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ABSTRACT

The NMDA receptor plays a key role in a wide range of physiological and

pathological processes. Recent cloning and expression studies have demonstrated
that the receptor is composed of a number of subunits arranged as a hetero-oligomer.
This study concentrated on non-competitive NMDA antagonists which bind within the

ion-channel, in particular the novel compound, FR115427 ((+)-1-methyl-1-phenyl-

1,2,3,4 tetrahydroisoquinoline). Initial experiments used a [3H]dizocilpine binding

assay to compare FR115427 with dizocilpine. FR115427 was subsequently tritiated,
and assays developed to allow further characterisation. The requirements for binding
at the ion-channel site were studied by measuring the affinity of a number of
FR115427 analogues in a [3H]dizocilpine filtration assay. Finally, a study of the

ontogeny of the human NMDA receptor was conducted, using a catalogue of post¬
mortem infant brains, covering the age range of 0-3 years.

Competition studies using a filtration assay for [3H]dizocilpine gave a Ki value for
FR115427 of 43nM. Of particular interest was the finding that the (-)isomer of
FR115427 exhibited 100-fold lower affinity than FR115427 (the (+)isomer), whilst
the stereoisomers of dizocilpine showed only a five fold separation in affinity.

Maximally-stimulating concentrations of L-glutamate and glycine increased the affinity
of dizocilpine for its binding site 6.2 and 3.4 fold respectively. In contrast, the

affinity of FR115427 was not greatly modified by the presence of L-glutamate and/or

glycine, and the affinity of its (-) stereoisomer (FR115426) was unaffected by either.

For a ligand of the affinity of FR115427, rapid dissociation of specific binding might
be anticipated, precluding the use of non-equilibrium separation of bound and free

ligand. Both microcentrifiigation and filtration methods were therefore investigated.

Despite the high KD, kinetic analysis of the filtration assay showed dissociation with a

tl/2 of 13 min, validating the use of a filtration assay to measure [3H]FR115427
binding. Equilibrium saturation analysis of [3H]FR115427 binding in the filtration

assay gave a KD of 45nM and Bmax of 9.1 pmol/mg protein (compared with a Bmax
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for [3H]dizocilpine binding of 8.6pmol/mg protein). The saturation data, together
with the pharmacological profile and mutual competition studies, indicate that

[3H]FR115427 binds to the same site as [3H]dizocilpine. In the microcentrifiigation

assay, both ligands exhibited biphasic saturation curves. The high affinity site had
identical characteristics to the single site identified in the filtration assay. Although
known non-competitive NMDA receptor antagonists displayed micromolar affinity for
the low affinity site, it was found to be insensitive to incubation at 56°C for 30 min.
A large component of the low affinity binding can therefore be attributed to

displaceable, but non-receptor, binding.

Structure activity relationship studies (SAR) on a series of structural analogues of
FR115427 compared affinity in a [3H]dizocilpine filtration assay. Changes to the

parent compound included heterocyclic ring substitution, halogenation, alkylation and

methoxylation. The stereoisomers of some compounds were also available. In a few
cases potency was maintained or slightly improved by substitution, but the majority of

changes made to the parent compound lowered potency. Interestingly, in some cases

where two independently advantageous substitutions were combined in the same

molecule, a dramatic decrease in affinity was seen.

A human developmental study used [3H]dizocilpine binding as a marker for the
NMDA receptor. Binding affinity and density were measured in prefrontal cortex

samples from infants aged 0-3 years. The affinity of [3H]dizocilpine binding did not

vary over the age range studied (KD = 2.38 ± 0. lOnM), and was consistent with the

affinity in adult tissue. In contrast, Bmax increased from 1.3 pmol/mg protein at 0-
10 weeks to around 4.5 pmol/mg protein at 61-75 weeks. The adult Bmax was

approximately 50% of peak infant values, consistent with an age-related decline in
human NMDA receptor density.
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DTNB 5,5'-dithio-bis-2-nitrobenzoic acid
DTT dithiothrietol
D-a-AA D-a-amino adipic acid
FPL 12495 l,2-diphenyl-2-propylamine
FR113373 (±)-l-methyl-l-phenyl-l,2,3,4-tetrahydroisoquinoline
FR115426 (-)-1 -methyl-1 -phenyl-1,2,3,4-tetrahydroisoquinoline
FR115427 (+)-l-methyl-l-phenyl-l,2,3,4-tetrahydroisoquinoline
GABA y-amino butyric acid
GDEE glutamate diethylester
HA966 3-amino-1 -hydroxy-pyrollidone-2
L-687,414 (R)-(+)-cis-(3-methyl-HA-966
L-689,560 (±)-trans-2-carboxy-5,7-dichlorotetrahydroquinoline-4-phenylurea
L-AP4 L-amino-4-phosphonobutanoic acid
L-CSA L-cysteinesulphinic acid
L-HCA L-homocysteic acid
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GENERAL INTRODUCTION
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1.1 Historical perspectives.

Amino acids serve a major role as transmitters in the mammalian central nervous

system (CNS). Inhibitory transmission is mediated by y-aminobutyric acid (GABA)
and glycine, whilst the endogenous ligand for excitatory amino acid (EAA) receptors
is thought to be the acidic amino acid L-glutamate, although a number of other
candidates have been proposed (Watkins, 1989). Other endogenous EAAs include

A-acetylaspartylglutamate (NAAG), which when metabolised releases N-

acetylaspartate and L-glutamate, which may explain its activity (Coyle el al, 1989);

quinolinate, for which no uptake system has been reported; and the sulphur-containing

analogues of L-glutamate and L-aspartate, which have varying affinities for EAA

receptors, and excitatory actions in electrophysiological experiments (Griffiths el al.,

1992). Additionally, L-CSA (L-cysteine sulphinate) and L-HCA (L-homocysteate)
have heterogeneous CNS distribution and synthesis, release and uptake mechanisms,

strongly suggesting that they serve as transmitters (Griffiths et al., 1992).
L-Glutamate is present ubiquitously and at high concentration in the CNS. In

the mammalian CNS, the total concentration of L-glutamate is in the low millimolar

range (Perry et al., 1971). Much of the L-glutamate present in the CNS serves a

metabolic function in energy regulation, protein and nucleotide metabolism, and as a

precursor for GABA. It is difficult to distinguish the transmitter pool of L-glutamate
from the metabolic pool, therefore the proportion of total L-glutamate devoted to

neurotransmission is unknown. The excitatory action of L-glutamate in mammalian
motor cortex (Hayashi, 1954), and spinal cord (Curtis et al., 1959; 1960) was first

reported in the 1950s. L-glutamate has also been found to act as an excitant in the
CNS of amphibians (Curtis et al., 1961), and invertebrates (Patlak et al., 1979;
Constanti and Nistri, 1976; Gerschenfeldt et al., 1974). However, the ion channels
of invertebrate EAA receptors appear to differ from those of vertebrate EAA

receptors (Mayer and Westbrook, 1987).
Evidence that the action of excitatory amino acids was mediated by more than

one receptor arose in the 1970s, when differential sensitivity to EAAs was noted in
the cat spinal cord; dorsal horn interneurons being stimulated preferentially by L-

glutamate and kainate, and ventral horn Renshaw cells responding to L-aspartate and
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NMDA (Duggan et al., 1974; McCulloch et al., 1974). During the subsequent

explosion of interest in EAA neurotransmission, multiple subtypes of EAA receptors

have been identified.

The following sections describe electrophysiology and classification of EAA

receptors (sections 1.2 and 1.3); the modulatory sites of the NMDA receptor (1.4),
and their allosteric interaction (1.5); the molecular biology of the NMDA receptor

(1.6); the physiological and pathological roles ascribed to the NMDA receptor (1.7),
and the therapeutic potential of drugs acting at the NMDA receptor (1.8). A small
section of this thesis considered the ontogenic profile ofNMDA receptors in human
frontal cortex. A discussion of the developmental changes in the NMDA receptor is
included as an introduction to the chapter which deals with that subject.

1.2 EAA receptor classification

Determination of agonist potency at the different EAA receptors was initially

hampered by the "mixed agonist" nature of many excitatory amino acids; many

activate more than one type ofEAA receptor. Tissue uptake, which varies between
the different agonist, further clouded the issue. Evidence that EAA receptor subtypes

existed arose in the 1970s, when it was discovered that D-oc-aminoadipate (D-a-AA)

and D-oc-aminopimelate (DAP) (Evans et al., 1978; 1982), glutamate diethyl ester

(GDEE) (Haldeman et al., 1972a; 1972b), HA966 (Evans et al., 1978) and

Mg2+(Evans et al., 1978) were excitatory amino acid antagonists. EAA receptors

were then classified into three subtypes on the basis of their pharmacological

sensitivity: 1. NMDA-preferring, Mg2+, HA966 and D-a-AA sensitive; 2.

quisqualate-preferring, GDEE sensitive; 3. kainate-preferring, D-a-AA and GDEE
insensitive (Davies and Watkins, 1979; McLennan and Lodge, 1979; Ault et al.,

1980). Because NMDA receptors were the only group which could be distinguished

initially, the other EAA receptors were grouped together under the title "non-NMDA

receptors".
Classification ofEAA receptors was refined by the synthesis and radiolabelling

of potent and selective exogenous ligands for the different subtypes of the EAA
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receptor family (Foster and Fagg, 1984). Progress in this respect was more rapid for
the NMDA receptor, for which selective antagonists existed (D-a-AA and DAP) than
for the non-NMDA receptors. The existence of multiple subtypes of the NMDA

receptor was also suggested by evidence (Perkins and Stone, 1983) that not all
NMDA- sensitive neurons were activated by quinolinate. The mammalian quisqualate

receptor was renamed the AMPA (2-amino-3-(3-hydroxy-5-methylisoxazole-4-

yl)propanoic acid) receptor when the greater selectivity of this structural analogue of

quisqualate for the receptor was established (Krogsgaard-Larsen el al., 1980). More
recent studies (Honore el al, 1988) have suggested that, although AMPA and kainate

receptors have distinct pharmacological profiles and regional distributions, many of
the excitatory responses to kainate may, in fact, be mediated via the AMPA receptor

which has much wider CNS distribution (Mayer and Westbrook, 1987; Monaghan et

al., 1989).

Two further receptor types were discovered in the 1980s: the L-AP4

receptor, sensitive to low concentrations of the glutamate analogue for which it is

named, and apparently presynaptic (Cotman et al., 1986), and the metabotropic

receptor (Sugiyama et al., 1987). A family of metabotropic EAA receptors coupled
to G-proteins has now been identified (Schoepp and Conn, 1993), and recent cloning
and expression studies have shown coupling of the metabotropic receptors to multiple
effector systems. The functional significance of L-AP4 and metabotropic receptors is
unclear. The L-AP4 receptor, on the basis of its possible presynaptic localisation has
been proposed to regulate glutamate release, but its CNS distribution is very

restricted (Collingridge and Lester, 1989; Fagg and Massieu, 1991). Activation of

metabotropic receptors produces a variety of effects including the regulation of

potassium and calcium conductance, and long term changes in the efficacy of

excitatory synaptic transmission (Miller, 1994). Activation ofmetabotropic receptors

has been suggested to potentiate ionotropic EAA receptor responses (Bleakman et

al., 1992; Ben-Ari et al., 1993), an action which could underlie the long term synaptic

changes of LTP, or participate in neurodegeneration. In support of this,

metabotropic receptor changes have been reported both during CNS development and

following an ischaemic insult (Schoepp et al., 1990).
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1.3 Electrophysiology of ionotropic EAA receptors

In general, excitatory synaptic transmission is mediated by the coactivation of three
distinct sub-populations of ionotropic glutamate receptors; NMDA receptors, AMPA

receptors, and kainate receptors. The EPSPs evoked by transmitter action at NMDA

receptors are very different to those of non-NMDA receptors. Non-NMDA

receptors give large amplitude currents with fast activation and decay kinetics, and

generally account for the bulk of the glutamate-evoked EPSP. In the absence of

Mg2+, NMDA receptors give current of low amplitude with slow activation and decay
kinetics (Hestrin et al., 1990; Lester et al., 1990). The presence of Mg2+ in the

bathing medium confers a unique voltage-dependent block on the receptor, such that
at membrane potentials below about -50mV, agonist action at the receptor will elicit

virtually no ion flow through the channel (Mayer et al., 1984; Nowak et al., 1984).

Thus, at resting membrane potential, the excitatory action of L-glutamate is mediated

by non-NMDA receptors, and it is only when the cell is depolarised that activation of
the NMDA receptor results in ion flow through the channel. The application of

antagonists for non-NMDA receptors will therefore virtually abolish excitatory

synaptic transmission, whilst NMDA receptor antagonists will have only limited effect
on glutamate-evoked EPSPs. The long duration of the NMDA-evoked current,

however, allows temporal summation even at low stimulus frequency leading to a

general increase in neuronal excitability (Collingridge et al., 1988). This

phenomenon probably contributes to epileptiform activity, and the participation of
NMDA receptors in long term potentiation (LTP), the phenomenon thought to

underlie learning and memory.
NMDA receptors also differ from non-NMDA receptors in the ion

permeability of their channels. In physiological conditions the main current carriers

through ionotropic EAA receptors are Na+ and K+ (Mayer and Westbrook, 1987;
Ascher et al., 1988). However, in addition to Na+ and K+, NMDA receptors allow
the influx of calcium ions (MacDermott et al., 1986; Mayer et al., 1987). Ca2+ influx
into the presynaptic cell on activation of NMDA receptors is highly localised to the

post synaptic region immediately opposite the activated terminal (Mtiller and Connor,

1991; Regehr and Tank, 1992), and is the probable cause of the physiological and
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pathological effects ofNMDA receptor activation (Ascher and Johnson, 1994). It is
also of great interest that recent molecular biology advances have established that
some heteromeric AMPA receptors exhibit Ca2+ permeability (Sommer et al., 1990)
and a subpopulation of native AMPA receptors with the same property have been
discovered in the hippocampus (lino et al., 1990; McBain and Dingledine, 1993),

1.4 Modulatory sites on the NMDA receptor

The NMDA receptor is a complex receptor with a variety of sites where the action of

endogenous transmitters or modulators, or exogenous compounds can act to alter the

passage of ions through the ion channel. Figure 1.1 shows a schematic diagram of
the receptor and the modulatory sites for the co-transmitters glutamate and glycine,
other modulators zinc and polyamines, and the ion channel sites of blockade by MgH
and PCP. The following sections consider each site individually, and also discuss
other possible modulatory sites.

1.4.1 Glutamate binding site pharmacology

This site has generally been termed the "transmitter" recognition site, although with
current opinion holding that there is an absolute requirement for agonist binding at the

glycine site on the receptor (Kleckner and Dingledine, 1988), this label is not strictly
correct. Curtis and Watkins (1960) demonstrated that excitatory action was

optimally served by short chain amino acids bearing one basic and two acidic groups

(figure 1.2). Peak activity was obtained with the basic (amino) group situated in the

a-position relative to a carboxy group (representing one of the acidic groups), and the
other acidic group situated at the end (co-position) of a short chain. High affinity
NMDA receptor agonists have optimal length for the chain separating the two acidic

groups equal to aspartate (2 atoms) or glutamate (3 atoms). Preference for the co-

acidic group differs between aspartate and glutamate length compounds. In the

aspartate-length series, the order of preference for both isomers is C02H = S02H >
S03H > P03H2. In the glutamate-length series, the order of preference for L-

isomers is C02H > S02H = S03H» P03H2, and for D-isomers is S02H = S03H >

C02H » P03H2 (Olverman etal., 1988). With the notable sole exception of
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Out

In

Figure 1.1 The NMDA receptor

Schematic diagram of the NMDA receptor showing modulatory sites. Glutamate
(glu) and glycine (gly) are co-agonists, and stoichiometry indicates that two binding
sites for each are present. The ion channel allows passage of Na+ K+ and Ca2+ ions,
and is blocked in a voltage-sensitive manner by Mg2+. Non-competitive NMDA
receptor antagonists such as dizocilpine and PCP also bind within the ion channel.
Polyamines (PA) and Zn2t also act as modulators of channel function, and
phosphorylation (P) of the intracellular portion of the receptor is possible. (Adapted
from Bigge, 1993)
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Figure 1.2 Glutamate site agonists and antagonists

Structures of agonists and antagonists for the glutamate site of the NMDA receptor
compound I; a-amino-6,6-dichloro-3-(phosphonomethyl)-2-quinoxalinepropionic
acid.
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NMDA, A-alkylation of simple open-chain agonists decreases affinity, the detriment
to affinity increasing with substituent size (Olverman et al., 1988). Substitution of a

methyl group onto the carbon chain at a position near to the a-carboxyl is highly
detrimental to the affinity of both aspartate and glutamate, but activity is retained with
substitution of a methyl group on the carbon adjacent to the co-carboxyl group.

Other acceptable substitutions at this position on glutamate are hydroxyl, methylene,
fluoro and amino, but not carboxyl (Olverman et al., 1988). In the case of L-

homocysteate, substitution of oxygen or sulphur into the carbon chain retains
moderate activity (Olverman et al., 1988). Cyclic analogues of glutamate and

aspartate have given an indication of steric requirements, and optimal spatial
orientation of the three ionisable groups for agonist activity. Cyclic NMDA agonists
where part or all of the interacidic carbon chain, and in some cases also the a-amine,
are incorporated into the ring have revealed that the folded conformation has greatest

activity. Resolution of CCG (2-(carboxycyclopropyl) glycine) into its eight isomers
showed that the folded conformers had much greater affinity than the extended

conformers, in fact (2S,3R,4S)CCG (figure 1.2), which holds the co-carboxyl in the cis
conformation relative to the amino moiety, is the highest affinity NMDA agonist so

far reported with 20-fold higher affinity than L-glutamate (Kawai et al., 1992).

Increasing the chain length of simple, straight-chain EAAs results in a sharp

change in action (Evans et al., 1979; 1982): D-conformers convert from mixed EAA

receptor agonists to NMDA antagonists, whilst L-conformers convert from

moderate/strong mixed agonists to weak non-NMDA agonists. Initial work with

longer chain analogues of D-glutamate (Evans et al., 1982) led to the development of

compounds with an co-phosphonate moiety, which possess increased affinity for the
NMDA receptor (D-AP5 and D-AP7; figure 1.2). Potent competitive NMDA

antagonists generally have D-conformation, possibly shedding light on the

substantially lower agonist activity of D-glutamate compared with L-glutamate: it

may represent the transition from an agonist conformation to an antagonist
conformation. In some more recently reported series, the L-isomer has higher

affinity, for example, the decahydroisoquinoline derivatives LY274614 and LY233536

(Ornstein and Klimkowski, 1992), and phenylalanine derivatives SDZEAB515 (figure
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1.2) and analogues (Miiller et al., 1992). With the exception of quinoxalines

(analogues of AP6 which have additional high antagonist activity at the glycine site,
e.g., compound I figure 1.2), all potent competitive antagonists are based on AP5 or

AP7. Competitive NMDA receptor antagonists, in contrast to agonists, have an

order ofpreference for the ©-terminal group ofP03H2 > tetrazole > C02H» S03H.

This order of potency appears to hold for cyclic as well as open chain antagonists.
Tolerance of hetero-atom substitution into the carbon backbone is variable; sulphur is
well tolerated in open chain or cyclic compounds, whilst oxygen is detrimental, and

nitrogen although well tolerated as part of a ring structure is detrimental in open chain

compounds. The highest affinity competitive antagonists so far reported are an open

chain analogue of AP5; CGP39653 (Sills et al., 1991), and a substituted quinoxaline;

a-amino-6,7-dichloro-3-(phosphonomethyl)-2-quinoxalinepropanoic acid (Baudry et

al., 1993), both having low nanomolar affinity (figure 1.2). Many of the more

recently reported cyclic NMDA receptor antagonists contain bulky aromatic

substituents, indicating interaction with an additional hydrophobic domain in the

receptor pocket, thereby increasing affinity.

Structure-activity relationship studies for open chain structures (Olverman and

Watkins, 1989) suggested that the a-amino and carboxyl groups of agonists and

antagonists bind to the same sites, but the ©-groups bind to different sites on the

receptor, antagonists binding away from the agonist site, possibly on a different

protein. This could account for the difference between agonists and antagonists ©-

group preference, and is supported by molecular target size analysis (Honore et al.,

1989), which suggests that agonist molecules bind to a smaller protein (120 kDa) than
do antagonists (210 kDa). Several recent studies of high affinity cyclic NMDA

receptor agonists have used computer-aided modelling to predict the optimum
conformation for binding to the agonist site (O'Callaghan et al., 1992; Kyle et al.,

1992; Ortwine et al., 1992; see Jane et al., 1994 for discussion). O'Callaghan and

Kyle both used the potent and selective agonist trans-ACBD (figure 1.2) as a

template, assuming because of its high affinity that the orientation of its functional

groups was close to optimal for binding to the NMDA receptor. Ortwine et al.

attempted to fit all the molecules studied to each other to obtain a consensus
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conformation. Ortwine et al. (1992) proposed that optimal agonist activity was

served by aspartate/trans-ACBD length compounds, and that a lipophilic region in the

receptor pocket existed capable of accommodating uncharged steric bulk (e.g., the

cyclopropyl moiety of CCG compounds). Kyle et al. (1992) found that although L-

glutamate could easily be fitted to the trans-ACBD model, neither NMDA nor

quinolinate could. The existence of an "excitotoxic pocket" was also proposed to

account for the excitotoxic activity of quinolinate and related compounds. Ortwine
et al. (1992) attempted to overlay the three ionisable groups of a number of

conformationally restricted NMDA receptor agonists. In order to superimpose the

three groups it was necessary to consider the a-acidic group, the amine and the

hydroxyl oxygen of the ©-acidic group. The ketonic oxygen of the ©-acidic group

occupied different areas of space in some compounds, leading to the suggestion that it
is the hydroxyl oxygen of the ©-acidic group which interacts with the receptor. Most

of the agonists studied fitted well to the model, although L-glutamate and two other

potent NMDA agonists (AMAA and ibotenate) did not. This was explained by the

suggestion that L-glutamate interacts with a different subsite within the NMDA

receptor, but it seems more likely that the model requires further refinement.

Although these models have provided information on the steric requirements for

binding to the NMDA receptor agonist site, with the separation of the two acidic

groups as 3.5 - 4 angstroms, and their planes inclined at 60° relative to each other,

they assume that all compounds are binding to the same site, whilst considering

affinity data taken from tissue which probably contains several subtypes of NMDA

receptor. Further work will be facilitated by development of a greater number of
more potent agonists, and by the discovery of subtype-specific agonists.

Molecular modelling studies into antagonist conformation have been better
served by the greater number and variety of high affinity antagonists for the NMDA

receptor (Jane et al., 1994). Nonetheless, there is a great deal of disagreement
between the various groups developing pharmacophore models for the competitive

antagonist binding site, possibly because of the different modelling methods used, or
the assumed ionisation states of the molecules. From studies of CGS19755 (figure

1.2) and analogues, both Hutchison et al. (1989) and Ornstein and Klimkowski

11



(1992) suggested that the 4,5(~)gauche conformation was optimal for AP5 analogues,

although Dorville el al. (1992) proposed the 4,5-anti conformation. In the modelling

programmes used by Dorville et al. (1992) and Whitten et al. (1992), the basic

nitrogen, the carboxyl carbon and the phosphonate phosphorus of all the compounds
studied (AP5 and AP7 length) were superimposable. However, Hutchison et al.

(1992) and Ornstein and Klimkowski (1992) found that the three atoms were not

completely superimposable, but that all could adopt conformations with the

phosphonate groups close enough to interact with the same site on the receptor.

Models considering tolerated volumes (Ortwine et al., 1992; Hutchison et al., 1989;

Whitten et al., 1992) indicate that steric bulk is poorly tolerated on the carbon

adjacent to the phosphonate, or on the nitrogen, but that a region of tolerance exists
around the 5-position of the 2,4-substituted piperidine compounds. Another group

(Bigge et al., 1993), as a result of including SDZ EAB515 (figure 1.2) in their model,
has also reported a deep hydrophobic pocket in the receptor.

Experiments with radiolabelled glutamate site ligands also supported the
existence of multiple subtypes of the NMDA receptor: the binding distribution of

competitive antagonists [3H]CPP and [3H]AP5 differs from the distribution of
NMDA- sensitive L-[3H]glutamate binding (Monaghan et al., 1988). Agonists and

competitive antagonists also display regional differences in their ability to inhibit L-

[3H]glutamate (Monaghan et al., 1988), and antagonists (but not agonists) differ in
their ability to displace [3H]agonist and [3H]antagonist binding. Competitive

antagonists generally have lower Ki values measured against [3H]antagonist binding
than against [3H]agonist binding (Greenamyre et al., 1985; Monaghan and Cotman,

1986; Olverman et al., 1988). The two groups were termed "agonist-preferring" and

"antagonist-preferring" receptors, and interconversion between the two states was

proposed to be controlled by action at the glycine recognition site. However, since
both types of binding could still be measured at the extremes of glycine site

occupation (i.e., zero glycine and saturation), separate sub-types ofNMDA receptor

were predicted (Thomson, 1990). Recent molecular biology evidence has supported
such subdivision ofNMDA receptors (Monyer et al., 1992; for discussion see section

1.6).
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1.4.2 Glycine site pharmacology

The presence of a high-affinity, strychnine insensitive glycine binding site was first

reported in 1981 by Kishimoto et al., and further discussed by Bristow (1986). This

binding site was recognised as being associated with the NMDA receptor when
Johnson and Ascher (1987) reported that glycine potentiated responses to L-

glutamate, and it was noted that the distribution of strychnine-insensitive [3H]glycine
binding reported by Kishimoto et al. was nearly identical to the distribution of
NMDA-sensitive L-[3H] glutamate binding (Monaghan and Cotman, 1985). Johnson
and Ascher also showed, by the use of patch-clamp electrophysiology, that glycine
facilitated the NMDA response by increasing the channel open probability, and that
this action was not mediated via a second messenger. As further investigation

proceeded, more evidence suggested that the NMDA and glycine binding sites were

localised on the same macromolecule: many reports suggested interactions between
the ion channel and the glycine and NMDA sites (Reynolds et al., 1987; Ransome and

Stec, 1988); the binding of [3H]dizocilpine to solubilised receptors is facilitated by
NMDA and by glycine (Ambar et al., 1988; McKernan et al., 1988); the NMDA

receptor expressed in Xenopus oocytes following injection of rat brain mRNA is
facilitated by glycine in the same manner as the native receptor (Kleckner and

Dingledine, 1988; Verdoorn and Dingledine, 1988); radiation inactivation analysis
shows that the target sizes for NMDA-sensitive [3H]glutamate (121 kDa), [3H]glycine
(115 kDa) and [3H]TCP (118 kDa) binding are all essentially the same (Honore et al.,
1989.

Shortly after the discovery of the stimulatory action of glycine at the NMDA

receptor, it was found that the weak, selective NMDA antagonists HA966 (3-amino-

l-hydroxy-pyrollidone-2) and kynurenate (figure 1.3), whose sites of action were

previously unknown, blocked the action of glycine. It is now known that, although

they can both reduce glycine stimulation of the NMDA receptor, HA966 is actually a

weak partial agonist with approximately 10% of the efficacy of glycine (Kemp &

Priestley 1991), whilst kynurenate is a competitive antagonist at the glutamate and

glycine sites (Kessler, 1989; Watson, 1988). Chemical manipulation of kynurenate,
which has antagonist potency at all ionotropic EAA receptors, and only low affinity
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Figure 1.3 Glycine site agonists and antagonists

Structures of agonists and antagonists for the strychnine-insensitive glycine site of the
NMDA receptor.
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for the glycine site, produced a series of derivatives with higher affinity and selectivity
for the glycine site (Kemp et al., 1988; McNamara et al., 1990). The discovery of a
dramatic increase in affinity for the glycine site by substitution at the 5- and 7-

positions resulted in the eventual development of 7-chloro-5-iodo kynurenate (figure

1.3), a compound whose potency and selectivity for the glycine site is three orders of

magnitude greater than its parent compound (Leeson et al., 1991). Further

modification, at the 4-oxo group, produced the 4-carboxymethylamino quinolines,

achieving similar potency to the kynurenates. Greater affinity has been achieved by
modification of the heterocyclic ring, to produce two different classes of glycine site

antagonists; the 2-carboxyindoles (Salituro et al, 1991; 1992; Gray et al, 1991), and
the 2-carboxytetrahydroquinolines, (Stevenson et al, 1992; Carling et al, 1993) of
which L689,560 (figure 1.3) is the most potent glycine site agonist yet developed

(Grimwood et al., 1991). The increased potency of L689,560 is probably due to its
interaction with an additional hydrophobic zone of the binding site, not accessed by
the kynurenates (Kemp and Leeson, 1993). Several quinoxaline derivatives (Danysz
et al., 1989a; Hood et al., 1990) and related benzazepines (Kaplita & Ferkany, 1990)
have been found to have micromolar affinity for the glycine site, but these compounds
also exhibit antagonist action at the non-NMDA receptors. Their interest lies in the
fact that unlike other antagonists, and agonists at the glycine site, their structures do
not incorporate the structure of glycine.

Investigation of agonist action at the glycine site suggested strict structural

requirements for maintained affinity (Johnson and Ascher, 1987). The amino and

carboxyl groups are both required, and agonist activity is confined to relatively small
molecules (figure 1.3). Interestingly, for glycine site agonists such as alanine and

serine, the active stereoisomer is the D-isomer, rather than the L-isomer, which is

more usually the biologically active stereoisomer. Further investigation of the partial

agonist HA966 by resolution into its enantiomers has shown that it is the (+)isomer
which is active at the glycine site (Kemp and Leeson, 1993). However, the (-)isomer
is not without activity; it has high potency as a sedative, with an as yet undiscovered
site of action. Modification of (+)HA966 has yielded several partial agonists which
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differ in affinity and efficacy from the parent compound (figure 1.3)(Leeson et al.,

1990).

Absolute requirement for glycine was not originally thought to be a feature of
the receptor. Indeed, the original studies, prompted by the observation that the

magnitude of the NMDA-evoked whole cell current in cultured neurons varied with

perfusion rate, suggested that glycine acted solely as a modulator ofNMDA receptor

function. Residual levels of endogenous glycine remaining in intact or diffuse tissue

preparations prevented the resolution of the question. An absolute requirement for

glycine as co-agonist was established in experiments using Xenopus oocytes injected
with rat poly-A RNA (Kleckner and Dingledine, 1988). In such a preparation, the

complete absence of glycine in the bathing medium can be guaranteed, and it was
shown that in the absence of added glycine, no current would flow through NMDA
channels. The physiological role of glycine, with respect to its action at the NMDA

receptor is unresolved. Measurements of glycine levels in CSF and extracellular fluid
indicate concentrations in excess of lpM, supra-maximal for receptor saturation

(Reynolds, 1990). In vivo iontophoresis of glutamate-site agonists induces powerful

excitatory responses, which are potentiated only slightly, if at all, by the co-

application of glycine (Salt, 1989). Application of glycine to brain slice preparations
also has little or no effect in this respect (Fletcher & Lodge, 1988; Kemp et al., 1988;

Thompson et al., 1989). However, in both cases it must be remembered that the
nature of these techniques entails tissue damage, the result of which could be to

artificially elevate extracellular glycine levels. It is also possible that glycine levels
are elevated by the application of glutamate-site agonists to brain slice preparations,
as demonstrated in hippocampal culture (Shalaby, 1988).

An exception to the generally high CNS glycine concentration is seen in the

mossy fibre input to cerebellar granule cells. At these synapses, the glycine level may
be maintained at sub-maximal concentrations by the action of high affinity glycine
carriers present on the Golgi cell process (D'Angelo et al., 1990). This mechanism of
extracellular glycine regulation need not be unique to the cerebellum; recent cloning

experiments have identified a neuron-specific glycine transporter (Smith et al., 1992),
whose expression is greatest in the regions bearing a high density of NMDA
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receptors, such as cortex and hippocampus. Since these areas have very low density
of the inhibitory glycine receptor, it may be that the role of the neuronal glycine

transporter is to regulate local NMDA receptor activity via control of extracellular

glycine levels. Despite the acknowledged absolute requirement for glycine, its action
at the NMDA receptor is still seen in the light of modulator, rather than co-

transmitter, since the extracellular levels of glycine are, if not saturating, then at least
sufficient to enable activation ofNMDA receptors by the release of glutamate, whilst
the reverse is not the case.

As with the other sites on the NMDA receptor, the glycine site has been

subject to great interest, and potent and selective agonists and antagonists for this site
have been developed (figure 1.3), and a pharmacophore model proposed (Kemp and

Leeson, 1993). A possible therapeutic advantage of glycine-site antagonists over

other types ofNMDA receptor antagonists is the wider separation of effective dose
and the dose at which side effects occur (Kemp and Leeson, 1993).

1.4.3 Ion Channel

The single most striking feature of the NMDA receptor is its voltage dependency

(Ascher and Nowak, 1988). Single channel recordings show that Mg2+ produces a

flickering block ofNMDA receptors similar to the fast open channel block of nicotinic

acetylcholine receptors by local anaesthetics (Neher and Steinbach, 1978). Mg2+ was

among the first NMDA-receptor antagonists to be discovered: Watkins and co¬

workers demonstrated that Mg2+ was a selective depressant of NMDA-induced

depolarisations over quisqualate- or kainate-induced activity (Evans et al., 1978).
The electrical potential of the Mg2+ binding site changes with cell depolarisation,

leading to changes in the association and dissociation rates for Mg2+, such that as the
cell becomes more depolarised (above -50 to -30mV), the affinity of Mg2+ for its

binding site decreases thereby relieving the blockade and allowing the passage of ions

through the channel (Ascher and Nowak, 1988). This unique property allows the

receptors to act as a classical Hebbian switch, acting under the influence of two

separate factors. In this case, one factor is presynaptic and the other postsynaptic.
Other divalent cations also shown to block the NMDA receptor in a voltage-
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dependent manner are cobalt, manganese and nickel (Ascher and Nowak, 1988;

Mayer et al., 1989). Other divalent cations (zinc, cadmium, mercury and lead) also
inhibit NMDA receptor activity, but act at a separate, voltage-insensitive site

(Reynolds and Miller, 1988a; 1988b; McKernan et al., 1989; Uteshev et al., 1993),

although at higher concentrations, all of the ions appear to act at both sites (Reynolds
and Miller, 1988; Legendre and Westbrook, 1990; Christine and Choi, 1990).

Receptor blockade occurs at Mg2+ concentrations well below those normally present

in the CNS (Lambert and Andreasen, 1992), therefore at the resting membrane

potential low-frequency synaptic activity will elicit very little response from the
NMDA receptor. Only during prolonged periods of activation, or with high

frequency stimuli will a significant NMDA receptor response be seen, as the
membrane depolarises and the voltage-dependent blockade by Mg2+ is relieved.

The discovery that the dissociative anaesthetics phencyclidine (PCP) and
ketamine (figure 1.4) also block NMDA-induced neuronal activity was made in 1983

by Lodge and colleagues (Anis et al., 1983). Along with the sigma opiate TV-allyl
normetazocine (NANM; figure 1.4), these compounds had been subjects of great
interest because of their psychotomimetic activity in humans (Domino and Luby,

1981) and their stimulatory effects on laboratory animals (Martin et al., 1976; 1979).
Initial experiments had suggested that the activity ofPCP was mediated via binding to

the o-opiate receptor, since NANM, cyclazocine and other a-opiate ligands were

found to displace [3H]PCP binding in a stereospecific manner (Vincent et al., 1979;
Zukin and Zukin, 1979). Subsequent studies have shown that the designation "opiate

receptor" for the a site is inappropriate (Vaupel, 1983), and that site is now simply
termed the sigma receptor. More recently, studies using radiolabeled TCP, a high

affinity analogue ofPCP have shown that the high affinity PCP site and the a-site are

pharmacologically and anatomically distinct (Largent et al., 1986), although some

ligands will bind to both sites (e.g., PCP and NANM). At about the same time,

dizocilpine (MK801), an orally-active anticonvulsant (Clineschmidt et al., 1982), with
a previously unknown site of action was discovered to block NMDA-induced

responses in the cortical wedge in a non-competitive manner (Kemp et al., 1986).

Binding studies with [3H]dizocilpine showed that PCP site ligands displaced binding
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Figure 1.4 Non-competitive NMDA receptor antagonists

Structures of non-competitive NMDA receptor antagonists which bind within the
NMDA receptor ion channel.
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with similar affinity to that shown for the PCP site (Wong et al., 1986; Foster et al.,

1987).

Diverse methods have been used to demonstrate that PCP acts directly on the
NMDA receptor itself. Autoradiographic comparisons have demonstrated almost

perfect co-localisation of ligand binding to NMDA and PCP sites in rat brain (Bowery
et al., 1988; Monaghan et al., 1988), and similar distributions of glycine and PCP

binding (Jansen et al., 1989), although some discrepancy was found; in the cerebellum
NMDA-sensitive [3H]glutamate binding was found in areas very low in [3H]TCP
binding (Maragos et al., 1988; Jarvis et al., 1987). Receptor solubilisation studies

suggest NMDA, glycine and PCP sites are tightly coupled, as the binding of [3H]TCP
and [3H]dizocilpine to a solubilised protein is enhanced by NMDA agonists, glycine
and divalent cations (Ambar et al., 1988; McKernan et al., 1989). This is reinforced

by expression studies in oocytes which always show the co-localisation of PCP and
NMDA sites (Kleckner and Dingledine, 1988; Verdoorn and Dingledine, 1988).
Molecular cloning and expression studies (Moriyoshi et al., 1991, Monyer el al.,

1992) have now also demonstrated the close association of these sites on the same

macromolecule.

Evidence to position the PCP receptor within the NMDA receptor ion channel
was provided by Reynolds et al. (1987), who showed that channel activation by

glutamate and glycine apparently increased the affinity of [3H]dizocilpine and

[3H]TCP binding. Experiments examining the kinetics ofPCP ligand binding showed
that in the absence of NMDA site agonists, association of [3H]dizocilpine and

[3H]TCP was very slow, and equilibrium binding was not reached for many hours

(Reynolds and Miller, 1988c; Bonhaus and McNamara, 1988). In the presence of

glutamate, or glutamate plus glycine, the association rate was increased dramatically.

Modelling of binding to the PCP site, based on a description of binding to transiently
accessible sites (Starmer et al., 1987), suggests that glutamate and glycine site ligands
alter only the kinetics of binding, and not affinity for the site (Bonhaus and

McNamara, 1988). Such a model would predict that antagonist action at the

glutamate and glycine sites would slow association and dissociation rates of binding
within the channel, which is indeed the case (Reynolds and Miller, 1988c; Bonhaus
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and McNamara, 1988). A variety of electrophysiological studies have demonstrated
that the actions of PCP-like NMDA receptor antagonists are both use- and voltage-

dependent. The degree to which use dependence is manifest seems to vary widely
between the various drugs acting at the PCP site, and is most profound with

dizocilpine (Wong et al., 1986; Huettner and Bean, 1988; McDonald et al., 1987).
The action of some PCP site drugs is also voltage-dependent, in the same way as

Mg2+ (Honey et al., 1985). This was clearly demonstrated for ketamine by
McDonald and co-workers (McDonald et al., 1987), but is much less apparent with

dizocilpine, although the reversal of the action of dizocilpine on the activated channel
can be accelerated by membrane depolarisation (Halliwell et al., 1989; Mayer et al.,

1989b).
It appears that voltage- and use-dependence may be independent properties;

ketamine is voltage dependent (Honey et al., 1985), but shows little use-dependence

(Davies et al., 1988). In contrast, dizocilpine is strongly use-dependent (Davies et

al., 1988) but onset of blockade does not appear voltage dependent (Huettner and

Bean, 1988), although the rate of recovery is altered by membrane depolarisation.
The relative importance of the two properties is difficult to assess, but is significant
since they will functionally antagonize each other: binding of a ligand at the channel
site may be increased by receptor activation, but at the same time receptor activation
will alter the electrical state of the membrane, decreasing the inhibition produced by a

given concentration of voltage-dependent blocker.

