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ABSTRACT

The non-opioid antitussive agent dextromethorphan (DM) has recently been found to
possess neuroprotective and anticonvulsant properties, though the precise mechanism
of action is unknown. High affinity binding sites have been identified in brain, which
may mediate the neuroprotective properties of DM and related compounds. However,
DM is also active at the N-methyl-D-aspartate (NMDA) receptor-associated ion
channel blocking site (the "PCP site"), which is known to be involved in mediating
calcium influx during ischaemia-induced neurodegeneration. In addition, DM is rapidly
metabolised in vivo to dextrorphan, which also binds to the PCP site with higher
affinity than the parent compound.

Radiolabelled DM ([ H]DM) binding was compared in normal and ischaemic rat
brains. In normal brains DM binding sites were ubiquitously distributed, with highest
levels of binding found in the midbrain, hindbrain and cerebellum (50-70 fmol/mg). In
brains which had been subjected to an ischaemic insult, some differences fi'om normal
were suggested in certain brain regions. Decreases in [ H]DM binding were apparent
in the occipital, parietal and temporal cortices (-40-50%), and in the midbrain,
hindbrain and cerebellum (-30-40%), while in the hypothalamus, thalamus and
amygdala, increases in binding were observed (+40-85%).

To determine the relative contribution of binding to DM sites and PCP sites to the
neuroprotective effect of DM, the binding activity of a series of chemical analogues of
DM and carbetapentane, another antitussive agent which also binds to DM sites, were
evaluated at both DM sites and PCP sites (labelled with [^HJTCP) in rat brain. DM
was found to possess approximately 4-fold greater selectivity for DM sites when
compared with PCP sites (IC50 S of 450nM and 2pM, respectively). However, several

compounds were identified which retained significant affinity for DM sites (lOOnM5pM), but which were inactive at PCP sites (»10|iM ).

In addition, shallow

displacement curves were observed, indicating the presence of more than one site for
[^H]DM binding.

Consistent with previous reports, DM was neuroprotective in a middle cerebral artery
occlusion model of focal ischaemia in rats (ED50 approximately 70mg/kg, sc.).
Carbetapentane was approximately four-fold more potent as a neuroprotective agent
than DM in this model. Of particular interest was the marked neuroprotective potency
of the methyleneoxy derivative of carbetapentane, compound 11 , which was eighteenfold more potent than DM. This was significant as this compound showed no activity
at PCP sites. Furthermore, being structurally distinct from DM, the neuroprotective
activity of compound 11 could not be explained by metabolism to dextrorphan in vivo.
Thus programmes selectively targeting DM binding sites could represent opportunities
for the development of a new class of neuroprotective agents.
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CHAPTER 1

GENERAL INTRODUCTION
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1.1

BINDING SITES FOR DEXTROMETHORPHAN IN RAT AND GUINEA
PIG BRAIN

1.1.1

Discovery of DM Sites.

Dextromethorphan [(+)-3-methoxy-17-methylmorphinan, DM] is a non-opioid cough
suppressant which is present in many over-the-counter cold and cough remedies
(Tortella et al, 1989c). Structurally, DM is the dextrorotatory isomer of the codeine
analogue levorphanol, and has a similar antitussive potency to that of codeine.
However, DM produces fewer subjective and gastrointestinal side effects and in fact,
apart from cough suppression, shows none of the other pharmacological effects of the
levorotatory opioids (Benson et al, 1953, Isbell and Fraser, 1953, Eddy et al, 1969,
Craviso and Musacchio, 1980, Aylward et al, 1984, Frank et al, 1989). It has no
analgesic activity, it does not cause respiratory depression and has no addiction
liability.

Originally it had been suggested that the mechanism of the cough suppressant effect of
DM was probably different to that of codeine and other opioid antitussives (Cavanagh
et al, 1976).

Then, in 1980, high affinity binding sites for radiolabelled

dextromethorphan ([^H]DM), were identified in guinea-pig brain and subsequently in
rat and mouse brain (Craviso and Musacchio, 1980, Craviso and Musacchio, 1983a).
These sites were found to be distinct from classical opiate receptors as shown by their
pharmacological specificity and insensitivity to the opiate antagonist naloxone.

In

addition, they did not appear to be related to those of any other known
neurotransmitter (Craviso and Musacchio, 1983b).

However, the subcellular

localisation of DM sites in the microsomal fraction has cast doubt on their role as true
"receptors" (Craviso and Musacchio, 1983a, Itzhak et al, 1991). Moreover, the lack
of a viable functional assay for DM has meant that the agonist/antagonist nature of DM
site ligands cannot be determined. Until a definite link between an action at DM
20

binding sites and physiological/ pharmacological effects is established, the significance
of these sites in the brain remains unresolved.

1.1.2 Multiple [^H]DM Binding Sites; DM, Sigma and Phencyclidine Receptors.

The marked similarities in the anatomical distribution and pharmacological
characteristics of DM and sigma (a) sites had lead to speculation that these sites were
synonymous (Klein et al, 1989a, Klein et al, 1990a, Musacchio, 1990). The sigma site
was originally named the sigma opiate receptor to explain the psychotomimetic effects
of the classical sigma agonist N-allyl-N-normetazocine (SKF 10,047; Martin et al,
1976, Karbon and Enna, 1991). However, it was then discovered that SKF 10,047
binds to three sites, and that this binding was stereospecihc. The levorotatory isomer
(-)-SKF 10,047 binds to mu and kappa opiate receptors, while the dextrorotatoiy
isomer (+)-SKF 10,047 binds to sigma sites, and to the so-called phencyclidine (PCP)
site located within the N-methyl-D-aspartate (NMDA) receptor-associated ion channel
(Quirion et al, 1987).

Subsequently, it was established that the psychotomimetic

effects of the classical sigma opiates resides in the levorotatory isomer, and that these
effects are reversed by naloxone (Musacchio, 1990). The sigma site on the other hand
has higher affinity for dextrorotatory isomers, is insensitive to naloxone, and does not
mediate psychotomimetic effects (Walker et al, 1988, Musacchio et al, 1989a,
Musacchio et al, 1989b, Connick et al, 1990, Musacchio, 1990, Ferris et al, 1991).

Based on the actions of the (+)-SKF 10,047, it had also been postulated that
DM/sigma sites and PCP receptors were synonymous (Zukin and Zukin, 1981, Largent
et al, 1984, Itzhak et al, 1985, Mendelsohn et al, 1985, Largent et al, 1986), and that
the pharmacological effects of DM were mediated via this site. However, PCP and
sigma sites are now known to be distinct (Zukin et al, 1986, Quirion et al, 1987,
Sonders et al, 1988, Karbon and Enna, 1991, Ferris et al, 1991), as shown by the
different ligand selectivity (Craviso and Musacchio, 1983b, Musacchio et al, 1989a,
21

Klein et al, 1989a), different anatomical distribution in the brain (Grundlach et al,
1985, Largent et al, 1986, Tortella et al, 1989a) and differential modulation by cations
(Sills and Loo, 1989, Schwartz et al, 1990, Church et al, 1991).

For example,

antipsychotic drugs such as haloperidol potently displace [^H](+)-SKF 10,047 binding
but are weak or inactive at PGP sites (Tam and Cook, 1984, Largent et al, 1984,
Largent et al, 1986, McLean and Weber, 1988). In addition, the binding of DM to the
PCP site, in contrast to PCP site ligands, is of higher affinity in the absence of
magnesium and L-glutamate (Sills and Loo, 1989). Finally, DM/sigma ligands and
PCP site ligands show different behavioural effects in vivo (Earley et al, 1990, Szekely
et al, 1991a, Szekely et al, 1991b, Diana et al, 1993). Recent evidence suggests that
PCP sites labelled with [^H]TCP that are not coupled to NMDA receptors directly
exist in certain brain regions such as the spinal cord, and that these sites may be
synonynous with sigma sites (Kovacs et al, 1994). It is now thought that at least some
of the psychotomimetic effects of (+)-SKF 10,047 are mediated via the PCP site
(McCann et al, 1989, Earley et al, 1990) or kappa opiate receptors (Musacchio, 1990).
Overall, the literature supports the theory that DM and sigma sites are distinct from
both opiate receptors and PCP sites. The relationship between DM and sigma sites is
discussed below.

Early studies had suggested that the binding of [^H]DM to guinea pig brain was not to
a single homogeneous population, and saturation experiments indicated the presence of
high and low affinity sites for this ligand in guinea pig brain (Craviso and Musacchio,
1983a). Subsequently, a number of studies have identified multiple binding sites for
both DM and sigma ligands in rat and guinea pig brain (Klein et al, 1989a, Bowen et
al, 1989, Hellewell and Bowen, 1990, Itzhak and Stein, 1990b, Klein and Musacchio,
1990c, Karbon and Enna, 1991, Zhou and Musacchio, 1991, Iyengar et al, 1991,
Connick et al, 1992, Klein and Musacchio, 1992).

Support for the existence of a

common DM/sigma site was provided by the fact that the rank order of potency of a
number of sigma ligands was similar against [^H]DM binding, and showed the same
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stereospecificity, as against (+)-SKF 10,047 binding (Tam and Cook, 1984) and
another sigma site ligand, (+)-[^H]-3-(-3-hydroxyphenyl)-N-(l-propyl)piperidine
([^H](+)-3-PPP) binding (Largent et al, 1984, Largent et al, 1986, Klein and
Musacchio, 1989b, Musacchio et al, 1989c). These observations were supported by
evidence which suggested that sigma sites may be involved in the mechanism of action
of centrally acting non-narcotic antitussive drugs (Kamei et al, 1992a, Kamei et al,
1993). However, important differences between DM sites and sigma sites have been
observed (see Chapter 3, Section 1).

Up to four distinct sites for DM have now been identified in guinea pig brain (Zhou
and Musacchio, 1991). The high affinity site as originally described by Craviso et al
(1980) has been resolved into two sites. One of these, designated the DM] site, was
found to be susceptible to allosteric modulation by the anticonvulsant agents phenytoin
and ropizine (Craviso and Musacchio, 1983b, Musacchio et al, 1987, Musacchio et al,
1988b, Musacchio et al, 1989c, Canoll et al, 1989, Klein et al, 1990a, Zhou and
Musacchio, 1991).

Significantly, this stimulatory effect of ropizine was seen when

either [^H]DM or the sigma ligands [^H](+)-3-PPP binding and [^H](+)pentazocine
were studied (Musacchio et al, 1989c, DeHaven-Hudkins et al, 1993), and it was
proposed that this site was a common one for both DM and sigma ligands (the
DM]/sigma 1 site). However, it was then shown that the stimulatory effect of ropizine
was confined to discrete brain regions, and that in other areas an inhibition was
observed (Canoll et al, 1990). Moreover, the inhibitory effect was observed in areas
where the distribution of DM and sigma sites did not overlap. This second site, to
which DM binds with equally high affinity, is of much smaller capacity (11-14%), was
only revealed by competition experiments with other ligands, which displaced [^H]DM
from a site which was consistently smaller than the high affinity site as defined by
unlabelled DM (Zhou and Musacchio, 1991). DM also binds with low (micromolar)
affinity to two additional sites. The DMg site binds the sigma ligand l,3-di-(2-[5^H]tolyl)guanidine ([^H]DTG) with high affinity, and may be analogous to the sigma2
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site (Connick et al, 1992). The DM4 site binds both DM and sigma ligands with low
affinity.

