proteome level that underlie the improvement innitdge function. Possible future
therapeutic targets for nootropic drugs and biomaor the protein changes that occur

following cognitive enhancement may be elucidateidgi this approach.
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Expression of MeCP2 and environmental enrichment

Rett syndrome is a postnatal developmental disamitein the autism spectrum affecting
the development of 1 in 10000 girls aged 6-12 ma&riitlhe disorder is due to mutations in
a gene calleECP2that encodes for a Methyl-CpG binding protein tiegiulates gene
expression. It consists of a methylated CpG bindioigpain, a transcriptional repression
domain and a C-terminal domain, as well as a gaiuolear localisation signals
(Chahrour and Zoghbi, 2007). MeCP2 is postulatdakta transcriptional repressor,
because when it binds to CpG dinucleotides it iectbe co-repressor Sin3a and histone
deacetylases 1 and 2. Environmental enrichmenteglbistone modification and
inhibitors of histone deacetylases have been shiowestore learning and memory
(Fischer et al., 2007). This leads to the compgatinchromatin, which prevents promoter
regions binding and gene expression to occur. Abgérmosaic expression of MeCP2
leads to mental and physical abnormalities withroees encoding the mutant protein
displaying the mutant phenotype. This is not a ogegenerative disorder as the neurones
do not die, but it is rather a neurodevelopmentarder. Recently it was shown (Guy et
al., 2007) that this phenotype can be reversed imause model of Rett syndrome
following the conditional re-expression of wild-gyMeCP2. One of the target genes for
MeCP2 is the gene encoding brain-derived neurotcdiplotor (BDNF), a protein critical
for the formation and maintenance of long term ptig¢ion (Kang et al., 1997), a cellular
mechanism implicated in the genesis of memory.ck laf activity dependent transcription
of BDNF has been postulated to be one of the uyidercauses of the Rett syndrome
phenotype. As a decreased level of MeCP2 in thia leads to cognitive impairment,
likewise it is possible that an increased levell@CP2 may occur in the environmental
enrichment model of cognitive enhancement. Seyeealious studies have investigated
the effect of environmental enrichment alleviatihg symptoms of Rett syndrome (Kondo
et al., 2008; Nag et al., 2009). Therefore it istiwwhile investigating the expression of

MeCP2 following exposure to an enriched environment

1.5 Aims

In this project there are three main aims:

1. To investigate the effect of putative nootropic gaunds, mAChR agonists and
ampakines, on physiological and pathophysiologiedvork properties of the
hippocampus.



John Broad, 2009 Chapter 1 35

2. To gain mechanistic insight into the networks taderlie the oscillatory activity

induced by the application of these nootropic conmais.

3. To investigate the change in expression of putatognition related proteins following
exposure to an enriched environment

A range of pharmacological, physiological and pootéc approaches are used to
investigate these cognitive enhancing strategmessght into the effect of these strategies
on hippocampal networks and protein expressionemélble the evaluation of each

strategy and allow further development of the figldognitive enhancement.



2 Materials and Methods

36
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2.1 In vitro Hippocampal Slice Experiments

2.1.1 Hippocampal Slice preparation

Animals were supplied by Harlan UK Ltd. and housedroup cages under controlled
environmental conditions (temperature 19-23°C, 1ifmt/dark cycles). Animals haad

libitum access to food and water.

Male Wistar rat (3 weeks) were cervically disloch#sd decapitated in accordance with
UK home office guidelines under the authority af thK Animals (Scientific Procedures)
Act, 1986. A scalpel was used to make an incislongathe middle of the skin on the top
of the head, revealing the skull. Ice-cold (0-4AQSF (composition (mM) NaCl 124, KCI
3, NaHCQ 26, NahBPO, 1.25, MgSQ 1, D-glucose 10 and Ca) was then poured over
the skull to wash away excess blood and to coobthi. Incisions were then made at
either side of the neck bones using sharp disgestissors and the skull was cut from
back to front along the midline to reveal the brdihe sides of the skull were pulled back
and the brain placed into ~70 ml of ice cold ACSkg a small spatula. The cerebellum
and pre-frontal cortex was then removed and thie lvas hemisected in the sagittal plane
down the midline. Depending on the orientationlimiesrequired, the brain was glued onto
a wax block using cryoacrylate adhesive at the lodi¢ke brain on the cut that the
cerebellum had been removed with for coronal sestior on the sagittal plane of the
midline for horizontal sections. Slices were cuatthickness of 450 pum using a vibrating
microtome (Campden Instruments, UK) in ice cold ACte hippocampus removed and
the hippocampal slices transferred to an interfadding chamber containing room
temperature oxygenated (95%/6G% CQ) ACSF (23°C) using a large bore pipette. The

slices were maintained at room temperature anavatldo recover for 1 hour before use.

2.1.2 Electrophysiology

2.1.2.1 Recording set-up

The recording chamber (Digitimer Research Instrus)dvK), microscope (Koyawa,
Japan) and manipulators holding recording and s$4timg electrodes were all mounted on
a pressure sensitive anti-vibration table (IntradeK) surrounded by a Faraday cage. All
of the remaining electrical recording equipmentjuding an Axoclamp 2B current and
voltage clamp analyser (Molecular Devices, USAgigmal processor (Brownlee precision

440, Brownlee, USA), Humbug noise subtraction dey@uest Scientific), analogue-to-
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digital converter (Digidata 1320 series, Molecwavices, CA) and PC, were mounted on

racks out side of the Faraday cage.

An interface type chamber (Digitimer Research lnsints, UK) was chosen for
extracellular and intracellular recordings. Thissisted of 2 separate 15 mm diameter
chambers in which the slices were placed on nyé&iting and a 1 cfrpiece of lens tissue
(Whatman, UK). The slices were kept in a warm, Hdifieid oxygen enriched atmosphere
at the interface of warmed ACSF. The ACSF was peduat a rate of ~2 ml/min using a

peristaltic pump (Gilson, France).

Recording electrodes for extracellular and intriata recordings were pulled from
standard-wall (1.2 mm external diameter/0.69 mrarivdl diameter) borosilicate glass
capillaries on a Brown and Flaming-type horizomtialctrode puller model P-87 (Sutter
Instruments, USA). Extracellular recording elecesdvere pulled to a standard D.C.
resistance of <1 K2 and filled with ACSF. Intracellular recording etexdes were pulled
to a resistance of between 80-12QMnd filled with 3M potassium methyl sulphate and

2% Neurobiotin (Vectastain, US if the cells wernetao be processed for morphology.

Filled electrodes were then mounted into electtomlders, where the filling solution came
into contact with silver chloride-coated silver &iiThe electrode was then inserted into a
unity-gage head stage (current gain 0.1: Axon lmsénts) and connected to the Axoclamp
2B amplifier. A silver chloride-coated silver redeice electrode connected to the head

stage was placed into the bath.

Nickel/chromium bipolar stimulation electrodes weomstructed from 2 lengths of 0.05
mm diameter nickel/chromium (80%/20%) wire, twistedether and cut at the tip to allow
focal stimulation. An isolated stimulator box (Qiigier Ltd., England) provided electrical
stimulation, triggered by the output of the Diga&tom the P.C. All stimulating and
recording electrodes were mounted on micromaniptggfNarishinge MC35, Japan). This
allowed for precise electrode placement as thedrelges could be moved in a coarse or

fine manner in all axes.
2.1.2.2 Extracellular Field Recordings

These experiments were performed in an interfacerdeng chamber, using ACSF-filled

microelectrodes with a resistance of <QM
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Spontaneous emergent network activity

In order to assess the effect of compounds onrttergent activity of neuronal networks,
extracellular recordings were made, in the majaitglices, from the CA3 region of the
hippocampus. This configuration allows the effdat@mpounds on populations of cells to
be examined. 1 hour after hippocampal slices wexgenslices were then transferred to
the recording chamber and allowed to equilibratenfroom temperature to the recording

chamber temperature (34 + 1 °C).

The recording electrodes were then gently placesimact with the surface of the
hippocampal slice, close to teratum pyramidaléowards thestratumradiatumwithin

the CA3 area. The slices were then covered tordta humidity of the chamber using a
glass slide, preventing the slice from drying. Besiand negative trace deflections as
measured by the extracellular field electrodefi@external space were the indication of
synchronous population activity. These trace déflas were then amplified 2000 times
by a Brownlee 440 signal processor, either in gezation or in 2 stages of 10 and then
200 times amplification. The recordings were baasisffiltered at 1 to 1 kHz to remove
extraneous noise and 50 Hz line frequency noiseswasacted using a humbug device
(Quest Scientific, Canada). This processed analsmumal was then digitised using a
Digidata 1320A converter at 10 kHz, and then fed ®.C. to be captured on hard disk
using pClamp 8.0 software (Axon Instruments, Uriity, CA, USA).

Evoked field excitatory post-synaptic potentiaR&P) recordings

Extracellular recordings were made in the CA1 regibthe hippocampus. Recording
electrodes were placed onto the stratum radiatutineofiippocampus. Stimulating
electrodes were placed on the Schaffer collataradsa stimulus was given at 20 s
intervals. The fEPSPs were recorded at a rate &H20and the data were captured using
WInLTP software. The stimulus consisted of a squeaee pulse of 10Qs duration and 0-
30 mA constant current amplitude, to generate farhakimal response for each

experiment.

2.1.2.3 Intracellular current clamp recordings

For intracellular recordings, electrodes (80-12Q)Mvere filled with 3 M potassium

methyl sulphate using a Ou2n syringe filter. The electrodes were pulled tane point to
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allow minimal damage to the pyramidal cells upotmerintracellular recordings were

made from thestratum pyramidalef the CA1 region of the hippocampus.

The pyramidal cells were impaled by advancing #dwrding electrode through the CAl
stratum pyramidale using a Narishinge (MC35, Japaaigr hydrolic drive. Square
negative current pulses (0.1 nA) were applied tghothe recording electrode to provide an
indication of when the tip was approaching a cehmbrane, signified by an increase in
resistance and a consequent increase in the vakagense to the current pulse. When the
tip of the electrode was touching the cell membyrameoscillatory ‘buzz’ was applied to
break into the cell. The cellular response to 5800m nA positive and negative current
steps was assessed, before the application o6a@6lus of the compound of interest was
added. The membrane potential was continuouslydedoor 30 s before and 4-6 mins
after the application of the 60 s bolus in currdamp bridge mode. The cellular response

to 500 ms 0.1 nA positive and negative currentsstegs assessed again.
2.1.2.4 Data analysis

For the extracellular recordings of drug-inducedesgent network activity frequency
analysis was performed after 30 mins drug appbcati-or network oscillations of the
delta, theta, beta, gamma types and ictal-like ®syéns epochs of trace were randomly
selected within the 3dminute and power spectral analysis was perfornmethe trace. For
inter-ictal-like events, the frequency of eventgioy minute of recording was determined.
For the 4-AP/NBQX induced slow inter-ictal-like ews, the frequency of events over 5

minutes of recording was determined due to therenftanfrequent nature of these events.

For the EPSP recordings, the mean amplitude of/&ébte (over 5 minutes) 30 minutes

after drug application was used to determine dffegts.

For the intracellular current clamp recordings, itiiut resistance was measured using
hyperpolarising 0.1 nA current injections and meaguthe change in the membrane
potential just prior to, and 5 minutes after drpglacation. Membrane potential was also

determined just prior to and 5 minutes after drpigliaation.

Comparisons between the effect of drugs on memlpatential and input resistance were
made using paired Student’s T test. Comparisongdegt the effect of drugs on fEPSP
amplitude and inter-ictal-like event frequency wpegformed using Wilcoxon signed rank

paired non-parametric tests. Tests were perforrsewyuGraphPad Prism software, and



John Broad, 2009 Chapter 2 41

significance was assumed at P < 0.05, denotedibytte figures. P < 0.01 is denoted by
** and P < 0.001 by ***,

2.2 Environmental Enrichment experiments

The following methods are reproduced in the mettsadsion of the paper referred to in
the appendix (McNair et al. 2007).

2.2.1 Tissue Preparation

2.2.1.1 Animals

Animals were supplied by Harlan UK Ltd. and housedroup cages under controlled
environmental conditions (temperature 19-23°C, diight/dark cycles). Animals haad
libitum access to food and water. At three weeks of agertkironmental enrichment
protocol was initiated. Animals were transferredbkack Perspex cages (100 x 50 x 60 cm)
containing several novel objects including tubesjraing wheel, ladders, platforms and
beams, as well as food corner, a suspended waté, land sawdust base. The enrichment
objects were rearranged every 3 days to ensurgraelef spatial novelty. The animals in
the poor environment had none of the novel enrigtirabjects. The enrichment protocol

lasted for 6 weeks, and each of the cages contéiredmnals.
2.2.1.2 Tissue extraction

After 6 weeks of the environmental enrichment protpthe animals were killed by
cervical dislocation followed by decapitation ircacdance with local ethical guidelines
and U.K. legislation. Brains were rapidly transéefito ice cold (0-3°C) oxygenated
ACSF. Hippocampi were dissected free, snap froaéiguid nitrogen and stored at -80°C
until required.

2.2.2 DIGE experiment

For each individual protein sample the CA1 regi@mf three to four hippocampal slices
were pooled and lysed in 1p0of buffer containing 10 mM tris pH 8, 5 mM magnes
acetate, 8 M urea and 2 % ASB14. Lysed tissue ers subjected to five freeze thaw
cycles and left at room temperature for 1 houridosalubilization of proteins. Samples
were subsequently sonicated (4 x 4 minute cycléh, 2uminutes between each cycle to

prevent overheating) and centrifuged at 13,000n.for 15 minutes. Following sample
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clean up using an ammonium precipitation, proteiteps were re-suspended in
approximately 7Qul of lysis buffer and protein concentration detared using Pierce’s

BCA Protein assay Kit.

2.2.2.1 Protein concentration determination

Sample protein concentration was determined usiPigice BCA (bicinchoninic acid)
protein assay reagent kit (Pierce, U.S.A.) usimgrticroplate protocol. A BSA standard
curve was produced using the protocol with a warkeinge of 20-20000 pg/ml, diluted
using the lysis buffer. The following dilutions veensed:

Volume of Dilutent| Volume and Source of BSA  Finé /& Concentratior

0 300l of Stock 2000pg/ml

125l 375l of Stock 1500pg/ml

325yl 325l of Stock 1000pg/ml

175ul 175l of vial B dilution 750 pug/mi

325yl 325yl of vial C dilution 500 pg/ml

325yl 325l of vial E dilution 250 pug/mi

325yl 325yl of vial F dilution 125ug/ml

400l 100yl of vial G dilution 25 pg/mi

400l 0 0 ug/ml = Blank

Table 1. Preparation of Diluted Albumen (BSA) stand  ards

The working reagent was then prepared in excesgdiog to the protocol. 3 samples per
replicate were used, with a 1 in 10 dilution (1drud00 pl lysis buffer) to preserve the
protein extract. 25 pl of each BSA dilution or saengnd 200 pl working reagent was
added to each well, mixed on a plate shaker fomuta, and incubated at 37 °C for 30
minutes in a water bath. The plate was allowedtn to room temperature and the
absorbance was measured using an Opsys MR platerrdgaynex Technologies, U.K.)
and Revelation Quickline software (version 4.03n&y Technologies, U.K.) at a
wavelength of 562 nm. The standard curve was gateomatically using a quadratic

curve fit and the concentration of each unknownddad was obtained from this curve.

2.2.2.2 Sample CyDye labeling

The experiments detailed below (until section 3.28re performed by K.M McNair.
Fifty micrograms of each protein sample was labalgd 400 pmol of either Cy2, 3 or 5
according to the manufacturer’s instructions (GRltheare, Amersham, Little Chalfont,

UK). Treatment samples were assigned randomly agiado eight gels. Prior to the 1st
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dimension Cy2, 3 and 5 samples were pooled anddaddbe same volume of 2x sample
buffer containing 8 M urea, 2 % ASB14, 20 mg/ml Dafid 2 % IPG buffer and then
corrected to a final volume of 450 using rehydration buffer (8 M urea, 2% ASB14, 2
mg/ml DTT and 1% IPG buffer).

2.2.2.3 2D gel electrophoresis

The 1st dimension of the 2D gel electrophoresisgse was performed using the
rehydration method (Rabilloud et al., 1994). Isogle focusing was carried out on pH 3—
10 non-linear (NL) 24 cm IPG strips. The secondatision was run on 12.5%,
homogenous polyacrylamide gels poured between llmvdscence glass plates (GE
Health Care). Gels were scanned immediately aferunning of the second dimension on

a Typhoon™ 9400 variable mode imager.

2.2.2.4 DIiGE gel analysis

Gel images were analyzed in differential in-gellgsia (DIA) mode in DeCyder software
with spots displaying greater than 1.5-fold chammggpot density being tentatively defined
as being differentially expressed. All experimantorporated a Cy2 internal standard.
Following gel-to-gel matching of spots, statistiaahlysis (Student’s t-test) of normalized
protein abundance changes between samples wasrpedaising a BVA software module
as described (Alban et al., 2003).

2.2.2.5 Spot picking and mass spectrometry analysis

Protein spots shown to be significantly differét<0.05) from control following
treatment were picked, digested (Porcine tryps2n@, Promega, UK) and spotted onto a
Voyager DE-Pro Maldi-Tof target plate for subsegueass spectrometry analysis
(Perceptive Biosystems, CA, USA) using the Ettant$fandling Workstation (GE Health
Care). Maldi-Tof mass spectrometry was performegoisitive reflector mode using a
laser setting around 2350. The low mass gate gettas set at 750 Da, and the spectra
were acquired over a range of 750-3500 Da. Thderetmg voltage was 20 kV, the grid
voltage set to 76 % and the guide wire voltages8t006 %, with an extraction delay
time of 160 ns. One hundred shots per spectrum e@lected, with a combination of

three spectra per spot.



John Broad, 2009 Chapter 2 44

Spectra were then exported to Data Explorer™ (wardj Applied Biosystems, Cheshire,
UK) where they were internally calibrated using 82.5099 and 2211.1046 trypsin
peaks, processed to reduce background noise, rroth@isotopic peak list was generated
and entered into the Mascot peptide mass fingdr(?iMF) database. Data were searched

using the NCBInr database.

Those peptide mixtures that were unidentified bydi4&of analysis were sent for tandem
MS analysis. Tryptic peptides were solubilized i @ formic acid and fractionated by
nanoflow HPLC on a C18 reverse phase column, gwtiith a continuous linear gradient
to 40 % acetonitrile over 20 min. The eluate wasyamed by online electrospray tandem
mass spectrometry using a Qstar Pulsar (AppliedyBiems). Mass spectrometric analysis
was performed in IDA mode (AnalystQS software, ApgiBiosystems), selecting the four
most intense ions for MSMS analysis. A survey suad00—1500 Da was collected for 3 s
followed by 5 s MSMS scans of 50—-2000 Da usingsthedard rolling collision energy
settings. Masses were then added to the exclustdiot 3 min. Peaks were extracted
using the Mascot script (BioAnalyst, Applied Biosmsis) and automatically exported to

the Mascot (Matrix Science, London, UK) search eragi

For both the PMF and MS/MS searches, proteins watehed with the identified peptides

and each protein was assigned a Mascot score, wigisla probability-based Mowse score
(Perkins et al., 1999). In the case of PMF theiBa@ance threshold was 62, and in the case
of MS/MS this threshold was 36.

2.2.3 Western Blotting

Both 1D and 2D western blotting techniques werel iseanalyse the expression of
proteins identified. For each hippocampus GDOf ASB14 lysis buffer was added and the
tissue was ground in a 1.5 ml centrifuge tube uaiptpstic pestle. Samples were then
freeze-thawed five times in liquid nitrogen anda&ev bath heated to 30°C. The samples
were then left at room temperature for 1 hour tbsailubilisation before 4 cycles of 4
minutes sonication, with one minute between cyclége samples were then centrifuged at
13000 rpm for 15 minutes on a lab bench centrifddSE microcentaur, Scotlab, UK) and
the supernatant collected, beforepl@as removed to determine the protein concentnatio

(see above).
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2.2.3.1 1D Western Blotting techniques

Samples of 2%l containing 30Qug protein, 10 % sample reducing agent and 25 %rigad
buffer (Invitrogen, U.K.) were loaded into each Mladla pre-cast 4-10 % 12-well sodium
dodecyl sulphate polyacrylamide gel electrophoréSidS-PAGE) gel (Invitrogen, U.K.)
to separate the proteins by charge. One lane caataainbow markers (Amersham,
U.K.). Five replicates for each sample were loaoiet the gel. The gels were placed in
gel tanks and the covered in NUPAGE MOPS 1x runbirter (Invitrogen, U.K.)
containing 0.25 % NuPAGE antioxidant (InvitrogenKU. The remainder of the gel tank
was filled with 1x MOPS running buffer containingtexidant. The gels were run at 200

V for 60 minutes or until the gel front was closetie base of the gel.
2.2.3.2 2D Western Blotting techniques
Gel loading

The protein mixtures were initially separated fogit charge using isoelectric focusing on
Amersham’s Ettall! IPGphor™ system. Samples were run on 7 cm non linear 3-10
immobilised pH gradient (IPG) Dry Strip gels, usihg rehydration method (Rabilloud et
al, 1994). For rehydration loading, 75 pg proteasvadded to a total volume of
rehydration buffer (8 M urea, 2% ASB14, 5 mg/ml DDI5% IPG buffer) to a total
volume of 125 pl. Dithiothreitol (DTT) and non-liaepH 3-10 IPG buffer were added

fresh to the rehydration buffer prior to thedimension run.
1°' Dimension run

This mixture was spread evenly along the base/ofm ceramic IPG strip holder and the
strip was placed gel side down onto the sampleurexiThe strip was placed ensuring that
no bubbles were present between the strip anddtfia,cwith the anodic end of the strip
placed towards the pointed end. 300 pl of silicohéDry strip cover fluid, Amersham
Biosciences, U.K.) was pipetted over the top oflB® strip and the coffin lid replaced, to
prevent the strip from drying out. The IPG stripsvpositioned to ensure that both the
electrodes in the holder were touching the stmgl, the holder itself made contact with the

anode and cathode of the IPG-phor. Samples weragiag a pre-set 7 cm program:
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Step 1 Step and hold 30V 14 h or 420 VHrs
Step 2 Step and hold 500 V 1 h or 500 VHrs
Step 3 Step and hold 1000 V 1 h or 1000 VHrs
Step 5 Step and hold 5000 V 4 h or 20000 Vhrs

at 20°C and 50 mA per gel.

Successful %t dimension runs were considered to be runs in witietotal volt hours
exceeded 20000 Vh on the IPG-phor reader. Thesstopld then be used immediately or
stored at -80°C for up to 3 months.

2" Dimension- Equilibration and run

The strips were used immediately after tfainension run or used straight from -80°C
freezer, to prevent migration of the proteins.@trvere placed in plastic falcon tube
containing 4 ml of equilibration buffer 1 (contaigiDTT) for 13 minutes and shook

gently at room temperature. The buffer was remaretiimmediately replaced with 4 ml

of equilibration buffer 2 (containing iodoacetanjidend the strips were again gently
shook for 13 minutes at room temperature. Buffprelserved the fully reduced state of the
proteins, whereas buffer 2 prevented reoxidatiothefthiol groups by alkylation, and thus
preventing gel distortion. Equilibrated IPG stripsre then run on pre-cast 12 % single
well sodium dodecyl sulphate polyacrylamide getetgphoresis (SDS-PAGE) gels
(Invitrogen, U.K.) to separate the proteins by geaiThe gels were placed in gel tanks and
the covered in NUPAGE MOPS 1x running buffer (Iragien, U.K.) containing 0.25 %
NuPAGE antioxidant (Invitrogen, U.K.). The remain@é the gel tank was filled with 1x
MOPS running buffer containing no antioxidant. Beps were placed with the
(anode/cathode) to the left-hand side of the geueng there were no air gaps between
the strip and the gels. 0.5 ml of agarose seatdutisn was then pipetted over the length
of the strip to ensure contact was maintained iehSDS-PAGE gel. The gels were run at
200 V for 60 minutes.

2.2.3.3 Gel Transfer

The proteins from the gels were immediately tramsfkonto a 0.4hm pore size PVDF

membrane. The components for the membrane transfer all soaked in NUPAGE
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transfer buffer containing 10 % Methanol, for 1(hates prior to use. The PVDF
membrane was initially soaked in pure methanohtte@ce hydrophobic protein transfer.
The NUPAGE transfer cassette (Invitrogen, U.K.) wssembled as the manufacturer’s
instructions. The gel was removed from its casimg placed onto a piece of buffer-soaked
filter paper, on top of several blotting spongesde the cassette. The PVDF membrane
was then placed on top of the gel followed by aaothece of filter paper and several
blotting sponges. The blot cassette was filled widan transfer buffer containing 0.1 %
antioxidant and the rest of the module was fillethwvater. The transfer was run at 30 V

for 1 h and at room temperature.

2.2.3.4 Blocking

The PVDF membrane was removed from the blot casaetd washed briefly in distilled
water. The membrane was then placed in ~10 ml 3% TBIST solution for 2-3 h at room
temperature. The membrane was placed on a platerstragently wash the membrane.
Blocking times were increased for antibodies tlateghigh background staining

(indicated in figures).

2.2.3.5 Primary antibody incubation

Following blocking, the membranes were transfetced plastic wallet containing 2 ml of

the primary antibody at the correct dilution, dédtin 1 % milk TBST solution. The wallet
was sealed, ensuring there were no air bubblesth@ndallet was placed onto a vibrating
shaker overnight (~14 h) at 4°C. The following mogithe membrane was removed from
the wallet and washed 4x for 10 minutes in TBST.

2.2.3.6 Secondary antibody incubation

The membrane was then transferred to a secondcpleatet, containing 2 ml of the
relevant secondary antibody conjugated to horsenguitroxidase enzyme (HRP) at a
concentration of 1:1000. The antibody was diluted% milk TBST solution. The wallet
was again sealed and placed on a vibrating shakeom temperature for 1 h. After this
the membrane was removed from the wallet and waékéad TBST for 10 minutes before

being revealed.
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2.2.3.7 Protein detection using enzyme chemi-lumine  scence (ECL)

Following the final TBST wash, the membrane wagtbtbto remove excess moisture. 5

ml of a 40:1 mix of Amersham ECL Westen Blottingt&ion System (Amersham, U.K.)
buffers A and B was then placed over the membrame the membrane was shook gently
for 5 minutes. Excess buffer was blotted off thd ehthe membrane, and the membrane

was then placed into a clear plastic envelope aside a dark box (Amersham, U.K.).
2.2.3.8 X-ray film development

The membrane inside the development box was thkem @ a dark room to reveal the
location and intensity of the protein of interestersham Hyperfilm (Amersham, U.K.)
was placed over the membrane and the box closedfilithwas left in the box for
between 10 s and 5 minutes depending on the stremgite signal, and the film was then
developed using a Kodak X-OMAT 1000 machine (Kodak.).

2.2.3.9 Analysis

As several protein spots were revealed on each mamapsome due to none specific
antibody staining, there was a need to ensurertiteip spot identified was the protein of
interest. The protein spots were initially compat@#&nown protein band sizes to observe
the size migration of the protein. For the 2D westdots the proteins were then checked
to establish whether the spots were at the coptdqiosition in the ¥ dimension. The 1D
western blots were scanned with a Canon LIDE saaenme band intensity quantified
using a 1D gel analysis programme within the Tatall2003 image analysis software
package (Nonlinear Dynamics Ltd, Newcastle upone)yBata were analysed using

Student’s T test and refutation of the null hypsthe¢aken as p < 0.05.

2.3 Compounds

All drugs were purchased from Sigma, (4-aminopydioxotremorine-M, 2-AP5,
CX546), Tocris Bioscience (bicuculline methochleri¢tainate, NBQX, atropine) or were
kind donations from GlaxoSmithKline (77-LH-281, CXG MT-7). All drugs were stored
as 10 mM stock solutions in,® or DMSO at -20 C and dissolved on day of use.
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3.1 Introduction

The emergent network properties of neuronal netsvail depend upon many factors but
one of the principal factors amongst these is tigetlying circuitry that is present in the
network. Although hippocampal slices retain muclhef network within the slice
differences in the circuitry of a particular slwél be apparent depending on the
orientation in which the slice is made. As suclfiedént slices may show different

preferences for particular emergent activities.

In this chapter the effect of the orientation & tiippocampal slice on patterns of
displayed oscillatory activity is investigated. Taentations were investigated; the
sagittal orientation, in which slices were madeafakto the midline of the brain; or the

coronal orientation, in which slices were made gltive long axis of the hippocampus.