Dizocilpine remains the compound with the highest affinity for the NMDA

receptor channel site. Dizocilpine and the PCP derivative TCP are extensively used
as radioligands to study the effects of drugs acting at all of the modulatory sites of the

receptor (Bonhaus et al., 1987; Reynolds et al., 1987). The sensitivity of the binding
of these open channel blockers to receptor activation and conformational change has
allowed the detection and characterisation of other modulatory sites on the NMDA

receptor channel complex for compounds such as glycine (Reynolds et al., 1987;
Ransome and Stec, 1988), divalent cations (Reynolds and Miller, 1988), and

polyamines (Ransome and Stec, 1988; Romano et al. 1991; Nussenzveig et al., 1991;

Subramaniam and McGonigle 1993).
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1.4.4 Zinc Site

Unlike the blockade ofNMDA receptors by Mg2+, the inhibition ofNMDA receptors

by Zn2+ is voltage independent, suggesting binding at a site outwith the influence of
the membrane electrical field (Mayer et al., 1989). Cd2+ and Hg2+ also bind to this

site, though with markedly lower potency (Reynolds and Miller 1988). At higher

concentrations, Zn2+ can also produce a Mg2+-like flickering block, and Mg2+, at

higher concentrations than are required for channel block, appears to interact with the
zinc site (Reynolds and Miller, 1988). The antagonist action of Zn2+ is mediated via
reduction of mean channel open time and frequency of opening (Legendre and

Westbrook, 1990), which reduces channel ligand binding by a lowering of association
and dissociation rates (Reynolds and Miller, 1988a; 1988b). Zn2+ does not affect
NMDA-sensitive glutamate binding, but does inhibit glycine binding (Yeh el al.,

1990), which has led to suggestions that Zn2+ may oppose the tonic excitatory
influence exerted by glycine (Yeh et al., 1990). Co-release ofZn2+ with glutamate, as

may occur in the mossy fibres of the hippocampus (Aniksztejn et al., 1987), may be a

mechanism of damping down the NMDA receptor component of synaptic
transmission. The physiological role of zinc remains unclear, but it has been shown
to have several of the properties held to be requirements for neurotransmitters: Zn2+
distribution in the CNS is heterogeneous (Crawford and Connor, 1972), it has a

saturable uptake system (Ascher et al 1988; Perez and Danscher, 1985), and Zn2+
release from nerve terminals can be evoked (Howell et al., 1984). Lead ions have
also been suggested to block NMDA receptors in a concentration-dependent, voltage-
and use-independent manner consistent with activity at the Zn2+ binding site (Uteshev
et al., 1993). Pb2+ will also produce an irreversible decrease in NMDA-stimulated

current, if present during repeated stimulation (Uteshev et al., 1993). The

developing CNS is especially susceptible to lead poisoning leading to learning deficits

(McMichael et al., 1988), and micromolar concentrations of lead have been shown to

decrease LTP both in vivo and in vitro (Uteshev et al., 1993).
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1.4.5 Polyamine Site

The polyamines spermine and spermidine are found throughout the CNS, particularly
in the synaptosomal fraction, in concentrations of 20-100 pg/g wet weight (Thomson,

1990). Studies by Ransom and Stec in 1988 showed that the polyamines spermine
and spermidine (figure 1.5) enhanced [3H]dizocilpine binding via activity at a site
other than the glutamate or glycine sites. Both spermine and spermidine showed
allosteric modulation of glutamate and glycine stimulation of [3H]dizocilpine binding,
and reciprocal modulation of the polyamine effects was seen with glutamate and

glycine. Neither polyamine showed any activity in the absence of agonists for the

glutamate and glycine sites. Opinion varies as to the ability of polyamines to affect

binding to the glutamate or glycine binding sites; Ransome and Deschenes (1990)

suggested that spermine and spermidine both enhanced [3H]glycine binding to the
NMDA receptor, but other groups have reported enhancement of [3H]glycine binding
with only spermine. Ifenprodil and the related compound SL82.0715 (figure 1.5)
have also been proposed to act via the polyamine site (Carter et al., 1989), although
their antagonism of the potentiation of [3H]dizocilpine binding by spermidine may

more easily be explained by non-competitive antagonism, since Schild analysis of the
shift in the dose-response curves does not support competitive antagonism (Bakker et

al., 1990). However, polyamine inhibition of [3H]ifenprodil binding does have a

profile compatible with competitive interaction. Ifenprodil and SL82.0715 antagonise
NMDA-induced responses in a non-competitive manner, with moderate potency (low

micromolar). They also inhibit [3H]CPP binding and [3H]TCP binding non-

competitively, by reducing the number of binding sites, but reduce [3H]dizocilpine
binding by changing dissociation kinetics, giving a Hill slope for the IC50 curve of

only 0.3, and show a biphasic displacement curve. The low affinity component has
been suggested to represent action of ifenprodil at the Zn2+ site. SL82.0715 also

displayed a biphasic displacement curve for [3H]dizocilpine binding, but the affinity
for the two sites was reversed. Neither ifenprodil nor SL82.0715 display PCP-like
effects in drug discrimination trials, suggesting that their antagonism is based on

blockage of a positive modulatory site, rather than the channel. The lack of non-

psychotomimetic effects makes ifenprodil an attractive tool in the search for clinically
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Structures of agonists and antagonists for the polyamine site of the NMDA receptor.
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useful NMDA receptor antagonists.

1.4.6 Other Modulatory Sites

a) P-Amyloid/Substance P

Calligaro et al. (1993) have recently described a series of experiments which suggest

that a P-amyloid peptide fragment (PAP 25-35) and substance P may interact at a

novel site on the NMDA receptor to increase activity. Both peptides cause an

increase in [3H]dizocilpine binding measured in sub-maximal concentrations of

glutamate and glycine, but have no effect in the presence of maximal glutamate or

glycine. The actions seem not to be mediated via the glutamate, glycine or polyamine

sites, nor were they due to an interaction between NMDA and substance P receptors.

Fragments of P-amyloid have previously been shown to increase the vulnerability of
cortical neuronal cultures to glutamate neurotoxicity (Koh et al., 1990; Mattson et

al., 1992). These findings may provide a partial explanation for the selective
neuronal loss seen in some neurodegenerative diseases.

b) Fatty Acid site

The amino acid sequences of the NMDA receptor subunits have recently been
determined (Moriyoshi et al., 1991). Since activity of the NMDA receptor can be
modulated by arachidonic acid (Miller et al., 1992), a comparison was made (Petrou
et al., 1993) between known fatty acid binding protein sequences (Jones et al., 1988)
and the NR1 sequence (Moriyoshi et al., 1991). Petrou has suggested that the

portion of the subunit lying between residues 263-393, which has a significant degree
of similarity with members of the intracellular fatty acid binding protein family, could

represent a fatty acid binding domain on the NMDA receptor. The residues are

situated close to the N-terminal region of NR1, in a region proposed to be
extracellular. This domain carries the residues thought essential for fatty acid

binding. The residues most likely to be found in the turns between individual strands
and helices of fatty acid binding proteins are also present, in the correct positions to

form the secondary structure of the fatty acid binding site.
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Recent reports have suggested that coactivation of AMPA and metabotropic

receptors can induce arachidonic acid production (Dumuis et al,. 1990), and that

metabotropic receptor changes occur following an ischaemic insult (Schoepp et al.,

1990). Therefore, if fatty acids do have a direct action on the NMDA receptor, yet

another, as yet unexplored facet of glutamate neurotoxicity may exist.

c) Redox modulatory site

A redox modulatory site on the NMDA receptor was proposed by Aizenmann and co¬

workers (Aizenmann et al., 1989). Since then, evidence has accumulated that

reducing agents such as DTT (dithiothreitol), which act on sulphydryl groups,

markedly potentiate NMDA-induced responses (Tolliver and Pellmar, 1987;

Aizenmann et al., 1989; Reynolds et al., 1990), and affect the degree of neurotoxicity

produced by over-stimulation of the NMDA receptor (Sucher et al., 1990; Levy et

al., 1990). The magnitude of the DTT potentiation ofNMDA responses was also
shown to differ between brain areas, suggesting that the redox state of NMDA

receptors is not uniform (Woodward and Blair, 1991). Treatment with the

sulphydryl oxidiser DTNB (5,5'-dithio-bis-2-nitrobenzoic acid), though producing a

marked reduction in NMDA response, did not completely eliminate activity

(Woodward and Blair, 1991) suggesting that reduction of disulphide bonds is not

essential for receptor activity. DTT has also been shown to increase the basal level
of [3H]dizocilpine binding, without altering the effects of other NMDA receptor

modulators on [3H]dizocilpine binding (Reynolds et al., 1990).
For the site to have physiological relevance or pharmacological use,

endogenous modulators and/or non-toxic redox agents are essential. Ascorbate has
been proposed as an endogenous inhibitor of NMDA activity via an action at the
redox site (Majewska et al., 1990), and the oxidised state of glutathione was shown
to reduce NMDA-induced responses in cultured neurons (Sucher and Lipton 1991).
Glutathione is present at low millimolar concentrations in the CNS (Kosower and

Kosower, 1978; Slivka et al., 1987). The majority of glutathione is intracellular and
in the reduced form, but following extended periods of oxidative stress, conversion to

the oxidised form and transport out of the cell occurs (Boobis et al., 1989). In such
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situations, it is therefore possible that endogenous oxidised glutathione acts to down-

regulate NMDA receptor activity. The potential therapeutic use of glutathione has
also been raised; it prevents NMDA-induced neurotoxicity in vitro (Levy et al.,

1991), and unlike many other NMDA receptor modulators, congeners of glutathione

readily penetrate the blood brain barrier (Anderson et al., 1989). More recently, the

conflicting findings that nitric oxide (NO) can be both neuroprotective and neurotoxic

(Lei et al., 1992; Dawson et al., 1991, 1992; Moncada et al., 1992) have been

explained by a theory which takes into account the relative redox state ofNO (Lipton
et al., 1992; 1993). The nitrosonium ion (NO+) is suggested to act at the redox

modulatory site to down-regulate NMDA receptor activation, thus acting as a

neuroprotectant. The neurotoxic effects of nitric oxide (NO") are at least partly

mediated via reaction with superoxide anion (O*2") to form peroxynitrite (ONOO"),

and not by NO* alone. The unusual property of nitric oxide to act in opposite
directions depending on its redox state may present an opportunity to utilise its

neuroprotective effects, whilst avoiding its neurotoxic effects.

d) Receptor phosphorylation

Initially, functional studies (McDonald et al., 1989) showed that the rundown of
NMDA responses in internally dialyzed neurons was prevented by the inclusion of an
ATP generating system, suggesting that the phosphorylated form of the receptor

produces larger responses than the dephosphorylated form. Although this led to a

comparison with voltage-sensitive Ca2+ channels, which require to be phosphorylated
for activity (Reynolds, 1990), it would be surprising ifNMDA receptor activation was

not modified by phosphorylation, since this has been observed for almost all
neurotransmitter types. NMDA-evoked currents in native (Chen and Huang, 1992)
and recombinant (Tingley et al., 1993) channels have been shown to be modulated by

protein kinase C (PKC). In addition, Tingley and co-workers have shown that most
of the PKC phosphorylation sites are located at the C-terminal end of the NR1

subunit, suggesting that it is intracellular. Phosphorylation of the NMDA receptor

has mainly been reported to potentiate NMDA-induced responses (Kutsuwada et al.,

1992; Chen and Huang, 1992; Kelso et al., 1991; Durand et al., 1992; Urshihara et
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al., 1992), although inhibition of responses has also been reported (Markram and

Segal, 1992). The difference in sensitivity to phosphorylation may be mediated by
alternative splicing of the C-terminal, which has been shown to be involved in the

formation of the different isoforms of the NR1 subunit (Moriyoshi et al., 1991), and
to regulate PKC phosphorylation (Tingley et al., 1993). These findings suggest an

even greater potential for both the long and short term modulation of the NMDA

receptor.

1.5 Allosteric interactions between sites on the NMDA receptor

Shortly after the discovery that the NMDA receptor incorporates a strychnine-
insensitive glycine site (Johnson and Ascher 1987), it was proposed that allosteric
interactions occur between the glutamate and glycine binding sites on the receptor

(Monaghan et al., 1988). Initially, it was proposed that agonist action at the glycine
site enhanced binding of agonists, but reduced binding of antagonists to the glutamate
site. However, in the light of the results of a large number of subsequent studies, it
would appear that the nature of the interaction between the two sites is more

complex.
An attempt has been made to summarise the results of a number of binding

studies in tables 1.3 and 1.4. Glutamate-site antagonists have been sub-divided into
two groups, depending on whether they are developed from AP5 and have a

backbone of 5 carbons ("C-5"), or from AP7 and have a backbone of 7 carbons ("C-

7"). Glycine site agonists have been sub-divided into two groups, one containing low

efficacy partial agonists, the other containing full agonists and high affinity partial

agonists. It would appear that "C-5" and "C-7" competitive antagonists differ in their

modulatory effect on the glycine site, and also differ in their susceptibility to

modulation by glycine-site ligands. Glycine site agonists can also apparently be
divided into two groups on the basis of activity; the low efficacy partial agonists

differing from the full agonists and high efficacy partial agonists, although a study of a
wider range of glycine agonists is needed to resolve if it is indeed efficacy, and not a

structural factor, which determines activity. Looking at the body of evidence, it
seems that agonists at the glutamate site will enhance binding of full agonists and high

28



Effect ofGlycine
Site Agonists/ High
Efficacy Partial

Agonists

Effect ofGlycine
Site Low Efficacy
Partial Agonists

Effect of Glycine
Site Antagonists

Glutamate Site
Agonists

[3H]glutamate
binding

increased by
glycine1'2

increased by
D-serine1'2

decreased by
HA9668'14

unchanged by
HA96611

decreased by
L-687,41414
unchanged by

ACBC14 '

unchanged by
7-CK12'14

decreased by
7-CK7

unchanged by
L-689,56014

"C-5" Glutamate
Site Antagonists
[3H]AP5 binding decreased by

glycine2
decreased by
D-serine2

[3H]CGS19755
binding

decreased by
glycine3'9'14
decreased by

9 14
D-serine'

decreased by
D-cycloserine.14

unchanged by
HA96614

unchanged by
L-687,41414
unchanged by

ACBC14

unchanged by
7-CK14

unchanged by
L-689,56014

"C-7" Glutamate
Site Antagonists
[3H]CPP binding unchanged by

glycine14
unchanged by
D-serine14

decreased by
D-serine2

unchanged by
D-cycloserine14

increased by
HA9664'5'6'14
increased by
L-687,41414
increased by
ACBC6'14

unchanged by
7-CK5'12'14

unchanged by
L-68956014

Table 1.1 Effect of glycine site ligands on binding to the glutamate site

Combined results of experiments investigating the effect of glycine site ligands on the
binding of glutamate site ligands to the NMDA receptor. 1. Fadda et al., 1988; 2.
Monaghan et a.l, 1988; 3. White et al., 1989; 4. Meiners et al., 1989; 5. Monahan et
al., 1990; 6. Compton 1990; 7. Jones et al., 1989; 8. Danysz et al., 1989a; 9. Kaplita
and Ferkany 1990; 10. Compton et al., 1989; 11. Hood et al., 1990; 12. Danysz et
al., 1989b; 13. Kemp & Priestley 1991; 14. Grimwood et al., 1993.
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Glutamate Site

Agonists
"C-5" Glutamate
Site Antagonists

"C-7"
Glutamate Site
Antagonists

Glycine Site
Agonists

[3H]glycine binding increased by glutamate
agonists 2'3'5
unchanged by

glutamate agonists8

decreased by
^52,6,7,8,11
decreased by
CGS197556'7'8

decreased by
AP77'8

decreased by
CPP1'7'8

Partial Agonists

HA966 Ki for [3H]
glycine binding

decreased by
glutamate4

increased by
CGS197554

ACBC Ki for

[3H]glycine binding
decreased by
glutamate4

increased by
CGS197554

Glycine Site
Antagonists

[3H]5,7-diCK
binding

decreased by
AP510

decreased by
CGS1975510

decreased by
AP710

decreased by
CPP10

[3H]L-689,560
binding

unchanged by a
number of agonists8

decreased by
AP58 decreased

by CGS197558

decreased by
AP78

decreased by
CPP8

Table 1.2 Effect of glutamate site ligands on binding to the glycine site

Combined results of experiments investigating the effect of glutamate site ligands on
the binding of glycine site ligands to the NMDA receptor. 1. Jones el al., 1989; 2.
Kessler et al., 1989; 3. Monahan et al., 1989; 4. Hood et al., 1990; 5. Ransome and
Deschenes, 1990; 6. Kaplita and Ferkany, 1990; 7. Monahan et al., 1990; 8.
Grimwood et al., 1993; 9. Johnson, 1988; 10. Baron et al., 1991; 11. Danysz et al.,
1989; 12. Kemp and Priestley, 1991.
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efficacy partial agonists to the glycine site, and vice-versa (i.e., they have a positive

reciprocal relationship). Positive allosteric coupling of agonist action at the two sites
is supported by the results of concentration jump experiments (Kemp and Priestley,

1991) which showed that the dissociation of glutamate from the receptor was three
times faster in the presence of the partial agonist HA966 than in the presence of the
full agonist glycine. C-5 competitive antagonists reduce binding of full agonists and

high efficacy partial agonists to the glycine site, and vice-versa (i.e., a negative

reciprocal relationship). However, C-7 competitive antagonists appear to have no

effect on, and be unaffected by the binding of full agonists and high efficacy partial

agonists at the glycine site. Low efficacy partial agonists at the glycine site decrease

binding of glutamate site agonists, have no effect on C-5 competitive antagonists, and
enhance the binding of C-7 competitive antagonists. Little evidence is available

regarding the effect of glutamate-site ligands on the binding of low efficacy partial

agonists, but competition experiments using [3H]glycine have suggested that the

affinity of partial agonists HA966 and ACBC is decreased in the presence of

glutamate site agonists, but increased by the C-5 competitive antagonist CGS19755

(Hood et al., 1990). Glycine site antagonists appear to have no effect on the binding
of any of the groups of glutamate site ligands. Glutamate site agonists do not appear

to affect the binding of glycine site antagonists, whilst both types of glutamate site

antagonist decrease the binding of glycine site antagonists.

Explanations for the allosteric interactions between the glutamate and glycine

binding sites have included the proposal of at least three distinct subtypes ofNMDA

receptor, the possibility of which has been confirmed by molecular biology studies,
which have recently identified multiple NR1 and NR2 subunits (Moriyoshi el al.,

1991; Monyer et al., 1992; 1993). Also suggested is that rather than existing in

"agonist-preferring" and "antagonist-preferring" conformations (Monaghan et al.,

1988; Compton et al., 1990) the glutamate site exists in three states, preferentially
labelled by agonists, C-5 antagonists or C-7 antagonists, and conversion between the
states depends upon activity at the glycine site (Grimwood et al., 1993). This

hypothesis would predict that the change of state would be accompanied by a change
in the number of binding sites for the ligand being used, which has not been reported.
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It would also predict that at the extremes of glycine site occupation (saturation or

zero glycine), only one site would be seen. However, 'agonist-preferring' and

'antagonist-preferring' states are still distinguishable at saturating concentrations of

glycine (Thomson, 1990). The hypothesis also does not account for the fact that C-7

antagonists are unaffected by glycine site agonists. A third hypothesis proposes that
the three ligand groups bind to overlapping, but non-identical domains on the same

protein, such that the change induced by glycine site ligands differentially affects

binding. This hypothesis is supported by evidence suggesting that glutamate, and C-
5 and C-7 competitive antagonists bind to similar, but non-identical sites (Olverman et

al., 1988; Fagg etal., 1988; Honore etal., 1989).
Evidence is also increasing for allosteric interactions between the co-agonist

sites and the polyamine site, though as with initial data regarding allosteric interaction
between the glutamate and glycine sites, reports are conflicting. Spermine and

spermidine have been reported to increase the affinity of antagonists at the glycine

site, and decrease the affinity of agonists (Sacaan and Johnson, 1989; Ransome and

Deschenes, 1990), and similarly, to increase the affinity of glutamate site antagonists,
and decrease the affinity of agonists (Carter et al., 1989; Pullan et al., 1990; Pullan
and Powel, 1991). However, they have also been reported to have no effect on the

binding of [3H]glycine (Carter et al., 1990; Pullan et al., 1989), and any effects on the

coagonist sites have been suggested to be seen at concentrations 30- to 100-fold

higher than the concentrations required to stimulate [3H]dizocilpine binding (Williams
et al., 1991). In all of these investigations, variation in membrane preparation may

lead to a difference in the residual levels of endogenous ligands for all of the sites
under study, which may account for the conflicting data. The action of zinc at its

voltage-insensitive binding site has also been suggested to decrease binding to the

glycine site (Yeh et al., 1990), and to alter binding to the glutamate site (Monahan &
Michel 1990). It is therefore possible that drugs acting at the modulatory sites of the
NMDA receptor can alter ion flow through the channel not only by influencing the

opening of the channel itself, but also by altering the affinity of drugs acting at other
sites. The balance between the local levels of endogenous modulators may determine
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the reactivity of the NMDA receptor, and possibly contribute to increased or

decreased susceptibility to NMDA receptor-induced neurodegeneration.

1.6 Molecular Biology ofNMDA Receptors

The non-NMDA ionotropic receptors are the gene products of homologous, but
distinct families of genes, and multiple subtypes of both receptors have been identified

(Seeburg, 1993). The NMDAR1 subunits are produced from a single gene by
alternative splicing (Sugihara et al., 1992), and the NMDAR2 subunits from four

homologous genes (Monyer et al., 1992; Seeburg, 1993). NMDA receptor subunits
have surprisingly low homology with AMPA or kainate receptor subunits (20-25%),
which explains the lack of success of the search strategy employed by many groups

which was to use portions of the non-NMDA receptor genes as probes for the
NMDA receptor gene, assuming that, as with other receptor families such as the ACh

receptor, there would be a high degree of homology between receptors which are

activated by the same transmitter.
The technique employed by the first group to successfully clone a NMDA

receptor subunit relied instead on serial subdivision of a rat brain cDNA library, using

electrophysiological measurements to test for the presence of the receptor (Nakanishi,

1992). This laborious technique eventually resulted in the identification of a single

positive clone (Moriyoshi et al., 1991). The strategy relies entirely on the ability of a
homomeric assembly of receptor subunits to form a functional receptor with

properties similar to those of the native receptor. In this case, the functional
homomeric receptor, though not displaying identical characteristics to native

receptors, did bear a strong resemblance.
In the relatively short time since the discovery of the first NMDA receptor

subunit, an amazing quantity of research has been completed, with more information

regarding the initial subunit, termed NMDAR1 or NR1 (Moriyoshi et al., 1991;

Sugihara et al., 1992), and the cloning of a further subunit family named NMDAR2 or

NR2 (Monyer et al., 1992; Ikeda et al., 1992; Meguro et al., 1992; Kutsuwada et al.,

1992; Ishii et al., 1993). The proposed membrane topology for all ionotropic EAA

receptor subunits so far cloned, based on hydrophobicity profiles and comparison with

33



the nACh receptor, is of four trans-membrane sections, and extracellular N- and C-

termini. Seeburg (1993), however has proposed that the ionotropic EAA receptor

subunits have five membrane-spanning segments, and that the C-terminus is
intracellular. Tingley et al. (1993) have also shown that the C-terminal region bears
several target sites for phosphorylation, and that alternative splicing of this domain

prevents receptor phosphorylation, strongly suggesting that the C-terminus is
intracellular. Unwin (1993) points out that no direct evidence exists to suggest that
all trans-membrane sections are a-helical. He proposes that the TM2 segments,

which line the receptor pore, are a-helical but that the other transmembrane segments

are arranged as p-pleated sheets, and form a barrel around the TM2 sections. This

theory incorporating P-sheets is more flexible than the model using only a-helices,
which rely on specific side chain to side chain interactions. P-Sheets can form

hydrogen bonds between the backbones of the amino acid residues, which is a less

specific interaction, and would give the structure greater flexibility, and require less
exact matching than side chain to side chain interactions. The exposed hydroxyl side
chain residues of the P-sheet could then mediate the interaction of the subunits to

form a channel, and would also make it unlikely that single subunits would occur in
the lipid bilayer. The theory might also explain why some transmembrane segments

predicted from hydrophobicity profiles are actually too short to span the lipid bilayer
if folded in an a-helix.

The NR1 gene spans approximately 25000 base pairs (Hollmann et al., 1993),
and contains 22 exons. Differential splicing of the primary transcript can produce at

least nine mRNAs (Sugihara et al., 1992), and seven different isoforms of the NR1

subunit have been discovered (Sugihara et al., 1992). The isoforms differ in the

presence or absence of three exons, one in the N-terminal domain, 21 amino acids in

length, and two in the C-terminal domain, of 37 and 38 amino acids in length.

Hybridisation probes using sequences common to all of the NR1 isoforms have shown
NR1 mRNA to be present in virtually every brain region, including the spinal cord and
the few areas not labelled in radioligand binding studies (Monyer et al., 1992).
Probes for the three variable amino acid sequences indicate differing regional

distributions, with the 21 amino acid N-terminal sequence displaying the most
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restricted distribution. The other two variable sequences are more widespread, but do
have differences (Seeburgh etal., 1994).

The NR2 subunits were identified by screening of cDNA libraries using probes
constructed from conserved sequences of EAA ionotropic receptors (Ikeda et al.,

1992; Ishii et al., 1993). Four different NR2 subunits have been found, the products
of a family of four highly homologous genes (Monyer et al., 1992; Seeburg, 1993).
Homomeric NR2 assemblies do not give functional receptors; only when NR2
subunits are co-expressed with the NR1 subunit are functional receptors with native

properties obtained (Seeburgh, 1993). Little homology exists between the NR2

subunit genes and the genes for other glutamate receptor subunits, including the NR1

gene with which they have only around 15% homology (Nakanishi, 1993). In
common with all ligand-gated ion channels so far cloned, it is the proposed TM2

section, thought to line the channel pore, which is most highly conserved, and it is this
section which has greatest homology between NR1 and NR2 (Nakanishi, 1993).
Absolute conservation of asn616, the polar asparagine residue which is thought to

regulate Ca2+ permeability, is seen in all NR1 and NR2 subunits. The corresponding

position in TM2 of the GluR2 subunit of AMPA receptors is occupied by a positively

charged arginine residue which, when mutated to a polar residue confers Ca2+
permeability on AMPA receptors (Mishina et al., 1991). Conversely, the Ca2+
permeability of NMDA receptors is reduced if asn616 is mutated to a glutamine

(polar) or arginine (positively charged) residue (Sakurada et al., 1993). Other site-
directed mutagenesis studies show this residue to be essential for Mg2+ and dizocilpine
blockade of NMDA-induced current (Burnashev et al., 1992; Mori et al., 1992;
Sakurada et al., 1993), though the contributions of the NR1 and NR2 subunits to

channel properties seem to be unequal (Burnashev et al., 1992).

Expression studies have shown the four NR2 subtypes to have distinct, but

overlapping distribution patterns (Monyer et al., 1992; Ishii et al., 1993).
Heteromeric channels formed from NR1 and one of the NR2 subunits give channels

with slight differences in properties such as current offset time, conductance levels,
and agonist and antagonist binding affinity (Stern et al., 1992; Kutsuwada et al.,

1992; Monyer et al., 1992). Comparison of the regional variations noted in native

35



NMDA receptors with recombinant receptor properties and distribution patterns for
NR2 subunit mRNA reveals remarkable correlation between the distribution of NR2

subtypes and pharmacologically distinct native receptors (Monaghan and Buller,

1994). At least four distinct subtypes of native NMDA receptor have been suggested

by radioligand binding studies. The different populations are typified by the NMDA

receptors of the cerebellum (Monaghan and Beaton 1991; 1992), the midline thalamic
nuclei (Beaton et al., 1992; Monaghan and Beaton 1992), the lateral thalamus

"antagonist-preferring" receptors (Monaghan et al., 1988) and the medial striatum

"agonist-preferring" receptors (Monaghan et al., 1988). In addition, a developmental
NMDA receptor has been identified (Kalb et al., 1992), with similar properties to the

receptor population in the midline thalamic nuclei. The distribution of the NR2A
subunit has parallels with the distribution of thalamic/antagonist-preferring receptors,

and recombinant receptors containing the NR2A subunit show higher affinity for

antagonists than for agonists (Ikeda et al., 1992; Kutsuwada et al., 1992). Similar

parallels are seen for the NR2B subunit and the medial striatum/ agonist-preferring
state of the native receptor (Ikeda et al., 1992; Kutsuwada et al., 1992). The NR2C
subunit appears to correspond to cerebellar NMDA receptors, both in mRNA
distribution and recombinant receptor properties (Seeburgh et al., 1994), and the
NR2D subunit localisation agrees with the NMDA receptor of the midline thalamic
nuclei (Seeburgh et al., 1994). NR2 expression changes during development

(Watanabe et al., 1992; Monyer et al., 1992). In the rat, at early stages of

development, only NR2B and NR2D are detected, with NR2A and NR2C becoming

prominent postnatally. This may explain the radioligand binding experiments

indicating a developmental NMDA receptor similar to the midline thalamic population

(Kalb et al., 1992).
Identification of specific subtypes ofNMDA receptors presents the challenge

of discovering which subtype or combination of subtypes is responsible for which

physiological function or pathological action. It is anticipated that reports of selective

agonists and antagonists for each subtype will soon appear, and the development of
such tools will aid research into subtype-specific action.
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1.7 Physiology and pathology ofNMDA receptors.

The depth of interest in the NMDA receptor reflects the wide range of functions
attributed to the receptor. In the normally functioning CNS, the NMDA receptor

plays a role in sensory transmission and other processes, as well as in developmental

plasticity (see table 1.3). The NMDA receptor is implicated in an equally broad

spectrum of neurological disorders (table 1.4). The social benefit of developing a

treatment for even some of these conditions is so great that it is hardly surprising that
a great deal of time, effort, and money has been invested in research into the NMDA

receptor. Of the pathological states in which the NMDA receptor is implicated,
ischaemia (in conditions such as stroke, head injury, asphyxia, sub-arachnoid

haemorrhage and cardiac arrest) and seizure have been the most widely researched,

although NMDA receptors have been implicated in animal models of Parkinson's
disease (PD), anxiety and depression. A role for EAA receptors in human

neurodegenerative diseases has also been proposed (Choi, 1988). The phenomenon
of excitotoxicity was first described in 1957 (Lucas and Newhouse, 1957). Further

reports (Olney, 1971; Olney et al., 1971) described a pattern of neuronal necrosis
which followed CNS exposure to EAAs. It was observed that in immature rodents,
the systemic administration of L-glutamate and analogues caused degeneration of
neurons in those areas where the blood brain barrier was poorly-developed, including
the hypothalamus. Continued investigation established good correlation between the

neurotoxicity and excitatory potency of a range of amino acids (Olney, 1978). Non-
NMDA receptors have also been linked with neuronal cell death (review by Meldrum
and Garthwaite, 1990; Choi, 1991). In vitro experiments have shown that, unlike
NMDA receptor induced neuronal death, which can occur following exposure to

glutamate or NMDA of only a few minutes, the exposure time required for kainate or

AMPA is generally several hours before neuronal damage is seen (Koh et al., 1990a).
The prolonged exposure time required for non-NMDA receptor mediated

neurotoxicity has led to suggestions of their involvement in chronic neurodegenerative
diseases (Meldrum and Garthwaite, 1990; Choi, 1991). Although non-NMDA

channels are not generally Ca2+-permeable, it appears that the neurotoxic actions of
both AMPA and kainate involve Ca2+(Rothman et al., 1987; Weiss et al., 1990).
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Process Evidence Reports

Developmental
plasticity

NMDA promotes neuronal survival,
growth and differentiation

McDonald & Johnston,
1990

Learning and
memory

NMDA receptor antagonists
selectively impair spatial learning

Morris etal., 1989

Sensory
transmission

Many mixed NMDA and non-
NMDA synapses, the NMDA
component amplifies the synaptic
response.

Davies, 1989
Daw etal., 1993

Perception of pain Glutamate is localised in C-fibre
terminals AP5 blocks chemically-
induced nociceptor activity.
Channel blockers have analgesic
properties.

Battaglia & Rustioni,
1988

Haley et al., 1990
DeLeander & Wahl,
1989

Respiration Systemically applied NMDA
receptor antagonists prolong
inspiratory duration.

Foutz etal., 1988

Blood pressure Spinal NMDA receptor blockade
lowers resting blood pressure, and
attenuates stimulated rises in

pressure

Bazil & Gordon, 1991

Table 1.3 Involvement of the NMDA receptor in the normally functioning CNS

Where possible, the references cited are reviews of NMDA receptor involvement in
the particular process, since the wide range of reports into the NMDA receptor
involvement is too great to list here.
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Lk)
VO

Condition

Evidence

Reports

Ischaemia

NMDAreceptorantagonistsprevent/reducepost-ischaemiccelldeath
Sauer&Fagg,1992 McCullochetcil.,1992

Hypoglycaemia

NMDAreceptorantagonistsreducehypoglycaemicneuronaldamage.
Wielochetal.,1985 Monyeretal.,1989

Epilepsy

NMDAreceptorantagonistseffectiveinnumerousseizuremodels.
Chapman1991

Anxiogenesis

NMDAreceptorantagonistsanxiolyticinanimalmodelsofanxiety.
Kehneetal.,1991

Depression

NMDAreceptorantagonistsantidepressantinanimalmodelsofdepression.
Trullas&Skolnick1990

AmyotropicLateralSclerosis
PatternofneuronaldeathinALSmirroredbyinjectionofexcitotoxin.
Herrling,1994

Olivopontocerebellaratrophy
NMDA-RdensityreducedinthecerebellargranulecelllayerinOPCA.
Albin&Gillman,1990

Parkinson'sdisease(PD)
NMDAreceptorantagonistseffectiveinanimalmodelsofPD.
Brotchieetal.,1990 Carlsson&Carlsson,1990

Huntington'sdisease(HD)
ReductionofstriatalNMDAandPCPbindinginpresymptomaticHD.
Albinetal.,1990

Alzheimer'sdisease(AD)
NMDA-sensitive[3H]glutamatebindingreducedinAD. Reducedglycinestimulationof[3H]dizocilpinebindinginAD. P-amyloidincreasesthevulnerabilityofculturedneuronstoEAAtoxicity.
Greenamyre,1986 Procteretal.,1989 Kohetal.,1990

AIDS-relateddementia
DizocilpineblocksneurotoxiceffectsofHIVcoatproteingpl20invitro.
Liptonetal.,1991

Schizophrenia

LowCSFglutamateconcentrationinschizophrenia. PCPandketaminearepsychotomimetic.

Kimetal.,1980 Carlsson&Carlsson,1990

Migraine

NMDAreceptorantagonistsblockspreadingdepressioninvivo.
Schelleretal.,1990 Marranesetal.,1988

Spinalcordinjury

NMDAreceptorantagonistseffectiveagainsttraumaticSCinjury.
Fadene/a/.,1990

Table1.4InvolvementoftheNMDAreceptorinpathologicalprocesses Wherepossible,thereferencescitedarereviewsofNMDAreceptorinvolvementintheparticularprocess,sincethewiderangeofreports
intotheNMDAreceptorinvolvementistoogreattolisthere.



1.8 Therapeutic potential ofNMDA receptor antagonism.

The therapeutic potential of a potent, selective NMDA receptor antagonist is

enormous; it raises the possibility of treatment regimes for the wide variety of

neurological disorders and pathophysiological conditions noted in section 1.7. As

yet, although the NMDA receptor has been implicated in the changes occurring in

neurodegenerative diseases and neurological disorders, the majority of research into
the clinical use of NMDA receptor antagonists has centered on excitotoxic/hypoxic
neuronal damage and convulsion.

In vivo and in vitro experiments into the neuroprotective value of NMDA

receptor antagonists have used a number of different approaches falling into two basic

categories. The first involves the use of glutamate or other excitotoxins to cause

neuronal damage, and the attempt to reverse the effects with antagonists; in studies
directed at the NMDA receptor, agonists such as NMDA itself, ibotenate and

quinolinate are used. In vitro methods, where the excitotoxin is applied to brain

slice, isolated retina or cell culture samples, and in vivo methods of local infusion of
excitotoxin to a specific brain area are both used. The second method attempts to

construct an animal model of the neural damage caused by elevated levels of

glutamate; in vitro studies use brief exposure of cultures to hypoxia, whilst in vivo

methods induce brief periods of global ischaemia by reversible occlusion of carotid

arteries, or for stroke models, focal ischaemia is caused by occlusion of the middle
cerebral artery (MCA), or by injection of plastic microspheres or fibrin-rich blood
clots.

A great number of studies into the protective effects of NMDA receptor

antagonists against excitotoxin-induced cell damage have shown almost complete

protection against the excitotoxic damage mediated by the NMDA receptor, both in
vitro and in vivo. In some cases, neuroprotection was seen if the NMDA antagonist
was applied some hours after the excitotoxic insult (Levy and Lipton, 1990). Tissue
and cell culture experiments showed dizocilpine to be the most potent NMDA

antagonist at protecting against NMDA-receptor mediated damage (Olney et al.,

1987; Goldberg et al., 1988; Peterson et al., 1989). In vivo protection was offered
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against intracerebral injection ofNMDA and related agonists by systemically-applied

dizocilpine (Foster et al., 1987; Foster et al., 1988; Beal etal., 1988).
In animal models of ischaemia reports were mixed, at least in part because of

the large number of different methods. In in vitro models which induced transient

hypoxia, NMDA antagonists displayed similar high efficacy to that seen in the
excitotoxin models. When measured using in vivo ischaemia models, efficacy

depended on the model used, and time and mode of NMDA antagonist application

(see McCulloch et al., 1991 and Iversen et al., 1989 for reviews).
In models of global ischaemia, results appeared to depend to an extent on the

severity of the insult. In the first studies using dizocilpine, bilateral carotid artery

occlusion in gerbils was used to produce complete forebrain ischaemia. Peripheral
treatment with dizocilpine 1 hour prior to, or up to 30 minutes following, a 5 minute
insult protected completely against hippocampal damage with an ED50 of 0.3mg/kg

(Gill et al., 1987; 1988). Interestingly, partial protection was also afforded if

dizocilpine was administered up to 24 hours post-insult (Gill et al., 1988). In similar

studies, dizocilpine was found to protect against a more prolonged period of
occlusion (Lawrence et al., 1987), and at 3mg/kg 10 min prior to insult to protect

against repeated 2 minute periods of occlusion (Kato et al., 1990). In response to

suggestions that the neuroprotective effects of dizocilpine were due to drug-induced

hypothermia (Buchan and Pulsinelli, 1990; Corbett et al., 1990), experiments repeated
with control of body temperature showed maintained neuroprotection (Gill and

Woodruff, 1990). In more severe methods of CNS ischaemia such as the "four
vessel" occlusion model (Buchan and Pulsinelli, 1991), or large animal experiments

mimicking cardiac arrest in man (Michenfelder et al., 1989; Fleischer et al., 1989;
Lanier et al., 1990), dizocilpine was ineffective.

In stroke models inducing focal ischaemia using a variety of animals (rat, cat,

mouse, rabbit, primate), most of which used MCA occlusion and measured infarct
volume 4 hours to 7 days later, dizocilpine reduced the cerebral infarct volume by 50-

60%, when assessed for both short (3-4 hours) and long (1-7 days) term protection

(see McCulloch et al., 1991 and Iversen et al., 1989 for reviews). Greatest

protection was given if dizocilpine was applied within 2 hours of the insult, but a
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reduced degree of protection was also afforded after a delay of up to 3-4 hours.

Competitive antagonists (Simon et al., 1984; Bullock et al., 1990) Glycine site

antagonists (Priestley et al., 1990; Gill et al., 1991), and the polyamine site

antagonists Ifenprodil and SL82.0715 (Gotti et al., 1988) are also reported to reduce
ischaemic neuronal damage. In more complete stroke models, using microspheres

injected into the internal carotid artery (Kochlar et al., 1988), or fibrin-rich blood
clots injected into the MCA (Sereghy et al., 1993), dizocilpine was also

neuroprotective, and in the latter study augmented the effects of the thrombolitic

agent alteplase. Spinal cord protection by dizocilpine has also been reported

following ischaemic or mechanical injury (Kochlar et al., 1988; Faden and Simon

1988).

Anticonvulsant activity can be measured using a number of models; sound-
induced seizure in DBA/2 mice (Seyfried, 1979), chemically-induced convulsions

(Tricklebank et al., 1989) or electroshock (Patel et al., 1988) in rats, and light-
induced seizure in Papio papio baboons (Naquet and Meldrum, 1986). The primary
screen for in vivo activity is usually anticonvulsant effect in rodents (Rowley and

Leeson, 1992). Antagonists at the glutamate (Chapman et al., 1990; Patel et al.,

1990), glycine (Koek and Colpaert, 1990; Croucher and Bradford, 1991), and channel

(Tricklebank et al., 1989; Perrault et al., 1989) sites are all effective in animal seizure
models. In the NMDA-induced seizure model, dizocilpine is the most potent

anticonvulsant, reflecting its high affinity and good brain penetration (Tricklebank et

al., 1989). Besides its anticonvulsant/anti-ischaemic properties, dizocilpine has also
been found to delay or prevent the development of morphine tolerance and

dependence (Trujillo and Akil, 1991), to prevent behavioural sensitization to cocaine
and amphetamine (Karler et al., 1989), and to inhibit ethanol withdrawal (Morrisett et

al., 1990).

