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Abstract

The major receptor for excitatory neurotransmission in the central nervous system is the

n-methyl-D-aspartate (NMDA) receptor. Previous work has shown this receptor to be

important in development, synaptic plasticity, learning and memory, and ischaemia.

Studies have shown that this receptor can be linked to networks of signalling proteins

through binding to a scaffolding protein Postsynaptic Density Protein 95 (PSD-95). This

complex of proteins is termed the NMDA receptor complex (NRC). This thesis

examined the role of PSD-95 in excitatory signalling and synaptic plasticity in several

areas of the brain, with particular focus on the corticostriatal system. A combination of

anatomical, biochemical and electrophysiological techniques were used to address this

central question. Previous work in the laboratory had reported a localised increase in

dendritic spine density in mice with a mutation in PSD-95. Anatomical analysis of

striatal neurones revealed a decrease in spine density along the dendrites in mice with

mutated PSD-95. Further to this, experiments addressed the role of PSD-95 in

corticostriatal synaptic plasticity. Electrophysiological recordings from striatal spiny

cells revealed no strong phenotype in the PSD-95 mutant mouse with regard to

alterations in excitatory postsynaptic potential (EPSP) amplitude post trains of cortical

stimulation. However, there was significant increase in the duration of the EPSPs in the

PSD-95 mutants with respect to wild type. In the final set of experiments, a proteomic

approach was used to assess the expression levels of proteins in the NRC in specific

regions of the mouse brain in wild type and PSD-95 mutants. Analysis revealed there to



be no difference in expression levels of associated proteins within the forebrain

(striatum, hippocampus and cortex) of wild type animals, but that the cerebellum

showed expression levels that differed to the other areas. However, analysis of mice with

a mutation in PSD-95 revealed there to be alterations in the expression levels and

phosphorylation states of NRC associated proteins. These proteins were altered

throughout the forebrain regions analysed, along with the cerebellum. They included

proteins known to be important in NMDA receptor dependant signalling and synaptic

plasticity. Moreover, analysis of expression levels of specific NRC associated proteins

believed to have roles in global ischaemia, revealed further alterations in PSD-95 mutant

mice that had been subjected to global ischaemia.

The data reported in this thesis address the roles of PSD-95 in excitatory signalling. The

data reveal that PSD-95 is important in several aspects of neuronal connectivity, but that

its effects can be specific to different areas of the brain. Moreover, the data suggest that

the removal of an important protein from a signalling network can affect other signalling

molecules within the same network
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Chapter 1: General Introduction

This thesis will further examine the role of postsynaptic density protein 95, (PSD-95), in

synaptic transmission. All neurones in the central nervous system communicate through

synaptic activity, and it is the alterations in the number, strength and efficacy of these

synapses (termed synaptic plasticity) that is believed to underlie our ability to leam,

adapt and relate to our environment. One of the major receptors for excitatory

neurotransmitters is the N-methyl-D-aspartate (NMDA) receptor. Moreover, studies of

behavioural learning and its physiological correlates have shown that this receptor is

important in synaptic plasticity. Advances in molecular knowledge and techniques have

resulted in there being much interest in the regulation of receptors such as the (NMDA)

receptor and of the signal transduction resulting from receptor stimulation. One protein

found to be expressed highly at postsynaptic sites and able to bind to the NMDA

receptor is PSD-95. The location, structure and properties of this protein have led to

much interest in its potential role in the regulation ofNMDA receptors at the

postsynaptic membrane and the linking of the receptor to intracellular signalling

cascades. The experiments described in this thesis explore the role of PSD-95 in

excitatory transmission in the corticostriatal system, using mice that do not express

functional PSD-95 protein.
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The corticostriatal system is the main excitatory input to a network of brain nuclei

involved in the control of movement, called the basal ganglia. Alterations in excitatory

transmission have been implicated in the progression and symptoms of Parkinson's

disease- a progressive degenerative disorder that affects the basal ganglia.

Electrophysiological analysis, anatomical characterisation and biochemical studies were

performed on PSD-95 mutant mice in order to characterise the role of PSD-95 in this

system. This chapter will detail the brain structures involved in this study, the properties

of PSD-95 and a background of excitatory transmission and synaptic plasticity.
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The Basal Ganglia

The basal ganglia are a group of interconnected nuclei concerned with the control of

movement (Groves, 1983). The connections of these nuclei are complex, with many of

the neurones within them expressing multiple synaptic targets. A simplified schematic

of the main nuclei involved and their primary connections is shown in figure 1.1.

The anatomy discussed here will refer to the classification of the nuclei in the rodent.

The neostriatum (striatum) is the input area of the basal ganglia, where afferent

information is received and subsequently conveyed to the output nuclei. The flow of

information to these output nuclei can be segregated into two distinct pathways, based

on the synaptic connections and neurochemical properties of the neurones involved. One

pathway - the so-called 'direct pathway' describes a projection directly from the

striatum to the entopeduncular nucleus (EP) and the substantia nigra pars reticulata

(SNr). The second- so called 'indirect pathway' describes the projection from the

striatum that connects to the globus pallidus (GP), followed by the subthalamic nucleus

(STN) before reaching the EP/SNr.

The focus of much of this thesis is on the corticostriatal system. The corticostriatal

system describes the cortical input onto neurones of the striatum, i.e. the main input to

the basal ganglia. Therefore, the anatomy and circuitry of the striatum will now be

discussed.
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♦

Figure 1.1: The basic anatomy of the basal ganglia and the direct/indirect pathways of

information flow.

Red arrows- Excitatory projections

Black arrows- Inhibitory projections

Yellow arrow- Dopaminergic projection.

The cortex provides excitatory input to the striatum. From the striatum, information can be

passed through two pathways. The direct pathway (*) follows the projection from the

striatum to the entopeduncular nucleus (EP) and the substantia nigra pars reticulata (SNr).

The indirect pathway (♦) follows the projection from the striatum to the globus pallidus,

through the subthalamic nucleus before passing through the EP and SNr. Both these

pathways then project to the thalamus, with the direct pathway disinhibiting the thalamus

and the indirect pathway inhibiting it. 7



Striatal cell types

Projection Neurones

The striatum is a complex nucleus, containing both projection neurones and

interneurones.

The most abundant type of cell in the striatum is the medium sized densely spiny

neurone. These spiny neurones are Gamma-amino-butyric acid expressing (GABA-

ergic) projection neurones that comprise around 95% of the striatal cell population

(Kemp and Powell, 1971b; Precht and Yoshida, 1971; Kitai, 1981). They are

characterised as being medium sized, when compared to other striatal neurones, with a

cell body of around 15pm in diameter. Their dendrites are densely spiny, with the high

densities of spines seen along the length of the dendrite, apart from the aspiny portion

close to the soma. The distal tip of the dendrite also displays a slight reduction in the

density of spines when compared to the majority of the dendritic length (Wilson et al.,

1983).

The neurochemical profile, and synaptic targets of these neurones can subdivide them

further.

One class of these GABA-ergic medium spiny neurones expresses the neuropeptides

substance P, dynorphin and high levels of the dopamine (D) 1 type receptor. These

projection neurones mainly project directly to the SNr and EP, (the direct pathway).
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The second class of GABA-ergic medium spiny neurones co-express enkephalin and

high levels of D2 receptors, compared to D1 receptors. The majority of these neurones

project to the GP and thus comprise part of the indirect pathway (Bolam et ah, 1979;

Chang et ah, 1981; Somogyi et al, 1981; Bolam et al., 1983; Izzo et ah, 1987;

Kawaguchi et al., 1990).

Interneurones

Alongside the large number of projection neurones in the striatum, there are several

types of interneurones that have been identified. Again, these neurones are classified on

their size and neurochemical profile.

The large aspiny acetylcholine (ACh) expressing neurones represent only 1-2% of the

striatal cell population. They have relatively large soma, with long, aspiny dendrites.

However, their extensive axonal arborisation suggests that their function is important.

Moreover, expression of markers for ACh is high in the striatum, suggesting numerous

synaptic contacts (Bolam et al., 1984; Wainer et al., 1984).

Another type of striatal interneurone is the GABA-ergic interneurone which is again

aspiny and only represents a small proportion of the striatal cell population (Bolam et

al., 1985; Kita et al., 1985).

The somatostatin positive interneurones are also aspiny neurones and co-express

neuropeptide Y (Chesselet and Graybiel, 1986).
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Synaptic Circuitry of the Striatum

Extrinsic afferents to striatal spiny cells.

The main afferent input to the striatum derives from the cortex and the thalamus.

The striatum also receives dopaminergic synaptic input from the substantia nigra pars

compacta (SNc).

Cortical and thalamic inputs, along with inputs from the amygdala and dorsal raphe

nucleus form, asymmetric synaptic contacts onto striatal neurones (Kemp, 1970; Kemp

and Powell, 1971a; Soghomonian et al., 1989; Kita and Kitai, 1990). The main targets of

the cortical afferents are the medium spiny projection neurones.

Almost the whole cortical mantle projects to the striatum in a topographically organised

pattern with axonal arborisation following a 'cruciform axodendritc' pattern, whereby

axons follow a tortuous path through the striatal tissue, crossing and synapsing with

dendrites en passant (Fox et ah, 1971; Kemp and Powell, 1971a). Cortical afferents have

been shown to mainly form asymmetric synaptic contacts onto the heads of dendritic

spines (Kemp, 1970; Kemp and Powell, 1971a), and onto the heads of spines of

identified spiny neurones (Frotscher et ah, 1981; Somogyi et ah, 1981). Medium spiny
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neurones are the only identified neurones in the striatum that are spinous, and therefore,

the contacts made onto spines are understood to be contacting medium spiny cells.

Another important projection to the striatum is dopaminergic from the substantia nigra

pars compacta. These neurones express high levels of the enzyme tyrosine hydroxylase-

the rate limiting enzyme in the synthesis of dopamine (Freund et ah, 1984). These

neurones synapse mainly onto the dendritic spine necks and dendritic shafts of the

striatonigral spiny neurones of the striatum (Freund et al., 1984), although they do have

other striatal targets too. Often, these symmetric contacts onto the spine necks of spiny

cells were seen to occur on spines that also had asymmetric synapses on the head of the

same spine. These asymmetric synapses have been confirmed to be cortically derived at

the ultrastructural level by Bouyer et al (Bouyer et al., 1984) who combined

immunocytochemical labelling for enkephalin, with the study of degenerating cortical

efferents.

However, not all spines with asymmetric contacts also had symmetric contacts, although

spines with just a symmetric contact and no asymmetric contact were not seen (Freund

et al., 1984). Dopaminergic afferents making synaptic contact with striatopallidal

neurones have also been identified (Kubota et al., 1986). It is believed that all spines

have an asymmetric contact onto the spine head - presumed to all be excitatory, and

probably glutamatergic, and that many, but not all spines are also contacted through a

symmetric synapse that could be dopaminergic or GABA-ergic.
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Intrinsic afferents to striatal spiny cells

Alongside the major cortical and dopaminergic innervation to the striatum, local axon

collaterals from striatal interneurones have been shown to contact medium spiny

neurones. The ACh rich interneurones make symmetric contacts with dendritic spines

(Izzo and Bolam, 1988; Pickel and Chan, 1990). GABA expressing interneurones,

identified with parvalbumin staining, have also been found to make symmetric contacts

with spiny neurones (Kita et al., 1990). Interestingly, there is accumulating anatomical

and electrophysiological evidence that these interneurones all receive some degree of

cortical input (Bennett and Bolam, 1994; Consolo et al., 1996; Berretta et al., 1997;

Ramanathan et al., 2002), suggesting that despite their relatively low abundance, they

could serve a role in the integration of cortical input, alongside the modulation of the

spiny projection neurones.

Somatostatin positive interneurones have also been shown to be in contact with medium

spiny neurones (DiFiglia and Aronin, 1982; Takagi et al., 1983).

Study of the mRNA expression ofNMDA receptor subtypes in the striatum, reported

that all types of striatal neurones express NR1 and NR2 subunits, again suggesting that

cortical input to interneurones, although less dense than for medium spiny neurones,

could be important in the integration of afferent information to the striatum (Standaert et

al., 1999).

12



Moreover, identified spiny neurones have been shown to contact other spiny neurones in

the striatum, with evidence of enkephalin positive neurones contacting spines and

substance P expressing neurones also contacting dendritic spines (Somogyi et ah, 1982;

Bolam and Izzo, 1988). Evidence that both the striatonigral and striatopallidal neurones

can synapse with each other, suggests that the direct and indirect pathways can

functionally interact in the striatum (Aronin et ah, 1986; Yung et ah, 1996).

The complex synaptic pattering of the striatum provides an interesting and complex

system whereby afferent information is integrated before efferent projections convey

this information to other basal ganglia nuclei.

Extrinsic contacts of striatal spiny neurones.

The axonal projections from striatal spiny neurones mainly follow two pathways as

outlined earlier (Figure 1.1). The striatonigral projection contacts the SNr and the EP

nuclei, whereas the striatopallidal neurones contact the GP and STN before reaching the

SNr and EP.

As striatal spiny neurones are GABA-ergic, excitatory cortical stimulation will cause

spiny cells to fire action potentials, inhibiting their immediate targets. The projection

from the output nuclei of the basal ganglia - the SNr and EP to the thalamus is also

GABA-ergic.

Therefore, stimulation of the direct striatonigral pathway will result in inhibition of the

SNr/EP, removing the inhibition (or dis-inhibiting) of thalamus.
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Stimulation of the indirect striatopallidal pathway causes inhibition of the GP, which

also has a GABA-ergic projection to the STN. The STN itself has a glutamatergic

projection to the SNr/EP. Therefore, the removal of the inhibitory influence on the

excitatory projection from the STN to the SNr/EP causes stimulation of the GABA-ergic

projection neurones to the thalamus, resulting in inhibition of the thalamus.

This is model of information flow through the basal ganglia (Albin et al., 1989) has

provided an excellent framework for research into this area. However, new anatomical

findings have resulted in an updated model of the pattern of information flow, now the

complex interconnections of the neurones of the basal ganglia are more understood

(Smith et al., 1998). This new scheme for the circuitry of the basal ganglia reflects

mostly on the increased knowledge of the synaptic connectivity of the GP - notably a

projection directly from the GP to the output nuclei (SNr/EP), bypassing the STN.

However, the basic flow of information from the striatal projection to basal ganglia

nuclei are consistent with that described here.

As has been outlined here, the corticostriatal system provides the main input into the

basal ganglia, and is glutamatergic and hence excitatory in nature. Study of excitatory

transmission in this system may lead to increased understanding of the role of the basal

ganglia network in the generation and control of movement.
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Excitatory Synaptic Transmission

Glutamate is the major excitatory neurotransmitter in the brain. Glutamate receptors are

classified into ionotropic and metabotropic glutamate receptors. Ionotropic glutamate

receptors themselves are comprised of three sub-types based on their pharmacological

sensitivities; a amino-5-methyl-3-hydroxy-4-isoxazole propioinc acid (AMPA) sensitive

receptors, kainate sensitive receptors and N-methyl-D-aspartate (NMDA) sensitive

receptors (Dingledine et al., 1999). AMPA receptors are believed to be the major

receptors involved in fast excitatory transmission, with NMDA receptors being involved

in synaptic plasticity (Asztely and Gustafsson, 1996). The role of kainate receptors is

somewhat less clear but are found both pre and postsynaptically and involved in seizure

and plasticity (Frerking and Nicoll, 2000).

The NMDA receptor is a heteromeric ion channel, consisting of a vital NR1 sub-unit and

a variable combination of sub-units NR2A-D and NR3A-B (Monyer et ah, 1992;

Matsuda et ah, 2002). Opening of the NMDA receptor ion channel requires binding of

the agonist glutamate to the NR2 or 3 subunits, along with the binding of one of the co-

agonists D-serine or glycine to the NR1 subunit (Riedel et ah, 2003). Moreover, the NR2

subunits of the receptor can modulate the Mg2+ sensitivity of the channel. NMDA

receptors are voltage dependent channels that are blocked by Mg2+ ions at resting
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potentials. This blockade is relieved with postsynaptic depolarisation (Nowak et al.,

1984).

Once open, the channel permits influx of calcium into the postsynaptic cell, resulting in

the triggering of calcium dependent signalling cascades. The AMPA sub-type of

receptors display rapid activation and de-sensitisation and are permeable to Na+ and K+

ions. AMPA receptor activation results in depolarisation of the postsynaptic cell, leading

to the removal of the Mg2+ block on the NMDA receptor. Therefore, NMDA receptors

are only activated when afferent activity occurs in the presence of adequate postsynaptic

depolarisation - a form of co-incidence detection. The importance of the NMDA

receptor as a co-incidence detector was emphasised when it was discovered that the

induction of the electrophysiological correlate for memory formation, long-term

potentiation (LTP), in the hippocampus was blocked by antagonism of NMDA receptors

(Collingridge et al., 1983; Harris et al., 1984).

Glutamate receptor expression by striatal spiny cells

Both the AMPA sensitive glutamate receptors and NMDA sensitive receptors are

expressed by striatal neurones (Albin et al., 1992; Tallaksen-Greene et al., 1992;

Bernard and Bolam, 1998). Immunocytochemical study revealed that many spines were

immunoreactive for NR1 and that over 80% of NR1 positive synapses were co-labelled

for the AMPA receptor subtypes GluR2/3 (Bernard and Bolam, 1998). The
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electrophysiological characteristics of these receptors in corticostriatal transmission are

further discussed in chapter three.

The possible role of glutamate neurotoxicity in the pathogenesis of Huntington's and

Parkinson's disease - neurodegenerative disorders of the basal ganglia make the study of

the NMDA receptor in the corticostriatal system an important avenue for research (Albin

et ah, 1989).

Synaptic Plasticity: LTP and LTD

Donald Hebb first postulated that changes in the patterning of neuronal circuitry and

activity, could underlie the biological basis of learning and memory. His postulate

declared that 'When an axon ofcell A is near enough to excite a cell B and repeatedly or

persistently takes part in firing it, some growth process or metabolic change takes place

in one or both cells such that A's efficiency, as one ofthe cells firing B, is increased'

(Hebb, 1949). Early work on Alplysia reported that patterns of presynaptic stimulation

could evoke long lasting alterations in synaptic transmission. Hebb's postulate has long

provided the theoretical basis behind the study of the synaptic mechanisms of memory

and in 1973, Bliss and Lomo described long term potentiation (LTP) of the dentate gyrus

in the hippocampus of rabbits, following stimulation of the perforant path (Bliss and

Lomo, 1973). This was the first study that provided direct evidence that Hebb's

postulate had a biological correlate. Further studies revealed that postsynaptic activity

was required for alterations in synaptic strength (Lin and Glanzman, 1994), confirming
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that this phenomenon depended on both pre and postsynaptic activity. Moreover, the

potential of LTP and LTD (long-term depression) as good candidates for memory

correlates is strengthened by the fact that they display input specificity (it is synapse

specific), co-operativity (a threshold of activity must be attained) and associativity

(specific patterns of input are needed), thereby meeting the requirements of Hebb's

postulate (Bliss and Collingridge, 1993).

As a result of these early studies, synaptic plasticity can now be defined as the ability of

a synapse, as a result of previous alterations in the pattern and/or strength of stimulation,

to alter its response to stimulation.

This phenomenon has largely been studied in the hippocampus, an area of the brain

thought to be involved in memory and learning. Plasticity is primarily characterised

electrophysiologically as either long-term potentiation (LTP) or long-term depression

(LTD). These two forms of plasticity are a long lasting enhancement and decrement in

response to afferent stimulation respectively. LTP and LTD are NMDA receptor

dependent phenomena (Harris et al., 1984; Mulkey and Malenka, 1992) and both LTP

and spatial learning tasks are prevented with inhibition of the NMDA receptor (Morris

et al., 1986; Tsien et al., 1996). Many synapses can display both LTP and LTD,

depending on the depolarisation state of the postsynaptic cell and the frequency of

presynaptic firing. The postsynaptic responses to different frequencies of stimulation to

the CA1-CA3 synapses of the pyramidal cells of the hippocampus are shown in figure

1.2 (Malenka, 1994).
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Figure 1.2: Plasticity frequency plot

Plot showing the range of stimulation frequencies across which LTP and LTD

are observed in the hippocampus. At low frequencies (0.01 Hz), there is no

change in synaptic strength. At frequencies between 0.01 and 1Hz, LTD is

observed. LTP is seen at higher frequencies of stimulation (Malenka RC,

1994).
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These forms of synaptic plasticity are induced by differing frequencies of stimuli, with

the convention being, that high frequency trains induce LTP, and low frequency trains

induce LTD. However, evidence from corticostriatal studies, where LTD is usually

induced, even after high frequency trains, suggest that the emergence of LTP or LTD is

dependent on more than input patterning, and involves the molecular characteristics of

the pre and postsynaptic cells and their signalling properties (Reynolds and Wickens,

2002).

Molecular Characteristics of LTP and LTD

The molecular mechanisms of LTP and LTD have been extensively studied, but are still

not fully understood. NMDA receptor opening results in the influx of calcium ions into

the postsynaptic cell, which can trigger a series of enzymatic cascades. Many

intracellular signalling molecules are present at the postsynaptic site and several of these

proteins have been demonstrated to alter their states and activity in response to NMDA

receptor activation and LTP/LTD. It is thought that it is the level of calcium entering the

cell through the NMDA receptor that is responsible for the expression of LTP or LTD.

LTP is triggered through high levels of presynaptic activity, combined with postsynaptic

depolarisation, whereas LTD is induced at lower frequencies. The amount of calcium

entering the cell will therefore be different between the two states, with higher levels

entering during the induction of LTP.
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Intracellular signalling triggered during synaptic plasticity is calcium dependent as

chelators of calcium block these phenomena (Lynch et al., 1983). The consequences of

elevations in calcium concentration are the activation of protein kinases and

phosphatases (Winder and Sweatt, 2001). These families of proteins regulate the

phosphorylation states of other proteins within the postsynaptic cell. Protein kinases are

phosphorylated in the presence of calcium, and calcium-activated phosphatases de-

phosphorylate, or prevent the phosphorylation of their substrates. The most notable

protein kinases that have been observed to be important in LTP are calcium dependent

kinase type II (CAMKII) and protein kinase A (PKA). Autophosphorylated CAMKII is

observed after LTP induction, with its inhibition resulting in the blockade of LTP

induction. However, CAMKII knock out mice display impaired LTP, but it is not

abolished, suggesting that CAMKII activation is not sufficient for LTP induction (Hinds

et al., 1998). PKA can directly phosphorylate the NMDA receptor (Tingley et al., 1997)

and it's activation through calcium dependent activation of cAMP is thought to lead to

the inhibition of protein phosphatase 1 through inhibitor 1. PP1 has been shown to de-

phosphorylate CAMKII. Therefore, activation of PKA can maintain the phosphorylation

of CAMKII, which in turn, can prolong NMDA channel opening. Another phosphatase

known to affect the induction of LTP is protein phosphatase 2B (PP2B/ calcineurin).

PP2B is a calcium sensitive phosphatase that can also decrease CAMKII

phosphorylation, thereby potentially shifting the direction of synaptic change to LTD

(Winder and Sweatt, 2001). Indeed, it is proposed that the sensitivities of these

phosphatases and kinases to concentrations of calcium that triggers the postsynaptic cell

to express LTP or LTD (Lisman, 1989; Lisman et al., 2002). Figure 1.3 summarises the
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action of these proteins to NMDA receptor opening. The proteins discussed here

represent only a small proportion of molecules that have been shown to affect the

induction and maintenance of bi-directional synaptic plasticity. Sanes and Lichtman

published a summary of all proteins found to be involved in LTP and LTD, illustrating

that there were over fifty receptors and signalling molecules whose disruption affected

the expression of LTP and LTD (Sanes and Lichtman, 1999). A number of these will be

referred to throughout this thesis and will not be elaborated on here.