There are several types of oscillation that wetaiokbd during the data collection for this
thesis, both physiological oscillations and pathsdlogical oscillations (see fig 3.1.A).
Gamma oscillations (Traub et al., 1998) are thotgluiccur during the processing of
incoming sensory signals (Gray and Singer, 1988)vegre manifest as continuous low
amplitude oscillatory activity in hippocampal skc@eta frequency oscillations (13-29
Hz) were also characterised by continuous oscilfadativity and also occur during mental
activity. These fast oscillations are thought tadsponsible for the binding of different
sub-regions of the brain together (Engel et al91)9Theta frequency oscillations are
involved in exploratory behavioum vivo (Buzsaki, 2002; Vanderwolf, 1969), and these
oscillations observed in the EEG are mimicked ppbicampal slices by the application of,
amongst other things, carbachol (Williams and Kati@87). Slower, continuous
oscillations, of a frequency of <4 Hz were alsoeslisd on occasion. These oscillations
were designated delta frequency oscillations ane wientified as a sinusoidal waveform,

as for the oscillatory activity detailed above.

The other oscillations observed throughout thisitherere likely to be indicative of
pathophysiological states in slices. The ictahdigtiobserved in slices (see fig 3.1 B) is
characterised by several seconds of oscillatoiyictollowed by periods of quiescence
and are reminiscent of EEG recordings and fieldn&iogs that are made vivo during
seizure activity. Inter-ictal events, characteribgdarge positive and negative field
deflectionsin vitro (Rutecki et al., 1987), are reminiscent of then¢y®bserved between

seizures in EEG recordings from epileptic patiefitese events, with a frequency of



John Broad, 2008 Chapter 3 51

occurrence of <2 Hz, differed from the ‘delta’ distions as they were independent events

as opposed to a sinusoidal oscillation.

As the hippocampus is arranged in an orthogonaidasthe connectivity and the
morphology of the slice differs depending on thiemtation in which the slice is made. As
oscillations depend upon the underlying synaptmeativity and morphological
processes of the cells that generate the oscillgtidifferent slice orientations display
differing oscillation frequency preferences (Glaowatlal., 2005). This chapter investigates
some of the oscillations generated by the apptioati kainate and mAChR agonists in

coronal and parasagittal hippocampal slices.

Aims

The aims of this chapter are:

1. To investigate the emergent network activitiesanggagittal and coronal slices

induced by application of kainate.

2. To compare differences between slice orientatinrsscillations induced by

oxotremorine-M.

3. Toinvestigate the effect of applying 77-LH-28In@vel M, subtype selective mAChR

agonist, to parasagittal and coronal slices.

Extracellular field recordings were performed teetve the emergent network oscillatory

activity induced by the application of the abovegi.

3.2 Results

A range of oscillatory activities (examples of wihican be seen in figure 3.1) were
observed in hippocampal slices of either the cdronparasagittal slices response to the
application of kainate and the mAChR agonists. Miagor results are summarised in the

other three following figures.
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Fig 3.1 Trace examples of oscillations in the higgrapus
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A Representative examples from hippocampal slicgdajigg (i) gamma oscilations, (ii) beta oscillais
(iii) theta oscillations and (iv) slow wave oscilans. Power spectra are shovn .Representative trace
examples showing (i) ictal-like epileptiform activiand (i) inter-ictal like events.
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3.2.1 Kainate-induced oscillations

Application of the glutamate receptor agonist kerta hippocampal slices led to different
modes of oscillatory electrical activity dependorgthe orientation of the hippocampal
slice. Application of 400 nM kainate to hippocamplides prepared in the sagittal
orientation led to the emergence of a regular ittd-like bursting activity in the

majority of slices tested (67%, n = 29/43 of sliaeean burst frequency = 1.91 +0.12 Hz
[S.E.M.]).

Whilst inter-ictal-like bursting represented thegominant form of activity, other less
common modes of oscillatory activity were obserieauding rhythmical field potential
oscillations in the gamma (mean frequency = 31.8 Hiz, 26 %, n = 11 of 43 slices) and
theta (mean frequency = 7.4 + 1.6 Hz, 7%, n =330$lites) frequency ranges. This
distribution of oscillatory responses is summarisefigure 3.2.1 D

In comparison to responses seen in parasagittakslapplication of 400 nM kainate to
hippocampal slices prepared in the coronal oriemtdéd to emergent network oscillatory
activity mainly in the gamma frequency range (71%, 27/38 of slices; mean frequency =
31.46 + 1.15 Hz). In addition to gamma frequenagiltagions, 400 nM kainate was less
commonly found to generate a range of other osoilaactivities including an inter-ictal-
like response (21%, 8/38 of slices; mean frequengy0 + 0.3 Hz), theta frequency
network oscillatory activity (5%, 2/38 of slicesean frequency = 6.3 + 2.4 Hz) and beta
frequency activity (2.5%, 1/38 of slices; frequenc$7.5 Hz) as indicated in figure
3.2.1.D.

3.2.2 Oxotremorine-M induced oscillatory activity

Application of the mAChR agonist oxotremorine-M ({1M) to slices prepared in the
sagittal orientation led to the emergence of int&lklike oscillatory events in the majority
of slices tested (62.5%, 10/16 of slices; meanueagy = 0.396 + 0.086 Hz; figure 3.2.2
A). Ictal-like events were observed in a subsét5%, 6/16) of sliceBoth ictal-like and
inter-ictal-like activities were sensitive to suaent application of the specific mMAChR

antagonist atropine (10 pM) confirming the role@ChRs in this activity.
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Fig 3.2.1 Characterisation of the effect of applaraof 400 nM kainate to
hippocampal slices
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A. Representative extracellular field recording ¢rahowing (i) the naive parasaggital hippocampegsiind (ii)
inter-ictal-like events following the applicatiof 400 nM kainate to the naive hippocampal slioedt-expanded
interictal event). Note there is no emergence oivagk gamma oscillatory activityd. Representative field
recordings showing the (i) the naive coronal higpopal slice and (ii) subsequent application of ABDkainate.
Note the induction of network oscillatory activity. Power spectrum analysis of the above networklagon
shows the frequency of the oscillation to be aH27within the gamma rangB. Bar chart showing the relative
prevalence of oscillations induced by applicatibagonists to each slice orientation. Inter-ictiklievents were
more predominant than gamma frequency oscillatiopsrasagittal slices, whereas the reverse isiraéces
prepared in the coronal orientation (n shown irckets above).
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Fig 3.2.2 Characterisation of the activity indutgdthe application of 10 uM
oxotremorine-M to naive hippocampal slices prepandtie parasagittal and
coronal orientations

A 0} Control @ +10 uM Oxotremorine

B ’ commol . » 10 uM Ovotremorine
Lm |T
A
C (16) @0

A. Representative extracellular recording trace etasishowing (i) the naive hippocampal parasagitie, (ii)
interictal-like network activity induced by the djgation of 10 pM oxotremorine-Mrfset expanded interictal event)
B. Representative trace examples showing (i) ndivess(ii) ictal-like activity following applicatio of 10 pM
Oxotremorine-M inset expanded trace}. Bar chart showing the relative distribution of eget network activity
following application of 10 uM oxotremorine to s prepared in parasagittal and coronal orientsitiorer-ictal-like
activity was the dominant emergent oscillatory\dttiin parasagittal slices, whereas a wide rarfgesoillations
occurred following application of oxotremorine iaronal slices.
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In contrast oxotremorine-M more regularly inducetl-like activity in slices made in the
coronal orientation than in the parasagittal oa&oh. The most common types of
oscillatory activity observed in slices made in tieeonal orientation following application
of 10 uM oxotremorine-M were ictal-like activity%%o, 11/20 of slices, 10.6 = 1.0 Hz)

and inter-ictal-like activity (30%, 6/20 of slicek,14 + 0.43 Hz). Subsequent application of
10 uM atropine or the AMPA/kainate receptor antagfoNBQX (2 uM) or led to an
attenuation of the ictal-like and inter-ictal-liketivity induced by oxotremorine-M.
Interestingly, in the presence of thg MACHR irreversible antagonist MT-7, application
of oxotremorine-M led to the emergence of ictakléctivity in the majority (66 %, 4/6) of
slices tested. This indicates the MAChR is not necessary for the emergence of

oxotremorine-induced oscillations.

3.2.3 The effect of 77-LH-281 on naive hippocampal slices

The specific M mMAChR agonist 77-LH-281 induced gamma frequendyork activity in
the majority (64%, 7/11) of coronal hippocampatesi but had no effect in parasagittal
hippocampal slices (see fig 3.2.3). The mean frequef the observed gamma oscillations
was 36.6 £ 1.9 Hz following application of 77-LH-28These oscillations were abolished
in the majority (73%, 8/11) of slices by the suhssg application of 2 uM NBQX. No
gamma frequency activity was observed in all (1R&li2es made in the parasagittal
orientation following application of 10-100 uM 7HE281. Subsequent application of 10
MM oxotremorine-M induced either inter-ictal oraktike activity in all 12 parasagittal

slices tested.

3.3 Discussion

The main findings of this chapter are as follows:

1. Both kainate and mAChR agonists display differdrsillations depending on

slice orientation.

2. Kainate and oxotremorine-M can induce pathophygickd epileptiform-like
oscillatory activity, whereas the selectivg MAChR agonist only induces

physiological activities.

3. Slices prepared in the coronal orientation are rpooee to display activity within
the theta, beta and gamma ranges than slices prejpathe parasagittal

orientation.
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Fig 3.2.3 Investigation into the extracellular diatory activity induced by 77-LH-
281 in naive hippocampal slices
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A & B. Representative trace showing the emergent netaatikity following the application of 10 uM 77-LBE81 to naive
slices.A Trace examples showing application ofi @ 77-LH-281 has no effect in parasaggital slicagsquent
application of 1QuM oxotremorine-M leads to ictal-like activity (12Flices)B. Trace examples showing application of 10
uM 77-LH-281 to naive coronal slices (i) leads towerk oscillatory activity (ii) that is sensitive subsequent application
of the AMPA receptor antagonist NBQX 1) (iii). C. Power spectrum of trace excerpBirshowing this oscillatory
activity is within the gamma frequency range (382). D. Bar chart showing in the majority of slices aityiwvithin the
gamma frequency range is induced by 77-LH-281. dhillatory activity was induced by application af-EH-281 to

coronal hippocampal slices.
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It is likely that the difference in cellular andtwerk connectivity between coronal and
parasagittal slices underlies the difference inllasory activity initiated by drug

application to these slices.

Kainate

Initially the differing effect of nanomolar conceations of kainate upon hippocampal
slices prepared in the coronal and parasagittahtations was investigated. Kainic acid is
a highly potent agonist at GIuR 5-7 and KA1 ané&ptors (Dingledine et al., 1999).
Activation of kainate receptors leads to EPSCsoithh Ipyramidal cells (Castillo et al.,

1997) and interneurones (Frerking et al., 1998)@rdpre-synaptically reduce the release
of GABA from interneurones (Rodriguez-Moreno et 4097). In coronal slices
application of kainate leads to gamma frequencitlasary activity (Fisahn et al. 2004;
Fisahn 2005) in both the entorhinal cortex (Cunharg et al., 2003) and the hippocampal
formation (Mann and Paulsen, 2005). The oscillaisomaintained in the presence of
AMPA receptor antagonists but abolished followimpglécation of the GABA receptor

antagonist bicuculline (Fisahn 2005).

Basket cell interneurones innervate the somationsgof pyramidal cells and other basket
cells (Cobb et al., 1997). These interneuronepear gamma frequency oscillations due
to the existence of mutual fast synaptic inhibitimiween basket cells (Bartos et al., 2002;
Mann et al., 2005). The interneurone network id wielced to regulate oscillatory activity
as the extensive axonal arborisation of baskes calh provide large numbers of principal
cells with synchronous inhibition at the frequemdthin the gamma range (Penttonen et
al., 1998). The gamma frequency oscillations thatdserved in the coronal sections are
likely to be controlled by the perisomatic targgtinterneurones like the basket cells, as
they have extensive arborisations within the trarnsw plane (Gloveli et al., 2005). The
absence of an extensive O-LM interneurone axofaresation in the transverse plane

allows the oscillation frequency to be controllgdthe basket cells.

In a small proportion of coronal slices gamma fesgy oscillatory activity could be
observed on occasion in the absence of applied congs. This occurred only 1-1% hours
following the preparation of slices. As such, itikely that glutamate released during the
slicing process is able to initiate these oscilagi This type of oscillation has been shown

to be mediated by a mechanism that is distinct frileenkainate-induced oscillation
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(Pietersen et al, 2009), calling into question \toscillation best represents tihevivo

situation.

In parasagittal slices, application of kainate degsinduce gamma frequency network
oscillations in the majority of slices. The prinagigmergent oscillatory activity is inter-
ictal-like activity, with a mean frequency of ~2 Hihis activity is clearly different from
the gamma frequency oscillatory activity observatbiving application of kainate to
coronal slices. An extensive OLM interneurone agation is present in slices prepared in
the parasagittal direction (Gloveli et al., 200B)e OLM interneurones display a distinct
frequency preference for rhythmic slow oscillatigRge et al., 2000). Thus, the larger
arborisations of OLM cells that are present in paggtal slices as opposed to coronal
slices means that the parasagittal slices dispay istal-like activity preferentially to
gamma frequency oscillatory activity. Comparisorindfacellular recordings from basket
cell and OLM interneurones in both orientations rpayvide a clearer indication of the
role of these interneurones in the inter-ictal-léel gamma frequency oscillations that
emerge following the application of kainate. Pajrthese recordings with recordings from
pyramidal cells would allow further insight intolednterneurones play in pacing

oscillation frequency.

Acetylcholine

Acetylcholine receptors, comprising nicotinic andswarinic receptors, are widely
expressed within the hippocampus (Fabian-Fine. e2@01; Levey et al., 1995). The
network activity that emerged from the slices falilog application of muscarinic agonists
was dependent on both the mAChRs activated bygbeisis and the orientation of the

slice used.

Oxotremorine-M shows little functional selectivibgtween the 5 subtypes of muscarinic
receptors (Birdsall et al., 1978; Kukkonen et H96). In coronal slices application of
oxotremorine-M mainly led to the emergence of itited activity, whereas in parasagittal
slices inter-ictal activity is the dominant osdikm. Ictal-like oscillatory activity is well
described in the hippocampus baitvivo (Colom et al., 1991) anid vitro (Fellous and
Sejnowski, 2000; Fischer et al., 1999; Traub etl&l92).

Ictal activity is characterised by periods of dstdry activity followed by quiescence.
During ictal events, pyramidal cells dischargersgig and GABAergic inhibition from

interneurones is reduced, either through the depatéon block of the interneurones
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(Ziburkus et al., 2006), or by depolarising GABAergynaptic transmission following a
reversal of the chloride gradient (Isomura et2003). The afterdischarge potential which
occurs following tetanic stimulation is used as oralel of ictal events. In this model
GABAergic synaptic transmission becomes excitatang the depolarising GABAergic
EPSPs are synchronised with pyramidal cell diseghéffgjiwara-Tsukamoto et al., 2003).
In contrast, in a model of drug induced ictal esedepolarisation block of interneurones
occurs throughout the ictal-like episodes, witletm of interneurone activity implicated

in the termination of the ictal-like event (Zibugket al., 2006).

MAChHR agonists display a differential effect on tingpocampal pyramidal cells and
interneuronal subtypes, which allows the emergendetal-like activity. Hippocampal
pyramidal cells are depolarised to threshold byaiglication of mAChR agonists (Cole
and Nicoll, 1984a), following which they undergeyle of depolarisation and
hyperpolarisation (Williams and Kauer, 1997). Lassumm moleculare interneurones are
directly depolarised by mAChR activation, whichcalsduces voltage dependent
oscillations in these neurones (Chapman and Lacdi199). Other interneurones,
including basket cells, can be depolarised, hygarged, or unresponsive following
MAChR activation (Widmer et al., 2006)

For a difference in the propensity of differentiiations to emergence occur between
slice orientations, there must be an underlyinfed#ihce in the neurones that pace the
oscillatory activity. As described previously, tB&M interneurones are the primary
pacemaker neurone of the parasagittal slices, \whehe basket cell interneurones are the
dominant pacemaker cell of the coronal slices (6liet al., 2005). Following tetanic
stimulation OLM interneurones hardly discharge dgithe afterdischarge potential,
whereas fast spiking cells, including basket cahid chandelier cells, show spiking that is
synchronous with pyramidal cell firing (Fujiwaratkamoto et al., 2004). This
mechanism could readily explain the different propges of the emergence of ictal-like

events for each slice orientation.

However, the ictal like activity that emerges faliag application of MAChR agonists is
likely to differ from that which emerges followirtgtanic stimulation. In a contrasting
model of ictal events, following application of 42Aprofound depolarisation block of
interneurones is observed during ictal episoddsuiRus et al., 2006). As the majority of
interneurones recorded in this study were OLM meerones, this finding does not

directly contradict the above hypothesis. It isgilole that fast spiking interneurones do not

undergo depolarisation block to the same exteildd interneurones, allowing the
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basket cells to continue to set the dominant @goily frequency. It is also possible that
basket cells (amongst other interneurones) araregtjanly for the initiation of ictal

events. Thus in coronal slices the extensive ashtians of basket cells can initiate ictal
events prior to undergoing depolarisation blockewas in the parasagittal slices the
decreased abundance of basket cell arborisatiameakes the likelihood of ictal episodes.
Paired recordings of basket cells and pyramidds ckiring ictal and inter-ictal events in

each plane would provide further insight into tleiidar mechanisms of this activity.

The ictal-like oscillation occurs predominantly kit the theta frequency range, and this
frequency is likely to be predominantly dependeamtle intrinsic membrane properties of
the pyramidal cells. This contrasts the classiveia model (Buzsaki 2002) in which
phasic cholinergic excitatory and GABAergic inhdsit projections from the medial
septum-diagonal band of broca (MS/DBB) controlabéput of basket cell interneurones,
leading to phasic inhibition of pyramidal cells.i¥lesombined with the depolarisation of
pyramidal cell dendrites by mAChRs and excitataiyalfrom the perforant path leads to
the emergence of theta frequency oscillationsrietgronal inhibition is removed by either
the depolarisation block of interneurones duriniglievents, or the reversal of the chloride
gradient. The emergence of theta frequency osmillactivity must arise from the

intrinsic pyramidal cell properties or possiblyrralepolarising GABAergic events.
Indeed, pyramidal cells display a resonant frequevithin the theta frequency range
(Pike et al., 2000).

The My mAChR induced gamma frequency rhythm is simildr@guency to the kainate-
induced rhythm. However, in the majority of slidke cholinergic induced gamma
frequency rhythm is dependent upon both fast preagittation and phasic inhibition, and
can be stopped by the blockade AMPA/kainate recggddann et al., 2005). Kainate
induced oscillatory activity has previously beenwh to be independent of fast
glutamatergic transmission (Bartos et al., 2003akin et al., 2004)n the CA3 region,
kainate receptors are expressed on interneuroish(F2005), and depolarisation of these
interneurones following application of nanomolancentrations of kainate leads to the
emergence of the mutual basket cell-basket c@tactions that underlie gamma
frequency oscillatory activity (Hajos et al., 2004) contrast, the cholinergically initiated
gamma frequency oscillation is dependent on plesidatory drive as the MNAChRs
are primarily located upon pyramidal cells (Rousalg 1999). Therefore fast excitatory
transmission from the pyramidal cell network appearbe required to drive the
oscillation. However, in a minority of slices, gamiinequency oscillatory activity

occurred following application of AMPA/kainate rexter antagonists. It is possible that
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once AMPA/kainate receptors have initiated theltagmn, recurrent inhibition is able to
carry the oscillation. However, in a highly activetwork a large amount glutamate release
occurs (Szerb, 1984). In this case a competitivagamist (like NBQX used in this study)
may be overcome by increased amount of glutamatiid case an increased

concentration may have completely abolished gamaguéncy oscillations.

Application of the M mAChR specific agonist 77-LH-281 leads to gamnegudiency
oscillatory activity in coronal hippocampal slidest not in parasagittal slices. The slice
orientation determines the predominant interneueot@al arborisation. The arborisation
of the basket cells in the coronal slices are Igesiited to pace gamma frequency
oscillatory activity, whereas the predominant ingrones in the parasagittal slices are the
OLM cells and these have a frequency preferentawtheta frequency ranges (Pike et

al., 2000). Thus selective Mgonists may not produce oscillatory activity argsagittal
slices due to the absence of enough basket cédebesll recurrent synaptic connections

to allow the emergence of gamma frequency activity.

3.4 Conclusion

In this chapter an attempt was made to investitteffect of application of a range of
compounds in both parasagittal and coronal hipppedsiices. The orientation of the
slice had profound effects on the emergent actihify arose from the networks within the
slices. It is likely that the different arborisat@within the interneurone networks in the
different slices underpin this change in networkvéty. Coronal slices are more
conducive in allowing the emergence of network lteoiry activity in the theta, beta and
gamma frequency ranges, whereas parasagittal stindgo display slower oscillations.
As the coronal slices displayed a higher properisigisplay oscillatory activities, this

orientation was used for the remainder of thisithes

Also, in comparison with oxotremorine-M, applicatiof the M mAChR agonist 77-LH-
281 does not promote pathophysiological oscillatargvity in naive hippocampal slices

of either orientation, but rather promotes gammagudency oscillations. Gamma frequency
oscillations are thought to be important in cogeitiunction (Slobounov et al., 2000;
Tallon-Baudry and Bertrand, 1999; Tallon et al93)p and therefore compounds like 77-
LH-281 that promote gamma frequency oscillationgehthe potential to enhance

cognition.
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4.1 Introduction

In this chapter, two mMAChR agonists are investigatea range mechanistically
distinct epileptiform models. These agonists amt@morine-M, a non-subtype
selective mAChR agonist, and 77-LH-281, apnmAChR selective agonist. The
effect of these agonists on different models alltivesevaluation and comparison of
the pro-epileptiform potential of these agonisssywell as mechanistic insight into the

mode of action of oscillations induced by mAChR rgts.

Compounds that promote cholinergic signalling drterest in potential cognitive
enhancement strategies for several reasons. Thieatyic system can enhance
learning and memory within the hippocampus mostitgugh the activation of
MAChRs (Bartus et al., 1982; Fibiger, 1991; Nilssb@l., 1992). Conversely,
MAChR antagonists like scopolamine and atropinedismpt hippocampal
mnemonic processes (Grauer and Kapon, 1996; vatdvinRoloff et al., 2007).
Enhancing cholinergic signalling is used clinicadly prolonging ACh action at the
synapse through the use of acetylcholinesteraggitiois (such as rivastigmine or
donepazil) improves cognitive performance in Alzh&’s disease (Perry et al.,
1985). An approach to ameliorate the cognitivedamyent associated with

schizophrenia using mAChR agonists has also bemgoped (Friedman, 2004).

It has been suggested that theWAChR is primarily involved in mediating
alterations in learning and memory (Hunter and Rish&988; Messer et al., 1990).
Studies have also shown the application of a fonelfly selective MmAChR
receptor agonist, sabcomeline, significantly imgaveversal learning in marmosets
(Harries et al., 1998). As such, enhancement of hA@ctivity though specific M
MAChR receptor agonism is a potential therapettitegyy to develop novel

nootropic drugs.

Activation of cholinergic projections from the mabiseptum/diagonal band of Broca
initiates oscillatory activity in the hippocampwrézhnik and Fox, 1999) which can
be mimicked by application of cholinergic agonigte carbachol directly to the
hippocampal formation. Application of carbachol maies theta frequency

oscillatory activityin vivo (Bland et al., 1994) anid vitro (Chapman and Lacaille,
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1999; Williams and Kauer, 1997), which enhancesptin plasticity in CA1
pyramidal neurones (Huerta and Lisman, 1998gta frequency oscillatory activity
occurs during exploratory states in rodents (Vawddr 1969) and hippocampal
place cells (which encode spatial memory) dischargelation to an underlying theta

frequency oscillation (O'Keefe and Recce, 1993).

Aside from the pro-cognitive potential of mMAChR aggis, activation of mAChRs is
pro-epileptogenic (Cobb et al., 1999; MacVicar dsd, 1989; Williams and Kauer,
1997). Application of pilocarpine, a mAChR agontsin cause seizure activity

vivo (Cavalheiro et al., 1991). Epileptiform activitgrcbe induced in hippocampal
slices following the application of mMAChR agoniéEgorov et al., 2003; Nagao et al.,
1996) and disinhibition-induced epileptiform adiyvis enhanced by the
acetylcholinesterase inhibitor physostigmine (GQrust al., 1999). Epileptiform
activity can be induced in hippocampal slices tgtothe blockade of the mAChR
sensitive K current (ly) in hippocampal slices (Pena and Alavez-Perez6R200is
therefore important to investigate the pro-epilgptac potential of the novel specific
M; mAChR subtype selective agonist 77-LH-281 (Langinetzal., 2008).

The major aim of this chapter is to investigatedffect of application of
oxotremorine-M and 77-LH-281 on four mechanistigalistinct models of
epileptiform activity. The effect of application okotremorine-M and 77-LH-281 on
the intrinsic electrical properties of CA1 pyraniidells and excitatory synaptic
transmission will also be investigated. The eftgabxotremorine-M and 77-LH-281

on naive slices is shown in the preceding chapter.

Extracellular and intracellular electrophysiolodicecordings from coronal
hippocampal slices are performed to determine theepileptiform potential of M
selective and non-subtype selective mMAChR agorasis allow insight into the

oscillations induced by mAChR agonists.
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4.2 Emergent network activity in the hippocampus
and its modulation by mAChR agonists

The effects of the mAChR agonists oxotremorine-M @A-LH-281 on experimental
models of epileptiform activity were investigat&aur different epileptiform models
were used: a 4-AP-induced block of &urrents; a bicuculline-induced block of the
GABA, receptor, alongside a raised extracellukd}{to 5 mM; the removal of Mg
ions from the extracellular medium, ACSF, to remthe voltage-dependent
magnesium site block of the NMDA receptor chanaal the combined use of 4-AP
to activate the network and NBQX to reduce AMPAfiedé mediated ionotropic
glutamatergic synaptic transmission.

4.2.1 The 4-AP-induced network activity model

Application of 20 uM 4-AP led to inter-ictal-likgogeptiform activity in coronal
hippocampal slices (Fig 4.2.1). Inter-ictal-likeeets started to appear with a latency
of 8.0 £ 1.8 minutes (mean = S.E.M., n = 11) afier initial application of 4-AP.
Following the initial inter-ictal-like event, themas a gradual increase in the inter-
ictal-like event frequency, as shown by fig 4.2.1Bhe frequency of inter-ictal
events stabilised approximately 30-40 minutes ajpglication of 20 uM 4-AP, with
a mean event frequency of 1.02 + 0.02 Hz (n = D2ndhutes after 4-AP application.
The rate of change in frequency after 40 minutessdwt differ significantly from
zero (P = 0.95 2= 0.00007).

4.2.2 Oxotremorine-M is pro-epileptogenic in the 4- AP
epileptiform model

Application of 10 uM oxotremorine-M to 20 uM 4-ARduced inter-ictal-like events
led to the emergence of ictal-like bursting evemthe majority (80%, 8/10) of slices
with a mean occurrence frequency of 0.17 + 0.06 Hz.
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Fig 4.2.1 The response of naive coronal hippocasimas to the application of 4-
amino pyridine (4-AP)
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A. Representative trace example showing the emeegeinegular inter-ictal-like activity 5-10 minutefter application
of 20 pM 4AP to coronal hippocampal slices. Thisiltetion persists regularly for over 90 minut&spanded traceit
can be seen that in this example the rate of intalHike activity is approximately 0.5 Hmset an example of a 4AP-
induced inter-ictal-like evenB. Pooled frequency data from 12 hippocampal slitesn be seen that the frequency of
inter-ictal-like events stabilises 30-50 minuteaépplication of 20 pM 4-AP.



John Broad, 2009 Chapter 4, 68

Fig 4.2.2 Investigation into the effect of the apglion of 10 uM oxotremorine-M
on 4-AP-induced inter-ictal-like activity
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A. Representative trace example showing (i) interHiike activity induced by the application of R0 4-AP, (ii)
subsequent application of 10 uM oxotremorine-M @iidwash out of the 10 uM oxotremorine-M. Reguiiater-ictal-like
activity (~0.5 Hz (i)) is converted into ictal-likevents, with an intra-burst oscillation frequenéy1 Hz, following the
application of oxotremorine-MB. Summary histogram showing oxotremorine-M induesggnificant increase in inter-
ictal-like frequency before the activity changesctal-like activity.C. Trend chart showing the effect of 10 uM
oxotremorine-M application on 20 uM 4AP-inducedtt. As can be seen, of the 10 slices displayirigr-ictal-like
activity, the majority (8) display ictal-like actty following oxotremorine-M application.
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Prior to the change in mode of activity inducedtgtremorine-M application, the
agonist initially caused a significant (P = 0.08%rease (0.56 £ 0.10 to 0.92 £ 0.20
Hz, n = 8) in the inter-ictal-like event frequen(ig 4.2.2 B) before the activity
changed to ictal-like activity. The oscillatory dueency within the episodes lies within
the theta frequency range (9.54 + 0.70 Hz).