Despite the remarkable therapeutic potential of NMDA receptor antagonists,
clinical development has not been easy. Dizocilpine and other NMDA receptor

antagonists have high neurobehavioural toxicity, and in humans may induce cognitive,

sensory and various schizophrenia-like neuropsychological disturbances, even at low
doses (Krystal et al., 1992). Developmental disruption would be expected for all
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NMDA receptor antagonists, since the receptor is involved in synaptogenesis. In

animals, NMDA receptor antagonists produce hyperlocomotion, stereotypies and
motor disturbances at doses equal to or below those at which they are anticonvulsant
or neuroprotective (Leander et al., 1988). In rodents, PCP produces a characteristic
motor syndrome including head weaving, body rolling, hyperlocomotion, and at

higher doses ataxia and sedation (Sturgeon et al., 1979). These effects may be a

model for the psychotomimetic effects of PCP in humans. Other noncompetitive

antagonists give similar side-effects, normally at doses similar to or lower than those

required to block NMDA receptor-mediated seizure. The competitive antagonist
AP7 has been reported to produce stereotypies in the rat (Compton et al., 1987), and
AP5 will produce similar behavioural side effects to the dissociative anaesthetics in

rats, pigeons and monkeys (Koek et al., 1986; Woods et al., 1987). Drug
discrimination trials in rats show that non-competitive NMDA antagonists and some

competitive antagonists cross-generalise to PCP, also suggesting that they will have

psychotomimetic effects in humans (Tricklebank et al., 1989; Willets et al., 1990).

However, neither CGS19755 nor CPP generalise completely to PCP (Rowley and
Leeson 1992) suggesting some behavioural differences.

In addition to the behavioural syndrome produced by dizocilpine and other
channel blockers, increased autonomic activity is seen, which leads to sustained
elevation of blood pressure and increased glucose metabolism, particularly in the
limbic forebrain areas (McCulloch & Iversen 1991). In the same brain areas, the
activation is accompanied by a transient and reversible histological change in many

large neurons; swelling occurs, and prominent fluid-filled vacuoles appear in the

cytoplasm. This response was first observed with PCP, dizocilpine, and other non¬

competitive antagonists, but has now been reported with high doses of competitive

antagonists (Olney et al., 1989; 1991). Although neuronal vacuolisation is the

primary effect, high doses can lead to neuronal destruction (Allen and Iversen, 1990;
Iversen et al., 1992), and it is interesting that there is complete tolerance of these
effects with repeated administration (Olney et al., 1989 Allen et al., 1991), and the
vacuolization of neurons caused by channel blockers can be prevented by the use of

anticholinergic agents (Olney et al., 1991). The competitive antagonist CPP, like
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dizocilpine, causes vacuolisation when administered at doses in excess of the

therapeutic dose (Olney et al., 1991), although the metabolic changes caused by CPP
are different from those caused by dizocilpine (Sharkey et al., 1994). The
cardiovascular effects of dizocilpine differ in anaethsetized and conscious animals:

hypotension is produced in anaesthetized rats, and hypertension and tachycardia in
conscious rats (Gill et al., 1991; Lewis et al., 1989). D-CPPene also causes

hypertension in conscious rats (30mg/kg i.v.), which is suggested to be due to a

decrease in local cerebral glucose metabolism (Macrae et al., 1991). Since NMDA

antagonists block LTP (Collingridge and Singer, 1990), the cellular mechanism
believed to underlie learning and memory, they would be expected to impair

cognition: dizocilpine has been reported to produce amnesic effects in rats at doses
similar to its anticonvulsant dose (Bischoff and Tiedke, 1992), and the competitive

antagonist CGP37849 does affect spatial learning, but at doses exceeding the

therapeutic (anticonvulsant) dose (Bischoff and Tiedke, 1992), as does AP5 (Morris

etal., 1986).

New generation NMDA receptor antagonists may present greater therapeutic

opportunity. Recent derivatives ofPCP retain anticonvulsant activity, but exhibit less
side effects than PCP (Blake et al., 1992), and a derivative of dizocilpine, ADCI

(figure 1.4) has anticonvulsant properties but lower neurological toxicity (Rogawski
et al., 1991). Dextromethorphan and its O-demethylated derivative dextrorphan

(figure 1.4) are low affinity non-competitive NMDA receptor antagonists (Franklin et

al., 1992) which are anticonvulsant and neuroprotective (Leander et al., 1988;

Steinberg et al., 1989); their toxicity is lower than that of the dissociative anaesthetics

(Leander et al., 1988). In humans, dextromethorphan is reasonably tolerated

(Steinberg and Bell, 1991), although at high doses it produces ataxia and other
neurobehavioural side-effects (McCarthy, 1971). Both compounds are currently in
clinical trial (Rogawski 1993), as is remacemide, a prodrug for the NMDA non¬

competitive antagonist FPL12495 (l,2-diphenyl-2-propylamine; figure 1.4), which has
some effect in seizure models, and relatively low motor toxicity (Stagnitto et al.,

1990). It also shows neuroprotective activity in a number of ischaemia models

44



(Harris et al., 1992) and, in synergy with L-dopa, is effective in an animal model of

Parkinson's disease (Eller et al., 1992). FPL12495, in common with the compound
under study in this thesis, FR115427 (figure 1.4), can be viewed as a conformationally
flexible analogue of dizocilpine, and along with a number of analogues (Rowley and
Leeson 1992) shows an inverse relationship between affinity and toxicity (Cregan et

al., 1992). Moreover, the histopathological and behavioural side effects of
FPL12495 in animals are weak (Rogawski, 1993).

A possible therapeutic advantage of glycine site antagonists is the greater size
of the window between desired and untoward effects of NMDA receptor blockade

compared with other NMDA antagonists. The behavioural side effects of channel
blockers do not appear to accompany the administration of (+)HA966 or L-687,414
to rodents (Singh et al., 1990; Bourson and Tricklebank, 1991), and L-687,414 when
administered at neuroprotective doses in the MCA occlusion model of stroke, unlike
ion-channel blockers, does not alter brain glucose utilisation or produce neuronal
vacuolization (Hargreaves et al., 1991). In common with other NMDA receptor

antagonists, (+)HA966 and L-687,414 are anxiolytic in rodents at doses which lack

prominent side effects (Dunn et al., 1992). In contrast to the kynurenate- derived
and 2-carboxyindole glycine site antagonists, the partial agonists (+)HA966, L-

687,414, cycloserine and ACC methyl ester also have definite CNS mediated actions
after systemic administration (Kemp and Leeson, 1993). L-687,414 will impair
motor performance (Saywell et al., 1991) and produces PCP-like effects (Rowley and

Leeson, 1992), but only at doses 2-5 times higher than its anticonvulsant dose.

When considering the therapeutic use ofNMDA receptor antagonists with respect to

their side effects, it is important to remember the way in which they would be used.
Chronic diseases such as Alzheimer's, Huntington's and Parkinson's, and conditions
such as epilepsy would require the prolonged use of drugs, and would not be tolerant
of the side effects currently displayed by NMDA receptor antagonists. The use of
NMDA receptor antagonists during development would also be precluded. It must
also be remembered that NMDA receptor blockade is only partially protective in some

models of focal ischaemia, and may be ineffective in severe global ischaemia (Choi,
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1993). However, short term regimes for the treatment of stroke, hypoxia and
ischaemia will be more tolerant of side effects, especially those relating to cognitive

impairment; the competitive antagonists CGS19755, CPPene and CGP37849, and the

polyamine site antagonist SL82.0715 are currently in clinical trial for stroke (Drejer,

1992). With the recent advances in molecular biology which have identified multiple

subtypes of the NMDA receptor, it is hoped that selective antagonists for each

subtype may be developed, and the pathology of some conditions may be isolated to a

specific subtype, and therefore treated with fewer side effects.

1.9 Background to thesis and aims

Although dizocilpine does prevent excitotoxic cell death, both in vitro and in animal
models of ischaemia (review; McCulloch et al., 1991), it also has many side effects
which are seen at the therapeutic dose, and may prevent its use in humans (see section

1.8). A compound with a similar mode of action, but with a greater separation
between the therapeutic and undesirable effects would obviously be welcomed.
FR115427 ((+)- l-methyl-l-phenyl-l,2,3,4-tetrahydroisoquinoline), a

conformationally flexible analogue of dizocilpine (figure 1.4), was found to be

equipotent with dizocilpine in increasing the survival time of hypoxic mice, and 10-

fold less potent than dizocilpine in preventing NMDA induced convulsions.

However, in 2-deoxyglucose metabolic studies although the patterns of altered local
cerebral glucose use (1CGU) were essentially similar for dizocilpine and FR115427,

dizocilpine showed changes at 0.03mg/kg, whilst FR115427 showed metabolic

changes at lmg/kg (Sharkey et al. in preparation), suggesting a separation of

therapeutic and at least one unwanted side effects. The first aim of this thesis was to

compare FR115427 with dizocilpine using a [3H]dizocilpine radioligand binding assay.

Preliminary studies showed FR115427 to inhibit NMDA-induced responses in the
cortical wedge with approximately ten-fold lower potency than dizocilpine (Hodgkiss
et al., 1993). Radioligand binding studies were used to discover ifFR2115427 acted
at the same site as dizocilpine; i.e. the NMDA receptor ion channel. Further

investigation ofFR115427 and dizocilpine was then made by radiolabelling FR115427
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and developing a filtration assay for [3H]FR115427, and centrifugation assays for both

[3H]FR115427 and for [3H]dizocilpine.
Structure activity relationship (SAR) studies can give a valuable insight into

the requirements for binding to a receptor. A series of structural analogues of
FR115427 were examined in a [3H]dizocilpine binding assay to further investigate the

requirements for binding to the NMDA receptor ion-channel site.
Most developmental work considering the NMDA receptor has studied the rat

CNS, with studies in human CNS predominantly focussing on adult, particularly aged

subjects. This is at least partly due to the low availability of CNS samples from

children, especially very young infants, but also because of the interest in discovering
the role ofEAA receptors in chronic neurodegenerative disorders. We gained access

to a bank of infant brain samples which had been collected over a period of years for
an unrelated study. The samples in the study covered the first few postnatal years, a

period which is poorly represented in human studies. Using these tissues, we

conducted an ontogenic study of the NMDA receptor, measuring [3H]dizocilpine
binding as a marker for the receptor.
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CHAPTER 2

METHODS AND MATERIALS
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2.1 Membrane Preparation

2.1.1 Rat brain P2 membranes

Crude synaptosomal membranes were prepared from a P2 fraction of rat cerebral
cortex. Male Cob-Wistar rats (200-300 g), bred in-house, and group reared on a

freely-available diet of standard laboratory food were used throughout. On the day
of use, the animals were brought to the laboratory, killed by cervical dislocation, and
their brains removed rapidly and placed in ice-cold saline. Cerebral cortices were

dissected over ice, surface blood vessels and moisture removed by brief blotting on

filter paper, and the membranes prepared by the method outlined in figure 2.1. The
tissue was homogenised in 15 volumes (volume/weight) of ice-cold 0.32M sucrose

using a glass-Teflon homogenizer (800 rpm; 10 strokes). The resultant homogenate
was centrifiiged at l,000g for 10 min at 4°C in a Burkard benchtop centrifuge. The

supernatant was decanted and recentrifiiged (17,000g, 20 min, 4°C) to yield a

synaptosomal P2 pellet, which was lysed by resuspension in 30 volumes of glass
distilled water (GDW). After incubation at 37°C for 30 min, the membrane

suspension was centrifuged at 50,000g for 10 min at 4°C in a Kontron T2070

centrifuge. The supernatant was discarded, and the pellet washed by resuspension in
30 volumes ofGDW and centrifiigation (50,000g, 10 min, 4°C). The resultant pellet
was resuspended in 10 volumes of GDW, divided into aliquots sufficient for single

experiments, and stored at -20°C for up to 8 weeks. On the day of the experiment,
an aliquot was thawed at room temperature and washed once more by resuspension to
30 volumes with GDW and centrifugation (50,000g, 10 min, 4°C). The final pellet
was resuspended to 30 volumes of 5mM Tris-HCl (pH 7.4 at 20°C), and kept on ice
for a maximum of 15 minutes, until required. At the end of each experiment,

duplicate samples of the membrane suspension were taken and stored at -20°C for
later protein content determination.
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homogenize cortex in 15 volumes 0.32M sucrose

4
centrifuge l,000g; 10 min; 4°C

i
decant supernatant, discard pellet

I
centrifuge supernatant 17,000g; 20 min; 4°C

i
decant and discard supernatant

I
resuspend pellet in 30 volumes GDW

incubate at 37°C for 30 min
I

centrifuge at 50,000g; 10 min; 4°C
I

decant and discard supernatant
4

resuspend pellet in 30 volumes GDW
I

centrifuge at 50,000g; 10 min; 4°C
I

decant and discard supernatant
I

resuspend pellet in 10 volumes GDW
I

divide to aliquots
I

store at -20°C

Prior to experiment thaw sample
I

resuspend to 30 volumes in GDW
I

centrifuge at 50,000g; 10 min; 4°C
I

decant and discard supernatant
4,

resuspend pellet in 30 volumes assay buffer
i

experiment.

Figure 2,1 Rat brain P2 membrane preparation

Flow diagram of method for the preparation of rat brain P2 membranes. A full
explanation of the method is given in section 2.1.1.
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2.1.2 Human brain membranes

2.1.2.1 Handling of human tissue

All procedures involving the handling of human tissue were carried out in a

containment laboratory, under category B1 conditions as recommended by the Howie

report (1978), and approved by the departmental safety officer. All tissue samples
used screened negative for hepatitis (Australia antigen). Collection of the tissue

samples was performed in a class 1 safety cabinet, and the samples were stored in
sealed containers within the containment laboratory. Contaminated equipment was
disinfected by the use of one of two disinfectants. Non-metal equipment was

immersed in 20 g/1 Presept (a hypochlorite-type disinfectant) for at least 1 hour.
Metal equipment was immersed in 1% Virkon for at least 10 min. Virkon is a

buffered oxidiser/acid/surfactant cocktail with broad spectrum activity, effective

against bacteria, spores, fungi and all families of viruses tested, including prion agents.

Work surfaces were cleaned with 1% Virkon.

During preparation of tissue for the binding experiments, homogenization and
dilution of the samples took place in the safety cabinet, in centrifuge tubes. For

centrifugation, the tubes were capped, swabbed with 1% Virkon and removed to an

uncontaminated area, then inserted into the centrifuge rotor, which itself was sealed.
The rotor and its contents were then removed to a general laboratory for

centrifugation, the rotor cap remaining in place until returned to the containment

laboratory. The supernatant from the centrifuge tubes was discarded each time into
1% Virkon.

Racks and test-tubes containing the other components of the binding experiment
were prepared in a general laboratory and imported into the containment laboratory.

Aliquots of membrane suspension were added to the tubes, and incubation was in a

water bath in the containment laboratory. Filtration also took place in the
containment laboratory, using a Brandell cell harvester, with a modified waste

collection arrangement. The filter pump of the Brandell was protected from
contamination with a Millipore micropore filter placed in-line between the waste

reservoir and the pump, and the waste fluid collected was treated for at least 1 hour
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with 1% Virkon, prior to disposal. During transfer of the filter discs to scintillation

vials, care was taken not to contaminate the outside of the vials or the vial tray.

lOOpl of 100% formic acid was added to each vial, which, in addition to digesting the
membranes away from the filter disc, renders the samples inert, permitting safe
removal from the containment laboratory. All contaminated non-metal equipment

(beakers, plastic coated racks, centrifuge tubes, Brandell plastic tubing) was

disinfected by immersion for at least 1 hour in 20 g/1 presept. Contaminated metal

equipment (homogenizer bit, centrifuge tube caps) was immersed for at least 10 min
in 1% Virkon before removal from the containment laboratory. The Brandell was
decontaminated by repeated flushing with 1% Virkon. Contaminated disposable
waste (test tubes, wipes, filter paper, gloves, cuffs, lab coats) was removed in a sealed

bag for incineration.

2.1.2.2 Human brain whole membranes

Prior to the day of experiment, 250-350mg of frontal cortex was dissected from the
human post-mortem brain samples. To allow this, the brain pieces, which are stored
at -70°C, were allowed to thaw slightly, and small pieces of frontal cortex were

quickly chipped off into microcentrifuge tubes, weighed, and brought back to -70°C.

Collecting tissue samples in this way took less than five minutes for each sample.

Eight separate membrane homogenates were prepared simultaneously in each

experiment. To speed handling, each sample was suspended in the same volume of
buffer (5mM Tris-HCl, pH 7.4 at 20°C) throughout preparation. Each resuspension

during the washing process was made in 8ml of buffer, which corresponds to 30-40

volumes (v/w) for the weight range of the tissues used. The final pellet was

resuspended accurately in buffer, at the volume required for the experiment, according
to the wet weight of tissue.

On the day of the experiment, the tissue samples were removed from -70°C and,
whilst still frozen, the individual samples were shaken from the microcentrifuge tubes
into separate 10ml centrifuge tubes on ice, all further procedures being carried out at

4°C. Any tissue which remained in the microcentrifuge tubes was loosened by

vortexing in 1ml of ice-cold assay buffer (5mM Tris-HCl, pH 7.4 at 20°C) and

52



transferred to the centrifuge tube. If necessary, rinsing was repeated. The volume
of buffer in the centrifuge tubes was made up to 4ml, the contents homogenised

(800rpm, 10 strokes), and a further 4ml buffer was added. The centrifuge tubes were

capped, swabbed with 1% virkon and inserted into the centrifuge rotor, which was

sealed prior to removal from the containment laboratory for centrifiigation. The
same procedure was followed each time the samples were removed from the
containment laboratory for centrifiigation. Following centrifugation at 50,000g for
10 min at 4°C in a Kontron T2070 centrifuge, the rotor was returned to the
containment laboratory before being opened. The supernatants were discarded into
1% Virkon, and the pellets resuspended in 4ml of ice-cold buffer, after which a further
4ml of buffer was added. After incubation at 37°C for 30 min, the membrane

suspensions were recentrifuged (50,000g, 10 min, 4°C). Membranes were washed a

further three times by repeated resuspension and centrifugation (figure 2.2). The
final pellets were resuspended in assay buffer to either 50 or 60 volumes (v/w),

depending on the experiment, and immediately used in a [3H]dizocilpine filtration

assay. Duplicate 2ml samples of the final membrane suspension were taken and
stored at -20°C for protein determination.

2.2 Generalised filtration assay protocols

2.2.1 Saturation and competition binding assays

Filtration assays were conducted in Sterilin RT30 5Ox12mm test tubes, with an assay

volume of 1ml throughout. The composition of a typical assay is shown in table 2.1.

Serial dilutions of the drug under study were made in assay buffer (see section 2.7).
Each saturation or competition experiment comprised 24 tubes and all measurements
were performed in duplicate. Ten concentrations of competitor were used; the

remaining two pairs of tubes measured total binding (TB) and non-specific binding

(NSB). In some runs, binding was measured under the influence of modulators of

binding of the [3H]ligand. In these runs, the amount of buffer added to the samples
was adjusted to give a constant volume. Immediately prior to the start of the

incubation, the [3H]ligand was added as a 100pi aliquot to the samples.
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homogenize tissue in 4ml buffer

add 4ml buffer, mix

centrifuge 50,000g; 10 min; 4°C
I

decant and discard supernatant
I

resuspend pellet in 8ml buffer
I

incubate at 37°C for 30 min
I

centrifuge at 50,000g; 10 min;
I

decant and discard supernatant
4

resuspend pellet in 8ml buffer
I

centrifuge at 50,000g; 10 min;
4,

decant and discard supernatant
I

resuspend pellet in 8ml buffer
4

centrifuge at 50,000g; 10 min;
I

decant and discard supernatant
4

resuspend pellet in 8ml buffer
4

centrifuge at 50,000g; 10 min; 4°C
I

decant and discard supernatant
I

resuspend pellet to 50/60 volumes in buffer
I

experiment

Figure 2,2 Human brain whole membrane preparation

Flow diagram of method for the preparation of human brain whole membranes. A
full explanation of the method is given in section 2.1.2.2.
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Addition Total Binding Non-specific Binding Competitor
Radioligand lOOpl lOOpl lOOpl
NSB Drug - lOOjlll -

Drug Dilutions - - lOOpl
Buffer 200pl lOOpl 100]Lll
L-Glutamate or Buffer lOOpl lOOpl lOOpl
Glycine or Buffer lOOpl lOOpl lOOpl
Membrane suspension 500JJ.1 500pl 500pi

Assay volume 1000pi lOOOpl lOOOpl

Table 2.1 Assay additions for competition filtration experiments

All additions were prepared in assay buffer at lOx the required concentration for the
assay. Membranes were suspended in the appropriate volume of assay buffer prior to
addition to the samples. Assay protein concentrations were 200-300 pg/ml.
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In experiments with rat cortical membranes, each set of samples was

preincubated for 2 min in a water bath at 25°C prior to addition of 500pl of membrane

suspension. The tubes were then vortexed briefly, and returned to the water bath for
the remainder of the incubation period. Bound and free ligand were separated by
filtration through Whatman GF/B filters using a Branded cell harvester, and the filters

rapidly washed twice with 5ml of assay buffer at room temperature. Filter discs were
removed from the sheet using forceps and transferred to 5ml scintillation vials

(Packard Pony vials). lOOjal of 100% formic acid was pipetted onto each filter disc,
and at least 10 min allowed for the acid to digest the membranes, and release the

radioactivity. 4ml Packard Emulsifier Safe liquid scintillation cocktail was then
added and the tubes capped. The contents were thoroughly mixed by vigorous

vortexing, and allowed to stand overnight, the mixing was repeated and radioactivity
was counted with automatic quench correction. Early experiments used a Packard
1900TR liquid scintillation analyser, later experiments a Packard TR2500.

Saturation experiments using human cortical membranes were performed using
a modification of the method for rat membranes, to allow for the handling of

potentially-infectious tissue, and to optimise the assay for use with human brain
membranes. Preliminary additions to the test tubes were made outside the
containment laboratory, and the tubes were imported into the containment area

immediately prior to use. Addition of membrane samples to the test tubes and
incubation was as described above. Waste fluid from the filtration was disinfected

with 1% Virkon, and the filter pump was protected from contamination. During
transfer of the filter discs to scintillation vials, care was taken not to contaminate the

outside of the vials or the vial tray. As above, lOOpl of 100% formic acid was added
to each vial, which, in addition to digesting the membranes away from the filter disc,
renders the samples inert, allowing removal from the containment laboratory.

Subsequent handling did not differ from the above procedure.

2.2.2 Kinetics studies

Association and dissociation experiments were carried out to determine the kinetics of

binding for [3H]dizocilpine and [3H]FR115427. For the association experiments,
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membranes were incubated in duplicate in the presence or absence of excess

unlabelled ligand to measure non-specific and total binding at increasing times before
filtration. In dissociation experiments, samples measuring total and NSB in the same

manner as for the association experiments were incubated to equilibrium in a volume

of 900j_il, then 100pi of excess unlabelled ligand added, the tube contents vortexed,
and incubation continued for increasing times before filtration. Additional total and
NSB samples were used in the dissociation runs, covering the same time-scale, but

receiving lOOpl of buffer in place of unlabelled ligand, to control for the effects of
dilution. Filtration of the samples, and subsequent handling of the filter discs were as

described above for competition experiments.

2.3 Generalised centrifiigation assay protocol

Saturation and competition centrifugation assays for [3H]dizocilpine and

[3H]FR115427 were performed using 0.8ml microcentrifuge tubes with the snap-on

caps removed, in an assay volume of 500pi. Serial dilutions of the drug under study
were made in assay buffer (see section 2.7). Each determination comprised 32 tubes,
and all measurements were performed in duplicate. Fourteen concentrations of

competitor were used, the remaining two pairs of tubes in each run measured total
and non-specific binding. In some cases, binding was measured in the presence of
modulators of binding of the [3H]ligand. In these cases, the amount of buffer added
to the samples was adjusted to give a constant volume (see table 2.2). Immediately

prior to the start of the incubation, 50pl of the [3H]ligand was added to the samples.

Samples were preincubated for 2 min in a water bath at 25°C prior to addition of

300pl of membrane suspension. Addition of membranes to the sets of tubes was

made at 10 min intervals, to allow time for centrifugation of samples and removal of

supernatant at the end of the incubation period. Bound and free ligand were

separated under equilibrium conditions by centrifugation in a Burkard benchtop

centrifuge (15,000g; 2min; room temperature), followed by removal of the

supernatant by vacuum aspiration, using a glass Pasteur pipette, taking care not to

disturb the pellet. The outsides of the inverted tubes were rinsed with water, and left
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Addition Total Binding Non-specific Binding Competitor
Radioligand 50(41 50pl 50pl
NSB Drug - 50pl -

Drug Dilutions - - 50(41
Buffer 50pl 50pil 50pl
L-Glutamate or Buffer 50pl 50(1.1 50(41
Glycine or Buffer 50(tl 50(4.1 50(41
Membrane suspension 300(_il 300pl 300(41

Assay volume 500pl 500|4l 500pi

Table 2.2 Assay additions for competition centrifugation experiments

All additions were prepared in assay buffer at lOx the required concentration for the
assay. Membranes were suspended in the appropriate volume of assay buffer prior to
addition to the samples. Assay protein content was 200-300 pg/ml.
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to drain. All tubes were dried inside and out with cotton buds and placed inside
scintillation vials. lOOpl of 100% formic acid was added to each microcentrifuge
tube to digest the membrane. After 30 min, 4ml Emulsifier safe scintillation cocktail

was added, the flow of scintillant being directed into the microcentrifuge tube, to
wash out the contents. The tubes were capped and the contents mixed by repeated,
slow inversion. Samples were left overnight, the contents mixed again, and

radioactivity measured in a Canberra-Packard 2500 liquid scintillation analyser using
automatic quench correction.

2.4 [3H]Dizocilpine Binding

On the day of the experiment, immediately prior to use, an aliquot of [3H]dizocilpine
was removed from the liquid nitrogen Dewar (see section 2.8 for storage), thawed
and diluted in assay buffer to the appropriate concentration. In all experiments

involving rat cortical membranes, a final assay concentration of InM [3H]dizocilpine
was used. In all routine assays using [3H]dizocilpine the incubation temperature was

25°C, and the buffer used was 5mM tris-HCl, pH 7.4 at 20°C. Saturation and

competition experiments were incubated for 120 min, and non-specific binding was

defined in the presence of 30pM dizocilpine. Association experiments covered the
time range 0-120 minutes, and dissociation samples were preincubated for 90 minutes

prior to addition of excess unlabelled ligand (30pM dizocilpine), the time range

covered was 0-120 minutes after addition of the unlabelled ligand. In competition or

kinetics experiments where L-glutamate and/or glycine were present, the final
concentration of each drug in the assay was lOpM. Competition studies in filtration
and centrifugation experiments measured [3H]dizocilpine binding in the presence of

increasing concentrations dizocilpine and its structural analogues, FR115427 and its

stereoisomer, and several other known channel blockers (PCP, ketamine and NANM).
Saturation filtration experiments were also performed in the presence of increasing
concentrations of FR115427 to determine the nature of its inhibition of

[3H]dizocilpine binding. The increase in [3H]dizocilpine binding in the presence of L-

glutamate and glycine was investigated by measuring the effect of increasing the
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concentration of glutamate or glycine to determine EC50 values and maximally-

stimulating concentrations. Competition experiments were performed in the absence
or presence ofmaximally stimulating concentrations of L-glutamate and/or glycine to

investigate their effect on the affinity of competitors for the [3H]dizocilpine binding
site.

Initial experiments using human cortical membranes considered glutamate and

glycine effects on [3H]dizocilpine binding, and optimised conditions for measurement
of [3H]dizocilpine binding in the developmental study. For the developmental study,
the final assay concentration of [3H]dizocilpine was 0.5nM, incubation was at 25°C
for 120 min, and the buffer was 5mM Tris-HCl (pH 7.4 at 20°C). Saturation

experiments were performed with frontal cortex samples from human infants to study
the ontogenic profile of [3H]dizocilpine binding in human frontal cortex.

2.5 [3H]FR115427 Binding

On the day of the experiment, immediately prior to use, an aliquot of [3H]FR115427
was removed from the liquid nitrogen Dewar (see section 2.8 for storage), thawed
and diluted in assay buffer to the appropriate concentration. In all experiments

involving rat cortical membranes, a final assay concentration of lOnM [3H]FR115427
was used. In all routine assays, the incubation temperature was 25°C, and the buffer
used was 5mM Tris-HCl, pH 7.4 at 20°C. Saturation and competition experiments
were incubated for 45 min, and non-specific binding was defined in the presence of

30pM FR115427. Association experiments covered the time range 0-60 minutes,
and dissociation samples were preincubated for 45 minutes prior to addition of excess
unlabelled ligand (30pM FR115427), the time range for dissociation covered was 0-

45 minutes after addition of 30pM FR115427. In competition or kinetics experiments

where L-glutamate and/or glycine were present, the final concentration of each drug in
the assay was 10pM. Preliminary experiments determined the effects of pH,
incubation temperature, protein concentration, buffer type, and assay wash conditions
on [3H]FR115427 binding. Competition experiments using centrifugation and
filtration separation techniques measured [3H]FR115427 binding in the presence of
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the stereoisomers of FR115427 and dizocilpine, and other channel blockers (PCP,

ketamine and NANM). The increase in [3H]FR115427 binding in the presence of L-

glutamate and glycine was investigated by measuring the effect of increasing
concentrations of glutamate or glycine to determine EC50 values and maximally-

stimulating concentrations.

2.6 Determination ofMembrane Protein Content

The protein content of membrane samples was determined using the method of
Bradford (1976). Fresh assay reagent was made on each occasion. 100 mg

Coomassie Brilliant Blue was dissolved in 50 ml of absolute alcohol and mixed

thoroughly with 100ml of 85% orthophosphoric acid. The resultant solution was

made to 1 litre with GDW and double filtered through Whatman qualitative filters.
Protein content of membrane samples was assessed by comparison with a protein
standard curve made using a fresh solution of bovine serum albumin (fraction V).
The BSA standard curve covered the range 0-50 (ig/lOOpl. Stored frozen membrane

samples were thawed and mixed thoroughly by vortexing. lOOpl aliquots of standard
curve and membrane samples were added in duplicate to spectrophotometer cuvettes.
Each sample was vortexed again immediately prior to pipetting to ensure a

homogeneous sample. 2.5ml reagent was added to each cuvette at 15s intervals.

Following 30 min incubation at room temperature, absorbance at 595nm was read

against a reagent blank. The standard curve was fitted to a straight line using the

polyfit programme (see fig. 2.3 for example). Unknown protein samples were

determined by comparison with the linear portion of this curve (0-30 pg/lOOpl).
Where the protein content of samples possibly exceeded the linear portion of the
standard curve, serial dilutions were made in buffer.

2.7 Drug dilutions

Serial dilutions of unlabelled ligand or competitors of binding were made as follows;
The initial solution of the compound was made in Millipore-filtered distilled water

(mQ water) at 10 or 100 mM depending on solubility. If not soluble at 1 OmM in

water, the compound was dissolved at lOOmM in equimolar HC1 or NaOH depending
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Figure 2.3 Protein assay standard curve

Protein content was measured by the method of Bradford (1976). increasing
concentrations of BSA standard solution were incubated with reagent for 30 min.
Absorbance at 595 nm was read and a standard curve constructed. Unknown protein
samples were assayed in the same manner, and protein content determined from the
linear portion of the standard curve.

62



on the salt of the compound. All further dilutions were made in assay buffer.

Firstly, serial 1:10 dilutions were made, then from each of the series of 1:10 dilutions,

a 3:10 dilution was made. The complete set of dilutions, on a log scale, gives equally

spaced points with a separation of approximately 0.5 log units. Dilutions of the drug
under study were made to give a concentration range spanning the anticipated IC50
value. Extra dilutions were made for use in the human tissue experiments, to

concentrate data-points in the down-slope of the curve.

2.8 Storage of radioactivity

All radioligands were stored under liquid nitrogen (-150°C), in aliquots sufficient for

single experiments. [3H]Dizocilpine (specific activity 30 Ci/mmol) was obtained from
New England Nuclear. After dilution to lpM with mQ water, it was divided to

aliquots of 210|ft for storage.

[3H]FR115427 (18 Ci/mmol) was custom tritiated by Amersham International

by catalytic reduction of a mono-chlorinated aromatic precursor (mCl FR115427;

FR1133161). The stock material was stored in ethanol at a concentration of 10
mCi/ml under liquid nitrogen. Purification of crude [3H]FR115427 was carried out

by K. Shirakawa (FINE) on a Waters preparative resin (C-18, 55-105p). A sample
of crude material was dissolved in eluting solvent (CH3CN: aq. 0.1% CF3COOH

(TFA); 3:7) and applied to a 5 x 0.7 cm column of resin. The resin was eluted with
10 bed volumes of solvent and the fractions corresponding to FR115427 combined
before the solvent was removed. Purified [3H]FR115427 as the TFA salt was diluted

to 10 pM with Millipore-filtered distilled water, and divided to aliquots of 210 pi for

storage. Purity was confirmed by column chromatography as described above and by
silica gel TLC using CHCl3-MeOH (9:1) as solvent. Greater than 98% of the

radioactivity corresponded to authentic FR115427 up to six months after purification.
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2.9 Data Analysis

2.9.1 Standards

Calculation ofKd, Ki and Bmax values for binding requires an accurate determination
of the [3H]ligand concentration present in the experiment. Two sets of standards
were therefore counted with each experiment, both sets in quadruplicate. The first
set was lOOpl of the [3H]ligand used for the experiment plus 4ml of scintillant. The
second set contained the same amount of ligand and scintillant, but mimicked

experimental samples: standards for the filtration experiments contained a filter disc

and lOOp.1 formic acid, those for the centrifugation experiments contained lOOpl
formic acid and a microcentrifuge tube marked with the same pen as the experimental
tubes. Measurement of both sets of standards should give the same DPM

(disintegrations per minute), since the LSA (liquid scintillation analyser) automatically
monitors and controls for quench, but CPM (counts per minute) in the second set

(containing the filter disc/microcentrifiige tube and formic acid) is lower than in the
first set. Since a similar degree of quench would be expected in the experimental

samples as in the second set of standards, a lack of difference between the DPM

measured in the two sets of standards indicates that the degree of quench does not

exceed the capacity of the correction system. In each experiment, the first set of
standards was used to calculate the actual concentration of [3H]ligand. As an

example, standards for a typical [3H]dizocilpine experiment, where the nominal

[3H]dizocilpine concentration was 1 nM would have a mean value of 60,000 DPM,
which is equal to 27 nCi (lpCi = 2.22 x 106 DPM). The specific activity of

[3H]dizocilpine was 26 Ci/mmol, therefore the amount of [3H]dizocilpine present was

1.04 pmol. Since the sample volume was 1 ml, the actual concentration of

[3H]dizocilpine was 1.04 nM.

2.9.2 Equilibrium binding parameters

Analysis of saturation and competition binding experiments was performed using the

iterative, non-linear least squares curve fitting programme "polyfit" (RBB; 1989).
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Initial analysis of the data was by graphical representation, which allowed the removal

of rogue points. Data were fitted to the logistic equation
MXP

Y = + C
Xp +IC50

where Y= total bound radioactivity (DPM), X= concentration of competitor, M=
maximal specific binding (i.e. zero competitor present) in DPM, IC50 = concentration
of competitor required to produce half maximal inhibition of binding, P= slope at the

midpoint of the line, corresponding to the Hill coefficient nH, and C is a constant

baseline representing non-specific binding (NSB). When a semi-log plot is used, the
curve is sigmoidal, and a value of -1 for P indicates an apparent homogeneous binding

population and a lack of cooperativity of binding. The program calculates the
baseline of the curve (C), which is equivalent to NSB, and the maximal amount bound

(M), equivalent to maximal specific binding (b). In nearly all cases, calculated and

experimental values of b and NSB were in close agreement. In situations where they
did not agree, and no obvious experimental error had occurred, data from the curve

were not used. Dissociation constant (Ki) values for competition experiments were

calculated using the equation
IC50

Ki =

1 + [L]/KD
where [L] = [3H]ligand concentration (see appendix 1 for derivations of all equations).

The equilibrium dissociation constant (KD) for the ligand is calculated from the

IC50 obtained from the curve fitted when the "competitor" is the unlabelled form of
the radioligand, using the equation

KD = IC50 - [L]
This method was used to determine KD in preference to the classical method

measuring the binding of increasing concentrations of labelled ligand. The classical
method requires a number of data transformation steps prior to analysis, where the
transformed data are fitted to a hyperbolic curve. Each manipulation contributes to

error propagation, which is especially pronounced at the highest ligand
concentrations. The data are often further transformed by the Scatchard method, to
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linearize the data, a method which is advised against (Leatherbarrow, 1990; Swillens,

1992), since it generally leads to inaccurate determination ofKD and Bmax. Swillens

(1992), in fact demonstrated that use of the Scatchard method to analyse a simulated

experiment resulted in an error of greater than 100%. In the above method,

however, analysis is of the raw data, thereby avoiding the propagation of errors
inherent to numerical transformation.

Maximal specific binding (M) in DPM is obtained by subtracting C from the
total amount bound in the absence of competitor (Y), and is used in the calculation of

Bmax;

IC50
Bmax = M —

[L]

(see appendix 1 for derivation). Bmax in DPM was converted to fmol bound, then to

fmol/mg protein using the results of the protein assay.

In experiments where more than one population of binding sites was suspected

(e.g. where the Hill slope of the above plot was less than one), data were analysed by
least squares fit to the equation

MiX M2X
Y - +

X + IC50 X + IC50

Experiments to investigate the nature of the inhibition of [3H]dizocilpine binding

by FR115427 used the method of Dixon (1952). In a plot of 1/b versus [I] (the
concentration of inhibitor present), when the ligand concentration [L] is constant, a

straight line is obtained. If this is done at several ligand concentrations, then for

competitive inhibition, the lines will intersect at a point where [I]= -Ki and 1/b =

1/Bmax (see appendix 1 for derivation). The KD of the radioligand can be obtained
from the graph by the equation

([L] x Ki)
-KD = 1 +

[I]

If however, inhibition is non-competitive, the lines will intersect on the X-axis at a

point where [I]= -Ki.
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2.9.3 Kinetic analysis

Experiments to determine the rates of association and dissociation of the ligands were

performed under pseudo first-order conditions. These conditions require that no

more than 10% of total ligand is bound at equilibrium, so that [L] can be considered
as a constant. From these experiments, the apparent association rate (kobs) is
determined by plotting

Ln [beq /( beq - bt )]
versus time, where beq is equilibrium binding, and bt represents the amount bound at

time t. The slope of this line equals kobs. kobs is related to the true association rate

(k+l) by the equation
k+1 = (kobs - k-1) / [L]

where k-1 is the dissociation rate constant, also determined experimentally.
Dissociation rate experiments were analysed by plotting log b versus time, and

calculating k-1 using the equation
k-l = -2.303 x slope of log b vs t

The half-time for dissociation (tl/2) can then be calculated from
tl/2 = 0.693 /k-1

2.9.4 Statistical analysis

In most cases, graphical representation of data is made using a single representative

experiment from at least three independent experiments. Data in the text and tables
are represented as mean ± s.e.m., or where only two determinations were made, the
mean and range are given. Statistical comparison of groups in the human cortical
membrane experiments was performed using the Student's t-test.

2.10 Materials

[3H]FR115427 was custom tritiated by Amersham from the precursor FR133161

(mCl-FR115427) which was synthesised by Fujisawa; FR115427 and all analogues
were generously supplied by Fujisawa New Drug Research Laboratories;

[3H]dizocilpine was purchased from New England Nuclear; dizocilpine and NANM
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were purchased from RBI; L-glutamate, glycine, PCP, ketamine, BSA and Coomassie

brilliant blue were purchased from Sigma; Tris(hydroxymethyl)methylamine, sucrose

and orthophosphoric acid were purchased from Fisons; HC1, NaOH absolute alcohol
and formic acid were purchased from BDH; emulsifier safe scintillation fluid and pony

vials were purchased from Packard; glass fibre filter paper and qualitative filter discs
were purchased from Whatman.
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CHAPTER 3

CHARACTERISATION OF FR115427 IN A [3H]DIZOCILPINE
FILTRATION ASSAY

69



3J. INTRODUCTION

FR115427, the compound under study (figure 3.1), is a conformationally flexible

analogue of dizocilpine, the most potent NMDA receptor non-competitive antagonist
so far reported. Dizocilpine was first reported in 1982 as an orally active
anticonvulsant and anxiolytic with an unknown site of action (Clineschmidt et al.,

1982). Binding assays for catecholamine and GABA/benzodiazepine receptors

showed that dizocilpine had little affinity for either. Reports in 1986 provided
evidence to localise the site of action of dizocilpine to the NMDA receptor (Wong
and Woodruff, 1986; Kemp et al., 1986; Wong et at, 1986). Radioligand binding
studies with [3H]dizocilpine showed binding that was reversible and saturable; binding
was also stereoselective and regionally specific, with highest density in the

hippocampus, followed by the cortex, striatum and pons-medulla, and little binding in
the cerebellum. Of over forty compounds tested, only PCP, ketamine and NANM
inhibited binding of [3H]dizocilpine. These compounds had previously been shown to
block NMDA-evoked responses in rat and cat spinal neurons (Anis et al., 1983).