However, this list illustrated the problem that faced researchers who were trying to

dissect the mechanisms of LTP and LTD - that a coherent story was proving difficult to

form. One common factor in many of the studies discussed was that the LTP and LTD

protocols used were NMDA receptor-dependent.
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Figure 1.3 Schematic of the interaction between the main
phosphatases and kinases involved in the induction of
LTPand LTD

P denotes phosphorylation
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The NMDA receptor complex

An approach that isolated proteins that interact with the NMDA receptor would facilitate

more targeted techniques in understanding NMDA receptor dependent plasticity, along with

other NMDA dependent events such as the pathophysiology of neuropathic pain and stroke

(Nishizawa, 2001; Petrenko et al., 2003). The first protein found to interact with the

NMDA receptor was PSD-95 (Kornau et al., 1995). Other work had identified molecules

that anchored the NMDA receptor at postsynaptic sites, alongside small signalling

complexes that co-localised with the receptor (Niethammer et al., 1996; Westphal et al.,

1999). However, a targeted approach using NMDA receptor antibodies and peptides to

isolate multi-protein complexes from brain tissue, resulted in distinct protein complexes

being isolated (Husi et al., 2000; Husi and Grant, 2001). A combination of immuno-affnity,

peptide affinity and pharmacological isolation, combined with western blotting and Mass

Spectromic detection, identified an NMDA receptor complex (NRC) comprised of over 77

proteins (Husi et al., 2000; Husi and Grant, 2001). This NMDA receptor complex was

distinct from AMPA receptor complexes. Of the 77 proteins reported at the time, 15 had

reported roles in learning and 22 had roles in rodent synaptic plasticity. These data provided

the first real success at characterising specific proteins involved in NMDA dependent

signalling. The NRC was found to contain scaffolding proteins (PSD-95), kinases,

phosphatases, GTPase-activating proteins and proteins involved in the mitogen activated

protein kinase (MAPK) pathway, known to regulate gene transcription. Moreover, activity

dependent genes were also isolated, which is of interest as protein synthesis had been shown
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to be important in the maintenance of long lasting LTP. This data set included all the

classes of proteins thought to be important in NMDA receptor dependent signalling and

provided the first evidence that they interacted with the receptor to form a complex. A

schematic diagram illustrating an example of how the NRC might be organized is shown in

figure 1.4 A major component of this complex, post-synaptic density protein (PSD-95)

binds to the NR2 subunits of the receptor and links the channel to downstream signalling

proteins including kinases, phosphatases and cytoskeletal proteins (Kornau et al., 1995).

Postsynaptic Density Protein 95 (PSD-95).

PSD-95 is a member of the membrane associated guanylate kinase (MAGUK) family of

proteins, which also includes SAP 97, SAP 102 and Chapsyn 110 (Kim et al., 1996;

Bassand et al., 1999) (Lau et al., 1996). These proteins possess 3 PDZ domains, a

guanylate kinase domain and an SH3 domain. PDZ (PSD-95 Discs large, Zona

Occludins) domains are protein- protein interaction domains enabling the co-localisation

of interacting molecules. The SH3 (Src homology domain) could also contribute to

complex formation by binding to proline rich peptides (Mayer and Gupta, 1998). The

guanylate kinase (GK) domain lacks the ATP binding site found in most GK proteins,

but still retains the sequence conferring potential GMP (guanine monophosphate)

binding (Kistner et al., 1993). PSD-95 was first identified in rat brain postsynaptic

densities as a homologue of the discs large protein in drosophila (Cho et al., 1992). The
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Figure 1.4: Interactions of the NMDA receptor
with PSD-95 and associated proteins

Schematic illustrating the known interactions between the NMDA

receptor and PSD-95, along with several signalling molecules known

to have roles in NMDA receptor dependent signalling and plasticity.

NR- NMDA receptor

PSD-95 - postsynaptic density protein 95

CAMKII- calcium calmodulin dependant kinase II

PP1- Protein phosphatase 1

PKA- Protein kinase A

nNOS- Neuronal nitric oxide synthase
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discs large protein had been shown to be important in the formation of the

neuromuscular junction in drosophila, which lead to interest in the function of its

mammalian homologues.

PSD-95 was first shown to interact with NMDA receptor subunits by Komau et al

(Kornau et al., 1995), and confirmed to be postsynaptic by Hunt et al (Hunt et al., 1996).

Other members of the MAGUK family of proteins- SAP 97, SAP 102 and Chapsyn 110-

were also found to bind PSD-95, suggesting that this family of proteins could serve to

mediate protein clustering and organisation (Kim et al., 1996; Niethammer et al., 1996).

PSD-95 Expression.

PSD-95 is expressed in the mouse brain from postnatal day 1. Expression is illustrated in

figure 1.5, where X-Gal reporter gene expression is shown in heterozygous PSD-95

mutant mice (picture kindly donated by Karen Porter). As can be seen from the figure,

PSD-95 is widely expressed throughout the forebrain, with high levels notable in the

hippocampus, striatum and cortex. There is a low level of expression in the hindbrain.

Expression levels of SAP 102 and PSD-95 at synapses have been analysed in the rat

hippocampus throughout postnatal development using immunogold staining (Sans et al.,

2000). At early postnatal dates, SAP 102 is expressed at higher levels than PSD-95, but

by 6 months, both the percentage of labelled synapses and total number of gold particles

was higher for PSD-95 than SAP 102, suggesting a developmental regulation of the

synaptic expression of MAGUK proteins. At this postnatal stage, the increase in

synaptic labelling for PSD-95 was also correlated with the increase in total numbers of

synapses.
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Figure 1.5 : PSD-95 Expression throughout the
mouse brain

X-Gal reporter gene staining for PSD-95 in
heterozygous adult mice. PSD-95 is widely expressed
through the forebrain with highest expression levels
seen in the hippocampus (H), cortex (C) and striatum
(S).

Olfactory bulb (O)

Thalamus (Th)

Cerebellum (CB)

Scale bar 1mm

Picture from Karen Porter.
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Studies in primary hippocampal cultures have examined the role of PSD-95 in the

development and maturation of excitatory synapses and these will be discussed in detail

in chapter two.

Protein- Protein interactions of PSD-95

Figure 1.6, illustrates the basic structure and known binding partners for PSD-95. PSD-

95 can bind many proteins, both membrane bound receptors and intracellular proteins.

Along with NMDA receptor subunits, PSD-95 can also bind kainate and metabotropic

glutamate receptors (Garcia et al., 1998), AMPA receptors (Schnell et al., 2002), both

voltage dependent and inwardly rectifying potassium channels (Cohen et al., 1996;

Arnold and Clapham, 1999), the p-adrenergic receptor (Hu et al., 2000) and the

serotonin receptor (Ullmer et al., 1998). PSD-95 can also heteromultimise with itself and

other MAGUK proteins (Kim et al., 1996; Masuko et al., 1999; McGee and Bredt,

1999). The ability of PSD-95 to heteromultimise and to bind different membrane bound

receptors and ion channels suggest that it has a potential role in the organisation of

synaptic sites.

The binding of PSD-95 to other anchoring proteins such as AKAP150 (Colledge et al.,

2000) provides a scaffold for the localisation of kinases and phosphatases near the active

channels. A-kinase anchoring protein (AKAP) 150 has been shown to complex with
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Figure 1.6: Schematic of PSD-95 and its main binding
partners

Adapted from http://www.hprd.org and http://www.PPED.org
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MAGUK proteins and target protein kinase A (PKA) to synaptic sites (Colledge et al.,

2000). The NR1 sub-unit of the NMDA receptor has several identified phosphorylation

sites - both protein kinase A (PKA) and C (PKC) specific sites (Leonard and Hell,

1997). Direct phosphorylation ofNMDA receptor subunits by these kinases has been

reported to play an important role on modulating channel activity- both by increasing

open channel probability and by enhancing downstream effects, both of which have

implications for synaptic plasticity (Liao et al., 2001). Therefore, localisation of kinases

directly to the active postsynaptic site could provide a targeted, regulated mechanism of

NMDA receptor regulation.

Furthermore, PSD-95 can bind directly to several intracellular signalling molecules such

as neuronal nitric oxide synthase (nNOS), synaptic ras GTP-ase activating protein

(SynGAP) and Fyn (Brenman et al., 1996; Kim et al., 1998; Tezuka et al., 1999).

Notably, both SynGAP and Fyn have been ascribed roles in synaptic plasticity and

modulation ofNMDA receptors (Tezuka et al., 1999; Komiyama et al., 2002). nNos has

been shown to be regulated by calmodulin kinases, suggesting that its localisation at the

postsynaptic site, mediated by PSD-95, can also influence NMDA receptor mediated

signalling (Hayashi et al., 1999).

In illustrating the interactions of PSD-95, it becomes apparent that this protein has the

potential to regulate NMDA receptor mediated transmission and its subsequent

signalling events. Although PSD-95 has many binding partners, the relationships already

established between them and their known effects on synaptic plasticity, present the
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possibility that the expression and regulation of PSD-95 can impart significantly on

synaptic signalling.

Involvement of PSD-95 in neuronal signalling and architecture.

The role of PSD-95 and its interaction with the NMDA receptor has been studied mainly

through disruption of their interactions. Disruption of PSD-95 and the NMDA receptor

has been shown to be neuroprotective after transient ischaemia by destabilising NMDA

receptors, removing the neurotoxic downstream effects of over stimulation (Aarts et al.,

2002). However, studies in hippocampal cultures revealed that lack of PSD-95 drives

neuronal cell death by activation of calcium calmodulin dependent kinase II (CAMKII)

(Gardoni et ah, 2002), until the age where the cultures express the NR2A subunit.

Immuno-precipitation studies also suggest that PSD-95 binds preferentially to the NR2A

subunit, and that another MAGUK (SAP 102), binds preferentially to the NR2B subunit.

SAP 102 is expressed at higher levels in early postnatal development than PSD-95, and it

is only later that the levels of these two proteins interchange, with a higher expression of

PSD-95 than SAP 102 (Sans et ah, 2000). This change in expression levels at synaptic

sites, along with the affinity of PSD-95 to the NR2A subunit, could explain why lack of

PSD-95 is neurotoxic in young cultures and neuroprotective in adult models of

ischaemia.

Overexpression of PSD-95 in primary hippocampal cultures drives the maturation of

glutamatergic synapses by increasing the clustering of glutamate receptors and the
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frequency and magnitude of synaptic currenls(El-Husseini et al., 2000). Overexpression

also resulted in an increase in the size and density of dendritic spines on these neurones.

Mice expressing truncated PSD-95 display a reduced neuropathic pain in the spinal cord,

attributed to the alteration in CAMKII binding to the NMDA receptor (Garry et al.,

2003). Moreover, thermal hyperalgesia is associated with increased association of PSD-

95 in the spinal cord (Tao et al., 2000). PSD-95 is also important in the development of

the visual system as eye opening results in dendritic localisation of PSD-95 in central

visual neurones (Yoshii et al., 2003). These studies demonstrate that PSD-95 and other

MAGUKS have physiologically significant roles in the modulation ofNMDA receptor

signalling and synaptic plasticity.

Biochemical studies have also confirmed that many of PSD-95 's binding partners are

regulated by PSD-95 expression at some level. Expression and clustering of PSD-95

binding potassium channels are regulated by PSD-95 (Nehring et al., 2000) (Tiffany et

al., 2000; Tanemoto et al., 2002). PSD-95 has been shown to promote the tyrosine

phosphorylation of NR2A, to control the numbers of AMPA receptors (Schnell et al.,

2002) and regulate spine morphology (Pak et al., 2001).

Disruption of PSD-95 at synaptic sites has been shown to have significant effects on the

signalling and morphology of excitatory neurones, yet its potential effects in the

corticostriatal system has not been examined. The generation of a PSD-95 mutant mouse

provides a useful approach for the study of this system.

33



The PSD-95 mutant mouse

The PSD-95 mutant mouse carries a targeted null mutation in the PSD-95 gene. A stop

codon is introduced between the second and third PDZ domain. This results in a

truncated, non-functional form of the protein being expressed, composed of the first two

PDZ domains. The generation and breeding of these mice have been described in detail

(Migaud et al. 1998). In brief, mice were generated which carry a targeted mutation in

the PSD-95 gene that leaves the first two PDZ domains intact. The targeting construct

was electroporated into embryonic stem cells and ES cell lines microinjected into

C57B1/6 blastocytes. Offspring were crossed onto the MF1 genetic backgound.

Heterozygous mice were intercrossed and the genetic status of the mice was determined

by genomic Southern blotting and polymerase chain reaction. Homozygotes were then

backcrossed at least 10 times.

The phenotype of this mouse has been characterised in several studies. Perhaps the most

notable phenotype is expressed in the hippocampus (Migaud et al., 1998). PSD-95

mutant mice display normal development and clustering ofNMDA receptors in the

hippocampus. Basal currents at CA1 - CA3 synapses is not altered. However, tetanising

stimuli produce large alterations in PSD-95 mutant mice (Migaud et al., 1998). The

degree of LTP observed is higher in mutant mice compared to wild-type, to the level that
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Figure 1.7: Tetanus Frequency Response relationship in
wild-type and PSD-95 mutant mice.

Open circles display the synaptic responses of CA1 cells in the

hippocampus to a range of tetanising frequencies. At very low

frequencies (0.01 Hz), no alteration in synaptic response is seen. As

the frequency of stimulation is increased to 1 Hz, the cells display

LTD.Above 1Hz, wild-type cells respond to tetanic stimulation with

LTP. Black circles display the profile of PSD-95 mutant mice to these

stimulation paradigms. At all frequencies above the lowest 0.01 Hz,

the PSD-95 mutant mice display LTP- reflected as a 'left shift' in the

frequency response relationship shown on this graph.
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LTD cannot be induced, and is inducible at levels of tetanus that induce LTD in normal

animals, representing a 'left shift' in the plasticity response curve shown in figure 1.7.

This increase is still present with the application of picrotoxin, an antagonist of

inhibitory synaptic transmission, confirming that the increase in LTP seen is not due to

alterations in inhibitory input (Migaud et al., 1998). These data suggest there is an

increased sensitivity of the molecular machinery involved in NMDA receptor signalling.

These mice also display impairments in spatial memory tasks (Migaud et al., 1998),

which have been shown to be NMDA receptor dependent (Morris et al., 1986; Tsien et

al., 1996). The abolition of bi-directional synaptic plasticity observed in this experiment,

alongside impairments in NMDA dependent learning tasks, presents a strong argument

that PSD-95 is an important factor in NMDA receptor signalling, synaptic plasticity and

memory formation.

Other phenotypes of this mutant model include a reduced NMDA dependent

hyperalgesia and allodynia seen in wild-type animals after chronic constriction injury,

believed to be mediated by altered CAMKII coupling to the NMDA receptor in PSD-95

mutant animals (Garry et al., 2003). Moreover, PSD-95 mutant mice display normal

ocular dominance plasticity in the developing visual system, but show impaired

orientation preference (firing of specific groups of cells in response to visual cues in a

specific orientation) (Fagiolini et al., 2003).
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Summary

This chapter has outlined the anatomy of the corticostriatal system and described the role

and mechanisms of NMDA dependent neurotransmission. The nature and potential of

NMDA receptor dependent synaptic plasticity has also been discussed.

In the striatum, synaptic plasticity has been proposed to pay a role in the

neurodegenerative mechanisms of Parkinson's disease, where the dopaminergic

innervation from nigrostriatal afferents is lost (Ingham et ah, 1997; Ingham et al., 1998;

Arbuthnott et al., 2000). A loss of tyrosine hydroxylase positive boutons is observed,

consistent with a loss of dopaminergic input. However, there is also an accompanying

loss of asymmetric synapses on the medium spiny neurones, suggesting that

dopaminergic input is needed to maintain functional corticostriatal synapses (Ingham et

al., 1989; Ingham et al., 1998).

Electrophysiological synaptic plasticity in the corticostriatal system involves the NMDA

receptor, as bi-directional synaptic plasticity can be induced through manipulation of the

NMDA receptor (Calabresi et al., 1992c; Calabresi et al., 1992a). Dopamine can also

influence synaptic plasticity in the striatum as timed application during high frequency

stimulation can induce LTD and D2 receptor knock out mice display increased levels of

LTP, that is NMDA receptor independent (Wickens et al., 1996; Calabresi et al., 1997).

A more detailed discussion of corticostriatal plasticity is found in chapter four.

These data suggest that the interaction ofNMDA receptor and dopamine receptor-

dependent signalling are important in corticostriatal plasticity.
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The recent isolation of the NRC, revealing the NMDA receptor to associate with many

signalling molecules known to be involved in synaptic plasticity and learning, provides a

framework for the detailed study of NMDA receptor dependent mechanisms (Husi et al.,

2000). PSD-95 is an abundant part of the NRC and is enriched in postsynaptic (PSD)

fractions (Kennedy, 1998). Its ability to interact with several synaptic signalling proteins

and its proposed role in synaptic organisation, make it a protein of substantial interest.

Therefore, the generation of a genetic mouse model that does not express functional

PSD-95 provides a useful research tool.

This thesis will study the role of PSD-95 in excitatory signalling in the corticostriatal

system using anatomical, electrophysiological and biochemical approaches. Alongside

these experiments, with reference to the involvement of the NMDA receptor in

ischaemia(Salinska and Lazarewicz, 1996), an examination of the role of PSD-95 in an

experimental model of ischaemia will be made.
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Chapter Two: Analysis of Dendritic Spine Density in the PSD-

95 Mutant Mouse.

Introduction

Dendritic spines provide the postsynaptic site for the majority of excitatory afferents in

the central nervous system. These small dendritic protrusions are present on the

dendrites of many types of neurones and were first described in the work of Ramon y

Cajal in the late 1800s (Ramon y Cajal, 1891). Cajal then postulated that these thorny

protrusions would provide the site of contact for the neurones of the central nervous

system. However, it was only in the latter half of the last century that technological

improvements permitted more detailed study. It is now apparent that dendritic spines are

important structures in their own right and provide a microenvironment separate from

the parent dendrite that facilitate the interpretation, integration and modification of

incoming afferent signals.

This introduction to this chapter will outline the current knowledge of the structure and

function of spines and introduce the rationale behind their study in the PSD-95 mutant

mouse.
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Structure of spines

Dendritic spines can display various different morphologies and their structure has been

extensively studied at both the light and electron microscopic level. Spines also display

different morphologies throughout development. Mature spines can be morphologically

characterised in that they can appear short and rounded - 'stubby', 'mushroom' shaped-

with a constriction at the neck of the spine, 'thin' - with a long shaft and a small head or

'sessile' which have no swelling at their head (Sorra and Harris, 2000). Branched spines

are also seen where there is more than one head, often each with a separate afferent

input. Individual spines can go through several of these morphologies, but their

significance is not yet understood (figure 2.1).

Ultrastructural studies have enabled the visualisation of the membrane specialisations

that oppose the presynaptic terminals. These membrane thickenings can represent

asymmetric, type I synapses (often found to be excitatory contacts) or symmetric, type II

synapses (often found to be inhibitory/ modulatory contacts) (Gray, 1959). The electron

dense areas that characterise the postsynaptic site of excitatory afferents are termed the

postsynaptic density (PSD) (Harris and Kater, 1994). Sites of termination of excitatory

afferents have been reported to form mostly onto the heads of spines, with the type II

synapses occurring more on the spine necks. Indeed, the synaptic input of cortical

afferents onto dendritic spines of the medium sized spiny cells of the striatum follow this

model closely. Studies have shown that the majority of cortical afferents form

monosynaptic asymmetric synapses onto the heads of dendritic spines (Kemp, 1970;

Kemp JM, 1971; Somogyi et al., 1981), with only a few synapsing onto the dendritic

shaft or the soma, whereas interneurones and dopaminergic fibres tend to terminate on
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Filopodia
motile structures normally
found during development.

Stubby
spine

Thin spine

Spines without neck
constrictions.

Simple spines found
on many mature
neurones.

Mushroom

spine
Has constrictions at

neck.

Branched

spine

Each branch contacted by
a different synaptic
partner..

Figure 2.1: Basic spine morphologies

Schematic illustrating basic spine shapes. The three main
classes are distinct between the grey separators.
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the necks of spines (Freund et al., 1984). All forms of afferent innervation can also

synapse onto the shaft of the dendrites, but these are believed to be in the minority,

especially for excitatory contacts. Moreover, spines that do not have an asymmetric

membrane specialisation have not been reported, suggesting the all spines have at least

one excitatory contact.

Other important characteristics of spines that have been noted through ultrastructural

studies is the presence of the so called 'spine apparatus', normally found in the larger

mushroom shaped spines (Westrum et al., 1980; Spacek and Harris, 1997) (figure 2.2A).

This spine apparatus is composed of smooth endoplasmic reticulum and is believed to

play a role in the trafficking of proteins bound for the membrane. Spines also have their

own cytoskeleton that lacks microtubules, but is rich in actin, notably a specific form -

filamentous (/) actin (Drenckhahn et al., 1984). The^actin cytoskeleton has been shown

to be enriched near the postsynaptic density and is thought to not only be important in

regulating spine structure and shape, but to be crucial in the targeting of binding proteins

to the postsynaptic density.

Molecular Composition of the PSD

The PSD occupies around 10% of the total spine area and biochemical isolation of PSD

fractions, combined with immunogold labelling at the ultrastructural level has revealed

the identification of numerous proteins located at this site. Major components of the

PSD are the membrane bound excitatory receptors. These include the ionotropic NMDA

and AMPA receptors and the metabotropic glutamate receptors. The ionotropic receptors

are believed to confer most of the rapid synaptic events into the spine, forming protein
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Figure 2.2 Schematic of spine structure and
organisation of proteins in the PSD

A: Outline of the structural components in the

dendritic spine.

The presence of structural proteins such as actin, along

with the presence of smooth endoplasmic reticulum (SER)

provide a framework for the regulation of spine shape and

the trafficking of signalling molecules to the postsynaptic

density (PSD).

B: Signalling molecules at the postsynaptic

density.

Glutamate receptors - NMDA receptor ion channels,

AMPA receptor channels and metabotropic glutamate

receptors are found on dendritic spines. The binding of

such proteins as yotiao, and PSD-95 to the NMDA

receptor , along with the localisation of such signalling

molecules as calcium calmodulin dependent kinase II

(CAMKII), provide a local framework for the activation of

signalling cascades as a result of ion channel activation.



Figure 2.2 Schematic of spine structure and
organisation of proteins in the PSD

Second messengers,

cytoskeleton
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complexes within the PSD. The NR2 subunit of the NMDA receptor extends its COOH

tail into the cytoplasm, providing binding sites for the localisation of signalling

molecules. aCAMKII is an abundant PSD protein (Kennedy et al., 1983) that can bind

directly to the NR2B subunit, localising it near to the calcium entering the cell (Gardoni

et al., 1998) and phosphorylating the receptor subunit. Binding to the NR2B subunit has

been shown to be stimulated by activation of CAMKII and moreover, through binding,

CAMKII is locked into an active state, potentially prolonging its effects (Bayer and

Schulman, 2001). The opening of the NMDA receptor ion channel, leads to the influx of

calcium and the phosphorylation of aCAMKII is known to drive signalling cascades.

PSD-95 binds to this NR2 COOH tail through its first two PDZ domains and acts as a

scaffolder for many PSD signalling molecules (Komau et al., 1995; Niethammer et al.,

1996) (Figure 2.2B). Binding partners for PSD-95 include neuronal nitric oxide synthase

(nNOS), A-kinase anchoring protein 79 (AKAP79), the synaptic Ras-gap SynGAP,

Yotiao and GKAP (Sheng and Kim, 2002). These binding proteins are known to activate

specific signalling cascades as a result of rises in intracellular calcium and activation

through phosphorylation. For example, SynGAP is thought to lead to the inactivation of

ras, and hence inhibit the MAPK/ERK pathway, believed to be important in synaptic

plasticity and the regulation of gene transcription (Komiyama et al., 2002). AKAP79 can

co-localise protein phosphatase 2B (PP2B) and PKAR2B to the NMDA receptor

indicating that a balance between kinase and phosphatase activity is crucial to the

translation of synaptic events (Colledge et al., 2000). The presence of these spine

organelle structures have led to interest into the roles of dendritic spines in the

integration of afferent input and synaptic plasticity. The PSD also contains many other
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proteins, many of which are members of the NRC (Husi et ah, 2000). This suggests that

the PSD has an important role in the localisation and organisation ofNMDA receptor

associated signalling proteins, as the presence of^actin would provide the framework of

support and scaffolding and anchoring proteins such as PSD-95, AKAP and Yotiao

enabling the localisation of calcium dependent enzymes near the sites of channel

opening.