In rat brain DM appears to bind to three sites, two with high affinity and one with low
affinity (Klein and Musacchio, 1990c, Klein and Musacchio, 1992, Connick et at,
1992). The first high affinity site is analogous to the common DM j/sigmaj site as
identified in the guinea pig above.

Interestingly, at first the effect of ropizine to

enhance binding of [^H]DM could not be demonstrated in either the rat or the mouse
(Klein et al, 1989c, Klein and Musacchio, 1990c), and so the significance of this effect
was questioned, as the rat is the species in which anticonvulsant testing is usually
performed. However, it was then discovered that the capacity of the DM j/ sigma j site
in rat brain is 10 times smaller than in the guinea pig (Klein and Musacchio, 1990c,
Klein and Musacchio, 1992). The second site, the DM2 site, is analogous to the DM2
site in guinea pig brain, is inhibited by ropizine, and binds sigma ligands such as DTG
and (+)-3-PPP with very low affinity.

The third site to which DM binds, the

DM]/sigma2 site, has low affinity for DM, but high affinity for sigma ligands. Table
1.1.2 shows the DM/sigma binding sites which have so far been identified in rat and
guinea pig brain.

One anomaly in the theory that DM and sigma ligands share a common binding site is
the fact that these compounds often possess very different profiles in vivo.

For

example, although certain sigma ligands have been shown to possess antipsychotic
activity (Walker e/a/, 1988, Chavkin, 1990, Itzhak and Stein, 1990b, Koe et al, 1989,
Clissold et al, 1993), other sigma and DM site ligands are neither psychotomimetic or
antipsychotic (Itzhak and Stein, 1990b). In addition, in contrast to the anticonvulsant
activity shown by DM site ligands, sigma ligands exhibit a mixed spectrum of activity
in experimental seizure models, (+) SKF 10,047 being anticonvulsant, while (+)pentazocine and (+)-3-PPP are proconvulsant (Tortella et al, 1989c, Echevarria et al,
1990). One hypothesis put forward to explain these diverse effects, is that DM acts as
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an antagonist. Sigma ligands have been shown to possess a distinct spectral profile of
cortical EEG activity in rats (Tortella and Robles, 1989d). Not only was DM was able
to produce a change in this profile, but was also able to antagonise several of the
behavioural of SKF 10,047.

These observations obviously require further

investigation.

Table 1.1.2

Dextromethorphan Binding Sites in Guinea Pig and Rat Brain.

Rat Brain

Guinea Pig Brain
Site

Ligand
Kd
(nM)
[3h ]DM

Bmax
(pmol/mg)

Kd
(nM)
20

49
0.7

Rl
[3h ](+)-3PPP

24

[3h ]DM

8

0.1
10
19

0.1

R2

0.37

[3h ](+)-3PPP

N/A

N/A

[3h ]DM

2400

1950
1.2

R3
[3h ](+)-3PPP

210

[3h ]DM

620

0.72
59

-

1.5

R4
[3h ](+)-3PPP

Bmax
(pmol/mg)

N/A

-

-

The table shows the affinity (Kj) and the total number of sites (B^ax) foi" [^H]DM
and the sigma ligand [^H](+)-3-PPP in rat and guinea pig brain. N/A, not active,
(taken from Zhou and Musacchio, 1991, and Klein and Musacchio, 1992).
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1.1.3

Physiological Significance of DM Binding Sites.

The significance of DM and sigma binding sites in brain has not yet been fully
established, but an increasing amount of evidence supports the involvement of these
sites in a number of physiological processes. It seems likely that DM sites mediate the
antitussive effects of DM and sigma ligands, via a central rather than a peripheral
mechanism (Domino et al, 1985, Kamei et al, 1992a, Kamei et al, 1993). DM sites are
found in all areas in which injected DM inhibits cough (Craviso and Musacchio, 1983a,
Canoll et al, 1989), and in high density in areas known to be involved in the cough
reflex, such as the pons medulla, especially the nucleus solitary tract (Korpas et al,
1979). The anatomical distribution of DM binding sites is discussed in Chapter 3.

The DM/sigma receptor has been variously described as modulating phosphatidyl
turnover (Bowen et al, 1988, Beart et al, 1989, Itzhak, 1989), altering neuronal
activity (Monnet et al, 1990), and modulating ion channel activity (Rothman et al,
1991). There is now a substantial amount of evidence which suggests that the effects
of DM involve a voltage-gated calcium channel (Carpenter et al, 1988, Aram et al,
1989, Jaffe et al, 1989, Fletcher et al, 1989, Church et al, 1991, Mangano et al, 1991,
Carrozza et al, 1992, Basile et al, 1992, Netzer et al, 1993). Antitussive activity is
also observed with both calcium channel antagonists (Kamei and Kasuya, 1992b), and
NMD A antagonists (Kamei et al, 1989), and calcium channel antagonists have been
shown to inhibit binding of [^H]DM (Musacchio et al, 1988b, Klein and Musacchio,
1989b).

This may suggest that an interaction exists between DM sites, calcium

channels and NMDA receptors.

More recently, DM has been found to possess potent anticonvulsant (Aram et al, 1988,
Ferkany et al, 1988, Wong et al, 1988, Leander et al, 1989, Apland and Braitman,
1990, Takazawa et al, 1990, Zhi and Levy, 1990, Roth et al, 1992, Tortella et al,
1994) and neuroprotective (George et al, 1988, Prince and Feeser, 1988, Steinberg et
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al, 1988, Tortella et al, 1989b, Yang et al, 1989, Lo et al, 1991a, van Rijen et al,
1991, Steinberg et al, 1993) properties in animals. This discovery was a significant
one in terms of a physiological role for DM binding sites.

Although the precise

mechanism of action has not yet been elucidated, increasing evidence suggests that it
may be binding to DM sites which mediates these effects. The putative role of DM
sites in neuroprotection is discussed in Section 1.3.

1.2

CEREBRAL ISCHAEMIA AND THE EXCITOTOXIC HYPOTHESIS OF
NEURONAL DEATH

1.2.1

The Pathophysiology of Cerebral Ischaemia.

Stroke, the clinical condition which results from cerebral ischaemia, is defined as a
sudden impairment of brain function due to obstruction of or haemorrhage from one or
more cerebral blood vessels, causing a temporary or permanent interruption in the
arterial blood supply to all or part of the brain. This leads to a shortage of oxygen and
metabolic substrate, and failure to remove waste products. Adenosine triphosphate
(ATP) levels fall and energy dependent ionic pumps fail, resulting in an influx of
sodium, chloride and calcium ions and an efflux of potassium ions, and this has been
shown to precipitate a chain of events which eventually leads to cell death (Choi,
1990). There is now overwhelming evidence that the major cause of cell death in
ischaemia is due to a loss of calcium homeostasis and a rise in intracellular calcium ions
(Ca^"*", Choi, 1988, Siesjo, 1988, Greenberg et al, 1991), and this has been linked with
excitatory amino acid toxicity.

The excitotoxic hypothesis of neuronal death was first proposed to explain the inherent
neurotoxicity of glutamate and structurally related excitatory amino acids, and
subsequently, overwhelming evidence has emerged to support this hypothesis
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(Rothman and Olney, 1986, Choi, 1988, Siesjo and Bengtsson, 1989, Meldrum and
Garthwaite, 1990, Choi, 1990). The disruption in the normal function of ATPases and
ionic membrane pumps in ischaemia causes membrane depolarisation and calcium
influx, which in turn induces a presynaptic release of glutamate and aspartate. This
together with an impaired uptake into neurones and astrocytes results in a large
increase in extracellular levels of these excitatory amino acids (Benveniste et al, 1984,
Drejer et al, 1985, Graham et al, 1990, Globus et al, 1991, Matsumoto et al, 1993).
The resulting overactivation of ionotropic glutamate receptors leads to a pathological
increase in extracellular Ca^"^, which may occur through both receptor-gated and
voltage-gated channels (Choi, 1988), as well as from internal stores (Siesjo and
Bengtsson, 1989), and the rise in extracellular amino acids has been shown to correlate
well with the volume of ischaemic damage which results (Butcher et al, 1990).

There are several subtypes of glutamate receptors which are activated by excitatory
amino acids, including N-methyl-D-aspartate (NMDA), a-amino-3-hydroxy 5-methyl4-isoxazole propionate (AMPA) and kainate receptors.

It is thought to be

predominately the NMDA subtype of glutamate receptor which is responsible for
excitotoxic neuronal death (Choi, 1988), although evidence for an involvement of nonNMDA (particularly AMPA) receptors is increasing. The NMDDA receptor controls a
cation channel permeable to potassium, sodium and calcium ions (Miller, 1987), and it
is the influx of calcium through these channels as a result of excessive activation of
these sites which plays a major role in cell degeneration. Glutamate receptors which
function in synaptic transmission are located on neurones; non-neuronal cells such as
glia, which do not possess these receptors, are spared. This phenomenon has been
termed "selective neuronal necrosis", and is distinguished from "pannecrosis" or death
of all cell types (Auer and Siesjo, 1988, Nedergaard, 1988).

The former type of

neurodegeneration occurs in transient global ischaemia, whereas the latter is found
after a permanent ischaemic insult. NMDA receptor-mediated excitation and calcium
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overload have now been implicated in the aetiology of epilepsy as well as ischaemia
(Taft and DeLorenzo, 1987, Auer and Siesjo, 1988, Dingledine et al, 1990).

Potential therapies for stroke have been intensely investigated in recent years. Since
the first suggestion that NMDA receptor blockade may protect against ischaemic brain
damage (Simon et al, 1984), most investigations have concentrated on the use of
antagonists at the NMDA receptor-channel complex (Choi, 1988, Choi, 1990, Massieu
et al, 1993).

The effectiveness of NMDA antagonists in focal ischaemia may be

explained by the presence of the "penumbra", a transition zone of incomplete ischaemia
which surrounds the ischaemic core (Astrup, 1981, Ginsberg, 1993, Heiss and Graf,
1994). The penumbra is characterised by impaired perfusion and metabolism which
propagates with time from the ischaemic core to the neighbouring tissue, and cells
within the penumbral area exist in a state of electrical silence, but with relatively
normal levels of extracellular potassium, and in which energy and ion pump failure
have not yet occurred. This tissue degenerates if ischaemia continues, but has the
potential for functional recovery is perfusion improves. It has been suggested that the
physiological conditions which distinguish the penumbral zone might be particularly
susceptible to NMDA receptor activation (Siesjo and Bengtsson, 1989).

Various

factors could be responsible for the greater degree of NMDA-induced neurotoxicity
within the penumbral area. The diffusion of excitatory amino acids from the infarct as
a result of impaired uptake and metabolism, and the pH and relative energy and oxygen
levels, might provide optimum conditions for NMDA receptor activation.