Similarly, dizocilpine and its stereoisomer (-)dizocilpine antagonised NMDA-evoked

responses in rat cortical slices in a use-dependent, non-competitive manner, whilst
kainate- and quisqualate-evoked responses were unaffected. The close correlation of
the potencies of these compounds as inhibitors of [3H]dizocilpine binding and as

antagonists of NMDA-evoked responses in electrophysiological studies suggested
that the site labelled by [3H]dizocilpine was associated with the NMDA receptor

(Wong and Woodruff, 1986). It was also clear from the binding experiments that the

dizocilpine site was not the same as the glutamate recognition site, since no EAAs
tested displaced [3H]dizocilpine binding, although a modulatory influence ofNMDA

receptor agonists over [3H]dizocilpine binding was present, suggesting a close
association between the two sites. Other methods supported this indication that the

binding site for dizocilpine, while being separate from the transmitter site of the
NMDA receptor, was on the same macromolecule. Autoradiographic studies
showed almost perfect co-localisation of NMDA-sensitive L-[3H]glutamate binding,

[3H]dizocilpine binding and strychnine-insensitive [3H]glycine binding (Bowery et al.,

1988), and dizocilpine binding sites were present with NMDA receptors expressed in
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Figure 3,1

Chemical structures of dizocilpine and FR115427 ((+)-l-methyl-l-phenyl-l,2,3,4
tetrahydroisoquinoline). // indicates the bond which is broken in dizocilpine to form
FR115427.
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oocytes (Kleckner and Dingledine 1988), or isolated in solubilisation studies (Ambar

etal., 1988; McKerman et al., 1989).
PCP and ketamine had been suggested to antagonise NMDA receptor activity

by a channel-blocking mechanism, because of the voltage and use dependency of their

activity (Honey et al., 1985). A characteristic of the antagonism ofNMDA evoked

responses by dizocilpine (Kemp et al., 1986) was also consistent with this mode of
blockade. Thus antagonism of NMDA receptor activity by dizocilpine was

dependent more on the concentration of agonist applied than on the duration of

exposure to dizocilpine, implying use dependence. In the preliminary binding

experiments, agonists for the transmitter site were also found to modulate

[3H]dizocilpine binding (Wong et al., 1986). Subsequent binding experiments

(Foster and Wong, 1987) showed that, in cortical membranes repeatedly washed to

lower the concentration of endogenous glutamate and aspartate, the affinity of

[3H]dizocilpine binding was greatly reduced, but the total number of binding sites was

unchanged. The enhancement of [3H]dizocilpine binding by NMDA receptor

agonists correlated well with inhibition ofNMDA sensitive L-[3H]glutamate binding,
and the competitive NMDA antagonist AP5 blocked the L-glutamate induced increase
in [3H]dizocilpine binding (Foster and Wong, 1987). The enhancement seems to be
due to an increase in the apparent on-rate for [3H]dizocilpine binding presumably due
to the opening of the NMDA receptor channel allowing easier access of the ligand to

its binding site (Kloog et al., 1988). When glycine is present a further enhancement
of binding is seen, probably due to the glycine-induced increase in NMDA receptor

ion channel open time demonstrated in electrophysiological experiments (Johnson and

Ascher, 1987).
The requirement for receptor activation to allow access of dizocilpine to its

binding site, demonstrated with electrophysiology (Kemp et al., 1986) and ligand

binding (Foster and Wong, 1987), was supported by oocyte expression studies, where
the complete absence of endogenous glutamate or glycine site agonists was ensured,
and no [3H]dizocilpine binding was measured in their absence (Kleckner and

Dingledine, 1988). However, evidence was also presented that indicated that

dizocilpine could gain access to its binding site via another route (Javitt and Zukin,

72



1989): in the absence of NMDA and glycine site agonists, if measurement of

[ H]dizocilpine binding was made following a long incubation period (in excess of 4

hours), then biexponential kinetics were apparent, suggesting two pathways of access
to the binding site. The fast component was suggested to represent access of the

ligand via the open channel, whilst the slow component was access via a hydrophobic

path (presumably trans-membrane) to the closed channel. In support of this, in the

presence of L-glutamate and glycine, in excess of 90% of binding displayed fast
association kinetics, whilst in the absence ofL-glutamate and glycine in excess of 99%
ofbinding displayed slow association kinetics.

Dizocilpine represents a unique biochemical opportunity in that it allows the

study of factors influencing the activity ofNMDA receptors in vitro. To this end it
has been used extensively to study the activity of modulatory sites on the receptor

macromolecule. There is some evidence for differing efficacy of NMDA site

agonists, as measured by stimulation of [3H]dizocilpine binding to well-washed
cortical membranes (Foster and Wong 1987), and [3H]dizocilpine binding has been
used to study agonist and antagonist actions at the modulatory sites such as the

glycine (Reynolds et al., 1987) and polyamine sites (Ransome and Stec, 1988), and
the action of other modulators such as the divalent cations (Reynolds and Miller

1988a), p-amyloid (Calligaro et al., 1993) and redox modulators (Reynolds et al.,

1990).

Because of its very high affinity for the NMDA receptor channel, dizocilpine
has been widely used as a template for the development of other NMDA receptor

channel blockers, with the aim of developing a compound with fewer side effects, but

retaining therapeutic value, or with a window of separation between the therapeutic
dose and the dose at which unwanted side effects are seen. FR115427 [(+)-l-methyl-

l-phenyl-l,2,3,4-tetrahydroisoquinoline hydrochloride], an isoquinoline derivative of

dizocilpine is one such compound (fig 3.1). FR115427 represents a structurally more
flexible form of dizocilpine, where the bond between carbons 5 and 5a in the central
carbon ring has been broken (using the numbering system employed in most

dizocilpine publications).
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Initial research with FR115427 indicated that it was equipotent with

dizocilpine in increasing the survival time of hypoxic mice, and 10-fold less potent

than dizocilpine in preventing NMDA induced convulsions. However, in experiments

measuring local cerebral glucose use (1CGU), although the patterns of altered 1CGU
were essentially similar for dizocilpine and FR115427, dizocilpine caused metabolic

changes at 0.03mg/kg, whilst FR115427 caused metabolic changes at lmg/kg

(Sharkey et al., in preparation). The 30-fold separation in the concentrations of

dizocilpine and FR115427 which cause metabolic side effects is greater than the

separation of anticonvulsant activity between the compounds, indicating that the

therapeutic window separating the desired effects of FR115427 from unwanted side
effects might be wider than that of dizocilpine. A study on FR115427 was therefore

conducted, to discover if its site of action was indeed the same as dizocilpine.
The results presented in this chapter compare unlabelled FR115427 with

dizocilpine in a [3H]dizocilpine radioligand binding assay. In the competition

experiments, the affinity ofFR115427 was measured, and compared with a number of

non-competitive NMDA antagonists for the [3H]dizocilpine binding site. Also
studied were the stereoisomers of dizocilpine and FR115427, in terms of their affinity
for the channel binding site, and of the stimulatory effects of glutamate and glycine on

binding affinity.
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32 RESULTS

3.2.1 Saturation analysis of [3H]dizocilpine binding

Determination of the KD and Bmax for [3H]dizocilpine binding was performed by

incubating rat cortical P2 membranes with lnM [3H]dizocilpine and increasing
concentrations of unlabelled dizocilpine in the presence of 10pM L-glutamate (figure

3.2). Saturation analysis of ten such experiments (table 3.1) gave a binding affinity

(Kd) of 3.10 ± 0.17 nM and binding site density (Bmax) of 8.32 ± 0.34 pmol/mg

protein. The mean Hill slope of the curves was 1.03 ± 0.02, indicating binding to a

single population of non-interacting sites.

3.2.2 Stimulation of [3H]dizocilpine binding by L-glutamate and glycine

Specific binding of [3H]dizocilpine in the absence of exogenous L-glutamate or

glycine was low and variable (typically 22-50 fmol/tube at lnM [3H]dizocilpine), and
represented, at best, 60% of total binding. Addition of L-glutamate and/or glycine to

the assay medium increased the ratio of specific: non-specific binding, and reduced

variability. Non-specific binding (NSB) in the presence of L-glutamate did not differ
from NSB in its absence (both were around 20 fmol), but specific binding was

increased to around 230 fmol (typically 210-250 fmol/tube), representing around 90%
of total binding.

L-glutamate maximally enhanced specific [3H]dizocilpine binding to 592 ±

34.2% of control binding with an EC50 of 194 ± 20.7 nM, maximal stimulation of

binding was seen at concentrations in excess of 3pM (figure 3.3A). The degree of
enhancement of [3H]dizocilpine binding by glycine was lower than that for L-

glutamate; glycine enhanced specific [3H]dizocilpine binding to 309 ± 45.0% of

control binding with an EC50 value of 214 + 25.6 nM (figure 3.3B). As with L-

glutamate, maximal stimulation of [3H]dizocilpine binding was seen at glycine
concentrations in excess of 3pM. Maximally-stimulating concentrations of both

glutamate and glycine in combination potentiated [3H]dizocilpine binding to 535 ±

65.5% of control binding, the same magnitude as was seen in the presence of
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Log [unlabelled Dizocilpine] (M)

Figure 3.2 Saturation curve for |"3H]dizocilpine binding

Rat cortical P2 membranes were incubated (120 min) with 1 nM [3H]dizocilpine and
10 pM L-glutamate in the absence or presence of increasing concentrations of
unlabelled dizocilpine (0.1nM - lOOnM). Non-specific binding was determined in the
presence of 30 pM dizocilpine. Results shown are from a single representative
experiment from a group of ten independent experiments. Data from individual
experiments was analysed by least squares fit to the logistic equation Y = MXP/(XP +
IC50) +C.
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KD (nM) Bmax (pmol/me protein) nH

3.35 8.44 0.99
3.32 6.75 1.04
3.61 8.56 0.98

2.20 7.70 1.06
3.84 10.2 1.07
2.87 10.0 0.93
2.66 7.66 0.94
2.47 8.27 1.15

3.19 7.77 1.02
3.48 7.82 1.10

mean ± s.e.m. 3.10 ± 0.17 8.32 + 0.34 1.03+0.02

Table 3.1 Saturation analysis of |"3H]dizocilpine binding

[3H]dizocilpine binding to rat cortical P2 membranes was measured in the presence of
10 pM L-glutamate. Membranes were incubated with [3H]dizocilpine (InM) in the
absence or presence of increasing concentrations of unlabelled dizocilpine (0.1 nM -

3pM) for 120 min at 25°C. Bound and free ligand were separated using a Brandell
Cell Harvester. Data were analysed by least squares fit to the equation Y = MXP/(XP
+ IC50) +C, and KD values calculated from the equation KD = IC50 - [L], Bmax was
calculated from Bmax = (b.IC50)/[L], nH refers to the Hill slope of the plot, the
gradient of the line at the IC50.
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Fieure 3.3 Potentiation of |"3Hldizocilpine binding by L-glutamate and glycine

Rat cortical P2 membranes were incubated with 1 nM [3H]dizocilpine (120 min) in the
absence or presence of increasing concentrations of L-glutamate (♦) or glycine (•).
A final concentration of 1 nM - 100 pM L-glutamate or glycine was added.
Potentiation was calculated as a percentage of control binding in the absence of added
L-glutamate or glycine. Data are from a single representative experiment, the means
(% control binding) of 4-6 experiments performed in duplicate were calculated and
appear in the text.
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L-glutamate alone, indicating no additive effect.
The observed increase in specific binding involved only an alteration in the

affinity of the binding site for dizocilpine rather than an increase in the number of

binding sites (table 3.2).

3.2.3 Competition studies with [3H]dizocilpine

FR115427 inhibited [3H]dizocilpine binding with a Ki value of 41.0 nM (figure 3.4

and table 3.3) in the presence of 10 pM L-glutamate. Dizocilpine was 13 fold more

potent as an inhibitor of binding with a Kd value of 3.10 nM under identical
conditions (figure 3.4 and table 3.3). Inhibition of binding by both compounds
exhibited stereoselectivity, but this was far more pronounced in the case of
FR115427. When compared with the corresponding (+) isomer, the (-) isomers of
FR115427 and dizocilpine were respectively 100 and 5 fold less potent as inhibitors of

[3FI]dizocilpine binding in the presence of 10 pM L-glutamate (figure 3.4 and table

3.3). PCP inhibited [3H]dizocilpine binding with a Ki value of 34.6 nM, showing
similar potency to FR115427 (table 3.3). Ketamine and NANM inhibited

[3H]dizocilpine binding with Ki values of 296 nM and 306 nM respectively. The
chlorinated precursor to [3H]FR115427 inhibited [3H]dizocilpine binding with a Ki
value of 245 nM, 6 fold lower than the affinity of FR115427. Therefore, since

[3FI]FR115427 was greater than 98% pure, the proportion of inhibition of binding due
to contamination by the precursor was negligible.

3.2.4 Effects ofL-glutamate and glycine on binding affinity

The affinities of compounds measured against [3H]dizocilpine were modulated by the

presence of L-glutamate and/or glycine in the assay buffer (table 3.4). A maximally

stimulating concentration of L-glutamate (lOpM) raised the affinity of dizocilpine 4

fold from 13 nM to 3.1 nM (figure 3.5). The affinity of (-)dizocilpine was also

increased, but to a lesser extent (1.7 fold). In contrast, the active (+) isomer of
FR115427 was influenced only slightly by the presence of L-glutamate in the assay

buffer, with an increase in affinity of only 1.4 fold (not statistically significant). The

presence of a maximally-stimulating concentration ofglycine in the assay medium also
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KD fnM) Bmax fpmol/me protein) n

Control 13.0 ± 2.3 7.02 ±0.76 4

Glycine 5.6 ±0.6 8.64 ±0.67 4

L-glutamate 3.1 ±0.2 8.32 ±0.34 10

Combination 2.4 ±0.4 8.88 ±0.57 4

Table 3.2 Effect ofL-glutamate and/or glycine on [3Hldizocilpine binding

The KD and specific binding of [3H]dizocilpine binding to rat cortical P2 membranes
were determined in the presence or absence of 10 pM L-glutamate, glycine or a
combination of these amino acids in the assay buffer. Membranes were incubated
with [3H]dizocilpine (1 nM) in the absence or presence of increasing concentrations of
unlabelled dizocilpine (0.1 nM - 3pM) for 120 min at 25°C. Bound and free ligand
were separated using a Brandell Cell Harvester. Data were analysed by least squares
fit to the equation Y = MXP/(XP + IC50) +C, and KD values calculated from the
equation Kd = IC50 - [L], Bmax was calculated from Bmax = (b.IC50)/[L], Data
represent mean values ± s.e.m. of the number of separate determinations indicated.
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Figure 3.4 Inhibition of |"3Hldizocilpine binding by FR115427 and channel blockers

Cortical membranes were incubated with [3H]dizocilpine (1 nM) for 120 min in the
presence or absence of varying concentrations of test compound. All assays were

performed in the presence of 10 pM L-glutamate. Bound and free ligand were
separated using a Brandell Cell Harvester. Data are from representative experiments
individual experiments were analysed by least squares fit to the equation Y =

MXP/(XP + IC50) +C. Each point is the mean value of duplicate determinations. (•)
dizocilpine, (♦) (-)dizocilpine, (o) FR115427, (0) FR115426.
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Ki fnMl nH n

Dizocilpine maleate 3.10 ± 0.17 1.03+0.02 10

(-)Dizocilpine 15.0 + 1.6 0.99 + 0.02 4

(+)FR115427 41.0 + 5.6 0.99 + 0.04 4

(-)FRl 15427 4570 + 499 0.99 + 0.06 4

PCP 34.6 + 4.7 1.03 ±0.06 4

Ketamine 296 ± 52.0 0.88 + 0.04 4

NANM 306 + 31.6 0.98 + 0.04 4

mCl-FRl 15427 245 + 52.0 0.92 + 0.03 4

Table 3.3 Ki values for inhibition of [3H]dizocilpine binding

Rat cortical P2 membranes were incubated with [3H]dizocilpine (1 nM) for 120 min in
the presence or absence of varying concentrations of test compound. All assays were
performed in the presence of 10 pM L-glutamate. Bound and free ligand were
separated using a Brandell Cell Harvester. Data were analysed by least squares fit to
the equation Y = MXP/(XP + IC50) +C, and KD values calculated from the equation
KD = IC50 - [L], Bmax was calculated from Bmax = (b.IC50)/[L], mCl-FRl 15427 is
the chlorinated precursor to [3H]FR115427. Data represent mean values ± s.e.m. of
the number of determinations indicated.
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Ki/KD CnMl

Drug No addition L-glutamate Glycine Combination

Dizocilpine 13.0 ±2.3 3.10 ± 0.17* 5.6± 0.6* 2.4± 0.4°
(-)MK801 25.9 ±2.2 15.0 ± 1.6* not done not done
FR115427 58.9 ±7.1 41.0 ±5.6 42.2 ±2.1 37.6 ±6.2
FR115426 4157 ±327 4570 ± 499 4094 ±395 4339 ±498

Table 3.4 Effects of L-glutamate and glycine on binding affinity

The affinity of the (+) and (-) isomers of dizocilpine and FR115427 for
[3H]dizocilpine binding sites on rat cortical membranes was determined in the
presence or absence of L-glutamate (10 pM), glycine (10 pM) or a combination of
these amino acids in the assay buffer. Membranes were incubated with
[3H]dizocilpine (InM) in absence or presence of increasing concentrations of test drug
for 120 min at 25°C. Bound and free ligand were separated using a Branded Cell
Harvester. Data were analysed by least squares fit to the equation Y = MXP/(XP +
IC50) +C. Ki values were calculated from the equation Ki = IC50/(1 + L/KD). Data
represent mean values ± s.e.m. of 10 separate determinations in the case of dizocilpine
+ L-glutamate, and of 4 separate determinations in all other cases.

*
p < 0.05 (T = 4.26, 3 d.f.) * p < 0.05 (T = 3.08, 6 d.f.) D p = 0.02 (T = 4.50, 3 d.f.)

*

p < 0.01 (T = 4.09, 6 d.f.). Statistical analysis by unpaired t-test, with allowance
for unequal variance.
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Figure 3.5 Effects of L-glutamate and glycine on binding affinity

Rat cortical P2 membranes were incubated with [3H]dizocilpine (1 nM) for 120 min in
the presence or absence of L-glutamate (10 pM) and/or glycine (10 pM), with
increasing concentrations of test compound. Bound and free ligand were separated
using a Brandell Cell Harvester. Data were analysed by least squares fit to the
equation Y = MXP/(XP + IC50) +C. Data are from a representative experiment.
Each point is the mean value of duplicate determinations. (•) control (o) +10 pM L-
glutamate (0) +pM glycine (♦) + 10 pM L-glutamate +10 pM glycine.
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increased the affinity of dizocilpine, although to a lower maximum than L-glutamate.
The affinity of dizocilpine increased 2.3 fold in the presence of glycine, but little effect
was seen on the affinity of FR115427 (1.4 fold increase; not statistically significant).
A combination of L-glutamate and glycine increased the affinity of dizocilpine 5.4

fold, a similar change as was seen in the presence of L-glutamate alone. The
combination of L-glutamate and glycine increased the affinity of the other compounds
tested to the same maximum as L-glutamate alone. FR115426 was unaffected by the

presence of L-glutamate, glycine or both in the assay medium.

3.2.5 Nature ofFR115427 inhibition of [3H]dizocilpine binding

Saturation experiments for [3H]dizocilpine binding were performed in the presence of
various fixed concentrations of FR115427 (0-100 nM). Increasing concentrations of
FR115427 reduced the binding affinity of [3H]dizocilpine, but the binding site density
was unaltered (table 3.5), indicating that FR115427 was a competitive inhibitor of

binding. The competitive nature of the interaction of FR115427 and [3H]dizocilpine
for the binding sites was confirmed by Dixon analysis. A plot of 1/b versus

FR115427 concentration for a number of dizocilpine concentrations (figure 3.6, see

appendix 1 for derivation of equations and explanation) shows the individual lines

intersecting above the X-axis at a point representing 1/Bmax, indicating competitive

antagonism (non-competitive antagonism results in intersection of the lines on the X-

axis). The X-coordinate of the intersection point represents the -Ki for the

antagonist. This analysis gave a Ki for FR115427 of 33 nM, comparing well with the

competition analysis value of 41.0 nM. Another way of determining that inhibition is

competitive is to measure saturation curves in the presence of increasing
concentrations of inhibitor. If increasing the concentration of inhibitor produces a

rightward shift of the saturation curve, inhibitition is competitive. Non-competitive
inhibition would give curves with the same IC50. Figure 3.7 shows the data analysed

by the Dixon method, represented as a series of dizocilpine saturation curves in the

presence of increasing concentrations of FR115427. Increasing the concentration of
FR115427 in the assay produced parallel rightward shifts of the saturation curve,

confirming that it is a competitive inhibitor of [3H]dizocilpine binding.
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KD (nM) Bmax fpmol/ mg protein)
Control

25 nMFRl 15427
50 nMFRl 15427
75 nMFRl 15427
100 nMFRl 15427

4.42 (4.64,4.20)
9.26 (8.98,9.54)
11.2 (10.5,12.0)
16.3 (16.6, 16.0)
22.0 (23.6,20.4)

7.85 (8.14,7.56)
8.53 (8.83,8.23)
7.42 (7.86,6.97)
7.98 (9.57,6.38)
9.08 (11.3,6.85)

Table 3.5 Kd and Bmax for ["3H]dizocilpine binding in the presence of increasing
concentrations ofFR115427

Rat cortical P2 membranes were incubated with [3H]dizocilpine (1 nM) for 120 min in
the presence or absence of varying concentrations of unlabelled dizocilpine.
FR115427 was present in the assay medium at concentrations of 0-100 nM. All
assays were performed in the presence of 10 pM L-glutamate. Bound and free ligand
were separated using a Brandell Cell Harvester. Data were analysed by least squares
fit to the equation Y = MXP/(XP + IC50) +C, and Kd values calculated from the
equation KD = IC50 - [L], Bmax was calculated from Bmax = (b.IC50)/[L], Values
are the means of two experiments performed in duplicate, individual results are shown
in parentheses.

86



[FR115427] (nM)

Figure 3.6 Dixon analysis ofFR115427 inhibition of [3H]dizocilpine binding

Rat cortical P2 membranes were incubated with [3H]dizocilpine (1 nM) for 120 min in
the presence or absence of varying concentrations of unlabelled dizocilpine.
FR115427 was present in the assay medium at concentrations of 0-100 nM. All
assays were performed in the presence of 10 pM L-glutamate. Bound and free ligand
were separated using a Branded Cell Harvester. (•) 0.7 nM dizocilpine (♦) 1.4 nM
dizocilpine (o) 3.4 nM dizocilpine (0) 10.4 nM dizocilpine.
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Figure 3.7 Saturation analysis of |"3H~|dizocilpine binding in the presence of
increasing concentrations ofFR115427

Rat cortical P2 membranes were incubated with [3H]dizocilpine (1 nM) for 120 min in
the presence or absence of varying concentrations of unlabelled dizocilpine.
FR115427 was present in the assay medium at concentrations of 0-100 nM. All
assays were performed in the presence of 10 p,M L-glutamate. Bound and free ligand
were separated using a Branded Cell Harvester. Data were analysed by least squares
fit to the equation Y = MXP/(XP + IC50) +C. (•) control (0) 50nM FR115427 (♦)
100 nMFRl 15427
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13 DISCUSSION

In a filtration assay, [3H]dizocilpine binds to a single population of non-interacting
sites with a Bmax of 8.3 pmol/mg protein and KD of 3.1 nM in the presence of a

maximally stimulating concentration of L-glutamate. Binding is stimulated by the

presence of L-glutamate and/or glycine in the assay medium. Both L-glutamate and

glycine stimulate [3H]dizocilpine binding in a concentration-dependent manner, with
EC50 values of around 200nM, which compare well with their affinities for their

binding sites on the NMDA receptor. The affinity of L-glutamate for the glutamate
site is 900nM (Olverman and Watkins 1989), whilst the affinity of glycine for the

glycine site is 129nM (Hood et al., 1990). The degree of potentiation in the presence

of L-glutamate and glycine was different; maximal binding in the presence of L-

glutamate was 600% of basal binding, and in the presence of glycine was 300% of
basal binding. Basal binding was measured in the absence of added exogenous

transmitter. In both cases, maximal stimulation of binding was seen at concentrations

of L-glutamate or glycine in excess of 3pM, and binding in the presence of maximal

glutamate and glycine together was 535% of basal binding, indicating no increase over
maximal binding in the presence ofL-glutamate.

It should be noted that low and variable levels of endogenous transmitter
remain in the membrane suspension, even after extensive washing (Loo et al., 1986).
The endogenous transmitters are sufficient to produce basal activation of the NMDA

receptor in the absence of added exogenous L-glutamate or glycine, and measurable
but variable specific binding. Basal specific binding of [3H]dizocilpine measured in
this assay can be reduced to zero if the competitive NMDA antagonists AP5 or CPP
are included in the assay buffer (Reynolds et al., 1987), or if the glycine-site

antagonist 7-chlorokynurenate is present (Tacconi et al., 1993). Even in such
conditions of glutamate and glycine site blockade, specific binding should be
measurable if the incubation period for the experiment was increased to around 10

hours, since available evidence indicates slow access of dizocilpine to the channel
even in the closed state (Javitt and Zukin, 1989). Added L-glutamate increases the

probability of channels being in the open state, thereby allowing easier access of

[3H]dizocilpine to its binding site, whilst glycine, acting by increasing the mean
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channel open time (Johnson 1987), even in the absence of added L-glutamate, will
increase access to the [3H]dizocilpine binding site, because of the low level of

receptor activation by residual endogenous glutamate.

Competition studies clearly indicate that FR115427 inhibits [3H]dizocilpine
binding to rat cortical membranes, with a Ki of 41 nM, showing about thirteen fold
lower potency than dizocilpine itself. A major difference between the two

compounds is the pronounced stereoselectivity of FR115427. The more active
stereoisomer of dizocilpine (the (+)isomer) has only 5 fold greater potency than the
less active stereoisomer ((-)dizocilpine), whilst FR115427 has more than 100 fold

greater potency than its (-)stereoisomer (FR115426). The difference in

stereoselectivity between dizocilpine and FR115427 may be due to the greater

flexibility ofFR115427 over its parent compound dizocilpine; dizocilpine is an almost

symmetrical molecule, so there is little conformational difference between the isomers,
and the ring systems hold the components of the molecule in a rigid position. In

contrast, FR115427 and its stereoisomer FR115426 are more flexible molecules,

differing from dizocilpine in that one of the rings of dizocilpine is not intact in

FR115427, allowing the molecules greater flexibility, and a wider conformational
difference between the stereoisomers. Although showing 13-fold lower affinity than

dizocilpine, FR115427 has similar affinity to PCP, and 10-fold higher affinity than
either ketamine or NANM.

The effects of L-glutamate and glycine on the affinity of the stereoisomers of

dizocilpine and FR115427 also differed. The affinities of the (+)isomers of each

compound were more affected by the presence of glutamate than were the affinities of
the (-)isomers; in fact the affinity of FR115426 was unaffected by the presence of L-

glutamate in the assay medium and the affinity of (-)dizocilpine was increased only
two-fold by the presence of L-glutamate. The affinity of dizocilpine for its binding
site was increased 4 fold by the presence of L-glutamate, in comparison to an increase
of only 1.4 fold in the affinity of FR115427 (an increase which did not achieve
statistical significance). Glycine increased the affinity of FR115427 to a similar
extent to L-glutamate (1.4 fold; not significant), but increased the affinity of

dizocilpine 2.3 fold. As with the stimulation of [3H]dizocilpine binding, glutamate
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and glycine together had no more effect on the affinity of any of the compounds
tested than did maximally-stimulating glutamate alone. The change in affinity seen in
the presence of glutamate and/or glycine accounts completely for the change in

specific binding of [3H]dizocilpine in their presence: no change in Bmax was observed

(table 3.1), indicating that glutamate and glycine allow easier access of channel
blockers to their binding site, rather than revealing additional sites.

The stimulatory effects of L-glutamate and glycine on binding are presumably
due to conformational changes in the NMDA-receptor complex which lead to greater

access to the [3H]dizocilpine binding site. It is therefore interesting that the affinities
of the two compounds do not increase to the same extent when glutamate and/or

glycine are present; FR115427 does not appear to rely as greatly as dizocilpine on the
channel being in the open state. This might be taken as evidence that dizocilpine and
FR115427 do not interact with an identical binding site. However, detailed analysis
of the interaction ofFR115427 with the [3H]dizocilpine binding site suggests that they

compete at the same site. Several saturation experiments for [3H]dizocilpine were

performed in the presence of increasing concentrations ofFR115427. Dixon analysis
of the data confirmed that FR115427 was competitively inhibiting the binding of

[3H]dizocilpine, and that the presence of FR115427 in the assay medium decreased
the affinity of dizocilpine, but had no effect on the number of binding sites. The
differences between dizocilpine and FR115427 in terms of glutamate and glycine
enhancement of affinity must therefore be inherent to the compounds themselves,

causing them to interact differently with the binding site, or such that access of
FR115427 to the binding site is less dependent on the ongoing activity of the NMDA

receptor than dizocilpine. A possible source of this difference is again the greater

flexibility of FR115427, which may give FR115427 easier access to the channel. It

is, however, puzzling that the affinity of the (-)isomer of dizocilpine is not affected to

a similar extent as the (+)isomer by the presence of glutamate and/or glycine in the

assay medium, and the affinity of the (-)isomer of FR115427 is not affected at all by
the inclusion ofglutamate and/or glycine.

Functional studies using the cortical wedge and hippocampal slice preparations
confirm the finding from radioligand binding experiments that FR115427 is a non-
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competitive NMDA receptor antagonist (Hodgkiss et al., 1993). In the cortical

wedge preparation, blockade of NMDA-evoked responses by FR115427 was non¬

competitive: a slope of greater than 1 was obtained in Schild plots, whilst a slope of 1

would be expected for a competitive antagonist; the antagonism presented by
FR115427 was use-dependent and insurmountable (except transiently) by an increase
in NMDA concentration; a rightward shift of the dose-response curve to NMDA was

seen in the presence of increasing concentrations of FR115427, but the shift was not

parallel and the maximal response was lowered in the presence of the antagonist. It
was found impossible to construct a Schild plot for dizocilpine in the functional assay
because of the extreme use dependence of the compound.
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CHAPTER 4

CHARACTERISATION OF THE BINDING OF [3H1FR115427
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4J INTRODUCTION

Radiolabelling of a therapeutic candidate is the next logical step in research: it allows
for detailed characterisation of the binding of the drug to its receptor, confirmation of
its site of action, as well as investigation of other possible interaction sites; and
measurement of the CNS regional distribution of the compound, using

autoradiographic or ligand binding methods. Drug distribution studies with 3H- or
14C-labelled compounds are used to discover the metabolic fate of systemically-

applied drug.
The differences in stereoselectivity and glutamate and glycine modulation seen

between dizocilpine and FR115427 in the [3H]dizocilpine filtration assay prompted
the decision to tritiate FR115427 and develop an assay to study the compound

directly. The precursor in the tritiation process (mCl-FRl 15427) was synthesised by
the Fujisawa New Drug Research Laboratories, and custom tritiated by Amersham
International (UK). Purification of the tritiated compound was carried out by Mr. K.
Shirakawa in FINE. Both filtration and centrifugation assays were developed for the

ligand.

Initially it was thought that, unlike dizocilpine, measurement of

[3H]FR115427 binding would require the use of a centrifugation assay. The factor
which determines whether separation of bound and free receptor can be performed by
filtration is the rate of dissociation of the ligand from the receptor. Thus, for a ligand
which dissociates rapidly from the receptor, a sizeable portion of specific binding will
be lost during the time taken to filter the samples. Theoretical calculations (Bennett

1978) indicate that in order to retain more than 90% of specific binding, separation of
bound from free ligand must be completed within a time equal to 0.15 x tl/2 for
dissociation. By assuming an association rate constant of 10 M" s"1 (close to

experimentally determined values for most neurotransmitters: Bennett, 1978), the
dissociation rate constant (k-1) can be calculated from the KD using the equation k-1 =

KDxk+1. The tl/2 for dissociation is then k-l/0.693. For a ligand with the affinity
of FR115427 (Ki of 41 nM for the [3H]dizocilpine binding site), assuming a k+1 of
106 M'V1, the tl/2 for dissociation would be 17 seconds, and the allowable time for

separation of bound and free ligand under non-equilibrium conditions would be 2.6
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seconds. Since separation by filtration also requires a washing stage, this time is far
too short. However, in a centrifiigation assay, bound and free ligand are separated
under equilibrium conditions, so that no dissociation of the ligand from its receptor

should occur during separation.
As with all new radioligands, preliminary experiments are required to ascertain

optimal conditions for the measurement of binding. These experiments considered
the pH, temperature, and protein concentration at which binding should be measured;
the conditions for separation of bound and free ligand and the incubation period

required to ensure that the important criterion of equilibrium was fulfilled for
saturation and competition experiments. Competition experiments with a number of

non-competitive NMDA receptor antagonists were performed to compare affinity
measured in the [3H]FR115427 assay with affinity in the [3H]dizocilpine assay. As in

chapter 3 for [3H]dizocilpine binding, the effects of glutamate and glycine on

[3H]FR115427 were investigated. A low affinity binding site for both [3H]FR115427
and [3H]dizocilpine was revealed by a centrifugation assay.
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4.2, RESULTS

4.2.1 Experimental Conditions

Binding of [3H]FR115427 was measured under varying conditions of pH,

temperature, protein content and filtration, to determine the optimum experimental
conditions.

Specific binding of [3H]FR115427 to rat cortical P2 membranes was measured
between pH 6.5 - 8.5, the limits of the buffering capacity of Tris-HCl. An optimum
was apparent between pH 7.5 - 8.0 (figure 4.1). Routine assays were carried out at

pH 7.4 to allow direct comparison of [3F1]FR115427 binding with [3H]dizocilpine
binding which is routinely measured at pH 7.4.

Temperature effects were measured over the range 4-3 7°C. The pH of the
buffer at each temperature was adjusted to 7.4. Specific binding was maximal at

25°C, although there was little change with temperature (table 4.1), so again in order
to make a direct comparison of the binding of [3H]FR115427 and [3H]dizocilpine,
routine experiments were carried out at room temperature.

Specific binding of [3H]FR115427 was measured over a protein concentration

range of 10-170 pg protein/sample and was linear up to 120 pg/sample (figure 4.2).
In routine experiments, a protein concentration of 50-90 pg/sample was used,
consistent with the protein concentration range used in [3H]dizocilpine assays.

Separation of bound and free ligand was by filtration. Assay buffer (5mM
Tris- HC1) was used for all washes, and NSB was determined in the presence of

10pM unlabelled FR115427. With a single 5ml wash, NSB exceeded 75% of total

binding, presumably due to residual free ligand trapped in the membranes and filter.
With two 5ml washes, NSB was reduced to 50% of total binding, and three washes

provided no further improvement. Washing was performed using buffer at room

temperature, and ice-cold buffer. No appreciable benefit was gained by the used of
ice-cold buffer. In comparison with [3H]dizocilpine binding experiments, where NSB
was at most 15% of total binding, the NSB of the [3H]FR115427 assay was high, but
reduced from 50% of total binding to 40% by presoaking the filters in 5%

polyethyleneimine (PEI), which reduced the portion of non-specific binding due to

binding of [3H]FR115427 to the filter discs.
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Figure 4.1 pH dependence of [3H]FR115427 binding

Membranes were incubated in 5 mM Tris-HCl buffer at pH ranging from 6.5 - 8.5
with 10 nM [3H]FR115427 in the presence of 10 pM L-glutamate for 45 min. Non¬
specific binding was defined in the presence of 30 pM FR115427. Values are mean
of duplicated experiments performed in triplicate.
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Temperature CC) Specific Binding (pmol/mg protein! n

4 0.73 ±0.09 3

12 1.37 ± 0.12 3

20 1.10 ± 0.12 3

25 1.40 ±0.06 3

30 1.30 + 0.10 3

37 1.17 ±0.07 3

Table 4.1 Temperature effects on r3H!FRl 15427 binding

Membranes were incubated with 10 nM [3H]FR115427 (45 min) in the presence of 10
pM L-glutamate, at varying temperatures. Total binding was determined in the
absence of competitor, and non-specific binding determined in the presence of 30 pM
unlabelled ligand.
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Figure 4.2 Effect of protein concentration on [3H1FR115427 binding

[3H]FR115427 (10 nM) was incubated with 10 pM L-glutamate for 45 min in the
presence of increasing membrane protein concentration (0-170 pg/assay). Non¬
specific binding was defined in the presence of 30 pM FR115427. Data are from a
single representative experiment from a group of three experiments.
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Conditions for all further filtration experiments were a temperature of 25°C,

pH of 7.4 and protein concentration of 50 - 90 pg/sample. After filtration through

GF/B filters soaked in PEI, samples were washed twice with 5ml of room-

temperature buffer.

4.2.2 Timecourse of [3H]FR115427 and [3H]Dizocilpine Binding

Specific binding of [3H]FR115427 to rat cortical P2 membranes reached equilibrium
within 30 min at 25°C (figure 4.3). Specific binding was reversible: addition of

30pM FR115427 displaced almost all specific binding within 45 min (figure 4.3).
Dissociation of bound [3H]FR115427 followed a typical single exponential decay

curve, with a tl/2 of approximately 13 min (table 4.2).
In the same membrane preparation, [3H]dizocilpine binding reached

equilibrium within 120 min (figure 4.4), and excess unlabelled ligand (30 pM

dizocilpine) displaced almost all specific binding within 150 min. The single

exponential decay curve for dissociation of [3H]dizocilpine had a tl/2 of 57 min (table

4.2). Kinetic analysis of these experiments provided association and dissociation rate

constants (table 4.2), and gave calculated Kd values (k-l/k+1) of 45.9 ± 5.2 nM for

[3H]FR115427 binding and 1.45 ± 0.22 nM for [3H]dizocilpine binding. Typical
association and dissociation analysis graphs are shown for [3H]FR115427 in figures
4.5 and 4.6 and for [3H]dizocilpine in figures 4.7 and 4.8.

4.2.3 Saturation analysis of [3H]FR115427 binding

The binding of [3FI]FR115427 was investigated by incubating rat cortical P2
membranes with 10 nM [3H]FR115427 and increasing concentrations of unlabelled

ligand in the presence of 10 pM l-glutamate (figure 4.9). Analysis of saturation data
from 6 such experiments (table 4.3) provided binding affinity (Kd) and binding site

density (Bmax) values of 44.8 ± 3.9 nM and 8.9 ± 0.4 pmol/mg protein respectively.