4.2.3 77-LH-281 has no effect on 4-AP-induced netwo rk
activity

Next the effect of the MMAChHR selective agonist 77-LH-281 on 4-AP induced
activity was investigated in order to elucidate tthie of the M receptor in the
MAChR-induced ictal-like activity. In contrast toet effect of 10 uM oxotremorine-
M, application of 77-LH-281 (10 uM) did not chantpe mode, or frequency, of 4-
AP-induced epileptiform activity. The summary hggtam in fig 4.2.3 B shows
application of 10 uM 77-LH-281 did not cause a gigant change (P = 0.17) in the
frequency of inter-ictal-like events induced by #pplication of 20 uM 4-AP (0.62 +
0.08 10 0.72 £ 0.10 Hz, n = 11). The trend chagt4t2.3 C) shows the majority
(93%, 14/15) of slices do not display a chang&érhode of activity following
application of 10 uM 77-LH-281. 100 uM 77-LH-28%aldid not change the mode
or frequency of the observed network activity. Meaistically distinct models of
epileptiform activity were used to investigate hat the oscillations induced by

MAChR agonists.

4.2.4 Bicuculline-induced network activity

Figure 4.2.4 shows the effect of 20 uM bicucullomecoronal hippocampal slices.
The inter-ictal-like activity induced by applicati@f bicuculline, a GABA receptor
antagonist, had a much lower frequency than tleu&ecy of inter-ictal-like activity
induced by the application of 20 uM 4-AP. A rai$kd], (5 mM) in the circulating
ACSF was used to increase the frequency of intat-iikke events towards the
frequency of inter-ictal-like events induced by bggtion of 20 uM 4-AP.
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Fig 4.2.3. Investigation into the effect of apptioa of 10 uM 77-LH-281 on
inter-ictal-like activity induced by 20 uM 4-AP
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A. Representative trace showing (i) inter-ictal-lik@'sting induced by 20 uM 4-Aféet single inter-ictal-like
burst) (i) the effect of subsequent applicatioritef M, mMAChR agonist 77-LH-281 (10 pM) on this activity
(inset single inter-ictal-like burst) and (iii) wash oot 77-LH-281.B. Summary histogram showing there is no
significant change in inter-ictal-like event frequag. No overt change in oscillatory activity fromtér-ictal-like
activity is observed, as shown in the trend ch@ytit which only 1 of the 15 slices displaying intetal-like
activity display ictal-like activity following appation of 10 uM 77-LH-281.
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Fig 4.2.4 The effect of application of 20 uM biclite (+ 5 mM K*) to naive
hippocampal slices
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A. Representative trace example showing the effe2® M bicuculline (+5 mM K) on naive hippocampal slices.
10-15 minutes after 20 uM bicuculline (+5 mM)Kapplication inter-ictal-like activity appears. & frequency of
inter-ictal-like events increases with time. Expadhdrace (ii)- in this example it can be seen thatevent
frequency is approximately 0.3-0.4 Haset(iii)- note the change in the inter-ictal-like evdrdm the 4-AP

induced eventsee fig 4.2 B. Time-frequency plot showing the mean (+ S.E.Mtgirictal-like activity (n = 9)
increases in frequency until it stabilises betw@@+0 mins post bicuculline application.
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Despite the increased [k the inter-ictal-like event frequency induced by 2@
bicuculline is lower than the inter-ictal frequeringuced by 20 uM 4-AP. Inter-ictal-
like events started to appear with a mean lateh&y4o+ 1.6 minutes (n = 9)
following bicuculline application, with characteitspositive and negative voltage
deflections (fig 4.2.4 A). The time frequency plbistrated in fig 4.2.4 B shows the
mean oscillatory frequency as bicuculline washeal fhe slice. There was a sharp
increase in inter-ictal-like event frequency ove initial 10-20 minutes following
bicuculline application, before the frequency ofets stabilised after 40 minutes
(0.23 £ 0.01 Hz, n = 9) with no significant changehe frequency of inter-ictal-like
events after this rime point (P = 0.79=r0.004).

4.2.5 Oxotremorine-M is pro-epileptogenic in the bi  cuculline
epileptiform model

Application of 10 uM oxotremorine-M to hippocamséites displaying bicuculline-
induced inter-ictal-like activity changed the marfeactivity from inter-ictal-like

activity to ictal-like activity in the majority aflices tested (83%, 5/6 slices) with a
mean occurrence frequency of 0.12 + 0.03 Hz. Téguency of the oscillation within
the ictal-like event was predominantly within tiheta frequency range (mean = 12.65
+ 0.44 Hz). There was a significant (P = 0.0078yaase in the inter-ictal-like event
frequency following addition of 10 uM oxotremoriiv{0.22 + 0.06 to 0.69 + 0.19

Hz, n = 9) (see fig 4.2.5.B), prior to the emergeatictal-like activity. Inter-ictal-

like activity re-emerged upon wash out of oxotreimeM.

4.2.6 77-LH-281 increases bicuculline-induced inter  -ictal-like
event frequency

The effect of the application of the;MhAChR subtype selective agonist 77-LH-281
on bicuculline induced inter-ictal-like activity wahen investigated to allow the
elucidation of the role of the MnMAChR subtype in the mAChR induced ictal-like
activity. Application of 10 uM 77-LH-281 to bicudinle induced inter-ictal-like
events caused a significant (P = 0.027) increasigeifrequency (0.16 + 0.02 to 0.27
+ 0.03 Hz, n = 18) of inter-ictal-like events. Thfect was not reversible upon wash
out of 10 uM 77-LH-281 (0.24 + 0.03 to 0.26 + 0183, n = 10, fig 4.2.6.B).
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Fig 4.2.5 Investigation into the effect of applioatof 10 uM oxotremorine-M on
inter-ictal-like activity induced by 20 uM bicucule (+ 5 mM K)
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A. Representative trace showing (i) inter-ictal-ldativity induced by 20 uM bicuculline (+ 5 mM*K(insetinter-
ictal-like event), (ii) the effect of the applicati of 10 uM oxotremorine-M on bicuculline-inducedeir-ictal-like
activity (inset ictal-like event) and (iii) wash out of oxotremoei-M (nsetinter-ictal-like event)B. Summary
histogram showing a significant increase in thediency of inter-ictal-like events in response te dpplication of
10 uM oxotremorine-M prior to changing the modecfivity to ictal-like activity.C. Trend chart showing the
effect of 10 uM oxotremorine-M on inter-ictal-lileetivity induced by 20 uM bicuculline (+ 5 mMK 5 of 6

slices displaying inter-ictal-like activity displegt ictal-like activity following application of 10M oxotremorine-
M.



John Broad, 2009 Chapter 4, 74

Fig 4.2.6. Investigation into the effect of apptioa of 10 uM 77-LH-281 on
20 uM bicuculline (+5 mM K)-induced inter-ictal-like activity
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A. Representative trace showing (i) 20 uM bicucelf®5 mM K')-induced oscillatory activityifiset single inter-
ictal-like event), (ii) the effect of subsequenphgation of the M specific agonist 77-LH-281 (10 uM) on 20 pM
bicuculline (+5 mM K)-induced inter-ictal-like activityifset single inter-ictal-like event) and (jii) wash caft77-
LH-281 (nset inter-ictal-like event)B & C. Summary histograms showing the effect the eféthe application
of 10 pM 77LH281 on bicuculline (+5 mM*¢induced interictal-like activity. There is a sificant increase in the
frequency of interictal-like activity induced byettapplication of 10 pM 77-LH-281 Note this effesniot
reversible upon wash out of 77-LH-28)( or when all mMAChRs are blocked by the mAChR gatest atropine
(C). D. Trend chart showing application of 10 uM 77-LHt28 20 uM bicuculline (+5 mM K- induced inter-
ictal-like activity did not change the mode of &itti into ictal-like activity in 20 of 22 slices.
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Only a small subset (8.3%, 2/24) of slices disptiaigtal-like activity following
addition of 10 uM 77-LH-281. In order to investigdtrther the irreversibility of 10
UM 77-LH-281 induced frequency potentiation uporskvaut, 10 uM atropine (a
non-selective mMAChR antagonist) was subsequengiieapto slices (fig 4.2.6.C).
Atropine did not significantly reverse (0.31 + 04060.29 + 0.10 Hz, P = 0.46, n = 8)
the increase in inter-ictal-like event frequenaguoed by application of 10 uM 77-
LH-281 suggesting MmAChR activation leads to a potentiation of intgad-like

event frequency that is not dependent on continbbusiAChR activation.

4.2.7 Low extracellular magnesium-induced network a  ctivity

The effect of removing Mg ions from the extracellular bathing medium was to
induce inter-ictal-like events (fig 4.2.7) as pasly reported (Tancredi et al., 1990;
Traub et al., 1994). Removal of Figons relieves the voltage-dependent block of the
NMDA receptor, which leads to an increase in exulity of the network. The inter-
ictal-like events appeared after 13.0 = 2.6 min@es 8) and there was no
statistically significant change the frequencylha events after 40 minutes (fig
4.2.7.B, P = 0.6272r= 0.007). The mean frequency following this paiats 0.18 +
0.01 Hz, indicating the frequency of the eventslasver than both the 4-AP and
bicuculline induced events. As inter-ictal-like et®in the low extracellular
magnesium took on average longer to appear antistahan the 4-AP and
bicuculline-induced events, at least 60 minutel®dhg removal of M§* from the
ACSF were allowed to elapse before further pharegooal experimentation was

carried out.

4.2.8 Oxotremorine-M is pro-epileptogenic inthelo  w
extracellular magnesium epileptiform model

Application of 10 uM oxotremorine-M to both of tpeeviously studied epileptiform
models and naive hippocampal coronal sections predmtly led to ictal-like
activity. Likewise, application of 10 uM oxotremioe-M to low extracellular
magnesium-induced inter-ictal-like activity leda@hange in the mode of oscillatory

activity from inter-ictal-like to ictal-like eventd 1/13 slices tested, fig 4.2.8.C).
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Fig 4.2.7 Investigation into the effect of low RMgACSF on naive hippocampal slices.
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A. Representative trace showing the gradual emergencespfétsl-like events 30-40 minutes following the removal o
Mg?* ions from the extracellular bathing medium to give a noryirero extracellular [Mé&]. Expanded tracethe rate
of inter-ictal-like activity is approximately 0.2 Ha this examplelnset the inter-ictal-like burst even Time-frequency
plot of the mean (+ S.E.M.) inter-ictal-like activity €n7) following the removal of Mg ions from the extracellular
bathing medium. Note the stability of the frequency of irttal-like events after 40-50 minutes.
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Fig 4.2.8 Investigation into the effect of the apgalion of 10 uM oxotremorine-M
on inter-ictal-like activity induced by the remowaflMg?* from the extracellular
bathing medium.
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A. Representative trace showing (i) inter-ictal-ldetivity from hippocampal slices in which extrdakdr [Mg?*] is
nominally zero ifiset inter-ictal-like event), (ii) the effect of 10 pbkotremorine on this inter-ictal-like activitinéet
ictal-like event), and (iii) wash out of oxotremueiM (nset inter-ictal-like event)B. Summary histogram showing a
significant increase in inter-ictal-like event frespcy before the mode of activity changes fronriiteal-like activity

to ictal-like activity.C. Trend chart showing the effect of applicatiorl6fuM oxotremorine on inter-ictal-like activity
induced by low extracellular Mg The majority (11/13) of slices change from inigtedl-like activity to ictal-like
activity.
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The ictal-like events occurred at a frequency 80Q: 0.08 Hz, and the frequency of
the oscillatory activity within the ictal-like dibarges (mean = 9.44 + 0.71 Hz) was
within the theta frequency range. This change frater-ictal-like to ictal-like events
was reversed by subsequent wash out of oxotrembtine by subsequent

application of atropine (10 uM). Prior to the ogeumce of ictal-like events, the inter-
ictal-like event frequency (fig 4.2.8.B) signifiagan(P = 0.032) increased (0.61 + 0.19
t0 0.82 £ 0.22 Hz, n = 11) as 10 uM oxotremorinevished into the slice.

4.2.9 77-LH-281 does not effect low extracellular m  agnesium-
induced network activity

The effect of the 77-LH-281 was then investigatethe low magnesium model.
Unlike the effect of 10 uM oxotremorine-M on low gmesium-induced inter-ictal-
like activity, application of 10 uM 77-LH-281 dichinduce ictal-like activity in the
majority (10/12, see fig 4.2.9 C) of slices testedrthermore, application of 10 uM
77-LH-281 to inter-ictal-like activity induced bgw-magnesium conditions did not
lead to a significant (P = 0.22) change (0.21 £@d0.24 + 0.05 Hz, n = 8) in the
frequency of inter-ictal-like activity. Subsequeamiplication of atropine (10 uM)
reversed the increase (0.24 + 0.05 to 0.20 £+ M@48) in frequency of oscillatory
activity.

4.2.10 The 4-AP/NBQX- induced slow inter-ictal-like
activity model

In order to investigate further the role of mAChéetylcholine receptors in the
physiology of oscillatory network activity, it wakecided to investigate the role of
MAChR activation in a model of reduced excitatory&l This was achieved by the
initial application of 4-AP, as for the epileptiforactivity model described
previously, and the subsequent application of th#PA/kainate receptor antagonist
NBQX to block AMPA/kainate receptor mediated symapgtansmission in the
hippocampal slice. Application of 2 uM NBQX causedignificant (P = 0.039)
decrease in the rate of 50 uM 4-AP-induced inteHlke activity (from 0.43 £ 0.07
to 0.15 £ 0.04 Hz, n = 8, see fig 4.2.10.B). Theents are similar in appearance to
inter-ictal like events, but occur much less fratflye and are designated slow inter-

ictal-like events henceforth.
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Fig 4.2.9. Investigation into the effect of the bggtion of 10 uM 77-LH-281 on
low extracellular Mg*-induced inter-ictal-like activity

(it) + 10 yM 77-LH-281 (i +10 uM Atropine

B —ns C
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A. Representative trace examples showing (i) low-extraaelMt?* induced inter-ictal-like activityifset-interictal-
like event) (ii) the effect of the application of 10 |iM-LH-281 on low-extracellular Mg induced inter-ictal-like
activity and (iii) the effect of the subsequent applicatibthe mMAChR antagonist atropine (10 plfjset-interictal-
like event). B. Summary histogram showing there is no change én-intal-like event frequency upon application of
10 uM 77-LH-281C. Trend chart showing the effect of application of 10 uM_H?281 on low-Md*-induced
oscillatory activity. Only 2/12 slices change the mode of/agtfollowing application of 10 uM 77-LH-281.
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Fig. 4.2.10 Characterisation of the 4-aminopyritN&QX events.
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A. Representative extracellular trace showing inittemt burst discharges in response to applicadfds0 uM 4-AP (i).
Subsequent co-application of the AMPA receptor gotést NBQX (2uM) results in a slowing and smoothing of the
field potential events (ii). Such events were sgosetly abolished by application of the GABReceptor antagonist
bicuculline in 4/8 slices (jii, 2QM) suggesting that GABAmediated synaptic transmission is implicated thenes: In
a number of slices tested (4 of 8) infrequent egesoof field events were noticed (iv) but whichurced at very low
frequency (every 243 to 746 s, mean 495 s) and aleslished by NMDA receptor antagonist 2-AP5 (v B0). B.
Summary histogram ang}, time course scatter plot showing effect of cuatiue AMPA, GABA, and NMDA
receptor blockade on the frequency of 4-AP-indutpgocampal field event&. Trend chart showing switches in 4-
AP/NBQX network activity upon application of bicutime. Note that the predominant response is a aggon of the
slow inter-ictal-like events and the emergencectalilike discharges.
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Application of 20 uM bicuculline abolished the slaver-ictal-like events in 4 slices
and led to the emegence of very slow and infreqis¢aitlike events in the other 4 of
the slices (0.002 Hz + 0.001 Hz, n = 4). Applicataf 50 uM 2-AP5 caused near
abolition of all remaining activity, with very irdguent field events remaining in 2
slices (0.02 £ 0.01 Hz). This is also displayethim time-frequency scatter plot (fig
4.2.10.C), in which the sequential addition of #ve compounds leads to a
decrease in field event frequency following eacthitg@h. The trend chart (fig
4.2.10.D) shows that application of 20 uM bicuaélabolished the slow inter-ictal-
like events in all slices, with 4/8 slices displayislow ictal-like activity (see fig

4.2.10.A (iv)), and one slice displayed gamma feggpy oscillatory activity.

4.2.11 Oxotremorine-M induces beta frequency
oscillations in the 4-AP/NBQX epileptiform model

The effect of mMAChR agonists on a model of redupagitatory drive was then
investigated. As seen above it is possible to isdbow inter-ictal like events by co-
application of 4-AP and NBQX (see fig 4.2.10). Sedpsent application of
oxotremorine-M allowed insights into the effectndAChR activation on the
interneuronal network. Application of 10 uM oxotrerme-M to 50 uM 4-AP/2 uM
NBQX-induced slow inter-ictal like events causesignificant (P = 0.0012) mean
attenuation (from 0.30 + 0.11 to 0.024 + 0.004 Kz, 16) in slow inter-ictal like
event frequency and an initiation of a beta fregyesscillatory activity in the
majority of (9/16) slices (figs 4.2.11.C and G) eldtecrease in the slow inter-ictal
like event frequency was very partially reversibppn wash out of 10 uM
oxotremorine-M (the mean event frequency incredsed 0.024 + 0.04 to 0.029 +
0.003 Hz).

The majority of the network oscillatory activityduced by the application of 10 uM
oxotremorine-M (mean = 17.88 + 1.9 Hz, n = 16) eced within the beta frequency
range. Both the slow inter-ictal like events angl leta frequency oscillatory activity
could be observed concurrently in 50% (13/26) iokesl. Network oscillatory activity
remained in a subset of (3/9, 33%) slices for astl@0 minutes after washout of

oxotremorine-M.
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Fig 4.2.11 The effect of oxotremorine-M on 4-AP/NB{nduced slow inter-ictal-like

events
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A. Representative trace examples showing (i) reglitav inter-ictal like events observed in respottseo-application of
50 uM 4-AP and 2 pM NBQX . A regular network osatibn is observed following subsequent applicatéd0 pM
oxotremorine-M (ii), which is reversible on wastt @iii). B. Power spectrum showing this network oscillatartity to lie
within the beta frequency rang@-F. Summary histograms showing the frequency of shaer-ictal-like eventsC.
Application of 10 uM oxotremorine-M causes a sigraft decrease in the frequency of the slow int&Hlike eventsD.
This effect is reversed by the application of 10ptpine. Application of atropine also abolishee @hxotremorine-induced
beta frequency oscillation (6/6 slices, data naingh). E. Pre-incubation of atropine prevents oxotremorivaiced
suppression of slow inter-ictal-like events. Thisra significant increase in the frequency of sinter-ictal-like events.
Both the oscillatory activity induced by the apglion of 10 uM oxotremorine-M and any residual iFit¢al-like events are
abolished by the application of bicucullire, 0 uM).G. Trend chart showing changes in activity modeofelhg
oxotremorine application. Note the induction ofebequency activity in 9/16 slices investigatetdwing application of

10 pM oxotremorine-M.
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Application of the mAChR antagonist atropine (10 ytbithe co-applied 50 uM 4-
AP/ 2 pM NBQX and 10 pM oxotremorine induced netiwactivity (fig 4.2.11.D)
caused an increase in slow inter-ictal like evesgdiency (0.015 + 0.003 to 0.028 +
0.008 Hz, n = 9). In other experiments, prior agadion of 10 uM atropine prevented
attenuation of the 4-AP/NBQX slow ictal-like evdrgquency by 10 uM
oxotremorine-M (fig 4.2.11.E) indicating that thesféects were mediated by
MAChRSs. There was a significant (P = 0.031) inceaaghe mean slow inter-ictal
like event frequency (from 0.031 + 0.011 to 0.050.@16 Hz, n = 6) following
application of 10 uM oxotremorine-M (fig 4.2.11.ppssibly through nAChR
activation. Network oscillatory activity was alscepented by the prior application of
10 uM atropine (n = 6). Application of the GARAeceptor antagonist bicuculline
(20 uM) abolished the predominant beta frequentyard oscillatory activity
induced by oxotremorine-M in all slices tested {8Mhe slow inter-ictal like events
that were not attenuated by oxotremorine-M wereoatrabolished (from 0.02
0.006 to 0.004 + 0.002 Hz, n = 10) by subsequeplicgiion of 20 uM bicuculline

(fig 4.5.1.F), and the events that remained werallsmamplitude and sporadic in

occurrence.

4.2.12 The M; mAChR does not mediate the oxotremorine-
M -induced oscillations in the 4-AP/NBQX epileptifo  rm
model

Activation of mMAChRs changes the mode of activigni 4-AP/NBQX induced slow
inter-ictal like events (fig 4.2.10) to beta fregug oscillatory network activity (fig
4.2.11). As selective tools were available to stilyM, mACHR the role of this
receptor in the suppression of 4-AP/NBQX eventsiaddction of beta frequency

oscillations was investigated.

Application of 77-LH-281 (10 uM) to 4-AP/NBQX indad slow inter-ictal-like
events did not lead to significant (P = 0.36) attdion (from 0.11 + 0.06 to 0.06 +
0.04 Hz, n = 9) of the frequency of the slow intdal-like events (fig 4.2.12.1.B) and
did not change the mode of events in any of tleesliested (10/10 slices, fig
4.2.12.1.D). Even at a concentration of 100 uM 4i2.12.1.C), 77-LH-281 did not
significantly (P = 0.73) change the slow inter-idike event frequency (from 0.026 +
0.004 to 0.023 + 0.003 Hz, n = 9).
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Fig 4.2.12.1 Investigation into the effect of applicatof 77-LH-281, a M
MAChHR selective agonist to 4-AP/NBQX slow inter-ldilke events
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A. Representative trace examples showing (i) 4-ARNBnduced slow inter-ictal-like events. The frequg of

these events did not change following applicatibthe selective MMAChR agonist, 77-LH-281 (10 pM) (ii), and
did not change upon wash out of 77-LH-281 (B)C Summary histograms showing no change in the frezyueh
slow inter-ictal-like events occurred following digption of 10 uM 77-LH-281K). C. No change in the frequency of
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no change in network activity following applicatioh10 pM 77LH281 to slow inter-ictal like even@scillatory
network activity is only occasionally observed @sponse to the application of 100 uM 77-LH-2B}. (
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Fig 4.2.12.2 Investigation into role of the, MAChR in the oxotremorine-M
induced suppression of 4-AP/NBQX slow inter-icteélevents and the induction
of network activity
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A. Representative trace examples showing (i) 4-ARIXBnduced slow inter-ictal-like events (ii) thefedt of 10 uM
oxotremorine-M application and (i) wash out. TtMe mAChR was blocked prior to the experiments by apilin
of the specific irreversible MMAChHR antagonist MT-7 (100 nM). Application of 1M oxotremorine-M to the 100
nM MT-7, 50 uM 4AP and 2 pM NBQX model caused adiuiction of oscillatory activity within the beta feency
range, shown in the power spectral analyBjs C. Summary histogram showing an associated signifidacrease in
4-AP/NBQX-induced inter-ictal-like event frequensiyowing block of the MmAChR has no effect on the
suppression of inter-ictal-like event frequencydxptremorine-M.



John Broad, 2009 Chapter 4, 86

At this concentration some theta frequency netvesidillatory activity (9.43 + 1.93
Hz, n = 3) was observed in only a minority (33 98)3f slices.

The My mAChR subtype specific irreversible antagonist Mvas used to block the
M1 mAChR receptor. Slices were pre-incubated for e@ré with 100 nM MT-7 prior
to the initiation of 4-AP/NBQX-induced slow intectal like events. In naive slices
this was able to prevent initiation of gamma fregreoscillatory activity (see fig
3.2.3) by the subsequent application of 10 uM 77284, but not the emergence of
ictal like events following application of 10 uM atxemorine-M (n = 6, data not
shown). Application of 10 uM oxotremorine-M sigwe#intly (P = 0.0005) attenuated
slow inter-ictal-like event frequency (from 0.1®@#4 to 0.02 + 0.003 Hz, n = 15)
and induced oscillatory network activity (fig 4.2.2.A) in 55 % (10/18) slices (mean
frequency = 14.29 + 1.9 Hz, n = 10). The decreastaw inter-ictal-like event
frequency was partially, but not significantly (R=4) reversed following wash out

of oxotremorine-M (0.03 + 0.004 Hz on washout).

4.3 The modulation of cellular properties of
hippocampal pyramidal cells by mAChR agonists

The activation of mMAChRs alters the intracellulacigability of neurones (Cole and
Nicoll, 1983; , 1984a). This section concerns ttiect of the non-selective mAChR
agonist oxotremorine-M and the;MAChR subtype specific agonist 77-LH-281 on

the intracellular properties of CA1 pyramidal cells

Comparison of the effects of application of oxowanme-M and 77-LH-281 on the

intracellular properties of CA1 pyramidal cells

Transient application of a bolus of 10 uM oxotremesM for 60 s caused a
depolarisation of pyramidal cells and action paggriiring (fig 4.3.A). Application of
a 60 s bolus of the MNAChR agonist 77-LH-281 (30 uM) also led to action
potential firing and membrane depolarisation (fi§.B). The membrane potential
depolarisations induced by both 10 uM oxotremogfream -59.1 + 3.8 to —47.5 + 3.3
mV, n = 8) and by 30 pM 77-LH-281 (-60.0 + 1.8 %+ 2.6 mV, n = 10) (fig
4.3.C) were statistically significant (P < 0.001).
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Fig 4.3 Characterisation of the CA1 pyramidal cefiponse to the application of
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A. Representative current clamp recording from a @ahmidal neurone showing Ei) the response ottikto a 60 s
application of 10 pM Oxotremorine-M (ii) expandedde showing action potential firinméet power spectrum
showing theta frequency sub-threshold membranenfat®scillation). Note the strong suprathreshadgalarising
responseB. Representative current clamp recording from a Ghmidal cell showing (i) the response of the el

60 s application of 30 pM 77-LH-281 (ii) expandeakct showing action potential firing. Hyperpolargimembrane
deflections in response to 0.1 nA current injectioas be observed in bathandB. C. Box plots showing the significant
depolarisation of the pyramidal cell induced by éipplication of (i) 10 pM Oxotremorine-M and (i) §M 77-LH-281.

D Summary histograms showing (i) the significant @ge in input resistance with application of 10 @kbtremorine-

M (P < 0.01) and (ii) no change in input resistafadl®wing the application of 30 pM 77-LH-281.
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The mean input resistance of the pyramidal cedisicantly (P = 0.0078) increased
from 57.3 £ 5.0 to 80.8 = 8.7 Min response to application of 10 pM oxotremorine-
M whereas there was no significant change in tpatiresistance (from 60.6 = 6.0 to
65.7 £5.1 M), P = 0.28, n = 8) following application of 30 uM-EZH-281 (fig

4.3.D).

4.4 The modulation of synaptic properties of the
hippocampus by mAChR agonists

The effect of the application of MAChR agoniststio® synaptic properties of the
hippocampus can be investigated by stimulatingSitteaffer collaterals in th&tratum
radiatumand recording the field excitatory post-synapttemtial (fEPSP) in the
same lamina of the CA1l region. Parameters of tiRSH including the amplitude,
can be modulated by compounds that affect synapiismission at the Schaffer

collateral to CA1 pyramidal cell synapse.