The

resulting overstimulation of penumbral NMDA receptors could cause outward
expansion of the penumbra, recruiting brain tissue into the centre zone of dense
ischaemia and resulting infarction (Choi, 1990).

A therapeutic effect can only be

expected if damaged cells are recruited from existing penumbra zones where neuronal
damage is ongoing, rather than in the infarcted tissue per se, and any treatment for
stroke must take into account the fact that the outcome depends on the site and extent
of these ischaemic penumbral zones (Siesjo, 1988, Neubauer and Gottlieb, 1991). This
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would explain why NMDA antagonists are most effective in models of focal ischaemia,
but less effective in global ischaemia, in which the penumbral area is absent (Choi,
1990, Meldrum and Garthwaite, 1990, Buchan and Pulsinelli, 1991a, Nellgard et al,
1991).

The concept of a progressively developing penumbra also explains the delayed onset of
neuronal damage and then its progression for some considerable time after a focal
ischaemic insult (Foster et al, 1988, Persson et al, 1989, Meldrum and Garthwaite,
1990, Bakker and Foster, 1991b, Heiss and Graf, 1994).

Intense exposure to

glutamate induces two events; acute neuronal swelling dependent on extracellular
sodium and chloride ions and delayed neuronal disintegration dependent on
extracellular calcium ions. That NMDA receptor-mediated excitotoxicity is involved in
the processes responsible for delayed neuronal degeneration is shown by the fact that
NMDA antagonists are able to protect against the neuronal damage caused by
excitotoxin injection (Foster et al, 1988, Bakker and Foster, 1991b) or focal ischaemia
(Gill et al, 1988, Gotti et al, 1990) even when administered after the insult. This phase
of delayed neuronal death underlies the development of potential neuroprotective
agents, as of necessity treatment would commence some time after the ischaemic insult
has taken place. Studies in animals, based on the time dependency after occlusion of
the infarct area, suggest that the ongoing damage within the penumbral area can extend
for 24 to 72 hours, and possibly up to 7 days (Tamura et al, 1983, Persson et al, 1989,
Swan and Meldrum, 1990, White et al, 1990, Garcia et al, 1993). Although the scope
for delayed therapeutic intervention in man is not yet known, preliminary studies have
indicated the presence of salvageable tissue for at least 48 hours after hemispheric
stroke (Heiss et al, 1992). However, further information will be required before any
definite conclusions can be drawn.
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1.2.2

Current Approaches to the Treatment of Cerebral Ischaemia.

There are a number of sites on the NMDA receptor-ion channel complex which are
able to modulate the opening of the channel, and therefore the entry of calcium ions
into the cell; these are represented in Figure 1.1.2. Most of these sites have been
proposed to be susceptible to pharmacological manipulation for the achievement of
neuroprotective activity (Choi, 1990, McCulloch, 1991, McCulloch, 1992), and several
classes of NMDA antagonists have subsequently been found to be effective as
neuroprotective agents in a variety of animal models of focal ischaemia.

The first class to be identified were competitive antagonists at the glutamate (agonist)
binding site, when Simon et al, (1984) discovered that the competitive NMDA
antagonist 2-amino-7-phosphonoheptanoic acid (APH),

could protect

against

ischaemic damage in the rat hippocampus. Subsequently, neuroprotective activity has
now been demonstrated with a number of agents which act at the various modulatory
sites on the NMDA receptor-channel complex, including MK-801 (dizocilpine) at the
so-called phencyclidine (PCP) site located within the NMDA receptor-associated ion
channel (Park et al, 1988, Gill et al, 1988, Foster et al, 1988, McCulloch, 1991), HA966 and 7-chlorothiokynurenic acid at the glycine modulatory site (McDonald and
Johnston, 1990, Chen et al, 1993), ifenprodil and eliprodil (SL 82.0715) at the
polyamine modulatory site (Gotti et al, 1988, Graham et al, 1992), and D-(E)-4-(3phosponoprop-2-enyl)piperazine-2-carboxylic

acid

(D-CPP-ene)

and

cis-4-

phosphonomethyl-2-piperidine carboxylic acid (CGS 19755) at the glutamate binding
site (McDonald and Johnston, 1990, Bullock et al, 1990, McCulloch, 1991, Poignet et
al, 1992). As mentioned above, all of these agents appear to be more effective in
models of focal ischaemia, when compared with global ischaemia.
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Figure 1.1.2

The N-Methyl-D-Aspartate Receptor-Channel Complex

Na""

Glutamate

Glycine

Polyamine
2+

PCP

Sites at which agents act on the NMDA receptor-channel complex to control the entry
of calcium and sodium ions into the cell;
( 1) the glutamate (agonist) binding site
(2 ) the glycine (modulatory) site
(3) the "PCP" (channel blocking) site
(4) the polyamine (modulatory) site
(5) the magnesium (Mg

2+

) binding site

(6 ) the zinc (Zn^"*") binding site
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However, it is pertinent to note that in addition to neuroprotection, an interaction at
any of these sites has the potential to produce a combination of well defined adverse
effects as a direct consequence of glutamate receptor blockade ((Murphy et al, 1987,
Piercey et al, 1988, Koek et al, 1988, Lehmann, 1989, Olney et al, 1989, Swan and
Meldrum, 1990, Choi, 1990, McCulloch, 1992, Carter et al, 1994).

Problems

associated with the use of NMDA antagonists include neurological and behavioural
disturbances (sedation, ataxia, and psychotomimetic effects), excessive stimulation of
cerebral metabolic rate, reversible neuronal vacuolation, pronounced haemodynamic
changes.

In addition, the slow CNS penetration of many competitive NMDA

antagonists, which in view of the relatively short therapeutic window for stroke
treatment may limit their use clinically. For all these drugs, both the benefit to risk
ratio, and pharmacokinetic profiles, have to be carefully examined before a drug could
be considered therapeutically viable.

Other mechanisms have been explored in the search for neuroprotective activity.
Direct blockade of voltage-gated calcium channels to reduce calcium influx with agents
such as nimodipine, has shown some protective activity in experimental models,
although the mechanism of action is presently unclear (Siesjo, 1988, Teasdale et al,
1990, Greenberg et al, 1991, Ginsberg, 1993). Efficacy may require pre-treatment, the
extent of the protection appears to be limited, and may be purely due to improvement
in regional cerebral blood flow secondary to vasodilation (Ginsberg, 1993).
Antagonists of the AMPA subtype of glutamate receptors (Honoré et al, 1982), have
recently been shown to be effective in global models of severe ischaemia (Buchan et al,
1991b, McCulloch, 1992, Fujisawa et al, 1993), as well as focal ischaemia (Bulloch et
al, 1994), possibly because blockade of AMPA receptors reduces the fast excitation
and depolarisation secondary to AMPA receptor activation, thus reducing calcium
entry via voltage-gated calcium channels (Siesjo, 1992).

Other approaches have

involved modulation of stages in the ischaemic chain of events which ultimately leads
to cell death.

Agents which interfere with the enzymic pathway linking glutamate
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receptor stimulation to synaptic excitation and cell death, such as protein kinase C and
calpain inhibitors (Choi, 1990, Siesjo, 1992), anti-oxidant and free radical scavengers
(Ginsberg, 1993, Watanabe et al, 1994) and inhibition of the nitric oxide pathway
(Macrae et al, 1993a, Maiese et al, 1994), have been investigated, and inhibition of
glutamate release has shown some beneficial effects (Lobner and Lipton, 1990,
Fujisawa et al, 1993). However, interpretation of these approaches has often been
complicated by the fact that the mechanisms involved in global and focal ischaemia are
distinct.

Only recently have studies started to discriminate between the different

models used, and as yet, none of these approaches have yielded therapeutically useful
agents.

1.2.3

The Middle Cerebral Artery Occlusion Model of Focal Cerebral Ischaemia in
the Rat.

The pathological consequence of cerebral ischaemia in clinical practice has stimulated
the development of experimental models in the hope of simulating the condition of
human cerebrovascular disease.

Models of cerebral ischaemia can be divided by

topography into global or focal, and by chronology into reversible and irreversible,
with the consequences of ischaemia being somewhat different in each case (selective
neuronal degeneration versus pannecrosis, or infarct).

It has been argued that

experimental focal cerebral ischaemia is the most relevant to clinical stroke (Robinson,
1981, Tamura et al, 1981, Persson et al, 1989, Macrae, 1992), with the middle
cerebral artery (MCA) being the vessel most commonly affected (Nedergaard, 1988,
Karpiak et al, 1989). Occlusion of the MCA is the most commonly used model for the
production of focal ischaemia in animals and the study of the neuroprotective effects of
agents thought to work via mechanisms involved in the pathology of cerebral
ischaemia (Pulsinelli et al, 1982, Tamura et al, 1983, Osborne et al, 1987).
Quantitative assessment of the focal lesion which results can be achieved in a reliable
and reproducible manner in a number of ways, but the most widely used is quantitative
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histopathology (Osbome et al, 1987, Macrae, 1992). Although this technique has been
performed in a number of animal species, the rat model is probably the most commonly
used. Experimental studies in rats have provided the most detailed information about
the normal organisation of the various neurotransmitter systems, neurochemistry and
neuropharmacology (Tamura et al, 1981). In addition, the anatomy of the arterial
supply to the cerebral hemispheres in the rat is essentially similar to that in humans
(Yamori et al, 1976). These factors, together with the low cost and ready availability,
mean that the rat is extremely suitable for studies on cerebral ischaemia and
neuroprotection.

Two main variations of this model have been used; occlusion of the MCA proximal to
the olfactory tract and the origin of the lateral lenticulostriate arteries (Tamura et al,
1981, Osborne et al, 1987, Shiraishi and Simon, 1989) and occlusion of the MCA at or
just distal to the point where the MCA traverses the rhinal fissure (Robinson, 1981,
Chen et al, 1986, Bederson et al, 1986). Although the lesions produced after distal
MCA occlusion are generally smaller and more variable than after proximal occlusion,
the surgery required is less involved, and recovery experiments can be performed with
less discomfort to the animals. For this study, the distal MCA occlusion model was
chosen, combined with bilateral common carotid artery occlusion, as the lowered
perfusion pressure has been shown to increase the size of the resulting lesion and
improve reproducibility (Chen et al, 1986, Brint et al, 1988, Silleson et al, 1988).
However, it has been demonstrated that the MCA is prone to variations in its
branching patterns distal to the rhinal fissure (Fox et al, 1993), and failure to occluded
these branches can lead to variability in the size of the resulting infarct. In an attempt
to reduce the chance of missing branches of middle cerebral arteries not conforming to
the normal pattern, the artery was occluded slightly more proximally (approximately 12mm) to the point at which distal occlusion is usually performed. The rats recovered
well after surgery and thus chronic experiments were possible. It has also been shown
that the biochemical and behavioural changes which were observed after right artery
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occlusion, are not seen after left artery occlusion, although the size of the lesion
produced in each case is similar (Robinson, 1979). As one of the aims of this study
was to investigate biochemical changes in DM binding sites, the right MCA was
occluded in preference to the left.

1.3

THE ROLE OF DEXTROMETHORPHAN BINDING SITES IN
CEREBRAL ISCHAEMIA

1.3.1

Neuroprotective Properties of DM.