The mean Hill slope of the curves was 0.91 ± 0.05 indicating binding to a single

population of sites.
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Figure 4.3 Timecourse of r3H]FRl 15427 binding to rat cortical P2 membranes

Rat cortical P2 membranes suspended in 5 mM Tris-HCl (pH 7.4) were incubated
with 10 nM [3H]FR115427 in the presence of 10 pM L-glutamate for various times
(•). Dissociation was initiated at 45 min (indicated by arrow) by the addition of 30
pM unlabelled FR115427, and at various times following this specific binding was
measured (o). Results shown are from a single representative experiment from a
group of 5 independent experiments.
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T3H1FR115427 [3HlDizocilpine

k+1 (M-'s"1) 2.1 x 104 ± 0.32 x 104 1.5 x 105 ± 0.18 x 105

k-1 (s"1) 9.1 x 10"4 ± 0.62 x 10"4 2.1 x 10"4 ± 0.25 x 10"4

calc KD (nM) 45.9 + 5.2 1.45 + 0.22

tl/2 dissoc. (min) 12.9 + 0.9 56.6 + 5.2

Table 4.2 Kinetic analysis of [3H]FR115427 and |"3H1dizocilpine binding

Rat cortical P2 membranes were incubated with 10 nM [3H]FR115427 or InM
[3H]dizocilpine for various times at 25°C in the presence of 10 pM L-glutamate. In
dissociation experiments, following preincubation (45 min; [3H]FR115427, 90 min;
[3H]dizocilpine), excess unlabelled ligand was added, and binding measured at various
time intervals thereafter. Values are mean ± s.e.m. from 5 independent experiments.
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Figure 4.4 Timecourse of |"3H1dizocilpine binding to rat cortical P2 membranes

Rat cortical P2 membranes suspended in 5 mM Tris-HCl (pH 7.4) were incubated
with InM [3H]dizocilpine in the presence of 10 pM L-glutamate for various times (•).
Dissociation was initiated at 90 min (indicated by arrow) by the addition of 30 pM
unlabelled dizocilpine, and at various times following this specific binding was
measured (o). Results shown are from a single representative experiment from a
group of 5 independent experiments.
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Figure 4,5 |~3H]FR115427 association analysis

Rat cortical P2 membranes were incubated with 10 nM [3H]FR115427 for various
times at 25°C in the presence of 10 pM L-glutamate. Bound and free ligand were
separated by filtration using a Brandell cell harvester. Results shown are from a
single representative experiment from a group of 5 independent experiments.
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Figure 4.6 |~3H]FR115427 dissociation analysis

Rat cortical P2 membranes were preincubated with 10 nM [3H]FR115427 in the
presence of 10 pM L-glutamate for 45 min, after which excess unlabelled ligand was
added (30 pM FR115427), and binding measured at various time intervals thereafter.
Bound and free ligand were separated by filtration using a Brandell cell harvester.
Results shown are from a single representative experiment from a group of 5
independent experiments.
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Figure 4.7 l~3H]Dizocilpine association analysis

Rat cortical P2 membranes were incubated with 1 nM [3H]dizocilpine for various
times at 25°C in the presence of 10 pM L-glutamate. Results shown are from a single
representative experiment from a group of 5 independent experiments. Bound and
free ligand were separated by filtration using a Brandell cell harvester.
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Figure 4.8 [3H]Dizocilpine dissociation analysis

Rat cortical P2 membranes were preincubated with 1 nM [3H]dizocilpine in the
presence of 10 pM L-glutamate for 90 min, after which excess unlabelled ligand was
added (30 pM dizocilpine), and binding measured at various time intervals thereafter.
Bound and free ligand were separated by filtration using a Branded cell harvester.
Results shown are from a single representative experiment from a group of 5
independent experiments.
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Figure 4.9 Inhibition of T3H]FR115427 binding by unlabelled FR115427

Rat cortical P2 membranes were incubated (45 min) with 10 nM [3H]FR115427 and
10 pM L-glutamate in the absence or presence of increasing concentrations of
unlabelled FR115427 (1 nM - 10 pM). Non-specific binding was determined in the
presence of 30 pM FR115427. Results shown are from a single representative
experiment from a group of 6 independent experiments. Data from individual
experiments were analysed by least squares fit to the logistic expression Y = MXP/(XP
+ IC50) + C.
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Kd fnMl Bmax (pmol/ ma protein) nH

31.4 8.9 0.75
47.5 7.4 1.03
48.7 8.9 0.97
48.0 8.9 0.98
57.5 8.2 0.92
35.7 10.3 0.97

mean ± s.e.m. 44.8 + 3.9 8.9 + 0.4 0.91 ±0.05

Table 4.3 Saturation analysis of [3H]FR115427 binding

Rat cortical P2 membranes were incubated with 10 nM [3H]FR115427 (45 min) or 1
nM [3H]dizocilpine (120 min) in the presence of 10 jjM l-glutamate, and increasing
concentrations of test drugs (0.1 nM - 300 pM). Non-specific binding was
determined in the presence of 30 pM unlabelled ligand. Data from individual
experiments were analysed by least squares fit to the logistic expression Y = MXP/(XP
+ IC50) + C. KD values were calculated from the equation KD - IC50 - [L], Bmax
values were calculated from Bmax = (b.IC50)/[L],
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4.2.4 Effects ofL-glutamate and glycine on [3H]FR115427 binding

In the absence of exogenous L-glutamate or glycine, [3H]FR115427 binding was

variable, and specific binding often represented less than 10% of total binding. Both

L-glutamate and glycine increased specific [3H]FR115427 binding to rat cortical P2

membranes, with EC50 values of 75.0 ± 10.3 nM and 93.7 ± 16.8 nM respectively

(figure 4.10). The magnitude of the effect was different for the two transmitters: 10

pM L-glutamate increased specific [3H]FR115427 binding maximally to 438 ± 55.7%

of control binding (figure 4.10a), whilst 10 pM glycine increased specific

[3H]FR115427 binding maximally to 240 ± 17.0% of control binding (figure 4.10b).
In comparison, L-glutamate (10 pM) and glycine (10 pM) potentiated specific

[3H]dizocilpine binding to 592 ± 34.2% and 309 ± 45.0% of control binding

respectively (table 4.4). The EC50 values for L-glutamate and glycine enhancement
of specific [3H]dizocilpine binding were 194 ± 20.7 nM and 214 ± 25.6 nM

respectively. It was not possible to accurately determine KD and Bmax values for

[3H]FR115427 in the absence of exogenous glutamate, therefore maximally-

stimulating L-glutamate (10 pM) was routinely added to the assay buffer.

4.2.5 Pharmacology of [3H]FR115427 binding

The pharmacological profile of [3H]FR115427 binding was evaluated by incubating
rat cortical P2 membranes with 10 nM [3H]FR115427 at 25°C for 45 min in the

absence or presence of increasing concentrations (0.1 nM - 300 pM) of a number of
NMDA receptor channel blockers (figure 4.11 and table 4.5). The KD value of
FR115427 was 44.8 ±3.9 nM whereas the inhibitory constant (Ki) value for

(+)dizocilpine was 6.45 ± 0.71 nM indicating that FR115427 has 7 fold lower affinity
than (±)dizocilpine. Binding was stereoselective since FR115427 showed 100 fold

higher affinity than the (-)stereoisomer, FR115426 (table 4.5). In contrast, the

affinity of (+)dizocilpine was only 3 fold higher than its (-)stereoisomer (table 4.5).
Other NMDA receptor channel blockers (PCP, ketamine, NANM) showed Ki values
for displacement of [3H]FR115427 binding consistent with their inhibition of

[3H]dizocilpine binding (figure 4.11 and table 4.5). The rank order of potency of the 8
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Figure 4.10 Potentiation of ["3H]FR115427 and |"3H]dizocilpine binding by
L-glutamate and glycine

Membranes were incubated with 10 nM [3H]FR115427 (45 min) or 1 nM
[3H]dizocilpine (120 min) in the absence or presence of increasing concentrations of
L-glutamate (a) or glycine (b). A final concentration of 1 nM - 100 pM L-glutamate
or glycine was added. Potentiation was calculated as a percentage of control binding
in the absence of added L-glutamate or glycine. Results shown are from a single
representative experiment from a group of 4 - 6 independent experiments. (♦)
[3H]FR115427, (•) [3H]dizocilpine.

Ill



r3H!FRl 15427 r3HlDizocibine

KD (nM) 44.8 ±3.9 3.1 ±0.17

Bmax (pmol/mg protein) 8.9 ±0.4 8.32 ±0.34

L-slutamate
EC50 (nM)
% increase of SB

75.0 ± 10.3
438 ±55.7

93.7 ± 16.8

592 ±34.2

Glycine
EC50 (nM)
% increase of SB

194 ±20.7

240 ± 17.0

214 ± 25.6

309 ±45.0

Table 4.4 Comparison of ["3IT|FR115427 and [3H]dizocilpine binding

Rat cortical P2 membranes were incubated with 10 nM [3H]FR115427 (45 min) or 1
nM [3H]dizocilpine (120 min). KD and Bmax were determined in the presence of
10|_iM L-glutamate. EC50 values were determined in the absence or presence of
increasing concentrations of L-glutamate or glycine. A final concentration of 1 nM -

100 pM L-glutamate or glycine was added. Potentiation (maximal increase in
specific binding) was calculated as a percentage of control binding in the absence of
added L-glutamate or glycine. Data are expressed as the means ± s.e.m. of 4-10
independent experiments.
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Figure 4.11 Inhibition of F3H1FR115427 binding by NMDA channel blockers

Rat cortical P2 membranes were incubated (45 min) with 10 nM [3H]FR115427 and
10 pM L-glutamate in the absence or presence of increasing concentrations of test
compound (0.1 nM - 100 pM). Non-specific binding was determined in the presence
of 30 pM FR115427. Results shown are from single representative experiment from
at least 3 independent experiments. Data from individual experiments were analysed
by least squares fit to the logistic expression Y = MXP/(XP + IC50). (•) dizocilpine
(o) (-) dizocilpine (♦) FR115427 (0)FR115426
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[3H]FR115427 [3H]Dizocilpine
Ki(nM) nH n Ki (nM) nH n

(+)FR115427 44.8 ±3.9 0.91 ±0.05 6 42.1 ±3.7 0.91 ±0.05 6

FR115426 4732 + 395 0.94 ±0.09 4 4527 ±533 0.99 ±0.02 6

(+)dizocilpine 6.45 ±0.71 0.98 ±0.07 3 3.10 ± 0.17 1.03 ±0.06 6

(-)dizocilpine 18.4 ±3.48 1.07 ±0.11 3 15.0 ±1.6 0.99 ±0.02 6

PCP 35.8 ±2.80 0.87 ±0.09 3 34.6 ±4.7 1.03 ±0.06 6

Ketamine 576 ±107 0.86 ±0.04 3 296 ± 52 0.88 ±0.04 6

NANM 304 ±42 0.92 ±0.14 3 306 ±32 0.98 ±0.04 6

Table 4.5 Inhibition of [3H]FR115427 and [3H|dizocilpine binding by
non-competitive NMDA receptor antagonists

Rat cortical P2 membranes were incubated with 10 nM [3H]FR115427 (45 min) or 1
nM [3H]dizocilpine (120 min) in the presence of 10 pM L-glutamate, and increasing
concentrations of test drugs (0.1 nM - 300 pM). Non-specific binding was
determined in the presence of 30 pM unlabelled ligand. Data from individual
experiments were analysed by least squares fit to the logistic expression Y = MXP/(XP
+ IC50) + C, and Ki values were calculated from the equation Ki = IC50 /(I +
[L]/Kd). Values are mean ± s.e.m. of the indicated number of experiments
performed in duplicate.
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compounds studied was the same when measured against [3H]FR115427 and

[3H]dizocilpine. The graph of Ki measured against [3H]FR115427 versus Ki

measured against [3H]dizocilpine binding (figure 4.12) has all of the compounds lying
on or very near to the median line, with a regression coefficient (r) of 0.964 (p < 0.05)

indicating extremely close correlation.

4.2.6 Non-receptor binding of [3H]FR115427 and [3H]dizocilpine

Initial experiments to develop a radioligand binding assay for [3H]FR115427 used
both filtration and centrifiigation methods, with maximally-stimulating concentrations
of L-glutamate present. In contrast to the monophasic isotherm of the filtration

assay, the centrifugation assay presented a biphasic competition curve (figure 4.13).
The high affinity component of binding had a KD of 25nM, and the low affinity site a

KD of lOOpM. When exogenous L-glutamate was absent from the assay, the high

affinity component was not present, but the low affinity site remained. In the

presence of L-glutamate, the high affinity site was approximately 20% of specific

binding. The KD of the high affinity component, and its glutamate sensitivity

suggested that it represented the single site measured in the filtration assay, namely
the NMDA channel binding site.

The affinity of a number of channel blockers was measured in the

[3H]FR115427 centrifugation assay in the absence ofL-glutamate, i.e. their affinity for
the low affinity component of [3H]FR115427 binding (table 4.6). In contrast to their
nanomolar affinity for [3H]FR115427 binding measured in the filtration assay, all

compounds showed micromolar affinity for the low affinity component of the

centrifugation assay.

When studied using a centrifugation assay, [3H]dizocilpine also showed two-

site binding in the presence of L-glutamate (figure 4.14), but unlike [3FI]FR115427,
[3H]dizocilpine also showed a biphasic displacement curve in the absence of added L-

glutamate. In the presence of L-glutamate, the high and low affinity components of

[3H]dizocilpine binding had KD values of 3.41 ± 0.3 nM and 288 ± 38.6 pM

respectively (table 4.7). In the absence of added L-glutamate, the Kd values were

9.35 ± 2.32 nM and 344±116pM respectively (table 4.7). The ability of other
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Figure 4.12 Comparison of [3H]FR115427 and |"3Hldizocilpine binding

Rat cortical P2 membranes were incubated with 10 nM [3H]FR115427 (45 min) or 1
nM [3H]dizocilpine (120 min) in the presence of 10 pM L-glutamate. Correlation
between the Ki values for various non-competitive NMDA receptor antagonists in the
[3H]FR115427 and [3H]dizocilpine binding assays was evaluated by least squares fit
regression analysis (r = 0.964, p < 0.05).
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Figure 4.13 Binding of [3H]FR115427 measured in a centrifugation assay

Rat cortical P2 membranes were incubated (45 min) with 10 nM [3H]FR115427 and
10 p,M L-glutamate in the absence or presence of increasing concentrations of
unlabelled FR115427 (1 nM - 3 mM). Non-specific binding was determined in the
presence of 1 mM FR115427. Results shown are from a single representative
experiment from a group of 4 independent experiments. Data from individual
experiments were analysed by least squares fit to the expression Y = MiXp/(Xp +
IC50) + M2Xp/(Xp + IC50).
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Low Affinity Site KD/Ki CuMl

(+)FR115427 138 + 9.73 (4)
(-)FRl 15427 212 (2)
(+)Dizocilpine 214 (2)
(-)Dizocilpine 266 (2)

PCP 298 (2)
Ketamine 1499 (2)

Table 4 6 Low affinity binding of [3H1FR115427 in a centrifugation assay

Rat cortical P2 membranes were incubated with 10 nM [3H]FR115427 (45 min) in the
absence of 10 pM L-glutamate, with increasing concentrations of test drugs (0.1 nM -

300 pM). Non-specific binding was determined in the presence of 3 mM unlabelled
ligand. Data were analysed by least squares fit to the equation Y = MiXp/(Xp +
IC50) + M2Xp/(Xp + IC50). Ki values were calculated from the equation Ki = IC50
/(I + [L]/KD).

118



®
a
E
CD
(0

O
E

as
c

t5
c
E

"5
4->

o
I-

Log [unlabelled dizocilpine] (M)

Figure 4.14 Binding of r3Hldizocilpine measured in a centrifugation assay

Rat cortical P2 membranes were incubated (120 min) with 1 nM [3H]dizocilpine and
10 pM L-glutamate in the absence or presence of increasing concentrations of
unlabelled dizocilpine (0.1 nM - 3 mM). Non-specific binding was determined in the
presence of 1 mM FR115427. Results shown are from a single representative
experiment from a group of 4 independent experiments. Data from individual
experiments was analysed by least squares fit to the logistic expression Y = MiXp/(Xp
+ IC50) + M2Xp/(Xp + IC50).
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NMDA receptor channel blockers to inhibit binding of each ligand to the high and
low affinity components was also measured (table 4.7). As with the NMDA channel
site measured in the filtration assay, the affinity of channel blockers for the high

affinity site was increased in the presence of L-glutamate. The compounds studied
had similar affinity for the high affinity site of the centriffigation assay as for the
NMDA channel site, both in the presence and absence of L-glutamate (table 4.7). As
with [3H]FR115427, all compounds tested had medium to high micromolar affinity for
the low affinity site. Displacement of [3H]dizocilpine binding by FR115426 (the (-

)isomer of FR115427) showed only a single isotherm, which could not be resolved
two components. Also similar to [3H]dizocilpine binding in the filtration assay,

specific binding of the high affinity site was increased in the presence of L-glutamate,
from 50% of specific binding in the absence of L-glutamate, to 60% in the presence.

Specific binding to the low affinity component was not affected by L-glutamate.

Denaturing the protein by preheating the membrane suspension to 56°C for 30
minutes abolished the high affinity site seen in both centrifugation assays, and
removed a portion of the low affinity binding, but did not completely abolish it in
either (figure 4.15). When the membrane suspension was replaced by an equivalent
volume of buffer, there was still measurable, displaceable binding of both ligands,

indicating displaceable binding, presumably to the microcentrifuge tubes (fig. 4.15).
The same experiments in the filtration assay showed that heating the membranes
abolished all specific binding, leaving a uniform level of binding similar to the NSB

measured in viable membranes. In the absence of membranes there was a constant,

low level of binding, approximately 50% of NSB in the presence of membranes

(heated or untreated), and no displacement of binding by unlabelled ligand, even up to

millimolar concentrations. This signal probably represents trapping of the radioligand

by the filter papers during filtration.
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Centrifugation Assay Filtration Assay
High Affinity Site
KD/Ki (rM)

No Addition + L-Glutamate

KD/Ki fnM)

No Addition + L-Glutamate

(+)Dizocilpine
(-)Dizocilpine
FR115427

PCP
Ketamine

9.35 ±2.32 (4)
45.8 + 11.9 (4)
94.3 ± 14.2 (3)

24.2 (2)
237 (2)

3.41 ±0.30(4)
11.0 (2)
66.1 (2)
41.9 (1)
595 (1)

13.0 ±2.3 (4)
25.9 ±2.2 (4)
58.9 ±7.1 (4)
not done
not done

3.1 ±0.2(10)
16.0 ± 1.6 (4)
42.1 ±3.7 (4)
34.6 ±4.7 (4)
296 ±52 (4)

Low Affinity Site

KD/Ki fuMl
No Addition + L-Glutamate

(+)Dizocilpine
(-)Dizocilpine
FR115427

PCP
Ketamine

344 ±115 (5)
331 ±61.6(5)
258 ± 70.0 (3)
630 ±0.5 (3)

2288 ±695 (3)

288 ±38.6 (5)
366 ±88.3 (3)

251 (1)
501 (1)
1600 (1)

Table 4.7 Binding of [3H]dizocilpine measured in a centrifugation assay

Rat cortical P2 membranes were incubated with 1 nM [3H]dizocilpine for 120 min in
the presence of 10 pM L-glutamate, and increasing concentrations of test drugs (0.1
nM - 300 pM). Non-specific binding in the centrifugation assay was determined in
the presence of 1 mM unlabelled ligand, and in the filtration assay in the presence of
30pM unlabelled ligand. Data were analysed by least squares fit to the expression
Y = MiXp/(Xp + IC50) + M2Xp/(Xp + IC50). Ki values were calculated from the
equation Ki = IC50 /( I + L/KD).
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Figure 4.15 Effects ofmembrane changes on [3H]dizocilpine and [3H1FR115427
binding measured in a centrifugation assay

Rat cortical P2 membranes were incubated with a) 10 nM [3H]FR115427 (45 min) or
b) 1 nM [3H]dizocilpine (120 min) in the absence or presence of increasing
concentrations of unlabelled ligand (0.1 nM - 3 mM). Non-specific binding was
determined in the presence of X mM FR115427. (•) normal membrane (0) membrane
heated to 56°C for 30 min prior to incubation (♦) no membranes present - assay
volume made up to 1ml with buffer.
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43 DISCUSSION

The affinity of FR115427 for the [3H]dizocilpine binding site is in the mid nanomolar

range. A ligand with a Kd of this order would be expected to have a tl/2 for
dissociation of around 15 seconds (Bennett, 1978), a rate which would preclude the
use of filtration as a method to separate bound from free ligand. However, a

filtration assay has been used here for [3H]FR115427, and kinetics experiments have
shown it to have the much longer tl/2 for dissociation of 13 minutes (table 4.2).

[3H]FR115427 therefore behaves more like a ligand with sub-nanomolar affinity in the
filtration assay, making the loss of specific binding during filtration negligible.
Theoretical calculations assuming simple binding to the receptor site (Bennett, 1978)
would predict an association rate constant of around 106 M'V1. However, kinetic

analysis of [3H]FR115427 binding measured in the filtration assay gave an association
rate constant of 2. lxlO4 M'V1, nearly two orders of magnitude lower than the

predicted value. The association rate constant for [3H]dizocilpine of 1.5x10s M'V
was also lower than predicted, and represented a deviation from the theoretical value
of 6-fold. This is consistent with published data (Kloog et al., 1988b), and in view of
the kinetics of [3H]FR115427 binding is probably a true reflection of the kinetics of

[3H]dizocilpine binding rather than an experimentally-induced deviation from the

predicted value. The slower association rates imply that binding of both ligands to
the NMDA receptor involves more than a simple binding process, and could be
related to a transition from an aqueous to a lipid environment. This proposal is
consistent with data from electrophysiological studies that have suggested that the

binding site for non-competitive NMDA antagonists is located in a lipophilic
environment within the NMDA receptor ion channel.

Saturation analysis demonstrated that [3H]FR115427 binds to a single

population of sites with a Bmax of 8.9 ± 0.4 pmol/mg protein. This binding site

density is similar to the value of 8.32 ± 0.34 pmol/mg protein for [3H]dizocilpine
binding in the same preparation (section 3.2.1). The Kd for [3H]FR115427 binding
of 44.8nM was also in agreement with the Ki value of 41nM for FR115427 measured
in the [3H]dizocilpine binding assay, and the Ki of dizocilpine measured against

[3H]FR115427 was close to the Kd of [3H]dizocilpine. The Ki values for non-
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competitive NMDA receptor antagonists (PCP, ketamine, NANM) in the

[3H]FR115427 and [3H]dizocilpine binding assays exhibit very close correlation

(r=0.96), suggesting that these radioligands bind to a similar site within the NMDA

receptor ion channel.

Specific binding of [3H]FR115427 in the absence of exogenous L-glutamate
was low and variable between experiments. Since the EC50 for L-glutamate
stimulation of [3H]FR115427 is in the mid nanomolar range, even a low residual L-

glutamate concentration in washed membrane preparations will make a measurable
difference to specific binding. Specific [3H]FR115427 binding was enhanced by L-

glutamate and this amino acid was therefore routinely added to the binding assay.

The presence of a saturating concentration of L-glutamate (10 pM) increased specific

binding 4.4-fold. A 2.4-fold increase in specific [3H]FR115427 binding was seen in
the presence of 10 pM glycine. In contrast, [3H]dizocilpine binding was measurable
in the absence of added exogenous L-glutamate due to its higher affinity for the
NMDA receptor ion channel. The effects of L-glutamate and glycine on

[3H]dizocilpine binding and [3H]FR115427 binding also showed differences; the
EC50 values for stimulation of [3H]FR115427 binding by L-glutamate and glycine
were approximately 80 nM, whereas for [3H]dizocilpine binding the EC50 values were
2-4 fold higher possibly reflecting a difference in binding of the two compounds to the

receptor channel in terms of secondary interactions with amino acid residues. The

degree of potentiation also differed; specific [3H]dizocilpine binding was increased 6

fold and 3 fold by L-glutamate (10 pM) and glycine (10 pM) respectively.
Measurement of the binding of both [3H]FR115427 and [3H]dizocilpine in a

centrifugation assay revealed two components of binding. The high affinity

component would appear to correspond to the single binding site for both ligands,
measured in the filtration assay, namely the NMDA channel site. This is indicated by
several pieces of evidence. For both ligands, the high affinity component of binding
exhibits glutamate sensitivity; in the case of [3H]FR115427, to the extent that the high

affinity component was not present in the absence of exogenous L-glutamate, as in
the filtration assay. The KD values of dizocilpine and FR115427, and the Ki for

displacement of [3H]dizocilpine by channel blockers were similar in the filtration assay
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and the high affinity component of the centrifugation assay. Only displacement of

[3H]dizocilpine by the (-)isomer of FR115427 could not be resolved into two curves,

either in the absence or presence of glutamate; presumably because it had low affinity
for both sites.

The low affinity binding of both ligands was displaced by NMDA receptor

channel blockers with Ki values in the medium to high micromolar range. It would

appear to have at least two, possibly three components. The most easily separated

component is the displaceable binding seen in the absence of any membranes, and

probably due to binding to the microcentrifuge tubes (figure 4.15). This component

can not be viewed as a portion of NSB because it does not remain constant, but is

displaceable by high concentrations of unlabelled ligand (above lOOpM). There is
also a membrane component of the low affinity binding which is heat-labile: heating
of the membranes to denature the proteins abolishes the high affinity site, but also
reduces the low affinity component. There may also be a third, temperature-

insensitive binding site in the membranes, since the shape of the binding curve in the
heated membrane is different to the shape of the curve in the absence of membrane

(figure 4.15). If the only binding to the membranes which remained after heating was

NSB, then the curve of the binding to heated membrane would be equivalent to the

binding curve for no membrane plus a constant, and that is not the case.

Although the affinity of [3H]FR115427 for the NMDA receptor ion channel
measured in the filtration assay is approximately 15 fold lower than that of

[3H]dizocilpine, thereby making it a less attractive candidate for the study of this site,
the stereoselectivity of FR115427 is much greater. The (+)isomer of FR115427 is

approximately 100 fold more potent than the corresponding (-)isomer, whilst there is

only a 3 fold separation in the affinities of the stereoisomers of dizocilpine (the

(+)isomer having the higher affinity).
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CHAPTER 5

STRUCTURE-ACTIVITY RELATIONSHIPS FOR BINDING TO THE

[3H]DIZOCILPINE SITE
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5A INTRODUCTION

[3H]Dizocilpine and [3H]TCP have been used extensively in radioligand binding

experiments to study the pharmacology of non-competitive NMDA receptor

antagonists and the structural requirements for binding within the ion channel

(Casalotti et al., 1992; Thompson et al., 1990; Lyle et al., 1990; Hays et al., 1993;

Leeson et al., 1990). These studies and others have led to the proposal of a basic

pharmacophore model for ligands at this site (Bigge, 1993). Potent ligands generally
contain an aromatic ring and a basic amine separated by areas of lipophilic bulk. The

primary interaction point for the basic amine most likely corresponds to an absolutely
conserved residue in the TM2 channel-lining segment of the NMDA receptor. This

negatively-charged residue (asp 616) has been shown by site-directed mutagenesis to
contribute to the interaction of dizocilpine with the receptor, and also to affect Mg2+
sensitivity and Ca2+ permeability (Burnashev et al., 1992; Mori et al., 1992; Sakurada
et al., 1993). In addition, a hydrophobic region fills the channel, and a secondary

specific hydrogen bonding interaction exists on the distal wall of the channel. The
structure activity relationship (SAR) for dizocilpine analogues at the [3H]dizocilpine
binding site suggests differential effects of reduction of the two aromatic rings (Lyle et

al., 1990). Moreover, expansion of the central ring of dizocilpine led to a lowering
of activity, as did alkylation or hydroxylation of the nitrogen. In contrast, various
substitutions onto the aromatic rings raised activity (Thompson et al., 1990), and the
C5 bridge-head methyl group was found to be essential for high affinity binding.

FR115427 binds within the NMDA receptor ion channel at the dizocilpine

binding site (Hodgkiss et al., 1993; Sherriffs et al., 1993). Whereas dizocilpine is an

almost symmetrical molecule, with strong conformational restraints imposed by its

ring structure, FR115427 is an asymmetrical compound and has greater flexiblity.
These differences may be relevant, since the stereoisomers of FR115427 have an

almost 100-fold difference in affinity for the [3H]dizocilpine binding site (Hodgkiss et

al., 1993), whereas the stereoisomers of dizocilpine exhibit similar affinity. The
effects of glutamate and glycine on the two compounds are also different; the use

dependence ofFR115427 is not as great as that of dizocilpine (Hodgkiss et al., 1993).
This study measured the affinity of a series of FR115427 derivatives, using the
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[3H]dizocilpine binding assay to determine further the structure activity relationship
for binding within the NMDA receptor ion channel.

Structure-activity relationship (SAR) studies have been used extensively to

attempt to discover more about the binding requirements for ligands. The majority of

drug-receptor interactions are mediated by the formation of inter-molecular bonds
which are reversible. Irreversible binding presented by covalent interaction has
limited pharmacological use, and some experimental value, but does not provide an

accurate model of ligand-receptor interaction since the residues with which the
irreversible drug covalently binds may not be the same residues which are involved in
reversible drug-receptor interactions. There is considerable debate regarding the
relative importance of the various reversible bond types, in drug-receptor interactions.
The four basic types of interaction are listed in table 5.1.

Of the three types of electrostatic interaction, ion-ion bonds are the strongest

(4-8 kcal.mol"1; Fersht, 1985), and the most important, since many functional groups
in drugs are anionic or cationic at physiological pH (see table 5.1). These groups

interact strongly with oppositely charged residues on the receptor (positive residues
such as lysine or arginine; negative residues such as aspartate or glutamate). Ion-

dipole and dipole-dipole interactions are weaker than ionic bonds (1-5 kcal.mof1;
Andrews and Tintelnot 1990), but occur more frequently since they occur in any

molecule where the difference in electronegativity between neighbouring atoms results
in dipole moments. Hydrogen bonding, where two or more electronegative atoms

interact via a hydrogen atom, is a specific type of dipole-dipole interaction (table 5.1).

Charge redistribution, which accompanies any drug-receptor interaction, is

always attractive. Charge transfer interactions occur when sufficiently close contact

allows the transfer of an electron from a high energy orbital of an electron donor to a

low energy orbital of an acceptor and are most likely to occur between large aromatic
molecules.

Whilst electrostatic and charge redistribution interactions generally involve

polar molecules, at the short intermolecular distances involved in drug-receptor

binding, interactions between non-polar molecules can also make a significant
contribution. Van der Waals forces are the universal attractive forces between
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Interaction Example Energv Functional groups
Electrostatic

ion-ion -N+H3~-02C- 4-8 kcal.mof1 carboxyl -C02"

phosphonate -P03H2"

sulphonamide -S02NH2
amino -NH3+

ion -dipole -NH3 ~0=C- 1-5 kcal.mol"1
dipole-dipole -N-H ° 0=C- 1-3 kcal.mof1

hydrogen -N-H ** 0=C- 1-3 kcal.mof1 carboxyl -C02-
bonds hydroxyl -OH

carbonyl =CO
amino -NH2
imino CONH2
amido
S

C=NH2

P

halogens
Charge
redistribution

polarisation
charge transfer
Non-polar
Van der Waals

Entropv based
hydrophobicity
movement loss

-NH3 ~5T)=5+C-
-OH ** aromatic ring

-Me **Me-

-C6H5 ^H5C6- 1-7 kcal.mof1
3-15 kcal.mof1

Table 5.1 Forces involved in Drug-receptor interactions

Adapted from Andrews and Tintelnot (1990). ** indicates attraction between groups.
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non-polar atoms and molecules in the liquid phase. Although these forces are

individually very weak, in circumstances where there is a close fit between drug and

receptor, their sum can be significant (Andrews and Tintelnot, 1990). Counteracting
the attractive nature of van der Waals forces are the short range repulsive forces
which result from the overlap of electron clouds of separate molecules.

The mainly enthalpic nature of the above interactions is augmented by two

factors which alter entropy (degree of disorder). Entropy loss is associated with the
formation of the drug receptor complex, and entropy gain with hydrophobic bonding.
Part of the entropy loss associated with binding is due to the loss of rotational and
translational freedom in the drug molecule. The magnitude of this change is
determined by the closeness of fit of the drug in the receptor; it has been estimated
that at physiological temperature, entropy loss can range from about 3 kcal.mol"1 for a
loose fit to 10 kcal.mol"1 for a tight fit (Page, 1977). The conformational restriction

imposed by binding can result in an additional entropy loss of 1-3 kcal.mol"1. Rigid

analogues will not contribute this loss of enthalpy to the binding reaction, and
therefore have a free energy advantage over more flexible molecules, providing that
their conformation represents a good fit for the receptor. Particularly important for

non-polar molecules is an entropy gain associated with hydrophobic interaction with
the receptor. Estimates of the energy contribution of hydrophobic bonding are 0.7
kcal.mol"1 per methylene group, and 2 kcal.mol"1 per benzene ring (Tanford, 1973).

Therefore, although individually small, the total contribution of hydrophobic bonds to

drug-receptor interaction can be substantial.
This summary of the forces involved in molecular binding serves to give an

indication of the nature of each type of bond, and the relative contribution of each to
the formation of the drug-receptor complex. However, the aim of this study was not

to attempt to quantify the energetic changes made by the alteration of a molecule, but
rather to study the overall change made to affinity, and by the use of a number of

"stepwise" changes to attempt to discover more about the requirements for binding to

the dizocilpine site. This study therefore considered qualitative, rather than

quantitative, aspects of the structure-activity relationship for binding to the dizocilpine
site.
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52 RESULTS

The group of compounds studied were synthesised either from FR113373

(compound 1), the racemic form of FR115427 (figure 5.1), or from the separate

enantiomers. Figure 5.1a shows the ring numbering strategy employed throughout
this chapter. In figures 5.1b and 5.1c, the numbering system is mapped onto

FR113373 and dizocilpine to show the positions of corresponding substituents. The

group of compounds studied includes a number of halogenated, alkylated and

methoxylated derivatives, allowing assessment of size and charge effects. A number
of compounds with heterocyclic substitutions for the phenyl and benzene rings were

also included. The majority of the compounds were soluble at lOmM in distilled
water. Where a compound was not soluble in water at this concentration, the stock
solution was made in HC1, and the piT adjusted to neutrality. Full inhibition curves

were performed on at least three separate occasions for each compound, using fresh
dilutions on each occasion. In all cases the Hill coefficient for competition with

[3H]dizocilpine binding was close to unity, indicating a single population of non-

interacting binding sites.

5.2.1 Modification of the tetrahydroisoquinoline ring system, and positions
Rl and R2 (table 5.2)

All alterations of the nitrogen containing ring substantially reduced potency when

compared with the parent compound (compound 1; table 5.2). Therefore the

equivalent isoindoline analogue (2) was 8-fold less potent, whilst expansion of the

tetrahydroisoquinoline ring to form a 2-benzazepine (3) lowered affinity 18-fold.

Converting the compound to a tertiary amine by placing a methyl (4) or ethyl (5)
substituent on the nitrogen (position Rl) lowered affinity 17-and 7-fold respectively.
Removal of the methyl group (position R2) from the Cl chiral centre (6) dramatically
reduced affinity (25-fold), whilst substitution of an ethyl group at this position (7)
lowered affinity only 2-fold.
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PCP PD137889

Figure 51 Chemical structures ofFR115427 and dizocilpine

Chemical structures of a) FR115427 ((+)-1-methyl-1-phenyl-1,2,3,4-
tetrahydroisoquinoline) and b) dizocilpine ((+)-5-methyl-10,ll-dihydro-5H-
dibenzo[a,d]chclohepten-5,10-imine. Figure c shows the ring nomenclature and
numbering system employed in this chapter. Figure d shows the structures of PCP
and its conformationally restrained analogue PD137889.
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1

compound
number

Rl R2 Ki (nM) affinity
ratio*

1

2

3

4

5

6

7

H

CH3
C2H5

H

H

CH3

H

H

H

C2H5

53.5 + 6.08

418 ± 38.0

965 + 22.0

902 + 48.3

385 ±31.5

1320 ±55.9

99.4 ± 18.4

1

0.13

0.06

0.06

0.14

0.04

0.54

Table 5,2 Modifications to the ring system, and centres Rl and R2

The affinity of FR115427 analogues was measured in a [3H]dizocilpine binding assay

using rat cortical P2 membranes. Data are mean ± s.e.m. of at least three independent
experiments. Results from individual experiments were analysed by least squares fit
to the logistic expression Y = MXP/(XP + IC50) + C, and Ki values calculated using
the equation Ki = IC50/(1 + [L]/Kd).
*Affinity ratio = Ki compound 1/ Ki test compound
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5.2.2 Modifications at position R3 (table 5.3)

Substitution of a methyl group for the phenyl group at position R3 at the Cl chiral
centre (8), or saturation of this ring (9) virtually abolished activity (table 5.3),

confirming the importance of this aromatic ring. However, replacement of this group
with a benzyl (10), 2'-thienyl (11), 3'-thienyl (12), or 2-furyl (13) moiety had little or

no effect on affinity. In contrast, addition of any substituent onto the phenyl ring
reduced affinity. Chloride substitutions at the ortho (14), meta (15), or para (16)

positions lowered affinity 54, 6, and 17-fold respectively. Addition of a smaller
fluoro substituent at the meta (17) or para (18) position produced a less dramatic
threefold reduction in affinity. Methyl substitution at the para position (19) lowered

affinity 19-fold, whilst the larger methoxyl group substituted at the same position (20)
lowered affinity only 5-fold.

5.2.3 Substitutions on the tetrahydroisoquinoline ring system (table 5.4)

Addition of substituents on C6 of the tetrahydroisoquinoline group (position R4)

produced modest changes in binding affinity (table 5.4). A methyl substituent at this

position (22) lowered affinity 4-fold, whilst hydroxy (21) or methoxy (23) substituents
increased affinity 1.5-fold. In contrast, addition of substituents on C7 of the

tetrahydroisoquinoline group (position R5) was detrimental. Chloride (24) or methyl

(25) substituents lowered affinity 20- and 12-fold respectively, whilst a methoxy
substituent (26) lowered affinity only 4-fold. Affinity was lowered 23-fold when both
R4 and R5 carried methoxy substituents (27).

5.2.4 Replacement of the tetrahydroisoquinoline ring system (table 5.5)

Replacement of the tetrahydroisoquinoline ring system with a thieno[3,2-c]pyridine

group (28) resulted in a 2-fold reduction in affinity (table 5.5). Several derivatives of
this thieno[3,2-c]pyridine analogue were available with equivalent modifications to

those made to the parent compound (table 5.6). For example methyl (29) and ethyl

(30) substitutions were made on the piperidine group nitrogen (position Rl). The Cl

methyl group (position R2) was either removed (31) or replaced with an ethyl moiety
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tsIH

H
R !
3 1

3
I

31 ^
2

compound R3 substituents Ki CnMl aflfinitv ratio*
number

1 phenyl - 53.5+6.08 1

8 CH3 _ 3110 + 302 0.02

9 cyclohexyl - 829 + 40.4 0.06

10 benzyl - 48.0 + 3.46 1.11

11 2'-thienyl - 41.8 + 3.35 1.28

12 3'-thienyl - 41.9 + 2.45 1.28

13 2'-furyl - 124 + 40.4 0.43

14 phenyl r-ci 2890+ 184 0.02

15 phenyl 2-Cl 332 + 45.9 0.16

16 phenyl 3'-Cl 932 + 52.5 0.06

17 phenyl 2'-F 164 + 4.70 0.33

18 phenyl 3'-F 150 + 55.1 0.36

19 phenyl 3'-CH3 1010 + 52.0 0.05

20 phenyl 3'-OCH3 273 +23.8 0.20

Table 5.3 Modifications at position R.3

The affinity of FR115427 analogues was measured in a [3H]dizocilpine binding assay
using rat cortical P2 membranes. Data are mean ± s.e.m. of at least three independent
experiments. Results from individual experiments were analysed by least squares fit
to the logistic expression Y = MXP/(XP + IC50) +C, and Ki values calculated using
the equation Ki = IC50/(1 + [L]/KD).
*Affinity ratio = Ki compound 1/ Ki test compound

135



R ^

0
R/"
5 Rr

NH

o
compound number R4 R5 Ki fnMl affinitv ratio*

1 H H 53.5 ±6.08 1

21 OH H 38.0 ±4.11 1.41

22 CH3 H 233 ± 11.3 0.23

23 OCH3 H 33.5 ±2.92 1.60

24 H CI 1130 ± 66.7 0.05

25 H CH3 646 ±55.3 0.08

26 H OCH3 236 ± 15.0 0.23

27 OCH3 OCH3 1220 ±51.1 0.04

Table 5.4 Substitutions on the tetrahvdroisoquinoline ring system

The affinity of FR115427 analogues was measured in a [3H]dizocilpine binding assay

using rat cortical P2 membranes. Data are mean ± s.e.m. of at least three independent
experiments. Results from individual experiments were analysed by least squares fit
to the logistic expression Y = MXP/(XP + IC50) + C, and Ki values calculated using
the equation Ki = IC50/(1 + [L]/KD).
*Affinity ratio = Ki compound 1/ Ki test compound
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CO -J

B=benzene

B=thiophene

compound

KifnlVD

affinitvratio*
Rl

R2

R3

compound

KifnMl

affinitvratio*

1

53.5+6.08

1

H

CH3

phenyl

28

139(calc)

1

4

902±48.3

0.06

CH3

CH3

phenyl

29

1205±32.6

0.12

5

385+31.5

0.14

C2H5

CH3

phenyl

30

738±32.0

0.20

6

1320+55.9

0.04

H

H

phenyl

31

4060±180

0.04

7

99.4+18.4

0.54

H

C2H5

phenyl

32

299±6.22

0.49

10

48.0±3.46

1.11

H

CH3

benzyl

33

43.1±1.54

3.43

11

41.8±3.35

1.28

H

CH3

2'-thienyl

34

111±3.28

1.37

12

41.9±2.45

1.28

H

CH3

3'-thienyl

35

108±10.9

1.28

36

516±59.8

0.10

CH3

CH3

2-thienyl

37

1080±36.5

0.14

Table5.5Comparisonofchangestocompounds2and54 TheaffinityofFR115427analogueswasmeasuredina["HJdizocilpinebindingassayusingratcorticalP2membranes.Dataaremean± s.e.m.ofatleastthreeindependentexperiments.DatawereanalysedbyleastsquaresfittothelogisticexpressionY=MXP/(XP+IC50)+ C,andKicalculatedfromKi=IC50/(1+[L]/KD).*Affinityratioscomparethederivedcompoundwithitsparentcompound:wherering B=benzene,theparentiscompound2,andwhereringB=thiophene,theparentiscompound54.Compound54wasunavailable,butboth
ofthestereoisomersweretested.UsingtheKivaluesforthestereoisomers,theaffinityoftheracematecanbecalculatedfromtheequation 1/Ki(racemate)=l/2(l/Ki(+)+1/Ki(-))whichyieldsaKivalueforcompound54of139nM.



(32), and the Cl phenyl group was replaced by a benzyl (33), 3'-thienyl (34) or 2'-

thienyl (35) moiety. Two of these substitutions were also combined in the

thieno[3,2-c]pyridine based compound: replacement of the R3 phenyl group by a

2'-thienyl group, together with /V-methylation (37). Although most modifications
caused almost identical changes in binding affinity of the tetrahydroisoquinoline and

thieno-[3,2-c]-pyridine derivatives, a benzyl substitution for the Cl phenyl group

(position R3), did not alter the affinity of the tetrahydroisoquinoline analogue, but
increased the affinity of the thieno-[3,2-c]-pyridine 3 fold over the affinity of the
unmodified thieno-[3,2-c]-pyridine (figure 5.2).