Spine formation and development

Spine formation occurs early on in postnatal development when afferent axonal growth

and dendritic synaptogenesis has begun. At this time in early development, dendrites are

covered by abundant filopodia that are believed to be spine precursors that are replaced

by spines later in development. Studies have shown that these filopodia are highly

motile, and that motility increases following increased excitatory activity, when they

seem to seek out presynaptic partners. Moreover, reports have illustrated that some

filopodia express synapses (Ziv and Smith, 1996), strengthening the hypothesis that they

are spine precursors. Studies both in-vivo and in cultured neurones report that these

filopodia are transient and are the precursors for shaft synapses - drawing the

presynaptic site to the dendrite- and later, they develop into spines (Dailey and Smith,

1996; Fiala et al., 1998). The stabilisation of these early contacts is critical to the

development of a mature synapse and the co-localisation of the cadherin family of cell

adhesion molecules to synaptic sites in development, suggests that these play an

important role (Dailey and Smith, 1996). Activity is also necessary for a mature synapse

and glutamate dependent early clustering of AMPA receptors to postsynaptic sites,
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likened to the agrin dependent clustering of ACh receptors during the development of

the neuromuscular junction, occurs beneath the presynaptic terminal during synapse

formation (Allison et ah, 2000). Indeed recent studies have shown that excitatory

activity is both necessary and sufficient for spine formation. Segal et al (Segal et al.,

2003) have shown that in cultured striatal neurones, excitatory afferent activity is needed

to induce spine formation on these GABA-ergic neurones, an effect that is not mimicked

by the application of glutamate. These data suggest that it is ongoing synaptic activity

that results in spine formation, rather than acute stimulation. Another recent study

demonstrates that the GluR2 AMPA receptor, and more specifically, the extracellular

amino terminus, can induce spine formation (Passafaro et ah, 2003).

Further to these initial contacts, it is hypothesised that synapse stabilisation and spine

formation occurs. The clustering ofNMDA receptors and associated proteins such as

PSD-95 have been studied in cultured neurones. A study using single cultured

hippocampal neurones found that unlike the AMPA receptor, the clustering of the

NMDA receptor and postsynaptic protein PSD-95 was not dependent on presynaptic

glutamatergic activity, and that both NMDA receptor clusters and PSD-95 clusters can

occur independently of each other (Rao et ah, 1998). The data suggest that AMPA

receptor clusters form first in developing cultures at synaptic sites, whereas NMDA

receptor clusters are initially non-synaptic, moving to synaptic sites later on in

development. However, the authors do note that PSD-95 clusters form at synaptic sites

before AMPA or NMDA receptors are detected, and that these clusters are necessary,

but not sufficient for NMDA receptor clustering at synaptic sites. These data are

complemented by a study where over expression of PSD-95 in developing hippocampal
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cultures results in an increase in the density of spines, with concurrent increases in the

expression of GluRl and the amplitude of EPSCs (El-Husseini et al., 2000). More

evidence for the role of the NMDA receptor and PSD-95 in the maturation of synapses

results from a study where GFP-PSD-95 clusters at filopodia and spines resulted in more

stable spine structures (Prange and Murphy, 2001). It is thought that upon synapse

formation, filopodia stabilise to form spines or retract to form a shaft synapse. The ratio

of shaft to spine synapses decreases through development and supports this hypothesis

(Okabe et al., 2001). A study of the temporal assembly of pre- and postsynaptic

molecules showed that PSD-95 clustering correlates with both spine formation and the

clustering of the synaptic vesicle marker synaptophysin. Dendritic clusters of PSD-95

were eliminated where spines did not form (Okabe et al., 2001).

The data reviewed here present the current model of spine development, but it is far

from clear what the exact triggers and mechanisms are. Filopodia do seem to be the most

likely spine precursors, but the fact that some seem to stabilise into spines whereas

others retract into the dendritic shaft, suggests that there are important temporal and

molecular events involved that need to be elucidated. It should also be noted that spines

not expressing synapses could be induced by de-afferentation of cerebellar Purkinje cells

(Okabe et al., 2001). However, these results have not been replicated in the striatum,

whereby afferent activity is required for the formation of dendritic spines in culture

(Segal et al., 2003). As described, spine formation occurs mainly during the first

postnatal weeks, but de novo spines, along with spine elimination has been reported in

mature networks, both in-vivo and in-vitro. These observations, along with the early

hypothesis of Ramon y Cajal has led to a substantial body of work aiming to elucidate
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the precise functions of dendritic spines and their role in synaptic plasticity, as possible

structural correlates for memory formation.

Maintenance and motility of dendritic spines

The issues surrounding the maintenance of spines after development have also been

studied. Activity has been shown to be necessary for maintenance. Studies in

hippocampal slices have revealed that de-afferentation or inhibition of AMPA receptors

specifically reduced the density of spines in that preparation (McKinney et al., 1999).

However, NMDA receptor antagonists and the sodium channel blocker tetrodotoxin had

no effect, although another study demonstrated an increase in synaptic NMDA receptor

clustering upon NMDA activity blockade (Rao and Craig, 1997). Therefore, activation

of the AMPA receptors is necessary for spine maintenance, but afferent activity is not. It

is thought that the spontaneous release of glutamate is responsible for the AMPA

receptor activation that is necessary for spine maintenance. This was addressed using the

application of botulinum toxin that also reduced spine number and was prevented by the

co-application of AMPA with the toxin (McKinney et al., 1999). The authors then

postulate that the roles of spontaneous miniature synaptic events are to maintain spines

whose synapses are inactive - a potential memory mechanism. These data are

noteworthy in that they distinguish between spine behaviour in 'basal' conditions and

the effects seen by many investigators in conditions such as LTP.

Spines are also motile after maturation (Fischer et al., 1998). The reason for this motility

is not known, but it is dependent on remodelling of the actin cytoskeleton as disruption
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of actin polymerisation inhibits motility (Korkotian and Segal, 2001). One hypothesis

has been that the motility of these spines represents alterations in presynaptic

connectivity, but spines whose motility has been studied have then been analysed using

serial reconstructions at the EM level, have revealed that the presynaptic terminal is still

present (Dunaevsky et ah, 2001). Spine motility does reduce through development

(Dunaevsky et ah, 1999) and it is thought that in-vivo, the packing of the neuropil

contributes to this. However, actin mediated spine motility is seen in hippocampal slices,

which do have a dense neuropil, and have been shown to be inhibited by glutamate

activity (Fischer et ah, 2000). However, when interpreting these data, it is important to

differentiate between different types of motility. Spine elongation and retraction have

been observed in response to alterations in synaptic activity, especially at excitotoxic

levels (Hasbani et ah, 2001) but this does not fit with the observations reported earlier

that the presynaptic contact remains stable. Motility seen when the presynaptic terminal

remains stable, could be representative of a temporary detachment of the spine from its

bouton, or a change in spine shape in response to intracellular events. The data on spine

maintenance, hypothesising that miniature synaptic events could be important in

maintaining spines and their contacts (McKinney et ah, 1999), lends support to the latter

possibility. It could be that activity induced alterations in the AMPA receptor component

in the postsynaptic membrane, along with alterations in the levels of calcium, contribute

to changes in the shape of spines - seen as a form of motility. Indeed, the data that

provides evidence of actin polymerisation events and the recruitment of calcium

dependent proteins to the postsynaptic density could all contribute to this. It could be

that the spines do lose contact with their presynaptic partners as a result of inactivity or
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events elsewhere along the dendrite but evidence for this has not been produced and the

significance of this potential event is unclear.

The data emerging on the functional properties of dendritic spines is increasing rapidly

and continual improvements in experimental techniques should lead to a more complete

picture of the events that control them.

Function of Dendritic Spines

The function of dendritic spines could be quite diverse. Logically, they vastly increase

the surface area of the dendrite, thereby allowing a larger number of synaptic contacts

per cell. Their shape - specifically their spine neck- has also been proposed to provide

an environment for increasing the strength and duration of synapse dependent voltage

changes, thereby resulting in increased opening of calcium channels. The presence of

spine necks could also result in a delay of voltage transfer to the dendrite, perhaps

permitting a temporal relationship for summation with neighbouring spines. The fact

that most excitatory synapses form on the heads of spines, with inhibitory and

modulatory contacts forming neck or shaft synapses, supports the model that spines

provide a microenvironment important in excitatory signalling. However, it has been

shown that although spines may be biochemically distinct from the dendrite, they are not

so electrically. Dendritic spines are now thought to provide biochemical compartments

independent of the dendrite, allowing separate signalling cascades to be confined

therein. This has been reported using real time calcium imaging whereby synaptic

stimulation, results in localised calcium transients of a higher concentration in spines

than the parent dendrite (Muller and Connor, 1991). The segregation of these calcium
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events from the rest of the dendrite permits calcium dependent signalling cascades to

occur specific to the spine compartment. This is highlighted by the use of two photon

studies in hippocampal slices whereby subthreshold synaptic stimulation resulted in

calcium transients localised to specific spines (Yuste and Denk, 1995). Along with

NMDA and AMPA receptors, spines also possess voltage gated calcium channels

(VGCCs), thereby having the potential to confer a variety of specific calcium events to

the postsynaptic signalling machinery. The imaging studies discussed (Muller and

Connor, 1991) (Yuste and Denk, 1995) have been performed in slice and culture

experiments and it is not yet known whether calcium signalling in neighbouring spines

can be temporally or spatially summated in order to confer physiologically relevant

dendritic and somatic responses. However, interesting data shows that the morphology

of spines can have effects on the nature of calcium transients (Reid, 2002). Excitatory

postsynaptic calcium transients were shown to be dependent on AMPA activity. Reid et

al then distinguished simple and complex spines in their organotypic hippocampal slices,

where simple spines were representative of CA3-CA3 synapses and complex spines

represented mossy fibre- CA3 synapses. These investigators found that in 'simple

spines', sub-saturating doses of the AMPA antagonist 6-cyano-7-nitroquinoxaline-2,3-

dione (CNQX) resulted in reduction in the EPSP amplitude, but no reduction in the

amplitude of the calcium transients, suggesting an 'all or nothing' release from internal

calcium stores following synaptic depolarisation. However, in complex spines, the

calcium influx was observed to be mainly through VGCCs and in some part through the

NMDA receptor. This entry is voltage dependent and has been illustrated by a voltage

dependent dynamic range in the amplitude of these calcium transients in the complex



spines studied, suggesting that release of calcium from internal stores is less influential

that in simple spines. These observations that different types of spine morphology have

specific mechanisms of calcium influx and release raise the possibility that there may be

several roles served by the compartmentalisation of calcium. Moreover, the blockade of

mossy fibre long term potentiation by application of calcium buffers to the postsynaptic

site has been reported by some, but not all investigators. This, in turn, raises the

possibility that whereas rises in postsynaptic calcium are not critical for some forms of

LTP, there are other roles for local calcium transients. However, what these might be is

unclear.

As outlined earlier, the molecular composition of the PSD has been studied and it is now

evident that local stimulation and calcium influxes can lead to the activation and

recruitment of signalling molecules to synaptic sites within the spine. For example,

calcium/ calmodulin dependent kinase alpha (aCAMKII), the most abundant PSD

protein, has been shown, in the zebrafish, to translocate to the PSD after repeated

sensory stimulation in response to the local calcium influx (Gleason et al., 2003).

Moreover, this translocation occurs in a glutamate dependent fashion, suggesting that

activity dependent calcium influx into the spine, results in the activation of postsynaptic

signalling machinery along with recruitment of proteins to the PSD. The potential for

synapse specific interpretation of afferent information greatly increases the scope of a

neuronal network to integrate and translate afferent information.
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Spines and synaptic plasticity

Spine motility and alterations in morphology have been studied with respect to their

possible role in the formation and elimination of contacts and the remodelling of local

networks in response to alterations in afferent activity. Slice LTP studies have reported

the formation of new spines and 'spine like filopodia' in response to tetanus (Engert and

Bonhoeffer, 1999) and recent in-vivo studies have confirmed that spines are formed and

eliminated through environmental experience (Trachtenberg et ah, 2002). There have

been several approaches to the study of spines in response to altered environments.

These range from reductionist approaches using cultured neurones and slice

preparations, whereby acute stimuli and culture conditions produce alterations in spine

density and morphology, to in-vivo studies reporting alterations in spine densities

throughout age and environment. As discussed earlier, spine motility alters through early

development and these forms of plasticity could reflect important mechanisms for the

plasticity seen in mature neurones.

However, plasticity of spines seen in adulthood presents the notion that alterations in

dendritic structure could represent a morphological correlate of memory formation and

environmental adaptation. In-vivo studies have shown that spine density reduces with

age, disease, light deprivation (Globus and Scheibel, 1967; Irwin et al., 2001; Duan et

al., 2003). Furthermore, increases in spine density are seen as a result of environment

enrichment (Comery et ah, 1995) and stress (Shors et ah, 2001). Spine density changes

can also be reversible as is seen during the rat female oestrous cycle (Woolley et ah,

1990) and intriguingly, during and after hibernation in the squirrel (Popov et ah, 1992).
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Rapid plasticity in dendritic spines can be observed in slices, involving generation of

new spine like structures (Maletic-Savatic et al., 1999) in response to NMDA receptor

dependent LTP. Interestingly, these changes are not seen in the first thirty minutes of

LTP. Moreover, more robust increases in dendritic protrusions are seen after late-LTP

(L-LTP), when protein synthesis is thought to be involved in the maintenance of the

enhanced synaptic response. However, although reports of multiple synapse formation

within single spines during LTP, along with an increase in the number of synaptic

contacts made by single neurones (Toni et al., 1999) are convincing, contradictory EM

data finding no increase in spine or synapse number (Sorra and Harris, 1998) is also

available. Moreover, the same group found that dendritic spines do not split during LTP

(Fiala et al., 2002). These discrepancies are likely to result from different experimental

preparations and sampling methods.

Rapid plasticity of dendritic spines has also been shown to depend on the properties of

spines and their location in relation to activity. Cultured hippocampal neurones exposed

to conditioning medium favouring NMDA receptor activation, display both pruning of

spines and novel spine formation (Goldin et al., 2001). However, the data available do

suggest that alterations in spine density are reflections of network adaptations to altered

cellular environments. Rapid spine motility as discussed earlier is considered to be

representative of morphological plasticity, but the nature of the motility of spines in

relation to their contact with the pre-synaptic terminal suggests that this actin based,

activity dependent motility is a response to altered levels of calcium and/or AMPA

receptors in the spine.
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This introduction has summarised the current knowledge on dendritic spines and it has

demonstrated that spines are important functional units for synaptic input and

integration. Moreover, the roles of the NMDA receptor, and more notably PSD-95 in

spine development and maintenance have been discussed. Alongside this data, the

reports of the occurrence and significance of alterations in spine density in response to

altered environments suggest that a mouse model with a mutation in PSD-95 will display

a dendritic spine phenotype.

Hypothesis:

Mice with a mutation in PSD-95 will demonstrate an alteration in spine density on the

medium spiny neurones of the striatum.
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Materials and Methods

Animals.

Adult wild-type (n=7) and PSD-95 mutant mice (n=7) were used aged between 8 and 26

weeks. PSD-95 mutant mice were engineered as outlined previously (Migaud et al.,

1998).

Fixation and tissue preparation.

All mice were perfused transcardially under sagatal anaesthesia with heparinised saline

(7ml/min) followed by fixative (2.5% glutaraldehyde, 2% paraformaldehyde in 0.1M

sodium phosphate buffer (PB), pH 7.4). The brains were post-fixed for 2hr in the same

fixative and coronal 70/xm sections containing neostriatum were cut on a vibrating

microtome (Vibratome, Lancer). Selected sections were taken and dehydrated through

graded alcohols before being stained with cresyl violet (Sigma), then mounted in DPX.

Remaining sections were washed in PB before being treated with 1% osmium tetroxide

in PB for 40 minutes. They were then placed in 3.5% potassium dichromate (in glass

vials) for ~24hr, followed by ~6h in 1% silver nitrate solution (sandwiched between two

glass slides) (Izzo et al., 1987; Bolam and Ingham, 1990). The sections were then

dehydrated in graded alcohols (50% ethyl alcohol for 5 mins, 70% ethyl alcohol for 30

min, 95% ethyl alcohol for 15 min and then 100% ethyl alcohol for 2x15 min). Finally,

the sections were impregnated with epoxy resin (Durcupan, ACM,
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Fluka), mounted and coverslipped on glass slides (Bolam and Izzo, 1987; Izzo et al.,

1987) and then polymerised at 60°C in an oven for 48 hours.

Analysis

Cell analysis was carried out using a Leica DMR microscope attached to a Neurolucida

computer assisted tracing system (Microbrightfield Inc., USA)

Analysis of the cell morphology and dendritic architecture of medium spiny neurones

was made using a X40 objective. At this level, cells were assessed for integrity and

quality of Golgi impregnation. Only cells that exhibited evidence of extensive dendritic

architecture and Golgi impregnation along the whole length of the dendrite were

selected for further analysis. Analysis was performed (N=6 cells per animal; 14 animals

analysed) using a xlOO oil immersion objective which enabled all spines to be identified

and marked for counting. Quantification of spines was performed using computer

assisted tracing whereby the dendritic outlined was traced and marks identifying each

spine attached to the traced dendrite (Figure 2.3). Spines were identified through the x, y

and z-axes, enabling visualisation of the dendrite through the depth of the tissue. It was

not possible to visualise spines that might have been present directly behind the dendrite

being analysed and therefore they were not included in analysis. Criteria were applied

for the identification of spines, in that only protrusions that had a clear definition and

were visibly attached to the dendrite were analysed. Dendritic length was measured from

the traced dendrite. Dendritic diameter was measured at three points from the soma-

proximal, middle and distal. Cumulative branch frequency was assessed
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Figure 2.3: Neurolucida tracing of a spiny neuron

Example of a dendritic trace performed using the neurolucida
computer assisted tracing system. The dendrite is represented through
the solid line. The position of the cell soma is represented at the black
arrow, the distal tip by the grey arrow. Colour changes along the
trace, i.e. from blue to yellow, represent the occurrence of branching
from the main dendrite at the point of colour change. Dendritic spines
are represented by the pink marks. This trace also reflects the aspiny
nature of the dendrite at the proximal portion from the soma. Scale
bar 14 urn.
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along the length of all dendrites analysed. These measurements were taken from all

dendrites selected for spine density analysis in order to ascertain that basic dendritic

morphology was not different between the two groups and that any alteration in spine

density seen could not be accounted for by distribution along dendrites that differed

morphologically between the two groups.

Upon completion, spine density per 1 Opm was calculated for each dendrite analysed.

The genotype of each animal was then established and mean spine densities were

calculated for wild-type and PSD-95 mutant mice groups, from the raw data for each

dendrite.

Statistical analysis

Data are presented as mean ± SEM. Student t- tests were performed for comparison

between dendritic length, diameter and branch frequency. Significance was set at p<

0.05. Analysis of spine density was carried out using a fully nested ANOVA and

significance was set atp<0.05, with post-hoc paired student t-tests. Statistical analysis

was carried out using Minitab (Minitab Inc., USA) and Excel (Microsoft Corp.).

Images

Images were taken using a photographic camera-assisted microscope (Leica). Images

for whole cell montage were taken using x40 objective. Images for spine montages were

taken using xlOO oil immersion objective.

Montages were created using Adobe Photoshop 6.0.1 (Adobe systems Inc., USA)
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Results

Gross morphology of tissue

Cresyl violet staining of coronal sections revealed that the size of the striatum and the

overlying cortex was comparable between the two genotypes (Figure 2.4). Staining of

cell nuclei was not visibly different between the two groups. Montages of Golgi

impregnated neurones are illustrated in (Figure 2.5), where the soma and extensive

dendritic trees are present and there is evidence of thorough Golgi impregnation. High

power images of dendrites demonstrate that both groups have clearly visible spines that

can be discriminated to a quality that enables accurate counting and tracing (Figure 2.6).
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Figure 2.4 : Cresyl Violet staining of cortex and striatum

Cresyl Violet sections from wild-type (A) and PSD-95 (B) mutant animals.
Images show coronal sections through the cortex and striatum. Both
sections show good cell staining and tissue morphology. The characteristic
'striated' appearance is evident, with the white matter tracts descending
from the corpus callosum through to the striatal field. There are no obvious
alterations in the gross striatal anatomy of the PSD-95 mutant mouse.

Scale bars 100 pm
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Figure 2.5: Photomontages of Golgi impregnated spiny
neurones.

Photomontages of striatal medium spiny neurones from wild-type
(A) and PSD-95 mutant (B) mice. Both cells demonstrate good
Golgi impregnation and cell integrity, with extensive dendritic
trees and spines. Scale bars: 50/rm
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Figure 2.6: Photomontages of spines on Golgi impregnated spiny
neurons.

Montaged images of dendritic spines on striatal spiny neurones from
wild-type (A, B) and PSD-95 mutant (C, D). Main pictures (A, C) show
whole dendrites with evidence of dense coverage by spines. Insets (B, D)
reveal enlarged images permitting the visualisation of spine morphology.

Scale bars: A,C 20pm; B,D lOum



 



Dendritic length

Dendritic length was measured for each dendrite analysed and was not significantly

different between the two groups as is illustrated in table 2.1 (Figure 2.7A).

Table 2.1:

Wild-type PSD-95 mutant P value

Minimum dendritic

length (pm)
132 135 N/A

Maximum dendritic

length (pm)
271 283 N/A

Mean Dendritic length

±SEM (pm)
198.6± 3.74 198.6± 4.74 >0.05

Table 2.1: Table showing dendritic length ofstriatal medium spiny neurones in wild-type and PSD-95

mutant mice. Analysis: student t-test.
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Figure : 2.7 Dendritic properties of spiny cells.

Dendritic properties of wild-type (black bars/squares) and PSD-95
mutant (white bars/squares) mice.

A: Dendritic diameters measured at three approximate portions of the
dendrite - proximal, mid and distal from the soma- are not different
between the wild-type and PSD-95 mutant mice. Data represents mean
values ± SEM calculated from individual dendrites (p>0.05, Student t-
test).

B: Dendritic length was measured from the neurolucida tracings. The
lengths are not different between the two groups. Data represents mean
values ± SEM calculated from individual dendrites (/?>0.05, Student t-
test).

C: The frequency of branches was analysed for both wild-type and
mutant groups. The data is reported as a cumulative frequency due to
the non-uniform branch pattern of these cells. The branch frequencies
were not altered in the PSD-95 mutant. Data represents mean values ±
SEM calculated from individual dendrites (/?>0.05, Student t-test).
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Dendritic diameter

Dendritic diameter was analysed at three points estimated along the dendrite as

proximal, middle and distal to the soma. These diameters were estimated due to the

difficulty in accurately assessing length of dendrites passing through several planes of

focus. There was no difference between the two genotypes (table 2.2) (Figure 2.7A).

Table 2.2:

Region of Region of

dendrite

Mean Wild-type

diameter (pm)

Mean PSD-95 mutant

diameter (pm)
P value

Soma- proximal 1.146 ±0.05 1.19± 0.05 >0.05

Soma- mid 1.00 ±0.04 0.98± 0.04 >0.05

Soma- distal 0.81 ±0.05 0.78 ±0.04 >0.05

Table 2.2: Table showing mean dendritic diameter ±SEM ofstriatal spiny cells in wild-type and

PSD-95 mutant mice. Analysis: student t-test

Branch frequency

Branch frequency was reported using cumulative frequency due to the variability in the

distribution of branches along individual dendrites (Figure 2.7C). Analysis revealed

there to be no alteration in branch frequency in the PSD-95 mutant mice {p>0.05)
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Spine density

Analysis of spine density along the dendrites of wild-type and PSD-95 mutant mice

revealed that both genotypes displayed the normal spine distribution pattern of few

spines proximal to the soma, with numbers increasing rapidly at around 20pm, reaching

a maximal level by 70pm. From this point, spine density remained high, with numbers

decreasing slightly towards to the distal tip (Figure 2.8). Mean values at four points

along the dendrite are illustrated in table 2.3.

Table 2.3

Dendritic segment

(pm) from soma

Wild-type

Mean Spine density per 10

(pm)

PSD-95 mutant

Mean Spine density per 10

(pm)

0- 10 0.21± 0.07 0.31± 0.11

50-60 12.10± 0.62 10.67± 0.63

100-110 12.19± 0.49 10.69± 0.44

150-160 10.85± 0.52 8.6± 0.45

200-210 7.89± 0.65 6.17± 0.46

Table 2.3 .Table showing mean spine density (±SEM) per 10pm on striatal spiny neurones ofwild-type and
PSD-95 mutant mice.
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Figure 2.8: Spine density along dendrites of striatal spiny
neurones in wild-type and PSD-95 mutant mice.