On the basis that DM was a putative antagonist at the NMDA receptor and given the
excitotoxic link between glutamate and neurodegeneration, the possibility that DM
might possess neuroprotective activity was explored.

In fact DM was shown to

markedly attenuate glutamate-induced neuronal cell loss in cortical cell cultures (Choi
et al, 1987a), and subsequently to protect against ischaemic damage in a variety of in
vitro and in vivo models of anoxic, excitotoxic and ischaemic damage (Choi et al,
1987b, George et al, 1988, Wong et al, 1988b, Prince and Feeser, 1988, Steinberg et
al, 1988, Tortella et al, 1989b, Yang et al, 1989, McDonald and Johnston, 1990, van
Rijen et al, 1991, Lo e/ al, 1991a, Radek and Giardina, 1992, Steinberg et al, 1993).
Importantly, DM is active when administered either before or after the ischaemic insult
(Steinberg e/a/, 1988, Tortella

a/, 1989b, Steinberg e/a/, 1993).

In addition to these neuroprotective properties, there is evidence documenting an
anticonvulsant role for DM. A discussion of this is largely outside the scope of this
thesis, but see Chapter 5, Section 5.

1.3.2 Mechanism of Action.

The potential therapeutic importance of these observations prompted much interest in
the possible mechanism of action of DM.

At first it was thought that the

neuroprotective and antiepileptic/anticonvulsant effects of this compound were
mediated via an interaction with the NMDA receptor (Choi et al, 1986, Wong et al,
1988, Prince and Feeser, 1988, Roth et al, 1992). DM binds with micromolar affinity
to the PCP site within the NMDA receptor-associated ion channel, the site which is
thought to underly the anticonvulsant and neuroprotective activity of compounds such
as MK-801 (Park et al, 1988, McCulloch, 1991). DM also antagonises the effects of
NMDA or glutamate in vitro (Church et al, 1989, Choi et al, 1987b, Wong et al,
1988, Aram et al, 1988, Apland and Braitman, 1990) and in vivo (Ferkany et al, 1988,
Leander et al, 1989). However, in vivo studies with DM have been complicated by the
fact that DM is rapidly and largely (90%) metabolised by the liver to its Odemethylated derivative, dextrorphan (Ramachander et al, 1977). This compound also
binds to the PCP site, with higher affinity than DM itself (Franklin and Murray, 1990).
Dextrorphan is more potent against NMDA toxicity in vitro (Choi, 1987a, Choi et al,
1987b, Wong et al, 1988b, Aram et al, 1989, Church et al, 1989, Cole et al, 1989),
and has been shown to be an effective anticonvulsant (Tortella et al, 1988a) and
neuroprotective agent (Steinberg et al, 1988, Steinberg et al, 1991). It was therefore
argued that the effects of DM in vivo were mediated primarily by the NMDA receptor,
both directly and via metabolism to dextrorphan.

However, there is an increasing amount of evidence to suggest that while NMDA
antagonism may be partially responsible for the neuroprotective effect of DM, there
may also be another mechanism involved (Tortella et al, 1988a, Apland and Braitman,
1990, Loscher and Honack, 1993, Steinberg et al, 1993). DM is more potent as an
anticonvulsant and anti-ischaemic agent than can be explained by NMDA antagonism
alone (Ferkany et al, 1988, Leander et al, 1988, Leander et al, 1989, Loscher and
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Honack, 1993), and the fact that DM possesses antiepileptic and neuroprotective
activity in vitro per se argues against metabolism to dextrorphan being the sole
mechanism of action of DM

DM has been shown to be active after central

administration, where metabolism to dextrorphan is unlikely (Craviso and Musacchio,
1983a, Tortella et al, 1994), and the neuroprotective effects of DM are highly
correlated with brain and plasma levels (Steinberg et al, 1993). Characterisation of
high affinity binding sites in rat brain for [^H]dextrorphan shows that, in contrast to
[^H]DM, the anatomical distribution, and the regulation by glutamate and glycine, is
similar to that of PCP site ligands, suggesting that this compound binds to a site within
the NMDA receptor-associated ion channel (Franklin and Murray, 1992).

Finally,

dextrorphan fails to mimic the effect of DM in potentiating the anticonvulsant activity
of phenytoin (Tortella et al, 1988a), while other antitussives which bind to the DM site
interact with phenytoin similarly to DM (Musacchio et al, 1986, Musacchio et al,
1988b). These findings suggest that DM and dextrorphan may exert their effects via
different mechanisms, and provide evidence for a specific interaction of DM with
binding sites previously identified in brain.

From the evidence available so far, it seems likely that the in vivo neuroprotective
effects of DM involve an action at NMDA receptors, both directly and via metabolism
to dextrorphan, and also an action at specific DM binding sites. Carbetapentane and
caramiphen, on the other hand, may exert their effects via their activity at DM sites.
These agents do not antagonise NMDA-induced toxicity in vitro or in vivo (Craviso
and Musacchio, 1983b, Tortella and Musacchio, 1986, Tortella and Musacchio, 1988b,
Aram et al, 1989, Leander et al, 1989, Diana et al, 1993), but are able to protect
against electrically- and magnesium-free medium-induced seizures (Ferkany et al,
1988, Apland and Braitman, 1990), and show anticonvulsant properties (Tortella and
Musacchio, 1986, Tortella and Musacchio, 1988b). Furthermore, these agents, like
DM, are able to potentiate the anticonvulsant effect of phenytoin in vivo (see Chapter
5, Section 5), an effect which is not shared by antitussive agents which do not bind to
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DM sites, for example noscapine (Craviso and Musacchio, 1983a, Tortella and
Musacchio, 1986, Karlsson et al, 1988). The ability of DM and related compounds to
specifically enhance the anticonvulsant and neuroprotective effects of phenytoin
suggests that an allosteric interaction between these agents at specific binding sites may
be responsible for their effects in vivo.

Finally, the possibility that DM and related compounds may have a direct effect on
voltage-gated calcium channels cannot be ruled out. It is interesting to note that DM,
carbetapentane and caramiphen block calcium channels at concentrations similar to
those required for anticonvulsant and neuroprotective activity (Carpenter et al, 1988,
Aram et al, 1989, Jaffe et al, 1989). In addition, DM has been reported to block a
non-L/non-N type neuronal calcium channel in vitro which may be involved in the
release of excitatory amino acids (Mangano et al, 1991). It is possible that DM itself
may have the unique ability to block multiple major entry routes of Ca^'*' entry into
neurones, which could be significant as NMDA receptor-mediated calcium entry is not
dependent on the continued presence of glutamate (Foster et al, 1988). It has been
shown that the combination of NMDA antagonist and calcium channel blocker is more
effective at preventing both the rises in intracellular free calcium and histological
damage than either agent alone (Greenberg et al, 1991). This property of DM may
therefore account for its potent anticonvulsant and neuroprotective potency in vivo
(Choi et al, 1988, Jaffe et al, 1989, Church et al, 1991, Van Rijen et al, 1991).
Overall, the ability of DM to protect against cerebral ischaemia, where calcium and
NMDA receptor-mediated events play a central role (see Section 1.2), suggest that
modulation of calcium channel activity may be involved in the mechanism of action of
DM, and that this may be at a site on or near the NMDA receptor, or on a downstream
process (for example, the intracellular calcium cascade), as a consequence of glutamate
receptor activation.
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1.3.3

Potential Therapeutic Applications.

The discovery that DM possessed neuroprotective activity was particularly significant.
There is an extensive clinical safety database on DM which shows it to have an
extremely favourable therapeutic index in man (Albers et al, 1991, Bem and Peck,
1992). In addition, DM is orally active and readily crosses the blood-brain barrier.
However, the doses required for in vivo neuroprotective and anticonvulsant efficacy
are likely to be considerably higher than those currently in use for cough suppression
(Aylward et al, 1984, Church et al, 1989, Steinberg et al, 1991, Albers et al, 1991),
and it remains to be seen whether DM will be free from adverse effects under these
conditions.

A clinical study with DM has suggested that plasma levels which are

neuroprotective in the rabbit, can be achieved without prohibitive side effects
(Steinberg and Bell, 1991, Steinberg et al, 1993). DM is not psychotomimetic in
humans, but at high doses can cause dysphoric effects including dizziness, confusion
and feelings of alcohol intoxication (Isbell and Fraser, 1953). However, these effects
are not seen in all patients and are more pronounced after oral administration, and
therefore may be due to the metabolite dextrorphan acting at the PCP site (Leander et
al, 1989). Mania and abuse potential have also been reported, but only after chronic
oral ingestion of very high doses of DM (Walker and Yatham, 1993).

In the treatment of such a severe and potentially life-threatening condition as stroke,
the benefit to risk ratio associated with a compound such as DM may be perfectly
acceptable. However, if the hypothesis currently favoured is true, that is, that DM acts
via a specific interaction with its own distinct binding sites and that the subjective
effects occasionally observed are due to the metabolite dextrorphan, then the
development of compounds which are able to bind specifically and selectively to DM
sites but which are not metabolised, could have important implications for the therapy
of epilepsy and stroke.
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1.4

OBJECTIVES OF THE PROJECT

The purpose of this study was to investigate further the role of DM binding sites in
ischaemic brain damage, and to assess the possibility that they may represent a new
approach for the treatment of neurodegenerative diseases such as stroke. This was
conducted by:

1)

Examination of the anatomical distribution and characteristics of [^H]DM
binding sites in normal and ischaemic rat brain in vitro, using the middle cerebral
artery occlusion model of focal ischaemia.

2)

Determination of the ability of structural analogues of DM and carbetapentane to
displace [^H]DM from its binding sites in rat and guinea pig brain, and
comparison with their activities at the NMDA receptor.

3)

Evaluation of the neuroprotective activity of DM in vivo against focal ischaemia,
and comparison with that of the DM site ligand carbetapentane and selected
structural analogues of carbetapentane selective for the [^H]DM binding site.
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CHAPTER 2

MATERIALS AND METHODS
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2.1

MATERIALS.

2.1.1

Drugs and Reagents.

All drugs were obtained from Sigma Chemical Company, Poole, Dorset, except for
5,7-dichlorokynurenic acid which was a gift from Pfizer Central Research, Sandwich,
Kent. Carbetapentane and the DM and carbetapentane analogues were synthesised and
donated by Dr. A H Newman, National Institute for Drug Abuse Addiction Research
Centre, Baltimore, Maryland, USA. All other chemicals and reagents were obtained
from commercial sources (Sigma or BDH Ltd, Poole, Dorset). Radiolabelled ligands,
[^H]dextromethorphan ([^H]DM, 80-88Ci/mmole), [^H]-l-[l-(2-thienyl)cyclohexyl]piperidine ([^H]TCP, 40.8Ci/ mmole) [^H]glycine (43Ci/mmole)

l,3-di-(2-[5-

3H]tolyl)-guanidine ([^HJDTG, 39.4Ci/mmole) and [3h]PK-11195 ([3h]PK-11195,
86 Ci/mmole)

were obtained from New England Nuclear Products (NEN, Boston, MA,

USA).