5.2.5 Effects ofmultiple modifications (table 5.6)

As reported above, substituting a benzyl group for the phenyl group at position R3

(10) did not alter affinity. However, combining this change with the substitution of
an ethyl group for group R2 (38) lowered affinity 3-fold (table 5.6); a similar
alteration is caused by the equivalent alteration to the parent compound (7).

However, combining the benzyl substitution at position R3 with a methoxy
substitution at position R4 (39), virtually abolished activity. In contrast, the

equivalent R4 methoxy substitution on the parent compound (23) increased affinity
1.6-fold.

Replacement of the phenyl group (position R3) with a 2'-thienyl (11) raised

potency slightly. Combining this change with either the removal of the methyl group

(position R2) at the C1 chiral centre (40) or N-ethylation of the tetrahydroisoquinoline

group nitrogen (41) lowered affinity 21- and 4-fold respectively. These changes in

binding affinity are similar in magnitude to those induced by similar modification of
the parent compound. A-methylation of the parent compound (4) lowered affinity

17-fold, whereas methoxy substitution on C6 of the tetrahydroisoquinoline group (23)
increased activity 1.6-fold. A combination of these modifications (42) lowered

affinity 11-fold.
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5.2.6 Stereoisomers of active compounds (table 5.7)

Stereoisomers of some of the more active compounds were studied (table 5.7). The

(+)isomer generally retained the higher affinity, with a 100-fold ratio in favour of the

(+)isomer in the case of FR115427. However, for analogues where a 2'-thienyl

group replaced the phenyl group (R3) at the Cl chiral centre, the (-)stereoisomer
exhibited 59-fold higher affinity than the (+)isomer, and was the most potent

compound tested, with 2-fold higher affinity than FR115427. A loss of

stereoselectivity was noted when the tetrahydroisoquinoline system was replaced with
a thieno-[3,2-c]-pyridine (29), the (+)enantiomer exhibiting only 1.6-fold higher

affinity than the (-)enantiomer. However, optical rotation is not representative of
absolute configuration of the molecule, because it is altered by the conditions under
which it is measured. Based on single crystal X-ray analysis, the absolute

configuration at the Cl chiral centre of the thieno-[3,2-c]-pyridine analogue is the
same as that of the tetrahydroisoquinoline parent compound.
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thieno- [3,2 -c]-pyridine
affinity ratio

Figure 5.2 Comparison of tetrahvdroisoquinoline and thieno-[3.2-c]-pyridine
analogues

The affinity of FR115427 analogues was measured in a [3H]dizocilpine binding assay
using rat cortical P2 membranes. Data were analysed by least squares fit to the
logistic expression Y = MXP/(XP + IC50) + C, and Ki calculated from Ki = IC50/(1 +
[L]/KD). Affinity ratios compare the analogue with its parent compound: where the
ring system is a tetrahydroisoquinoline, the parent is compound 1, and where the ring
system is a thieno-[3,2-c]-pyridine the parent is compound 28.
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R ^

4\yp.
\ nr

1
r
2
^r

3

compound Rl R2 R3 R4 Ki fnMf affinitv ratio*

1 H CH3 phenyl H 53.5 + 6.08 1

38 H C2H5 benzyl H 165 ± 12.0 0.32

39 H CH3 benzyl OCH3 948 + 95.9 0.06

40 H H 2'-thienyl H 1150 + 60.5 0.05

41 C2H5 CH3 2-thienyl H 283 + 51.3 0.19

42 CH3 CH3 phenyl OCH3 620 + 33.0 0.09

Table 5.6 Other multiple changes

The affinity of FR115427 analogues was measured in a [3H]dizocilpine binding assay

using rat cortical P2 membranes. Data are mean ± s.e.m. of at least three
independent experiments. Results from individual experiments were analysed by least
squares fit to the logistic expression Y = MXP/(XP + IC50) + C, and Ki values
calculated using the equation Ki = IC50/(1 + [L]/Kd).
*Affinity ratio = Ki compound 1/ Ki test compound
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R^4[

ItRRR2323
racemateno.

R3R4

KifnMf

Affinitvratio*

C±)

(+)

(-)

(±)

(+)

(-)

Tetrahydr I

10 II 23

oisoquinoline/ phenyl benzyl 2'-thienyl phenyl

malogues
H H H OCH3

53.5±6.08 48.0±3.46 41.8±3.35 33.5±2.92

32.8±2.8 24.2±3.67 1020±42.8 22.1±1.02

3300±115 250±33.1 17.4±1.93 1220±51.1

1 1.11 1.30 1.60

1.63 2.21 0.05 2.42

0.02 0.21 3.07 0.77**

Thieno-[3, 28 35

2-c]-pyridine phenyl 2'-thienyl
ffialogues

H H

139(calc.) 108±10.9

112±3.76 56.7±2.32

183±13.9 1650±229

0.38** 0.50

0.48 0.94

0.29 0.03

Table5,7Stereoisomersofactivecompounds TheaffinityofFR115427analogueswasmeasuredina[3H]dizocilpinebindingassayusingratcorticalP2membranes.Dataaremean± s.e.m.ofatleastthreeindependentexperiments.Resultsfromindividualexperimentswereanalysedbyleastsquaresfittothelogistic expressionY=MXP/(XP+IC50)+C,andKivaluescalculatedusingtheequationKi=IC50/(1+[L]/KD). *Affinityratio=Kicompound1/Kitestcompound "UnknownKivaluescalculatedusingtheequation1/Ki(racemate)=1/2(1/Ki(+)+1/Ki(-))



53 DISCUSSION

Although dizocilpine has 10-fold higher affinity for [3H]dizocilpine binding sites on rat

membranes than FR115427, the rigidity inherent in its fused ring system limits the

possibility of conformational change. Since dizocilpine has such high affinity for the
NMDA receptor ion channel, this lack of flexibility suggests that the elements of

dizocilpine which interact with sites within the ion channel are held in an optimal
conformation for high affinity binding (Bigge et al., 1992). In contrast, the lower

affinity of FR115427, a less conformationally restricted molecule may indicate that it
assumes a less-favourable conformation, with respect to binding to the NMDA

receptor ion channel. Since FR115427 differs from dizocilpine only in its greater

conformational flexibility, the conformation of FR115427 which is energetically most

favourable is probably not the same conformation as is optimal for binding to the

receptor. Binding ofFR115427 to the receptor would therefore require the molecule
to adopt an energetically and therefore statistically less favourable conformation.
Available data concerning other non-competitive NMDA receptor antagonists appear

to confirm this hypothesis. PCP, another flexible molecule, has 10-fold lower

potency than dizocilpine, whilst its cyclised analogue PD137889, has threefold greater

affinity than PCP, and is only threefold less potent than dizocilpine (Bigge et al.,

1992). The ring structure of PD137889 presumably constrains it in a conformation
which is more favourable for binding. Although PCP, like FR115427, can adopt this
conformation when binding to the receptor, it is not structurally constrained to do so

and may require an input of energy to acquire this conformation (figure 5.1).
With regard to SAR, both a ring-contracted isoindoline analogue of

FR113373, and a 2-benzazepine formed by expansion of the tetrahydroisoquinoline

ring system exhibited reduced affinity. However, reduction of ring size was less
detrimental than expansion, suggesting that size or conformational constraints at this

position limit the ring to a maximum of six members. Similarly, expansion of the

nitrogen containing ring of dizocilpine results in a loss of binding affinity (Thompson
et al., 1990). A critical role for the tetrahydroisoquinoline ring nitrogen of
FR113373 is supported by the finding that A-alkylation reduced binding affinity.

TV-Methylated derivatives of dizocilpine exhibited a similar decrease in potency
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(Thompson et al., 1990). These data are consistent with the proposed

pharmacophore model which predicts an ionic interaction of the protonated nitrogen
with a charged residue within the NMDA receptor ion channel (Bigge et al., 1992).
Removal of the methyl group (position R2) from the Cl chiral centre dramatically
lowered affinity, as did removal of the methyl group from the analogous C5

bridgehead of dizocilpine (Thompson et al., 1990). However, replacement of this

methyl moiety with an ethyl group had little effect in either case, suggesting that an

alkyl interaction at this point is an absolute required. Since affinity is abolished in the

dizocilpine derivative bearing a propyl group at this position (Thompson et al., 1990)
it would appear that the optimal group size is methyl.

Removal or saturation of the phenyl ring (position R3) at the chiral centre

dramatically lowered affinity, suggesting a requirement for a planar aromatic
interaction at this site. This hypothesis is supported by the finding that heterocyclic
aromatic substitutions for this group did not greatly influence binding affinity. In

fact, thienyl and benzyl substitutions increased affinity slightly, and a furyl replacement

only halved potency. Size constraints in this area may limit the volume occupied by
substituents on the phenyl ring: substitution onto the phenyl group invariably lowered

potency. A series of chlorinated derivatives revealed a rank order of sensitivity to

substitution of ortho > para > meta. The ortho position may be most sensitive
because the large chlorine moiety reduces free rotation around the bond linking the

phenyl group to the Cl chiral centre. Chloro and methyl substitutions at the para

position reduced affinity around 20-fold, whereas fluoride, a smaller substituent,
lowered affinity only 3-fold. This suggests that the limiting factor at the para position
is substituent size, not charge, since chloro and methyl groups occupy approximately
the same space, but have opposite charges. A similar pattern was observed with

halogen substitutions at the meta position. However a larger methoxy substituent at
the same position, lowers affinity only 5-fold, possibly due to the larger group forming
a new drug-receptor interaction. Corresponding alterations to dizocilpine displayed a

broadly similar pattern; a methoxy substitution on the C7 of dizocilpine analogous to
the meta position of FR113373 maintained affinity, whereas chloride or methyl
substituents lowered potency (Thompson et al., 1990; Leeson et al., 1990).
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Similarly, affinity was retained following a methoxy substitution at position C8 of

dizocilpine (analogous to para on FR113373), but reduced following a methyl
substitution (Thompson et al., 1990; Leeson et al., 1990). However, care must be
taken in drawing analogies between positions on the two molecules; it may be that the
same moieties ofFR113373 and dizocilpine do not interact with the same point on the

receptor, because of the greater flexibility ofFR113373.

Adding substituents onto C6 (position R4) or C7 (position R5) of the

tetrahydroisoquinoline ring system of FR113373 had a broad range of effects. The
C7 position appears to be a more important determinant of binding affinity, since
substitutions at this position were more detrimental than equivalent C6 substitutions:
a methoxy moiety reduced affinity when substituted on C7, but increased affinity when
substituted on C6. Similarly, a methyl substituent on C7 reduced affinity further than
on C6. A chloride substituent at C7 reduced affinity 21-fold whereas a methyl
substituent reduced affinity 12-fold and a methoxy substituent reduced potency only
4-fold. This would suggest that substituent size is not the limiting factor, since a

chloride substitution lowers potency more than a methyl substitution, although the

groups are similar in size, and a larger methoxy substitution has less effect than either.
A possible explanation is that the chloride carries a slight negative electrostatic charge

(8-), whilst the methyl group carries a slight positive electrostatic charge (5+). The

methoxyl group carries a larger 5+ than the methyl group since it is more electron

donating than the methyl group, and has higher affinity. These data suggest that
there is a polar residue with a 5- charge in this area of the binding site which can

interact with positively-charged areas of the compounds. At position C6, hydroxy
and methoxy substitution maintained affinity, but a methyl substitution lowered

potency 4-fold. By similar reasoning to position C7, it may be that the determinant at
C6 is polarity, since the order of electron-donating capacity of the groups is methoxy
> hydroxy > methyl, the same order as for potency. A more feasible explanation may

be the provision of hydrogen bonding. The importance of a secondary hydrogen

bonding site is predicted by the pharmacophore model (Leeson et al., 1990; Bigge,

1993). Thus the affinity of dizocilpine analogues with substituents capable of

hydrogen bonding at position C3 was improved (Thompson et al., 1990; Leeson et
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al., 1990). Similarly, methoxy and hydroxy substitution at C6 of PD137889

(equivalent to C7 of FR113373) are tolerated (Bigge et al., 1992), and SAR studies

using a phencyclidine analogue have demonstrated that the affinity of 2-hydroxy and

2-methoxy derivatives is either maintained or increased (Thurkauf et al., 1990).

Replacement of the tetrahydroisoquinoline ring system with a thieno-[3,2-c]-

pyridine halved affinity. A number of derivatives based on the thieno-[3,2-c]-pyridine

analogue were also examined. In general, equivalent alterations to the thieno-[3,2-c]-

pyridine analogue and the parent compound resulted in similar changes in affinity

(figure 5.2). For example, A-alkylation produced parallel losses of affinity in both

compounds, as did removal of the methyl group from the Cl chiral centre. However,

analogues in which the phenyl group at the Cl chiral centre (position R3) was

replaced with a benzyl group proved to be an exception. Affinity was maintained in
the tetrahydroisoquinoline analogue, whereas the equivalent thieno-[3,2-c]-pyridine

analogue was 3-fold more potent than the unmodified thieno-[3,2-c]-pyridine.
Several other analogues with multiple modifications were studied. Combining

a favourable 6-methoxylation with the mildly detrimental TV-methylation abolished

affinity, indicating the importance of the protonated nitrogen. In addition, combining
a tolerated thienyl replacement of the phenyl group (position R3) with detrimental
modifications such as TV-alkylation or removal of the methyl group from the Cl chiral
centre (position R2) resulted in a loss of activity comparable to that seen in the parent

compound. These data emphasise the importance of the protonated amine of the

tetrahydroisoquinoline group, and the methyl group at the Cl chiral centre for high

affinity binding. Surprisingly, the combination of two favourable modifications;

6-methoxylation and benzyl substitution for the phenyl group (R3) at the Cl chiral
centre greatly lowered affinity, suggesting that size limits have been exceeded.

The stereochemistry of the interaction of FR113373 analogues with the
NMDA receptor ion channel was also studied. The (+)isomer was 100-fold more

potent than the (-)isomer. In contrast, the interaction of both dizocilpine (Thompson
et al., 1990) and PD137889 analogues (Bigge et al., 1992) with the binding site is far
less stereoselective, presumably due to conformational similarity of the stereoisomers
of these compounds. While the affinity of the (+)FR113373 analogues generally
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exceeds that of the corresponding (-)isomer, stereoselectivity was often less

pronounced than for the parent compound. A notable exception was the (-) isomer

of compound 11 which was 60-fold more active than the (+)isomer. This 2'-thienyl

derivative was the most potent compound tested (Ki = 17.4 ± 1.93 nM).

Interestingly, when this modification was combined with a thieno-[3,2-c]-pyridine

replacement of the tetrahydroisoquinoline ring system, (compound 34), activity
resided in the (+)isomer. However, single crystal analysis of the thieno-[3,2-c]-

pyridine analogue and the tetrahydroisoquinoline parent compound established that
the absolute configuration was the same in both compounds.
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CHAPTER 6

DEVELOPMENTAL CHANGES IN [3H]DIZOCILPINE BINDING TO
HUMAN FRONTAL CORTEX
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6A INTRODUCTION

The NMDA receptor is proposed to play a key role in the mechanisms of neuronal

plasticity in the developing and mature CNS (review; Constantine-Paton et al., 1990).
As with other neurotransmitter receptors (Mishina et al., 1986; Bettler et al., 1990;

Daubas et al., 1990; Killisch et al., 1991; Monyer et al., 1991; Poulter et al., 1992),
the profile of EAA receptors changes throughout development, both pre- and post-

natally, in regard of both number and distribution. Changes in subunit isoform

expression have also recently been reported (Williams et al., 1993; Monyer et

al., 1992), which may underlie developmental alterations in properties inherent to
NMDA receptors; the electrophysiological properties of neonatal rat and cat visual
cortex differ from adult animals (Tsumoto et al., 1987; Kato et al., 1991), and
different sensitivity during development to glycine, Mg2+ and polyamines has been

reported (Ben-Ari et al., 1988; Morrisett et al., 1990; Kleckner and Dingledine, 1971;
Williams et al., 1991).

In addition to the many roles served by EAA receptors in the mature CNS,
there is evidence that EAA receptors in the developing CNS are closely involved in
the regulation of development itself (see McDonald and Johnston, 1990 for review).
EAAs have been implicated in the regulatory processes involved in neuronal survival

(Balasz et al., 1989), synaptogenesis, and the formation of dendritic and axonal
structure (Brewer and Cotman, 1989). The involvement of EAA receptors in

activity-dependent synaptic plasticity, learning and memory, and the shaping of
neuronal circuitry is also critical for normal development (Garthwaite, 1994). In

keeping with their involvement in development, EAA pathways undergo major

changes during the foetal and neonatal periods, as measured by both pre- and post¬

synaptic markers.
As in the mature CNS, excess activation of EAA receptors during

development can lead to neuronal injury and death. Each of the EAA receptor

subtypes has a distinct ontogenic profile of neurotoxicity associated with activation of
that receptor. Thus, during development, a balance ofEAA receptor activity must be
struck; underactivity leading to delayed or disrupted development, but overactivity

possibly leading to brain damage. Disturbances in the regulation of the activity of
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EAA pathways could potentially disrupt critical developmental processes, and

possibly underlie several developmental neurological disorders.
The ontogeny of EAA pathways in the CNS has been studied using many

experimental techniques; immunocytochemistry and high affinity Na+-dependent
[3H]glutamate uptake have been used as presynaptic markers, and electrophysiology
and receptor binding studies as postsynaptic markers (see McDonald and Johnston,

1990). More recently, advances in molecular biology have allowed the use ofmRNA

probes to follow the ontogenic profile ofNMDA and non-NMDA receptor subunits

(Monyer et al., 1993). The majority of research in this area has concerned the

ontogeny of rat and cat CNS, in particular the visual system (Bode-Greuel and Singer,

1989, Fosse et al., 1989) and hippocampus (McDonald et al., 1989; McDonald and

Johnstone, 1990). The development of glutamatergic pathways differs greatly
between brain areas, in respect of both temporal profile and degree of receptor

expression.
In the rat, presynaptic markers ofEAA synapses in the cortex in general show

a slow increase from birth to around PND30 (post natal day 30), followed by a rapid
increase to reach adult levels at PND50 (Sanderson and Murphy, 1982), whilst those
in visual structures show a linear increase to adult values with varying timecourses

(Kvale et al., 1983). The interpretation of data relating to presynaptic development
is complicated by the fact that the most commonly used method to measure

presynaptic terminals is Na+-dependent [3H]glutamate uptake. In addition to the high

affinity uptake sites of EAA terminals, high affinity sites are also present on glia.
Since the contribution of each population of sites is unknown, it is possible that the

glial component masks changes in neuronal uptake. In fact, uptake studies in the
kitten visual structures using D-[3H]aspartate, show that a rapid increase,

overshooting adult levels by around 300% occurs between PNW3 to PNW 7

depending on the area, followed by a slow decline to adult levels (Fosse et al., 1989).

Transitory overproduction ofNMDA synapses appears common, and relates

temporally to periods of increased synaptic plasticity and consolidation of functional

synapses (McDonald and Johnstone, 1990). In the rat hippocampus for example, a

rapid initial rise in NMDA receptors (measured by NMDA sensitive, L-[3H]glutamate
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binding) is seen, followed by a gradual decline to adult levels (Tremblay et al., 1988).
A similar profile is seen in all fields of the hippocampus, but the age at which the peak
is seen, and the period of stabilisation vary (McDonald et al., 1989). The peak is
seen over a time-range of PND10-28, and can reach 150-220% of adult levels.

Development ofNMDA-sensitive [3H]glutamate binding in CA3 is more rapid than in

CA1, consistent with the earlier development of afferent input to CA3 (Loy et al.,

1977); the peak in receptor number coincides with the onset of LTP (Harris and

Teyler, 1984). The decline of receptor number after the overshoot correlates with

synapse elimination and stabilisation of functional synapses (McDonald and

Johnstone, 1990). The development of NMDA receptors in the kitten visual system

(measured by AP5 sensitive [3H]glutamate binding) parallels the timecourse of the
critical period of susceptibility to experience-dependent modification (Bode-Greuel
and Singer 1989). NMDA receptor development is not the sole factor determining
the period of plasticity in the visual cortex: dark rearing has no effect on NMDA

receptor expression, but prolongs the period of ocular dominance plasticity (Cynader,

1983), indicating that other factors are involved.
The developmental profiles of PCP and glycine binding sites in rat

hippocampus are nearly identical, but delayed with respect to NMDA sites.
Maximum [3H]glycine and [3H]PCP binding is seen at around PND28, with lower

density of binding than NMDA-sensitive [3H]glutamate (McDonald et al., 1989). In

the light of the recent molecular biology advances (Monyer et al., 1992), identifying
several isoforms of the NR2 subunit, it may be that the different properties endowed

by these subunits allow for regional and temporal variation in NMDA receptor

characteristics, especially since changes in subunit expression during development are

reported (Monyer, 1993; Williams etal., 1993).
In human studies, NMDA receptor changes roughly parallel synaptogenesis in

the frontal cortex (Huttenlocher, 1979), with a transitory peak of NMDA-sensitive

[3H]glutamate binding early in infancy, followed by a decline in receptor number of
about 9% per decade (Kornhuber et al., 1988). The NMDA receptor is possibly less
sensitive to Mg2+ blockade in the immature brain than in the adult, and more

permeable to Ca2+ (Brady and Swann, 1988). These findings could underlie the
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developmental changes in susceptibility to seizure and excititoxicity (Garthwaite,

1994). It is also reported that the modulatory efficacy of glutamate, glycine,

spermidine and zinc varies across the age range of human samples (Piggott et al.,

1992). Spermine was suggested to exert an inhibitory influence at an early stage, but
to enhance [3H]dizocilpine binding in the adult CNS (Piggott et al., 1992).

Non-NMDA receptors do not generally show the NMDA receptor profile of a

transitory peak followed by a decline to adult levels. In the striatum, amygdala and

pyriform, there is a period of stability, followed by an increase at varying speeds to

adult levels (McDonald and Johnstone 1990). Regional variation is present in the
time at which the increase begins, and the age at which adult levels are achieved. The

ontogenic profiles of AMPA/kainate receptors in the amygdala and striatum

correspond with the development of glutamatergic innervation to these areas, and of
kainate-induced seizure and neuronal damage (Ben-Ari et al., 1984; Campochiaro and

Coyle, 1978).

Metabotropic receptors show a marked developmental change; in the adult rat,

glutamate-induced phosphoinositide (PI) hydrolysis is negligible. Glutamate-induced
PI metabolism in immature brain reaches a transitory peak three orders of magnitude

higher than adult levels, at around PND6. Activity then declines to adult levels at

around PND35 (Nicoletti et al., 1986). The developmental role of the metabotropic

receptor is unclear, but an involvement in the regulation of neuronal plasticity is

possible, since there is a rough correlation of PI hydrolysis with synaptic plasticity

(Dudek and Bear, 1989).

Developmental alterations in the neurotoxicity of EAAs specific for individual

receptor subtypes are also seen. In the foetus, EAA receptors are functionally

expressed: maternal administration of glutamate will induce foetal neurotoxicity.
Administration ofNMDA in the neonatal rat produces profound neurotoxic damage

(McDonald et al., 1988), quisqualate has some neurotoxic effect (Hastings et al.,

1985), but kainate apparently causes no damage (Coyle, 1983). In almost direct

contrast, kainate induces severe neurotoxicity in the adult rat (Garthwaite and
Garthwaite 1986), whilst both NMDA and quisqualate have much lesser effects. This
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temporal change in susceptibility to neurotoxicity caused by different EAAs explains
the finding that NMDA receptor antagonists are more potent neuroprotectants in
immature models of excitotoxicity than in adult models; almost complete protection is
seen in immature models, but only partial protection in the adult. In addition,
evidence that different subtypes of NMDA receptors are present in the infant and
mature CNS is provided in the finding that the selective NMDA receptor agonist

quinolinate acts as a potent neurotoxin in adults, but is a weak neurotoxin compared
with NMDA in the immature brain (Foster et al., 1983; Schwarcz et al., 1984). In

the case of the NMDA receptor, the ontogeny of toxicity is not apparently related to

any single factor, but is likely to be the product of several independent, but not

mutually-exclusive mechanisms such as developmental changes in receptor subunit

expression, activity regulation, functional expression of synaptic inhibition, and post-

receptor regulation.

The aim of this study was to measure developmental changes in NMDA receptor

density, using [3H]dizocilpine as a marker for the receptor. Previous studies into the

ontogeny of human NMDA receptors considered only a few samples below the age of
about 10 years, presumably because of the low availability of infant/child samples, and
had concentrated on adult/geriatric samples (Piggott et al., 1992a; 1992b; Kornhuber
et al., 1988). This study was undertaken because we were given access to a

catalogue of post-mortem brains which covered the range 0-3 years. Because I
would be studying human tissue, which unlike the rodent samples could not be
handled under normal laboratory conditions, the initial need was to establish a

protocol with which consistent, reproducible results could be obtained. Preliminary

experiments were designed to assess glutamate and glycine effects on [3H]dizocilpine
binding to human tissue, and to optimise experimental conditions and assess both
inter- and intra-experiment reproducibility. KD and Bmax for [3H]dizocilpine binding
to frontal cortex for each of the samples were measured, and a developmental profile
for the [3H]dizocilpine binding site of the NMDA receptor was constructed.
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62 RESULTS

6.2.1 Preliminary Experiments

All preliminary experiments were conducted using frontal cortex pooled from several
infant brains (3 subjects at 22 weeks of age).

6.2.1.1 Affinity of [3H]dizocilpine binding to human frontal cortex

This first experiment was conducted using an identical protocol to that for binding to

rat cortex, but substituting whole membrane for P2 membrane, to minimise the
amount of tissue fractionation. The KD for [3H]dizocilpine binding to human frontal
cortex in the presence of 10pm L-glutamate and lOpM glycine was 2nM. Since all

experiments were to be conducted in the presence of L-glutamate and glycine, it was
decided to lower the ligand concentration from 1 nM to 0.5 nM, making the ratio of

[L]/Kd smaller, and giving lower error in the calculation of the Kd from KD = IC50 -

[L], The concentrations of unlabelled dizocilpine used to displace the tritiated ligand
were also altered, to concentrate data values in the downslope of the curve, and make

determination of the IC50 and therefore KD more accurate. In order to ensure that

the maxima were reached, 1 pM dizocilpine was used instead of buffer as a control, to

give an extra data point for analysis.

6.2.1.2 Effect of glutamate and glycine

The measurement of basal [3H]dizocilpine binding will always be affected by

endogenous L-glutamate and glycine remaining in the membrane preparation after

washing. The absolute amount of residual endogenous transmitters present will vary
from tissue to tissue, inducing variability in binding data. It was therefore decided to
measure binding to all samples in the presence of excess L-glutamate and glycine, to
ensure that in all cases, binding was measured under maximal stimulation. The effect
of increasing concentrations of glutamate and glycine on [3H]dizocilpine binding was

measured, to determine the EC50 for stimulation, and the concentration at which
maximal stimulation was effected. The EC50 for L-glutamate stimulation of

[3H]dizocilpine binding to frontal cortex was 251nM (figure 6.1A), and for glycine
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was 185nM (figure 6. IB). Both L-glutamate and glycine were maximally-stimulating
at concentrations in excess of 3pM (figures 6.1A and 6. IB). All further experiments

were therefore carried out in the presence of lOpM L-glutamate and 10pM glycine.

6.2.1.3 Reproducibility of experiments

Experimental reproducibility was assessed using the same pooled tissue for each
determination within an experiment, and in three experiments performed on different

days. The pooled tissue was divided into individual aliquots at the start of each

experiment and the aliquots handled separately thereafter. In each experiment a full
saturation assay was repeated several times. Within a single experiment, there was

little difference in either KD or Bmax between each of the saturation curves (table

6.1). Between experiments performed on different days, reproducibility was also

very good; Kd and Bmax remained constant. As an additional monitor of

reproducibility, tissue from a single brain was included in several experiments, to

compare results (see table 6.3 for values obtained). This was the only sample in
which binding was measured more than once, because a major constraint on our

method was the low availability of tissue in many cases, especially of the samples
from the very young.

6.2.1.4 Binding of [3H]dizocilpine under the chosen conditions

In the preliminary experiments, in the presence of maximally-stimulating
concentrations of L-glutamate and glycine, specific binding accounted for 85% of
total binding (figure 6.2). The Kd was typically around 2 nM, and Bmax was around
2.2 pmol/mg protein. Infant and adult samples were handled blind to age and

condition, and data analysis completed prior to comparison of samples.

6.2.2 Case histories of tissue samples

Details of the samples used in this study are shown in table 6.2. In the infant groups
the duration of post mortem delay for many of the samples may not be accurate due
to the circumstances surrounding death, especially in the SIDS cases, where the delay
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KD fnM) Bmax (pmol/mg protein) (n)
Experiment 1 2.01 2.29

2.47 2.75
2.53 2.59
1.73 1.63

mean ± s.e.m. 2.19 + 0.19 2.32 + 0.25 4

Experiment 2 2.52 2.43
1.81 1.98
1.73 2.39
1.75 1.86

mean ± s.e.m. 1.95 + 0.19 2.17 + 0.14 4

Experiment 3 1.73 1.70

1.89 1.77
2.29 2.24
2.41 2.91
2.57 2.01

mean ± s.e.m. 2.02 + 0.15 2.13 + 0.21 5

Table 6.1 |"3H1dizocilpine binding to human infant frontal cortex; reproducibility

Whole membrane homogenates were prepared from pooled tissue from the frontal
cortex of 3 infants of 22 weeks. Membranes were incubated with 0.5 nM

[3H]dizocilpine for 120 min in the presence of increasing concentrations of unlabelled
dizocilpine (lpM - 30 pM). 10pm L-Glutamate and 10 pM glycine were present
throughout. Bound and free ligand were separated by filtration. Data were analysed
by least squares fit to the logistic expression Y = MXP/(XP + IC50) + C, and KD was
calculated from Kd = ic50 - [L],
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Log [unlabelled dzocilpine] (M)

Figure 6.2 Binding of [3H]dizocilpine under the chosen conditions

Whole membrane homogenates were prepared from pooled tissue from the frontal
cortex of 3 infants of 22 weeks. Membranes were incubated with 0.5 nM

[3H]dizocilpine for 120 min in the presence of increasing concentrations of unlabelled
dizocilpine (lpM - 30 pM). 10pm L-Glutamate and 10 pM glycine were present
throughout. Bound and free ligand were separated by filtration. Results shown are
from a single representative experiment from a group of 13 experiments. Data were
analysed by least squares fit to the logistic expression Y = MXP/(XP + IC50) + C.
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age group (n) male/ post mortem storage time cause of death

(weeks) female delay (hours) (months)
Infants

0-10 7 2/5 35.1+5.9 84.4 + 4.2 SIDS(5)
Heart Defect (2)

11-20 5 2/3 34.0+10.0 82.2 + 5.2 SIDS (5)
21-30 4 2/2 41.0 + 5.5 82.8 + 5.2 SIDS (4)
31-40 3 2/1 34.3+2.6 89.3 + 5.2 SIDS (2)

Heart Defect (1)
41-50 3 1/2 36.7 + 8.7 72.0 + 3.8 SIDS (1)

Gut Infarct (1)
Pneumonia (1)

51-60 4 2/2 38.0+18.0 86.0 + 8.0 SIDS (2)
Strangulation (1)
Electrocution (1)

61-75 3 1/2 67.7+12.8 83.3 ± 1.2 SIDS (2)
Fall (1)

154-156 2 0/2 58 88.0 Drowning (1)
(64, 52) (80, 84) Acute Epiglottitis (1)

Adults
53-77 6 4/2 17.0+1.4 111 ±4.3 Lung Cancer (3)
years Myocardial Infarct (3)

Table 6.2 Case Details

The number of samples is indicated in parentheses after the cause of death. Values of
post mortem delay are mean ± s.e.m. of the number of samples indicated. Where a
group contains 2 samples, the individual values are given after the mean.
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before brain retrieval can only be estimated. Post mortem delay in the adults is much
more accurately recorded, and generally lower, because in most cases death occurred
in the hospital. There was no statistical difference between any of the groups in
tissue storage time (Kruskal-Wallis). However, there was a difference between the
two oldest infant groups and the other infant groups in post mortem delay, which is

probably due to the low sample sizes of the groups. The adult group also differed
from the infant groups in post mortem delay, a fact which is unavoidable for the
reason noted above.

6.2.3 KD for [3H]dizocilpine binding to human frontal cortex

A full saturation curve was measured for each membrane sample. Table 6.3 shows
the individual values for each of the samples, and figure 6.3 shows a scattergram of
the individual data points. Infant samples were divided into age groups of roughly

equal time-span for consideration of KD with respect to age. Mean KD values for

[3H]dizocilpine binding for the different age groups are shown in table 6.4 and figure
6.4. There was no significant difference in KD between any of the infant groups

(student's t-test), and none of the infant groups differed significantly from the adult

group. The scattergram of individual samples (figure 6.3) does suggest a trend
towards lower affinity (higher KD) in the very young neonates. Although the four

samples below 3 weeks of age had a mean KD of 3.2 ± 0.37 nM, no statistical test
could be applied to determine if this represented significantly lower affinity because of
the small sample size.

6.2.4 Bmax for [3H]dizocilpine binding to human frontal cortex

Binding site density for each individual sample, as indicated by Bmax, is shown in table
6.3. Figure 6.5 shows a scattergram of the individual data points. Samples were

divided into age groups in the same manner as for KD. Receptor density rose from
around 1.33 pmol/mg protein at birth to around 4.5 pmol/mg protein at around 60
weeks (table 6.4 and figure 6.6). The profile then appeared to plateau up to the age

of 150 weeks, although there were no samples available between the ages of 75 and
156 weeks to allow confirmation of this. In comparison to the maximal binding
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Infant Age Cause of Death Kd (nM) Bmax (Dmol/mg Protein (ug/mg
(weeks) Drotein) tissue)

0.15 heart defect 2.41 0.75 13.8
1.5 heart defect 4.18 1.64 10.2 !
3 SIDS 3.00 1.70 12.0 !
3 SIDS 3.21 1.36 15.0
6 SIDS 1.80 1.20 11.4
8 SIDS 2.07 1.32 15.6
9 SIDS 2.20 1.37 10.8
11 SIDS 2.52 2.65 9.4
13 SIDS 1.77 1.12 17.4
17 SIDS 1.69 1.46 16.8
17 SIDS 1.84 2.96 11.4
17 SIDS 2.19 3.47 13.0
22 SIDS 3.02 3.45 12.6
26 SIDS 2.48 3.36 10.5
30 SIDS 2.40 3.84 12.9
30 SIDS 2.60 2.34 18.6
34 heart defect 2.21 2.67 17.4
35 SIDS 2.64 4.27 13.2
39 SIDS 2.63 2.84 14.2
43 gut infarct 1.78 2.45 15.6
43 SIDS 2.34 3.42 15.0
44 acute pneumonia 1.53 2.42 12.4
52 SIDS 2.53 3.93 12.8
52* strangulation 2.24 4.53 12.8

1.84 3.01 14.6
1.47 4.32 14.4

56 electrocution 2.14 4.32 12.3
60 SIDS 3.31 4.49 11.4
61 SIDS 2.91 3.15 19.2
65 fall 2.35 5.16 11.8
74 SIDS 2.34 4.92 12.2
154 drowning 2.46 13.9 4.10
156 epiglottitis 2.37 5.38 13.1

Adult Age (vears)

53 lung cancer 2.01 2.30 10.0
59 myocardial infarct 2.01 2.47 9.6
64 myocardial infarct 2.32 2.67 12.5 !
67 lung cancer 1.03 1.38 13.0
74 myocardial infarct 2.01 2.40 12.9
77 lung cancer 0.96 1.66 10.2

Table 6.3 KD. Bmax and protein content for individual samples

Membranes were incubated with 0.5 nM [3H]dizocilpine for 120 min in the presence
of increasing concentrations of unlabelled dizocilpine (lpM - 30 pM), lOpM
L-Glutamate and 10 pM glycine. Bound and free ligand were separated by filtration.
Data were analysed by least squares fit to the logistic expression Y = MXP/(XP +
IC50) + C, and KD was calculated from KD = IC50 - [L], Bmax was calculated from
Bmax = (b.IC50)/[L], * measurement repeated on 3 separate occasions.
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Figure 6.3 KP for |~3H]dizocilpine binding to human frontal cortex

Membranes were incubated with 0.5 nM [3H]dizocilpine for 120 min in the presence
of increasing concentrations of unlabelled dizocilpine (lpM - 30 pM). 10pm L-
Glutamate and 10 pM glycine were present throughout. Bound and free ligand were
separated by filtration. Data were analysed by least squares fit to the logistic
expression Y = MXP/(XP + IC50), and KD was calculated from KD = IC50 - [L], The
line represents the mean of all the samples.
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Infant Age
Group (weeks)

(n) Kd (nM) Bmax (pmol/mg
prot.)

protein (pg/mg
tissue)

0-10 7 2.70 ±0.31 1.33 ±0.12 12.69 ±0.80
11-20 5 2.00 ± 0.16 2.33 ±0.45 13.60 ± 1.54
21-30 4 2.62 ±0.14 3.25 ±0.32 13.65 ± 1.73
31-40 3 2.49 ±0.14 3.26 ±0.51 14.93 ±2.19

41-50 3 1.88 ±0.24 2.76 ±0.33 14.30 ±0.98
51-60 4 2.46 ±0.16 4.02 ±0.26 12.51 ±0.52

61-75 3 2.53 ±0.19 4.41 ±0.63 14.40 ±2.40

154-156 2 2.42 4.74 13.5

Adult Age
Group (years)

53-77 6 1.72 ±0.24 2.15 ±0.21 11.37 ± 0.65

Table 6.4 Kd. Bmax and protein for groups

Membranes were incubated with 0.5 nM [3H]dizocilpine for 120 min in the presence
of increasing concentrations of unlabelled dizocilpine (lpM - 30 pM). 10pm l-
Glutamate and 10 pM glycine were present throughout. Bound and free ligand were
separated by filtration. Data were analysed by least squares fit to the logistic
expression Y = MXP/(XP + IC50) + C, and Kd was calculated from Kd = IC50 - [L],
Bmax was calculated from Bmax = (b.IC50)/[L],
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Figure 6.4 KD for [3Hldizocilpine binding to human frontal cortex

Membranes were incubated with 0.5 nM [3H]dizocilpine for 120 min in the presence
of increasing concentrations of unlabelled dizocilpine (lpM - 30 pM). 10pm L-
Glutamate and 10 pM glycine were present throughout. Bound and free ligand were
separated by filtration. Data were analysed by least squares fit to the logistic
expression Y = MXP/(XP + IC50) + C, and KD was calculated from KD = IC50 - [L],
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density in infant tissue, the Bmax in adult tissue was 2.15 pmol/mg protein, less than
50% of the plateau value.

6.2.5 Protein content ofmembranes

The protein content of the membranes was measured by the method of Bradford

(1976) using the membrane suspension prepared for the experiment, and stored at

-20oC until used for protein determination. Protein content of the samples,

expressed as microgrammes per milligramme of tissue, is shown in table 6.3, and the
mean protein content for the groups is shown in table 6.4. Protein content per

milligramme of tissue did not appear to vary over the infant age range studied, and did
not differ from the adult samples: the entire infant group of 37 samples had a mean

protein content of 13.55 ± 0.42 pig/ mg tissue, whilst the adult group (n= 6) had a

mean protein content of 11.37 ± 0.65 pig/ mg tissue. The scatter of protein content

in the adult samples was, however, much less than in the infant samples (figure 6.7).
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Figure 6.5 Bmax for [3Hldizocilpine binding to human frontal cortex

Membranes were incubated with 0.5 nM [3H]dizocilpine for 120 min in the presence
of increasing concentrations of unlabelled dizocilpine (lpM - 30 pM). 10pm L-
Glutamate and 10 pM glycine were present throughout. Bound and free ligand were
separated by filtration. Data were analysed by least squares fit to the logistic
expression Y = MXP/(XP + IC50) + C, and Bmax was calculated from Bmax =
(b.IC50)/[L],
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Figure 6.6 Bmax for |"3H]dizocilpine binding to human frontal cortex

Membranes were incubated with 0.5 nM [3H]dizocilpine for 120 min in the presence
of increasing concentrations of unlabelled dizocilpine (lpM - 30 pM). 10 pM L-
Glutamate and 10 pM glycine were present throughout. Bound and free ligand were
separated by filtration. Data were analysed by least squares fit to the logistic
expression Y = MXP/(XP + IC50) + C, and Bmax was calculated from Bmax =

(b.IC50)/[L],
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Figure 6.7 Protein content of samples

Protein content was measured by the method of Bradford (1976). Increasing
concentrations of BSA standard solution were incubated with reagent for 30 min,
absorbance at 595 nm was read and a standard curve constructed. Unknown protein
samples were assayed in the same manner, and protein content determined from the
linear portion of the standard curve.
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63 DISCUSSION

Measurement of radioligand binding to human tissue is subject to a wider range of
factors which could ultimately affect the findings of the experiment than is the use of

laboratory animals. The post-mortem handling time of the tissue prior to storage, the

length of storage time, the age and sex of the subject, the disease condition and the

agonal state of the patient prior to death will all vary from subject to subject, and may

influence findings. Extensive studies (Piggott et al., 1992a; 1992b) considering the
effects of these parameters on [3H]dizocilpine and [3H]TCP binding to human frontal
cortex showed that the only parameter to have no effect on binding under any

conditions of measurement (basal conditions, or under the influence of any

modulators) was gender. The other parameters alter binding to a greater or lesser

degree depending on the conditions of measurement. In this study we were

interested in the changes in NMDA receptor density during development, and on the

affinity of [3H]dizocilpine binding. Post-mortem delay in the adult samples in this

study was much lower and more accurately recorded than in the infants, because the
adults and non-SIDS generally died under observation, either in hospital or following
a fatal accident, whilst the SIDS deaths may not have been immediately noticed.