Comparison of the effects of oxotremorine-M and.A7281 on the field excitatory

post-synaptic potential

Application of 10 uM oxotremorine-M significantly?(= 0.031) reduced the mean (n
= 6) amplitude of the fEPSP (from 0.89 + 0.13 m\0185 + 0.11 mV) (mean *
S.E.M.). In contrast the mean (n = 12) amplitudéheffEPSP was not significantly
altered (1.04 £ 0.11 mV to 0.95 £ 0.11 mV, n = B2; 0.47) by 10 uM 77-LH-281
(fig 4.4.C). Application of 100 uM 77-LH-281 alsadchot have a significant effect
on the amplitude of the fEPSP. The mean (n = 6)liauindp of the fEPSP was
significantly reduced 6 minutes after applicatiéri® M oxotremorine-M (all P <
0.05 following this time point) whereas applicatioinl0 uM 77-LH-281 produced no
significant change in the mean (n = 12) amplitubithe fEPSP at any time point (fig
4.4.D).
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Fig 4.4 Characterisation of the effect of mMAChR r@igbapplication on the field
excitatory post-synaptic potential
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A. Representative trace examples showing (i) tHe égcitatory post-synaptic potential (fEPSP), {tiig effect of
application of 10 M oxotremorine-M on the fEPSH &ili) washout of oxotremorine-M. Triangle showet
point of stimulusB. Representative trace examples showing (i) fER§Rhe effect of application of 10 uM 77-
LH-281 on the fEPSP and (iii) wash out of 77-LH-281 Summary histograms showing the amplitude of the
fEPSP as measured 30 minutes after applicatio® M oxotremorine-M compared to 5 minutes before
oxotremorine application. Application of 10 pM osernorine-M leads to a significant decrease in thpliaude
of the fEPSP whereas application of 10 pM 77-LH-B8% no effect on the amplitude of the fEPSPTime
course showing the significant decrease of the il of the fEPSP in response to application ofi D
oxotremorine-M (i) and no significant change in ttmaplitude of the fEPSP in response to applicatfotOgqM
77-LH-281 (ii).
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4.5 Discussion

This chapter investigates the effect of MAChR astsnipon network oscillatory
activity within the hippocampus. In the previousipter oxotremorine-M induced
ictal-like events whilst the MmAChHR selective agonist 77-LH-281 led to persisten
gamma frequency network oscillatory activity. ler to gain mechanistic insight
into the different oscillations that were displayadd to evaluate whether,M
MAChR selective agonists display a similar proegibgenic potential to non-
subtype selective agonists, 77-LH-281 and oxotreme¥ were applied to four
mechanistically distinct models of epileptiformiaity. The cellular and synaptic
effects of 77-LH-281 were also investigated and garad with oxotremorine-M. A
summary of activities induced by mAChR agonisthigpocampal slices is displayed
in table 2 below.

Table 2- Summary of effects of mMAChR agonists in naive corah hippocampal

slices and hippocampal slices displaying oscillatpractivities

Drug Naive slices| 4-AP- Bicuculline- | Low Mg®*- | 4-AP/NBQX-
induced induced induced induced
events events events events

Control conditions No activity Inter-ictal Inter-ictal Inter-ictal | Sl inter-

(vehicle) ictal

Oxotremorine-M | Theta Ictal Events | Ictal events Ictal events Beta

oscillations oscillations
77-LH-281 Gamma No effect Increase in | No effect No effect
oscillations inter-ictal-
like event
frequency

4-AP-induced events

The mAChR agonists were initially applied to 4-ARhiced inter-ictal type network

activity. 4-AP blocks K channels that mediate, including others, theurrent, a

slowly inactivating K current (Storm, 1988) and thedurrent, a transient outward

K" current (Huguenard et al. 1991). As 4-AP washtsthe hippocampal slice, the
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blockade of these Kcurrents leads to paroxysmal depolarising shifteinthe
pyramidal cells of the CA3 region (Perreault and®v1991). The synchronised
activity of large numbers of pyramidal cells, sffieailly currents within the dendrites
of pyramidal cells, produces the potential differ@measured in hippocampal
extracellular recordings. The depolarising shiftsléely to arise from the synaptic
activation of a large number of cells (Gutnick et #082). This is measured as the
characteristic inter-ictal-like event as shownigufe 4.2.1., which can be abolished
by bicuculline (Avoli et al., 1996), and reducediiequency by NBQX (see fig
4.2.10; (Perreault and Avoli, 1992). Thus both giuatergic and GABAergic

networks are activated following application of £gRutecki et al., 1987).

Application of oxotremorine-M produced an initiacrease in inter-ictal event
frequency, followed by the eventual emergencetaf-iike activity. As was
mentioned in the previous chapter, applicationxafteemorine can activate all
subtypes of mMAChRs (Birdsall et al., 1978; Kukkoe¢ml., 1996). The Mor M3
MAChRSs are located principally on pyramidal cellevey et al., 1995; Rouse et al.,
1999) and they couple throughu{G-proteins. Activation of these receptors
depolarises pyramidal cells, as shown in figure #t® paroxysmal depolarising shift
frequency is independent of the membrane poteottigdividual pyramidal cells, but
is dependent on [, (Rutecki et al., 1985). As depolarisation of pyidahcells and
consequent action potential firing of pyramidal€ehln cause activity dependent
increases in [K], (Poolos et al., 1987), this is one possible meshaifor the
increase in frequency of inter-ictal-like eventhisTis clearly related to the level of
depolarisation in each pyramidal cell, but the effe observed at the level of the
network. It is likely that the number of action eotials within the network, which is
proportional to the level of depolarisation of thgamidal cells within the network,
regulates the frequency of paroxysmal depolarisattofts within pyramidal cells. In
short, a depolarisation of pyramidal cells will &zincrease the frequency of inter-

ictal-like events.

Oxotremorine-M also activates the inhibitory &hd My mAChRs. The majority of
these receptors are located on pre-synaptic intievnes (Kitaichi et al., 1999; Rouse
et al., 1999). They act to decrease GABAediated inhibition to pyramidal cells by
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disrupting the release of GABA wheremAChRs are expressed. As observed in
the bicuculline model, reducing GABRAnediated inhibition is pro-epileptogenic.
They also act to decrease GABActivation through reduced GABA release. Both
agonists of GABA, through the activation of pre-synaptic GABreceptors and
inhibition of GABA release (Motalli et al., 1999nd antagonists, through the block
of post-synaptic GABA mediated inhibition of pyramidal cells (Motalli &t, 2002),
have been shown to be pro-convulsant in modelpitégiform activity. This
indicates that the effects of presynaptic disruptbGABA release and consequent
removal of GABA activation by M, mAChR activation are complex. Pre-synaptic
GABAg activation leads to inhibition of transmitter r@be by a reduction in ¢a
entry (Huang et al., 2006), whereas post-synaphB&s activation acts to
hyperpolarise pyramidal cells through the actiomefardly rectifying potassium
channels (Andrade et al., 1986; Pham and Laca®es).

In the main this increase in inter-ictal-like evéneiguency caused by oxotremorine-M
is superseded by the emergence of ictal-like evéstsnentioned in the previous
chapter, ictal-like events emerge following a redurcof inhibition from

interneurones either by depolarising block of titerineurones (Ziburkus et al., 2006),
or by a reversal of the chloride gradient allowB8§BA, activation to become
excitatory (Isomura et al., 2003). To induce ietetivity in the network
oxotremorine-M must also remove inhibition fromeirteurones. This may be
through a direct inhibition of GABA release through,; mAChRs as described
above. It is also possible that an increased dwrcjtarive to the pyramidal cells leads
to either a feed-forward depolarisation block démeurones, or an activity

dependent reversal of the chloride gradient (Fisehal., 1999).

77-LH-281 did not have an effect on the networkvétgtthat emerged from
hippocampal slices in which inter-ictal-like evemtsre ongoing following the
application of 4-AP. The MMAChHR induced depolarisation of pyramidal cells,
which should increase the probability of, and tfeeefrequency of, paroxysmal
depolarising shifts, did not lead to a subsequigmifecant increase in frequency of
inter-ictal-like events. It is possible that incsed pyramidal cell activity led to a
consequent increase in inhibitory feedback frominierneurones in the network.

Without the reduction in inhibition following i mMAChR activation, the inter-ictal-



John Broad, 2009 Chapter 4, 93

like event frequency remained constant. It is alsssible that MMAChHRS, located
on the pyramidal cells, are required in combinatathh M; mMAChRs to increase the

frequency of inter-ictal-like events.

Following application of the Mspecific mMAChR agonist 77-LH-281 ictal events are
not observed. This indicates that the removal oB&Argic inhibition that occurs
during ictal-like events does not occur followingigation of the M mAChR alone.
This could be due to the absence efsMhAChR mediated inhibition of
interneurones. As MMAChRs do not increase the rate of inter-ictad-ldvents it is
also possible feed-forward depolarisation blocktdrneurones, or an activity
dependent change in the equilibrium potential oBAAdoes not occur. As there are
a range of possible mechanisms for the absenatabflike events following
application of 77-LH-281, mechanistically distiregileptiform models were used to
investigate the differences between-8&lective and non subtype selective mMAChR

agonists.

Bicuculline-induced events

Bicuculline is an antagonist of GAB&Aeceptors, which are the most widely
expressed ligand gated anion channels in the ¢emreous system. Blockade of
these channels leads to a removal of fast GAB®diated potentials in the
hippocampus. The emergence of epileptiform phenaengedependent upon the
balance of excitation and inhibition (Bernard, 20@emoval of GABA mediated
synaptic transmission leads to the gradual emeggehinter-ictal-like events through
the removal of IPSPs, and consequent increased atiomof EPSPs within each
pyramidal cell (Pouille and Scanziani, 2001), legdio more supra-threshold action
potential firing. This is manifest as paroxysmapalarising shifts within pyramidal

cells and inter-ictal-like events throughout théaek.

Activation of M;.s mMAChRs by oxotremorine-M leads to an increasatertictal-like
event frequency and the emergence of ictal-likentsvel'his indicates that a reduction
in GABAA mediated synaptic transmission is not the solardyiforce behind a
MAChR-induced increase in inter-ictal-like evertguency or the emergence of ictal-

like activity. As for the 4-AP model described abpa depolarisation of pyramidal
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cells through M and My mAChR activation would lead to an activity depemde
increase in the frequency of paroxysmal depolaasathifts within pyramidal cells.
Through the action of Mand My mAChRs pre-synaptic disruption of GABA release
occurs. However, as GAB&Areceptors are blocked in this model, any chandkédn
level of inhibition will be mediated by the redwstiin pre-synaptic and post-synaptic
GABAg activation.

In the presence of bicuculline, activation of MMAChRs often leads to the
emergence of ictal-like activity. As mentioned adpthere are two hypotheses
concerning the emergence of ictal-like activityhippocampal slices. In the first, a
depolarising block of interneurones contributethtoremoval of inhibition from the
network (Ziburkus et al., 2006); in the second\aersal of the chloride gradient
allows GABAs-mediated synaptic transmission to become depwoigr{itsomura et
al., 2003). In the presence of bicuculline, a reah@f inhibition, rather than
depolarising GABA transmission, is likely to cobtrte to ictal-like activity. As ictal-
like events are not induced by bicuculline, otlegfuctions in inhibitory drive must
occur, most likely through the modulation of GABA

Pyramidal cells display a long sustained depoltaosaluring an ictal-like event
(Ziburkus et al., 2006). These transient depoltidea are correlated with the
depolarisation block of interneurones. It is poesthat postsynaptic GABA
mediated potentials tonically prevent the emergerdetal-like events within
pyramidal cells, and the disruption of these bgduction in GABA release by M
MAChRs may allow ictal-like events to occur (Kitaiet al., 1999; Levey et al.,
1995; Rouse et al., 1999).

The depolarisation block of interneurones is pdesibntributor to the removal of
GABAg mediated inhibition. This could arise followingekt activation of mMAChRs
on interneurones (Chapman and Lacaille, 1999nhaehsed feed-forward activation
of interneurones following increased pyramidal eelivity due to actions of mMAChR

agonists.

Further evidence for the key role interneuronesl therefore GABA receptors) play

in mediating ictal-like events is the absence tdlitke events in the bicuculline
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model following selective MMAChHR activation by 77-LH-281. The predominant
pyramidal cell expression of MNAChRs means subtype-selective activation of the

M; mAChR would not disrupt GABA release from interranes.

In the presence of bicuculline application of theWAChR agonist 77-LH-281
causes a significant increase in the frequencwtef-ictal-like events. In the presence
of GABA, mediated synaptic inhibition, MNAChR activation does not increase the
frequency of inter-ictal-like events. The depolatien of pyramidal cells caused by
M; mAChR activation, in combination with the remowfeedforward inhibition

allows an increase in the frequency of paroxysreabtarising shifts.
Zero Md*-induced events

The removal of Mg ions from the extracellular bathing solution sunding the
hippocampal slice removes the #Mdlock of NMDA receptors, which leads to inter-
ictal-like network activity emerging from the CA8gion (Tancredi et al., 1988). The
NMDA receptors are located on the dendrites of ppytal cells and are normally
quiescent at polarised potentials following glutéenelease due to the Kigblock.
However, strong activation of AMPA/kainate recepttads to a removal of the
Mg** block by depolarisation, which opens the NMDA igtoe channel to allow Na
and C&" entry and further depolarisation (Dingledine et #99). In low-Mg*
bathing solution, the level of basal NMDA receptoediated transmission is enough
to induce synchronous activity in the hippocampusb et al., 1994). This
depolarisation of the pyramidal cell decreases#irure threshold (Tancredi et al.,

1990) and leads to the emergence of inter-ictal-éikents.

As in the previous models, oxotremorine-M initiailicreases the frequency of inter-
ictal-like events and eventually induces ictal-ldativity in the low M§* model. The
increase in inter-ictal like event frequency iglikto be due to an increase in the
probability of action potential firing following g®larisation of pyramidal cells, in
combination with a reduction of GABAergic inhibitidghrough the action of
MAChRSs. Similarly, ictal-like events emerge duragansient further reduction of
(potentially GABAg) mediated inhibition. The mAChRs associated whth increase

in inter-ictal-like event frequency and inductiohictal events exerts their effects
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through mechanisms distinct from the modulatiothefvoltage dependency of the
NMDA receptor.

In contrast to the bicuculline-induced model ofigpiiform activity, application of
the My mMAChR agonist 77-LH-281 does not increase theuaqy of inter-ictal-like
events induced by the removal of extracellula?Mgns. M mMAChR activation has
been shown to regulate NMDA receptor function, udahg increasing NMDA
receptor mediated LTP (Marino et al., 1998; Shiebal., 2005). As the MMAChR
agonist has no effect in this model, it is possthieeffects of the MmAChR
activation are occluded by the removal of the’fgock of the NMDA receptor. If
this is the case then the;WhAChR may have little or no role in the inductioinictal-
like events caused by oxotremorine-M, as robuat-ldte events are induced even
whilst the M mAChR is functionally occluded. Further evidenoethis is the ability

of oxotremorine-M to initiate ictal events in theepence of MT-7.

Application of nicotinic acetylcholine receptor (BAR) agonists has previously been
demonstrated to enhance the frequency of intelHiggevents in the three
epileptiform models investigated above (Roshan-Mié al., 2003). Oxotremorine-

M enhances the 4-AP-induced events by 80 + 34%hitheculline induced events by
270 + 112%, and the low-M§induced events by 105 + 79%. This correspondseo t
enhancement of 4-AP-induced events by approxim&@¥s, the bicuculline induced
events by 220%, and the low-Kfgnduced events by 100% by nAChR agonists. The
similarity in the ratios of enhancement in the éhneodels may be due to convergence
of the mechanisms of frequency potentiation byatbetylcholine receptor agonists in
the individual models. Also, the maximum possikégme of frequency potentiation,
and the initial frequency of the oscillatory adlyviis dependent on the paradigm used

to induce the inter-ictal-like activity.
4-AP/NBQX induced events

Application of NBQX to 4-AP-induced events leadghe abolition of the majority of
AMPA/kainate mediated synaptic transmission witlie hippocampus. All inter-
ictal-like activity, which is underpinned by parexygal depolarising shifts, is not

abolished by glutamate receptor block. EPSPs reddiom other pyramidal cells
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through AMPA/kainate receptors are significant adttors to paroxysmal
depolarisation shifts within pyramidal cells (Chaerim et al., 1990). The slow inter-
ictal-like activity that occurs in the presenceNBQX indicates that other
mechanisms must be able to initiate paroxysmal ldeigations. It is possible that the
competitive block of AMPA/kainate receptors is a@mne due to increased glutamate
release in an active network (Hamberger et al.9), 3% another mechanism, such as
depolarising GABAergic potentials from interneursr{Perreault and Avoli, 1992),
synchronously activates the pyramidal cell netwditie remaining slow inter-ictal-
like events are abolished by bicuculline, indicgtihat the GABA receptor mediated
signalling is critically important for the slow rtictal-like events. NMDA receptors
are functional in this model as well, as the GAB¥tagonsim reveals very
infrequent 2-AP5 sensitive ictal-like-events in 50%ihe slices. NMDA antagonists
were not routinely used in as subsequent additidfiMDA antagonists does not
affect inter-ictal-like event frequency in the prase of AMPA/kainate antagonists
(Perreault and Avoli, 1992). It is possible therefdhat the effect of the NMDA
receptor is only revealed following removal of theminant GABA, component of

the oscillatory activity.

The strident differences between the effect of @mbrine-M in this and the 4-AP
model indicate NBQX is effective in reducing AMPAlkate glutamatergic synaptic
transmission. In hindsight, if a dose responsdiocglship between inter-ictal-like
event frequency and NBQX concentration was conttdj@ concentration that had
more evidence for the complete block of AMPA/kaenegceptors could have been
chosen.

Application of the mAChR agonist oxotremorine-Mrsigcantly decreases the
frequency of slow inter-ictal-like events and preudleantly induces beta frequency
network oscillations. The oscillation and the siower-ictal-like events are not
mutually exclusive, as in up to 50% of slices batlurred simultaneously. The
suppression of the slow inter-ictal-like events #relbeta frequency oscillation in the
presence of NBQX are clearly dissimilar to the &ase in inter-ictal-like event
frequency and ictal-like events induced by oxotranmeM and 4-AP alone. In the
absence of AMPA/kainate receptor blockade mAChRhag® increase the frequency
of inter-ictal-like events due to the depolarisatal pyramidal cells and a decrease of
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GABAergic inhibition (see above). In the present@blPA/kainate receptor
antagonists, mMAChR agonists decrease the frequerstgw inter-ictal-like events.

The decrease in slow inter-ictal-like event frequyeis possibly due to a change in the
[K ™o, Which could be investigated using ionic electsdeis more likely to be due to
a change in the network connections involved initit&tion of the slow inter-ictal-
like events. One way this decrease in frequencidomecur would be to decrease
GABA release from interneurones (Behrends and teigdencate, 1993). Inter-ictal-
like events are correlated with an increase in EBR@Ehin pyramidal cells. If these
EPSPs are received through depolarising GABAtentials (as suggested by the
Avoli group) a mAChR mediated decrease in GABAastwould act to decrease the
frequency of inter-ictal-like events. Another woldd to activate different classes of
interneurones directly, or through the modulatibNNBDA receptor mediated
transmission, to initiate other forms of synchromaativity within pyramidal cells. It

is unlikely that these changes in oscillation madd frequency are direct effects of
MAChHR activation on pyramidal cells, ag MACHR activation does not replicate the

decrease in slow inter-ictal-like event frequency.

Rather than the induction of ictal-like events, m&morine-M induced beta frequency
oscillatory activity. This oscillation was senséito the subsequent application of
bicuculline, indicating that the oscillation wagpdadent upon GABAreceptors, and
thus interneurones play a continuous role in tledlagon. A feature of ictal-like
events is the depolarisation block of interneurpoes shift in the chloride reversal
potential so that GABA becomes excitatory. Stratumans-lacunosum moleculare
interneurones undergo depolarisation block duritaj-like events (Ziburkus et al.,
2006), whereas fast spiking and non-fast spikimgspmatic-targeting interneurones
are able to continue to fire action potentials {Faja-Tsukamoto et al., 2004). These
are likely to be the dominant class of interneurionghe coronal slices, are
depolarised by the action of MAChR s and thergbotentially able to pace beta
frequency oscillatory activity (McMahon et al., B)9

Given the requirement of GABAreceptors signalling, and the absence of
AMPA/kainate mediated EPSPs, an attractive mechafos the generation of the
beta frequency oscillation is a depolarising GAB#gnal, with GABAergic IPSPs at
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beta frequencies acting as the pacemaker. Anotissilde component of the
oscillation is the depolarising block of internemes removing GABA mediated

inhibition and allowing the emergence of the be¢gfiency oscillatory activity.

In order to confirm this, intracellular recordinigem pyramidal cells and perisomatic
targeting interneurones would need to be perforrakohgside labelling the
interneurones to assess their morphology. Thisrerpat would give great insight

into the mechanism of the network shift from slauer-ictal-like events into beta
frequency oscillatory activity. It would be intetieg to investigate the role of NMDA
receptors in the oscillation, as it is possiblestheeceptors are revealed by a change in

the GABA mediated synaptic transmission followiragivzation of mMAChRs.

Beta oscillations have previously been reportetthénhippocampus following
application of carbachol (Arai and Natsume, 2006n®no et al., 2000),
metabotropic glutamate receptor agonists (Boddeké,e1997), and tetanic
stimulation (Traub et al., 1999). In all of the netglthe oscillation is insensitive to
block of fast glutamatergic synaptic transmissind aensitive to block of synaptic
inhibition, indicating that the beta oscillatioratioccurs in the presence of 4-
AP/NBQX/oxotremorine-M has a similar pharmacologjjpefile as previously

reported beta frequency oscillations.

Activation of the M mAChR has no effect on the slow inter-ictal-likeet
frequency and does not induce beta frequency agmyl activity. This suggests that
the Mb.s MAChRs mediate the induction of the beta frequarstyllation and the
suppression of slow inter-ictal-like event frequenthis is expected with the
majority of My mMAChRs being expressed on pyramidal cells (Rotiaé,e1999). The
absence of effect of 77-LH-281 in this model issistent with the reported absence
of effect of NMDA antagonists, as;MnAChRs modulate NMDA receptors (Shinoe
et al., 2005; Perreault and Avoli, 1992).

The effect of MAChR agonists on pyramidal cells

Application of MAChR agonists to CA1 hippocampatamyidal cells leads to a

depolarisation of pyramidal cells by approximat@lgnV and action potential firing,
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which corresponds to previous studies (Cole andINit984a; Williams and Kauer,
1997). There is an increase in input resistancleinvigyramidal cells following
application of oxotremorine-M, which is not apparitlowing application of 77-
LH-281. Activating M mAChR alone can depolarise pyramidal cells. Thectee
activation of the M mAChR activates the hyperpolarisation activateden, |, and

the non-specific cation conductancg; (Fisahn et al., 2002). Opening these channels
would, if anything, decrease input resistance. ddygolarisation that occurs following
M; mAChR activation is likely to be mediated by bofithese mixed cation currents,
as the reversal potential gfis around -17 mV and the reversal potentiakgis

around -20 mV (Colino and Halliwell, 1993; Maccaifet al., 1993).

The increase in input resistance that occurs fatigvapplication of oxotremorine-M

is due to the action of the M mMAChRs on of a range of conductances. Non subtype
selective mAChR agonists modulate a range of cdadaes including the activation
of the |, and Ly, as mentioned above, and the suppression of aG#dwactivated

K" current hyp, the voltage and time dependeritdGrrent 4, and the voltage and

time independentgly (Cole and Nicoll, 1984a; Colino and Halliwell, Z@Halliwell

and Adams, 1982). Previous reports suggest theaserin input resistance is mainly
from the suppression of thgb and the §; and the closing of the channels associated
with these conductances (Cole and Nicoll, 1984hgrd is no significant change in
input resistance following the selective activatasrihe My mAChR by 77-LH-281,

as selective activation of the;MMAChR does not affect these currents. The absence
of activation of | by M; mAChR selective agonists is another possible gmritng
factor in the lack of epileptogenic effects of thegonists, as activation gf has

been shown to be pro-epileptogenic (Pena and AlResaz, 2006).
The effect of mMAChR agonists on evoked potentials

The fEPSP experiments were conducted at the Sclwaflateral to CA1 pyramidal
cell synapse. Application of oxotremorine-M leadstsignificant decrease in the
amplitude and the slope of the fEPSP, whereasagtjan of 77-LH-281 has no
significant effect on the fEPSP. This strongly supg the suggestion that the
decrease of the amplitude and the slope of thePER&uced by mAChRs is not
mediated by the MmAChHR subtype. Previous studies have shown threpic



John Broad, 2009 Chapter 4, 101

transmission at the Schaffer collateral-CAl pyraahakll synapse is reduced in
amplitude by mAChR activation by approximately 409the stratum radiatum (SR),
whereas in the stratum lacunosum-moleculare (ShyMagtic transmission is reduced
by up to 90% (Hasselmo and Schnell, 1994). As Waderesistance electrodes were
utilised in these experiments it is possible tl@hlihe SR and SLM were recorded
from, as demonstrated by the approximately 60%atoiuin fEPSP amplitude by

oxotremorine-M.

It is likely that the fEPSP is decreased by theéaadf the M, and/or M receptors, as
they are located presynaptically (Levey et al.,5)%nd are linked to a decrease in
cd" entry into the neurone through N-type’Cehannels, a process vital for synaptic
vesicle release (Caulfield and Birdsall, 1998)r&&pulse experiments have shown
that the mAChR effect on the Schaffer collateraliGAnapse is a presynaptic effect
(de Sevilla et al., 2002; Kuhnt and Voronin, 1994).

4.6 Conclusion

In this chapter the networks that underlie chotiemduction of oscillatory activity
in the hippocampus was investigated. ThesMbtype selective mAChR agonist 77-
LH-281 does not induce ictal-like activity in a ggnof models of epileptiform
activity in the hippocampus, whereas applicatiothefmAChR agonist

oxotremorine-M leads to ictal-like activity.

As well as this, insight into the mechanisms thatarlie the ictal events observed in
the hippocampus can be gained. Fast glutamateegisrhission is required for both
the My-induced gamma frequency oscillation and ictal-blkgivity (see chapter 3),

but fast GABA, mediated transmission is not required for ictié-levents.

Only in the presence of bicuculline does seledicttvation of the M mACHR lead to
an increase in the frequency of inter-ictal-likeets. M mMAChR agonists acting
through the activation ofJ; depolarise pyramidal cells, leading to an incrdase
probability of action potential firing. In the biculline model as there would be no
increase in IPSPs on pyramidal cells as interneagr@ne activated, the frequency of

paroxysmal depolarisations increases. In the aleseini@st glutamatergic
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transmission activation of the ;NNAChR receptor has no effect on the network
activity. Therefore the MmAChHR is almost certainly acting predominantlyotingh
pyramidal cells of the CA3 region.

The above chapter indicates that 8ibtype selective mAChR agonists display many
of the desirable characteristics required for anmpic compound. These include the
potential to initiate gamma frequency oscillatioasd a lower potential than classical
MAChR agonists to promote epileptiform activityt#dugh many further safety and
efficacy studies would need to be performed to iconboth the safety profile and
potential of this compound to be pro-cognitive sthstudies indicate that;Mubtype
selective mMAChR agonists are a safer class of canghto use than non-subtype
selective mAChR agonists as cognitive enhancingsiru
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5 The effect of ampakines on hippocampal

neurophysiology
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5.1 Introduction

This chapter investigates the effect of ampakimekippocampal slices. Ampakines are
positive allosteric modulators of AMPA-type glutammaeceptors, which are the most
highly expressed receptor in the central nervostesy (Dingledine et al., 1999). AMPA
receptors are ionotropic glutamate receptors ardiateefast excitatory synaptic
transmission. Ampakines positively modulate AMP&agtors by (i) increasing the
conductance of the AMPA receptor, (ii) increasing time to channel deactivation, or (iii)
preventing desensitisation of the AMPA receptom(tly, 2004).

Ampakines are known to be pro-cognitive in ratsoftmart et al., 2007), and humans
(Ingvar et al., 1997). Ampakines enhance lifiRitro (Arai et al., 2004) anah vivo
(Staubli et al., 1994), a change in synaptic furcthought to underpin learning and
memory (Kandel, 1997), and cause the release of BNckhart et al., 2007), a pro-
cognitive gene regulator which enhances LTP (Kara).e1997). Ampakines increase
synaptic transmission at the excitatory synapsésamippocampus and increase
depolarisation by increasing EPSCs (Lynch and @806). This increase in the post-
synaptic depolarisation and enhancement of synapismission underlies the nootropic

properties of ampakines (Lynch, 2004).

However, by increasing post-synaptic depolarisatitvas been suggested that ampakines
could be pro-epileptogenic as well as pro-cognitt¥gclothiazide, an ampakine that
prevents desensitisation of AMPA receptors, isgpeptogenian vivo (Qi et al., 2006)
andin vitro (Lasztoczi and Kardos, 2006). In this chapter effiect of two recently
developed ampakines, CX546 and CX691, will be itigated in a series of models to
evaluate their pro-epileptic potential. CX546 i&rst generation type 1 ampakine that
causes increases in the hippocampal EPSC duratiarad Arai, 2005). CX691 is a

second-generation ampakine that increases thetanplof the EPSC.