The compounds investigated were dissolved initially in distilled water at a
concentration of 1 millimolar (ImM) and diluted with the appropriate incubation buffer
for each assay, with the following exceptions. Haloperidol was dissolved in ethanol
acidified with lactic acid (final concentration of less than 0.04% ethanol and 0.07%
lactic acid at lOpM haloperidol), 1,3-di-o-tolylguanidine (DTG) was dissolved in
methanol (<0.05%) and 5,7-dichlorokynurenic acid (DCK) in dimethylsulphoxide
(DMSO) and sodium hydroxide (less than 0.05% and 0.002% at lOpM DCK,
respectively). The synthetic analogues of DM and carbetapentane were dissolved in
distilled water at an initial concentration of ImM, except compound 3 which was
dissolved in DMSO and lactic acid (<0.1% at ImM), and diluted with the appropriate
assay buffer. The solvents were also tested in each assay at the highest concentration
used. All radiolabelled ligands were diluted with the appropriate assay buffer.
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2.1.2

Animals and Tissues.

For binding experiments, rat frozen brains (male, Sprague-Dawley, 250-3 5Og), were
obtained direct from Charles River (Manston, Kent), supplied in dry ice, and were
stored immediately on arrival at -80°C. For autoradiography and rat middle cerebral
artery experiments, Sprague-Dawley rats (male, weight 200-3OOg) were obtained from
Charles River, and housed with free access to food and water in the School of
Pharmacy Animal Unit for not less than one and not more than three weeks prior to
use.

2.2

PREPARATION OF RAT AND GUINEA PIG BRAIN MEMBRANE AND
CELL FRACTIONS

2.2.1

Tissue Preparation Buffers.

[^H]DM,

[^H]DTG

and

[^H]PK-11195

Assays:

SOmillimolar

(mM)

Tris

([hydroxymethyl]aminomethane, reagent grade. Sigma), buffered to pH 7.5 at 4°C with
concentrated hydrochloric acid. [^H]TCP Assay: 5mM Tris, buffered to pH 7.7 at 4°C
with concentrated hydrochloric acid. [^H]Glycine Assay: 50mM Tris, buffered to pH
7.7 at 4°C with glacial acetic acid. For all the following methods described, the buffer
referred to in each case was the tissue preparation or assay buffer appropriate to the
assay for which the tissue was being prepared.

2.2.2

Rat and Guinea Pig Brain Crude Homogenate.

This preparation was the one used for [^H]DM displacement studies, and also for DM,
DTG and PK-11195 saturation experiments. Frozen rat or guinea pig brains were
thawed, suspended in 10 volumes (w/v) of ice-cold 0.32M sucrose and homogenised
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using either a Polytron or Ultra-Turrax homogeniser (low setting). The suspension
was centrifuged at lOOOg (average centrifugal force, G^y), for 20 minutes and the
pellet (nuclear fraction, P%) discarded.

The supernatant was then centrifuged at

100,000g for 1 hour and the resultant pellet suspended in 2.5 volumes of the
appropriate assay buffer (see Sections 2.3, 2.6 and 2.7) and frozen at -80°C.

2.2.3

Rat Brain Subcellular Fractions.

This preparation was used to investigate the subcellular distribution of DM binding
sites, and was adapted from the method of De Robertis et al (1962). Frozen rat brains
were suspended in 10 volumes of ice-cold 0.32M sucrose and homogenised as
described above. The suspension was then centrifuged at lOOOg for 15 minutes, and
the supernatant decanted off from the P% pellet. The pellet was washed once in DM
tissue preparation buffer, re-centrifuged at lOOOg for 15 minutes and resuspended in 20
volumes of DM assay buffer, and frozen at -80°C. The supernatant, Sj, was then
centrifuged at 20,000g for 20 minutes. The pellet from this spin was resuspended in
buffer and centrifuged at ll,500g for 20 minutes.

The resultant pellet, the crude

mitochondrial fraction (P2 ), was washed once in buffer, re-centrifuged at 11,5 OOg for
20 minutes and suspended in 2.5 volumes of DM assay buffer and frozen at -80°C.
The supernatant (S2 ) was centrifuged at 100,000g for 60 minutes. This pellet, the
microsomal (P3 ) fraction, was resuspended in 2 volumes of DM assay buffer, and
frozen at -80°C. The supernatant (cytosolic fraction, S3 ), was also frozen at -80°C.

2.2.4

Guinea Pig Brain Subcellular Fractions.

This preparation was used for displacement experiments with the DM and
carbetapentane analogues. Based on the method described above, frozen guinea pig
brains were homogenised in 0.32M sucrose and centrifuged at lOOOg to separate the
P% pellet.

The supernatant from this spin was first centrifiiged at 20,000g for 20
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minutes.

The resultant pellet was resuspended in 10 volumes of ice-cold tissue

preparation buffer and centrifuged at ll,500g for 20 minutes. This pellet (P2 ) was
washed once, re-centrifuged at 11,5OOg, and then resuspended in 2.5 volumes of DM
assay buffer and frozen at -80°C.

The supernatant from the 20,000g spin was

centrifuged at 100 ,000 g for 60 minutes to give the microsomal pellet, which was then
resuspended in 2 volumes of DM assay buffer and frozen at -80°C.

2.2.5

Rat Brain Crude Synaptic Plasma Membranes.

Rat brain crude synaptic plasma membranes (SPM), which had been extensively
washed to remove endogenous glutamate and glycine, were used for the [^H]TCP and
[^H]glycine binding assays, and the method was modified from one developed by
Bristow et al (1986). Frozen rat brains (minus the cerebellum) were thawed and
suspended in 10 volumes of ice-cold 0.32M sucrose and homogenised as above. The
homogenate was centrifuged at lOOOg for 20 minutes, the pellet (P%) discarded and the
supernatant centrifuged at 20,000g for 20 minutes. The pellet was resuspended in 10
volumes of ice-cold distilled water, vortexed and allowed to stand for 10 minutes to
allow lysis of the cells in the hypo-osmotic solution, before being centrifuged at 8 ,000 g
for 20 minutes. The supernatant was then used to wash the huffy uppercoat away from
the brown mitochondrial-enriched pellet, and centrifuged at 40,000g for 20 minutes to
obtain crude synaptic plasma membranes. These were washed twice in distilled water
and the pellets frozen at -20°C for at least 18 hours. They were then thawed and
resuspended in 10 volumes of either TCP or glycine tissue preparation buffer, vortexed
and washed a further six times by centrifuging at 40,000g with a 10 minute incubation
at room temperature between each spin.

The final pellet was resuspended in 2.5

volumes of either TCP or glycine assay buffer and frozen at -80°C.
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2.2.6

Rat Brain Sections.

Microscope slides (BDH) were washed in a solution of methanol acidified with 5%
hydrochloric acid for approximately 25 minutes and dried under a stream of warm air.
They were then immersed in a solution of 0.5% gelatine and 0.05% chromic potassium
sulphate in distilled water for 5 minutes and dried as before.

Sprague-Dawley rats were sacrificed by cervical dislocation and decapitation.
brains were rapidly removed and mounted on cork.

The

They were then fi'ozen by

immersion in isopentane (2 -methylbutane), cooled in liquid nitrogen, and stored at 80°C. For the preparation of sections, the brains were removed from the fi^eezer,
mounted onto a metal chuck and placed in a cryostat (2800 Frigocut, Reichert-Jung),
to equilibrate at -20°C. The brain was then cut into coronal sections of 20 micron
(pm) thickness at predetermined brain levels, measured using reference to a rat brain
atlas (Paxinos & Watson, 1982).

The co-ordinates used were the interaural co

ordinates, and refer to the anteroposterior distance of the plane from the vertical line
passing through the interaural line. The sections were thaw-dried onto the gelatinecoated microscope slides, either two or three sections per slide.

They were then

allowed to dry at room temperature and frozen at -20°C for not more than 3 weeks
prior to use.

2.2.7

Protein Assay.

The protein concentration in all experiments was determined by the method of
Bradford (1976). Briefly, 900pl of Bradford reagent was added to lOOpl of protein,
and the fluorescence of the resulting solution was measured at 595nM using a CE505
Ultraviolet Spectrophotometer.

These readings were then converted to protein

concentration by reference to a series of standard protein solutions (0.05 to 0.5mg/ml
solutions of bovine serum albumin (fraction V).
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2.3

DEXTROMETHORPHAN SITE BINDING.

2.3.1

Buffers.

Incubation buffer; 50mM Tris, buffered to pH 7.5 at 23°C with concentrated
hydrochloric acid.

Filter pre-soak and wash buffers: 50mM Tris-HCl containing

lOOmM of choline chloride and 0.01% Triton X-100 (to reduce non-specific binding of
the ligand to the filters), buffered to pH 7.5 at 4°C.

2.3.2

[^H]DM Binding Assay I: Binding Characteristics and Subcellular
Distribution of [^H]DM Sites.

The method used was developed from that described by Craviso and Musacchio
(1983a).

For total binding of DM, 50pl of [^H]DM at a final concentration of

approximately 5nM, was added to 50pl of assay buffer and 400pl of either rat or
guinea pig brain (frozen stock solutions of either crude homogenate or the appropriate
cell fraction, thawed and diluted with assay buffer to give approximately 250pg of
protein in the assay) in a final assay volume of 0.5ml. Non-specific binding of [^H]DM
was determined by substituting for buffer 50pl of ImM unlabelled DM to give a final
concentration of lOOpM in the assay, and was defined as that which could not be
displaced by excess unlabelled DM. The reaction was initiated with the addition of
protein and allowed to incubate for 30 minutes at 23 °C.

The ability of other

pharmacological agents to displace [^H]DM binding was investigated by incubating
50pl of each compound at concentrations ranging from InM to lOOpM with [^H]DM
and protein as described above.

All points were determined in triplicate.

In all

experiments, DM (InM to lOOpM) was included as a standard.

The reaction was terminated by dilution with 3ml of ice-cold DM wash buffer,
followed by rapid filtration through Whatman GF/B glass-fibre filters (SEMAT), which
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had been pre-soaked for at least 2 hours in wash buffer. Filtering was performed using
a Brandel M-48R (SEMAT). The filters were then washed 4 times with 3ml of wash
buffer. Each filter sample was punched into individual vials to which was added 5ml of
'Optiphase Safe' scintillation fluid (LKB). The samples were allowed to stand for at
least 12 hours to allow for maximum extraction of the radioactivity, and counted in an
LKB 1219 Rackbeta liquid scintillation counter, with automatic corrections for
quenching and efficiency.

For each experiment, a sample of radioactive [^H]DM stock solution was added to 5ml
of scintillation fluid and counted as described above to determine the free
concentration of [^H]DM in the assay. A sample of the tissue was analysed for the
protein content (as described in Section 2.2.7), for determination of bound [^H]DM in
moles per unit protein.

2.3.3

[^H]DM Binding Assay II; Competition Experiments with DM and
Carbetapentane Analogues.