Graph shows spine density on striatal spiny neurones for wild-type (black

squares) and PSD-95 mutant (white squares) mice. Both sets of data show a

typical spine distribution with an initial low density of spines close to the

soma, rising rapidly to an approximate peak at around 50pm. The data is

shown to a distance of 190pm along the dendrite, the average dendritic length

for both groups. The data reveal there to be less spines on the dendrites of the

PSD-95 mutant from around 50pm, and then along the whole length. This

decrease is of around 15-20% and is significant .Data shown as mean values +

SEM. Analysis nested ANOVA (p< 0.05). go



Statistical analysis comparing the spine density along the dendrites of the two groups,

revealed a significant reduction in the density of spines in the PSD-95 mutant mouse,

compared to wild-type (fully nested ANOVAp<0.05).
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Discussion

These data report that spine density along the length of the dendrites of the striatal

MSDS neurones is decreased in mice with a mutation in the NMDA associated scaffold

protein PSD-95. This decrease is of around 20% and is present along the length of the

dendrite. Gross dendritic morphology is not altered as indicated by the comparative

dendritic lengths, widths and branch frequencies. The profile of spine density along the

dendrites from both groups follow those reported by Wilson et al in the rat (Wilson et

al., 1983), whereby spines are sparse for the first 20pm of dendrite from the soma,

increasing rapidly to a maximal density at around 80pm that is consistent for the most

part of the length of the dendrites, reducing to around half the maximal density at the

distal tip. The observation that the profile of spine densities along the dendritic lengths

are similar between the two genotypes also confirms that the reduction in spine density

seen in the mutants is a reflection of an alteration in number rather than distribution.

These data suggest that the changes in spine density are directly related to alterations in

the cortical synaptic connections of these neurones.

These data suggest that as a result of a mutation in PSD-95, there is a reduction in the

number of excitatory contacts made by cortical afferents onto the spiny neurones of the

striatum. As described earlier, the spiny neurones of the striatum receive cortical

afferents that mostly synapse onto the heads of dendritic spines (Kemp and Powell,

1971a). Therefore, a reduction in spine density would suggest a reduction in the number

of synapses made between the cortex and the striatum.

70



The role of PSD-95 in dendritic spines has been studied in-vitro. Over expression of

PSD-95 in cultured hippocampal neurones during the early developmental stages of

synapse development, results in an increase in spine density, concurrent with an

elevation in GluRl levels and an increase in the frequency and amplitude of AMPA

EPSCs (El-Husseini et ah, 2000). The data reported here demonstrate specific alterations

in spine density in adult animals. A decrease seen as a result of a mutation in PSD-95

would complement the in-vitro data obtained by this group. However, another study

performed in our laboratory examining spine density on the hippocampal CA1

pyramidal neurones in the PSD-95 mutant mouse, revealed a localised increase of 20%

in a region 70-90pm from the soma (Figure 2.9)(Vickers et ah, 2002). When these data

are considered alongside the data already discussed, a more complex picture emerges.

Alterations in spine density of different magnitudes, in opposite directions and with

differing distributions, suggests that the role of PSD-95, or the consequences of it's

disruption differ in different brain regions. There are several possible explanations for

these data. Considering the striatal spiny neurones and their connections, these neurones

are inhibitory, and their main neurotransmitter is GABA. Excitation of these neurones

through glutamatergic cortical activity increases the inhibition of the pallidal neurones

that spiny neurones synapse onto. Data from an earlier study of the PSD-95 mutant

mouse reports that although the magnitude of hippocampal CA3-CA1 evoked EPSCs are

not different, the degree of tetanus evoked LTP is a lot higher in the mutant mouse, and

can be induced at a much lower threshold (Migaud et ah, 1998). Therefore, a potential

mechanism whereby reduced striatal spine density occurs, could be where normal levels

of cortical activity result in an increase in the magnitude of the response of the spiny
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Distance along dendrite from cell body (jam)

Figure 2.9: Dendritic spine density on hippocampal CA1 pyramidal
cells.

Spine density in wild-type mice (black bars) and PSD-95 mutant
mice (white bars). Data shown as mean values ± SEM. Hippocampal
spine density is increased in the PSD-95 mutant mice in a selective
region of the apical dendrite. Spine density per 10|Um comparing
specific regions of the apical dendrite was significantly increased in
the PSD-95 mutant mice only at the 70/xm region from the cell body
(asterisk - p < 0.05). From Vickers et al 2002.
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neurones and hence over inhibition of the basal ganglia circuitry. In order to reduce this

over excitation of spiny neurones, a decrease in spine density and therefore excitatory

connections could compensate for this. A study by Kirov and Harris (Kirov and Harris,

1999) reports that mature hippocampal dendrites become spinier if excitatory activity is

blocked. Therefore, it could be that when excitatory synaptic activity is increased, a

compensatory decrease in spine density could occur on striatal spiny neurones. Afferent

activity has been shown to be crucial for the formation of dendritic spines on striatal

neurones (Segal et al., 2003). A decrease in the density of spines is seen in cultured

cortical neurones when exposed to supra-physiological levels of NMDA receptor

activation (Hasbani et al., 2001). If the consequences of NMDA receptor activation are

altered in the PSD-95 mutant mouse, a protective reduction in the number of spines

could represent a morphological compensation for the striatal network. Moreover, when

PSD-95 was over expressed in developing hippocampal neurones (El-Husseini et al.,

2000), an increase in AMPA EPSCs was noted alongside the spine density increase,

suggesting that PSD-95 affects the properties of AMPA receptors as well as NMDA

receptors. However, this could be due to increased receptor number rather than

individual strength. As mentioned earlier, a localised increase in spine density on CA1

pyramidal neurones is seen in the mutant mice, which appears contradictory. It is likely

that that the alterations in spine density seen in the two brain regions are network

alterations that have occurred throughout development and the in-vitro evidence

represents a more acute, reactionary response. The CA1 region of the hippocampus

receives afferent innervation from CA3 Schaeffer collaterals that form excitatory

synapses onto the spines of the pyramidal cells (Amaral, 1989). This innervation occurs
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mainly in the portions of the dendrites that lie in the stratum oriens and stratum

radiatum. The proximal portion of the dendrite extending from the soma receives

GABA-ergic innervation from local inhibitory interneurones, with a lower ratio of

expression of excitatory synapses (Megias et al., 2001). It is in this region of the dendrite

that the increase in spines was seen in PSD-95 mutant mice. Previous studies show an

enhanced LTP in PSD-95 mutant mice. Moreover, LTP is still enhanced in PSD-95

mutant mice in the presence of a GABAa antagonist indicating that altered inhibitory

input alone cannot account for the physiological changes (Migaud et al., 1998).

Moreover, this report showed that low frequency trains of stimuli (1 Hz), which produce

no change in synaptic strength in wild-type mice, resulted in robust LTP in PSD-95

mutants. This suggests a lower threshold in the molecular machinery that triggers

plasticity and might promote the observed increase in spine formation in PSD-95

mutants.

The spiny cells of the striatum receive excitatory cortical afferents onto dendritic spines,

and some also receive dopaminergic inputs from the substantia nigra (Kemp, 1970;

Freund et al., 1984). Chemical lesions (6-hydroxy-dopamine) to the nigrostriatal

dopaminergic pathway of rats, is used as a model of Parkinson's disease and results in

an approximate 20% spine loss from spiny neurones of the striatum, along with a 20%

loss of asymmetric synapses (Ingham et al., 1989; Ingham et al., 1993; Ingham et al.,

1998). Plasticity paradigms in the rat striatum suggest that LTD is more readily induced

in slice preparations upon high frequency simulation of the cortex, than LTP (Wickens

et al., 1996). It is interesting to observe that in these two regions of the brain where the

physiology of synaptic plasticity is different, i.e. LTP in the hippocampus and LTD in
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the striatum, spine changes in the PSD-95 mutant are also different, i.e. increase in spine

density in the hippocampus and a decrease in the striatum.

During development, spines are formed and eliminated as neuronal networks are

established. When spines are formed in the absence of PSD-95, the normal signalling

cascades may be altered and although synapses form, the process of establishing

functional networks is abnormal and could result in a reduction or elevation in spine

density. It is evident that PSD-95 has a role in the formation and maintenance of

dendritic spines, but it is not essential and other scaffolders such as SAP 102 may be able

to compensate. PSD-95 is thought to be an important member of the NRC and provides

the scaffolding apparatus to link NMDA receptor subunits to downstream signalling

molecules (Kornau et al., 1995; Husi et al., 2000; Komiyama et al., 2002). As indicated

earlier, proteins that are known to be part of the NRC have been reported to be important

in spine formation and maintenance. Loss of function of the GTPase Rac results in an

elimination of spines in culture, where over expression of RhoA causes a simplification

of the dendritic tree (Nakayama et al., 2000). Shank is believed to promote the

maturation of dendritic spines via a complex with Homer (Sala et al., 2001). These

proteins can be linked to the NMDA receptor via PSD-95, which itself is thought to

contribute to the stabilisation of filopodia and the maturation of synapses (Prange and

Murphy, 2001). The mutation of PSD-95 could therefore result in a variety of alterations

to the normal signalling cascades involved in spine formation.

Many of the studies on spine density discussed throughout this chapter have been

performed on hippocampal or cortical neurones, both of which are excitatory neurones,

residing in areas of the brain where afferent activity produces an excitatory effect.

75



Several studies have been performed on spine density in striatal neurones, (Ingham et

ah, 1989; Comery et ah, 1995 {Segal, 2003 #622; Segal et ah, 2003), with results

suggesting that the formation and maintenance of spines in the striatum follows similar

mechanisms to those seen in other forebrain areas. However, the data presented here

suggest that there are significant differences between the striatal and hippocampal brain

regions that cause opposing alterations in dendritic spine number. Experience dependent

plasticity during adulthood has been studied in recent experiments on the mouse visual

cortex. These studies have provided in vivo evidence that spines are formed and

eliminated throughout adulthood (Grutzendler et ah, 2002; Trachtenberg et ah, 2002).

These reports suggest that the majority of spines are stable, at least over several months.

Trachtenberg et al (Trachtenberg et ah, 2002), observed the experience dependent

formation of new spines, accompanied by new synapses. However, despite these

alterations in specific synapses, they did not observe any alterations in overall spine

density during the experimental period. Therefore, these data reporting a 15-20% spine

loss in the striatum of PSD-95 mutant mice are not representative of transient changes in

spine or synapse number, but significant alterations to neuronal networks, as a result of a

mutation in PSD-95.
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Conclusion

The data presented here describe a 15-20% reduction in the density of dendritic spines in

the striatum of mice with a mutation in the NRC scaffolding protein PSD-95. Therefore,

PSD-95 has a role in dendritic spine formation/ function, but it is not necessary. PSD-95

has a widely accepted role in stabilising the NMDA receptor at the postsynaptic

membrane and providing a scaffold for NMDA associated signalling molecules. The

evidence that hippocampal NMDA receptor function is not altered (Migaud et al., 1998),

combined with the specific alterations in spine density in the striatum and hippocampus

raises interesting questions. If scaffolding proteins such as PSD-95 are important in

NMDA receptor signalling, then other members of this family could compensate for the

loss of PSD-95. Moreover, the differences in spine density changes in specific brain

regions could be attributed to brain region specific differences in the composition of the

NRC. Another possibility is that the corticostriatal electrophysiological phenotype on the

PSD-95 is different than that seen in the hippocampus. These hypotheses are explored

throughout this thesis.
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Chapter Three: Electrophysiological characterisation of the

corticostriatal system PSD-95 mutant mouse.

Introduction

Striatal spiny neurones and the corticostriatal response.

Striatal spiny neurones display hyperpolarised resting membrane potentials that are

achieved through the expression of inwardly rectifying potassium channels. These

channels are slowly inactivating, resulting in the maintenance of a resting potential of

around -90mV in-vivo. This resting potential is termed the 'down state' as in-vivo, these

neurones are bi-stable with a switch from this down state to an 'up' state of around -

65mV. Striatal neurones can only fire when in these 'up' states, reflecting the 'weak'

nature of these synapses (Wilson, 1993). These synapses are referred to as weak as it is

believed that synchronous depolarising cortical activity is required to change these

neurones into the 'up-state', thereby indicating a large amount of cortical input is needed

to fire these cells. These 'up' states are absent from in-vitro preparations. This is thought

to be due to the removal of large amounts of cortical inputs during slice and culture

experiments (Plenz and Aertsen, 1996a, b; Blackwell et al., 2003). However, in long-term

culture, these 'up-states' do return, suggesting that over time, corticostriatal connections

increase in cultured preparations.
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Both AMPA and NMDA receptors are expressed in all dendritic spines of the striatal

projection neurones (Albin et al., 1992; Tallaksen-Greene et al., 1992; Bernard and

Bolam, 1998). Cortical stimulation results in a monosynaptic EPSP that displays both an

early, fast rising AMPA component at resting potential (Jiang and North, 1991), along

with a less frequent NMDA receptor component, absent at resting potential, but activated

at potentials above -55mV, seen in-vivo during the upstate, when the voltage-dependent

magnesium block is removed (Wilson and Groves, 1981; Jiang and North, 1991).

Corticostriatal Plasticity

Corticostriatal plasticity that has been studied in the corticostriatal system as long-term

changes in synaptic transmission is believed to play important roles in the development

of motor learning and goal-directed movements, along with the changes in circuitry seen

in degenerative conditions such as Parkinson's disease (Arbuthnott et al., 2000).

Several groups have investigated this phenomenon in the rat. The results of these

experiments have been complex and no definite picture has emerged. Early studies

revealed that following high frequency stimulation (HFS) of cortical inputs to the

striatum results in the expression of LTD by striatal spiny neurones that is not dependent

on NMDA receptors (Calabresi et al., 1992c), but is blocked by inhibition of mGluR

receptors. LTP can also be induced by the timed application of dopamine (Wickens et al.,

1996), removal of magnesium from the conditioning medium (Calabresi et al., 1992a)

and the inhibition of potassium channels (Wickens et al., 1998). Moreover, data from in-

vivo studies had reported LTP induced with HFS (Charpier and Deniau, 1997) and
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accredited this to the ability to induce up states that were not present in in-vitro

preparations.

Figure 3.1 ((Reynolds and Wickens, 2002), references not alluded to within this

discussion {Calabresi, 1999 #242;Calabresi, 1999 #243;Calabresi, 1999 #244;Calabresi,

2000 #245}(Centonze et ah, 1999; Dos Santos Villar and Walsh, 1999; Nishioku et ah,

1999; Reynolds and Wickens, 2000; Reynolds et ah, 2001; Smith et ah, 2001; Tang et ah,

2001) illustrates the current state of the field, whereby many groups have induced

plasticity in various forms.

From this table it is evident that many factors contribute to the expression of plasticity at

corticostriatal synapses. The authors discuss the contribution of presynaptic activity,

postsynaptic activity and the contribution of dopamine. Both pre and postsynaptic

activity, when applied individually do not result in long-term changes in synaptic efficacy

after HFS of the cortex. However, the actions of dopamine on postsynaptic responses

have been studied and the authors report a depression of synaptic efficacy. When HFS is

combined with both pre and postsynaptic activity, there is an abundance of data reporting

both LTP and LTD, often within the same experimental groups. When dopamine is co-

applied during pre and postsynaptic depolarisations, there is still a bi-directional

alteration in synaptic efficacy, suggesting the role of dopamine is more complex than

suggested by the data reporting the actions of dopamine alone.
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Figure 3.1: Summary of studies examining corticostriatal

plasticity.

Table 1 summarises the findings of several investigators examining corticostriatal

plasticity.

Three different stimulation conditions are presented-

Presynaptic activity

Postsynaptic activity

Application of dopamine.

The contribution of these different paradigms is presented, both when each one is

used individually and when a combination was used.

The response of striatal cells to these paradigms is illustrated with arrows.

T Indicates an LTP effect

•1 Indicates and LTD effect

vindicates no alteration in activity.

0/1 Indicates presence or absence of experimental condition described on the left.

Adapted from Reynolds JN, Wickens JR (2002) Dopamine-dependent plasticity of

corticostriatal synapses. Neural Netw 15:507-521



Figure 3.1

Condition

Number of Factors

One Two Three

Presynaptic activity 0 / 0 0 1 l 0 1

Postsynaptic activity 0 0 1 0 1 0 1 1

Dopamine 0 0 0 1 0 l 1 1

Study

Kerr and Wickens, (2001) I 1

Reynolds et al., (2001) i T

Smith et al., (2001) U

Tang et al., (2001) I

Akopain et al., (2000) U

Calabresi et al., (2000) T* 1

Partridge et al., (2000) u

Reynolds and Wickens, (2000) i

Calabresi et al., (1999) <-> <—3 i

Spencer and Murphy (2000) u U

Centonze et al., (1999) T

Dos Santos Villar et al., (1999)

Nishioku et al., (1999) I

Wickens et al., (1998) i

Charpier and Deniau, (1997) T

Choi and Lovinger, (1997) <r* <-> I

Wickens et al., (1996) 1

Lovinger et al., (1993)

Walsh, (1993) <-3 1

Calabresi (1992) nU

Consensus I 1



Corticostriatal LTD

The induction of corticostriatal LTD is still the most common form of corticostriatal

plasticity seen in in-vitro preparations. Corticostriatal LTD is NMDA receptor

independent and does not involve the release of GABA (Calabresi et al., 1992c; Walsh,

1993) Walsh 1993). The mechanisms involved in the induction of LTD include the

postsynaptic activation of mGluRs and dopamine receptors (Calabresi et al., 1992b;

Calabresi et al., 1992c). Presynaptic mechanisms have also been suggested as important

in the maintenance of LTD, as AMPA and NMDA responses have been seen to be

reduced following LTD (Choi and Lovinger, 1997), and LTD is blocked by blockade of

presynaptic transmitter release (Lovinger et al., 1993).

Corticostriatal LTP

Corticostriatal LTP induction in-vitro was long thought to only occur through

experimental manipulation, through techniques such as removal of Mg2+, inhibition of K+

channels and the timed application of dopamine (Calabresi et al., 1992a; Wickens et al.,

1996; Wickens et al., 1998). LTP in Mg2+ free conditions is NMDA dependent (Calabresi

et al., 1992a). Moreover, the LTP seen in D2 receptor knock out mice is NMDA receptor

dependent, (Calabresi et al., 1997) supporting the theory that corticostriatal plasticity is

dependent on the interactions of dopamine and glutamate. This again is further supported

by the fact that pulsatile application of dopamine can result in LTP, whereas bath
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application does not (Wickens et al., 1996). The LTP achieved through blockade of K+

channels is thought to be a presynaptic effect, resulting in an increase in glutamate and

dopamine release (Wickens et al., 1998).

The most compelling evidence for a physiological role for LTP, comes from in-vivo

studies whereby HFS of the cortex induces a robust LTP, dependent on increases in

postsynaptic calcium (Charpier et al., 1999; Reynolds et al., 2001). These data suggest

that LTP is not a pathological phenomenon exposed through in-vitro manipulation, but

that the properties and connections of the corticostriatal system in physiological

conditions can display LTP.

Dopamine and corticostriatal plasticity

Dopaminergic innervation of striatal neurones is derived from the substantia-nigra pas

compacta, with the expression of two main subtypes of dopamine receptors expressed on

the striatal spiny neurones (Surmeier et al., 1993). The dopamine D1 family of receptors

(D1 and D5) are highly expressed in the direct pathway (striatum - entopeduncular

nucleus/ substantia nigra pars reticulata) and have been shown to stimulate GABA release

from striatal spiny cells (Harsing and Zigmond, 1997; Aizman et al., 2000) and increase

the levels of cAMP. D1 receptors are mainly found on the postsynaptic terminal whereas

the second family of receptors -D2 (D2, 3 and 4) are expressed pre and postsynaptically.

The D2 family of receptors are mainly associated with the indirect pathway (striatum-

globus pallidus - subthalamic nucleus- entopeduncular nucleus/ substantia nigra pars

reticulata), and inhibit GABA-ergic release from striatal spiny neurones (Harsing and
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Zigmond, 1997). Activation of D2 receptors decreases the activation of cAMP and results

in the calcium dependent activation of PP2B, resulting in dephosphorylation of

downstream phosphatases such as PP2B and Dopamine- and cAMP-regulated

phosphoprotein, Mr 32 kDa (DARPP-32) (Nishi et al., 1999). The distinct effects of the

D1 and D2 receptors in this cascade is illustrated in figure 3.2.

However, some striatal neurones express both forms of dopamine receptor (Surmeier et

al., 1996; Aizman et al., 2000), suggesting their actions are not completely segregated to

the direct and indirect pathways.

84



Figure 3.2: Actions of D1 and 2 receptors on the DARPP-32 -

PP1 cascade.

The actions of D1 and D2 receptors act differentially on the phosphorylation

state of DARPP-32, which in turn regulates PP1 activity. D1 receptor activation

drives the phosphorylation of DARPP-32 through activation of PKA which

increases the inhibition of PP1, potentially reducing it's effects on intracellular

calcium levels and it's inhibition of other ion channels such as AMPA and

NMDA receptors. Activation of D2 receptors de-phosphorylates DARPP-32

through calcium mediated activation of PP2B, removing the inhibition of PP1.



The role of dopamine in corticostriatal plasticity has been investigated using D2 knockout

mice. D2 knockout mice do not display LTD, but do display enhanced LTP (Calabresi et

al., 1997). Animals with lesions of the nigrostriatal pathway do not display LTD

(Calabresi et al., 1992b), but co-application of both D1 and D2 receptor agonists restores

LTD in this preparation. The stimulatory and inhibitory roles of D1 and D2 receptors on

intracellular signalling suggest that the modulation of glutamatergic signalling relies on

the balance of activities of these two receptor subclasses.

Interaction of the NMDA Receptor with Dopamine

At the 'down state' resting potential of striatal spiny neurones, the glutamatergic EPSPs

seen are wholly attributable to the AMPA and kainate receptors, as at around -90mV,

NMDA receptors are blocked by magnesium. At more depolarised levels, i.e. the 'up

state', where NMDA receptor activation occurs, stimulation of the D1 receptor has been

shown to increase the NMDA - evoked responses of striatal cells (Cepeda et al., 1998).

This data, combined with observations that LTP can be induced in acute slice

preparations when bathed in a magnesium free solution, thereby removing the

magnesium blockade of NMDA receptors and the data that report pulsatile application of

dopamine at normal magnesium concentrations (Calabresi et al., 1992a; Wickens et al.,

1996), suggests that LTP is induced through the interaction of dopamine and the NMDA

receptor. Moreover, NMDA dependent LTP in magnesium free solutions is blocked by

application of D1 receptor agonists (Kerr and Wickens, 2001). The ability to induce
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corticostriatal LTP in-vivo (Charpier and Deniau, 1997; Charpier et al., 1999) supports

the suggested interplay of NMDA receptors and dopamine in LTP, as unlike slice

preparation, neurones in-vivo can depolarise into the 'up' state during the experimental

protocol. This depolarisation will activate NMDA receptors, permitting the induction of

LTP. The biochemical interactions of the NMDA receptor and dopamine in striatal cells

have been studied. NMDA receptor stimulation has been shown to prevent the

phosphorylation of DARPP-32 by the cAMP/PKA pathway, hence reducing the

inhibition ofPPl (Greengard et al., 1999). This suggests that dopaminergic and

glutamatergic mediated cell signalling interacts at the level of phosphatases. Indeed, PP1

is found at high levels in the post-synaptic density (Allen et al., 1997) and the NMDA

receptor itself could be directly modulated by PP1, through the de-phosphorylation of

NR1. However, this would suggest that NMDA receptor activation, itself enhanced by

dopamine activation, stimulates the de-phosphorylation of itself through the DARPP-32

phosphatase cycle - in that preventing the phosphorylation of DARPP-32, prevents the

inhibition of PP1, hence increasing the activity of PP1 onNRl. However, this seemingly

paradoxical action could provide the mechanism by which the two systems interact, in

that the balance of actions of the two neurotransmitters could modulate the cells activity

and response.