As such, the aims of this chapter are as follows;

1. To evaluate the effect of application of the ampa&iCX546 and CX691 on evoked

field excitatory post-synaptic potentials.

2. To investigate the potential of CX546 and CX691nibate emergent oscillatory
activity in naive hippocampal slices.
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3. To investigate the effect of application of CX54@&1aCX691 on hippocampal slices in

which epileptiform-like activity has been initiated

This will allow an investigation into the effect 6X546 and CX691 on physiological
synaptic and network activity, and the potential-ppileptogenic nature of these

ampakines.

5.2 The effects of ampakines on field excitatory po  st-
synaptic potentials

The modulation of the biophysical properties of AMRceptors by ampakines is likely to
affect Schaffer collateral-CA1 pyramidal cell sytiagransmission as the synapse is
glutamatergic (Hollmann and Heinemann, 1994). Angeain the properties of synaptic
transmission by modulation of AMPA glutamate recepwill be manifest in a change in
the magnitude of the field excitatory post-synaptitential (fEPSP) measured from the
CAL1 region of the hippocampus.

5.2.1 The effect of CX546 on fEPSP

Application of 100 uM CX546 to hippocampal slicesised an increase in the amplitude
of the fEPSP (fig 5.2.1.A). The mean (n = 7) anuplé of the fEPSP was significantly (P =
0.031) increased (1.13 + 0.32 to 1.28 + 0.34 mV)Hzyapplication of 100 uM CX546.
This effect was reversible upon wash out (1.11380nV, fig 5.2.1.B). There was no
change in the paired pulse ratio of the amplituddldime points tested following
application of 100 uM CX546 (fig 5.2.1.C). Thesdadsuggest that the facilitation of the
fEPSP by CX546 occurred at a postsynaptic locusistemt with the proposed action of

ampakines.
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Fig 5.2.1 Investigation into the effect of the akipa CX546 on field
excitatory post-synaptic potentials
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A. Representative trace examples showing (i) a éeldtatory post-synaptic potential (ii) the incgean the
amplitude of the field potential in response to dipplication of 100 uM CX546 and (iii) washout bét
ampakine CX546B. Summary histogram showing the significant inceciashe amplitude of the field
excitatory post-synaptic potentials in responstiéoapplication of the ampakine CX548. Paired-pulse
protocols showing there is no difference in thelifation of the amplitude of the fields betweem thresence
and absence of CX546 (100 uM).
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5.2.2 The effect of CX691 on fEPSP

The mean amplitude of the fEPSP was significarly: (0.027) increased (from 0.79 +
0.19t00.81 +£0.22 mV, n =12) by 10 uM CX691; sedpuent application of 100 uM
CX691 further increased the amplitude (to 0.88230mV) of the fEPSP (fig 5.2.2.B).
Wash out of 100 uM CX691 decreased the amplitudbeofEPSP to 0.77 + 0.22 mV. 100
pM CX691 induced no changes in the paired pulse cdthe amplitude of fEPSP at all
time points tested (fig 5.2.2.C). This indicates ithcrease in the magnitude of the fEPSP

by CX691 occurred at a postsynaptic locus.

5.3 Ampakines and emergent network activities

As ampakines positively modulate synaptic transimisst is important to evaluate the
pro-epileptogenic potential of these compoundbealavel of the network. In order to
characterise the effects of ampakines on netwarkigg the ampakines CX546 and
CX691 were applied to coronal hippocampal slicepldiying either no network activity

(fig 5.3), or four mechanistically distinct modelsepileptiform activity (fig 5.3.1-8).

Initially the ability of ampakines to induce osatibry network activity was investigated.
The ampakines CX546 and CX691 were applied to naijygocampal coronal slices and

emergent network activity was monitored.
The effect of application of CX546 on naive slices

Application of 100 uM CX546 to naive hippocampades$ did not produce any detectable
field events or oscillatory activity in all slicéssted (8/8, see fig 5.3.B). In fig 5.3.A the
expanded trace shows there was no change fromatigiound signal following addition
of 100 uM CX546.
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Fig 5.2.2 Investigation into the effect of applioatof the ampakine CX691 on
the amplitude of field excitatory post-synapticqrdtals
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A. Representative trace examples showing (i) a obfiéld excitatory post-synaptic potential (fFEPSH)
the fEPSP in the presence of 10 pM CX691 (iii) theSP in the presence of 100 pM CX691 and (iv)
wash out of the ampakine CX6®.. Summary histograms showing the concentration nidgr increase
in amplitude of fEPSP following application of 10eLAM 10-100 uM CX691C. Time-ratio plot showing
that there is no difference in the paired pulsimratthe presence and absence of 100 pM CX691.
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Fig 5.3 Investigation into the effect of the apation of ampakines on naive
hippocampal slices

A

() Naive slice (i) +100 uM CX546 ) +2 UM NBQX
0.05 mVl
5s
None P None
8
100 pM CX546
C () Naive slice (i) +100 uM CX691 (iif) +2 uM NBQX

0.02 mVl
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D E Inter-ictal-like Inter-ictal-like
1
None » None None 4 None

7 8
100 pM CX691 100 pM CX691 (+5 mM K*)

A. Representative trace examples showing (i) theenaippocampal slice (ii) application of the ampekiL00
1M CX546 and (iii) subsequent application of the RMkainate receptor antagonist NBQX. Note no overt
network activity is observed following applicatiohCX546.B. Trend chart showing application of 100 pM
CX546 does not induce or lead to a change in nétaotivity. C. Representative trace examples showing
extracellular field recordings from (i) a naive pimampal slice, (ii) the effect of application @QlpM CX691
on the hippocampal slice and (iii) subsequent appibn of 2 uM NBQXD andE. Trend charts showing no
change in oscillatory activity following applicati@f 100 pM CX691 to naive hippocampal slicesDiy igormal
ACSF and only 1/9 slices change ) glevated extracellular [{ ACSF.
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The effect of application of CX691 on naive slices

Application of 100 uM CX691 to naive hippocampades$ also did not induce oscillatory
activity (fig 5.3.C). The trend diagram (fig 5.3.B)ows that no activity was observed in
all (7/7) slices tested following application ofdl@M CX691. Even in the presence of a
raised extracellular [H, of 5 mM, to increase neuronal excitability by diepising
neurones (Traub and Dingledine, 1990), only 11%)(&f slices displayed oscillatory
activity in response to application of 100 uM CX6%his activity was in the form of

inter-ictal-like events.

5.3.1 The effect of application of CX546 on 4-AP-in  duced inter-
ictal-like activity

As observed above ampakines are not overtly ogeiii@ in naive slices. However, in
naive slices basal glutamate and GABA releaseilely Ito be low, which may not best
represent the vivosituation. To truly assess the potential pro-epigenic nature of
ampakines in hippocampal slices ongoing AMPA remeattivation is required.
Ampakines affect glutamatergic synaptic transmissimough positive modulation of
AMPA receptors (Ito et al., 1990) and it has therefbeen postulated that ampakines may
be pro-epileptogenic (Qi et al., 2006). Thus, thgakines CX546 and CX691 were
applied to 4-AP, bicuculline, low extracellular Kgnd a 4-AP/NBQX slow inter-ictal-

like event models to investigate their effect otalbbshed epileptiform activity.

Blockade of the potassium currengsaind h by 4-AP induces inter-ictal-like events (see

fig 4.2.1). 4-AP activates pyramidal cells to irase glutamate release in the hippocampus
(Buzsaki and Draguhn, 2004). Application of 100 (EM546 to slices exhibiting ongoing
4-AP-induced inter-ictal-like activity increasecetfrequency of inter-ictal-like activity and
often led to a change in the mode of activity @i§.1). The inter-ictal-like events induced
by application of 20 uM 4-AP were converted inttaidike events (37.5%, 6/16 slices)
following application 100 uM CX546, as shown in &$.1.C. Also on occasion delta
frequency oscillatory network activity was observed small subset (12.5%, 2/16) of

slices.
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Fig 5.3.1 Investigation into the effect of CX546 lippocampal slices
displaying inter-ictal-like activity induced by dpgation of 4-AP

A 20 uM 4AP + 100 uM CX546 Wash out

"IN -ty
osmv|__

TAS W

05 s

o

C

j

Ictal-like Ictal-like
) 6
L 0.3 Delta Delta
)
G 0.2 Interictal-like Interictal-like
qg)_ 8
T 011 n=14 + 100 UM CX546
0.0-
b?g ‘ob‘b &’bé\
S o
0 N
N

A. Representative trace examples showing (i) irtiriike activity induced by application of 20 uMAR, (ii) the
effect of application of the positive AMPA-recep#ilosteric modulator CX546 (100 pNset expanded trace) and
(iii) wash out of CX546ifset expanded trace). Upon application of CX546 theriittal-like activity tends change
into ictal-like events (as shown by the insets)ichtis partially reversible on wash ot Summary histogram
showing the significant increase in the rate of-Aduced interictal-like activity induced by thepdication of 100
MM CX546.C. Trend chart showing that the 50% of the slicapldlying interictal-like activity continue to disyl
interictal-like activity (8/16 slices) and 37.5 %dan to display ictal-like events (6/16 slices).
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Application of 100 uM CX546 significantly (P = 0.08) the frequency of 20 uM 4-AP-
induced inter-ictal-like events increased (fromd0+10.07 to 0.24 = 0.09 Hz, n = 14) (fig
5.3.1.B). This effect was not reversible upon washof CX546 (0.26 + 0.10 Hz, n = 13).

5.3.2 The effect of application of CX691 on 4-AP-in  duced inter-
ictal-like activity

Application of CX691 to 4-AP-induced inter-ictaké activity led to an increase in inter-
ictal-like event frequency, but did not lead tohage in the mode of oscillatory activity
(fig 5.3.2.). Application of 10 uM CX691 to 20 uMAP induced inter-ictal-like activity
led to a significant (P = 0.016) increase (from8t20.11 to 0.46 + 0.13 Hz, n = 7) in the
mean frequency of 4-AP-induced inter-ictal-like mtge(fig 5.3.2.B). This increase was not
reversible upon wash out (0.55 + 0.16 Hz, n =M order to investigate the mechanism of
the irreversible nature of the CX691-induced inseem inter-ictal-like frequency, the
NMDA receptor antagonist 2-AP5 (50 pM) was appledore CX691 to prevent NMDA
mediated network plasticity. Application of 2-ARSalf significantly (P = 0.009) increased
(from 0.34 £ 0.12 Hz to 0.94 £ 0.21 Hz, n = 7) thequency of 4-AP induced inter-ictal-
like events. In the presence of the NMDA receptdagonist 50 uM 2-AP5, 1M

CX691 caused a significant increase in inter-itikad-event frequency (from 0.94 + 0.21 to
1.05+0.23 Hz, n =7, P = 0.016), which was pHyti@versible (to 1.01 £ 0.20 Hz) (fig
5.3.2.C).

Following application of 10 uM CX691 to 20 uM 4-ARduced inter-ictal-like activity the
majority (69%, 9/13) of slices continued to dispiater-ictal-like activity (fig 5.3.2.D) and
only 15% displayed ictal-like activity. Again insmall subset (15%, 2/13) of slices delta

frequency oscillatory network activity was observed

5.3.3 The effect of application of CX546 on bicucul line-induced
inter-ictal-like activity

Bicuculline induces oscillatory network activityrttugh the blockade of GABA
receptors, allowing summation of EPSPs throughwaihietwork, and the development of

paroxysmal depolarising shifts within pyramidallsésee chapter 4).
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Fig 5.3.2 Investigation into the effect of CX691 ttve frequency of inter-ictal-like
events induced by 4-AP
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A. Representative trace examples showing (i) intidHike activity induced by the application of a0 4-AP, (ii)
subsequent application of the ampakine CX691 (10Qipsét expanded trace) and (iii) wash out of CX691. Nbte
increase in inter-ictal-like event frequen8&¢C. Summary histograms showing the application ot MdCX691 to 4-AP
induced activity which increases the rate of int¢al-like activity. Note that the increase in & is not reversible upon
washoutC The application of the NMDA receptor antagonist AB8 uM) prior to application of CX691 (10 puM) does
not prevent the CX691-mediated increase in int@Hike event frequency, which is reversible orsivaut of CX691D

Trend charts showing that of slices initially desgihg inter-ictal-like activity the majority of skes continue to display
inter-ictal-like activity. (9/13 slices).
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Fig 5.3.3 Investigation into the effect of CX546the frequency of inter-ictal-like
events induced by bicuculline (+5 mMK
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A. Representative trace examples showing (i) 20 jcMdolline (+5 mM [K!])-induced inter-ictal-like activity, (i) the
effect of the application of 100 uM CX546 upon thisuculline-induced activityiffiset expanded inter-ictal-like
event) and (i) wash out of the ampakine CX5B6Summary histogram showing a significant incraadater-ictal-
like event frequency following application of thepakine CX546C. Trend chart showing that in the majority of

slices in which inter-ictal-like activity is estéted subsequent application of 100 uM CX546 do¢desad to a
change in the mode of activity (7/9 slices).
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Application of 100 uM CX546 to 20 uM bicucullineg-mM [K'])-induced inter-ictal-like
activity led to a significant (P = 0.002) incregfem 0.39 + 0.13t0 0.50 £ 0.13 Hz, n =
11) in the frequency of inter-ictal-like activitfig 5.3.3.B). The increase was not
reversible upon wash out of CX546 (0.49 + 0.12 KX)the slices displaying inter-ictal-
like activity in response to application of 20 plducculline (+5 mM [K]), 78% (7/9) of
slices continued to display inter-ictal-like actyvin the presence of 100 uM CX546,
whilst ictal-like activity emerged in 22% of slices

5.3.4 The effect of application of CX691 on bicucul line-induced
inter-ictal-like activity

The frequency of 20 uM bicuculline (+5 mM TB-induced inter-ictal-like activity was
similarly increased in response to the applicatibh0 uM CX691. However CX691 did
not induce ictal-like activity (fig 5.3.4). Applitian of 10 uM CX691 led to a significant
(P = 0.0006) increase (from 0.26 = 0.05 to 0.35G7Hz, n = 21) in the mean inter-ictal-
like event frequency (fig 5.3.4.B), which was agaaot reversible upon wash out of 10 uM
CX691 (frequency = 0.37 + 0.08). Prior applicatadrb0 pM 2-AP5 increased the
frequency of inter-ictal-like events (0.15 £ 0.@3Xx34 + 0.06 Hz, n = 8) and did not
prevent the 10 pM CX691-induced significant (P 640) increase (0.34 = 0.06 to 0.38
0.06 Hz, n = 8) in mean inter-ictal-like activityig(5.3.4.C). Wash out of 10 uM CX691 in

the same experiment did not result in a decreasednt frequency (0.41 £ 0.07 Hz, n = 8).

Application of 10 uM CX691 to bicuculline -inducetder-ictal-like events did not change
the mode of activity in 96% (22/23) of slices teistgg 5.3.4.D), and 88% (7/8) slices
continued to display inter-ictal-like activity follving application of 100 pM CX691. In
the presence of 50 uM 2-AP5 88% (8/9) of slicesndiichange the mode of activity in
response to the application of 10 uM CX691 (fig4.B).

5.3.5 The effect of the application of CX546 on low  extracellular
magnesium-induced inter-ictal-like activity

Removal of extracellular magnesium leads to emerigeer-ictal-like network activity
through the removal of the voltage dependent magmelslock of the NMDA receptor
(Traub et al., 1994).
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Fig 5.3.4 Investigation into the effect of CX691 tte frequency of
bicuculline-induced inter-ictal-like events
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A. Representative trace examples showing (i) the SABceptor antagonist 20 uM bicuculline (+5 mM exgladar
[K*])-induced inter-ictal-like activity, (ii) subsequeapplication of 10 pM CX691ir(set expanded inter-ictal-like event)
and (i) wash out of the ampakine CX6®.& C. Summary histograms showinB)(the application of 10 pM CX691 on
bicuculline induced inter-ictal-like activity leadis a increase in the frequency of inter-ictal-ldsents, which is not
reversible upon wash out of the ampakine. 10 uM @IX€auses a significant increase in inter-ictad-vent frequency in
the presence of 50 uM APS5, but again wash out dd¥1Xdoes not reverse the increase in frequeBryX & E. Trend
charts showingl¥) the effect of application of 10 pM CX691 on biallime-induced inter-ictal-like activity. No changre
the oscillatory activity is observed in 21/22 sticApplication of 50 UM 2-AP5 prior to the appliceat of 10 uM CX691
(E) does not promote other oscillatory activitieD(8lices tested).
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Fig 5.3.5 Investigation into the effect of CX546low Mg?* induced inter-ictal-
like activity
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A. Representative trace examples showing (i) irdHike activity occurs following removal of Mgions from the
extracellular bathing medium, (ii) an increaseha frequency of inter-ictal-like events followinddition of 100uM
CX546, which is reversible upon wash out (iB). Summary histogram showing a significant increéasater-ictal
event frequency due to addition of 1001 CX546 to inter-ictal-like activity induced by thremoval of M@* ions

from the extracellular bathing medium. This is mesille on wash out of CX54€. Trend chart showing only 1 out of
10 slices changes the mode of activity from intgalilike activity to ictal-like activity followinghe application of
100uM CX546.
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The gradual emergence of these inter-ictal-likenes/es described in the previous chapter
(fig 4.2.7).

Application of 100 uM CX546 increased the frequentiow magnesium induced inter-
ictal-like activity but did not change the modeaativity in the majority of slices.
Application of 100 uM CX546 caused a significant{B.0020) increase (from 0.34
0.11t0 0.48 £ 0.15 Hz, n = 10) in the low-magnesinduced inter-ictal-like activity
frequency (fig 5.3.5.B) that was reversible on washof 100 uM CX546 (frequency =
0.38 £ 0.11 Hz, n = 10). Application of 100 uM C¥&bdid not change the mode of
activity in 90% (9/10) of slices tested, with theeption of one slice in which ictal-like

events were observed following its application.

5.3.6 The effect of the application of CX691 on low  extracellular
magnesium-induced inter-ictal-like activity

Application of 10 uM CX691 led to a significant £70.014) increase in the frequency
(0.49 £0.22 t0 0.67 £ 0.27 Hz, n = 12) of low extllular magnesium-induced inter-ictal-
like events (fig 5.3.6.B) that was reversed byshlsequent application of the
AMPA/kainate antagonist NBQX (0.37 £ 0.11 Hz). Aigplion of 100 uM CX691 also

led to a significant (P = 0.020) increase (from840.13 t0 0.73 £ 0.19 Hz, n = 7, not
shown) in the frequency of the low extracellulamgmasium-induced inter-ictal-like
activity that was reversible upon subsequent agtio of 2 uM NBQX (0.53 £ 0.08 Hz, n
= 7). Application of 2 uM NBQX prior to the additiocof 10 uM CX691 prevented (0.30 +
0.12t0 0.33 £ 0.11 Hz, n = 8) the increase (P15)in low extracellular magnesium-
induced inter-ictal-like event frequency induced@x691 (fig 5.3.6.C).

Application of 50 uM 2-AP5 caused a significant{P.005) decrease in the inter-ictal-
like event frequency (from 0.22 + 0.03 Hz to 0.08.83 Hz, n = 9). In the presence of 50
MM 2-AP5, 10 uM CX691 caused a significant (P =3Dificrease (to 0.13 + 0.04 Hz, n =
9) in low extracellular magnesium-induced interldtke event frequency. This increase
was not reversible upon wash out of the CX691 enpgftesence of 50 uM 2-AP5 (0.17
0.06 Hz, n =9).
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Fig 5.3.6 Investigation into the effect of CX691low Mg?*-induced inter-ictal-

like events
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A. Representative trace examples showing (i) intidHike activity induced by removal of Mgions from the
bathing solution (i) the effect of subsequent aggtion of 10 uM CX691iset expanded inter-ictal-like event) and
(iii) the effect of the addition of the AMPA/kaireteceptor antagonist NBQX (2 uMB-D. Summary histograms
showing the effect of application of the ampakiné81 on low M@*-induced inter-ictal-like activity. A significant
increase in the inter-ictal-like event frequencyliserved following application oBj 10 uM CX691, which is
reversible upon addition of 2 uM NBQX or wash ofittee ampakine (data not showR). This increase is abolished
by the addition of 2 uM NBQX prior to the applicaiiof 10 uM CX691D. The significant increase in inter-ictal-like
event frequency is not abolished by the additiothefNMDA receptor antagonist 50 M AP5 before agapion of

the ampakine CX691 (10 uME. Trend charts showing the effect of applicatiorthef ampakine CX691 on low

Mg?*-induced inter-ictal-like activity. The majority sfices (11/13) do not change the mode of activitgelsponse to
the application of 10 pM CX691.
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The majority (85%, 11/13) of slices did not chaingéhe mode of activity from low
extracellular magnesium-induced inter-ictal-likeivty following application of 10 uM
CX691 (fig 5.3.6.E). All slices (9/9) continueddplay low extracellular magnesium-
induced inter-ictal-like activity following appliti@n of 100 pM CX691. In the presence of
2 UM NBQX or 50 uM 2-AP5, subsequent applicatiod®fuM CX691 did not change

the mode of activity from low extracellular magnastinduced inter-ictal-like activity in

all slices tested (8/8 and 9/9 slices respectively)

5.3.7 The effect of CX546 on 4-AP/NBQX-induced slow inter-ictal-
like events

In order to ensure that the ampakines investigatéed through the modulation of AMPA
receptors, ampakines were applied the 4-AP/NBQXided slow inter-ictal-like event
model. Application of ampakines to this model skiaubt alter the mode or frequency of
emergent network activity, as the antagonist NBQocks all AMPA/kainate receptors. If
the ampakines are acting through other recepteesgsto increase the frequency of 4-AP-
induced oscillations in the absence of NBQX (fig3.5and 5.3.2), then an increase in

frequency would be expected to occur in the presentNBQX.

The frequency of 20 uM 4-AP/2uM NBQX induced slover-ictal-like events was not
altered by application of 100 uM CX546 (fig 5.3.There was no significant change (P =
0.50, from 0.033 £ 0.013 to 0.031 = 0.013 Hz, n)inghe mean slow inter-ictal-like event
frequency (fig 5.3.7.B), which again did not aliggon wash out (0.032 + 0.013 Hz, n = 5).
In all slices (6/6) displaying 4-AP/NBQX induceaw®l inter-ictal-like events the slices
continued to show this mode of activity followinddition of 100 uM CX546 (fig

5.3.7.C).

5.3.8 The effect of application of CX691 on 4-AP/NB  QX-induced
slow inter-ictal like events

The frequency of 20 uM 4-AP/2uM NBQX induced slover-ictal-like events was not
altered by 10 uM CX691 (fig 5.3.8).
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Fig 5.3.7 CX546 does not alter the frequency of RIMBQX induced slow inter-
ictal-like events
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A. Representative trace examples showing (i) 4-AP/NBQX-iedwtow inter-ictal-like eventsnset-expanded
event), (ii) the effect of subsequent application of 1BDQX546 and (i) wash out of CX54&. Summary
histogram showing there is no significant change énftaquency of slow inter-ictal-like events following

application of 100 uM CX54€&C. Trend chart showing there is no change in the mode igftadbllowing
application of 100 uM CX546 (n = 6).
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Fig 5.3.8 CX691 does not alter the frequency ARINBQX induced slow
inter-ictal-like events
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A. Representative trace examples showing (i) 20 AWM d4nd 2 uM NBQX-induced inter-ictal-like events,
(ii) the effect of the subsequent application ofu@@ CX691 (nset slow inter-ictal-like event) and (iii) wash
out of the ampakine CX69B. Summary histogram showing there is no signifiedrange in the frequency
of slow inter-ictal like events following applicatiof 10 uM CX691C. Trend chart showing there is no

change in the mode of the oscillatory activity daling application of 10 uM CX691 on slow inter-idike
events in 5 out of 5 slices tested.
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There was a slight non-significant (P = 0.69) dasee(from 0.030 + 0.014 to 0.024 +
0.005 Hz, n = 6) in the mean slow inter-ictal-l&eent frequency following application of
10 uM CX691 (fig 5.3.8.B), which decreased furtbpon wash out (0.017 £ 0.003 Hz, n =
6). In all slices (5/5) displaying 4-AP/NBQX indutslow inter-ictal-like events the slices
continued to show this mode of activity followinddition of 10 uM CX691 (fig 5.3.8.C).
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5.4 Discussion

In this chapter the effect of two ampakines on bggmpal networks was investigated.
CX546 is an ampakine that causes a significaneas® in the open time of AMPA
receptors, increasing the width of the EPSC. CXi6%20-50 times more potent analogue
of the ampakine CX516, which significantly increafiee current flow through the AMPA
receptor by increasing the amplitude of the EPSKi(ét al., 2004). The main findings of
this chapter are as follows;

1. Ampakines promote synaptic transmission at the feaheollateral-CA1 synapse.

2. Ampakines do not induce emergent oscillatory astiwihen applied to naive

hippocampal slices.

3. Ampakines increase the frequency of inter-ictad-ldvents in three mechanistically

distinct models of epileptiform activity.

4. The ampakine CX546 also promotes ictal-like agtiuithippocampal slices

displaying 4-AP-induced inter-ictal-like activity.

5. Ampakines have no effect on the mode or frequeftigeoslow inter-ictal-like
events induced by co-application of 4-AP and NBQX.

Ampakines are of interest as the facilitation @t fglutamatergic transmission is known to
improve cognitive function in many disparate taakd species (Ingvar et al., 1997,
Hampson et al., 1999; Jones et al., 2005), bupobential of these drugs to be used as

nootropic agents is hindered by the fact they n@ssibly induce seizures.

The older generation ampakine, CX546, and the newgrakine, CX691, facilitate
glutamatergic transmission at the Schaffer coldt€A1 synapse as shown in section 5.2.
The facilitation of glutamatergic transmissionhsught to underlie the pro-cognitive
action of ampakines (Black, 2005).

Although the effect of CX546 is to increase thedtization time of the AMPA receptor
(Arai et al., 2004), this is manifest as an incegasthe amplitude of the fEPSP. The fEPSP
is predominantly made up of current flow into pyrdah cell dendrites, and is proportional
to the excitability of pyramidal cells (Balestriebal., 1986). It is possible that an increase

in the temporal summation of EPSPs from Schaffé#atewals can occur in the presence of
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CX546. Temporal summation occurs when membraneldegations occur within
dendrites within a short amount of time (Rall, 198fbstrom et al., 2008). This increases
the excitability of pyramidal cells and probabild§ action potential firing, increasing the
amplitude of the fEPSP. CX691 does not changeetmporal component of the EPSC, but
rather increases the amplitude of the EPSC (Aral.e2004). The increased amplitude of
the EPSC leads to a greater depolarisation of & @yramidal cells in the network for
each EPSP, increasing the probability of supralttmidspotentials in pyramidal cells in the
presence of CX691.

CX546 and CX691 appear to exert the majority oirte#ect on normal synaptic
transmission at the post-synaptic locus as theyod@hange the paired pulse ratio. The
paired pulse ratio is a measure of the changeeithplitude of the EPSP that occurs in
response to a second stimulus due to a raisedigd§{@"] in the pre-synaptic bouton
following the initial stimulus (Schulz et al., 1994 hus if the paired pulse ratio changes

following an experimental intervention, then theus of that effect is pre-synaptic.

AMPA receptor activation is crucial in the electhgpiological phenomenon that is
thought to represent memory formation, long terrrepwation (LTP) (Malinow and
Malenka, 2002; Sprengel, 2006) which is a long-taronease in the glutamatergic
synaptic strength. Ampakines have been shown tease the amplitude of LTP at the
Schaffer collateral-CA1 synapse (Arai et al., 20Bbth pre- and post-synaptic loci have
been implicated in the molecular changes that oiccull P, but the changes that occur in

the presence of the ampakines above would be ltkebe at a postsynaptic locus.

Application of either of the ampakines, CX546 anki681, did not induce any detectable
oscillatory network activity in naive hippocamphtas. As ampakines are positive
allosteric modulators of AMPA receptors (Ito et 4990), they do not directly activate
AMPA receptors. Ampakines require AMPA receptoinatton by endogenous or
exogenous AMPA receptor agonists, like glutamatdave an effect. Neuronal activity
underlies both glutamate release (Hamberger et@19) and oscillatory network activity
(Traub et al., 2004). Therefore ongoing neurontiViag is required for ampakines to exert
their effect, and in slices in which no detectatseillatory activity is observed it is likely
that the majority of neurones are quiesd€nnors et al., 1982The absence of network
oscillatory activity following application of ampgies to quiescent slices was therefore
expected. Even following the increase ofJiup to 5 mM, which increases the probability
of neuronal activity by depolarising neurones dtdeeaction potential firing threshold

(Kaila et al. 1997), the ampakines largely did prmimote network oscillatory activity.
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In the slices that were not quiescent in eithemadrACSF or raised extracellular Tk,

the ampakines CX546 and CX691 were able potergst#latory activity. The activities
induced were highly variable and relatively raens quantifiable measure of the
facilitation of these activities by the ampakinessvpossible. However, the facilitation of
both the physiological and pathophysiological datwky network activities in these slices
was expected as the ongoing activity indicatesaghatte was being released and AMPA

receptors activated (Whittington et al., 1997).