The method was essentially as described above (Section 2.3.2), with the following
modifications. To measure the ability of DM and carbetapentane analogues to inhibit
binding of [^H]DM, each compound at concentrations from InM to lOpM were
incubated as described above (2.3.2) with [^H]DM and protein (approximately 200pg
of rat or guinea pig brain P2 /P3 or crude P2 fraction, or 300pg of guinea pig brain P3 ).
Reagents were diluted and dispensed into 1ml polystyrene minitubes, in an incubation
volume of 0.5ml. All points were determined in duplicate. Standard agents for each
assay (DM, chlorpromazine, MK-801 and 5,7-dichlorokynurenic acid) were included in
each experiment. The reaction was terminated by dilution with 0.5ml of ice-cold wash
buffer, followed by rapid filtration through pre-soaked GF/B filters, and the filters were
washed with 4 x 1ml of wash buffer. The filters were added to 5ml of 'Ecoscint A'
scintillation fluid, and counted in a Beckman LSI701 liquid scintillation counter, with
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automatic corrections for quenching and efficiency.

Free ligand and protein

concentrations were determined as described previously.

2.3.4

[^H]DM Binding Assay III: Saturation Experiments.

Binding of [^H]DM was measured at concentrations of approximately 0.1 nM to 2pM
achieved by diluting the specific activity of [^H]DM 10-fold with unlabelled DM, to
give a stock concentrations of 20pM.

This solution was then diluted 2-fold

sequentially, giving 12 concentrations from 20 pM to InM, to give approximate final
assay concentrations of 2pM to O.lnM. These solutions were then incubated with
approximately 250pg of rat or guinea pig brain homogenate as described for the DM
binding assay (Section 2.3.2), with either buffer (for total binding) or lOOpM
unlabelled DM (for non-specific binding), in a final volume of 300pl. The reaction was
terminated, and the filters counted in 5ml of Ecoscint A as described in Section 2.3.3.
Total and non-specific binding were determined in duplicate for each experiment.
Absolute free ligand concentrations were measured by counting aliquots of the stock
solutions to obtain the concentration of [^H]DM, and multiplying by the dilution
factor.

2.4

PCP SITE BINDING.

2.4.1

Buffers.

Incubation buffer: 5mM Tris-HCl, buffered to pH 7.7 at 23°C. Filter pre-soak buffer:
5mM Tris-HCl containing 0.5% polyethyleneimine (PEI, Sigma), pH 7.7 at 4°C. Wash
buffer: 5mM Tris-HCl, pH 7.7 at 4°C.
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2.4.2

[^H]TCP Binding Assay.

This method was based on one described by Monahan et al (1989). For total binding,
SOpl of [^H]thienylcyclohexylpiperidine ([^H]TCP) at a final concentration of 5nM,
was incubated for 60 minutes at 23°C, with 50pl of assay buffer and 400pl of rat brain
crude SPM (frozen stock diluted with assay buffer to give approximately 200pg of
protein). For non-specific binding of [^H]TCP, the buffer was substituted with of 50pl
of phencyclidine (PCP) at a final concentration of lOOpM. Competition experiments
were performed as described for the DM assay (Section 2.3.3). Phencyclidine (InM to
lOOpM) was included as a standard in all experiments. The reaction was terminated by
dilution with ice-cold wash buffer, followed by rapid filtration through GF/B filters
pre-soaked at least 2 hours in filter pre-soak buffer. The filters were then washed 4
times with 1ml of wash buffer, and counted in 5ml of Ecoscint A as described for the
DM assay.

2.5

GLYCINE SITE BINDING

2.5.1

Buffers.

Incubation buffer; 50mM Tris, buffered to pH 7.7 at 4°C with glacial acetic acid. Filter
pre-soak buffer: 50mM Tris-acetate containing 0.1% PEI, and ImM glycine (to reduce
non-specific binding to the filter), pH 7.7 at 4°C. Wash buffer: 50mM Tris-acetate
containing lOmM magnesium chloride, pH 7.7 at 4°C.

2.5.2

[^HJGlycine Binding Assay.

The method was a modification of those employed by Bristow et al (1986) and Sacaan
and Johnson (1989). For total binding, 50pl of buffer was incubated for 20 minutes at
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4°C with 50^1 of [^H]glycine (final concentration approximately 20nM) and 400pl of
rat brain synaptic plasma membranes (approximately 200pg of protein). Non-specific
binding was defined with ImM D-serine, and all points were determined in triplicate.
Competition experiments were performed as described for the DM assay (Section
2.3.3), and glycine (lOnM to lOOpM) was included in each assay as a standard. The
reaction was terminated by dilution with 1ml of ice-cold wash buffer (which contained
magnesium chloride to reduce dissociation of the ligand-receptor complex), followed
by rapid filtration through GF/B filters pre-soaked at least 2 hours in filter pre-soak
buffer. The filters were then washed 3 times with 1ml of ice-cold wash buffer. The
duration of the separation procedure was kept to less than 6 seconds and the reaction
mixture and reagents were kept below 5°C to minimise dissociation of the relatively
low affinity [^HJglycine from its binding site. The filters were counted as described for
the DM assay.

2.6

SIGMA SITE BINDING

2.6.1

Buffers.

Incubation Buffer; 50mM Tris-HCl, pH 7.5 at 23°C. Filter pre-soak buffer: 50mM
Tris-HCl containing 0.5% PEI, pH 7.5 at 4°C. Wash Buffer: 50mM Tris-HCl, pH 7.5
at 4°C.

2.6.2

[^H]DTG Binding Assay I: Binding Characteristics.

This assay was adapted from those described by Bowen et al (1989) and Karbon et al
(1991).

Experiments were performed in 1ml minitubes.

l,3-di-(2-[5-^H]tolyl)-

guanidine ([^H]DTG), at a final concentration of approximately 3nM, was incubated
for 60 minutes at 23°C with approximately 20 0 pg of rat brain crude homogenate, and
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either buffer (for total binding) or lOgM haloperidol (non-specific binding), in a final
assay volume of 0.3ml. For displacement experiments, buffer was substituted with
30pl of cold compound at final concentrations from InM to lOOpM. All points were
determined in triplicate. The reaction was terminated by dilution with ice-cold wash
buffer, followed by rapid filtration through GF/B filters pre-soaked for at least 2 hours
in filter pre-soak buffer. The filters were then washed 4 times with 1ml of wash buffer,
and counted in 5ml of Ecoscint A.

2.6.3

[^H]DTG Binding Assay II: Saturation Experiments.

Concentrations of [^H]DTG ranging from 0.24nM to SOOnM were prepared in a
similar manner to that described for the [^H]DM saturation assay, except that the
specific activity of the [^H]DTG was diluted five-fold with unlabelled DTG to give a
stock solution of 5pM. This solution was then diluted 2-fold sequentially, giving 12
concentrations from 5pM to 2.4nM, to obtain approximate final assay concentrations
of SOOnM to 0.24nM. These solutions were then incubated with approximately 200pg
of rat brain homogenate as described above, with either buffer (for total binding) or
lOpM haloperidol (for non-specific binding). The reaction was terminated and the
filters counted in 5ml of Ecoscint A. Total and non-specific binding were determined
in duplicate for each experiment. Absolute free radiolabelled ligand concentrations
were measured by counting aliquots of the stock solutions and multiplying by the
dilution factor.

2.7

PERIPHERAL BENZODIAZEPINE SITE BINDING

2.7.1

Buffers.

Incubation, filter pre-soak and wash buffers: SOmM Tris-HCl adjusted to pH 7.5 at
4°C.
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2.7.2

[^H]PK-11195 Binding Assay.

This assay was based on a method described by Benavides et al (1990).

[^H]PK-

11195 (86 Ci/mmol) was diluted in assay buffer to give a stock solution of 500nM.
This solution was then diluted in 2-fold steps to give approximate final assay
concentrations ranging from 50nM to 2pM. The ligand was incubated for 60 minutes
at 4°C with approximately 200pg of protein, and either buffer (total binding) or 1pM
unlabelled PK-11195 (non-specific binding) in 1ml minitubes in a final assay volume of
0.3ml. The reaction was terminated by dilution with ice-cold wash buffer, followed by
rapid dilution through GF/B filters pre-soaked for at least 2 hours in filter pre-soak
buffer. The filters were then washed with 4 x 1ml of wash buffer, and counted as
described previously (Section 2.3.3). Total and non-specific binding were determined
in duplicate. Protein concentration was measured as described, and free [^H]PK11195 concentrations were measured by counting an aliquot of each stock solution.

2.8

DM SITE AUTORADIOGRAPHY

2.8.1

Buffers.

The buffers used in these experiments were those described for the [^H]DM binding
assay.

2.8.2

[^H]DM Autoradiography Assay.

This method was modified from that used for the DM binding assay as described above
(Section 2.3). The slide-mounted sections were immersed in DM assay buffer at room
temperature for 30 minutes and then allowed to dry. Onto each slide was then pipetted
350pl (two sections per slide) or 500pl (three sections per slide) of DM incubation
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buffer containing approximately 25nM of [^H]DM (83Ci/mmole), ensuring that the
whole of each section was completely covered.

For non-specific binding, the

incubation buffer also contained unlabelled DM at a concentration of lOOpM. The
sections were allowed to incubate for 30 minutes at room temperature, which was
monitored and was between 21-23°C. The buffer was then aspirated off and the slides
rinsed in ice-cold wash buffer. They were then washed three times for five minutes
each wash in ice-cold wash buffer, and dried under a stream of cool air.

The slides were affixed to cardboard using double-sided adhesive tape, and placed in
autoradiography film cases closely juxtaposed with tritium-sensitive film ([^H]Hyperfilm, Amersham). The films were then left to develop for approximately 28 days.
Extra sections in each experiment were included to determine total and non-specific
binding by liquid scintillation counting. Two sections each of total and non-specific
binding from two different brain regions were incubated with [^H]DM to determine
total and non-specific binding as described above (Section 2.3.2), and counted in 10ml
of Optiphase Safe scintillation fluid in an LKB liquid scintillation counter after a 12
hour extraction period. The level of [^H]DM bound was used to give an indication of
the length of time required for exposure of each film.

The tritium-sensitive films were developed by immersion in D-19 developer (Kodak)
for approximately 1 minute, followed by a 1 minute wash in water. They were then
fixed for 1 minute, washed again for 30 minutes in water and allowed to dry. The films
were analysed by image analysis to determine the amount of radiolabelled DM bound
to each section as described in Section 2.10.3.
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2.9

RAT MIDDLE CEREBRAL ARTERY OCCLUSION

Male Sprague-Dawley rats (200-3 5Og) were maintained on a 12 hour light/dark cycle
and allowed access to food and water ad libitum both before and after the surgical
procedure.

2.9.1

Surgical Procedure.

This method was adapted from those described by Chen et al (1986) and Fox et al
(1993).

Rats were anaesthetised intraperitoneally with 60mgkg"l

sodium

pentobarbitone (Sagatal, RMB Animal Health Ltd.) and placed in a supine position on
a heated operating table. The left and right common carotid arteries were exposed
through a 1mm incision made in the midline of the neck and the vagal nerve carefully
teased away from the blood vessels. A ligature was placed loosely around each vessel.
The rat was then turned on its left side, and a 2cm vertical incision made midway
between the right eye and right ear, taking care to avoid transection of the facial nerve.
The temporalis muscle was cut with entomological scissors and watchmakers forceps
in a manner to protect against traumatisation and bleeding of the tissue.