Metabotropic Glutamate Receptors

Metabotropic glutamate receptors (mGluRs) have been shown to be critical in the

induction of corticostriatal LTD, specifically the expression of the mGluRl subtype
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(Gubellini et al., 2001). The mechanism through which this receptor is thought to

contribute to LTD is through activation of PKC and release of calcium from internal

stores (Pisani et al., 1997). mGluRl -dependent LTD has also been shown to be dependent

on postsynaptic depolarisation and spike induction. This depolarisation is thought to be

attained through the activation of voltage gated calcium channels, which also provide

increased sources of intracellular calcium, necessary for LTD, as thapsygarin inhibits

LTD(Stefani et al., 1996).

Corticostriatal Plasticity in the PSD-95 mutant mouse

This chapter will address the role of PSD-95 in corticostriatal plasticity in the PSD-95

mutant mouse. PSD-95 mutant mice display elevated CA1 hippocampal NMDA

dependent LTP, with no observed alterations in basic pyramidal cell membrane properties

(Migaud et al., 1998). This data suggests that the downstream effects ofNMDA receptor

stimulation are enhanced in these mice. Chapters two and four of this thesis report altered

spine densities in the striatum of these mice along with alterations in expression of

NMDA receptor complex associated proteins. The stimulus frequency- response curve of

LTP is 'shifted' to the left in the PSD-95 mutant mouse as reviewed in chapter 1. At

frequencies that would induce LTD or no plasticity in wild-type mice, the PSD-95 mutant

mice display consistent NMDA receptor dependent LTP, and LTD is not induced. These

data suggest that the threshold for NMDA receptor mediated events such as LTP is lower

in the PSD-95 mutant mice. The NMDA receptor is important in corticostriatal plasticity
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but the responses of striatal cells to these stimulation paradigms are not as well

characterised as in the hippocampus. Therefore, examination of the corticostriatal system

in the PSD-95 mutant mice that potentially have altered NMDA receptor responses/

mediated events, will provide more information on the role of the NMDA receptor in

corticostriatal plasticity.

Hypothesis

Following high frequency stimulation of the cortex that can induce both LTP and LTD in

corticostriatal slice preparations, mice with mutation in PSD-95 will display

corticostriatal LTP more readily and of a higher magnitude than wild-type mice.
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Materials and Methods

Corticostriatal Slice Preparation

Young male adult mice (aged 6- 16 weeks) were killed by cervical dislocation and

decapitation under halothane anaesthesia (Sigma) in accordance with UK legislation

(Animal Scientific Procedures Act 1986). The skull was exposed by excision of the pelt.

The skull was transected along the mid-line and the dorsal surface removed to expose the

brain. The whole brain was then removed and placed in an iced modified artificial

cerebrospinal fluid (ACSF) (in mM, 3.3 KC1, 2.4 MgS04, 25.7 NaHC03, 1.25 KH2P04,

248 sucrose and 11 glucose), saturated with a mixture of 95%02 and 5% C02 to a pH to

approximately 7.4. The brain was incubated in this solution for 2 minutes, before being

dissected to obtain a block of tissue containing cortex and striatum. The brain was herni-

sected and the rostral and caudal surfaces trimmed. The hindbrain was removed and the

rostral forebrain trimmed at an angle parallel and about 2mm rostral to the second main

branch of the middle cerebellar artery, in order to maintain the integrity of corticostriatal

fibre tracts. Excess ACSF was removed from the caudal surface using filter paper and the

brain mounted onto a Teflon cutting block using superglue. Slice of 350pm thickness

were cut in the iced, saturated ACSF as described above, on a vibraslice. Slices

containing both cortex and striatum were then rapidly transferred to a holding chamber

containing recording ACSF (in mM, 3.3 KC1, 2.4 MgS04, 25.7 NaHC03, 1.25 KH2P04,
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125 NaCl, 3.5 CaCl2.6H20 and 11 glucose), saturated with a mixture of 95%02 and 5%

C02 to a pH of approximately 7.4 at room temperature.

Electrophysiological Recording Apparatus

Slices were transferred to an interface recording chamber (locally built) (see figure 3.3)

and left to equilibrate for at least an hour before recording. Slices were mounted onto a

small piece of lens tissue, which rested on a wire mesh at a 5° angle to the horizontal.

Oxygenated ACSF was delivered using a gravity flow method to the recording chamber

at a rate of 2ml min"1. The medium was heated as it passed through the distilled water

filled chamber to a temperature of 32°C. The medium was delivered to a small reservoir

at the base of the mounted slices and passed over the surface of the slice via capillary

action along the lens tissue. The waste medium was then removed using a vacuum pump.

The slices were also surrounded by a humidified environment of 95% 02 and 5% C02.

Electrical noise was minimised by earthing all apparatus and mechanical interference was

reduced using an anti-vibration air table.

Intracellular recording electrodes were pulled on micropippette puller (Sutter P87, Sutter

Instrument Co, USA) and filled with a solution of 3M potassium acetate (KAc).

Electrodes were mounted onto an AxoClamp-2B headstage with a silver-silver chloride

wire. The headstage was mounted in turn, onto an adapted micromanipulator to allow

coarse movement, assisted by a mechanical 'stepper', which allowed a range of vertical
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Figure 3.3: Photograph of slice holding chamber

Headstage

ACSF saturated with 95% 02/ 5%
CO, enters humidified chamber

Waste ACSF to vacuum pump

Slice resting on lens tissue
Humidified ACSF pooling at
base of perfusion system
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movements from 2-10pm. When progressing the electrode through the tissue, steps of

2pm were used. Signals were amplified using a pre-amplifier (Axon Instruments)

connected to an Axoclamp-2B DC amplifier. Amplified signals were the digitised using a

Digidata 1200 (Axon Instruments). Visualisation, recording paradigms and analysis were

performed using Windows based computer and Clampex software, version 7.0.0.86

(Axon Instruments).

Monopolar stimulating electrodes (Cambridge instruments) were modified into bi-polar

electrodes and connected to a direct current isolated stimulator box (Digitimer).

Intracellular Recording

The bi-polar stimulating electrodes were visualised using a binocular microscope (Leica,

Germany) advanced using a manual manipulator until one pole was resting on the cortical

tissue and the other was lying on the white matter of the internal capsule. This

arrangement of stimulating electrodes was used in an attempt to ensure cortically derived

responses from striatal spiny neurones, in that stimulating both the cortical afferents and

the white matter, it was considered that a wholly cortically derived synaptic response

would be obtained, as opposed to local depolarisation of the striatal field. The recording

electrode was then positioned within the striatum at a distance of around 3mm from the

stimulating electrode. The recording electrode was advanced through the striatum in 2pm

steps. Neuronal impalement was achieved using brief pulses of positive current when the

electrode potential became more negative, suggesting the electrode was approaching a

cell membrane. Upon impalement, some cells fired action potentials and were stabilised
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using a hyperpolarising current. As described earlier, medium spiny neurones comprise

more than 90% of the cell population of the striatum (Kemp and Powell, 1971a), other

cell types are present. In order to verify that the cells were medium spiny neurones and

that they were viable enough for recording, the following criteria were used:

1. The resting potential of the cell was between -70 and -1 lOmV.

Striatal medium spiny cells display a high resting membrane potential compared to

striatal intemeurones which have a resting potential of around -60mV (Jiang and North,

1991).

2. The current - voltage relationship displayed evidence of inward rectification. Current-

voltage relationships were obtained by injection of current in 0.2 nA steps through the

recording electrode over a range of-1 to +1 nA. The resulting traces, when overlaid,

allow interpretation of the relation of the membrane potential response of the cell to

varying degrees of polarisation. Spiny neurones express inwardly rectifying K+ channels

that display non-linear properties at hyperpolarised potentials (see Results).

3. There was a delay between the stimulus artefact and the start of the EPSP. A time

period between the stimulus artefact and the start of the EPSP was taken to indicate that

the response of the cell to the stimulus was derived from activation of the corticostriatal

synapses. The time between the artefact and the EPSP was taken to indicate the time

taken for the stimulus to travel along corticostriatal axons and to synapse onto the striatal

cells. If there was no visible delay between artefact and EPSP, this was taken to indicate
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response of the cells to a general field depolarisation from the stimulating electrode and

not through specific corticostriatal afferents.

Experimental Protocol

After successful impalement and verification, control data was obtained for each cell.

Current voltage relationships (I-V) were obtained through the range of-1 to +1 nA and a

stimulus response curve obtained for cortically evoked EPSPs. If the cell displayed a

robust I-V relationship and stimulus response curve, it was subjected to the full stimulus

protocol. Sub-threshold cortically derived EPSPs were recorded at 0.1 Hz for ten

minutes, interspersed with recordings of I-V relationships. Alongside this, alternate I-V

relationships were recorded with a subthreshold (at resting potential) cortically derived

EPSP in order to verify that the properties of the ion channels of the cell were not altered

significantly (I-V-EPSP). These baseline recordings were followed by the training

protocol. Cells were depolarised through the recording electrode to a suprathreshold

level, inducing action potential firing. Following this, this same depolarisation step was

coupled with 6 pulses of 100Hz high frequency stimulation of the cortex over the period

of a minute. Post-HFS recording was again sampled at 0.1 Hz, with I-V and I-V-EPSP

relationships recorded alongside for 30 minutes. Finally, the same suprathreshold current

was injected in order to confirm an action potential was produced and the stimulus

response curve repeated. LTP or LTD was defined as an increase or decrease,

respectively, in EPSP amplitude of 15% for the whole of the post conditioning protocol.
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Analysis

Data was collected and analysed using pClamp version 7.0.0.86 (Axon instruments).

Statistical analysis was performed using Minitab and Excel (Microsoft Corp, USA).
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Results

A total of 24 cells from 13 animals (7 wild-type, 6 PSD-95 mutant) were subjected to the

training protocol (wild-type N=T4, PSD-95 N=10). All but one cell (wild-type), was

stable for the 30 minutes post-training protocol.

Passive Membrane Properties of Striatal Spiny Neurones.

Striatal spiny neurones have a hyperpolarised resting potential afforded by the expression

of inwardly rectifying K+ channels and this was reflected in the data reported here (table

1). Both genotypes displayed low resting potentials both before and after the training

protocols. There was no change in the resting potential in wild-type mice after the

protocol, but there was a small but significant depolarisation of the resting potential in the

mutant animals post- tetanic stimulation. There was a significant difference in resting

potential between the genotypes both before and after HFS with the mutant animals

displaying a higher resting potential than the wild-type mice.
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Table 3.1:

Condition Wild-type

(mV)

PSD-95 mutant

(mV)

P-value between

genotypes

Pre-training -92+0 .38 -83.82+0.37 <0.01* j

Post-training -91.13+ 0.32 -85.8 + 0.38 <0.01*

P-value within genotypes pre

vs post training >0.01 <0.01* N/A

Table 3.1: Resting potential (Mean +SEM) ofstriatal spiny cells from wild-type and PSD-95 mutant mice.

Data reports values pre- and post- tetanus. Two-sample t-tests were performed to compare values between

conditions and genotypes. Significance level was P<0.01, * denotes significance.

The input resistance was measured from the linear portions of the current voltage (I-V)

relationship (see plots in figures 3.4, 3.5) and are reported in Table 3.2. The data reported

are in-line with previous recorded data for striatal spiny neurones (Kita et al., 1984).
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Figure 3.4

Examples of records obtained from a wild-type striatal spiny cell.

A: A cortically derived EPSP. Note the latency of response, indicated by the blue

arrow labelled i. The rise time is indicated by ii, and the amplitude is measured

using the arrow labelled iii. The duration of the EPSP is shown by arrow number iv.

Note the rapid rise time of these responses is then followed by a slow

repolarisation, probably due to activation of NMDA receptors at the depolarised

state.

B: A membrane current-voltage relationship of a wild-type striatal spiny cell. The

voltage response to steps of positive and negative current injected through the

recording electrode. Note the non-linearity of the membrane response at

depolarised states. Also, action potentials are fired at more positive potentials.

C: The current-voltage plot. A graphical representation of figure B. Note the

linearity of the plot as it passes through zero current. The input resistance of the

cells is taken as the slope of the curve at this point. Also note the inward

rectification of the cell at positive potentials. This is illustrated by the small shift

from linearity at positive potentials.
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Figure 3.5

Examples of records obtained from a striatal spiny cell from a PSD-95 mutant

mouse.

A: A cortically derived EPSP. Note the latency of response, indicated by the blue

arrow labelled i. The rise time is indicated by ii, and the amplitude is measured

using the arrow labelled iii. The duration of the EPSP is shown by arrow number iv.

Note the rapid rise time of these responses is then followed by a slow

repolarisation, probably due to activation of NMDA receptors at the depolarised

state. It is visible here that the amplitude and duration of the EPSP from mutant

mice are increased with respect to the wild-type animals and this will be addressed

in more detail.

B: A membrane current-voltage relationship of a wild-type striatal spiny cell. The

voltage response to steps of positive and negative current injected through the

recording electrode. Note the non-linearity of the membrane response at

depolarised states. Also, action potentials are fired at more positive potentials and

note the lack of rebound hyperpolarisation.

C: The current-voltage plot. A graphical representation of figure B. Note the

linearity of the plot as it passes through zero current. The input resistance of the

cells is taken as the slope of the curve at this point. Also note the inward

rectification of the cell at positive potentials. This is illustrated by the small shift

from linearity at positive potentials.
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Table 3.2:

Condition Wild-type PSD-95 mutant P-value between

genotypes

Pre-training 40.0 ± 3.7 MQ 38.5+ 4.8 MQ >0.01

Post-training 49.6 ± 3.9 MQ 50.6 + 7.1 MQ >0.01

P-value within genotypes

pre vs post training >0.01 >0.01 N/A

Table 3.2: Input resistance (Mean ±SEM) ofstriatal spiny cells from wild-type and PSD-95 mutant mice.

Data reports values pre- and post- tetanus. Two-sample t-tests were performed to compare values between

conditions and genotypes. Significance level was P<0.01.

All cells had I-V relationships that were consistent with inward rectification (see figures

3.4, 3.5), with a non-linearity of depolarising steps at positive membrane potentials and a

left shift of the plotted curve in the same range.
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EPSP properties of striatal spiny neurones.

All EPSPs recorded displayed a time delay between the stimulus artefact and the start of

the EPSP, and had fairly rapid rise times. The measurements taken are illustrated in

figures 3.4 and 3.5. Complete repolarisation after the EPSP was not always seen in the

PSD-95 mutants in the sampling period of 55 msec, whereas almost all wild-type EPSPs

returned to baseline within that time period.

Cell properties were also examined with a cortically evoked EPSP occurring during the

I-V relationship stimulation protocol (Fig 3.6). The amplitude of the evoked EPSP

remains constant at negative membrane potentials, but decreases at positive potentials.

There is also an increase in the duration of the EPSP at more positive potentials,

suggesting voltage dependent channels are opened, such as the NMDA receptor by

removal of a magnesium block. The amplitude of the EPSPs evoked here did not differ

after the stimulation except perhaps at very positive potentials where action potential

firing makes measurement of EPSPs difficult.

Before and after each protocol was performed, a stimulus response curve was generated

in order to analyse EPSP amplitude over different stimulus intensities (Fig.3.7). The data

generated was used as another control for cell properties throughout the stimulation

protocol. As is evident from the figure, the relationship between EPSP amplitude and

stimulus intensity remained similar before and after HFS, although the amplitudes of the

EPSP were sometimes seen to differ at low and high stimulus intensities. From these

stimulus response curves, the mid-range cortical stimulus was used for each cell.
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Figure 3.6

Relationship of subthreshold EPSPs at altered membrane states.

A. Example of a current-voltage trace with concurrent EPSP stimulation. The blue

arrow denotes the amplitude of the EPSP.

B: Plot of EPSPs evoked during generation of the current voltage relationship. The

amplitudes of EPSPs are similar at hyperpolarised levels, but decrease with

increasing depolarisation. Note that after the training protocol, the amplitudes do not

differ from those obtained pre-training. The large amplitudes seen at depolarised

states post-training are reflective of action potential firing, making accurate

measurements of EPSPs difficult.
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Figure 3.7

Stimulus response curves for cortically derived EPSPs.

A: Example of a stimulus response curve performed on a cell before the training

protocol. There is a rapid increase in amplitude from the lowest response to the

subsequent increased responses to increased stimulus levels.

B: Stimulus response curve of the same cell after the training protocol. Note the

large increase is still evident in response over a threshold stimulus.

C: Plot of the EPSP response paradigm. The plot shows that evoked EPSPs follow a

similar trend before (black circles) and after (white circles) the stimulation protocol.

There is an increase in the amplitude of the EPSP after the training protocol at low

and high stimulation levels that is not evident at the medium sized stimuli.



 



Corticostriatal synaptic plasticity inducing protocols in wild-type and PSD-95

mutant mice.

All cells were subjected to a suprathreshold injection of positive current combined with a

6 trains of subthreshold cortical stimulation at 100Hz. Figures 3.8- 3.13 give individual

examples of the responses seen and they are summarised in Table 3.3.

Table 3.3:

Genotype % LTP % LTD % No change

Wild-type (N=13) 16 50 34

PSD-95 mutant (N=10) 22 33 44

Table 3.3: Summary ofstriatal cell responses in wild-type and PSD-95 mutant mice to training protocols of

6 X100 Hz cortical stimulation. Data is reported as a % oftotal cells per genotype that either displayed

LTP, LTD or no long-term change in EPSP amplitude post training.

In both genotypes, the response was varied. All cells that were used in the final analysis

(wild-type N=13, PSD-95 mutant N=10), all displayed membrane properties post-training

similar to those observed before the trains were applied. The distribution of responses

was also similar between the genotypes, revealing no difference between the two groups.

Figure 3.14A reports the mean data for EPSP amplitude for each group and it is evident

that overall, there is no mean response to the training protocols applied. Figure 3.14B
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Figure 3.8

Effects of HFS of the cortex in wild-type striatal spiny cells: no effect.

A: Example EPSPs before (black) and after (red) HFS of the cortex. There are no

alterations in EPSP properties, with latency, rise time, amplitude and duration similar

for both traces.

B: Example current- voltage relationships before (black) and after (red) HFS of the

cortex. The general pattern of response is similar. However, the firing rate and

properties of the cells are altered after the HFS protocol, with action potentials

displaying a reduced amplitude and frequency. However, as can be seen by the plot,

the input resistance is unaltered.
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Figure 3.9

Effects of HFS of the cortex in wild-type striatal spiny cells: LTP induction.

A: Example EPSPs before (black) and after (red) HFS of the cortex. There is a

notable increase in EPSP amplitude and an increase in the slope of the EPSP, without

an alteration in rise time.

B: Example current- voltage relationships before (black) and after (red) HFS of the

cortex. The general pattern of response is similar. However, the firing rate and

properties of the cells are altered after the HFS protocol, no action potentials fired at

depolarised membrane potentials. However, as is evident from the linear section of

the plot, the input resistance of this cell is not altered.



)

ofS'
c n

o

3 <

o

3

AmpEPSP%baseline -*■—rom
oiooioOl

oooooo 1IIII



Figure 3.10

Effects of HFS of the cortex in wild-type striatal spiny cells: LTD induction.

A: Example EPSPs before (black) and after (red) HFS of the cortex. There is a

notable decrease in EPSP amplitude and an decrease in the slope of the EPSP,

without an alteration in rise time.

B: Example current- voltage relationships before (black) and after (red) HFS of the

cortex. The general pattern of response is not altered after the HFS protocol. It is also

evident from the linear section of the plot, the input resistance of this cell is not

altered after training.
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Figure 3.11

Effects of HFS of the cortex in a striatal spiny cell from a PSD-95 mutant mouse no

effect.

A: Example EPSPs before (black) and after (red) HFS of the cortex. There are no

alterations in EPSP properties, with latency, rise time, amplitude and duration similar

for both traces.

B: Example current- voltage relationships before (black) and after (red) HFS of the

cortex. The general pattern of response is similar.As can be seen by the plot, the

input resistance is unaltered.



 



Figure 3.12

Effects of HFS of the cortex in a striatal spiny cell from a PSD-95 mutant mouse:

LTP induction.

A: Example EPSPs before (black) and after (red) HFS of the cortex. There is a

notable increase in EPSP amplitude and an increase in the slope of the EPSP, without

an alteration in rise time.

B: Example current- voltage relationships before (black) and after (red) HFS of the

cortex. The general pattern of response is similar.As can be seen by the plot, the

input resistance is unaltered.
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Figure 3.13

Effects of HFS of the cortex in a striatal spiny cell from a PSD-95 mutant mouse:

LTD induction.

A: Example EPSPs before (black) and after (red) HFS of the cortex. There is a

notable decrease in EPSP amplitude and an decrease in the slope of the EPSP,

without an alteration in rise time.

B: Example current- voltage relationships before (black) and after (red) HFS of the

cortex. The general pattern of response is not altered after the HFS protocol. It is also

evident from the linear section of the plot, the input resistance of this cell is not

altered after training.
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Figure 3.14

Mean responses of wild-type and PSD-95 mutant striatal spiny cells to plasticity

paradigms.

A: EPSP amplitude as a % of baseline for wild-type and PSD-95 mutant mice before

and after training. Overall, there is no significant difference in amplitude within or

between the groups, before or after training. There is a slight decrease in amplitude

of EPSP after training in the PSD-95 mutants, but it is not significant.

B: Plots of individual animal data reveal there to be a large range of responses to the

training protocol in both genotypes. There is evidence of no change in the amplitude

of the EPSP after HFS of the cortex, and of LTP and LTD for both wild-type and

PSD-95 mutant mice.
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shows a scatter plot of the EPSP amplitude for each cell analysed and confirms the range

of responses obtained.

Statistical analysis also confirmed that the training protocol had no mean effect on the

EPSP amplitudes of wild-type and PSD-95 mutant mice (table 3.4).

Table 3.4:

Condition Wild-type PSD-95 mutant

Pre-training 14.54+ 0.96 mV 19.54±0.99 mV

Post-training 15.17+ 0.75 mV 17.04 +0.84 mV

Table 3.4: Mean striatal EPSP amplitudes in wild-type and PSD-95 mutant mice before and after

application of the training protocol. Data is reported as mean ±SEM. For this basic assessment, two-

sample t-tests were performed and significance was set at P<0.01.

Further analysis of the EPSP amplitude response over the time course of the experiment

was performed (table 3.5). This analysis, using a general linear model in order to

compare time points within and between genotypes revealed that time throughout the

whole experiment had no effect on the amplitude of the response, confirming the lack of

significant alteration in EPSP amplitudes in response to the training protocol.
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However, it was observed that genotype did have an effect on the amplitude of the EPSP,

with the PSD-95 mutant mice displaying higher amplitude of response compared to wild-

type mice (mean amplitude (mv) ± SEM, wild-type 14.97 ± 0.59mv, PSD-95 mutant

17.83 ± 0.65, p<0.01, students t-test).

Table 3.5:

Comparison P-value between genotypes

Effect of pre training or post training status on EPSP

amplitude

>0.01

Effect of genotype on EPSP amplitude

<0.01

Table 3.5:General Linear Model analysis of the effect of time on EPSP amplitude and the effect of

genotype. Statistical significance was set at P<0.01, * denotes significance.

When possible, experiments were performed using paired animals (from the same litter)

and were co-incubated in the recording chamber and recorded from on the same day

(N=2,2). These experiments were performed in order to verify that recording conditions

were as consistent as possible between experiments. Data from these experiments showed

2 LTD results, with 1LTP and 1 no change (data not shown). The LTD results were seen

in wild-type and mutant slices suggesting that the heterogeneity of results is not from
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alterations in experimental conditions, but a characteristic of the neuronal networks and

signalling mechanisms within these preparations or the training protocol used.

Analyses of other properties of the EPSPs are outlined in Fig. 3.15. Mean EPSP rise time

and latency was not significantly different between the genotypes and were not altered as

a result of the training protocol.

As was mentioned earlier, the duration of the EPSP in many of the PSD-95 mutant

animals was longer than the sampling time of 55 msec, hence often resulting in

inaccurate measurements. The graph shown in Fig 3.15 C illustrate this with the EPSP

duration in the mutant mice consistently longer, but with a very small error, reflective of

often measuring it at the end of the time window. In order to address this issue, time

decay constants were fitted using Clampfit (Pclamp 7) (Fig. 3.16). Decay times of EPSPs

were measured using a first order exponential fit (blue dashed line) with Chebyshev's fit

method. The data is summarized in table 3.6.
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Figure 3.15

Mean EPSP properties of wild-type and PSD-95 mutant striatal spiny cells before

and after plasticity paradigms.