The effect of these ampakines on four different et@adf epileptiform activity was then
investigated. Both of the ampakines caused a #gnif increase in the frequency of inter-
ictal-like activity in three of the epileptiform rdels tested. The 4-AP model induces
epileptiform activity in hippocampal networks thgtuthe generation of paroxysmal
depolarising shifts within principal cells (Perréand Avoli, 1991). Paroxysmal
depolarising shifts are initiated by the summatbglutamate mediated EPSPs within the
network. As CX546 increases the width of the AMPAdiated EPSC (Arai et al., 2004),
an increase in the temporal summation of EPSPeasess the probability, and thus the
frequency, of action potential firing. As actiontgetial firing increases the frequency of
paroxysmal depolarising shifts (see chapter 4)jrtez-ictal-like event frequency
increases in the presence of CX546. As mentionedalan increase in the amplitude of
the EPSC leads to greater action potential firmthe presence of CX691. This property
also increases the frequency of paroxysmal degal@on shifts, and as such inter-ictal-
like events within the network.

This increase in the decay time of EPSCs follovdpglication of CX546 displayed a
tendency to induce a change from inter-ictal-likergs to ictal-like events in the 4-AP
model of epileptiform activity. For ictal-like evento be manifest, a transient decrease in
GABAergic inhibition from interneurones is requiresdther through depolarisation block
of interneurones, or a reversal in the chloridelgnat making GABA potentials

excitatory (Isomura et al., 2003; Fujiwara-Tsukaonett al., 2004; Ziburkus et al., 2006).
AMPA receptors are located on interneurones arngalisshorter rise and decay times than
AMPA receptors in pyramidal cells (Geiger et a@97; Povysheva et al., 2006). CX546
would lengthen the temporal component of AMPA régemediated EPSCs on
interneurones, and the temporal summation of ER®R® interneurones may lead to
depolarisation block of OLM interneurones, to disiégnt degree that ictal-like events
could occur as in the Ziburkus model detailed sgihevious chapters. It is also possible
that increased neuronal activity reverses the mdayradient so that GABAreceptor

mediated potentials are excitatory, as in the FujaaT sukamoto model. Ictal-like activity
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would not be induced by CX546 in the bicucullinedabas depolarising GABA potentials
are blocked in this model.

The increase in inter-ictal-like event frequencydwing the application of CX691 was not
reversible upon wash out of the ampakine. It wasdipated that this irreversibility may
have been due to some plasticity associated wtiaresed network activity, perhaps due to
the recruitment of NMDA receptor mediated potemdiat To investigate this further the
NMDA receptor antagonist 2-AP5 was used to bloekRIMDA receptor prior to the
ampakine application. Application of 2-AP5 did all@ partial reversal of the inter-ictal-
like event frequency following wash out of CX69liggesting that the irreversible nature
of the increase in event frequency on washout 08¥IXis at least partially mediated by
the NMDA receptor. NMDA receptor mediated plasyiég involved in LTP in which
strong depolarisations in the postsynaptic membileat to increases in synaptic strength
(Bliss and Collingridge 1993). As CX691 allows ge¥gpost-synaptic potentials by
increasing the amplitude of the EPSC than in nocuoatitions, some plasticity of this
fashion would be expected.

Interestingly there was a significant increasenteri-ictal-like event frequency following
application of 2-AP5. As this is a glutamate reoepintagonist, application of 2-AP5 may
be expected, if anything, to decrease the frequehayer-ictal-like events. Indeed other
studies have shown that NMDA antagonists are amigisant (Aram et al., 1989), but
some have shown NMDA antagonists to be pro-conatik&tafstrom et al., 1997). It is
likely the NMDA receptors are activated followingMP application (Perreault and Avoli
1992). Thus it appears that the activation of NMi28eptor negatively regulates inter-

ictal-like event frequency. Two possible mechaaistiplanations of this effect include:

1. C&" activated K channels are activated in the network by NMDA ptoeactivity as
open NMDA receptors are permeable td'CBaber et al., 2005; Faber and Sah 2007).
This allows K ions to flow out of pyramidal cells through SK dnels, which
mediates the medium after-hyperpolarisation paae(mAHP) (Sah and Faber 2002).
Blockade of the NMDA receptor mediated’Cantry by 2-AP5 may stop the

activation of this channel and allow depolarisatibpyramidal cells.

2. NMDA receptors, which are expressed in internewsq®andaert et al., 1996), may
be involved in feed forward inhibition of pyramidaglls. Block of these NMDA
receptors decreases interneurone excitation byrpgted cells and subsequent GABA
mediated inhibition of pyramidal cells.
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In order to gain further mechanistic insight irtte physiological networks that underlie
the increase in inter-ictal-like event frequencguoed by ampakines and the NMDA
antagonist 2-AP5, these compounds were applieddoge of mechanistically distinct

models of epileptiform activity.

Inter-ictal-like events are also induced by appiaraof the GABA, receptor antagonist
bicuculline. Bicuculline abolishes fast GARAnediated synaptic inhibition leading to the
gradual emergence of inter-ictal-like eveintsivo (Campbell and Holmes 1984) aimd
vitro (Hwa et al., 1991). These inter-ictal-like eveats mediated through fast
glutamatergic transmission (Hwa and Avoli 1991)] ao ampakines are well positioned to
modulate the events induced by application of hidire. Application of both CX546 and
CX691 lead to significant increases in the freqyavicthe inter-ictal-events induced by
bicuculline. As for the 4-AP model of epileptiforaativity, application of ampakines
increases the frequency of the inter-ictal evegtmbreasing the magnitude of EPSPSs,
following the increase in open time (for CX546)cnirrent flux (for CX691) of the AMPA
receptor in the presence of the ampakines (Arai.e2004).

In contrast to the 4-AP model, application of CX%#&s not show a tendency to induce
ictal-like activity in the bicuculline induced int&tal-like event model. Application of
CX691 also does not induce ictal-like activity fretmajority of slices tested. A
straightforward explanation for this could be thsence of depolarising GABAmediated
potentials within this model (Isomura et al., 2008)s also possible that the lower inter-
ictal-like event frequency in the bicuculline modetans that the effect of the increased
open time of the AMPA receptor in the presence X545 is negated. With a lower
frequency the potential for temporal summation, suosequent depolarisation block, is

decreased.

As in the 4-AP induced inter-ictal-like event mgdék increase in inter-ictal-like event
frequency was not reversed upon wash out of theakim@, indicating some longer term
changes in synaptic strength may have occurredk&tiie 4-AP-induced inter-ictal-like
event model, the frequency of the bicuculline-inetievents did not reverse upon washout
of the ampakine in the presence of the NMDA receptdagonist 2-AP5. Therefore these
changes were not totally mediated by the NMDA rémeso NMDA receptor independent
plasticity changes must have occurred?*@atry into pyramidal cells via voltage-gated
C&"* channels (Johnston et al., 1992) of ‘Germeable AMPA receptors (receptors that
lack the GIuR2 subunit) have been reported to teddMDA receptor independent
plasticity (Jia et al., 1996). Application of ampads would enhance the current flow
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through GIluR2 containing AMPA receptors, possibigreasing the degree of NMDA
receptor independent plasticity by increasing'@atry via the AMPA receptor route.
Also, as ampakines act to depolarise pyramidas ésllincreasing AMPA receptor
mediated EPSCs, application of the ampakines wiogigase the levels of activation of
voltage gated G4 channels. As this NMDA independent plasticity aced only in the
bicuculline model, it is possible that the NMDA-@gw@ent plasticity observed in other
models occurs through the interneurones, and th®AHihdependent plasticity occurs
through direct effects on pyramidal cells or througodulation of GABA receptor
function.

As in the 4-AP model, application of 2-AP5 causesigaificant increase in the frequency
of the inter-ictal-like events in the bicucullineodel. The direct effects on pyramidal cells
would remain in place in this model. It is possithlat although GABA mediated
signalling from interneurones is removed; post-gyicaGABAg-mediated inhibition may
still regulate inter-ictal-like event frequency.&femoval of GABA mediated inhibition,
by reducing the excitability of interneurones ttghtNMDA receptor block, may allow the
increase in inter-ictal-event frequency observeth@bicuculline model following
application of 2-AP5. The role of GAB#could be further elucidated using specific
antagonists such as CGP55845 (Davies et al., 1993).

As shown in the previous chapter, removal ofMgns from the extracellular medium
leads to the gradual emergence of inter-ictal-dikents within hippocampal slices
(Tancredi et al., 1990). Subsequent applicatiomodhh CX546 and CX691 lead to a further
increase in the inter-ictal-like event frequenchieTow-Mdf* induced events occur
following the removal of the Mg block of the NMDA receptor channel. This is comfird
by the significant reduction in inter-ictal-like vt frequency following application of the
NMDA receptor antagonist 2-AP5. Paroxysmal depsiag shifts in pyramidal cells
within the CA3 subfield of the hippocampus lead#h®formation of inter-ictal-like
events. Although these events are initiated byofiening of the NMDA receptor, the
recurrent synaptic connections and EPSPs that mpak@roxysmal depolarisation shifts
are largely mediated through AMPA/kainate receptassndicated by the significant

reduction in event frequency following applicatiohNBQX.

CX546 increases the open time of the AMPA receptibmyving increased temporal
summation of EPSPs and action potential firing inithyramidal cells. CX691 increases
the amplitude of the AMPA mediated EPSC, which eawmn increased magnitude of each

EPSP. This increased action potential firing insesathe frequency of inter-ictal-like
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events as noted above. There is not a dependendiM@A receptor activation to increase
the frequency of the low Méinduced inter-ictal-like events following appliaa of the
ampakines, as NMDA receptor activation is ongomthis model (Tancredi et al., 1988).

Indeed, CX691 increased the frequency of intei-idta events in the presence of 2-AP5.

In the low Md¢* model, application of 2-AP5 caused a significagtrdase in the
frequency of inter-ictal-like events. This is exfgetas the major effect on pyramidal cells
by removing Md" is the activation of the NMDA receptor (Tancretiag, 1990).

However, IPSPs that are present in this modellaceldocked by 2-AP5, indicating the
role of NMDA activation in the recruitment of intexurones. This adds evidence to the
putative NMDA mediated interneurone recruitmenagmssible mechanism for the
increase in inter-ictal-like events following 2-ABpplication in the other epileptiform

models described above.

The combination of 4-AP and NBQX induces slow ifitdal-like events in the
hippocampus. This model was predominantly usedhéck the functional specificity of
the ampakines for AMPA receptors at the level efrietwork, using a competitive
antagonist of AMPA receptors. These events relE&BA A mediated transmission and
are depolarising at the intracellular level (Pewitand Avoli, 1992). Subsequent
application of CX546 and CX691 did not lead togngicant change in the frequency or
mode of the slow inter-ictal-like events, indicatithat the ampakines are functionally

selective for AMPA/kainate receptors in hippocammetivork oscillatory models.

5.5 Conclusion

The main conclusion from the experiments in thigathr is that ampakines increase the
frequency of inter-ictal-like activity in a rangéraodels of epileptiform activity. The
ampakines investigated increase the amplitudeeofERSP through their actions on
postsynaptic glutamate receptors. They do not iedusergent network activity in
quiescent hippocampal slices. CX691 is likely tavimre useful than CX546 as a putative
nootropic drug as CX691 does not robustly induta-idke activity in any of the models

investigated, and is therefore likely to be lessg@unvulsant than CX546.

Ampakines are potentially useful clinical drugslasy have been shown to significantly
improve cognitive function. In thi& vitro slice preparation, application of the ampakine
CX546 often changed the mode of activity from integal- to ictal-like activity, and in the

rest of the models some of the slices displayed-iite events following application of the
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both ampakines. In individuals who do not displaizsres but who are pre-disposed to
epilepsy, ampakine treatment may tip the balan@xoitation too far and these
individuals may then develop epilepsy. If theseavitials are representative of the range
of susceptibilities of a population to epilepsyae proportion of the more vulnerable
may suffer seizures following ampakine treatment.
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6 Changes in protein expression following

environmental enrichment
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6.1 Introduction

As discussed in the previous chapters, treatmedhtmwaotropic drugs is an approach to
enhance cognitive performance. However, other amhres have been shown to improve
performance in cognitive tasks, including expogaoran enriched environment for a period
of time (Hebb, 1949). In this protocol, animals aither kept in an environment
containing ladders, running wheels and tubing, Wwiscmoved on a regular basis, or
alternatively in a sparse environment containinky amnimal shelter and stimulation (see
methods chapter). Changes in spine density, déntintgth and behaviour can be
observed between the two groups (Varty et al., 2@8@ subsequent biochemical analysis
shows changes in gene expression (Huang et ab)200

Changes in protein expression also occur follovéirgosure to an enriched environment.
In McNair et al (2007), differential in-gel electrophoresis (DiGEpng with matrix
assisted laser desorbsion-ionisation time of fligMALDI-ToF) and Q-STAR mass
spectrometry allowed the identification of hippogahproteins that significantly change
in expression in response to exposure to an emtieheironment. Subsequent database
searching and gene ontology analysis revealed #jerity (>70%) of proteins regulated
were involved in energy metabolism, cytoplasmicamigation/biogenesis, and signal

transduction.

The focus of this chapter is the initial confirneatiof some of the protein changes that
occur in response to the enrichment protocol uai@edimensional western blot technique.
This allows antibodies raised against the protéinterest to identify changes in the
charge or size of the protein. The expressionfafther protein, MeCP2, a histone
modification protein, will be compared between #immals exposed to the enriched
environment and the poor environment using a caimwesl 1D western blot. This protein
is involved in the epigenetic regulation of genpression and deficits in this protein are

known to induce developmental deficits (Amir ef 4B99).

The aims of this chapter were to

1. Confirm the observations from the DIGE experimelantifying several proteins that

significantly changed in expression in responsantenriched environment

2. Quantify the expression of MeCP2 in response teraithed environment
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The possible implications of the changes that oattine proteomic level, with respect to

the cognitive enhancement that occurs followingosxpe to this model, will be discussed.

6.2 Effect of a model of environmental enrichment o n
global hippocampal protein expression

Figure 6.2 is reproduced here from McNatiral (2007) with permission. Upon initiation of
the enrichment protocol, animals were housed iapen field (fig 6.2.A.i) or an enriched
environment (fig 6.2.A.ii), containing many objetist were moved on a regular basis.
This enhances spatial re-mapping ability and imgsasognitive performance (Duffy et al.,
2001; Escorihuela et al., 1994; Escorihuela etlB5), and promotes synaptic plasticity
(Duffy et al. 2001). Following a six week enrichmeagime, the hippocampi were rapidly
removed and chilled (see methods). The somatidandritic layers of the hippocampus
were separated to isolate the predominantly prai@pll soma from the dendritic field
neuropil.

The entire proteome was then labelled for DiGEllmaaquantification of individual
protein spot abundance levels in control and eeddmimals. The scatter plot (fig 6.2.C)
shows the change in the log abundance of protedns the somatic layer following the
environmental enrichment protocol, in which only7 I& 2469 protein spots displayed a
change in abundance greater than 1.5 fold. Usiolgdiical variance analysis it was
revealed that only 71 of the proteins significarify< 0.05) changed in abundance
following the environmental enrichment protocolgdig 6.2.D), with slightly fewer
somatic proteins changing expression (32) thanritengdroteins (42). Only 2 proteins
significantly changed in abundance in both the san@ad dendritic regions. Following
MALDI-ToF/Q-STAR mass spectrometry several of thpesteins were identified and
displayed in tables 1 and 2 in the appendix.

The schematic representation of the DIGE gel shtbespproximate locations of where a

significant (P < 0.05) change in the expressiof-8ttin, Rho A, and hnRNP K occurs, as
identified by the MALDI-ToF/Q-STAR mass spectronyetsee appendix). These locations
correspond to the locations on the 2D western bibisre protein changes were observed.
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Fig 6.2 The effect of an environmental enrichmawotqgrol on the global
protein expression of the hippocampus
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A. These pictures show the environmental conditfonghe animals exposed to an open field (i) oresmriched (ii)
environment for a total period of 6 weeBs.Hippocampal tissue was then isolated from eithed@minantly dendritic or
somatic regions (shaded are#z)Total protein extracts from area CA1 stratum pyidale of the enriched animals show
a number of proteins change in abundance relatitleet control animals. The scatter plot shows thealmundance ratio of
individual sample spot pairs against the maximuatgin spot abundance. Individual protein spots stiegveasede(),
unaltered ¢) and increased®() log abundance ratios. The vertical lines indidatefold change in abundance. The red
curve shows the frequency distribution of the Ibgradance ratios, and the blue curve shows the hisedanodal
frequency fitted to a modal peak of zero. Note thatmajority of protein spots remain unalteredhsy ¢nrichment
protocol.D. The gel image indicates that the environmentaktlmment protocol induced significant (P < 0.05) afemin
protein abundance in 71 proteins revealed by bickbgariance analysis. Of these proteins 42 displaljferential
abundance only in the somatic layer (open squanslst 32 showed significantly altered abundamcthe somatic layer
(black squares), and only 2 proteins significantipnged abundance in both the somatic and denldsities (grey
squares)E. Schematic of a DiGE gel showing the approximatations of the proteindActin, Rho A, and hnRNP K, as
identified by MALDI-ToF mass spectrometry. The ind&glocation of-Actin, which can be observed in several
locations throughout the gel, is the one identifiscsignificantly changing in the DIiGE analysis.
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6.3 The change in expression of the proteins  B-Actin,
Rho A, and hnRNP K following exposure to a model
of environmental enrichment

The DIiGE analysis revealed the altered expresdiannomber of hippocampal proteins
following environmental enrichment. To confirm avalidate the findings of the DIGE
experiment using a different experimental approagpresentative proteins were selected
from the DIGE study. Commercial antibodies selecfor these proteins were then used to

identify these proteins.

In order to confirm the changes in expression e$éhproteins, 2 dimensional western
blots were performed f@-Actin, Rho A, and hnRNP K3-Actin, the cell structural
protein, increases in expression at the locusiiiikthfollowing the enrichment protocol
(fig 6.2.1.B). Three extra protein spots can besoled following the enrichment protocol
as opposed to the control showing the change ipdktern of expression g§fActin. The
enrichment protocol causes a decrease in the estpnesf the cell signalling protein Rho
A. Rho A displays a weaker but more disparate prctpot in the tissue taken from the
hippocampus of the animals exposed to an enricheidomment than the poor
environment. Similarly, hnRNP K decreased in exgisin response to exposure to the
enriched environment, as shown by the expandehgeje, which validates the findings

of the DIGE experiment.

6.4 The change in expression of MeCP2 in responset o0a
model of environmental enrichment

To assess the effect of environmental enrichmethe®dNA methyl binding protein
MeCP2, 1D western blot experiments were perforngdgua commercially available anti-
MeCP2 antibody. The representative bands from ttienénsional western blot (fig 6.4)
show that the enrichment protocol increases theesgmpn of MeCP2. The theoretical size
from the amino acid sequence of MeCP2 is 52 kDahmiband migrates to around 73 kDa
(Myaki and Nagai 2006). The summary histogram §fi¢) B) shows that there is a
significant (P = 0.04) increase in the mean (n @x§ression of MeCP2 in the
hippocampus of animals exposed to an enriched@mwient as opposed to a poor
environment. This is reflected in the increasehmdptical density in the bands

corresponding to MeCP2.
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Fig 6.3 The effect of an enriched environment ughenexpression di-
Actin, Rho-A, and hnRNP K
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A-C Representative scatter plots showing examplesesttified protein spots displaying increase@4{#ctin) and
decreased (ii, Rho A & iii, hnRNP.K) protein abunda in hippocampal tissues isolated following eswminental
enrichment. Grey points represent individual DiGH rgplicates whilst black points indicate mean aante in tissues
from rats exposed to ‘poor’ (open field) and enriticenditions. Also, 2D western blots showing thiéedence in
expression pattern of identified proteins betweeor@and enriched animala. The enrichment protocol increases the
expression of-Actin at this locus, shown by a change in size iatehsity of the3-Actin bands. Note there are a
number of spots (f-Actin observed in the enriched animals that atepnesent in the control animaB. The
enrichment protocol causes a decrease in the esxpnesf Rho A at this locu€. An decrease in the expression of
hnRNP K can be observed following exposure to aitked environment.
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Fig 6.4 Quantification of expression change of M2@Presponse to
enriched environment
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A. Representative 1 dimensional western blot shgihie effect of an enrichment protocol on the eggion
of the histone modification protein MeCP2, takemfra combined sample of 3 animds.Summary
histogram showing environmental enrichment caussgrdficant (P = 0.04) increase in the mean () =6
expression of MeCP2. Each individual experimemaken from a combined protein sample of 3 animals,
with 5 replicates per gel, across 6 gels. The pgidf the data approaches significance (P = 0.07).
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6.5 Discussion

As well as the electrophysiological approacheféngrevious chapter, it is important to
analyse the changes that occur at the proteomat feNowing cognitive enhancing
strategies, allowing the isolation of cognition-ated biomarkers and the identification of
novel molecular entities involved in cognitive pesses. The pharmaceutical industry is
especially interested in the reversal of cognitleécits that are associated with
neurological conditions like Alzheimer’s Diseasel achizophrenia (Buchanan et al.,
2007; Chamberlain et al., 2006).

The cognitive enhancing strategy investigated is ¢hapter was environmental
enrichment, which is reported to result in improegns in a range of cognitive tasks
(Duffy et al., 2001). Regular changes in the fezdwof the environment in which the
rodents were housed ensured the rodents underpatlge-mapping (Jankowsky et al.,
2005), thought to be crucial in the enhancemerbghition that occurs in this

environment.

Previous studies showed that the expression ofsgesdorming a range of different
functions varied following an environmental enricgmh regime (Rampon et al., 2000). Fig
6.2 shows that the expression of proteins alsogdmfollowing exposure to the six-week
environmental enrichment protocol. The majoritytted proteins that change are involved
in signalling, metabolism, biogenesis and cytopliassnganisation (see appendix). It is
likely that as structural and metabolic proteires more highly abundant than other classes
of proteins, one may expect a higher proportioproteins from these classes to be
identified. In the dendritic sample, a substantigheater proportion of signalling proteins
change in expression as compared to the somatitdina(fig 3, appendix), perhaps due to
the enhancement of synaptic transmission, andftiversynaptic remodelling, which
occurs in the dendrites following the enrichmemttpcol (Duffy et al., 2001; Huang et al.,
2006).

Three proteins that significantly changed in exgi@swere selected for further analysis —
the structural proteifi-Actin, the signalling protein Rho A, and the hetggneous nuclear
ribonuclear protein complex K (hnRNP K). These et were chosen as representative
examples of the proteins investigated as they partbfferent functions within neurones,
and they are expressed in different compartmentseoheurone. Also an important

consideration for the 2D western analysis is tralalility of an antibody for the
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particular protein of interest. One of the protaimitally chosen, CRMP2, an important
protein in axonal growth that promotes microtutagsembly (Fukata et al., 2002), was
eventually rejected due to the unavailability aipecific CRMP2 antibody. These proteins
were chosen to perform 2D western blot experimasthe location of the gel spot on the
DIGE experiment could be related to the positiothefspot identified by the specific
antibody to the protein. Performing 2D (as oppasetD) western blots also allowed the
change in charge of the protein to be identifidte &ctivation state of proteins, which can
be changed by processes such as phosphorlyatimbecdifferentiated even if the total
expression level does not change. These protdinkaiged spot density in the direction
predicted by the DIGE experiment, confirming thédity of the conclusion that the

proteins changed in expression following exposarant enriched environment.

The DIGE experiment highlighted the wide range roit@ins that change in expression
following an environmental enrichment protocol. $aexperiments showed tiaactin, a
widely expressed protein and one often used astaiprioading control in western blots
(Dennis-Sykes et al., 1985; Towbin et al., 1979yynamically regulated and can change
in expression in response to environmental conti-Actin is a cytoskeletal protein that
regulates the leading edge of cell growth (Wallaa Alberts, 2003). A change in the total
expression of-Actin demonstrates that changes in the synaptiphwogy may occur
during the enrichment protocol. Indeed, spine fdromeand synapse re-modelling is
important in the expression of long term potentiatiPopov et al., 2004), and actin
polymerisation is implicated in LTP formation (Hieyt et al., 2002; Krucker et al., 2000).

Rho A is part of a family of Rho GTPases which sall proteins involved in the
transduction of extracellular signals to the nuslélaffe and Hall, 2005). Rho GTPases are
known to play a role in hippocampal neuronal ptatsti(O'Kane et al., 2003; O'Kane et al.,
2004). In particular, RhoA is known to be importanthe maintenance of neuronal
structures (Threadgill et al., 1997). RhoA was fbtmincrease in expression following
exposure to an enriched environment. Activated Riiegzes, including RhoA, are

involved in the enhancement of learning and menoryice (Diana et al., 2007),
suggesting that an increased level of RhoA woulbdieeficial to the processes that occur
during spatial re-mapping. The conditional knockoupharmacological inhibition of

RhoA during the environmental enrichment protocolid lead to a greater understanding

of the role RhoA plays in the enhancement of cogmit

The protein kinase hnRNP K is involved in the cohtf transcription of a number of cell

cycle regulators (Michelotti et al., 1996), and\aation of hnRNP K involves an increase
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in RNA synthesis of its target genes (Lee et &96). Expression of hnRNP K is
increased in the model of environmental enrichmamd, thus the expression of the genes
controlled by hnRNP K may be involved in the enleament of cognition observed
following the enrichment protocol. An increase iINARsynthesis is involved in the
process of long term potentiation, and as suchyaaetd hnRNP K may act to transcribe

target genes in this process.

However, activated hnRNP K can antagonise the tsfigficthe neuronal nicotinic
acetylcholine receptor promoter (Du et al., 1988)pngst other protein targets. Activation
of the neuronal nicotinic acetylcholine receptowidely reported to be pro-cognitive
(Ferguson et al., 2007; Hodgkiss and Kelly, 200fnmermann et al., 2007). This
suggests that if an increase in the expressiom@NP K is mediating the enhancement of
cognitive function, it must be pro-cognitive despis detrimental effect upon nicotinic

acetylcholine receptor expression.

There are clearly several advantages and disadyesita this method of investigating
changes in protein expression. This approach allmwsnbiased evaluation of the whole
proteome, and all the proteins that do signifigaotlange in expression can be identified
following the DIGE experiment. This allows the idiéination of proteins previously not
associated with the changes that occur followirgndove enhancing strategies. The
confirmation of the change in protein expressiorih®ey2D western blotting analysis
provides an extra assurance of the veracity ottmelusions made following the DIGE
experiments. However, conclusions obtained usiDgaE approach must include several
caveats. With such a large data set generated;ahsequently increases the chance of
false positives and negatives being generated. Mewtgins, especially membrane bound
proteins, do not run onto the gels and thereformctbe identified by the DIGE approach.
Proteins with a low abundance are less likely tideetified by mass spectrometry than
proteins with an abundant expression. As only ane point was chosen (6 weeks in this
case) other proteins important in the developmé&nbgnitive enhancement may be
missed. As such, further experiments investiggpirmjeins that are identified by this
approach should be carried out to evaluate thaggéemporal and spatial expression and
function of the proteins. This would allow furtherderstanding of the roles of these

proteins in cognitive enhancement.

The second approach used to investigate changestiin expression that occur
following exposure to an enrichment environment tsuse of a conventional 1D

western blot. The protein chosen was methyl-Cp@ibmprotein 2 (MeCP2), a protein
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that is aberrantly expressed in the neurodevelophdisorder known as Rett syndrome
(Lewis et al., 1992; Meehan et al., 1992a; Meeha. £1992b). MeCP2 is an X-linked
protein and binds to methylated CpG islands of DiNWl suppresses gene transcription at
these locations (Nan et al., 1998). The conditsooX-iinked (Amir et al., 1999) and female
patients develop severe autistic-like and othenggms after 6-18 months of apparently
normal development (Chahrour and Zoghbi, 2007)e©#utistic spectrum disorders are
linked to mutations in thBIECP2gene in males (Jan et al., 1999; Moretti and Zgghb
2006). MeCP2 is thought to play a role in neuranaturation and plasticity through
transcriptional repression (Nan et al., 1997) andification of RNA splicing (Young et
al., 2005).