The

zygomatic arch and squamosal bone of the skull were then exposed under low power
of the stereomicroscope (Zeiss Instruments). Using a saline-cooled dental drill, the
exposed skull was removed to a thin layer above the middle cerebral artery, to avoid
thermal and physical injury to the cerebral cortex. This layer was then carefully peeled
away using watchmakers forceps, leaving the middle cerebral artery clearly visible
through the dura and arachnoid mater.

Figure 2.9 shows a diagrammatical

representation of the anatomy of the middle cerebral artery in the rat.

At this point, the common carotid arteries were occluded; the right artery was
permanently ligated, and the left artery occluded, using a small artery clip, for 60
minutes.
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Figure 2.9

Diagrammatic Representation o f the M iddle Cerebral Artery in the Rat.
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(Reproduced with permission from Fox et al, 1993).
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Using the tip of a fine needle and watchmakers forceps, the dura was carefully lifted
away from the brain and cut to expose the middle cerebral artery. The surface of the
brain was kept moistened with saline at all times. The arachnoid was parted and the
MCA was lifted slightly from the brain using the fine needle, and coagulated by passing
an electric current (50mA) through the tips of a microforceps placed along either side
of a predetermined length of the vessel.

The artery was occluded from approximately 2-3mm below the level of the inferior
cerebral vein (which runs in the rhinal fissure), to above the point of bifurcation
supplying branches to the frontal, parietal and temporal cortices. The artery was then
cut to ensure complete occlusion, and all visible branches from the MCA were also
occluded.

The temporalis muscle was sutured separately from the overlying skin

layers, the wound cleaned up and treated with oxytetracycline HCl and hydrocortisone
acetate (Terra-Cortril, Pfizer Ltd.).

Lidocaine local anaesthetic spray (Xylocaine,

Astra Pharmaceuticals) was applied as necessary. In sham-operated animals, exactly
the same procedure was followed, except that the dura was opened over the artery, but
the artery was not occluded.

The rats were placed in an incubator at 32°C to maintain body temperature until
recovery from anaesthesia was complete (usually within 2 hours). Temperature was
monitored throughout the experiment, and maintained via adjustment of the heated
table, or of the incubator temperature, between 37.5°C and 38.5°C. Once complete
recovery from anaesthesia had been achieved, the animals were returned to their cages,
and maintained as described above. Body weight was measured every 24 hours from
the day of the experiment to day of sacrifice.
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2.9.2

Processing.

For experiments to determine the time course of infarction the rats were assigned
randomly to 4 groups. Group 1 was sacrificed 24 hours post-occlusion, group 2 was
sacrificed after 48 hours, group 3, 72 hours and group 4, 96 hours. The brain was
carefully removed from the skull, and placed in a rat brain slicer, from which 3mm
sections were cut across each hemisphere from between the olfactory bulb and the
cerebellum. A 0.4% solution of triphenyltetrazolium chloride (T T C.) was employed
to selectively stain living tissue a brick red, dead tissue (infarct) appearing white. The
reaction by which T T C. produces a coloured product is dependent on the integrity of
mitochondrial oxidation (Bederson et al, 1986). The T T C. stain was prepared as
follows:

1.2 gram of tétrazolium blue was dissolved in

15ml of N,N-

dimethylformamide, and making up to 300ml with distilled water to give a 0.4%
staining solution. To this was added 120ml of a 1% solution of magnesium chloride in
distilled water, and 300ml of a 0.2M solution of Tris-HCl (pH 7.4). Finally, 240ml of
distilled water was added to give a final volume of 960ml of staining solution. The
sections were immersed in the staining solution for 30 minutes at 37°C. Each section
was then fixed with 10 % formal saline solution and stored at 4°C prior to analysis of
infarct size as described in Section 2.10.4.

For comparisons between fresh and frozen brain, rats were sacrificed at 72 hours, the
brains removed and divided into two groups; the brains from the first group were
placed whole into 12-well tissue culture plates and frozen at -80°C. The second group
of rat brains were not frozen but used immediately. The brains were divided into the
two hemispheres and the cerebellum removed. They were then prepared for binding
studies as described in Section 2.2 and frozen at -80°C. The ability of cold DM to
displace [^H]DM from its binding site in both ipsilateral (relative to the occluded
MCA) and contralateral sides of the brain was assessed in both fi*esh and frozen brain,
using the methods described in Section 2.3.
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For all other binding experiments, the rats were sacrificed at 72 hours, and the brains
removed and frozen at -80°C for at least 24 hours. The brains were then thawed, and
divided into ipsilateral and contralateral hemispheres.

The (crude mitochondrial/

microsomal fraction (P2 /P3 ) was prepared (as described in Section 2.2), and saturation
binding of [^H]DM, [^H]DTG and [^H]PK-11195 in both ipsilateral and contralateral
halves of the ischaemic rat brain was performed as described in Sections 2.3, 2.6 and
2.7. For autoradiographical studies, the brains were cut into 20pm coronal sections,
and [^H]DM binding in the ipsilateral and contralateral sides of the brain were
measured as described in Section 2.8.

In most brain areas [^H]DM binding was

measured in both ipsilateral and contralateral sides of the brain, however in more
posterior central regions, insufficient resolution of the autoradiograms did not allow
measurement of binding in each hemisphere, and thus these results represent both sides
of the brain. The films were analysed for [^H]DM bound as described below (Section
2.10.3).

For in vivo neuroprotection experiments, rats were dosed 30 minutes before, and again
24 and 48 hours after occlusion of the middle cerebral artery. Dosing was randomised
such that each compound or vehicle was tested over the whole period during which
these experiments were performed. Drugs were administered subcutaneously, in a final
volume of 1ml/kg. It has been shown that the effects and potencies of compounds can
vary considerably depending on the route of administration (Church et al, 1989), and
therefore this route was chosen in order that comparisons with anticonvulsant data in
the rat could be made (see Chapter 5, Section 5). The rats were sacrificed 72 hours
post-occlusion, and the brains were removed and cut into five sections of 3mm width,
at the following stereotactic coronal planes (approximate co-ordinates measured in
millimetres from the interaural line): 1) 12.7; 2) 9.7; 3) 6.7; 4) 3.7; 5) 0.7, respectively.
The sections were then stained and fixed as described above. The size of the infarct
was calculated as described below (Section 2.10.4).
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2.10

DATA ANALYSIS.

2.10.1 Binding (Competition) Experiments.

The amount of radiolabelled ligand bound (i.e. that retained on the filter) in
disintegrations per minute (dpm) in duplicate or triplicate were meaned for total and
non-specific binding, and also for each concentration of displacing compound. Specific
binding was defined as the difference between total and non-specific binding.

The

amount of radioligand specifically bound was finally expressed in femtomoles per
milligram protein (fmol/mg), calculated from the specific activity of the ligand and the
amount of protein in the assay.

The inhibition produced by the various standard compounds was expressed as a
percentage of total specific binding (i.e. in the absence of unlabelled DM).

These

values were then fitted to a sigmoidal dose-response curve using the program
'GraphPad' InPlot v.4 (ISI Software, Philadelphia, PA).

This iterative curve-fitting

program uses least squares non-linear regression analysis, and allows the user to define
constant values for zero or 0 % (i.e. non-specific binding in the presence of an excess of
unlabelled ligand) and maximum specific binding or 100 % (i.e. in the absence of any
competing compound), respectively. The results obtained were expressed as the IC50
value, which was defined as the concentration required to produce 50% inhibition of
the maximum specific binding of radioligand. This value corresponds to the mean of
the IC 50 S obtained from a number (n) of experiments. The slope of the displacement
curve, corresponding to the Hill coefficient, was also determined.

For experiments with DM and carbetapentane analogues, an overall IC50 value was
obtained by calculating the mean percent of total specific binding at each concentration
from a number of experiments. This mean curve was then fitted to a sigmoidal curve
as described above. Although this method does not allow the calculation of standard
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errors as such, the program calculates 95% confidence limits, which is a good
indication of the variability of the data, and the square of the correlation coefficient
(r^), which represents the goodness of fit of the curve.

Where the Hill coefficients were significantly less than one, a mean displacement curve
was constructed as described above and fitted to both one-site and two-site models to
obtain the IC50 values and percentage bound at each site, using 'GraphPad' InPlot v.4
(non-linear regression, 1- and 2 -site competition curve option).

2.10.2 Binding (Saturation) Experiments.

The total amount of free and bound radioligand in dpm was converted into moles of
ligand per milligram protein, using the equation given above (2.10.1). The affinity
dissociation constant (Kj) and the total number of binding sites (Bn^ax)» were
calculated by linear transformation of the data, the Scatchard Plot (Bennett and
Yamamura, 1985), which states that the relationship between the ratio of bound to free
ligand (B/F) and the concentration of bound ligand (B) is according to the following
equation:
B/F = (Bjjj^x " B)/Kj
Thus a plot of B/F (ordinate) against B (abscissa) will give a straight line where the
slope is equal to the affinity dissociation constant and the intercept with the abscissa
corresponds to the total concentration of binding sites in the reaction. This data was
analysed by linear regression using the program GraphPad v.4. Where more than one
binding site was suggested by non-linearity of the Scatchard Plot, the data were fitted
to a two-site model of binding using the program "EnzFitter", ligand binding 2 sites
option.
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2.10.3 Autoradiography Experiments.

The developed films were analysed for radiographic density using a Quantimet 970
(Cambridge Instruments). The density was then converted to radioactivity in terms of
nanocuries per milligram (nCi/mg) tissue equivalent by reference to a set of
commercially available radioactive standards (Amersham, Batch 8 ) developed with the
tissue samples.

The values for total and non-specific binding from a total of 3-4

sections per brain area at each anatomical plane studied were meaned and a value for
specific binding in nCi/mg was calculated from these. This was then converted from
nCi/mg to units of receptor density in fmoles/mg tissue equivalent using the specific
activity of the [^H]DM (Ci/mmole). The data from 4-5 rats were then meaned to give
the overall amount of [^H]DM specifically bound.

2.10.4 Rat MCA Occlusion Experiments.

Photographic negatives were taken of both sides of each stained brain section, and
analysed using the Quantimet 970 image analyser, program 'RHAT'. This program
measures the area within a chosen region, in this case, the infarct and hemisphere. All
measurements were performed "blind", i.e. without prior knowledge of the treatment.
The size of the infarct was quantified as follows:
a) the surface area at the stereotactic coronal plane at which the infarct was
measured, and the total surface area of the infarct throughout the brain (i.e. the sum
of the surface area values at each brain level).
b) an estimate of the total volume of the infarct, calculated from the area of the
infarct at each level and the distance between each section.
Results were expressed both in absolute terms of total area and volume (mm^ and
mm^), and also as a percentage of the ipsilateral hemisphere (relative to the occluded
MCA). It should be noted, however, that these values are probably an overestimation
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of the true values for infarcted tissue, as the measurements include the effects of
swelling from brain oedema.