A: EPSP slope for wild-type and PSD-95 mutant mice before and after training.

Overall, there is no significant difference in slope within or between the groups,

before or after training. There is a slight decrease in the slope of EPSP after training

in the PSD-95 mutants, but it is not significant.

B: EPSP slope for wild-type and PSD-95 mutant mice before and after training.

There is no significant difference in slope within or between the groups, before or

after training.

C: EPSP duration for wild-type and PSD-95 mutant mice before and after training.

PSD-95 mutant mice display a longer duration of EPSP. However, as is visible in

figures 3.1 and 3.2, the EPSPs in mutant mice, often did not return to baseline within

the sample period, and therefore, accurate measurements were not possible.
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Figure 3.16

Measurement of EPSP decay constants for EPSPs before and after training

stimuli

Decay times of EPSPs as measured using an first order exponential fit (blue
dashed line) with Chebyshev's fit method.



Table 3.6:

Condition Wild-type PSD-95 mutant P-value between

genotypes

Pre-training 8.097± .663 msec 11.12± 0.76 msec <0.01

Post-training 7.013± 0.40 msec 10.26 ± 0.47 msec <0.01

P-value within genotypes

pre vs post training >0.01 >0.01 N/A

_/

Table 3.6: Analysis ofthe decay constant tau, ofEPSPs from wild-type and PSD-95 mutant mice. Data is

reported as the mean ±SEM. Statistical analysis was performed using two sample t-tests and significance

was set at P< 0.01

There was no alteration in the decay constant for the EPSPs in either group as a result of

the training protocol, yet there was a significant difference between the genotypes both

before and after the training protocol. The decay constant is larger in the PSD-95

mutants, indicating that the cells take longer to repolarise to resting potential.
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Discussion

Corticostriatal plasticity in wild-type and PSD-95 mutant mice.

Comparison of the size and direction of long-term changes in synaptic efficacy in

corticostriatal slices shows no differences between PSD-95 mutant and control mice. The

dramatic change in the sensitivity of hippocampal LTP in the PSD-95 mutant mice

(Migaud et ah, 1998) has no obvious equivalent in this system. However, there were

differences in the resting membrane potentials and in the size and shape of cortically

evoked EPSPs in slices from PSD-95 mutant mice.

Many of the studies on corticostriatal plasticity have been performed on rat corticostriatal

slices, and it is from these experiments that the trend for corticostriatal LTD was

established. Groups that performed these studies used similar stimulation protocols,

combining postsynaptic depolarisation with high frequency trains (6X100Hz) of

stimulation to the cortex. However, as discussed earlier, the results were not always

consistent. The in-vitro studies performed in rat acute slices did produce mainly LTD

(Wickens 2003), but two groups did report bi-directional plasticity (Akopian et al., 2000;

Spencer and Murphy, 2000). Both these studies made interesting observations in their

experiments. Akopian et al noted that there was a correlation between the functional state

of corticostriatal synapses and the direction of plasticity seen. They investigated the

properties of the synapses studied by their responses to paired pulse stimulation. They

found a significant correlation between cells that expressed paired pulse depression that
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went on to express LTD. There was also a correlation between paired pulse facilitation

and LTP, but it was not always seen in these cells. There was also evidence of anatomical

location influencing the responses of the striatal cells in that cells recorded in the medial

striatum displayed greater paired pulse potentiation pre-tetanic stimulation than lateral

striatal cells, but this increase was not seen in post-tetanic recordings. These data suggest

that the intrinsic properties of the cells govern their responses to tetanic stimulation and

that the heterogeneity of responses seen in corticostriatal plasticity experiments reflects

the differences between individual cells.

Spencer et al also observed bi-directional corticostriatal plasticity in slice preparations

(Spencer and Murphy, 2000). They used sagittal slice preparations and found that LTP

was induced more readily than LTD. The LTP seen was NMDA receptor dependent and

interestingly, the LTD observed was not only dependent on dopamine receptor activation,

but also on NMDA receptors. Previous reports have suggested that LTD is NMDA

receptor independent (Lovinger et al., 1993). The authors propose and interesting

explanation for the discrepancies observed between laboratories. They suggest that the

positioning of the stimulating electrodes may influence that direction and properties of

the types of plasticity observed. For example, the positioning of stimulating electrodes on

the cortical tissue or the white matter that lies between the cortex and the striatum will

selectively stimulate the corticostriatal afferents. However, other groups that have

routinely reported LTD in slice preparations, placed stimulating electrodes on the white

matter and within the striatal field (Calabresi et al., 1992c). The co-stimulation of the

striatal field as well as the cortical afferents would result in the stimulation of both ■

nigrostriatal dopaminergic neurones and striatal interneurones, which may affect the
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responses of the cells to corticostriatal tetanising protocols. The methods used in this

chapter ensured that the stimulating electrodes were positioned with poles on both the

cortical area and the white matter in order to ensure that the striatal field was not

stimulated.

The majority of the studies on corticostriatal plasticity have been performed on coronal

slices prepared from rats. The coronal slice preparation is often used as it is thought to

represent the in-vivo corticostriatal anatomy more so than the sagittal slice preparation.

Murphy et al used a sagittal preparation and this could also affect the types of plasticity

they observed due to possible alterations in afferent innervation. The experiments

reported in this thesis were performed on coronal slices obtained from mice. There is a

possibility that the density of corticostriatal afferents is larger in a slice from a mouse and

therefore, stimulation of the cortex would result in increased excitation than would be

seen in the rat slice. However, there is no data to support this and other groups that have

used mice to investigate corticostriatal plasticity were able to attain consistent LTD

(Calabresi et al., 1997). However, this group also used the stimulation paradigm whereby

local striatal field stimulation was performed. Other studies of corticostriatal plasticity in

rats have reported that the age and recording location can affect the type of corticostriatal

plasticity seen (Partridge et al., 2000). This group compared corticostriatal plasticity

through development and between the anterior dorsolateral and dorsomeidal striatum.

They observed that during early post-natal development (PI2-14), NMDA receptor

dependent LTP was obtained from the dorsolateral striatum. Later in development (PI 5-

34), LTD was obtained preferentially in this region. In the dorsomedial striatum, LTP

was preferentially expressed through the entire developmental window studied.
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Moreover, use of the NMDA receptor antagonist (+/-)-2-amino-5-phosphopentanoic acid

(APV) inhibited excitatory EPSPs only in young animals and not from older animals. The

data reported in this thesis shows no group tendency to the expression of LTD or LTP in

adult wild-type or PSD-95 mutant animals. As indicated above, there could be several

reasons for this, but until the mechanisms of corticostriatal plasticity are characterised,

they will remain unclear.

Electrophysiological Properties of striatal neurones in wild-type and PSD-95 mutant

mice.

Comparison of the basic electrophysiological properties of wild-type and PSD-95 mutant

striatal cells revealed there to be interesting differences. The resting potentials of mutant

cells were seen to be significantly higher than in wild-type cells, although input resistance

was not different. There was also a significant increase in the amplitude and duration of

the cortically evoked EPSPs in the mutant mice. These data are of interest, as PSD-95 is

known to influence AMPA receptor numbers (Schnell et ah, 2002; Dakoji et ah, 2003)

and both the voltage gated and inwardly rectifying K+ channels (Arnold and Clapham,

1999; Nehring et ah, 2000).

The expression of both classes of K+channels is thought to contribute to the low resting

potentials of striatal neurones, with voltage gated channels activated during

depolarisation and the inwardly rectifying channels activated at hyperpolarised potentials.

As discussed earlier, these channels are thought to play a role in the bi-stable membrane

potentials of striatal neurones seen in-vivo. The small but significant difference in resting
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potential between wild-types and mutants could be attributed to a decrease in K+ channel

expression at the membrane due to the lack of expression of PSD-95. A decrease in the

contribution of K+ channels in striatal cells could result in a more depolarised resting

state as was seen here. However, the difference is small and may not be physiologically

relevant. Western blotting for the expression levels of these channels along with

pharmacological inhibition could provide evidence to confirm this.

The increase in the amplitude of EPSPs in the PSD-95 mutant mice may indicate an

alteration in AMPA receptor number or recycling in the spiny cells from PSD-95 mutant

mice. PSD-95 can bind and form complexes with AMPA receptors that are separate from

the NMDA receptor complexes (Husi et al., 2000; Schnell et al., 2002). Moreover

expression of PSD-95 in-vitro has been reported to increase the amplitude and frequency

of miniature EPSCs and occlude the expression of LTP and increase LTD compared to

control cells from cultured hippocampal neurones (El-Husseini et al., 2000; Stein et al.,

2003). The increase in EPSCs seen was also supported by the observation that PSD-95

could convert silent synapses into active synapses, suggesting an increase in the number

of AMPA receptors delivered to the postsynaptic membrane. The increase in amplitude

of EPSP seen in this thesis somewhat confounds this. If the increase in amplitude seen

were due to alterations in the AMPA receptor number or activity, a lack of PSD-95 would

be expected to reduce the amplitude of EPSPs due to a decrease in AMPA receptor

complexes at the membrane. The data reported here indicate an increase in amplitude, not

a decrease as would perhaps be expected. However, the rise time and EPSP slope were

not significantly different between the two genotypes suggesting that the AMPA receptor
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contribution is not significantly altered. However, it is difficult to reconcile data from

corticostriatal experiments such as these due to the fact that all individual cells are

stimulated differently. This occurs due to differences in the area of striatum recorded

from, the position of the stimulating electrodes and the intensity of stimulus used to

evoke an EPSP. Although effort was made to acquire recordings mainly from the

dorsomedial striatum with the stimulating electrodes positioned dorsal to the recording

electrodes, it was not always possible to obtain records in this configuration. Differences

in stimulus intensity are also difficult to avoid as the location of a striatal cell within a

slice can affect the amount of cortically derived innervation it receives.

The significantly longer decay constants of EPSPs measured from PSD-95 mutant mice

may provide an explanation for the differences seen in the EPSP properties seen. A

slower repolarisation of a cell, combined with an increase in amplitude, does suggest that

the properties of the ion channels are altered. An NMDA component to the EPSP is

identifiable in striatal neurones (Jiang and North, 1991), which probably accounts for the

slow repolarisation seen in these cells. An increase in amplitude and duration of EPSPs

as seen in the PSD-95 mutant animals could be due to an increase in the levels of NMDA

receptor activation as suggested by Migaud et al in the hippocampal LTP studies (Migaud

et al., 1998). Application of the NMDA receptor antagonist APV could resolve this

potential issue.
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Conclusion

This chapter reports that the basic monosynaptic responses of medium spiny cells are

altered in the PSD-95 mutant mouse. Closer analysis of activity and expression levels of

specific ionotropic glutamate receptor types ( such as AMPA and NMDA) and K+

channels is needed before accurate conclusions can be drawn. Analysis of the synaptic

properties of these striatal cells, similar to the experiments done by Akopian et al

(Akopian et al., 2000), such as study of the paired pulse ratios in wild-type and mutant

mice may also assist in dissecting the role PSD-95 plays in corticostriatal transmission

and plasticity.

The plasticity data reported here do not provide a complete dissection of the potential role

of PSD-95 in corticostriatal plasticity. There has been much study into the roles of PSD-

95 in synaptic transmission and plasticity in the hippocampus, where the mechanisms of

LTP and LTD are better understood. The inability here to induce stable LTD in wild-type

slices prevents direct comparison of PSD-95 mutant mice with control. The properties

and mechanisms of corticostriatal plasticity are still not understood and the heterogeneity

of corticostriatal responses reported by most groups serves to illustrate the complexity of

this synaptic network.

125



Chapter Four: Analysis of NMDA receptor complex (NRC)
associated proteins in the PSD-95 mutant mouse.

Introduction

The NMDA Receptor Complex (NRC).

As outlined in chapter 1, the characterisation of 2000kDa complexes of proteins that

complex with the NMDA revealed many that are known to partake in many different

signalling cascades known to be involved in synaptic plasticity, memory and learning

(Husi et al., 2000). This data set represents potential pathways stimulated as a result of

NMDA receptor activation. NMDA receptor complexes are likely to be dynamic entities

that alter their composition according to their anatomical and physiological

environments.

The consequences ofNMDA receptor activation and the concurrent high levels of

intracellular calcium have the potential to stimulate many different intracellular signalling

cascades. For example, Westphal et al (Westphal et al., 1999) report the physical

association of Yotiao to the NR1A subunit of the NMDA receptor along with the

concurrent binding of the PKA holoenzyme that in turn anchors PP1. This results in an

NR1 A-Yotiao-PKA-PPl complex. Thus, anchored PP1 was found to be constitutively

activated and thus limiting NMDA channel activity. Activation of PKA in this complex

in HEK293 cells resulted in an enhancement ofNMDA currents, suggesting that

activation of this enzyme overrides the activity of PP1. These data provide a good
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example of complexes present at the NMDA receptor that are involved in modulation of

the channel's activity. In this case, the co-localisation of a phosphatase and a kinase

through the same adaptor -yotiao- to specific NMDA receptor subunits suggests that

specific complexes exist at postsynaptic sites in-vivo.

Examination of the collection of proteins identified to be present in the NMDA receptor

complex reveals that not only are the proteins discussed above present, but that

components of other identified complexes are present. For example, CAMKII, has been

shown to compete with PSD-95 for binding to the NR2A subunit of the NMDA receptor

(Gardoni et al., 2001). Moreover, binding studies suggest that binding of CAMKII to the

NMDA receptor could provide a link for the association of AMPA receptors to the active

site through interactions with actin and actinin - both of which are present in the NRC

(Lisman and Zhabotinsky, 2001). Other known complexes through the NMDA receptor

include nNOS binding to PSD-95 (Christopherson et ah, 1999), PP2A association with

NMDA receptor subunits (Chan and Sucher, 2001) and the direct actions of PKC

isoforms on NR1 and NR2B subunits (Liao et ah, 2001).

Many of these proteins have all been implicated in synaptic plasticity with key

components such as CAMKII and the phosphatase family having been shown to be key in

the balance between LTP and LTD. As discussed earlier, a mutation in PSD-95 leads to

an enhancement of LTP across the frequency range, combined with alterations in pain

sensitivity and plasticity in the visual cortex (Fagiolini et ah, 2003; Garry et ah, 2003).

PSD-95 has at least 39 known direct binding partners as outlined in the general

introduction and the phenotypes seen in the mutant model could arise from alterations in
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any number of these binding proteins. One of these PSD-95 interacting proteins,

SynGAP, (Kim et al., 1998) is a Ras GTP-ase activating protein that is thought to

regulate activation of the MAPK signalling cascade, involved in synaptic plasticity (Chen

et al., 1998). Analysis of synaptic plasticity in heterozygous null mutant mice revealed a

decrease in the level of LTP at hippocampal CA3-CA1 synapses when compared with

controls (Komiyama et al., 2002). However, despite these changes, the levels of ERK

were still increased in the mutant mice, concurrent with wild-types, suggesting that the

targets for SynGAP during LTP are different than that of PSD-95. These data again

provide an example of the many potential signalling mechanisms contained within the

NMDA receptor complex.

Outline of experiment

The experiments performed in this chapter of the thesis analyse the expression levels of

proteins within the NRC in the PSD-95 mutant mouse. The data discussed above provide

evidence that PSD-95 plays a major role in the organisation ofNMDA receptor

complexes and thus it's activity. Hence I postulate that, as a consequence of a mutation in

PSD-95, the expression levels of proteins known to bind and compete with PSD-95 will

also be altered. Moreover, the isolation of complexes first reported by Husi et al, used

tissue extracted from whole forebrains obtained from mice. There is data indicating that

different areas of the CNS express different NMDA receptor subunits for example, the
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cerebellum does not express NR2B (Akazawa et al., 1994). It is also evident that the

results of LTP protocols differ throughout the brain, namely that of the striatum which

displays LTD after high frequency stimulation unlike the LTP seen in the hippocampus,

despite expressing all NMDA receptor subunits (Calabresi et ah, 1992c). However, as

yet, there has been no data addressing the expression levels of NMDA receptor associated

proteins, such as those known to be within the NRC, throughout different areas of the

brain.

Therefore, brain regions were dissected out in order to investigate the expression of NRC

components throughout the brain and the effects of mutation in PSD-95 on their levels of

expression. The brain regions examined were the striatum, the hippocampus and the

cerebellum.

Hypothesis

Expression levels of NRC associated proteins will differ throughout the brain regions of

wild-type mice. Secondly, as a result of a mutation in PSD-95, an alteration in expression

levels of proteins within the NRC will be evident.
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Materials and Methods

Extraction and complex isolation were performed to the protocol described in detail

previously (Husi and Grant, 2001). Brains from wild-type and PSD-95 mutant mice

(mean age ±SEM in weeks, wild-type 21.3+ 1.57, PSD-95 mutants 20.7± 1.43) were

taken and dissected in ice cold phosphate buffered saline to retrieve striatum,

hippocampus, cortex and cerebellum. Sample sizes for experiments were N=10, 10 and

N=5, 5 wild-type and PSD-95 mutants. Tissue was homogenised (30 strokes over ice) in

1% sodium de-oxycholate (DOC) buffer at a wet weight to volume ratio of 0.38 mg/ 7ml.

Samples were then centrifuged at 13,000 g for 2 hours.

The supernatant was then passed through a 5pm filter before storage at -70 °C. Protein

concentration was determined using the BCA Assay (Bio-Rad) with DOC background

removed. Samples were then aliquoted with Gel Sample Buffer (Bio-Rad) to give

samples of 50pg protein. Gels were then run and coommassie (Bio-Rad) stained for

protein level analysis.

Gel Separation and Western Blotting

Samples were subjected to reducing SDS-PAGE (200V) alongside calibrated standards

(Bio-Rad) and transferred to polyvinyldifluoride (PVDF) membrane (75V 2.1 hours in

10% (v/v) Methanol, lOmM CAPS pHl 1.0). Antibody incubation was performed at

previously optimised concentrations ranging from 1:500 to 1:1000. Detection was

performed using peroxidase linked secondary IgGs and enhanced chemiluminesence in a
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solution, consisting of 2% luminol, 2% p-coumaric acid, 2.5% 1.5M Tris pH 8.8, 2.5%

0.5M Tris pH 6.8, 0.001% of 30% H202.

Antibodies

Antibody list and sources:

NR1- J.H. Morrison;

NR2A, GluR6+7, PTP1D, Duo - Upstate Biotech, Waltham, Massachusetts;

NR2B-, Chemicon, Wealdstone, UK;

GKAP, SynGAP- R. Huganir;

P- NR1 Ser 896, P-NR1 Ser 897, P-NR1 Ser 980, PSD-95, PKA-C, PKA-R2B, PKC a, J3,

y,S,s, CamKll, PP1, PP2A, PP2B, DARPP-32, Pyk2, pan-ERK, pan-ERK, ERK2, MKP2,

p44 MAPK, MKK7, d-p38 SAPK 4, P JNK, Ras, Rac 1, nNos, PI3-K, Arg 3.1,

Desmoglein, b- Catenin, LI, ppl20cas, MAP2B. Clathrin PIC, Dynamin, Integrin -

Transduction Laboratories, Lexington, Kentucky;

Chapsyn - M. Watanabe;

SAP102, Stargazin - Alomone Labs, Jerusalem, Israel;

Shank- H. Kreienkamp;

Homer - K. Inokuchi;

Yotiao 4580, AKAP150- J. Scott;

NSF- J. Henley;

P-CAMKI1 - Promega, Madison, Wisconsin;

PP5- P. Cohen;

Src - Oncogene, Nottingham, UK;
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P-Erk - New England Biolabs, Hitchin, UK;

SAP97, ZO-1, NF1, PLC fry, Cpla2, Citron - Santa Cruz Biotechnology, Santa Cruz,

California;

N-Cadherin - D. Coleman;

Spectrin, Myosin, Tubulin- Sigma, Poole, UK;

Actin - Roche Molecular Biochemicals, Lewes, UK;

Cortactin BP - J. Parsons

Secondary IgGs were rabbit and mouse horseradish peroxidase coupled antibodies

(Amersham Pharmacia) and sheep HRP.

Data Analysis

A total of seventy proteins were analysed from the extracts of wild-type and PSD-95

mutant mice in order to study the components of the NMDA receptor complex. A table of

the results from the large scale experiment (N=10, 10) can be found in appendix one. The

tables in the results section and the appendix illustrate expression levels through

individual 'scoring' of band intensity compared across all brain regions in wild-type and

PSD-95 mutants for a particular protein.

For the purpose of presenting data from these experiments, scans of the western blots will

be used in order to allow direct examination of the data and the tables in the appendices

will be used as a reference only.
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NSF was used as a loading control. It's main receptor trafficking binding partner, the

GluR2 subunit of the AMPA receptor is not present within the NRC (Husi et al., 2000).

Moreover, its role in vesicle docking and transmitter release from the presynaptic

terminal make it a good reference for these studies (Sollner et al., 1993) .

Due to the large number of proteins analysed, all of which are presented in the

appendices, only the main findings will be discussed in the results. These proteins will

include receptors, scaffolders, signalling molecules and cytoskeletal proteins whose wild-

type expression levels were of interest, or levels expressed after the mutation in PSD-95,

were significantly altered.
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Results

Profile of NRC associated Proteins in different brain regions in wild-type and PSD-
95 mutant mice.

Glutamate Receptors

Analysis of Western blots revealed there to be a higher level of expression of the NR

subunits screened (NR1, 2A, 2B) in the hippocampus and cortex than in the striatum and

cerebellum in wild-type mice (Figure 4.1).

NR2B was not detected in the cerebellum, consistent with the literature (Akazawa et al.,

1994) (Figure 4.1).

Analysis of the expression levels of GluR6, also known to be present in the NMDA

receptor complex, varied across the wild-type brain regions: expression levels were

highest in the striatum and the cortex, with slightly lower levels evident in the

hippocampus and cerebellum (Figure 4.1).
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Figure 4.1: Western Blot analysis of receptor and scaffolding

proteins in wild-type and PSD-95 mutant mice.

Receptor and scaffolding proteins analysed from dissected brain

regions from pools of 10 mice from each genotype. Data reveals

regional expression levels throughout the wild-type brain and these

can then be compared to levels seen in the PSD-95 mutant animals.

The main findings here are that levels of the NR2B sub-unit of the

NMDA receptor are reduced in the mutant mice, and that there is an

increase in the expression levels of SAP102 in the mutant mice.

These alterations in expression levels are seen throughout all brain

regions.

Note the majority of forebrain regions express similar levels of all

proteins screened, whereas the cerebellum has lower levels of

expression of all NMDA receptor subunits and scaffolding proteins,

whereas the AMPA subunit levels remain unchanged.

NSF acts a loading control.
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As a result of the mutation in PSD-95, there was a down regulation of expression of NR1

and NR2B subunits in several brain regions. NR1 expression levels were decreased by a

small amount in the mutant model in the hippocampus and cortex, where expression

levels are highest in the wild-type. NR2B levels were much more markedly decreased in

all three regions (striatum, hippocampus and cortex), where it is expressed.

In contrast, there was no significant decrease in the expression levels of NR2A as a result

of the mutation in any brain region examined. In the PSD-95 mutant mice, there was a

slight decrease in the expression levels of GluR6 in the striatum and a slight increase in

levels in the cerebellum, with no alteration evident in the hippocampus or cortex.

These results are summarised in table 4.1.
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Table 4.1:

Genotype Wild-type PSD-95 mutant

Protein Striatum Hippocampus Cortex Cerebellum Striatum Hippocampus Cortex Cerebellum
NR1 2 3 3 1 2 2 2 1

NR2A 3 4 4 1 3 4 4 1

NR2B 3 4 3 - 1 2 2 -

GluR6 3 2 3 2 2 2 3 3

Table 4.1: Summary ofglutamate expression in brain regions ofwild-type and PSD-95 mutant mice. Scores

are from 1-5 for band intensity. 1: low expression levels and 5 : high expression levels.

- indicates no detectable band. Scores are comparable across brain regions and between genotypes for

individual proteins.
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Figure 4.2 reports analysis of the levels of phosphorylation of NR1 in wild-type and

mutant mice. NR1 phosphorylation sites examined were the serine sites 890, 896 and

897.