Agonal state is a more difficult parameter to quantify, especially in this study where

many of the cases were diagnosed SIDS, implying normal health prior to death, but it
is possible that the physiological state was not normal. Generally though, the infants
did not suffer a prolonged period of illness, whilst all of the adult subjects studied had

varying periods of illness prior to death. However, Piggott et al. (1992) found that

only in cases of very prolonged illness was binding affected. Tissue storage time,
which has been shown to alter affinity of binding sites on the NMDA receptor for
their radioligands (Kornhuber et al., 1988; Piggott et al., 1992b) was similar in all

groups.

With regard to modulation of channel activity, experimental conditions were

chosen to ensure that any differences in [3H]dizocilpine binding were due to age, and
not to modulatory factors such as glutamate or glycine concentration. It is possible
that the intracellular glutamate concentration varies with age, especially since a large

component of the glutamate present in the CNS serves a metabolic, rather than
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transmitter role. Tissue fractionation will release at least a portion of this glutamate
to the membrane suspension. Variations are therefore possible not only across the

age range, but also between individual subjects of similar age. In addition, Slater et
al. (1993) demonstrated that glycine stimulation of [3H]dizocilpine binding changes

during development, peaking at around 20 weeks in human cortex. Maximal

stimulation, however was seen at concentrations in excess of 5|_iM at all ages studied.
Increased susceptibility to glycine in early post-natal rat brain was also reported

(Kleckner and Dingledine 1991). In the present study, there was also a possibility of
variation between SIDS and non-SIDS infant samples. The studies of Piggott et al.

(1992a; 1992b) showed that differences in binding between tissues caused by agonal

state, storage time and post mortem handling time were exacerbated by measurement

of binding under basal conditions, but ameliorated by measurement of binding under
conditions of maximal stimulation. This is presumably because post-mortem factors
alter transmitter/modulator concentrations, rather than the binding site itself, since
under conditions of stimulation by exogenous modulators, these factors become less

important. Binding was therefore measured under conditions of maximal stimulation,
in the presence of 10 pM L-glutamate and lOpM glycine. Nonetheless, as far as

possible, the tissues were chosen to minimise the differences in storage and handling
factors between the samples.

The tissue samples used were taken from a catalogue of infant post-mortem
brains collected for use in studies investigating sudden infant death syndrome (SIDS),
which provided an unusually large number of samples in the age range 0-3 years. Six

samples of post-mortem adult tissue were also taken, for comparison with the infant

samples, and also to compare with other studies in which adult tissue is more

commonly used.
Because the samples used in this study were from a catalogue previously used

to study factors thought to be involved in SIDS, the brain area chosen was in some

respects dictated by tissue availability. Also considered was the need to maintain

reproducibility of dissection, especially since brain size varied significantly across the

age range used, and between the infant and adult samples. Brodmann area 9 (frontal

cortex) was chosen because in addition to being the most available brain area
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considered, and being able to be dissected consistently, it is an area that is amongst

those most frequently reported in published human developmental studies (Piggott et

al., 1992a; Slater et al., 1993).
In order to conduct all experiments under maximal stimulation, the EC50 was

determined for both glutamate and glycine. Basal specific binding, in the presence of
residual endogenous transmitters was around 0.25 pmol/mg protein, whilst maximal

specific binding in the presence of added glutamate and glycine was around 0.5

pmol/mg protein. All further binding was carried out under maximal stimulation, in
the presence of 10p,M glutamate and lOpM glycine. A twofold increase in specific

binding of [3H]dizocilpine was also reported by Piggott et al. (1992a; 1992b), but a

greater increase was found by Slater et al. (1993), measuring binding under non-

equilibrium conditions. The EC50 values for stimulation of [3H]dizocilpine binding by

glutamate and glycine, and the concentrations at which maximal stimulation was seen

were similar in human and rat cortical membranes (6.2.1.2 and 3.2.2). The degree of
stimulation by glutamate and glycine was greater in rat cortex than in human frontal
cortex: maximal stimulation of [3H]dizocilpine binding by glutamate and glycine to rat

cortical membranes was 5-fold higher than basal binding. This may be due to a true

difference between NMDA receptors in the two species, or may be due to

experimental differences. In the rat cortical experiments, P2 membranes were used,
the preparation of which possibly resulted in lower residual transmitter concentrations
than in the whole membrane preparation of the human frontal cortex, and therefore a

greater apparent stimulation on addition of exogenous transmitters.

Preliminary experiments to determine the reproducibility of the method
considered binding to pooled tissue taken from several brains, to give a homogeneous

sample large enough to use in a number of experiments. The aim of these experiments
was to establish that the conditions of the experiment would not influence the results;
an important consideration, since in the majority of cases there was only enough tissue
available for a single determination. The pooled tissue was taken from a number of

samples of around 22 weeks, since we had an excess of tissue for this age. Several
saturation analyses using the same pooled tissue were performed within an experiment
on the same day, and Kd and Bmax were calculated for each. The pooled tissue was
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divided into separate samples at the start of the membrane preparation, and each

sample was handled separately thereafter. There was no difference in either parameter
between any of the determinations (table 6.1). These data show that, over the course

of an experiment, the viability of the membrane suspension remains the same, and all
u

samples are handled in the same way, regardless of their position at the beginning,
middle or end of the experiment. Similarly, experiments using the same protocol, and
the same pooled tissue, performed on different days gave consistent results for Kd
and Bmax (table 6.1), indicating that any difference in binding site density or affinity in
the samples of the study is inherent to the tissues, and not due to experimental effect,
or to post-mortem factors. The single brain from which three samples were assessed
on three separate days showed greater variability than the pooled tissue samples, but
results from the separate determinations were still very similar (table 6.1; sample
number 52). The variability is possibly due to the fact that the samples were taken
from slightly different areas of frontal cortex, whilst the pooled tissue from several
brains represents a homogeneous sample.

The 31 infant samples used in the study were divided into 9 age groups of 10

years with 2-7 members in each group. The Kd for [3H]dizocilpine binding did not

differ between any of the infant age groups, all having a KD of around 2.5nM. There
was also no significant difference in KD between the adult group and any of the infant

groups, indicating that the affinity of the NMDA receptor channel site for

[3H]dizocilpine did not change with age. There was a trend in the very young

samples of less than three weeks for the Kd value to be higher than the other groups,

indicating lower affinity binding. However, the sample size was too small to reliably

apply any statistical analysis to determine if the apparent trend was significant.
Borderline significance was also found for lower affinity [3H]dizocilpine binding in
frontal cortex from cases lower than 10 years of age, compared with those over 70

years (Piggott et al., 1992). It is interesting, therefore to note that recent molecular

biology studies have indicated a change in NMDA subunit expression in the neonatal
rat (Monyer et al., 1993; Watanabe et al., 1993). In the rat foetus, NR2B and NR2D

expression is high, but declines after birth, whilst expression of NR2A and NR2C
increases. Concomitant with the changes in subunit expression are changes in
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receptor sensitivity to the co-transmitters glutamate and glycine, and to other
modulators of NMDA receptor function, such as spermidine (Piggott et al., 1992a

and b; Watanabe, et al., 1993; Slater et al., 1993). It may be that the foetal NMDA

receptor has a lower affinity for [3H]dizocilpine than do the neonatal and adult
NMDA receptors because of a different subunit composition giving a different

dizocilpine binding site, or it may be that the different composition gives lower

sensitivity to glutamate and/or glycine, and leads to an apparent lower affinity for

dizocilpine by making access to the channel slower, so that measurement of

[3H]dizocilpine binding in these experiments was not at equilibrium.
In contrast to Kd, which remained constant over the age range studied,

receptor density, measured by Bmax, changed with age. There was a steep rise in
mean Bmax values between birth and 50 weeks. A plateau was reached between
around 50 weeks and around 75 weeks. The plateau apparently extended to 156

weeks, though no samples were available for the interval between 75 and 154 weeks
to confirm this, and only two samples of around 156 weeks were available. In the
adult samples, Bmax was approximately 50% of the plateau value seen in the infant

group. The increase and plateau of Bmax correlate to the time of synaptogenesis and

peak of synaptic density reported in the human CNS (Huttenlocher, 1979). Also
consistent is the report that in the adult, synaptic density remained constant at

approximately 50% of the peak infant level. The adult Bmax is quantitatively similar
to binding reported by Piggott et al. (1992). Whilst they also report a peak of

[3H]dizocilpine binding density in early infancy, the peak is not as high as that

reported here, possibly due to the low number of young samples (9 samples out of 47
below 1 year, 13 samples out of 47 below 10 years), and probably also due to the fact
that the group at which the peak was seen in this study (1-3 years) was combined into
an age group of 1-10 years in the Piggott study, masking the height of the peak. The
standard error for the 1- 10 year group in the Piggott study is much greater than any

of the other groups, which supports the suggestion that the peak is higher than it

appears in that study. The developmental profile is also qualitatively similar to that

reported by Slater et al. (1992), although the Bmax values in the Slater paper are

approximately 3-fold higher than those reported here or in the Piggott study.
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There was no change in protein content of the infant samples over the age

range, but there was a great deal of variability. This lack of an age-related increase in

protein content, where others have reported an increase is at least partly due to the
fact that other studies consider protein change per decade from 0-100 years (e.g.,

Piggott et al., 1992), whilst the age range of this study is measured in weeks.

However, it does not explain the finding that the protein content in the adult samples,

expressed as microgrammes per unit tissue did not differ from the infant group.
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CHAPTER 7

GENERAL CONCLUSIONS

175



These radioligand binding studies have shown that FR115427 is a non-competitive

antagonist at the NMDA receptor with approximately 15 fold lower affinity than

dizocilpine. Although the affinity of [3H]FR115427 for the NMDA receptor ion
channel is lower than that of [3H]dizocilpine, thereby making it a less attractive
candidate for the study of this site, the stereoselectivity ofFR115427 is much greater.

The (+)isomer of FR115427 is approximately 100 fold more potent than the

corresponding (-)isomer, whilst there is only a 3 fold separation in the affinities of the
stereoisomers of dizocilpine (the (+)isomer having the higher affinity). Greater

stereoselectivity may be helpful in computer modelling studies, since the difference in

affinity between enantiomers can only be due to a difference in their abilities to adopt
a suitable conformation for binding to the receptor.

Findings in the structure-activity relationship study provided support for the

pharmacophore model for binding to the NMDA receptor ion channel site (Bigge,

1993). The critical role of the tetrahydroisoquinoline ring nitrogen and the methyl

group at the Cl chiral centre were demonstrated. Also evident was a requirement
for a planar aromatic interaction. The existence of a secondary hydrogen bonding
site predicted by the pharmacophore model (Bigge, 1993) is supported by the finding

that, in FR115427 analogues bearing C6 substituents capable of hydrogen bonding,

affinity was maintained.
In a recent article discussing the current state ofNMDA receptor antagonists

as therapeutic candidates (Rogawski, 1993), it was suggested that lower affinity
channel blockers may be of greater therapeutic value than the high affinity channel
blockers exemplified by dizocilpine. The reasoning for this is suggested to be that,
for drug concentrations producing equivalent levels of block, the lower affinity

antagonist will reach equilibrium faster than the higher affinity antagonist because of
the higher concentration of drug present (in the case of FR115427 and dizocilpine,
FR115427 has approximately 15-fold lower potency than dizocilpine, so a 15-fold

higher concentration of FR115427 would be used). In the treatment of seizure this

may be of advantage, since at the onset of the seizure discharge, the low affinity,

rapidly blocking antagonist would provide almost immediate steady state block,
whereas the high affinity, slow blocker would not provide a rapid enough block to
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abort the seizure, and if applied in sufficiently high concentration to achieve fast

block, would produce a correspondingly great interference in ongoing NMDA

receptor-mediated neurotransmission, and therefore would have greater toxicity.
FR115427 can be considered a high affinity NMDA receptor ion channel

blocker, having similar affinity to PCP. However, its lower toxicity measured in in

vivo screens compared to dizocilpine is possibly explained by its 15-fold lower

affinity. This would also suggest that, in the structure activity relationship, the more

promising compounds may be those possessing micromolar affinity for the receptor,

and not, as would be expected in the classical approach to drug design, the

compounds of highest affinity. Recent reports support this attitude; primary amine

analogues of PCP (PCAs), and a dizocilpine analogue, ADCI have been shown to

have anticonvulsant activity, but lower neurological toxicity than dizocilpine (Blake et

al., 1992; Rogawski et al., 1991), and have low micromolar affinity for the dizocilpine

binding site (Rogawski et al., 1989; Grant et al., 1989). In addition, the metabolites
of dextromethorphan (dextrorphan) and remacemide (FPL12495) have been found to

have micromolar affinity (Coughenour et al., 1988; Palmer et al., 1992) for the

dizocilpine binding site, but are anticonvulsant (Leander et al., 1988; Stagnitto et al.,

1990) and neuroprotective (Steinberg et al., 1989; Harris et al., 1992), with lower

toxicity compared to dissociative anaesthetics (Leander et al., 1988; Rowley and
Leeson 1992). In fact, a study into a number of FPL 12495 analogues indicated an

inverse relationship between affinity for the NMDA channel and toxicity (Rowley and
Leeson 1992). In the case of seizure, it is understandable why a high concentration
of a lower affinity compound, achieving functional blockade rapidly may be of use.

However, this does not explain why it is emerging that some low affinity compounds
also exhibit lower neurological toxicity. No doubt further studies will clarify the

question.
The developmental study of [3H]dizocilpine binding to human frontal cortex

revealed an age-related increase in NMDA receptor density, reaching a maximum at

around 3 years of age. Samples from mature adults exhibited NMDA receptor

binding density of approximately 50% of the infant peak level. A partial explanation

may be that the adult tissues will contain a higher proportion of myelin than the infant
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tissues, increasing the amount of protein present in the samples, and making binding
to the receptor protein correspondingly lower when expressed per milligramme of

protein (Iversen, L.L., personal communication). The apparent trend to lower

binding affinity in the perinatal samples may be an indicator of a change in NMDA

receptor subunit expression during development. Further studies with a larger

sample size in the perinatal group would be of interest. Also of interest would be a

comparison of the ontogeny of NMDA receptors with that of other EAA receptors,

and a comparison with developmental changes in other species.
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APPENDIX 1 Derivation of equations used in data analysis

Equilibrium binding

The equation
k+1

a[R] + b[L] = c[RL]
k-1

(1)

describes a reversible ligand-receptor interaction where [R] = concentration of
unoccupied receptor sites, [L] = concentration of free ligand, [RL] = concentration of
receptor-ligand complex, k+l and k-1 are the foreward and reverse rates respectively,
and a, b and c represent the stoichiometry of the reaction. The equation can be
simplified by assuming a = b = c= l. At equilibrium, by definition, the foreward and
reverse rates of reaction are equal:

k+l[R][L] = k-l[RL] (2)

The equilibrium binding constant for the reaction is most commonly defined as a
dissociation binding constant (Kd);

KD

Therefore, by rearranging;

k-1

k+l

[R]

[R][L]

[RL]

KD[RL]

[L]

(3)

(4)

One of the requirements of a receptor is saturability; ie there is a finite number of
receptor sites per unit (tissue or protein), usually designated Bmax:

Bmax =

Substitute for [R]

[R] +[RL]

KD[RL]

Bmax[L]

+ [RL]
[L]

[RL][L] + KD[RL]

[RL] ([L] + KD)

Bmax[L]

(5)

(6)

[RL] (7)
[L] + KD

The concentration of receptor-ligand complexes [RL], expressed as a proportion of
the total number of receptors present is;
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[R][L]

[RL] KD

Bmax [R][L]
[R] +

KD

[L]

[RL] KD

Bmax
1 +

[L]

KD

(8)

When a concentration of competitor [I] is present

Bmax = [R]+[RL]'+[RI] (9)

such that [RL]' is the concentration of receptor-ligand complex in the presence of the
competitor and [RI] is the concentration of competitor-ligand complex. Ifwe refer to
equation (4) we can express [RL]' and [RI] as follows;

[R][L]' [R][I]
[RL]' = [RI] =

KD Ki

where [I] is the concentration of free competitor, [L]' is the concentration of free
ligand in the presence of the competitor, and Ki is the equilibrium inhibition constant
for the competitor. Therefore substituting into equation 9 for [RL]' and [RI], we get;

[R][L]' [R][I]
Bmax = [R] + + (10)

KD Ki

The concentration of receptor-ligand complex in the presence of the competitor [RL]'
can be expressed as a proportion of the total number of receptors (Bmax);

[R][L]'

[RL]' KD

Bmax [R][L]' [R][I]
[R] + — +

KD Ki
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[L]'

KD
= (11)

[L]' [I]
1 + — + —

KD Ki

When binding of the ligand in the presence of competitor is 50% of binding in the
absence of competitor, the ratio of [RL] to [RL]' is 1:2. The concentration of
inhibitor [I] which produces 50% inhibition is termed the IC50.

From equations 8 and 11;

[RL] = 2[RL]'

[L] [L]1

KD KD
Bmax x = 2 x Bmax x

[L] [L]' [I]
1 + — 2 +— + —

KD KD Ki

[L] r [L]1 [i] ^ [L]1 r M ^
— I 1 + — + — | — 2 x — | 1 + —

KD { KD Ki J KD I KD J

[L]' [I] KD [L]' r [L] ^
1 + — +

KD Ki [L] KD I. KD J

[I] KD [L]' f
:= 2 x — x —-11 +

Ki [L] KD I

[L]'f [L] ^1
= 2 x — I 1 + |

[L]l KD J

([L]' [L]'^
= 2 — + — 1

[L] KD J

[I] [L]' [L]' [L]'
— = 2 — + 2 —

—

Ki [L] KD KD

[L]' [L]'
= 2 — + — - 1

[L] KD

- 1
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[I]
Ki = (12)

[L]' [L]'
2 — + — - 1

[L] KD

If conditions are set such that Bmax «< [L], [I] and KD, then less than 10% of [L]
will be bound at equilibrium. Under these conditions, equation 12 can be simplified
by estimating that [L] = [L]' = total ligand concentration, and substituting IC50 for [I];

IC50
Ki =

[L] [L]
2 - + - - 1

[L] KD

IC50
Ki = (13)

1 +[L]/KD

In an homologous competition experiment, where the competitor used is the
unlabelled form of the radiolabelled ligand, the affinity of the competitor and the
labelled ligand are the same, therefore in equation 13, Ki can be replaced with KD;

IC50
KD =

1 +[L]/KD

IC50 = KD + [L] (14)

Bmax is calculated with the data from homologous competition experiments using
equation 7. When no competitor is present, [RL] (the concentration of receptor-
ligand complexes) is maximal, and given the term b;

Bmax[L]

[L] +KD

This equation can be simplified since [L] + KD = IC50, and with rearrangement we
get;

b. IC50
Bmax =

[L]
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Kinetic Analysis

Dissociation Rate Constant

Dissociation of a ligand from its binding site is a first order process, ie it depends only
on a single factor, the concentration of receptor-ligand complexes ([RL]). The
change in [RL] with time can be expressed by;

d[RL]
— = - k-l[RL]
dt

The radioligand is incubated with the receptor for a period of time to obtain a
sufficient amount of receptor-ligand complex (it is not essential to reach equilibrium,
although it is usual). Further association is prevented by the addition of excess
unlabelled ligand (at least 100 x the IC50 of the ligand), and the amount bound b (a
measure of [RL]) measured at various timepoints thereafter. A plot of b versus time
will yield a single exponential decay curve, and a plot of log b versus time will yield a
straight line, the slope ofwhich is equal to k-l/ -2.303.

Association Rate Constant

Association of a ligand with its binding site is a second order reaction, depending on
two factors, the concentration of the ligand ([L]) and the concentration of receptors
[R], In experiments to measure dissociation, conditions can be created where the
rate of association is zero, allowing dissociation to be studied in isolation. In
experiments to measure the association rate, dissociation cannot be prevented, and
must be included in the equation which describes the change in [RL] with time;

d[RL]
— = k+l[L][R] - k-l[RL] (1)
dt

This second order equation can be simplified if experimental conditions are chosen
such that [R] «< [L] and KD. Under these circumstances, less than 10% of the
ligand will be bound at equilibrium, and the approximation can be made that [L]
remains constant. k+l[L] can then be simplified to k+1' and equation 1 becomes;

d[RL]
— = k+l'[R] - k-l[RL]
dt

which integrates to;
[RL]eq

In = kobs x t

[RL]cq -[RL]t
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where [RL]eq and [RL]t are the concentration of receptor-ligand complexes at
equilibrium and time t respectively. The amount of radioligand bound (b), indicative
of [RL] is measured at various timepoints, and a plot is made of

beq kobs
In v time. From this graph, slope =
beq - bt 2.303

kobs is related to k+1' and k-1 by the equation

kobs = k+1' + k-1
and since k+1' = k+1 [L],

kobs - k-1
k+1 =

[L]

Dixon Analysis

The nature of the inhibition of [3H]dizocilpine binding by FR115427 was studied
further by analysing data from homologous competition experiments in the presence
of several concentrations of FR115427. The analysis was adapted from the method
of Dixon (1953) which considered the inhibition of enzyme-substrate interactions.
Equation 11 of the saturation analysis derivation can be rewritten as;

[L]

b KD

which can be rearranged to;

Bmax [L] [I]
1 + — + —

KD Ki

Bmax[L]

( en "i
KD | 1 + - I + [L]
I Ki J

(1)

The reciprocal of equation 1 is;

( in i
KD | 1 + — I + [L]

1 I Ki J

b Bmax[L]
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KD[I]
KD+ + [L]

Ki

Bmax[L]

1 KD KD[I] 1
_ = + + (2)
b Bmax[L] Bmax[L]Ki Bmax

A plot of 1/b versus [I] with [L] kept constant will give a straight line, and if the
experiment is repeated with a different ligand concentration ([L]2), the two lines will
have equations;

1 KD KD[I]! 1 1 KD KD[I]2 1
— = + + —— and — ■ + H

bi Bmaxi[L]i Bmaxi[L]iKi Bmaxi b2 Bmax2[L]2 Bmax2[L]2Ki Bmax2

Assuming competitive inhibition, Bmaxi = Bmax2 and the lines will intersect at the
point where 1/bi = l/b2 and [I]i = [I]2 therefore;

KD KD[I] 1 KD KD[I] 1
+ + = + +

Bmax[L]i Bmax[L]iKi Bmax Bmax[L]2 Bmax[L]2Ki Bmax

KD KD[I] KD KD[I]
+ + 1 = + + 1

[L]! [L]iKi [L]2 [L]2Ki

f 1 [I] 1 ^ f 1 [I] 1 ^
KD | + + | = KD | + + — |

L[L]i [L],Ki KDj l[L]2 [L]2Ki KD J

1 [I] 1 1 [I] 1
— + + — = — + + —

[L]i [L]iKi KD [L]2 [L]2Ki KD

if [I] } if [I] ^
[L]i I Ki J [L]2 I Ki J
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This relationship can only be true when [L]i = [L]2 (patently not the case), or when [I]
= -Ki, when the bracketed terms are reduced to zero.
KD can also be determined from this plot: when 1/b = 0, equation 2 can be solved for
[I] to find the x-intercept;

KD KD[I] 1
0 = + + —

Bmax[L] Bmax[L] Ki Bmax

KD KD[I]
— + +1

[L] [L]Ki

KD f [I] ^
- 1 + -

[L] I Ki J

[I]
1 + —

Ki

[L]
1 + —

KD

(M ^
[I] = -Ki I - + 1 I

Ikd )

Since [L] is known and -Ki and [I] can be read from the graph, KD is the only
remaining unknown.

If inhibition is non-competitive, it will follow the reciprocal equation

1 1 ( KDV [I] ^
- = — I 1 + - || 1 + — |
b Bmax I [L]A Ki )

and lines representing 1/b versus [I] at two different [L] will meet at the x-axis, at [I]
= - Ki, as can be seen if 1/b = 0 is put into the above equation.

-1

[L]

KD

[I]

Ki
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APPENDIX 2

Publications arising from this thesis

Permission to include the following publications has been obtained from the joint
authors.

Hodgkiss, J.P., Sherriffs, H.J., Cottrell, D.A., Shirakawa, K., Kelly J.S., Okubo, M.,
Butcher, S.P. and Olverman, H.J. (1993) Neurochemical and electrophysiological
studies on FR115427, a novel non-competitive NMDA receptor antagonist.
Eur.J.Pharmacol. 240 219-227.

SherrifFs, H.J., Shirakawa, K., Kelly, J.S., Olverman, H.J., Kuno, A., Okubo, M. and
Butcher, S.P. (1993) Characterisation of the binding of [3H]FR115427, a novel non¬
competitive NMDA receptor antagonist, to rat brain membranes. Eur.J.
Pharmacol.Mol.Pharmacol. 247 319-324.

Sherriffs,H.J., Shirakawa, K., Okubo, M., Kuno, A., Kelly, J.S., Olverman, H.J. and
Butcher, S.P. (1995) Structural requirements for non-competitive NMDA antagonist
binding using FR115427 analogues. Eur.J.Pharmacol, submitted
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The binding of [3H]FR115427 ([3H]( + )-l-methyl-l-phenyl-l,2,3,4-tetrahydroisoquinoline) to rat cortical synaptosomal mem¬
branes was investigated. Binding was optimal at pH 7.4-8.0, and temperature had little effect on specific binding. Binding
reached equilibrium within 30 min at 25°C, and was reversible in the presence of excess unlabelled FR115427. [ 3H]FR115427
bound to a single population of non-interacting sites with an affinity of 45.4 + 3.9 nM, and a binding site density of 9.12 ± 0.52
pmol/mg protein. The affinities of other (V-methyl-D-aspartate (NMDA) receptor channel blockers for [3H]FR115427 binding
sites were consistent with binding to a similar site to that occupied by dizocilpine. Binding was potentiated by L-glutamate and
glycine with EC50 values of around 80 nM. In the presence of L-glutamate (10 yuM), specific binding was increased 4-fold, whilst
addition of glycine (10 gM) increased specific binding 2-fold. FR115427 exhibited marked stereoselectivity; ( + )-FRl 15427 has
100-fold higher affinity than (-)-FRl 15427. This ligand may therefore be useful for the pharmacological investigation of the
NMDA receptor ion channel.

NMDA (A-methyl-D-aspartate); (Non-competitive), Dizocilpine; FR115427; Ligand binding

1. Introduction

The W-methyl-D-aspartate (NMDA) receptor has
been implicated in many physiological and pathological
events in the brain. Studies using neurochemical and
electrophysiological techniques have revealed a num¬
ber of pharmacologically distinct modulatory sites on
the receptor (reviews by Reynolds and Miller, 1988;
Wroblewski and Danysz, 1989; Wong and Kemp, 1991).
Inhibition of NMDA receptor activation can be
achieved via direct antagonism at the recognition site
for the endogenous neurotransmitter, and a number of
competitive antagonists have been developed (Olver¬
man and Watkins, 1989). Non-competitive antagonism
of NMDA receptor mediated responses is also possible
via several sites; blockade of the NMDA receptor ion
channel has been investigated using drugs such as
(+ )-5-methyl-10,ll-dihydro-5//-dibenzo[fl,d]cyclo-
hepten-5,10-imine (dizocilpine or MK801), the disso¬
ciative anaesthetics phencyclidine (PCP) and ketamine,
and the sigma opiate, N-allylnormetazocine (NANM)
(Wong et al., 1986; McDonald et al., 1987; Wong and

* Corresponding author. Tel: 031-650-8491; Fax: 031-667-9381.

Kemp, 1991). The glycine modulatory site of the
NMDA receptor can be targetted by antagonists at this
site such as 7-chlorokynurenate and L-689,560 (Kemp
et al., 1988; Grimwood et al., 1991). Research aimed at
developing drugs that act selectively at the polyamine
recognition site of the NMDA receptor has yielded
compounds such as ifenprodil and SL82.0715 (Gotti et
al., 1988), and the role of tricyclic antidepressants has
also been investigated (Bakker et al., 1991). Further
research should reveal the role these sites play in
modulating the activity of the NMDA receptor ion
channel.

Radioligand binding techniques have been particu¬
larly useful in the characterisation of the NMDA re¬

ceptor with the development of potent and selective
ligands for the transmitter recognition site (Olverman
and Watkins, 1989; Murphy et al., 1987, 1988; Sills et
al., 1991), and for the ion channel (Wong et al., 1986;
Bonhaus et al., 1987). [3H]Dizocilpine has been widely
used in radioligand binding studies to examine the
NMDA receptor ion channel. This ligand binds to a

single population of sites on rat brain membranes, and
binding is inhibited by other NMDA receptor channel
blockers such as ketamine, PCP and NANM. Studies
using [3H]dizocilpine have shown that binding of the



320

ligand is markedly enhanced by agonists for the trans¬
mitter recognition site, and this effect is inhibited by
competitive NMDA receptor antagonists (Foster and
Wong, 1987). The enhancement seems to be due to an
increase in the apparent on-rate for [3H]dizocilpine
binding presumably due to the opening of the NMDA
receptor channel allowing easier access of the ligand to
its binding site (Kloog et al., 1988a). When glycine is
present a further enhancement of binding is seen, and
this is probably due to the glycine-induced increase in
NMDA receptor ion channel open time noted in elec¬
trophysiological experiments (Johnson and Ascher,
1987).
In the present study, we have examined the binding

characteristics of [3H]( + )-l-methyl-l-phenyl-l,2,3,4-te-
trahydroisoquinoline ([3H]FR115427) to rat brain
membranes. This novel dizocilpine analogue has previ¬
ously been shown to interact with a site within the
NMDA receptor ion channel (Hodgkiss et al., 1993).

2. Methods

2.1. Synthesis and radiochemicalpurity of [3H]FR115427

[3H]FR115427 (18 Ci/mmol) was custom tritiated
by Amersham International by catalytic reduction of a
mono-chlorinated aromatic precursor. The stock mate¬
rial was stored in ethanol at a concentration of 10

mCi/ml under liquid nitrogen. [3H]FR115427 was pu¬
rified on a Waters preparative resin (C-18, 55-105 p.).
A sample of crude material was dissolved in eluting
solvent (CH3CN/aq. 0.1% CF3COOH (TFA); 3:7)
and applied to a 5 X 0.7 cm column of resin. The resin
was eluted with 10 bed volumes of solvent and the
fractions corresponding to FR115427 combined before
the solvent was removed. Purified [3H]FR115427 as

the TFA salt was diluted to 10 /rM with glass distilled
water and stored in aliquots for experiments under
liquid nitrogen. Purity was confirmed by column chro¬
matography as described above and by silica gel TLC
using CHCl3/MeOH (9:1) as solvent. Greater than
98% of the radioactivity corresponded to authentic
FR115427 up to 6 months after purification.

2.2. Preparation of rat brain membrane

The cerebral cortices of male Cob-Wistar rats (250-
300 g) were dissected and homogenised in 15 volumes
(v/w) of ice cold 0.32 M sucrose, using a glass teflon
homogeniser. The homogenate was centrifuged at 1000
X g for 10 min at 4°C and the supernatant recen-
trifuged (17,000 Xg, 20 min, 4°C). The resultant synap¬
tosomal pellet was lysed with 30 volumes glass distilled
water. After incubation at 37°C for 30 min, the mem¬
brane suspension was centrifuged at 50,000 X g for 10

min at 4°C, the supernatant discarded and the pellet
washed by resuspension in glass distilled water (30
volumes) and centrifugation (50,000 X g, 10 min, 4°C).
The resultant pellet was resuspended to 10 volumes
and stored at -20°C. Prior to use, the 10 volume
suspension was thawed and diluted to 30 volumes with
glass distilled water, recentrifuged (50,000 Xg, 10 min,
4°C) and the final pellet resuspended in 30 volume of 5
mM Tris-HCl (pH 7.4, 20°C) and kept on ice until
required. Protein content was measured by the method
of Bradford (1976).

2.3. [3H]FR115427 binding assay

[3H]FR115427 (10 nM) was preincubated at 25°C
with 5 mM Tris-HCl buffer (pH 7.4) in the absence or

presence of increasing concentrations of test drug (0.1
nM-300 pM) for 2 min prior to addition of 0.5 ml
membrane suspension (30-70 pg protein). Samples
were incubated at 25°C for 45 min unless otherwise
indicated. L-Glutamate (10 g,M) was present except
when indicated. Non-specific binding was determined
in the presence of 30 /rM FR115427. Incubation was
terminated by rapid filtration through Whatman GF/B
filters presoaked in 0.05% polyethylenimine for 60 min
followed by 2 X 5 ml washes using a Brandel cell har¬
vester. Filters were transferred to scintillation vials and
100 pi formic acid (100%) was added, followed 10 min
later by 4 ml Emulsifier Safe liquid scintillation fluid.
Radioactivity was measured in a Canberra-Packard
1900CA liquid scintillation analyser using automatic
quench correction.

2.4. [3H]Dizocilpine binding assay

[3H]Dizocilpine (1 nM; 24 Ci/mmol; NEN) was
preincubated at 25°C with 5 mM Tris-HCl buffer (pH
7.4) in the absence or presence of increasing concen¬
trations of test drug (0.1 nM-300 pM) for 2 min prior
to addition of 0.5 ml membrane suspension (30-70 pg

protein). Samples were incubated at 25°C for 120 min
unless otherwise indicated. L-Glutamate (10 p,M) was
present except when indicated. Non-specific binding
was determined in the presence of 30 g,M dizocilpine.
Incubation was terminated by rapid filtration through
Whatman GF/B filters followed by 2 X 5 ml washes
using a Brandel cell harvester and [3H]dizocilpine
binding was determined as described above.

3. Results

3.1. Timecourse of [3H]FR115427 and [3H]dizocilpine
binding

Specific binding of [3H]FR115427 to rat cortical
synaptosomal membranes reached equilibrium within
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TABLE 1

Kinetic analysis of [3H]FR115427 and [3H]dizocilpine binding to rat cortical synaptosomal membranes

[3H]FR 115427 [3H]dizocilpine
+ s

1

C/3
1

2.1 X104 +0.32X 104 1.5 x 105 + 0.18 x 105
(S"1) 9.1 X 10 ~ 4 +0.62X 10~4 2.1 X10" 4 +0.25 X10" 4

calc Kd (nM) 45.9 + 5.2 1.45 + 0.22

r1/2 dissociation (min) 12.9 + 0.9 56.6 ±5.2

Cortical synaptosomal membranes were incubated with 10 nM [3H]FR115427 or 1 nM [3H]dizocilpine for various times at 25°C in the presence
of 10 giM L-glutamate. In dissociation experiments, following incubation for either 45 min ([3H]FR115427) or 90 min ([3H]dizocilpine), excess
unlabelled ligand was added and binding measured at various time intervals thereafter.

30 min at 25°C (Fig. 1). Specific binding was reversible;
the addition of 30 p,M FR115427 displaced almost all
specific binding within 45 min (Fig. 1). Dissociation of
bound [3H]FR115427 followed a typical single expo¬
nential decay curve, with a tl/2 of approximately 13
min (table 1). At equilibrium, specific binding com¬
prised approximately 40% of total binding at a ligand
concentration of 10 nM.

In the same membrane preparation, [3H]dizocilpine
binding reached equilibrium within 120 min, and excess
unlabelled ligand (30 /xM dizocilpine) displaced almost
all specific binding within 150 min. The single expo¬
nential decay curve for dissociation of [3H]dizocilpine
had a t1/2 of 57 min (Table 1). Specific binding at
equilibrium accounted for approximately 90% of total
ligand bound at a ligand concentration of 1 nM. Ki¬
netic analysis of these experiments provided associa¬
tion and dissociation rate constants (Table 1), and gave
calculated KD values (k_l/k + l) of 45.9 + 5.2 nM for
[3H]FR115427 binding and 1.45 ± 0.22 nM for [3H]di-
zocilpine binding.

3.2. Effect ofpH, temperature and protein concentration
on [3H]FR115427 binding

Specific binding of [3H]FR115427 to cortical synap¬
tosomal membranes was measured over the pH range
6.5-8.5. An optimum was apparent between pFl 7.5-8.0
(Fig. 2A). Routine assays were carried out at pH 7.4 to
allow direct comparison of [3H]FR 115427 binding with

Specific Binding (pmol/mg protein)

7 8

PH

Specific Binding (fmol)

2.00

1.50

1.00

0.50

0.00

Specific Binding (pmol/mg protein)

*
■—\

77 — — —c

0 15 30 45 60 75 90

Time (min)

Fig. 1. Timecourse of [3F1]FR115427 binding to rat cortical synapto¬
somal membranes. Synaptosomal membranes suspended in 5 mM
Tris-FlCl (pH 7.4) were incubated with 10 nM [3H]FR115427 in the
presence of 10 giM L-glutamate for various times (•). Dissociation
was initiated at 45 min (indicated by arrow) by the addition of 30 giM
unlabelled FR115427, and at various times following this specific
binding was measured (o). Results shown are from a single repre¬
sentative experiment from a group of five independent experiments.

Protein content (microgramme8)

Fig. 2. (A) pH dependence of [3H]FR115427 binding. Membranes
were incubated in 5 mM Tris-HCl buffer at pFl ranging from 6.5-8.5
with 10 nM [3H]FR115427 in the presence of 10 gM L-glutamate for
45 min. Non-specific binding was defined in the presence of 30 gM
FR115427. Values are mean of duplicated experiments performed in
triplicate. (B) Effect of protein concentration on [3H]FR115427
binding. [3H]FR115427 (10 nM) was incubated with 10 gxM L-gluta¬
mate for 45 min in the presence of increasing membrane protein
concentration (0-170 /tig/assay). Non-specific binding was defined in
the presence of 30 gM FR115427. Values are from two independent

experiments.
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Fig. 3. Inhibition of [3H]FR115427 binding by unlabelled FR115427.
Membranes were incubated (45 min) with 10 nM [3H]FR115427 and
10 ,11M L-glutamate in the absence or presence of increasing concen¬
trations of unlabelled FR115427 (1 nM-10 yu.M). Non-specific bind¬
ing was determined in the presence of 30 /xM FR115427. Results
shown are from a single representative experiment from a group of
five independent experiments. Data from individual experiments was
analysed by least squares fit to the logistic expression Y = MXF/(XF

+ IC£„) and Kd and Bmax values were calculated.

[3H]dizocilpine binding which is routinely measured at
pH 7.4.

Temperature effects were measured over the range
4-37°C. Specific binding remained constant with tem¬
perature. Specific binding of [3H]FR115427 was mea¬
sured over a protein concentration range of 10-170 yug

protein/tube and was linear up to 120 jug/tube (Fig.
2B). In routine experiments, a protein concentration of
30-70 /rg/assay was used.

3.3. Determination of the K,, and Bmnr for [3H]-
FR115427 binding

The binding of [3H]FR115427 was investigated by
incubating cortical synaptosomal membranes with 10
nM [3H]FR115427 and increasing concentrations of
unlabelled ligand in the presence of 10 ytrM L-gluta-
mate (Fig. 3). Analysis of saturation data from five
such experiments provided binding affinity (KD) and
binding site density (Bmax) values of 45.4 + 3.91 nM
and 9.12 + 0.52 pmol/mg protein, respectively. The
Hill slope was 1.07 ± 0.15, indicating binding to a sin¬
gle population of sites.

3.4. Pharmacology of the [3H]FR115427 binding site

The pharmacological profile of the [3H]FR115427
binding site was evaluated by incubating cortical synap¬
tosomal membranes with 10 nM [3H]FR115427 at 25°C
for 45 min in the absence or presence of increasing
concentrations (0.1 nM-300 yuM) of a number of
NMDA receptor channel blockers (Table 2). The KD
value of ( + )-FRl 15427 was 45.4 + 3.91 nM, whereas

TABLE 2

Inhibition of [3H]FR115427 and [3H]dizocilpine binding to rat corti¬
cal synaptosomal membranes by non-competitive NMDA receptor
antagonists

KD/Ki (nM)
[3H]FR115427 [3H]dizocilpine

( + )-FRl 15427 45.4 ±3.9 35.4±3.8
(-)-FR115427 4732 ±395 3 756 ±227
( + )-Dizocilpine 6.45 ±0.71 3.57 ±0.4
(-)-Dizocilpine 18.4 ±3.5 16.0 ±1.6
Phencyclidine 35.8 ±2.8 36.2 ±4.5
Ketamine 576 ±107 354±59.0
Af-Allylnormetazocine 304 ±41.8 316 ±24.8

Cortical synaptosomal membranes were incubated with 10 nM
[3H]FR115427 (45 min) or 1 nM [3H]dizocilpine (120 min) in the
presence of 10 q-M L-glutamate and increasing concentrations of test
drugs (0.1 nM-300 gM). Non-specific binding was determined in the
presence of 30 gM unlabelled ligand. K{ values were calculated
from the equation K{ = IC50/(1 + L/KD). Values are mean±
S.E.M. of at least three experiments performed in duplicate.

the inhibitory constant (K;) for ( + )-dizocilpine was
6.45 + 0.71 nM, indicating that ( + )-FRl 15427 has a
7-fold lower affinity than (+ )-dizocilpine. Binding was
stereoselective since ( + )-FRl 15427 showed 100-fold
higher affinity than (-)-FRl 15427 (Table 2). In con¬

trast, the affinity of (+ )-dizocilpine was only 3-fold
higher than its ( — /stereoisomer (Table 2). Other
NMDA receptor channel blockers (PCP, ketamine,
NANM) showed values for displacement of
[3H]FR115427 binding consistent with their inhibition
of [3H]dizocilpine binding (Fig. 4 and Table 2). Com¬
parison of Ki values measured against [3H]FR115427
and [3H]dizocilpine binding gave a regression coeffi¬
cient (r) of 0.964 (P < 0.05; Fig. 4).