The main finding of this section was the demongtrathat the expression of MeCP2 does
significantly increase following exposure to anielmed environment. The enrichment
protocol, through the regularly changing environteauses spatial re-mapping in the
hippocampus and therefore changes in the plasti€itiye neurones must occur (Duffy et
al., 2001). The upregulation of MeCP2 may therefireequired to allow these plasticity
changes to occur. As MeCP2 is involved in neuromatiuration then an upregulation of
MeCP2 may occur as neurogenesis increases inghedampus following environmental
enrichment (Nilsson et al., 1999).

The upregulation of MeCP2, a transcriptional regoesfits with the fact that the majority
of proteins identified as significantly changingoeassion decreased in expression
following exposure to the model of environmentaii@mment. It is possible that
expression of MeCP2 is important in the subseqgdewn-regulation of many genes
(Rampon et al., 2000) and proteins (see appendlioyfing the enrichment protocol. In
contrast to the findings above, immunohistochenstadies (Zhou et al., 2006) have
shown that total levels of MeCP2 expression dochahge in response to environmental
stimuli, but the level of phosphorylation of theof®in is activity dependent. As the
antibody used above was raised such that it waseatettive between the phosphorylated
and dephosphorylated states of MeCP2, the activatate of the protein could not be
assessed following the enrichment regime. Interglsti changes in either the gene or
protein expression of MeCP2 were not identifiedhms microarray (Rampon et al., 2000)

or DIGE (see appendix) studies.

It is also tempting to speculate that the environtady poor model is essentially a model
of Rett syndrome, as there is a lower expressidghisfprotein than in the enrichment

model. MeCP2 deficient mice display altered soicigdractions (Moretti et al., 2005).
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When compared to the enrichment model, there wieseeased expression of this protein,
and a measurable cognitive impairment as in Retiiyme. However, as introducing
mutations into MeCP2 can produce further cognitigécits, the environmentally poor
environment is a model of a mild form of Rett syorde at best. Cognitive impairment
may occur through other mechanisms, and this medeld have to be characterised

further to evaluate its potential use as a modetitd Rett syndrome.

An important proviso in interpreting the resultsrfr the environmental enrichment model
is that the animals exposed to the enriched enwiemm were likely to get more exercise
that the animals exposed to the poor environmeddrdise can change protein expression
(Ding et al., 2006; Ueda et al., 2003) and improegnitive function (Hicks and Birren,
1970; Radak et al., 2001). It is difficult to cavitfor and separate these changes from the
changes induced by the spatial re-mapping and eatply behaviour.

Both approaches, despite the fact that the sormaaticdendritic regions were separated for
the DiGE experiment, can not provide any informai the cellular or regional levels of
protein expression. There are many distinct ceésywithin the hippocampus, including
the pyramidal cells, the interneurons, the glidiscéhe blood vessels etc. Important
changes that occur in one region that do not cocanother may not be identified by the
proteomic approaches used above. One way to overtusproblem is to identify the cell
type using immunohistochemistry single cell RT-P@Rother approach is to genetically
label a sub-population of cells with fluorescentkeas linked to markers of that cell type,
and use fluorescence activated cell sorting (FAIGSgparate this particular population of
cells (Herzenberg et al., 2002). This would allawtpomics to be subsequently performed

upon a particular cell type.

The environmental enrichment model confirms thgirowements in cognition do not
necessarily cause epileptogenesis, as some opglieaches to enhancing cognition
investigated in the previous chapters do. Enviramaleenrichment can actually decrease
seizure susceptibility in rodents (Young et al99) indicating an increase in cellular
excitability to the point of increased seizure sibility is not required to improve

cognitive function.

6.6 Conclusion

In this chapter a further strategy shown previolistyseveral groups to enhance cognition,

an environmental enrichment model, was investigadedast number of proteins in many
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different classes, that perform many different tiores, changed in expression following
the enrichment protocol. An indication of the erisdy large range of proteins that are
modulated in expression following a cognitive entiag strategy was gained from the
DIGE experiment and the subsequent western bladMACP2 was not identified as
significantly changing in expression following expioe to the enriched environment in the
proteomic analysis, but was in the 1D western &jfgroach, this indicates the proteomic
approach cannot identify all of the relevant pnugeat the same time. A combination of
approaches using genetics, molecular biology, paeoigy, electrophysiology, and
proteomics and is required to gain further insigta the processess that underlie cognitive

enhancement.
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7 Summary and conclusions
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7.1 Introduction

The major focus of this thesis was the investigatibhippocampal physiology,
pharmacology and protein expression with respecogmitive enhancing strategies. Two
approaches to cognitive enhancement, one usingamoidrugs to induce oscillations and
another using an environmental enrichment, werestigated. Initially, potentially
nootropic compounds were investigated to estalitisipropensity of these compounds to
induce network oscillatory activity in hippocamgdites. Network oscillations are
correlated with specific brain functions, and aharcement of oscillatory activity has
been proposed to rectify cognitive impairment muanber of different condition&€obb

and Davies, 2005). Many compounds that can enheog@tive function also show a
tendency to be epileptogenic, and so the effectisase compounds were investigated in
models of epileptiform activity. The hippocampusisideal brain region in which to

study these processes, as the hippocampus isca riegblved in mnemonic processes, but
is also an area that is highly susceptible to treegation of seizures (Schwartzkroin,
1993). The protein changes that occur followingosxpe to an enriched environment, an
experimental paradigm which is known to improverdtige function, were identified

using a global proteomic approach, following whikl changes in expression of selected
proteins were confirmed by western blots. The figdi of these experiments, and the
potential implications for the development of cdiyei enhancing strategies, are discussed

below.

7.2 The effect of mMAChRs on hippocampal
neurophysiology

Application of mMAChR agonists to hippocampal slit=sds to the emergence of a range of
oscillatory activities. Both physiological and pagpiysiological oscillations induced by

the application of MAChR agonists have long beentitied within the hippocampus
(Rutecki and Yang, 1998; Williams and Kauer, 199he selective MmAChR agonist
77-LH-281 behaves very differently from nonrBklective mAChR agonists in that it may
possess desirable pro-oscillatory/cognitive propemvhilst not producing unwanted

pathophysiological oscillatory responses.

In naive hippocampal slices, application of a rapig@ AChR agonists, including
carbachol, oxotremorine, and pilocarpine, have lsé@mvn to induce epileptiform-like
activity. These agonists also induce seizures wittoratory animals (Turski et al.,

1989). As the mAChR agonists are also putativebyqognitive and promote synaptic
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plasticity (Huerta and Lisman, 1993; Messer etl#190), an agonist that can promote
MAChR-mediated transmission, but does not prompiteg@iform activity, is a potentially
useful therapeutic strategy to promote cognitivecfion. 77-LH-281, an allosteric M
mMAChR agonist, promotes gamma frequency oscillatinrhippocampal slices, which are
associated with cognition (Tallon-Baudry and Betttal999). Promoting gamma activity
is a potential therapeutic strategy in reversirgydhgnitive decline that is observed in
schizophrenics, as a reduced power of gamma freguescillatory activity is observed in
schizophrenic patients (Haig et al., 2000). Inrtiggority of both naive slices, and slices in
which a range of mechanistically distinct epilemtin-like activities were induced, 77-LH-
281 did not promote pathophysiological epileptifdike activity. This is in contrast to the

non-subtype-selective mAChR agonist oxotremorine-M.

Gamma frequency oscillations are also initiatedhgyapplication of kainate. However,
application of kainate to laboratory animals letmthe eventual emergence of seizure-like
activity (Ben-Ari et al., 1981). Thus furthar vivo studies are required to evaluate the

potential epileptogenic potential of 77-LH-281.

Profound differences in the emergent network aatsiwere observed depending on the
orientation in which the slices are made. The nd#fierence observed between the slices
was a greater tendency for slices prepared indh@nal orientation to display gamma
frequency oscillatory activity in response to kagnand 77-LH-281, whereas gamma
frequency oscillations were absent in slices pregban the parasagittal orientation. This is
likely to be due to basket cells interneurone aations being predominant in the coronal
sections, with stratum oriens-lacunosum molecub@iag the predominant interneurone

class within parasagittal slices (Gloveli et aQ03).

Previously, cholinergically induced gamma frequeasgillations have been shown to be
sensitive to antagonists of both fast glutamatesgiaptic transmission and fast
GABAergic synaptic transmission (Fisahn et al.,&9dann et al., 2005). Similarly, the
gamma frequency oscillation induced by 77-LH-28&ls0 sensitive to antagonists of

ionotropic glutamate and GABAreceptors.

A range of mechanistically distinct models of epiiorm activity allowed both the
potential pro-epileptogenic nature of mMAChR aganistbe investigated, and insight into
the network that underlies these oscillationshimrnain, oxotremorine-M increased the
frequency of inter-ictal-like events and inducetdlidike activity in three of the four

epileptiform models studied. In contrast, 77-LH-2Bd not induce ictal-like activity in
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any of the models studied and only increased #wuiEncy of inter-ictal-like events in the
bicuculline model. This indicates that 77-LH-28%pmlays a lower potential to be

epileptogenic than oxotremorine-M.

Inter-ictal-like events are characterised by pasoxgl depolarising shifts within the
pyramidal cells. The frequency of paroxysmal depsdaion shifts is increased with a
greater excitability of the network; this in tumcreases the frequency of inter-ictal-like
events. Excitability is manifest as an increase@dupydal cell action potential firing within
the hippocampus (Rutecki et al., 1985). mAChR agferdepolarise and cause action
potentials within pyramidal cells partially throutyh mMAChRs (Fisahn et al., 2002), so the
absence of an increase in inter-ictal-like evesqiency in both the 4-AP and low g
modes following M mAChR activation is somewhat surprising. It isgbke that an
increased activation of interneurones occurs isghmodels leading to an increase in
GABAA mediated IPSPs in pyramidal cells. In the bicueelmodel this form of
inhibition is removed allowing an increase in irietal-like event frequency. As inter-
ictal-like event frequency has been correlated Yt it would be interesting to record

the [K'], with ionic sensitive electrodes.

The application of oxotremorine-M to hippocampates leads to pathophysiological ictal-
like activity in both quiescent hippocampal slieesl slices in which inter-ictal-like events
are ongoing. This ictal-like activity is dependepbn AMPA/kainate mediated glutamate
signalling, and is not replicated by; MAChRs. Ictal-like events are characterised by a
transient decrease in inhibition from interneurgnéth GABAg prominent in the
bicuculline model. Greater insight into the meckanbf ictal generation in hippocampal
networks in a variety of these epileptiform modetsild be provided by intracellular
recordings from pyramidal cells and morphologicalistinct classes of interneurones in
the hippocampus. In hindsight a more thorough itigatson of the role of the GABA

receptor in these models would have been of interes

As a strategy to enhance cognition, the developmieatspecific M mMAChR agonist
appears to show a greater tendency to induce gaaailtations, and less of a propensity
to induce pathophysiological epileptiform-like aty, than non-subtype-selective
MAChR agonists. 77-LH-281 therefore has a moredeadule electrophysiological profile

for use as a potential cognitive enhancer thansuinrtype selective mAChR agonists.
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7.3 The effect of ampakines in hippocampal slices

Another class of compounds that are potentialljulsmgnitive enhancing drugs are the
ampakines. These are positive allosteric modulatb/AVIPA type glutamate receptors,
and potentiate fast glutamatergic synaptic trarsioms Compounds with this property
have long been associated with cognitive enhance¢hregvar et al., 1997; Ito et al.,
1990), but, like mMAChR agonists, they have the pidéto be pro-epileptogenic (Qi et al.,
2006). Here the effects of two ampakines were itiyated, one that increases the
amplitude of current flow through the AMPA receptand the other that increases the
time the ion pore is open. The potential pro-epdgpnic effect of the ampakines was

tested in the same models of epileptiform actiuged in the investigations of 77-LH-281.

In quiescent slices both ampakines did not indugecscillatory activity. In the
epileptiform models, both CX546 and CX691 signifity increased the frequency of
inter-ictal-like events. This increase in the freqay of inter-ictal-like events corresponds
to an increase in excitability in the netwo@X546 showed a tendency to promote ictal-
like activity only the 4-AP model, possibly duean increase in the window of temporal
summation for EPSPs acting on interneurones tottead eventual depolarisation block
of the interneurones. This may only happen in t#*4model as the frequency of inter-
ictal-like events, and paroxysmal depolarisingtshif higher than in the other models
investigated. It is also possible that an incredseel of excitation reverses the chloride

gradient to make GABAmediated potentials excitatory.

These experiments show that these ampakines agtjadlly pro-epileptogenic, as they
increase the frequency of inter-ictal-like evemt&ippocampal slices. The ampakines only
display a tendency to promote epileptiform activityslices in which epileptiform activity
was induced prior to the application of the ampekin less excitable physiological
networks ampakines did not promote epileptiforneldctivity. It is possible that in non-
epilieptics ampakines may have a wide enough tleetapindex to promote cognitive
function without promoting pathological oscillatmrrhe ampakines that enhance the
single channel conductance of the AMPA receptke €X691, are more likely to be safer
than ampakines that increase the open time obthhehannel, like CX546. Conversely, as
oscillatory activity is associated with mnemoniadtion (Traub et al., 1998), it may be
that ampakines in the same class as CX546, whiaimqte oscillatory activity, are better
cognitive enhancers. Furthiervivo studies investigating the cognitive and pro-epiie
potential of these ampakines could be performeatktermine the potential use of these

compounds as cognitive enhancers in the clinic.
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7.4 The environmental enrichment protocol

The environmental enrichment protocol is a wellralsgerised method of improving the
cognitive ability of rodents (Varty et al., 200@hanges in protein expression that
occurred following exposure to an enriched envirentrwere investigated. Several of
these proteins were identified using a non-biagsetepmic approach, and one protein was
selected due to the phenotype of severe cognitipairment that occurs following
disruption of this protein. These complementaryrapphes also allowed a comparison of

the methods used to select these proteins.

There were many proteins, of several functionasds, that changed in expression
following exposure to the environmental enrichmgnattocol. Some or all of these may
play a role in the cognitive enhancement that ccéoifowing exposure to the enriched
environment. The ones selected for confirmatiothefchange in expression by 2D

western blot analysis were known to perform diffen®les within the neurones.

These proteins significantly changed in expresaiwhwere identified using MALDI-ToF
mass spectrometry. Database searches were thenmpedfto identify these proteins, and
antibodies for these proteins were then selectdafAhese tasks have limitations. If the
protein does not resolve on the gel the proteimothe identified. This is a particular
problem with hydrophobic proteins like neurotransenireceptors. If the proteins are not
picked up by the mass spectrometer or do not appéan the database they cannot be
identified. 2D proteomics provides a greater weighto the more abundantly expressed
proteins, and as such the proteins that are pre@semntall amounts within the cells are less
likely to be identified as significantly changirido emphasis is given to proteins that play
a more prominent role in the changes that are wvbddyetween the two groups. A ‘single
gene’ approach often provides more detailed insigbtthe key proteins that underlie
changes that occur in following interventions lé@vironmental enrichment, though an
appreciation of the network that protein existgigrucial to understanding these complex

changes.

MeCP2 is an important protein in the regulatiorhef expression of many genes (Nan et
al., 1998). In the model of environmental enrichimaany different genes are regulated
(Rampon et al., 2000) and it is likely that epigenfactors play a role in changes of
expression of these genes. Recently environmeniahenent has been shown to help
ameliorate the cognitive decline that occurs it Rgtdrome mice (Kondo et al., 2008;

Nag et al., 2009). It was therefore decided tostigate the expression of MeCP2 in
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environmentally enriched animals. MeCP2 is a proteat is known to be important in
cognitive function, as disruption of MeCP2 lead&&tt syndrome (Amir et al., 1999).
MeCP2 is significantly increased in expressiorhm ¢nriched model, despite the fact that
the DiGE approach did not identify MeCP2 as sigaifitly changing in expression. A
change in the expression of MeCP2 would have mamndtream effects on the
expression of many genes that are regulated by Me@Rl these changes may patrtially
underlie the changes in the global proteome thediroiollowing exposure to an enriched
environment. This emphasises some of the limitatmithe 2D DIGE approach. Prior
selection of protein targets that may be involvedagnitive enhancement would lead to
important proteins in this process being missedsuah, combined proteomic approaches
are required to investigate fully the changes otgin expression that underlie cognitive

enhancement.

7.5 Combination of approaches investigating cogniti ve
enhancement

In this thesis two experimental approaches to ez#gnangnition, the application of
nootropic drugs, and exposure to an environmentinaroves cognitive function, were
investigated. It would be interesting to combinghbaf these, and other, approaches to
investigate further cognitive enhancement. Follgntime chronic or acute treatment of
animals with putatively nootropic drugs, such ad FH#281 or ampakines, the
behavioural, electrophysiological and proteomicngjes that occur following drug
application could be compared to the changes tt@atran enriched animals. Also, it
would be interesting to see if the deficits in citiga function that occur in the poor
environment can be reversed by treatment with ¢ognénhancers. Protein changes that
occur may provide a reliable biomarker for cogmtismpairment, a useful way of
identifying the effectiveness of future nootropitgs, and even provide possible new

targets for cognitive enhancement strategies.

7.6 Conclusions

This thesis has provided insight into both eledtggological properties and protein
expression within the hippocampus, and the relatichese to the field of cognitive
enhancement. Mechanistic insight into the rolepafcsic MAChR subtypes in oscillations,
and the effect of nootropic compounds on emergetwark activity has been gained.
Importantly, the novel specific MNAChR 77-LH-281 has been shown to induce an

oscillatory rhythm that is associated with cogmitiand to not promote ictal-like
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epileptiform activity. Ampakines show a tendencytomote some forms of
pathophysiological activity. This thesis also shdwige wide range of proteins that change
in expression following exposure to an enrichedremment, indicating the complex sub-
cellular response to this cognitive enhancing styat The studies performed in this thesis
can hopefully underpin further research into cdgeienhancing strategies, and to help

ameliorate cognitive decline in diseases such abBeMner’s disease and schizophrenia.
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Abstract—Exposure to an enriched environment promotes
neurochemical, structural and neurophysiological changes
in the brain and is associated with enhanced synaptic plas-
ticity and improved hippocampal-dependent learning. Using
a global proteomics-based approach we have now been able
to reveal the altered expression of a diverse range of hip-
pocampal proteins following exposure to an enriched envi-
ronment. Male Hooded Lister rats (8 weeks) were subjected to
a 6-week regimen in which they were housed in either non-
enriched (open field) or enriched conditions (toys, wheels
etc.). Whole protein extracts from stratum pyramidale and
stratum radiatum of area CA1 were then isolated and sub-
jected to differential gel electrophoresis [McNair K, Davies
CH, Cobb SR (2006) Plasticity-related regulation of the hip-
pocampal proteome. Eur J Neurosci 23(2):575-580]. Of the
2469 resolvable protein spots detected in this study, 42
spots (1.7% of the detectable proteome) derived from pre-
dominantly somatic fractions and 32 proteins spots from
dendritic fractions (1.3% of detectable proteome) were sig-
nificantly altered in abundance following exposure to an
enriched environment (somatic: 14 increased/28 de-
creased abundance, range —1.5 to +1.4-fold change; den-
dritic: 16 increased, 16 decreased abundance, range —1.6
to +3.0-fold change). Following in-gel tryptic digestion and
Maldi-Tof/Q-star mass spectrometry, database searching
revealed the identity of 50 protein spots displaying envi-
ronmental enrichment-related modulation of expression.
Identified proteins belonged to a variety of functional
classes with gene ontology analysis revealing the majority
(>70%) of regulated proteins to be part of the energy me-
tabolism, cytoplasmic organization/biogenesis and signal
transduction processes. © 2006 IBRO. Published by
Elsevier Ltd. All rights reserved.

Key words: hippocampus, environmental enrichment, pro-
teomics, glutamate, plasticity, proteome.

An enriched environment where animals are introduced to
novel, complex and stimulating surroundings has long
been known to promote structural changes in the brain and

*Corresponding author. Tel: +44-0141-330-2914; fax: +44-0141-
330-2923.

E-mail address: s.cobb@bio.gla.ac.uk (S. Cobb).

Abbreviations: ACSF, artificial cerebrospinal fluid; BVA, biological vari-
ance analysis; DiGE, difference gel electrophoresis; LTP, long-term
potentiation; PMF, peptide mass fingerprint.

to enhance learning and memory performance in rodents
(Hebb, 1947). Indeed, more recent studies have con-
firmed exposure to an enriched environment to result in
altered expression of various neurochemical markers
(Huang et al., 2006; Naka et al., 2005) as well as neu-
rophysiological changes such as enhanced synaptic
plasticity (Irvine and Abraham, 2005). For instance, en-
vironmental enrichment is reported to modify the PKA-
dependence of long-term potentiation (LTP) as well as
improving hippocampal-dependent memory (Duffy et al.,
2001).

However, the exact cellular and molecular basis for
enrichment-induced structural or neurophysiological mod-
ifications remains unknown. Altered intracellular signaling
and modified synaptic strength may support enrichment-
induced cognitive changes. Microarray studies following
short- and long-term environmental enrichment exposure
have identified genes involved in DNA/RNA synthesis,
neuronal signaling, neuronal growth/structure, cell death
and protein processing (Rampon et al., 2000) as possible
targets for neuronal adaptations in response to environ-
mental enrichment. However, a global assessment of al-
terations in expression at the protein level remains to be
undertaken. Therefore, to better understand the degree
and patterns of altered protein expression underlying
environmental enrichment, we have used difference gel
electrophoresis (DiGE) to analyze differential global pro-
tein expression in the rat hippocampus following several
weeks of exposure to a complex and stimulating envi-
ronment. DIGE permits pairwise comparison between
protein samples on a single gel by labeling each protein
sample with a distinct fluor with the beneficial incorpo-
ration of an internal standard (Unlu et al., 1997; Lilley
and Friedman, 2004).

The unique anatomical structure of the hippocampus
in which the overwhelming majority of principal cells are
co-aligned enables the separation of dendritic fields
from soma. In the current study we have taken advan-
tage of this feature to enable a simple form of tissue
pre-fractionation in which the somatic tissues are sepa-
rated from the synaptic transmission domain of the cell
to allow independent analysis of these two areas.

We report altered expression of a diverse range of
proteins isolated from somatic and dendritic hippocampal
regions in response to environmental enrichment. The re-
sults indicate that proteins involved in neuronal signaling,
structural alterations and protein metabolism, among oth-
ers, are altered following exposure of rats to a complex and
stimulating environment.

0306-4522/07$30.00+0.00 © 2006 IBRO. Published by Elsevier Ltd. All rights reserved.

doi:10.1016/j.neuroscience.2006.12.033
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EXPERIMENTAL PROCEDURES
Animals

Hooded Lister rats (male, aged 8 weeks) were obtained from
Harlan (Bicester, UK) and initially housed in groups of five in
standard cages from 3 months prior to the beginning of the
study. They were given ad libitum access to food and water and
were kept on a 12-h light/dark cycle. Upon commencement of
the enrichment study the enriched group was placed in a black
Perspex box 100xX50 cm in size which contained a food corner,
suspended drinking bottle and sawdust base in addition to several
novel objects including tubes, running wheels, platforms, beams,
ladders etc. These enrichment objects were re-arranged and
some were removed and replaced by novel items on a weekly
basis. This ensured a degree of spatial novelty and learning about
objects and their relationships. Control groups were placed in the
same size and type of box, with a food corner, suspended drinking
bottle and sawdust base with no additional enrichment objects.
Both enriched and control groups were placed in their correspond-
ing environments overnight for 15 h, 5 days per week for a total
experimental period of 6 weeks.

Tissue harvest

At the end of the 6-week regimen, control and enriched rats were
killed with an overdose of intraperitoneally injected tribromoetha-
nol followed by cervical dislocation in accordance with local ethical
guidelines and UK legislation [Animals (Scientific Procedure) Act,
1986]. All efforts were made to minimize the suffering and number
of animals used in each experiment. Brains were rapidly trans-
ferred into ice cold (0-3 °C), oxygenated (95% O,, 5% CO,)
artificial cerebrospinal fluid (ACSF) of the following composition
(mM): NaCl 124, KCI 3, NaHCO; 26, NaH,PO, 1.25, MgSO, 1,
p-glucose 10 and CaCl, 2. The hippocampi were dissected free
and transverse 500 um thick slices cut using a Mcllwain tissue
chopper (Camden Instruments, Loughborough, UK). In oxygen-
ated ice cold ACSF and under a dissection microscope, hip-
pocampal area CA1 was dissected free from surrounding regions
following which the stratum radiatum and stratum pyramidale were
collected separately and snap frozen in liquid nitrogen and stored
at —70 °C prior to proteomic analysis.

DIGE sample extraction and preparation

For each individual protein sample the CA1 region from three to
four hippocampal slices were pooled and lysed in 150 ul of buffer
containing 10 mM Tris pH 8, 5 mM magnesium acetate, 8 M urea
and 2% ASB14. Lysed tissue was then subjected to five freeze—
thaw cycles and left at room temperature for 1 h to aid solubiliza-
tion of proteins. Samples were subsequently sonicated (4X4 min
with 2 min intervals to prevent the overheating of urea in lysis
buffer) and centrifuged at 13,000 r.p.m. for 15 min. Following
sample cleanup using an ammonium acetate precipitation, protein
pellets were re-suspended in approximately 70 ul of lysis buffer
and protein concentration determined using Pierce’s BCA Protein
Assay Kit (Perbio Science UK Ltd., Cheshire, UK).

Sample CyDye labeling

Fifty micrograms of each protein sample was labeled with 400
pmol of either Cy2, 3 or 5 according to the manufacturer’s instruc-
tions (GE Healthcare, Amersham, Little Chalfont, UK). Treatment
samples were assigned randomly across six to eight gels (sup-
plementary methods Table 1). Prior to the 1st dimension Cy2, 3
and 5 samples were pooled and added to the same volume of 2x
sample buffer containing 8 M urea, 2% ASB14, 20 mg/mI DTT and
2% IPG buffer and then corrected to a final volume of 450 ul using
rehydration buffer (8 M urea, 2% ASB14, 2 mg/ml DTT and 1%
IPG buffer).

2D gel electrophoresis

The 1st dimension of the 2D gel electrophoresis process was
performed using the rehydration method (Rabilloud et al., 1994).
Isoelectric focusing was carried out on pH 3-10 non-linear (NL)
24 cm IPG strips. The second dimension was run on 12.5%,
homogenous polyacrylamide gels poured between low fluores-
cence glass plates (GE Health Care). Gels were scanned imme-
diately after the running of the second dimension on a Typhoon™
9400 variable mode imager.

DiGE gel analysis

For initial studies (Fig. 1D), gel images were analyzed in differen-
tial in-gel analysis (DIA) mode in DeCyder software with spots
displaying greater than 1.5-fold change in spot density being
tentatively defined as being differentially expressed. All subse-
quent experiments incorporated a Cy2 internal standard. Follow-
ing gel-to-gel matching of spots, statistical analysis (Student’s
t-test) of normalized protein abundance changes between sam-
ples was performed using BVA software module as described
(Alban et al., 2003).

Spot picking and mass spectrometry analysis

Protein spots shown to be significantly different (P<0.05) from
control following treatment were picked, digested (porcine trypsin
0.2 ug, Promega, UK) and spotted onto a Voyager DE-Pro Maldi-
Tof target plate for subsequent mass spectrometry analysis (Per-
ceptive Biosystems, CA, USA) using the Ettan Spot Handling
Workstation (GE Health Care). Maldi-Tof mass spectrometry was
performed in positive reflector mode using a laser setting around
2350. The low mass gate setting was set at 750 Da, and the
spectra were acquired over a range of 750—3500 Da. The accel-
erating voltage was 20 kV, the grid voltage set to 76% and the
guide wire voltage set to 0.006%, with an extraction delay time of
160 ns. One hundred shots per spectrum were collected, with a
combination of three spectra per spot.

Spectra were then exported to Data Explorer™ (version 4,
Applied Biosystems, Cheshire, UK) where they were internally
calibrated using the 842.5099 and 2211.1046 trypsin peaks, pro-
cessed to reduce background noise, and a monoisotopic peak list
was generated and entered into the Mascot peptide mass finger-
print (PMF) database. Data were searched using the NCBInr
database.