For all three phosphorylation site specific antibodies, in wild-type brain regions, there

was significant basal phosphorylation evident, with slightly higher levels seen in the

cerebellum. For antibodies directed at the Ser 896 and 897 sites, doublets were seen with

both antibodies at the given molecular weights, hence both bands being displayed. From

these blots, it is apparent that in the PSD-95 mutants, there is a small reduction in the

phosphorylation states of the three forebrain regions at serine 896, with no alteration seen

in the cerebellum. There is no change seen for serine 890 and 897 in the PSD-95 mutants.

These results are summarised in table 4.2.
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Figure 4.2: Western Biot analysis of NR1 phosphorylation sites in wild-type and
PSD-95 mutant mice.

Phospho-specific antibodies directed at the residues Ser 890,896 and 897 were
analysed from dissected brain regions from pools of 10 mice from each genotype.
Data reveals regional expression levels throughout the wild-type brain and these can
then be compared to levels seen in the PSD-95 mutant animals. It is apparent that
there is no significant alteration in the phosphorylation state of the sites at 890 and
897, but there is a slight reduction in the degree of phosphorylation at ser 896 in the
three forebrain regions in the PSD-95 mutant mouse.
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Table 4.2:

Genotype Wild-type PSD-95 mutant

Protein Striatum Hippocampus Cortex Cerebellum Striatum Hippocampus Cortex Cerebellum
P-NR1

ser 890
2 2 2 2 1 1 1 1

P-NR1

ser 896
2 2 2 2 2 2 2 2

P-NR1

ser 897
1 1 1 1 1 1 1 1

Table 4.2: Summary ofNRl phosphorylation (P) states at three different serine (ser) sites in brain regions

ofwild-type and PSD-95 mutant mice. Scores arefrom 1-5 for band intensity. 1: low expression levels

and 5 : high expression levels.

Scores are comparable across brain regions and between genotypes for individual phosphorylation sites.
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Scaffolding Proteins

Members of the MAGUK protein family (PSD-95, SAP-97, SAP 102 and Chapsyn 110)

were also analysed from brain regions from wild-type mice (figure 4.1). All of the

MAGUKS were expressed at very low or undetectable levels in the cerebellum of wild-

type mice, complementing the low NR2 expression levels seen. Across the three

forebrain regions, expression levels of the four post-synaptic proteins were relatively

uniform, with all proteins expressed at significant levels in wild-type.

In the PSD-95 mutant animals, there was no expression of PSD-95 as expected, and the

levels of SAP97 and Chapsyn 110 remained unaltered. However, there was a marked up

regulation of the expression levels of SAP 102 in the three forebrain regions as a result of

the mutation.

These results are summarised in table 4.3.
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Table 4.3:

Genotype Wild-type PSD-95 mutant

Protein Striatum Hippocampus Cortex Cerebellum Striatum Hippocampus Cortex Cerebellum
PSD-95 3 2 3 1 - - - -

Chapsyn

110
2 2 2 1 2 2 2 1

SAP97 3 3 3 1 3 3 3 1

SAP 102 3 1 2 1 4 4 3 2

Table 4.3: Summary ofMAGUKprotein expression in brain regions ofwild-type and PSD-95 mutant mice.

Scores are from 1-5for band intensity. 1: low expression levels and 5 : high expression levels.

- indicates no detectable band. Scores are comparable across brain regions and between genotypes for

individual proteins.
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Signalling molecules

A total of 37 signalling molecules known to be part of the NRC were analysed, along

with the phosphorylation states of CAMKII, JNK and ERK. Out of this number,

alterations were found in the expression levels of 22 of these proteins in some or all brain

regions in the PSD-95 mutants.

Figure 4.3 represents a summary of the abundant kinases and phosphatases seen to have

altered expression in the PSD-95 mutants.

The expression levels of CAMKII were analysed across the brain regions in wild-type

mice and was seen to have a uniform expression level distribution. In the PSD-95 mutant

animals, there was no alteration in the expression levels of CAMKII, however, there was

an increase in the levels of phosphorylation detected by an antibody directed at the

phosphorylation site (Threonine 286) in the hippocampus, cortex and cerebellum. The

levels of phospho-CAMKII in the striatum of wild-type mice were much higher than in

the other regions, and was not increased in the PSD-95 mutants when compared to wild-

type.

The three protein kinase isoforms found in the NRC (PKCp,s and y) were analysed. PKC

P expression was expressed significantly throughout the forebrain, with a lower level

seen in the cerebellum. PKC y expression levels were relatively uniform throughout all
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Figure 4.3: Western Blot analysis of kinase and phosphatase

proteins in wild-type and PSD-95 mutant mice.

Kinase and phosphatase proteins analysed from dissected brain

regions from pools of 10 mice from each genotype. Data reveals

regional expression levels throughout the wild-type brain and these

can then be compared to levels seen in the PSD-95 mutant animals.

The main findings here are that levels of the isoforms of PKC found

in the NMDA receptor complex- (3 ,y and 8, are all reduced in the

PSD-95 mutant mouse, whereas an isoform not found in the

complex, a, is not altered in the mutant animal. Other notable

changes include down regulation of PP1, PP2B and PP5, with an

upregulation of PP2A. Moreover, the CAMKII blots reveal no

alteration in the basal expression levels of the protein, but an

increase in the phosphorylation state in the mutant mouse.

NSF acts a loading control.
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regions in the wild-type mice. PKC s levels were highest in the hippocampus and cortex

of in wild-type mice, with lower expression levels seen in the striatum and cerebellum.

However, in the PSD-95 mutant animals, expression levels of all three NRC isoforms

was markedly down regulated in all four brain regions. In order to confirm that these

dramatic changes were specific to NRC associated proteins, isoforms found not to be

present in the complex, such as PKCa were analysed. As is seen in figure 4.3, the levels

of this isoforms are slightly down regulated in the PSD-95 mutant, but less so than is seen

for the NRC specific isoforms.

Phosphatases were also analysed in the screen. Figure 4.3 reports the expression profiles

of PP1, PP5, PP2A and PP2B.

Expression levels of PP1 in the wild-type brain were highest in the hippocampus and

cortex, with lower levels expressed in the striatum and cerebellum. In the mutant animals,

expression levels were markedly reduced in all regions analysed. PP2A expression levels

were uniform across the brain regions in wild-type mice and were significantly up

regulated in the mutant mice. Expression levels of PP2B were low in the striatum of wild-

type mice when compared to the hippocampus, cortex and cerebellum. In the PSD-95

mutants, there was a significant down regulation of expression levels of PP2B across all

brain regions. Expression levels of PP5 were low in the wild-type striatum, compared to

the hippocampus, cortex and cerebellum. Again, in the PSD-95 mutants, expression

levels were reduced.

Table 4.4 is a summary of the expression levels of the signalling proteins discussed.
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Table 4.4:

Genotype Wild-type PSD-95 mutant

Protein Striatum Hippocampus Cortex Cerebellum Striatum Hippocampus Cortex Cerebellum
aCAMKII 2 2 3 2 2 2 3 2

P-CAMKII 1 1 1 1 2 2 2 2

PKCP 3 3 3 2 1 1 1 1

PKCy 4 4 4 4 2 2 3 2

PKCs 3 4 3 2 2 2 2 -

PKCa 3 3 3 2 2 2 2 1

PP1 2 2 2 2 1 1 1 1

PP2A 2 2 2 2 3 3 3 3

PP2B 3 3 3 3 2 2 2 2

PP5 2 3 3 3 1 1 1 1

Table 4.4: Summary ofkinase and phosphatase expression in brain regions ofwild-type and PSD-95

mutant mice. Scores are from 1-5 for band intensity. 1: low expression levels and 5: high expression

levels.

- indicates no detectable band. Scores are comparable across brain regions and between genotypes for

individual proteins.
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Expression levels of the extracellular regulated kinase ERK are reported in figure 4.4.

The data reveals there to be significant expression of both isoforms (1 and 2) throughout

the wild-type brain, with minimal alteration of expression levels in the PSD-95 mutant.

However, phospho-specific antibodies reveal there to be a marked up regulation of

phosphorylation state of ERK2 in the PSD-95 mutants.

The data is summarised in table 4.5.

Table 4.5:

Genotype Wild-type PSD-95 mutant

Protein Striatum Hippocampus Cortex Cerebellum Striatum Hippocampus Cortex Cerebellum
ERK 1 1 1 1 1 1 1 1 1

ERK2 1 1 1 1 2 2 2 2

P-ERK1/2 1 1 1 2 3 3 3 2

Table 4.5: Summary ofERK kinase phospho (P) ERK kinase in brain regions ofwild-type and PSD-95

mutant mice. Scores are from 1-5for band intensity. 1: low expression levels and 5: high expression

levels.

- indicates no detectable band. Scores are comparable across brain regions and between genotypes for

individual proteins.
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Figure 4.4: Western Blot analysis of ERK levels in wild-type and PSD-95
mutant mice.

Antibodies against ERK 1 and 2, along with phospho-specific antibodies were
analysed from dissected brain regions from pools of 10 mice from each genotype.
Data reveals regional expression levels throughout the wild-type brain and these can
then be compared to levels seen in the PSD-95 mutant animals. It is apparent that
there is no significant alteration in the levels of ERK1 expression in the PSD-95
mutants, and only a small decrease in expression levels of ERK2 are seen in the
mutant animals. However, the two bands seen in the phospho-specific blot reveal a
higher level of phosphorylation of ERK2 in the PSD-95 mutant mouse.
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Comparison of large sample size screen (N=10,10) with a smaller sample size

(N=5,5)

Based on the initial data obtained from the large scale experiment, a further analysis was

performed on smaller group size in order to confirm the data obtained in the first

experiment.

Figure 4.5 reports the comparison of SAP 102 and NR2B levels from the different

experiments.

SAP 102 levels follow similar expression profiles throughout the smaller sample size in

the wild-type animals with a slightly higher level of expression in the striatum. In both

the experiments an up regulation of expression levels were seen.

Analysis of NR2B levels revealed wild-type expression levels followed the pattern seen

in the large-scale experiments with a global reduction in NR2B expression levels is seen

in the forebrain of mutant animals.
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Figure 4.5: Western Blot analysis of SAP102 and NR2B levels in wild-

type and PSD-95 mutant mice: comparison of N=10,10 and N=5,5.

SAP102 and NR2B expression levels were analysed from dissected brain

regions from pools of N= 10 and 5 from each genotype. Data reveals

regional expression levels throughout the wild-type brain and these can

then be compared to levels seen in the PSD-95 mutant animals. The main

findings here are that the increase in expression levels of SAP102 in the
PSD-95 mutant mouse are seen consistently elevated in both the initial

N=10,10 experiment and the subsequent N=5,5 experiments. The pattern

of alteration in NR2B levels is also consistent through the experiments.
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Figure 4.6 illustrates that the signalling molecule PP2B was also down regulated in the

PSD-95 mutant mouse, consistent with the data seen with the larger sample numbers

Proteins known to be involved in dendritic spine regulation

Shank and Homer are proteins found within the NRC that have been reported to have

roles in the formation and maintenance of dendritic spines (Pak et al, 2001). As a result

of the data obtained in chapter two relating to spine density alterations, these proteins

were analysed in the large-scale screen (figure 4.7). Expression of Homer was relatively

uniform across the wild-type forebrain regions, with a lower level of expression in the

cerebellum. There was no significant alteration in expression levels in the mutant model.

Shank expression was enriched in the hippocampus and cortex of wild-type animals

compared to the levels seen in the striatum. In the PSD-95 mutants, a small down

regulation of expression was seen in the hippocampus, and a small increase seen in the

cortex. Expression levels in the striatum and cerebellum were unaltered in the PSD-95

mutant model.

Striatal specific phenotypes

The results described here are selected examples from the large-scale screen of pools of

ten animals. As mentioned earlier, a total of 83 blots were performed against specific
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PP2B N=10

PP2B N=5

Figure 4.6: Western Blot analysis of PP2B levels in wild-type and
PSD-95 mutant mice: comparison of N=10,10 with N=5,5

PP2B expression levels were analysed from dissected brain regions from

pools of N= 10 and N=5 from each genotype. Data reveals regional

expression levels throughout the wild-type brain and these can then be

compared to levels seen in the PSD-95 mutant animals. The reduction in
PP2B in the PSD-95 mutant mouse in the initial N=10, 10 screen are

reproduced in the N=5,5 sample size.
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Figure 4.7: Western Blot analysis of Shank and Homer levels in wild-

type and PSD-95 mutant mice.

Shank and Homer expression levels were analysed from dissected brain

regions from pools of N= 10 animals from each genotype. Data reveals

regional expression levels throughout the wild-type brain and these can

then be compared to levels seen in the PSD-95 mutant animals.

The main findings here are a decrease in expression levels of Shank in the

PSD-95 mutant mouse hippocampus., compared with a small increase seen

in the mutant cortex when compared to wild-type.
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proteins, isoforms and phosphorylation sites from proteins known to be components of

the NRC. Of these proteins analysed, 43 blots of isoforms or phosphorylation sites were

altered in the PSD-95 mutant.

A particular focus of this thesis is the corticostriatal system. Notable striatal specific

alterations in protein levels in the PSD-95 mutant were seen for two NRC associated

proteins - SynGAP and citron (figure 4.8).

SynGAP was highly expressed in the striatum of wild-type mice and was markedly

decreased in the PSD-95 mutant. In other forebrain regions, the levels were not as high

and were not reduced significantly in the PSD-95 mutant.

Citron was expressed at lower levels in the striatum compared to other forebrain regions

and is markedly reduced in the mutant mice. Again, the levels of this protein are

unchanged as a result of the mutation in other forebrain regions.
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Figure 4.8: Western Blot analysis of SynGAP and Citron levels in

wild-type and PSD-95 mutant mice.

SynGAP and Citron expression levels were analysed from dissected brain

regions from pools of 10 mice from each genotype.

Note the high levels of SynGAP expression in the striatum of wild-type
mice compared to the other forebrain regions, combined with a specific
reduction in expression levels of SynGAP in the striatum of PSD-95

mutant mice.

The expression levels of citron are low in the wild-type striatum, compared
with the other forebrain regions. In the PSD-95 mutants, it is reduced

significantly in the striatum compared to the hippocampus and cerebellum
where levels remain similar to that seen in wild-types.
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Discussion

The data presented here characterise the regional expression of NRC associated proteins

throughout four regions of interest in the CNS- the striatum, hippocampus, cortex and

cerebellum. Studies of plasticity mechanisms throughout the CNS have often reported

that similar induction protocols, namely high frequency trains of stimulation, result in

regional specific alterations in synaptic function. For example, it is long established that

high frequency stimulation of both CA1-CA3 synapses and perforant path-dentate cell

synapses of the hippocampus, result in a long lasting potentiation of these synapses (Bliss

and Collingridge, 1993). However, studies in striatal cells report that following high

frequency stimulation of cortical inputs to these cells results in a long-term depression of

the synaptic response (Wickens et al., 1996). The cell types mentioned all express

NMDA receptors and investigation into potential mechanisms for the alterations in

synaptic strength have observed the important contributions make by the kinase and

phosphatase family of proteins in the buffering of calcium in these conditions. Therefore,

analysis of the possible differences in expression levels of these proteins in specific brain

regions may aid the elucidation of the important signalling mechanisms involved.

Moreover, in mice with a mutation in PSD-95, there is no difference in the response of

striatal cells to a tetanus of afferent input, whereas in the hippocampus, there is an

enhancement of hippocampal LTP, again suggesting that there could be alterations in the

expression of particular NRC associated proteins. The alterations in spine density seen in

the striatum and hippocampus of PSD-95 mutant mice were also of interest - a global

decrease in spine density on the spiny projection neurones of the striatum and a localised
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increase in hippocampus spine density on the CA1 neurones of the hippocampus. Again,

analysis of the expression levels of NRC associated proteins in the hippocampus and

striatum may provide a mechanism whereby this occurs.

Expression of NRC associated proteins through the wild-type brain.

Analysis of the expression levels of NRC proteins in the wild-type brain revealed there to

be widespread expression of all proteins associated with the NRC throughout the

forebrain. Analysis of the expression levels of the NMDA receptor subunits revealed an

enrichment of expression on the hippocampus and cortex compared to the levels seen in

the striatum. This would suggest that there is a higher density of expression ofNMDA

receptors in the hippocampus and cortex with respect to the striatum. However, despite

the apparent lower levels of NMDA receptor subunit expression in the striatum, this was

not reflected in the NMDA associated MAGUK proteins. All four members of this

family- PSD-95, SAP97, SAP 102 and Chapsyn 110 were expressed at similar levels

throughout the forebrain. All of these MAGUK proteins are known to bind the NMDA

receptor NR2 subunits through the tSXV motifs of the NMDA receptor (Kim et al., 1996;

Muller et al., 1996; Bassand et al., 1999). However, these proteins have also been

reported to bind to other glutamate receptors such as the GluRl AMPA receptors

(Leonard et al., 1998), along with voltage activated and inwardly rectifying potassium

channels (Kim and Sheng, 1996; Arnold and Clapham, 1999). Moreover, the extracts

used in this experiment were not derived from immuno-precipitation or other isolation
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methods and therefore cannot confirm that the proteins analysed were from membrane

bound or synaptic sites.

Analysis of the major protein kinases and phosphatases found within the NRC were also

highly expressed throughout the wild-type forebrain. Again, there was an enrichment of

these signalling molecules in the hippocampus and cortex when compared to the striatum,

with the exception of the p isoform of PKC. These proteins have all been ascribed roles

in the transduction ofNMDA receptor dependent signalling and therefore their

expression levels conform to the distribution of the NMDA receptor subunits. However,

these trends should not be considered that simply. Many of these proteins are involved in

different signalling cascades in neurones that are NMDA receptor independent such as

signalling though other receptors such as dopamine and acetylcholine along with general

housekeeping roles and protein trafficking.

The forebrain regions discussed here in the wild-type animals reveal high expression

levels of all NMDA receptor subunits and known associated signalling molecules. The

expression of proteins known to be involved in spine formation - shank and homer are

expressed at significant levels in both the striatum and hippocampus. The levels of shank

are enriched in the hippocampus compared to the striatum. Homer and shank are believed

to be able to link the NMDA receptor to metabotropic glutamate receptors through PSD-

95 and have been shown to regulate spine morphology through these complexes (Pak et

al., 2001).
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The areas of brain discussed here - the striatum, hippocampus and cortex, are all from the

forebrain. The data for the hindbrain structure- the cerebellum, show markedly different

expression levels of NRC associated proteins. This is not surprising due to the fact that

the climbing, purkinje and mossy fibres of the cerebellum do not express the NR2

subunits of the NMDA receptors in adult animals (Akazawa et al., 1994). Concurrent

with this, there are low levels of expression of MAGUK proteins in the cerebellum.

Indeed, the importance of MAGUKS in the cerebellum is uncertain, as Chapsyn 110

knock out mice displayed no alterations in development or synaptic function (McGee et

al., 2001). The majority of the signalling proteins analysed in the results section are also

expressed at lower levels in the cerebellum when compared to the forebrain regions. As

functional NMDA receptors are not expressed in the purkinje or parallel fibres of the

cerebellum, the concurrent lower levels of expression ofNRC associated proteins seen in

this experiment could be attributed to this.

Expression levels of NRC associated proteins in the PSD-95 mutant mouse

In this experimental model, where a truncated, non-functional form of PSD-95 is

translated, preliminary findings suggest a slight decrease in the expression of NR1

subunits and a more dramatic down regulation of NR2B sub-units. NR2A levels appear

unchanged. Combined with the apparent up regulation of SAP102, it suggests that

specific compensatory mechanisms are occurring. The decrease in expression level could

suggest that NR2B is the major binding partner for PSD-95, with NR2A preferentially

binding SAP 102. However, one study has reported that the developmental switch
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between expression levels of PSD-95 and SAP 102, is reflected by the respecting

affinities forNR2A and B. That is, that PSD-95 immuno-precipitates more abundantly

with the NR2A antibody, and SAP 102 more so with the NR2B antibody (Sans et al.,

2000).Although the decrease is seen in the NR2B subunit of the NMDA receptor in the

PSD-95 mutant mouse, it may be that the preferential binding seen in the developmental

study represents some form of competition between the two MAGUK proteins that is

absent with the loss of PSD-95.

It should also be noted that SAP 102 has the ability to bind NR2 subunits through all 3 of

its PDZ domains, whereas PSD-95 only appears to bind through two (Muller et ah, 1996).

This indicates that the interaction of SAP 102 could be of a higher affinity than that of

PSD-95. However, binding to the PDZ domains can be conferred by expressing the

sequence tSXV, (e.g. NMDA receptor subunits), and through similar PDZ motifs, e.g. as

found on nNOS (Christopherson et al., 1999). Thus, NMDA receptors can be clustered at

the membrane along with downstream signalling proteins. Moreover, PDZ containing

proteins can complex with each other, bringing multiple subunits and signalling proteins

together to form a complex of several ion channel subunits and signalling pathways.

These multiple interactions would have to be considered when investigating binding

affinities.

The down regulation of protein phosphatases 1 and 5 in the PSD-95 mutant model is

extremely interesting. The role of these phosphatases in regulating intracellular signalling

is well documented (Allen et al., 2000). NMDA receptor stimulation induces a series of

phosphorylation events that are in the main part directed through PKA and CaMKII

160



(Westphal et al., 1999) (Lledo et al., 1995). These kinases are themselves stimulated as a

result of NMDA receptor channel opening. Hippocampal and corticostriatal studies have

revealed that the influx of calcium stimulates CaMKII, with cAMP stimulation activating

PKA (Blitzer et al., 1998; Greengard et al., 1999). Phosphatases are themselves activated

through calcium increases (PP2A, B). PP1, a serine threonine phosphatase that is highly

enriched in dendritic spines, is regulated by Inhibitor-1 (1-1), which can be

phosphorylated by calcium dependent activation of PKA. Phosphorylated 1-1 inhibits PP1

activity, which in turn removes that phosphatase brake on calcium dependent kinase

activity (Allen et al., 2000). During high levels of synaptic activity and NMDA receptor

activation, high levels of calcium enter the cell and are released from intracellular stores

and therefore, the resultant inhibition of PP1 facilitates further kinase activity and, it is

proposed, facilitates the induction of LTP (Lisman, 1989). However, 1-1 was not found to

be associated with the NMDA receptor complex, nor was DARPP-32 (unpublished

observations). The substantial amount of data published on these regulatory proteins and

their associations with phosphatases would suggest that they have an important role in

these signalling cascades. It could be that another protein regulates phosphatase

signalling in this model or that the isolation technique was such that steric hindrance

prevented co-isolation.

The PSD-95 binding protein Yotiao is thought to localise PKA and PP1 to the post¬

synaptic density and regulators such as spinophilin could act on phosphatases here

(Westphal et al., 1999). In the PSD-95 model, whole extract analysis suggests that Yotiao

levels do not change. Yotiao is a member of the AKAP family of proteins, another of

which is AKAP 150 that does appear to be down regulated in the PSD-95 model. Possible
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interactions of AKAP 150 with NR subunits and phosphatases may also prove to be a

mechanism for phosphatase regulation of NMDA receptor signalling.

Preliminary results obtained through this study reveal that with the exception of the

cerebellum, there is no great anatomical discretion in the expression of the kinases and

phosphatases known to associate with the NMDA receptor complex. However, there is a

consistent down regulation of expression of these kinases and phosphatases as a result of

the PSD-95 mutation. With particular regard to the phosphatase down regulation,

unpublished observations (figure 4.9, Tom O'Dell, personal communication) indicate that

in the presence of calcium, phosphatase inhibition is required for the induction of LTP in

wild-type mice, but not those with the PSD-95 mutation. This could indicate that if the

phosphatases are down regulated in the mutant model, kinase activity is not inhibited and

LTP is readily induced. The observation that basal levels of CAMKII are unchanged but

that it is more highly phosphorylated also lends to the theory that these cells do not have

sufficient kinase regulation.