[3H]Dizocilpine Binding (Ki; nM)
Fig. 4. Pharmacological comparison of [3H]FR115427 and [3H]di-
zocilpine binding. Membranes were incubated with 10 nM
[3H]FR115427 (45 min) or 1 nM [3H]dizocilpine (120 min) in the
presence of 10 yitM L-glutamate. Correlation between the values
for various non-competitive NMDA receptor antagonists in the
[3H]FR115427 and [3H]dizocilpine binding assays was evaluated by
least-squares fit regression analysis (r = 0.964, P < 0.05). Non-specific
binding was defined in the presence of 30 yiM unlabelled ligand.



323

3.5. Effects of L-glutamate and glycine on [3H]FR115427
and [3H]dizocilpine binding

In the absence of exogenous L-glutamate,
[3H]FR115427 binding was variable and specific bind¬
ing often represented less than 10% of total binding. It
was therefore not possible to accurately determine KD
and fimax values for [3H]FR115427 under these condi¬
tions. L-Glutamate (10 /xM) was therefore routinely
added to the assay buffer. Both L-glutamate and glycine
increased specific [3H]FR115427 binding to cortical
synaptosomal membranes, with EC50 values of 75.0 ±
10.3 nM and 93.7 + 16.8 nM, respectively. The magni¬
tude of the effect was different for the two transmit¬

ters; 10 /aM L-glutamate increased specific
[3H]FR115427 binding maximally to 438 + 55.7% of
control binding (Fig. 5A), whilst 10 /xM glycine in¬
creased specific [3H]FR115427 binding maximally to
240 + 17.0% of control binding (Fig. 5B). In the case of
specific [3H]dizocilpine binding, L-glutamate (10 /u,M)
and glycine (10 /xM) potentiated binding to 592 +

A

Log [L-Glutamate] (M)

B

Log [Glycine] (M)

Fig. 5. Potentiation of [3H]FR115427 and [3H]dizocilpine binding by
L-glutamate and glycine. Membranes were incubated with 10 nM
[3H]FR115427 (45 min) or 1 nM [3H]dizocilpine (120 min) in the
absence or presence of increasing concentrations of L-glutamate (A)
or glycine (B). A final concentration of 1 nM-100 gM L-glutamate
and/or glycine was added. Potentiation was calculated as a percent¬
age of control binding in the absence of added L-glutamate or

glycine. Data are the means (% control binding) of three experi¬
ments performed in duplicate. ([3H]FR115427, filled triangle;

[3H]MK801, filled circle).

34.2% and 309 ± 45.0% of control binding, respectively
(Fig. 5A and B). The EC50 values for L-glutamate and
glycine enhancement of specific [3H]dizociIpine bind¬
ing were 194 ± 20.7 nM and 214 ± 25.6 nM, respec¬
tively.

4. Discussion

The affinity of FR115427 for the [3H]]dizocilpine
binding site is in the mid-nanomolar range (Hodgkiss
et al., unpublished data). A ligand with a KD of this
order would be expected to have a tl/2 for dissociation
of around 15 s, a rate which would preclude the use of
filtration as a method to separate bound from free
ligand. However, [3H]FR115427 has been shown exper¬
imentally to have the much longer f1/2 for dissociation
of 13 min. [3H]FR115427 therefore behaves more like
a ligand with sub-nanomolar affinity in the filtration
assay, and the loss of specific binding during filtration
is negligible. Theoretical calculations assuming simple
binding to the receptor site would predict an associa¬
tion rate constant of around 106 M~J s"1 (Bennett,
1978). However, kinetic analysis of [3H]FR115427 bind¬
ing measured in the filtration assay gave an association
rate constant of 2.1 X 104 M_1 s-1, nearly two orders
of magnitude lower than the predicted value. The
association rate constant for [3H]dizocilpine of 1.5 X
105 M_1 s"1 was also lower than predicted, and repre¬
sented a deviation from the theoretical value of 6-fold.
This is consistent with published data (Kloog et al.,
1988b), and in view of the kinetics of [3H]FR115427
binding is probably a true reflection of the kinetics of
[-1H]dizocilpine binding rather than an experimentally
induced deviation from the predicted value. The slower
association rates imply that binding of both ligands to
the NMDA receptor involves more than a simple bind¬
ing process, and could be related to a transition from
an aqueous to a lipid environment. This proposal is
consistent with data from electrophysiological studies
that have suggested that the binding site for non-com¬
petitive NMDA antagonists is located in a lipophilic
environment within the NMDA receptor ion channel.

Saturation analysis demonstrated that [3H]FRll5427
binds to a single population of sites with a Bmax of
9.12 ± 0.52 pmol/mg protein. This binding site density
is similar to the value of 8.63 ± 0.47 pmol/mg protein
for [3H]dizocilpine binding in the same preparation
(data not shown). The KD for [3H]FR115427 binding
of 45 nM was also in agreement with the K; value of
35 nM for FR115427 measured in the [3H]dizocilpine
binding assay. The Hill slope was close to unity indicat¬
ing a single population of binding sites. The Ki values
for non-competitive NMDA receptor antagonists (PCP,
ketamine, NANM) in the [3H]FR115427 and [3H]di-
zocilpine binding assays exhibit a close correlation sug-
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gesting that these radioligands bind to a similar site
within the NMDA receptor ion channel.

Specific binding of [3H]FR115427 in the absence of
exogenous L-glutamate was low and variable between
experiments. The EC50 for L-glutamate stimulation of
[3H]FR 115427 binding suggests that a low residual
L-glutamate concentration in washed membrane prepa¬
rations will make a measurable difference to specific
binding. Specific [3H]FR115427 binding was enhanced
by L-glutamate and this amino acid was therefore rou¬
tinely added to the binding assay. The presence of a
saturating concentration of L-glutamate (10 /rM) in¬
creased specific binding 4-fold. A 2-fold increase in
specific [3H]FR115427 binding was seen in the pres¬
ence of 10 /rM glycine. In contrast, [3Fl]dizocilpine
binding was measurable in the absence of added exoge¬
nous L-glutamate due to its higher affinity for the
NMDA receptor ion channel. The effects of L-gluta-
mate and glycine on [3H]dizocilpine binding and
[3H]FR115427 binding also showed differences; the
EC50 values for stimulation of [3H]FR115427 binding
by L-glutamate and glycine were approximately 80 nM,
whereas for [3H]dizocilpine binding the EC50 values
were 2-4-fold higher. The degree of potentiation was,
however, similar with specific [3H]dizocilpine binding
being increased 6-fold and 3-fold by L-glutamate (10
juM) and glycine (10 yuM), respectively.

Although the affinity of [3FI]FR 115427 for the
NMDA receptor ion channel is approximately 10-fold
lower than that of [3H]dizocilpine, thereby making it a
less attractive radioligand for the study of this site, the
stereoselectivity of FR115427 is much greater. The
(-l-)-isomer of FR115427 is approximately 100-fold
more potent than the corresponding (-(-isomer, whilst
there is only a 3-fold separation in the affinities of the
stereoisomers of dizocilpine (the ( +(-isomer having
the higher affinity). [3H]FR115427 may therefore be a
useful pharmacological tool for the study of the NMDA
receptor ion channel.
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The pharmacological profile of FR115427 has been examined using ligand binding and electrophysiological techniques.
Binding of [3H]dizocilpine in the presence of L-glutamate was inhibited by the ( + ) isomers of dizocilpine and FR115427. The
corresponding ( —) isomers were less active, and stereoselectivity was particularly marked in the case of FR115427. In contrast to
dizocilpine, the affinity of FR115427 for [3H]dizociIpine binding sites was little affected by addition of either L-glutamate and/or
glycine. In a cortical wedge preparation, FR115427 inhibited N-methyl-D-aspartate (NMDA)-induced responses in a non-compe¬
titive, use-dependent manner. Intracellularly recorded excitatory synaptic responses in hippocampal neurones were only partially
inhibited by FR115427 thereby confirming a selective effect on the NMDA-mediated component of neuronal excitation induced
by the endogenous neurotransmitter. The data suggest that FR115427 is a non-competitive, use-dependent NMDA receptor
antagonist with more pronounced stereoselectivity and less marked use dependence than dizocilpine.

NMDA (N-methyl-D-aspartate); Non-competitive antagonism; Dizocilpine; FR 115427; Cortical wedge; Hippocampus

1. Introduction

The N-methyl-D-aspartate (NMDA) receptor pro¬
tein has recently been cloned (Moriyoshi et al., 1991).
Neurochemical and electrophysiological studies have
demonstrated that a number of pharmacologically dis¬
tinct modulatory sites are present within its structure
(see recent reviews by Reynolds and Miller, 1990;
Wong and Kemp, 1991). Research efforts aimed at
developing compounds that selectively interact with
these sites are ultimately directed at regulating NMDA
receptor function in various disease states. The NMDA
receptor subtype has been implicated in a range of
normal and pathological conditions including synaptic
plasticity and learning (Lester et ah, 1988), and neu-

ropathological cell death (Meldrum and Garthwaite,
1990; Olney, 1990). NMDA receptor activation can be
inhibited in a competitive manner by antagonists acting
at the site that recognises the endogenous neurotrans-

Correspondence to: S.P. Butcher, Fujisawa Institute of Neuro¬
science, Department of Pharmacology, University of Edinburgh, 1
George Square, Edinburgh EH8 9JZ, UK. Tel. 44-031-650-8491; fax
44-31-667-9381.

mitter, and a number of pharmacological agents have
been developed that selectively interact with this site
(see Olverman and Watkins, 1989). Receptor function
can also be blocked in a non-competitive manner by
drugs such as ( + )-5-methyl-10,ll-dihydro-5H-dibenzo-
[a,d]cyclohepten-5,10-imine maleate (dizocilpine or
MK801) and phencyclidine (PCP) that interact with
sites located within the NMDA receptor-associated ion
channel (Wong et al., 1986, 1988; MacDonald and
Nowak, 1990; MacDonald et al., 1990; Lodge and
Johnson, 1990).

In this study we have examined the inhibitory effect
of the novel isoquinoline derivative, ( + )-1-methyl-1-
phenyl-1,2,3,4-tetrahydroisoquinoline hydrochloride
(FR115427; fig. 1) on [3H]dizocilpine binding to rat
brain membranes. Both the stereoselectivity of this
interaction and the effects of L-glutamate and glycine
on the affinity of FR115427 for [3H]dizocilpine binding
sites have been studied. The functional significance of
this interaction has been studied using a cortical wedge
preparation to determine the mode of action of
FR115427 and, in particular, to examine whether the
observed inhibition of NMDA-mediated responses is
competitive or non-competitive with use-dependent
properties. The effects of FR115427 on the excitatory
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DIZOCILPINE

Fig. 1. Chemical structures of dizocilpine and FR115427 ((+ di¬
methyl- 1 -phenyl-1,2,3,4 tetrahydroisoquinoline HC1).

postsynaptic potential (e.p.s.p.) elicited in hippocampal
CA1 neurones by stimulation of Schaffer collateral-
commisural fibres in the stratum radiatum have also
been examined in order to examine the action of
FR115427 on responses produced by the endogenous
excitatory amino acid transmitter.

2. Materials and methods

2.1. Preparation of rat brain membranes

The cerebral cortices of male Cob-Wistar rats (250—
300 g) were dissected and homogenised in 15 volumes
(v/w) of ice-cold 0.32 M sucrose using a glass teflon
homogeniser. The homogenate was centrifuged at 1000
Xg at 4°C for 10 min, and the supernatant recen-
trifuged (17 000 Xg, 20 min, 4°C). The resultant P2
pellet was lysed with 30 volumes of glass distilled
water. After incubation at 37°C for 30 min, the mem¬

brane suspension was centrifuged at 50000Xg for 10
min at 4°C, the supernatant discarded and the pellet
washed by resuspension in glass distilled water (30
volumes) and centrifugation (50000 Xg, 4°C, 10 min).
The resultant pellet was resuspended to 10 volumes of
glass distilled water and stored at -20°C. The mem¬
brane suspension was thawed prior to use and diluted
to 30 volumes with glass distilled water, recentrifuged
(50000 Xg, 4°C, 10 min) and the final pellet was resus¬

pended in 30 volumes of 5 mM Tris-HCl (pH 7.4, 20°C)
and kept on ice until required. The protein content of
the membrane suspension was determined by the
method of Bradford (1976), using bovine serine albu¬
min (fraction V) as the standard.

2.2. [3H]Dizocilpine binding assay

[3H]Dizocilpine (24 Ci/mmol; NEN; 1 nM final
ligand concentration) was preincubated at 25°C with 5
mM Tris-HCl buffer (pH 7.4), and increasing concen¬
trations of test drugs (( + )-FRl 15427, 1 nM-30
(-)-FRl 15427, 3 nM-100 /xM; (+ )-dizocilpine, 0.1
nM-3 /xM; ( —)-dizocilpine, 1 nM-30 /lxM) for 2 min
prior to addition of 0.5 ml of the membrane suspension
(300-500 p.g protein) to give an assay volume of 1 ml.
The mixture was vortexed briefly then incubated for
120 min at 25°C. L-Glutamate and glycine, when pre¬

sent, were at a final concentration of 10 /xM. Non¬
specific binding was determined in the presence of 30
pM dizocilpine. Incubations were terminated by rapid
filtration through Whatman GF/B filters using a Bran-
del cell harvester, followed by two washes with 5 ml of
5 mM Tris-HCl buffer. Filters were transferred to

scintillation vials and 100 yixl of 100% formic acid was
added to digest membrane protein followed 10 min
later by 4 ml of Emulsifier Safe Scintillant. Radioactiv¬
ity was measured in a Canberra-Packard 1900CA liquid
scintillation analyser using automatic quench correc¬
tion.

2.3. Cortical-wedge experiments

Cortical slices (500 pm thick) were prepared from
the brains of male Cobb-Wistar rats (200-250 g). The
brain was quickly removed and placed in ice-cold (4°C)
artificial cerebrospinal fluid (ACSF) of the following
composition (in mM; sodium chloride 134; potassium
chloride 2.75; sodium hydrogen carbonate 16; calcium
chloride 2.5; magnesium sulphate 2; potassium dihy-
drogen phosphate 1.25; D-glucose 10). A 3-4 mm slice
of the ventral surface of the brain was removed and
discarded. The remaining tissue was cut transversely
just anterior to the cerebellum and at the level of the
optic chiasm. The tissue between these cuts was fur¬
ther trimmed laterally to give a block about 8 mm

square. This was fixed with cyanoacrylate glue to the
mounting block of the vibratome (Vibroslice, Campden
Instruments) with the ventral aspect opposing the agar
block used for support. The slices were further trimmed
to the shape of small wedges about 1 mm wide at the
cortical surface. They were maintained at the gas-liquid
interface of a stationary interface chamber in an ACSF
containing magnesium with a gas phase of 95% oxygen
and 5% carbon dioxide. After 60 min incubation at

room temperature one slice was transferred to the
two-chambered bath and both chambers were perfused
independently at 2 ml/min with oxygenated magne¬
sium free ACSF. The design of the bath was essentially
as described previously (Harrison and Simmonds, 1985).
The wedge-shaped slices were positioned so they passed
through the grease filled slot with a large proportion of
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the cortex in one compartment and all of the corpus
callosum and a small area of ventral cortex in the other

compartment. The potential difference between the
two compartments was measured with silver/silver
chloride electrodes in agar connected to a dc amplifier
(Grass model 7P1/7DA), displayed on a chart recorder
(Gould model 2200S) and also relayed to a modified
digital audio processor (Sony model PCM 701ES) and
stored on videotape. The relationship between NMDA
concentration and depolarisation was determined be¬
fore exposure of the slice to FR115427. Depending on
the requirements of the particular experiment,
FR115427 was left in contact with the preparation for
15-20 min before responses to appropriate concentra¬
tions of NMDA were determined. Four point Schild
plots were constructed using doses of FR115427 of
0.25-5 /rM. In some experiments tetrodotoxin (0.1
H>M) was added to the ACSF to inhibit spontaneous
epileptiform spiking; this did not affect the depolarisa¬
tion produced by NMDA (Harrison and Simmonds,
1985). Schild plots were generated from multiple dose-
response relationships using different concentrations of
FR115427 by plotting the logarithm of the concentra¬
tion of FR115427 against the logarithm of (DR — 1),
where DR (dose ratio) = Da/D. Da is the dose of
NMDA needed to achieve a depolarisation of a given
size in the presence of the antagonist and D is the dose
of NMDA which produces an identical response in the
absence of the antagonist. In order to obtain a four-
point Schild plot a preparation had to be viable and
stable for at least 10 h; some of the preparations in this
study still gave consistent responses 14 h after setting
up. (R,S)a-Amino-3-hydroxy-5-methyl-4-isoxazole-
proprionic acid (AMPA), a non-NMDA receptor ago¬
nist was applied at the end of each NMDA dose-re¬
sponse relationship to ensure that there was no signifi¬
cant deterioration in the integrity of the preparation.
The data reported here were obtained from 21 cortical
slices.

2.4. Intracellular recording from hippocampal CA1 neu¬
rones

Transverse slices of rat hippocampus, cut using a
vibratome at a thickness of 400 yum, were placed on

nylon netting in an interface chamber at 35°C. They
were left to equilibrate for about 60 min before record¬
ings were made from pyramidal neurones in the CA1
region. A pair of fine tungsten wire stimulating elec¬
trodes insulated except at the tip were placed on the
stratum radiatum and were connected to a Grass S88
stimulator via a photoelectric stimulus isolation unit
(PSIU6, Grass Instruments). Intracellular recordings
were obtained with microelectrodes made from thick
walled (1.2 mm o.d.) glass capillary tubing (GC 120F,
Clark Electromedical Instruments) pulled on a conven¬
tional puller (Flaming Brown P80/PC). When filled
with 2 M potassium acetate the electrodes had DC
resistances of 70-100 MO. Signals were recorded with
an Axoclamp 2A amplifier (Axon Instruments) dis¬
played on a Gould chart recorder, and were relayed to
a modified digital audio processor and stored on video¬
tape for later analysis. E.p.s.p.'s were evoked with
stimulating currents of 10-20 pA; the e.p.s.p. often
appeared to consist of two components in low magne¬
sium solutions containing picrotoxin (100 yuM).

2.5. Materials

The ( + ) and (-) isomers of both FR115427 and
dizocilpine were synthesised in the New Drug Re¬
search Laboratories, Fujisawa Pharmaceutical Co. Ltd.,
Osaka, Japan. AMPA was obtained from Tocris Neu-
ramin, Bristol, U.K. All drugs were dissolved in
deionised water or equivalent NaOH prior to experi¬
mentation. Other drugs and reagents were obtained
from Sigma and were of the highest available purity.

TABLE 1

Ky values for stereoisomers of dizocilpine and FR115427 in the presence and absence of L-glutamate (10 yuM) and/or glycine (10 yu.M).
The affinity of the ( + ) and (-) isomers of dizocilpine and FR115427 for [3H]dizocilpine binding sites on rat cortical membranes was studied in
the presence or absence of 10 yuM L-glutamate, glycine or a combination of these amino acids in the assay buffer. Membranes were incubated
with [3H]dizocilpine (1 nM) in absence or presence of increasing concentrations of test drug for 120 min at 25°C. Bound and free ligand were

separated using a Brandell Cell Harvester. Ky values were calculated from the equation Ky = IC50/(I + L/KD). Data represent mean
values+ S.E.M. of the number of separate determinations indicated in parentheses.

Drug Ky (nM)
No addition L-Glutamate Glycine Combination

( + )-Dizocilpine
(—)-Dizocilpine
( + )-FRl 15427
(-)-FRl 15427

19.4+ 4.2(9)
30.6 ± 3.4(7)
76.8 ± 17.7(7)

4516 ±887 (7)

3.14+ 0.3(9)
15.1 ± 1.1 (7)
43.3 + 4.0 (7)

4369 ±526 (7)

5.7 ± 0.5(4)
N.D.

45.9 ± 3.1(4)
3916 ±374 (4)

2.9 ± 0.4(4)
N.D.

45.3 ± 6.2(4)
4570 +699 (4)
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3. Results

3.1. [ 3H]Dizocilpine binding experiments

FR115427 inhibited [3H]dizocilpine binding with a

Kj value of 43.3 nM (fig. 2 and table 1) in the presence
of 10 fiM L-glutamate. Dizocilpine was found to be
14-fold more potent as an inhibitor of binding with a

Kj value of 3.14 nM under identical conditions (fig. 2
and table 1). The difference in affinity was less appar¬
ent in the absence of added L-glutamate; K( values of
19.4 and 76.8 nM were obtained for dizocilpine and
FR115427 respectively demonstrating a 4-fold differ¬
ence in affinity (table 1). Inhibition of binding by both
compounds exhibited stereoselectivity but this was far
more pronounced in the case of FR115427. When
compared with the corresponding ( + ) isomer, the (-)
isomers of FR115427 and dizocilpine were respectively
100- and 4.8-fold less potent as inhibitors of [3H]di-
zocilpine binding in the presence of 10 jxM L-gluta-
mate (fig. 2 and table 1). KD and Bmax values for
[3H]dizocilpine binding were determined in the pres¬
ence of various fixed concentrations of FR115427 (25-
100 nM). Increasing concentrations of FR 115427 re¬
duced the binding affinity of [3H]dizocilpine but the
binding site density was unaltered indicating that
FR115427 was a competitive inhibitor of binding (data
not shown). The competitive nature of the interaction
of FR115427 and [3H]dizocilpine for the binding sites
was confirmed by Dixon analysis which gave a K; value
for FR115427 of 32 nM. This suggests that the two
drugs interact with a common binding site.

The binding of [3H]dizocilpine was modulated by
the presence of L-glutamate and/or glycine in the

LOG [DRUG) (M)

Fig. 2. Inhibition of [3H]dizocilpine binding by the ( + ) and ( —)
isomers of dizocilpine and FR 115427. Cortical membranes were
incubated with [3H]dizocilpine (1 nM) for 120 min in the presence or
absence of varying concentrations of test compound. All assays were
performed in the presence of 10 /xM L-glutamate. Bound and free
ligand were separated using a Brandell Cell Harvester. Data are
from a representative experiment. Each point is the mean value of
duplicate determinations. (+ )-Dizocilpine (filled circles); (— )-di-
zocilpine (filled triangles); ( + )-FR115427 (open circles); (-)-

FR115427 (open triangles).

assay buffer (table 1). The affinity of ( + )-dizocilpine
was increased by 6.2-fold from 19.4 to 3.14 nM in the
presence of 10 /xM L-glutamate. Maximal stimulation
of binding was noted at this concentration of L-gluta-
mate, and the effect involved only an alteration in the
affinity of the binding site for dizocilpine rather than
an increase in the number of binding sites (unpub¬
lished data). The affinity of ( — )-dizocilpine was in¬
creased 2-fold under identical conditions (table 1). In
contrast, the presence of L-glutamate in the assay
buffer had little effect on the affinity of either (+)- or
( —)-FR115427 for [3H]dizocilpine binding sites (table
1). The affinity of (+ )-dizocilpine was also increased
by 3.4-fold when 10 /u.M glycine was included in the
assay buffer (table 1). An effect of 10 ^M glycine on
the affinity of ( + )- and (-)-FR115427 was almost
undetectable (table 1). In the presence of a combina¬
tion of 10 /xM L-glutamate and 10 p.M glycine the
affinity of (+ )-dizocilpine for [3H]dizocilpine binding
sites was increased by 6.7-fold (table 1), an identical
increase to that observed in the presence of L-gluta-
mate alone (i.e. there was no indication of an additive
effect). Little change in the affinity of ( + )- and ( —)-
FR115427 was noted in the presence of 10 ^.M L-
glutamate and 10 /xM glycine (table 1).

3.2. Cortical wedge experiments

In the majority of preparations exposure to magne¬
sium-free ACSF led to the appearance of spontaneous
epileptiform spikes. The depolarisation induced by
NMDA was dose-dependent. The maximal response
was obtained at 100 /xM, and the relationship was
sigmoidal with an EC50 of 21 /txM (fig. 3A). Repetitive
challenges with the same dose gave consistent re¬

sponses which did not desensitise (fig. 4A, C). Expo¬
sure of the preparation to FR115427 (1 /xM) had three
predominant actions: (i) a gradual reduction in the
amplitude of the depolarisation produced by NMDA
(fig. 4B, D), (ii) a reduction in the frequency of the
associated epileptiform-spike activity (fig. 4B), and (iii)
a reduction in the amplitude of the epileptiform spikes
(fig. 4B). The antagonism appeared to be selective for
the NMDA receptor since responses to the non-NMDA
agonist AMPA were relatively unaffected by FR115427
(1 jtM), a concentration that reduced the response to
NMDA by up to 50% (fig. 5C, D). Increasing the dose
of NMDA overcame the antagonism, but only tran¬
siently, since a second challenge with the same dose of
NMDA resulted in a smaller depolarisation (data not
shown). The Schild plot generated from the data in fig.
3B had a slope of 1.21 whereas a slope of 1 would be
expected for a competitive antagonist. Extrapolation of
the line gave a pA2 of 6.6 (fig. 3C). The corresponding
data from a second preparation gave a slope of 1.6 and
a pA2 of 6.45.
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Additional experiments investigated the possible use

dependence of FR115427. The response of cortical
wedge preparations to NMDA was first examined at a
fixed time after exposure to FR115427 (fig. 5A, B). The

Normalised Amplitude

0.00

size of the depolarisation relative to control was then
compared with that recorded in a second experiment in
which an identical preparation was exposed to NMDA
on several occasions following addition of FR115427.
The corresponding test NMDA response was then
measured at the same time interval used in the first

experiment (fig. 5C, D). Use dependence would be
manifest if the response relative to control in the
second experiment were smaller than the first; in the
absence of use dependence both responses would be
identical. A significant difference was found between
the two values in the present study (fig. 5E). The
depolarisation produced by a single challenge of
NMDA after exposure to FR115427 for 70 to 108 min
was on average 83 + 20% (n = 5) of the control value.
In contrast, the size of the depolarisation produced by
NMDA following exposure to the antagonist (84-107
min exposure) in preparations challenged several times
in the intervening period with NMDA was 48.5 + 15%
(n = 4) of control. The difference between these values
was significant (P < 0.03, two-tailed t-test; fig. 5E). In
some preparations, there was also a small fall in the
amplitude of the AMPA depolarisations. The control
amplitude of AMPA responses was 0.6 + 0.13 mV (n =
8) which fell to 0.57 + 0.14 mV (n = 8) in the presence
of FR115427 (1 ju,M). This decrease possibly reflects a
slight deterioration in the preparations following multi¬
ple challenges with NMDA. The decrease was not
significant (P > 0.07, two-tailed t-test).

C2.00 <DR"1)

0.00

-7 -6

Log [FR1 15427] (M)
Fig. 3. (A) Composite dose-response relationship showing the nor¬
malised DC shift vs. NMDA concentration. The data were obtained
from 12 different preparations with the response to 20 /xM NMDA
given the value 1.0. The numbers beside each point denotes the
number of preparations of the 12 that received that dose. The line
was fitted to the data points using the logistic equation (Y =

MXP/(XP + KP) where M is the maximum response, K is the dose
producing half the maximum response and P determines the steep¬
ness of the curve. (B) The dose-response relationships for NMDA
were shifted to the right with increases in the concentration of
FR115427 (0.5-5 /xM). The filled circles show the control dose-re¬
sponse relationship. The rightward shift was accompanied by a fall in
the maximal response. FR115427 (1 /xM) caused an 83% fall in the
magnitude of the depolarisation elicited by NMDA (20 /xM) and this
concentration of FR115427 was chosen for the grease-gap experi¬
ments reported here. The doses of FR115427 used were 0.5 gM
(open triangles), 1.0 ,u.M (closed triangles), 2.5 jixM (open circles) and
5.0 fiM (filled squares). (C) A Schild plot made from these data gave

a pA2 value of 6.6, the slope of the line was 1.2.

3.3. Intracellular recording

Hippocampal CA1 pyramidal neurones became hy-
perexcitable and discharged bursts of action potentials
in bathing solutions containing no added magnesium
and 100 /xM picrotoxin to block y-aminobutyric acidA
(GABAA)-mediated inhibition. Stimulation of the stra¬
tum radiatum elicited an e.p.s.p. accompanied by a

discharge of action potentials which made it impossible
to accurately measure the amplitude of the underlying
synaptic potential. In three preparations it was possible
to elicit a subthreshold e.p.s.p. that was either a

monophasic (fig. 6A) or a dual component depolarisa¬
tion (fig. 6B). Exposure to FR115427 (15 p,M) reduced
the amplitude of the second component in the latter
category with little action on the first component. The
action of FR115427 on the monophasic e.p.s.p. was
only detectable when the control and test e.p.s.p. were
superimposed since the decay phase of the e.p.s.p. was
reduced whereas the peak amplitude was not affected
(fig. 6C). The mean amplitude of the second compo¬
nent, or in the case of the monophasic e.p.s.p. the
amplitude of the decay phase at 170 ms, was signifi¬
cantly reduced from a mean of 11.8 + 3.2 to 8.1 + 4.2
mV (P = 0.037; paired t-test; n = 3). The spontaneous
epileptiform spiking observed in low magnesium solu-
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tions containing picrotoxin was blocked by prolonged
exposure to FR115427 (15 juM).

4. Discussion

Radioligand binding studies using [3H]dizocilpine
clearly show that the novel isoquinoline derivative
FR115427 inhibits binding of this ligand to rat brain
membranes. While FR115427 is 14-fold less potent
than dizocilpine, the more pronounced stereoselectivity
exhibited by FR 115427 compared with dizocilpine rep¬
resents a major difference between the two com¬

pounds. This difference is indeed marked with the K;
ratios for the ( + ) and (-) isomers of FR115427 and
dizocilpine being 100- and 4.8-fold respectively in
favour of the more active (+) isomers. Further differ¬
ences were revealed when the effects of L-glutamate
and glycine on the affinity of FR115427 and dizocilpine
for [3H]dizocilpine binding sites were examined. In the
case of dizocilpine, the affinity of the ( + ) isomer was
increased by 6.2- and 3.4-fold following addition to the
assay buffer of L-glutamate and glycine respectively.
Binding of either glutamate or glycine to their recogni¬
tion sites on the NMDA receptor presumably causes a

conformational change that facilitates the interaction
of dizocilpine with its binding site within the NMDA
receptor associated ion channel (Foster and Wong,
1987; Reynolds and Miller, 1988). It was therefore of
interest to note that the affinity of FR 115427 for
[3H]dizocilpine binding sites was little affected by ei¬
ther L-glutamate or glycine. While the precise signifi¬
cance of this finding remains unclear, it may be inter¬
preted as evidence that dizocilpine and FR 115427 do
not interact with an identical binding site. However,
detailed analysis of the interaction of FR115427 with
the binding site for [3H]dizocilpine provided direct
evidence that the same site is involved. In the presence
of increasing concentrations of FR115427, the density
of [ 3H]dizocilpine binding sites was not altered whereas
binding site affinity was reduced. Dixon analysis of
these data confirmed that FR115427 competitively in¬
hibited [3H]dizocilpine binding. The access of
FR115427 to the same binding site may therefore be
less dependent on the ongoing activity of the NMDA
receptor.

Electrophysiological experiments using a cortical
wedge preparation demonstrate that blockade of
NMDA-mediated responses by FR115427 is non-com¬

petitive. The evidence for this is (1) the slopes of the

N15 N15 4 N15
FR115427

• •
N15 N15 N15 N15 N15

N15 N15

FR115427 15 min

Fig. 4. Inhibition of NMDA depolarisation and spontaneous epileptiform-like activity in a rat cortical slice preparation by FRt 15427. (A)
Addition of 15 NMDA (N15) to the solution entering the chamber containing the grey matter is indicated by solid circles. This resulted in a
DC potential change (depolarisation of the preparation is indicated by an upward shift) and a pronounced increase in the discharge frequency of
the epileptiform spikes; the response was repeatable and consistent. (B) FR115427 (1 p,M) was added (solid arrow) to the solution perfusing the
grey matter. Repeated challenges with NMDA resulted in a significant fall in the amplitude of the NMDA depolarisations and a reduction in the
frequency of the associated epileptiform spikes. Note that the frequency and amplitude of the spontaneous epileptiform spikes was also reduced.
(C) Spontaneous epileptiform activity was almost completely abolished in another preparation exposed to tetrodotoxin (0.1 /aM) but the
depolarisations produced by 15 p.M NMDA (N15) and 10 gM AMPA (A 10) were still seen. (D) After exposure to FR115427 (1 ,uM; solid
arrow), the NMDA depolarisations were significantly reduced in amplitude and fell by 40% relative to control whereas the AMPA

depolarisations fell by only 15% relative to control.
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Schild plots were greater than 1, (2) antagonism of
NMDA-induced depolarisation was use-dependent and
could not be overcome, except transiently, by increas-

Control FR115427

A J
• - •

N15 A10

N15 N15 A10 Ni5 N15

FR115427

D r;

°/o Control
100

50

15 min

Single Repetitive
Fig. 5. Use-dependent inhibition of NMDA-induced depolarisation
by FR115427. (A) Depolarisations produced by 15 p.M NMDA (N15)
and 10 p-M AMPA (A10) in a rat cortical wedge preparation.
Repetitive challenges with NMDA gave consistent responses in con¬
trol magnesium-free ACSF (with 0.1 yuM tetrodotoxin added). At the
arrow FR115427 (1 yu.M) was added to the ACSF perfusing the grey
matter and left in contact with the preparation throughout the
experiment. (B) When 15 yu.M NMDA was added 81 min after
exposure to FR115427 (first response) the NMDA depolarisation
was not significantly altered although subsequent challenges with 15
ixM NMDA produced smaller depolarisations. The response to 10
ju.M AMPA was unchanged. The break in record (A) represents 18
min and the interval between records (A) and (B) is 16 min. (C)
Depolarisations produced by 15 yuM NMDA (N15) and 10 yuM
AMPA (A10) in another cortical wedge preparation exposed to
tetrodotoxin. At the arrow FR115427 (1 p.M) was added to the
ACSF perfusing the grey matter and was left in contact with the
preparation throughout the experiment. (D) The NMDA depolarisa¬
tion recorded 81 min after exposure to the antagonist (first response)
is shown in this record. It was significantly smaller than the control
response in (C) although the response to 10 (iM AMPA was not
significantly different. The break in (C) represents 20 min and that in
(D) 15 min, the records at the end of (C) and the beginning of (D)
are continuous. (E) Histograms showing the amplitude of NMDA
depolarisations as a percentage of control after exposure to FR115427
(1 ya.M) for periods of 70-108 min (single) and 84-107 min (repe¬
titive). The data in the column labelled single were obtained from
preparations unchallenged by NMDA prior to application of the test
dose of NMDA whereas the data in the column labelled repetitive
were obtained from preparations challenged several times with
NMDA prior application of the test dose. A significant difference
was found between the two groups, the error bars denote the S.D.

500ms

50 mV

50ms

Fig. 6. The effect of FR115427 (15 ytrM) on the e.p.s.p. recorded in
hippocampal CA1 pyramidal neurones in response to stimulation of
the stratum radiatum. The preparations were exposed to
magnesium-free ACSF containing picrotoxin (100 y^M). The records
are averages of eight successive sweeps, (a) In this neurone a

monophasic e.p.s.p. was recorded, Em=-59 mV. Exposure to
FR115427 led to a more rapid decay of the falling phase of the
e.p.s.p. (b). Superimposition of the records in (a) and (b) shows that
the peak amplitude of the e.p.s.p. was relatively unchanged whereas
a clear effect can be seen on the falling phase of the e.p.s.p. (c). (d)
In another neurone an e.p.s.p. consisting of two components was

recorded, Em = — 63 mV. FR115427 (15 yaM) reduced the second
component of the e.p.s.p. (e). Superimposition of the records in
(d) and (e) shows a dramatic reduction in the amplitude of the
second component whereas the first component was relatively un¬

affected (f).

ing the dose of NMDA, (3) dose-response plots for
NMDA were progressively shifted to the right by in¬
creasing doses of FR115427, but the shift was not
parallel and was accompanied by a corresponding fall
in the maximal response to NMDA. The values ob¬
tained for pA2 from the Schild plots derived from two
experiments were 6.45 and 6.6. However, it is difficult
to ascribe a significance to these values since the slopes
of the Schild plots were greater than unity. Simmonds
(1990) does make the point that having established that
an antagonist is non-competitive it is still useful to
construct a Schild plot to determine the concentra¬
tion-effect characteristics of compounds within a group
of non-competitive antagonists. In this regard, it is of
interest that a pA2 of 5 was obtained for ketamine
(Harrison and Simmonds, 1985), which also acts non-

competitively by blocking the ion channel of the NMDA
receptor (MacDonald et al., 1987). We have also at¬
tempted to determine a pA2 value for dizocilpine but
this proved impossible because of the extreme use

dependence of this drug. However, in the present study
2.5-5.0 yuM of FR115427 was required to completely
block responses to NMDA whereas under similar con¬
ditions 0.35 yu,M dizocilpine was required to achieve
the same result suggesting that dizocilpine is an order
of magnitude more potent than FR115427.

When the cortical wedge preparation was exposed
to FR115427, a small component (on average 17%) was
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found to be use-independent. This was the proportion
of the NMDA response that was blocked in the ab¬
sence of prior exposure to NMDA. It is possible that
the slowly developing depolarisation induced by NMDA
reflects use dependence during the rising phase of the
initial response leading to depression of its amplitude
(Halliwell et al., 1989). Although the experiments to
establish use-dependence were carried out in the pres¬
ence of tetrodotoxin in order to block spike-dependent
activity, spontaneous release of transmitter may still
have occurred allowing FR115427 access to its binding
site. Alternatively, FR115427 may gain access to its
binding site other than through the ion channel of the
receptor. The latter possibility could be related to the
difference in the extent of use-dependent blockade of
NMDA-mediated responses by FR115427 and di-
zocilpine noted in the present study.
After a period of equilibration in magnesium-free,

tetrodotoxin-free solutions the cortical wedge exhibited
spontaneous epileptiform discharges that consisted of
multiple rapid spike-like depolarisations superimposed
on a depolarisation with a much slower time course.
The frequency of these depolarisations was increased
by NMDA, whereas the frequency and amplitude of
both were reduced by FR115427. These observations
suggest that NMDA plays a role in the generation of
such potentials and that this response is blocked by
FR115427 in parallel with the inhibition of NMDA-in-
duced depolarisations. Similar results have been re¬

ported for dizocilpine (Wong et ah, 1986).
The intracellular study on hippocampal CA1 neu¬

rones in a brain slice preparation demonstrated that
FR115427 selectively blocked a second delayed compo¬
nent of the e.p.s.p. evoked in magnesium-free, picro-
toxin containing ACSF. This response is reported to be
mediated by NMDA receptors (Collingridge et ah,
1988; Hestrin et ah, 1990). This observation compli¬
ments data obtained with the cortical wedge prepara¬
tion thereby confirming the NMDA receptor as the
locus of action of FR115427. The initial component of
the e.p.s.p. that is mediated by non-NMDA receptors
(Collingridge et ah, 1988) was little effected by
FR115427. This finding is in keeping with cortical
wedge experiments in which FR115427 did not affect
AMPA-induced depolarisation.

The binding experiments described in this paper
suggest that FR115427 and dizocilpine interact with a
similar site on the NMDA receptor, and functional
studies using the cortical wedge and hippocampal slice
preparations confirm this pharmacological profile. In¬
hibition of NMDA-mediated responses by FR115427
(present data) and dizocilpine (Kemp et ah, 1987)
involved a non-competitive and use dependent mecha¬
nism of action. These functional properties are charac¬
teristic of non-competitive antagonists that interact with
a site(s) within the NMDA receptor-associated ion

channel (MacDonald and Nowak, 1990; Lodge and
Johnson, 1990). Data obtained in the hippocampal slice
preparation demonstrate that FR115427 inhibits the
NMDA-mediated component of neuronal excitation
evoked by endogenous transmitter in a specific hip¬
pocampal pathway.
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