Those peptide mixtures that were unidentified by Maldi-Tof
analysis were sent for tandem MS analysis. Tryptic peptides were
solubilized in 0.5% formic acid and fractionated by nanoflow HPLC
on a C18 reverse phase column, eluting with a continuous linear
gradient to 40% acetonitrile over 20 min. The eluate was analyzed
by online electrospray tandem mass spectrometry using a Qstar
Pulsar (Applied Biosystems). Mass spectrometric analysis was
performed in IDA mode (AnalystQS software, Applied Biosys-
tems), selecting the four most intense ions for MSMS analysis. A
survey scan of 400—1500 Da was collected for 3 s followed by 5 s
MSMS scans of 50—2000 Da using the standard rolling collision
energy settings. Masses were then added to the exclusion list for
3 min. Peaks were extracted using the Mascot script (BioAnalyst,
Applied Biosystems) and automatically exported to the Mascot
(Matrix Science, London, UK) search engine.

For both the PMF and MS/MS searches, proteins were
matched with the identified peptides and each protein was
assigned a Mascot score, which was a probability-based
Mowse score (Perkins et al., 1999). In the case of PMF the
significance threshold was 62, and in the case of MS/MS this
threshold was 36.
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Table 1. Hippocampal proteins (somatic fraction) showing differential expression following long term exposure to an enriched environment
Spot no.®  Master no.>  Protein ID° Av. Ratio®  Control vs. Mass’ NCBI Acc no.® Mowse Score" Class'
enriched (t-test)®
1 1297 1.4 0.034
2 2081 1.28 0.0017
3 1312 ATP synthase a (M) 1.28 0.021 58904 gi 114523 95 NM
4 1584 Citrate synthase 1.26 0.0063 52176 gi 18543177 174 E/M
Phosphoglycerate kinase 1 44909 gi 40254752 111 CM
5 1672 Actin, B 1.2 0.036 42066 gi 71620 261 CO&B
6 1642 1.19 0.0055
7 491 Dynamin 1 1.18 0.00048 96209 gi 18093102 215 CO&B
8 1395 4-Aminobutyrate transaminase 1.16 0.0055 57178 @i 2143559 66 NT
9 1566 1.16 0.045
10 1465 1.13 0.043
11 2232 Proteasome subunit, 8 type 2 1.12 0.033 23069 gi 8394079 272 PM&T
Auh protein 33605 gi 34873875 132 E/M
ATP synthase « (M) 58904 @i 114523 82 NM
RAB7 23075 gi 92022 39 ST
12 1400 1.1 0.011
13 1098 1.1 0.046
14 1253 1.07 0.02
15 1141 Protein phosphatase 3 () -1.1 0.046 59291 @i 8394030 105 ST
16 1101 Isoform of PSD-95/SAP90 -1.11 0.028 92685 gi 1517938 49 NT
17 2270 Dynactin 3 -1.11 0.029 24867 gi 34867161 144 CcP
ATP synthase, subunit D (M) 18827 gi 220904 104 NM
18 1034 CRMP-2 (Mus musculus) -1.12 0.023 62638 gi 40254595 125 NG
19 1998 14-3-3 -1.13 0.0095 29274 gi 13928824 63 PM&T
Tropomyosin isoform 6 29245 @i 29336093 71 MC
GFAP & 48809 gi 5030428 50 CO&B
20 1608 -1.13 0.02
21 1898 Tubulin, B chain 15 -1.13 0.027 50361 @i 92930 148 Co&B
22 1210 -1.14 0.032
23 2034 -1.14 0.035
24 1723 Enol protein -1.14 0.045 51736 @i 38649320 355 E/M
Tubulin B chain 15 50361 gi 92930 319 CO&B
Tubulin, B2-like 50225 @i 40018568 291 CO&B
Tubulin, B5 50095 @i 27465535 287 CO&B
Tubulin, a2 50804 gi 34740335 256 CO&B
Tubulin, a1 50788 @i 11560133 237 CO&B
GTP-binding regulatory protein 40568 gi 71911 135 ST
Go
Isocitrate dehydrogenase 3 (NAD+) 40044 gi 16758446 102 E/M
Tubulin, B3 50711 @i 21245098 90 CO&B
Enolase (neuronal) 47495 gi 1363309 87 E/M
Actin B 42066 gi 71620 75 CO&B
25 2086 Phosphoglycerate mutase (B) —-1.16 0.012 28942 gi 8248819 121 CM
26 2253 -1.16 0.032
27 1054 hnRNPK protein -1.17 0.02 51230 @i38197650 63 TIT
28 2209 RhoA -1.18 0.015 22110 gi 31542143 142 ST
29 2133 Ubiquitin thiolesterase -1.18 0.021 25096 gi 92934 168 PM&T
30 1919 Tubulin, B -1.18 0.04 50377 @i 34875329 72 CO&B
31 1995 Glutathione transferase wa 1 -1.18 0.049 27936 gi 12585231 56 E/M
32 2287 -1.19 0.017
33 1865 Dynamin 1 -1.21 0.037 96209 gi 18093102 235 CO&B
Malate dehydrogenase 1 36631 gi 15100179 226 E/M
NAD
34 1150 Synapsin lib -1.22 0.0057 52822 @i 112350 329 ST
Tyrosyl-tRNA synthetase 63385 gi 34871588 241 PM&T
Mammalian fusca gene 53964 gi 871528 214 NG
35 2431 Peptidylprolyl isomerase A —-1.28 0.028 18091 gi 8394009 74 PM&T
36 2105 -1.29 0.022
37 2405 Destrin -1.31 0.013 18661 gi 7441446 205 CO&B
38 1724 -1.39 0.0029
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Table 1. continued

Av. Ratio®  Control vs. Mass® NCBI Acc no.® Mowse Score”  Class'

enriched (t-test)®

Spot no.?  Master no.®  Protein ID®

39 1032 CRMP-2 (Mus musculus) -14 0.006 62638  gi 40254595 157 NG
40 1768 -1.41 0.011
41 2156 -1.5 0.0023
42 1824 Malate dehydrogenase 1 -1.5 0.0066 36631  gi 15100179 214 E/M
NAD Glycerol 3-phosphate 38001 gi 2317252 57 E/M
dehydrog

Abbreviations: CO&B, cytoplasmic organization and biogenesis; E/M, energy and metabolism; PM&T, protein modification and transport; ST, signal
transduction; NM, nucleotide metabolism; NG, neurogenesis; CM, carbohydrate metabolism; NT, neurotransmitter release and production; CP, cell

proliferation; MC, muscle contraction; T/T, transcription and translation.

List details proteins found to be significantly (P<<0.05) differentially expressed compared to tissues isolated from non-enriched rats.

2 Spot number corresponds to the annotation found in figure 1C.

® Master number is the number assigned by DeCyder BVA software to each individual protein spot.
¢ Protein i.d. assigned to each individual protein spot following mascot database searching using the Rattus taxonomy.
9 Average abundance ratio of individual protein spots (+=increase, —=decrease in expression). Fold changes ranged from 40% decrease in

expression (—1.4) to a 50% increase in expression (1.5).

¢ Student’s t-test value assigned by DeCyder BVA software, P<<0.05 determines significance.
feh Mass, NCBI accession number and Mowse score obtained following Mascot PMF or MS/MS ion searching following either Maldi-Tof (bold) or Qstar

mass spectrometry.

" Protein biological processes were determined using the Fatigo gene ontology database. Proteins belong to a wide variety of functional classes.

RESULTS

To investigate global changes in hippocampal protein
expression associated with environmental enrichment,
adult male hooded Lister rats (8 weeks old) were ex-
posed to an overnight-enriched environment regimen for
six consecutive weeks (see Experimental Procedures).
The enriched chamber comprised a 100 cm by 50 cm
open box containing an assortment of plastic toys, balls,
cardboard tubes, ladders and running wheels (Fig. 1B)
while control group animals were placed in an identical
open arena which contained only wood shavings and a
single cardboard tube shelter (Fig. 1A). Animals ex-
posed to the enriched conditions noticeably displayed
overt exploratory activity and appeared inquisitive when
the cage top was removed for routine husbandry. In
contrast, animals in the control arena were typically less
active and displayed little exploratory behavior. When
quiescent, both groups of animals tended to nest to-
gether in a corner of the arenas. At the end of the
6-week enrichment program brain tissue was harvested
and hippocampi were dissected free from the surround-
ing tissues and transverse slices cut with the aid of a
Mcllwain tissue chopper. Isolated tissue samples of pre-
dominantly somatic or dendritic origin were subse-
quently obtained by carefully dissecting area CA1 stra-
tum pyramidale and stratum radiatum respectively (Fig.
1C). The entire hippocampal proteome was labeled for
DiGE to separate component proteins and enable the
quantification of individual protein spot abundance lev-
els in tissues from enriched and non-enriched subjects.
Initial differential in-gel analysis revealed the majority of
protein spots to remain unchanged in both stratum py-
ramidale— (Fig. 1D) and stratum radiatum— (not shown)
derived tissues. However, a small discrete population of
137 protein spots did exhibit modest (>1.5-fold)
changes in spot density between enriched and non-

enriched samples. For a more detailed analysis, multiple
gel replicates were analyzed in biological variance anal-
ysis (BVA) mode (Fig. 1E). Of the 2469 protein spots
resolved across both somatic and dendritic fractions, 32
(1.3% of the detectable proteome) showed significantly
altered abundance levels following environmental en-
richment within the dendritic fraction compared with non-
enriched controls (16 increased/16 decreased abun-
dance (—1.58- to 2.98-fold change), all P<0.05). In
tissues isolated from stratum radiatum, BVA analysis
revealed 42 (1.7% of the detectable proteome) protein
spots displaying altered abundance following environ-
mental enrichment (14 increased/28 decreased abun-
dance (—1.5- to 1.4-fold change), all P<0.05).

Following in-gel tryptic digestion and Maldi-Tof/Q-star
mass spectrometry, database searching revealed the iden-
tity of 50 protein spots with more than half of such spots
representing a single protein entity (Tables 1 and 2 for
somatic and dendritic samples respectively). Fig. 2 shows
representative plots of individual spots together with ex-
amples of 3D protein intensity plots (A-B) or 2D Western
blot validation of altered expression (C-D).

Identified proteins belonged to a diverse variety of
functional classes including postsynaptic density proteins
(e.g. SAP90), presynaptic proteins (e.g. dynamin 1) and
proteins associated with signaling such as small GTPase
signaling pathways (e.g. RhoA). Identified proteins were
more formally grouped by biological function using Fatigo
(Al-Shahrour et al., 2004) gene ontology analysis (Fig. 3)
which confirmed that protein spots exhibiting enrichment-
related altered expression spanned a wide range of func-
tional classes. However, in both stratum radiatum— and
stratum pyramidale—derived fractions, cytoplasmic organi-
zation and biogenesis (structural) and energy metabolism
were the predominant classes of protein displaying enrich-
ment-related differential protein spot expression.
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Fig. 1. Exposure to an enriched environment results in the altered expression of hippocampal proteins. Rats were exposed to either (A) an open field
arena or (B) an identical-sized enriched environment for a total experimental period of 6 weeks (see Experimental Procedures). (C) Hippocampal
tissues were subsequently isolated from either predominantly dendritic or somatic lamina (shaded areas) of hippocampal area CA1. (D)Total protein
extracts from area CA1 stratum pyramidale following exposure to environmental enrichment revealed a distribution of protein spots corresponding to
both increased and decreased abundance when compared with control treated tissues. Scatter plot shows log abundance ratios of individual
vehicle/glutamate sample spot pairs (O) against maximum protein spot abundance. Individual protein spots show decreased (left, blue @), unaltered
(center, green @) and increased (right, red @) log abundance ratios. Vertical lines are included as a guide to indicate a level of 1.5-fold change in
abundance (see Experimental Procedures). The red curve shows the frequency distribution of the log abundance ratios, whereas the blue curve is
the normalized modal frequency fitted to a modal peak of zero. Note that a minority of protein spots display enrichment-related increase or decrease
in expression but that the expression levels of majority of protein spots remain unaltered. (E) Statistical comparison of environmental enrichment-
associated alterations in protein abundance (four gel replicates per group comprising six pooled subjects) using BVA revealed 74 protein spots with
significant changes in abundance (P<0.05) as indicated on gel image. Of the observed changes in abundance, 42 were confined to tissues isolated
from predominantly somatic regions (open squares) while 32 protein spots displayed differential abundance only in the dendritic layer fraction (black
squares). Only two spots (gray squares) showed significantly altered abundance levels in both somatic and dendritic later fractions. For interpretation
of the references to color in this figure legend, the reader is referred to the Web version of this article.

DISCUSSION structural and metabolic alterations occurring in associa-
tion with enhanced hippocampal activity (McNair et al.,
2006). However, structural and metabolic proteins are typ-
ically highly abundant proteins in hippocampus (Yang et
al., 2004) and will thus be more readily detectable using
protein dyes with a finite sensitivity. That said, the results
clearly indicate that these abundant proteins including
‘housekeeping’ proteins do indeed show altered expres-
sion in relation to environmental enrichment. Further-

The main finding of the current study is that chronic expo-
sure of an enriched environment leads to the altered ex-
pression of a diverse range of hippocampal proteins.
Overall, the number of protein species showing altered
expression was in the range of 1-2% of the proteome
within the detectable range of the DIiGE technique, the
altered expression of somatic and dendritic fractions being
broadly similar (1.7 and 1.3% altered respectively). More-

over, subsequent gene ontology analysis of the protein more, less abundant proteins such as those associated
classes showing enrichment-related alterations in expres- with signal transduction were also identified as display-
sion revealed a very similar pattern of alteration when the ing altered expression. In this respect it is interesting to
proteins were grouped by biological function. That the note that while structural and metabolic proteins showed
cytoplasmic organization and biosynthesis (structural) and altered expression throughout both somatic and den-
energy metabolism were the dominant classes in terms of dritic fractions, alterations in the expression signaling

percentage of the altered proteome is consistent with proteins were much more pronounced in dendritic sam-
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Table 2. Hippocampal proteins (dendritic fraction) showing differential expression following long term exposure to an enriched environment

K. McNair et al. / Neuroscience 145 (2007) 413-422

Spot Master Protein ID® Av. Ratio® Control vs. enriched Mass' NCBI Acc no. Mowse Class'

no.® no.’ (dendritic) (t-test)® Score”

43 2030  ATP synthase a (M) 2.98 0.0058 58904 gi 114523 293 NM
VAMP-associated protein B ST
VAMP-associated protein A 27476 gi 61889097 59 ST
Glyceraldehyde 3-phosphate-dehydrogenase 36098 gi 56188 320 E/M

44 2080 Phosphoglycerate mutase B 1.48 0.00083 28942 @i 8248819 98 E/M
Hsc 70-psl 71112 gi 56385 402 CO&B
Rho-associated coiled-coil forming kinase 2 160475 @i 6981478 31 ST

45 2075 Pgam1 protein 1.43 0.025 28928 gi 12805529 97 CM
Chain F, Enoyl-Coa hydratase complexed with 28555 @i 3212683 145 E/M

octanoyl-Coa

46 2078 Pgam1 protein 1.41 0.0096 28928 gi 12805529 225 CM
Proteasome 26S non-ATPase subunit 9 24985 @i 18426862 121 PM&T

47 2365  ATP synthase, subunit D (M) 14 0.043 18809 gi 9506411 424 NM
Enolase (neuronal) 47495 gi 1363309 58 E/M
Transgelin 3 24981 gi 13928938 48 CO&B
Ubiquitin-conjugating enzyme 42505 gi 34933268 36 PM&T

48 1579 Pyruvate dehydrogenase E1 « 1.27 0.014 43853 gi 57657 781 E/M
Phosphoglycerate kinase 1 44909 gi 40254752 281 E/M
SEC14-like protein 2 46593 gi 21542226 158 T/T
Citrate synthase 52176 gi 18543177 104 E/M
RNA binding protein p42 AUF1 36164 gi 9588098 72 TT

49 757 Aconitase 2, mitochondrial 1.26 0.035 86121 gi 40538860 682 CM
GFAPS 48809 gi 5030428 63 CO&B

50 1288 Heat shock protein 60 precursor 1.25 0.024 58061 gi 1334284 87 CO&B

51 1365 Enolase 1 1.23 0.036 47428 gi 56107 98 E/M

52 1289  Aldehyde dehydrogenase 7, A1 1.21 0.0097 25313 gi 25090044 49 E/M

53 1967  Actin, B 1.21 0.019 42066 gi 71620 260 CO&B
Tubulin, B 50095 @i 27465535 39 CO&B

54 1844 Malate dehydrogenase (M) 1.18 0.027 36117 i 42476181 112 E/M

55 1858 GFAPS 1.15 0.043 48809 gi 5030428 122 CO&B

56 1301 1.15 0.047

57 1266 1.1 0.041

58 1931 Fumarylacetoacetate hydrolase 1.08 0.038 40884 gi 34858672 66 E/M
Creatine kinase (M) 47398 gi 57539 44 E/M
Glyceraldehyde 3-phosphate-dehydrogenase 36090 gi 37590767 43 E/M

59 1574 GFAPS —1.08 0.047 48809 gi 5030428 86 CO&B

60 1144 GRP58 -1.09 0.021 57044 gi 38382858 174 PM&T

61 1296 -1.13 0.019

62 859 Heat shock 70 kD protein 5 -1.15 0.016 72473 gi 38303969 78 CO&B

63 1719 GNBP « inhibiting 2 -1.17 0.019 41043 gi 13591955 511 ST
GTP-binding regulatory protein Go « chain, splice 40568 gi 71911 222 ST

form a-2
A326s Mutant of an inhibitory « subunit 36325 gi 3891516 166 ST
Tubulin, « 50804 gi 34740335 162 CO&B
Actin, B 42066 gi 71620 88 CO&B
GNBP3 40781 gi 27465609 81 ST
GNBP « 13 44326 gi 61557003 63 ST

64 1588  Actin, B -1.2 0.03 42066 gi 71620 276 CO&B
Tubulin, B5 50095 @i 27465535 153 CO&B
Tubulin B chain 15 50361 gi 95930 146 CO&B
GFAPS 48809 gi 5030428 127 CO&B
Hsc70-psl 71112 gi 56385 68 CO&B

65 1663 -1.21 0.044

66 1793 Lactate dehydrogenase B -1.21 0.047 36874 gi 6981146 79 E/M

67 1908 Septin 5 -1.23 0.035 44349 gi 16758814 66 ST
Crystallin, 1 35717 @i 28461157 78 E/M

68 2133 Ubiquitin thiolesterase -1.24 0.032 25096 gi 92934 168 PM&T

69 1637 -1.25 0.023

70 934 ATPase, H+ transporting, V1 subunit A, isoform 1 —1.28 0.036 68584 gi 34869154 56 NM

71 2005 Cyclin-dependent kinase 5 -1.29 0.0073 33689 gi 18266682 232 NG
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Table 2. continued

Spot Master Protein ID® Av. Ratio® Control vs. enriched Massf NCBI Acc no.® Mowse Class'

no.® no.’ (dendritic) (t-test)® Score”
VDAC 3 31178 gi 3786204 69 ST
Inducible carbonyl reductase 30920 gi 1906812 80 E/M
B-36 VDAC 32327 @i 299036 68 ST
Lymphocyte protein tyrosine kinase 58366 gi 34871627 55 ST
ATP synthase y 29972 gi 310190 55 NM
Protein tyrosine kinase 57290 gi 57582 52 ST

72 1526 -13 0.028

73 1617 -1.31 0.017

74 1586 Diacylglycerol kinase ¢ —1.58 0.006 105426 gi 13592131 56 E/M

Abbreviations: CO&B, cytoplasmic organization and biogenesis; E/M; energy and metabolism; PM&T, protein modification and transport; ST, signal
transduction; NM, nucleotide metabolism; NG, neurogenesis; CM, carbohydrate metabolism; NT, neurotransmitter release and production; CP, cell
proliferation; T/T, transcription and translation.

List details proteins found to be significantly (P<0.05) differentially expressed compared to tissues isolated from non-enriched rats.

2 Spot number corresponds to the annotation found in figure 1C.

® Master number is the number assigned by DeCyder BVA software to each individual protein spot.

¢ Protein i.d. assigned to each individual protein spot following mascot database searching using the Rattus taxonomy.

@ Average abundance ratio of individual protein spots (+=increase, —=decrease in expression). Fold changes range from a 198% decrease (—2.98)
in expression to a 58% increase in expression (1.58).

¢ Student’s t-test value assigned by DeCyder BVA software.

feh Mass, NCBI accession number and Mowse score obtained following Mascot PMF or MS/MS ion searching following either Maldi-Tof (bold) or Qstar
mass spectrometry.

" Protein biological processes were determined using the Fatigo gene ontology database. Proteins belong to a wide variety of functional classes.

ples. Indeed, changes in synaptosomal protein contents not find any change in granule cell spine density in the
may result in behavioral alterations (Kirchner et al., same animals. That said, the possible contribution of ex-
2004) and environmental enrichment has, possibly as a ercise or other physiological processes on environmental
result of such differential protein expression, consis- enrichment-related alterations in the hippocampal pro-
tently enhanced behavioral learning (Duffy et al., 2001; teome cannot be excluded.
Huang et al., 2006). The current study focused upon a single time point at 6
Proteins involved in small GTPase signaling pathways weeks following the introduction of the enriched environ-
(RhoA, Rho-associated coil-forming kinase 2), guanine nu- ment. This time-point was chosen as it has been shown in
cleotide binding proteins (GNBP) and protein tyrosine ki- many previous studies that, by around this point, rodents
nase pathways in particular were shown to display altered exhibit alterations in synaptic plasticity mechanisms (Artola

expression. This may be consistent with the role of
GTPase and tyrosine kinase signaling pathways in hip-
pocampal neuronal plasticity (O’Kane et al., 2004; O’Dell
etal., 1991; Ho et al., 2004). RhoA in particular is known to
be important in the maintenance of dendritic structures in
rat hippocampal neurones (Nakayama et al., 2000).

A feature unique to the current study is that only a
single protein entity was found to display altered abun-
dance in both dendritic and somatic fractions. Spot number
2133 subsequently identified as ubiquitin thiolesterase was
found to decrease in both fractions. This finding suggests
that while overall numerous proteins throughout the so-
mato-dendritic axis display altered expression, these
changes in abundance are nevertheless specific for the

et al., 2006; Duffy et al., 2001) as well as hippocampal
dependent learning (Rampon et al., 2000; Williams et al.,
2001). Also around this time structural changes, including
changes in spine density and size as well as increases in
neuronal number are apparent (Turner et al., 2003). Such
structural modifications are also found in this study as
indicated by the relatively large number of altered proteins
belonging to the cytoplasmic organization and biogenesis
class of biological function. Given that environmental en-
richment—associated neurogenesis is widely reported to be
predominantly restricted to the dentate gyrus (Bruel-
Jungerman et al., 2005), it is likely that the altered expres-
sion of structurally related proteins in CA1 is mainly due to

domain in terms of whether they occur in the perisomatic or the structural reorganization of existing neurones. This
axon termination zones, and these changes are not nec- would be consistent with morphological studies showing
essarily accessible when the hippocampus as a whole is experience-dependent plasticity to be associated with the
considered (Yang et al., 2004). creation of new and bulking up of existing synapses (Fa-

Environmental-related alterations in motor activity and herty et al., 2003; Turner et al., 2003). Indeed, a recent
other exercise related processes may potentially contrib- report by Meshi et al. (2006) demonstrated behavioral
ute to the alterations in expression observed. Indeed, en- effects of environmental enrichment such as improved
vironmental enrichment has been reported to result in hippocampal-dependent spatial learning and habituation to
increased dendritic spine density in motor cortex and stri- an unfamiliar environment to be independent of neurogen-

atum (Turner et al., 2003). However, the same study did esis and instead may be due to changes in morphology
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Fig. 2. Effects of environmental enrichment on identified hippocampal proteins. Representative scatter plots showing examples of identified protein
spots displaying decreased (A, C-D) and increased (B) spot protein abundance in hippocampal tissues isolated following environmental enrichment.
Gray points represent individual DiGE gel replicates while black points indicate mean abundance in tissues from rats exposed to ‘poor’ (open field)
and enriched conditions. Insets in A and B show representative spot profile (protein intensity peak) of identified proteins on DIGE gels in poor and
enriched group samples. Insets in C and D show 2D Western blot validation for enrichment-related altered hnRNPK and RhoA spot intensity
respectively. Note that the prominent anti-hnRNPK spot in the ‘poor’ sample (downward arrow) is reduced in intensity in enriched sample to reveal a
chain of small spots (upwards arrows) likely representing a charge chain. Control gel below shows hnRNPK blocking peptide to abolish immunore-

activity.

such as increased synaptogenesis (van Praag et al,
2000).

As discussed, the current study demonstrates a de-
gree of overlap with complementary microarray-based
gene expression studies (Rampon et al., 2000). Rampon
et al. (2000) investigated gene expression following both
short and long term exposure of mice to an enriched
environment. Both our study and the Rampon et al. (2000)
report provide a consensus finding in which a variety of
mRNAs and corresponding proteins display altered ex-
pression following environmental enrichment. Overall, for
example, the small GTPase RhoA, the structural protein
actin and other molecules including GRP-78 and PSD-95
were shown to display altered abundance at both mRNA
and protein levels. The alteration in RhoA and in hnRNPK
expression identified using the DiGE approach was addi-
tionally confirmed by Western blot. Furthermore, we here
extend previous studies by identifying several novel envi-
ronmental enrichment-related proteins including hnRNPK

which is thought to be involved in the translation of MRNAs
(Evans et al., 2003) and which we have previously identi-
fied as differentially expressed shortly after the induction of
hippocampal plasticity (McNair et al., 2006). Overall, it is
interesting to note that 18% of proteins identified in this
study have been shown to be regulated during LTP
using an identical DIGE approach in vitro (McNair et al.,
2006). This may suggest that synaptic plasticity—related
changes are indeed a major component of the altered
expression seen with environmental enrichment. In-
deed, several other proteins identified in this study have
also previously been linked to synaptic plasticity—related
processes such as LTP, LTD, learning and memory.
These include PSD-95 (Migaud et al., 1998; Stein et al.,
2003), synapsin (Sato et al., 2000), Rock (O’Kane et al.,
2004) and CDK-5 (Wang et al., 2004) and provide com-
pelling evidence for the notion that environmental en-
richment recruits mechanisms similar to those activated
during neuronal plasticity.
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Fig. 3. Gene ontology analysis of hippocampal proteins showing al-
tered abundance in response to exposure to an enriched environment.
Bar chart illustrating a functional cluster analysis of identified proteins
classed by biological function contained within spots showing environ-
mental enrichment-associated altered abundance in whole protein
extracts from cell body layer (‘somatic samples,” open boxes) and
dendritic layer (‘dendritic sample,” black-filled boxes) tissues. Note that
the majority of identified proteins belong to the cytoplasmic organiza-
tion and biogenesis (cytoskeletal and associated proteins) and energy
metabolism groups but that dendritic sample additionally exhibits a
substantial proportion of synaptic transmission-related proteins dis-
playing differential expression (). Abbreviations: CO&B, cytoplasmic
organization and biogenesis; E/M, energy and metabolism; PM&T,
protein modification and transport; ST, signal transduction; NM, nucle-
otide metabolism; NG, neurogenesis; CM, carbohydrate metabolism;
NT, neurotransmitter release and production; CP, cell proliferation;
MC, muscle contraction; T/T, transcription and translation.

One of the main limitations of the current study is the
inability to resolve very low abundance proteins as well as
highly membrane bound proteins, which tend not to enter
the second dimension of the 2D gels. This is an important
consideration given that there are likely to be many envi-
ronmental enrichment-related changes occurring with the
population of membrane bound proteins. For instance,
Naka et al. (2005) reported alterations in AMPA receptor
subunits following environmental enrichment while Ram-
pon et al. (2000) reported alterations in the expression of
genes involved in NMDA receptor expression. However,
the current report complements these studies by demon-
strating that proteins with non-membranous and in many
cases non-synaptic loci also show altered abundance in
relation to environmental enrichment. Moreover, while the
Rampon et al. (2000) report demonstrated altered expres-
sion at the mRNA level, it is likely that many of the changes
reported here are not only due to alterations in de novo
synthesis but also due to altered protein degradation and
posttranslational modifications. That a limited subset of
proteins identified in this study corresponds to differentially
expressed mRNAs identified in the Rampon et al. (2000)
study likely reflects the fact that the current analysis is
restricted to more soluble and abundant proteins. How-
ever, this limitation is tempered by the ability to identify
actual changes in functional protein levels per se, including
alterations due to differential mRNA-independent post-
translational modification, trafficking and degradation.

CONCLUSION

In conclusion, the current study demonstrates a significant
alteration in a diverse range of hippocampal proteins fol-

lowing exposure to an enriched environment and extends
previous findings describing enrichment-related alterations
in gene expression. The findings highlight the occurrence
of structural, metabolic and signaling changes associated
with environmental enrichment and suggest that the asso-
ciated cognitive benefits may result from selective adapta-
tions, which differ for synaptosomal and somatic compart-
ment of the neurons.
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