However, the three isoforms of PKC- (P,y,s) that are known to associate with the NMDA

receptor complex are down regulated in the PSD-95 mutant. PKC (3 and y are both

calcium dependent kinases that also have a reported role in NMDA receptor signalling

and LTP. The influence of PKC has been reported to be both pre and post synaptic and

important in both LTP and LTD (Tingley et al., 1997; Westphal et al., 1999). The down

regulation of PKC observed in the mutant model would appear to contradict the theory of

enhanced kinase activity. However, the studies concerned with phosphatase 'gating' of

LTP focus primarily on the activity of CAMKII and indeed, the generation of an 1-1

mutant mouse (Allen et al., 2000) revealed that LTP, and indeed, memory and learning
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Figure 4.9 Protein phosphatase inhibition is required for LTP induction by a
brief increase in external calcium concentration in wild-type but not PSD-95

mutant mice

Wild-Type - High Ca2+ ACSF PSD95 - High Ca2+ ACSF

350 n 10 mM Ca2+

-20 0 20 40

Time (min.) Time (min.)

Hippocampal LTP induction by application of extracellular calcium requires inhibition of
protein phosphatases 1 and 2A in wild-type, but nut PSD-95 mutant mice. LTP measured

by the increase in the field potentials recorded from CA1 pyramidal neurones.

(Data from Tom O'Dell, personal communication)
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was not affected at all synapses. Synapses of the Schaffer collateral- CA1 region of the

hippocampus displayed normal LTP, whereas perforant path- dentate gyrus synapses

displayed deficient LTP. This group, suggest that there is anatomical definition in the

proteins involved in plasticity throughout the hippocampus. In this experiment, it could

be that it is the phosphatase pathway that is the major player in LTP in the PSD-95

mutant mouse. The decrease in PKC and phosphatase expression levels in the PSD-95

mutant mouse could arise as a result of the disruption of the complex in that in the

absence of PSD-95, appropriate signalling molecules are not being recruited.

Alternatively, by, for instance SAP 102 being up regulated, preference for specific groups

of proteins conferred by this protein display higher levels of activity.

NR subunits themselves can be directly phosphorylated by both PKC and PKA (Tingley

et al., 1997). Alteration in expression levels of these subunits could affect, or indeed be

the result of, alterations in kinase expression. For example, both NR1 and NR2B are

down regulated, with NR2B to a much greater extent. Levels of PKC follow this trend,

and it could be that PKC expression is directly related to levels of NR1 expression. The

phosphorylation states of the NR1 subunits were decreased at serine 896 in the PSD-95

mutant, although the antibody displayed poor specificity.

It should also be noted that levels of PKA seem unchanged. This in itself is surprising

considering that other kinases as well as the phosphatases regulated by PKA are altered

so dramatically. The regulatory subunits that hold PKA in its inactive form are also

unchanged.
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Conclusion

The protein changes seen in this investigation, provide an excellent example of the

complexity and diversity of cellular signalling molecules and their interactions. Major

pathways downstream of PSD-95 appear to be altered by the mutation, with individual

proteins being up or down regulated in the mutant model.

Moreover, disruption of the NMDA receptor complex may have long lasting implications

on the whole cell and network that, through development, may lead to compensatory

mechanisms that are not localised at the post-synaptic density.
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Chapter Five: NRC associated proteins in the PSD-95 mutant

mouse model of ischaemia

Introduction

Neurodegeneration induced by excitotoxic cell death is thought to be an important factor

in acute brain injuries such as ischaemia and acute brain trauma (Choi, 1988). The

striatum and hippocampus have been shown to be particularly sensitive to the type of

insult in-vitro, and the progression of diseases such as Huntington's disease is thought to

involve alterations in excitatory transmission in the corticostriatal system(Albin et al.,

1989; Haddad and Jiang, 1993; Calabresi et al., 1998)

The mechanisms of excitotoxicity, triggered by excess glutamate, are considered

important targets in the early treatment of these types of brain injuries. Although the

exact molecular mechanisms that lead to excitotoxic cell death are unclear, a picture is

emerging whereby the excessive activation of NMDA receptors, coupled with the

subsequent increase in intracellular calcium levels trigger calcium dependent

mechanisms within the postsynaptic cell that lead to cell death (Choi and Rothman,

1990). Several proteins known to be stimulated and regulated by physiologically

relevant NMDA receptor activation, and moreover to be part of the NRC, have been

shown to display altered phosphorylation states in animal models of both focal and

global ischaemia.
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Specifically, transient ischaemia is associated with the increased tyrosine

phosphorylation of the NR2A and NR2B subunits of the NMDA receptor after

reperfusion (whereby surgical cerebral occlusion is reversed, allowing the blood to

recirculate after the experimental period) (Takagi et ah, 1997; Pei et ah, 2000a; Liu et

ah, 2001). Moreover, the activity of the tyrosine kinase src, also present within the NRC,

has been shown to be increased in an NMDA receptor dependent fashion after focal

cerebral ischaemia and reperfusion (Takagi et ah, 1999; Pei et ah, 2000b).

Indirect inhibition of the NMDAR cascade using peptides which disrupt the interactions

of NMDAR with PSD-95 have been demonstrated to be neuroprotective both in vivo and

in vitro (Aarts et ah, 2002).

Another member of the NRC, the synaptic RasGAP SynGAP also displays increased

tyrosine phosphorylation after transient ischaemia(Pei et ah, 2001).

There is also evidence to indicate that activation of the MEK/ERK pathway contributes

to ischaemic neuronal injury and that inhibition of this pathway affords neuroprotection

(Alessandrini et ah, 1999; Namura et ah, 2001)

Therefore, it would suggest that NMDA receptor activation at excitotoxic levels could

stimulate signalling cascades involving members of the NRC, and that via the tyrosine

dependent phosphorylation of proteins, activates the MAPK cascade which could then
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trigger cell death through the phosphorylation of specific transcription factors at the

nucleus

The aim of this chapter was to determine whether mutation in PSD-95 affected the

MEK/ERK pathway in an acute model of ischaemia.
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Materials and Methods

Global ischaemia model

Young male adult PSD-95 mutant and wild-type mice aged between 12 and 16 weeks

were sham-operated (n=4 wild-type, n=2 PSD-95) or underwent bilateral carotid artery

occlusion for 17min (n=6 wild-type, n=4 PSD-95) and were allowed to recover for 72hr.

The animals were then killed by cervical dislocation and their brains were removed. The

hippocampus and striatum were dissected on ice and frozen in liquid nitrogen

(Experiments performed by Dr. K Horsburgh, University of Glasgow). Tissue samples

were weighed and protein was extracted at 0.4g wet tissue/ 7ml 4%SDS-buffer using

syringe extrusion. Samples were then boiled for 15 minutes and spun at 13000xg for 30

minutes and the supernatant used. The protein content was determined and samples were

adjusted to a protein concentration of 5mg/ml. 50jig protein samples were loaded on

SDS-PAGE and analysed by Western blotting using antibodies against NMDAR, PSD-

95, phospho-MEKl/2, phospho-ERKl/2, MKK7 as described in chapter four.
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Results

Alterations in NMDAR and signalling proteins

The levels of NMDAR and key downstream proteins were analysed in wild-type and

PSD-95 mutant mice that were sham-operated and after ischaemia. Levels of NR1 and

NR2B were increased in wild-type mice. Western blots indicated that an antibody

against PSD-95 detected a 95kDa band in wild-type mice that was absent in PSD-95

mutant mice (figure 5.1). In wild-type mice, NR1 and NR2B levels in the hippocampus

were increased - a slight increase in NR1 levels and a larger increase in NR2B levels-

after ischaemia and this was paralleled by an increase in phosphorylated NR1. The

levels of NR1 and NR2B in the hippocampus were elevated in PSD-95 mice as

compared to wild-type mice by similar amounts. However, in response to ischaemia,

there was a reduction in NR2B in the PSD-95 mice and a marginal decrease of NR1. The

phosphorylation state of NRl-downsream targets were examined using different

antibodies. The levels of phosphorylated MEK1/2 in the hippocampus were increased in

wild-type compared to shams after ischaemia and this contrasted to the levels of

phosphorylated MEK1/2 in PSD-95 mutant mice which were markedly reduced after

ischaemia. There was a slight increase in the level of phosphorylation state of

hippocampal ERK1/2 between shams and ischaemic brains in wild-type mice and this

contrasted with PSD-95 mutant mice in which the level of hippocampal phosphoERKl/2

was reduced after ischaemia as compared to shams. The expression levels of another
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Figure 5.1: Western blot analysis of ischaemic neuronal
damage in the hippocampus and striatum of wild type
(wt) and PSD-95-/- mutant mice in comparison to sham
operated animals.

Analysis of expression levels of proteins known to be involved in

ischaemic neuronal damage.

NMDA receptor subunits, MEK and ERK and MKK7 were analysed.

Note the altered levels of expression of these proteins after ischaemic

insult in both the hippocampus and striatum of these animals.

PSD-95 mutant animals show altered expression levels of these

proteins after ischaemia, compared to wild-type.

Most notable is the decreased phosphorylation of both MEK and ERK

in PSD-95 mutants following cerebral ischaemia.



PSD-95

NR1

phospho-NRl (S890)

NR2B

MEK1

phospho-MEKl/2

ERK1/2

phospho-ERKl/2

MKK7

ischaemia sham

hippocampus striatum hippocampus striatum
wt PSD-/- wt PSD-/- wt PSD-/- wt PSD-/-

i- 08E&3SSK ^■hb:?.■ VV ...

•to ■■ to

«■ .'-*§|PPP§-. -
..

-g'': : ^||S9iiW®8IWP

4k to to*. m ^ . *
"r 1511

to. mm <*** «m» mm m**

*m* to.
: yHm'

•m — ■ 1 flMSMeir
f "

— — ~«M

Figure 5.1: Western blot analysis of ischaemic neuronal damage
in the hippocampus and striatum of wild type (wt) and PSD-95-/-
mutant mice in comparison to sham operated animals.
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potential NMDA-receptor downstream target, MKK7, were also analysed and shown to

be markedly decreased in both wild-type and PSD-95 mutant mice post-ischaemia. The

decrease in the PSD-95 mutant mice was significantly higher than in wild types.
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Discussion

This study indicates that PSD-95 has a critical role in the pathogenesis of transient

cerebral ischaemia. Parallel work on this experiment (K. Horsburgh et al, in press),

reports the extent of neuronal damage was dramatically reduced in PSD-95 mutant mice

and this was paralleled by specific alterations in the NMDAR signalling complex.

This is the first direct in vivo evidence to indicate that PSD-95 is necessary to mediate

the deleterious effects of excessive activation of NMDAR after an ischaemic injury. The

extent of neuroprotection afforded by mutation of PSD-95 was profound with over 60%

of neurons salvaged in the striatum and 80% in the CA1 region of the hippocampus.

Aarts et al demonstrated that peptides that disrupt the interactions of NMDAR with

PSD-95 are protective against focal ischaemia in rats and excitotoxicity in cell cultures

(Aarts et al., 2002). Studies of NMDA receptor signalling in synaptic plasticity and

learning, have shown the signal transduction pathways downstream of the NMDA

receptor are regulated by PSD-95 (Migaud et al., 1998). PSD-95 has also been shown to

be required for efficient coupling of NMDAR to nNOS (Sattler et al., 1999).

Suppression of PSD-95 in cell cultures selectively blocks calcium activated nitric oxide

production and the resultant neurotoxicity.

Considerable interest has been placed on the potential involvement of NMDA receptors

in the neurodegenerative process that follows cerebral ischaemia. In response to

transient cerebral ischaemia, NMDA receptor subtypes have been shown to be
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differentially altered. NR1 appears to be relatively preserved during early recirculation

periods (Sugimoto et al., 1994). However, NMDAR2A72B are markedly reduced in this

early reperfusion phase in rat hippocampus (Zhang et al., 1997). Examination of the

levels of NMDAR at early reperfusion times were not done, but at a time when there

was histological evidence of ischaemic neuronal damage. There was no evidence that

NR1 and NR2 levels were reduced post-ischaemia but instead appeared to be slightly

elevated. In contrast, lack of PSD-95 was associated with a marked down-regulation of

NR1 and NR2 in response to ischaemia. An early excess of calcium influx caused

mainly by excitatory amino acid overload through NMDA receptor-mediated calcium

channels during the ischaemic and early postischaemic periods is associated with the

pathogenesis of delayed neuronal death. Previously it had been indicated that one

function of PSD-95 may be to stabilise NMDA receptors at the synapse. These results

suggest that mutation of PSD-95 may act to destabilise NMDA receptors and underlie

the reduced neuronal damage.

This study supports the effect of PSD-95 on the phosphorylation state of NMDAR such

that mutation of PSD-95 was associated with reduced phosphorylation of NR1.

Changes in the phosphorylation state of NMDAR after cerebral ischaemia may have

critical implications for receptor function. Enhanced phosphorylation of NR1 by protein

kinase C and A have been demonstrated to contribute to alterations in NMDA receptor

function in post-ischaemic brain (Cheung et al., 2001). Alteration in the phosphorylation

state of NR1 has been shown to influence the subcellular localisation of NMDAR

(Ehlers et al., 1995); (Crump et al., 2001). The phosphorylation state of NR2A and B
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have been shown to be altered by increased tyrosine phosphorylation post-ischaemia

(Pei et ah, 2000b; Pei et ah, 2000a; Liu et ah, 2001)

In addition there was evidence that mutation of PSD-95 differentially altered the

response of downstream protein kinases to ischaemic injury. MEK1/2 is a

serine/threonine protein kinase that phosphorylates and activates extracellular signal-

responsive kinase (ERK)l/2. The MEK/ERK pathway has been shown to be activated by

reactive oxygen and nitrogen species (Yun et al. 1998) and in vivo ERK1/2 are

phosphorylated after ischaemia (Shamloo et al. 1999). Our results indicated that the

levels of MEK were differentially altered between PSD-95 and wild-type mice. The

level of phosphorylated MEK was increased in wild-type compared to shams after

ischaemia and this contrasted to the levels of phosphorylated MEK in PSD-95 mutant

mice which were markedly reduced after ischaemia. In this study there was a slight

increase in the level of phosphorylation state of ERK1/2 between shams and ischaemic

brains in wild-type mice. The magnitude of the increased ERK1/2 phosphorylation was

not as great as previously described (Namura et al. 2001) probably as we have missed

the early reperfusion phase (Hu et al. 2000; Namura et al. 2001). In contrast in PSD-95

mutant mice the level of phospho ERK1/2 were reduced after ischaemia. As has

previously been indicated the activation of ERK may participate in the cellular pathways

leading to neuronal damage. Together the results indicate that mutation of PSD-95

affords neuroprotection by an effect on the MEK/ERK pathway. Recently, downstream

MEK/ERK pathways have been investigated as potential targets to reduce the extent of

ischaemic neuronal damage associated with reperfusion injury (Alessandrini et al. 1999;

Namura et al. 2001; Wang et al. 2003). MEK inhibition has been shown to afford
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neuroprotection against transient forebrain ischaemia in gerbil, the mechanism of which

involves reduced phosphorylation of substrates for MEK (Namura et al. 2001). More

recently, MEK 1/2 inhibition was associated with a dramatic reduction, over 50%, in the

volume of tissue damage in a mouse model of transient focal ischaemia mediated via an

anti-apoptotic mechanism (Wang et al. 2003).

176



Conclusion

In conclusion, these results show that deficiency of PSD-95 has selective effects on the

response of the MEK/ERK pathway with a profound decrease in the extent of neuronal

damage in response to transient global ischaemia. The work supports the targeting of

proteins downstream of NMDAR as potential strategies in the treatment of ischaemic

damage.

177



Concluding Remarks

The experiments reported in this thesis represent a multidisciplinary and targeted

approach to the study of the role of PSD-95 in excitatory signalling. Combined

anatomical, electrophysiological and biochemical studies have described the influence of

this protein both in the striatum, and other brain regions.

The data report that PSD-95 influences dendritic spines of the striatum, whereby lack of

expression through gene mutation, results in significant decrease in the density of spines

on the major striatal projection neurones - the medium spiny neurones. Data from

another study in the laboratory describes a localised increase in spine density on the

CA1 pyramidal cells of the hippocampus in PSD-95 mutant mice (Vickers et al., 2002).

Ultrastructural study of dendritic spines in both the striatum and hippocampus would

enable investigation into whether these changes are accompanied by alterations in the

structure and synaptic contact of the spine.

Electrophysiological study revealed that unlike published work in the hippocampus

where LTP is induced at a much lower frequency of stimulation in PSD-95 mutant mice

than in wild-types (Migaud et al., 1998), there was no increase in the incidence of LTP

in the corticostriatal slice preparation in mice lacking functional PSD-95, compared to

wild-type. However, the basic cellular properties of striatal spiny cells observed in

response to cortical stimulation, suggests that there are perhaps alterations in the PSD-95
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mutant mouse that are independent of the NMDA receptor, and are perhaps attributable

to K+ channels or AMPA receptors. Further investigation into the properties of these

channels will prove interesting.

Proteomic analysis of the expression of NRC associated proteins through four main

regions in brain provide data on both the wild-type expression of these proteins, and

their expression levels in the PSD-95 mutant mouse. The expression of NRC associated

proteins in the wild-type brain is mostly consistent between regions in the forebrain.

However, there are small, but potentially significant differences in the expression levels

of several proteins involved in NMDA receptor dependent signalling.

In the PSD-95 mutant mouse, the expression levels of several key signalling proteins are

altered with respect to wild-type, suggesting that disruption of the molecular scaffolding

of excitatory receptors at the synapse can have far significant consequences for protein

expression in the cell.

Targeted analysis of the regulation and activity of these proteins in the PSD-95 mutant

mouse may increase our understanding of the regulation and roles of NMDA receptor

associated protein complexes.

The data reported in the final chapter, alongside parallel work (K. Horsburgh et al, in

press), report that mutation in PSD-95 affords significant neuronal protection in a mouse

model of ischaemia. This neuroprotection is accompanied by different alterations in

NRC associated proteins in wild-type and PSD-95 mutant mice after ischaemia.
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PSD-95 is a synaptic scaffolding protein that, alongside other members of its protein

family) has many effects on the central and peripheral nervous system. However, as yet,

the precise mechanisms of action and regulation of this protein, and the receptors with

which it interacts, are unclear.

It is hoped that the data presented in this thesis has extended the current knowledge of

PSD-95 and its influence on other proteins associated with the NMDA receptor.
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Appendix

i-ii Analysis of western blots of NRC associated proteins from

wild-type and PSD-95 mutant mice.



Analysis of western blots of NRC associated proteins from wild-type and
PSD-95 mutant mice.

Each protein band was given a score from + to +++++, with + representing low band

intensity and +++++ representing high band intensity.

- denotes no detectable band.

Each band analysed was scored relative to the expression levels of the same protein in

different brain regions and not relative to other proteins in the same brain region or

genotype.

Protein classes and molecular weights (Mol. Weight) are given.

Abbreviations:

WT: wild-type

MT: PSD-95 mutant.

P: Phosphorylation site specific

Highlighted areas are as follows:

Increased expression in PSD-95 mutant mice compared to wild-type

Decreased expression in PSD-95 mutant mice compared to wild-type



Western Blot Score Analysis: Wild-Type and PSD-95 Mutant across Brain Regions.

!
Protein Class Protein Mol Weigh Striatum W Striatum Ml Hippocampus W* Hippocampus Ml Cortex W1 Cortex MT Cerebellum WT Cerebellum MT

Glutamate

Receptors

NR1 120 ++ ++ +++ ++ +++ ++ + +

P-NR1 Ser 896 120 ++ + ++ + ++ + ++ +

P-NR1 Ser 897 120 ++ ++ ++ ++ ++ ++ ++ ++

P-NR1 Ser 980 120 + + + + + + +

NR2A 180 +++ +++ till ++++ ++ ++

NR2B 180 +++ + , , , , , ++ +++++ ++

GluR6/7 117

+++

Scoffolders
and Adaptors

PSD-95 95 +++ ++ +++ +

Chapsyn 100 ++ ++ ++ ++ + +

Chapsyn 105 ++ ++ ++ ++ ++ ++ + +

Chapsyn 110 + + ++ ++ ++ ++

Sap 97 97 +++ +++ +++ +++ +++ +++ + +

Sap 102 115 ++ ++++ + ++++ ++ +++ + ++

ZO-1 194 ++ ++ +++ ++ +++ ++ + ?

JKAP (SAPAP 70 ++ + ++ + ++ + ++ +

JKAP (SAPAP 95 + +

JKAP (SAPAP 140 +

Shank 180 + + ++ ++ + ++ + +

Shank 205 ++ ++ +++ ++ ++ +++ + +

Shank 260 ++ ++ ++ ++ + ++ +

Homer 28/45 ++ ++ ++ ++ +++ +++ + +

Yotiao 4580 200 + + + + + + + +

AKAP150 150 + +

NSF 83 +++

PKA
PKA-C 40 +++ +++ +++ +++ +++ +++ + +

PKA-R2B 53

PKC

PKC-beta 80 +++ + +++ -t- +++ + ++ +

PKC-ganinia 80 Mil ++ MM ++ MM +-H- MM ++

PKC-epsilon 90 +++ ++ MM ++ +++ ++ ++

PKC-alpha* 82 +

PKC-delta* 78 ++ ++ ++ ++ ++ ++ ++ ++

PKC -mu* 82 + + + + + + + +

CaM Kinase
CamKll 60 ++ ++ ++ ++ +++ +++ ++ ++

PCamKl 1 60 + ++ + ++ + ++ + ++

PP1 36 -H- + ++ + ++ + ++ +

PP2A 36 ++ +++ ++ +++ ++ +++ ++ +++

PP2B 61

PP5 50 ++ + +++ + +++ + +++ +

PTP1D 72 ++ + +++ ++ +++ + + +

DARPP-32* | 32 III! MM + + + + + +



Western Blot Score Analysis: Wild-Type and PSD-95 Mutant across Brain Regions.

Piutcill CliISS Piolciu Mol .Weigh Striatum WT Suialuin M1 Hippocampus W1 Hippocampus M l Cortex W1 Cortex M I Cerebellum WT Cerebellum MT

Tyrosine
Kinases

Src 60 ++ ++ +++ ++ +++ ++ ++ ++

P70s6k 28 + + ++ + ++ + + +

Pyk2 116 ++ ++ +++ +++ ++ ++

MAP Kinase/

Stress

activated

pathways

pan-ERK 42 + ++ + ++ + ++ + ++

pan-ERK 44 + + + + + + + +

ERK2 42 + ++ + ++ + ++ + ++

phospERKI/2 42/44 + +++ + +++ + +++ ++ ++

MKP2 43 + + + + + + +

l>44 MAPK 44 + + + + + + + +

MKK7 52 ++ + + + ++ + ++ +

d-p38 SAPK 4 42 + + + + + + + ++

PJNK 44/56 ++ + ++ + ++ + ++ +

JNKK1/MKK4 44 ++ + + + ++ + ++ +

Other

Signalling
molecules

Ras 21 ++ + +++ + +++ + ++ +

Rac 1 21 ++ + +++ + +++ + ++ +

SynGAP 150 +++ ++ ++ ++ ++ ++

NF1 250 +++ ++ +++ ++ +++ ++ ++ +

nNos 155 ++ ++ ++ ++ ++ ++ ++ ++

PI3-K 85 ++ + ++ + +++ + ++ +

PLCG 150 +

PLC B 139 tin +++ t t t 1 +++ t t t t +++ ++ +

Cpla2 no + + + + + + + +

Duo 190 ++ + +++ ++ +++ ++ + +

Citron 183 + + + + + +

Arg 3.1 55 ++ ++ + +++ + +

N-Cad 150 ++ ++ ++ ++ ++ ++ ++

Desmoglein 165 +

b- Catenin 92 ++ ++

LI 200 ++ + +++ + ++++ + +

ppl20cas 120 ++ ++ +++ + +++ ++ + +

MAP2B 280 ++++ ++++ ++++ MM ++++ till 1 t 1 t MM

Cell Adhesion Actin 45 +++ + +++ + +++ + +++ +

and

cytoskeletal Spectrin 240/280 + ++ + + + + + +

Proteins

Myosin 205 +++ ++ +++ ++ ++++ +++ ++ +

Tubulin 50

Cortactin 80/85 + + ++ + +++ + +++ ++

CortBPl 180 ++ + +++ ++ +++ ++

Ct»rt BP1 200 ++ +

Clathrin HC 180 ++ + ++ + +++ + ++ +

Dynamin 100 +++ ++ ++++ +++ MM +++ +++ ++

Membrane Stargazin 36 ++ + +++ + ++ + + +

proteins
Integrin 88 ++ +++ 1 ++ +++ 1 ++ -1 ++ +++