An estimation of the relative potency of the compounds was obtained by extrapolation
of the linear regression analysis of the data points. An "ED5 0 " value was obtained
which was defined as the dose required to reduce the total infarct area to 50% of that
obtained in control (vehicle-treated) rats. This was done because the small number of
data points (due to limited supply of compound) meant that the maximum response
could not be defined. While the values obtained from this analysis were obviously not
precise ED 50 values, they were used to make approximate comparisons between the
potency of the compounds.

2.10.5 Statistical Analysis.

All results represent the mean and standard error of the mean (s.e.m.) of the data from
a number (n > 3) of experiments. For binding experiments, statistical comparisons were
made between groups using either the Students 't' test (two-tailed), or the Mann
Whitney 'U' test (for non-parametric data), whichever was appropriate.

For

comparisons between one- and two-site curves, the F-test (which compares the root
mean square error of each fit) was used to determine which model gave the best fit to
the data.

In vivo neuroprotection experiments were analysed using Analysis of

Variance (ANOVA), followed by Dunnett's test for comparisons between control
(vehicle) and test (drug-treated) groups.
considered to be significant.
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A probability level of p < 0.05 was

CHAPTER 3

THE CHARACTERISTICS AND DISTRIBUTION OF DM
BINDING SITES IN NORMAL RAT BRAIN
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3.1

INTRODUCTION

The characteristics of [^H]DM binding sites have been well documented (see Chapter
1). However, most of these experiments have been conducted in guinea pig, whereas
the rat has been the species of choice in studies on focal ischaemia. Although limited
experiments have shown only minor, and mainly quantitative, differences between the
two species, it was considered important to confirm this and thereby facilitate
comparisons between in vitro and in vivo data. Therefore as a prelude to studies
undertaken in ischaemic brain after the complex middle cerebral artery occlusion
procedure, initial studies were carried out in "normal" rat brain. The objective was to
examine the binding characteristics, and the anatomical and subcellular distribution of
[^H]DM binding sites.

It has been shown that there are both important similarities and differences between
DM and sigma sites (see Chapter 1, Section 1.2).

The anatomical distribution of

binding sites for DM and sigma ligands, while being remarkably similar, does not
completely overlap (Grundlach et al, 1986, McLean and Weber, 1988, Canoll et al,
1989). Moreover, the binding profile of the non-selective sigma ligand l,3-di-(2-[5^H]tolyl)guanidine ([^H]DTG, Quirion et al, 1992), shows some differences fi^om
[^H]DM and other sigma ligands such as [^H](+)-3-PPP which are thought to label the
DM 1/sigma 1 site (Karbon et al, 1991). In view of the interrelation between DM and
sigma sites, and the unresolved role of sigma sites in neuroprotection (see Chapter 4,
Section 1.3), the pharmacological profile of [^H]DTG binding was also studied.

The characteristics of the interaction of [^H]DM with its binding sites in rat brain were
evaluated using radioligand binding methods which in general can be divided into two
distinct but related techniques.

The first of these, autoradiography, involves using

brain sections which allows binding to be measured in situ, and is the only practicable
way of determining receptor distribution anatomically.
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The second technique uses

brain homogenate or broken membrane fragments, and is more suitable for detailed
quantitative analysis.

In addition, the localisation of the binding sites in cellular

organelles can be investigated using subcellular fractionation techniques.

Overall,

therefore, in order to fully investigate the binding of [^H]DM in rat brain, it was felt
appropriate to make use of both methods.

3.2

METHODS

The methods used are given in detail in Chapter 2. Rat and guinea pig cell and
membrane fractions and rat brain sections were prepared as described in Section 2.2.2,
2.2.3 and 2.2.6. Binding assays were performed as described in Sections 2.3 ([^H]DM
binding), 2.6.2 ([^H]DTG) and 2.8 ([^H]DM autoradiography).

The data from a

number (n) of experiments were analysed as described in Section 2.10.

For

experiments comparing 1- and 2-site curve fits, the F-test was used to determine which
model gave the best fit to the data (Section 2.10.5).

3.3

RESULTS

3.3.1

Characteristics of [^H]DM Binding.

The binding of [^H]DM to rat brain crude homogenate was directly proportional to the
amount of protein in the assay (Figure 3.3.1a). The time course of association of
[^H]DM to its binding site showed that binding was fairly rapid, reaching a maximum
within 20 minutes at 23°C (Table and Figure 3.3.1b). The reaction appeared to be
stable for up to 60 minutes as there was no apparent decrease in specific binding during
this period.

The amount of specific [^H]DM bound at 30 minutes and 250pg of

protein was consistent between experiments, and was approximately 2 0 0 0 dpm,
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accounting for between 60% and 80% of total binding. The values shown represent
absolute levels of specific [^H]DM bound in finoles at a free radioligand concentration
of approximately 6 nM, after 30 minutes incubation at 23°C, and in Table 3.3.1a
specific binding was also expressed as a percentage of total binding.

The affinity of [^H]DM for its binding sites in rat and guinea pig brain are shown in
Table and Figure 3.3.1c. The affinity dissociation constant (K^j) for [^H]DM in rat
brain homogenate was found to be approximately 203nM, while in guinea pig brain
DM had a slightly higher affinity (Kj of 98nM). The total number of specific binding
sites (Bjnax) for [^H]DM was identical in rat and guinea pig brain (3.25 and 3.17
pmol/mg protein, respectively).

Binding of [^H]DM was not significantly altered by the GTP analogue Gpp(NH)p at
concentrations of up to lOOpM (Table 3.3. Id). However, there appeared to be a slight
stimulation of [^H]DM binding (+20% maximum at IpM), although this was not doserelated.
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Relationship Between Protein Concentration and Am ount o f

Figure 3.3 la

[^H]DM Bound in Rat Brain Homogenate.
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These experiments were performed at 23°C at a free [ H]DM concentration o f
approximately 5nM. Values for [ H]DM bound (mean ± standard error o f the mean,
s.e.m.) from 3 experiments, are given in femtomoles (fmol).
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Table 3.3.1b

Time Course of Association of [^H]DM Binding in Rat Brain.

Time
(minutes)

Specific [^H]DM Bound
(finol/mg) ± s.e.m.

n

0.17
0.5

15.566±1.380
21.903±2.172
31.577±3.931

8

41.527^=3.721
47.232±2.828
47.220±3.444
54.410±6.513
56.874±4.215
46.578±5.339
47.383±4.178
47.254±2.994
50.890±1.880

8

1
2

5
10

15
20

30
40
50
60

8
8

8
8
8
6

4
4
4
4

The mean values (± s.e.m) for the absolute amount of specific [^H]DM bound for
increasing incubation periods, from a number (n) of experiments, are given in
femtomoles per milligram of protein (frnol/mg).
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Figure 3.3 .1b

Time Course o f Association o f [^H ]D M Binding in Rat Brain
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Values for [ H]DM bound (mean ± s.e.m.) are given in disintegrations per minute
(dpm). The broken line represents specific binding o f [^H]DM (given in Table 3.3.1b).
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T able 3.3.1c

Saturation Analysis of [^H]DM Binding in Rat and Guinea Pig Brain.

Tissue

Kd (nM)

Bmax (pmol/mg)

n

Rat Brain

202.98±40.62

3.248±0.341

4

Guinea-pig Brain

98.02±13.22

3.170±0.288

4

The values shown represent the mean (± s.e.m.) affinity dissociation constant (K^j) and
the total number of binding sites (B^^x),
number (n) of experiments, obtained by
analysis of binding to a single site (refer to Chapter 2, Section 10.2 for details).

Table 3.3.Id

The Effect of the GTP Analogue Gpp(NH)p on the Binding of
[^H]DM in Rat Brain.

Compound

IC50 (nM)

Hill slope

Specific Binding (%)

n

DM

129.2±30.4

-Q.88±G.Q7

100 %

3

Gpp(NH)p

>300pM

120±0.42% @ IpM

3

-

The values shown represent the IC50 values (mean and s.e.m ), and the total specific
binding of [^H]DM obtained in the presence of 1pM Gpp(NH)p.
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Figure 3.3 le Saturation Binding o f [ H]DM in Rat and Guinea Pig Brain
Homogenate; (i) Typical Binding Isotherms, and (ii) Scatchard Transformation.
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The graphs shown represent typical binding isotherms for [3H]DM in rat and guinea
pig brain. The actual mean values obtained are given in Table 3.3.1c.
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Tables 3.3.1e and 3.3. If show the effect of a number of standard agents on [^H]DM
binding in crude rat brain homogenate.

Table 3.3.le and Figure 3.3.le show the

concentration of each compound required to displace 50% of specific [^H]DM bound
(the IC50 value), and the Hill coefficient (slope) of each curve, and each value
represents the mean fi*om a number (n) of experiments. DM was active, with an IC50
of 209nM (Hill coefficient of -0.61). The dopamine antagonists chlorpromazine and
haloperidol, the N-methyl-D-aspartate receptor-associated polyamine site ligand
ifenprodil and the 5-hydroxytryptamine (5-HT) uptake inhibitor paroxetine also
displaced [^H]DM in rat brain, with IC50 S of 1.3pM, 2.7pM, 632nM and 822nM,
respectively. In contrast, the sigma ligand 1,3-di-o-tolylguanidine (DTG) was much
less active, with an IC50 of approximately 25pM. None of the vehicles used in these
experiments had any effect on [^H]DM binding over the concentration range used.

In contrast, other agents which are active at the NMDA receptor-channel complex,
were not able to displace [^H]DM from its binding sites in rat brain (Table 3.3.Ig).
MK-801 (dizocilpine) was inactive, inhibiting [^H]DM by only 21% at lOpM. Lglutamate and glycine were also inactive against [^H]DM, inhibiting by 11% and 5% at
lOOpM, respectively.

The opioid receptor antagonist naloxone was only slightly

active, inhibiting [^H]DM by 45% at lOOpM. The anticonvulsant agent phenytoin
increased [^H]DM binding slightly, but not significantly, at lOpM, while having no
effect at lOOpM.

All of these agents gave displacement curves with low Hill coefficients, and Table
3.3. If shows the data fitted to 1- and 2-site models of a sigmoidal curve. This assumes
a slope of one in each case, and the 'p' value represents the comparison of one and two
site curve fits, using the F test (see Section 3.2). A significantly better fit to the 2-site
model was obtained for all of the compounds tested. These results are also represented
in Figure 3.3.If.
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Table 3.3. le

Inhibition of [^H]DM by DM and Sigma Ligands in Rat Brain;
1- Site Model.

Compound

IC50 (nM) ± s.e.m.

Hill slope 6 s.e.m.

n

DM
Carbetapentane

208.9±30.6
2221.5±466.6

5
4

DTG
Chlorpromazine

24572614922
1308.06157.5

-0.6160.05
-0.4360.09
-0.4660.13

Haloperidol
Ifenprodil

2707.361225.2
590.46142.3
832.36396.3

Paroxetine

Table 3.3. If

-0.6060.04

4
3

-0.4460.05
-0.4760.05
-0.4860.07

4
4
4

Inhibition of [^H]DM by DM and Sigma Ligands in Rat Brain:
Comparison of 1- and 2- Site Models.

Compound

1-site

2 -site

P
value

IC50 (nM)

IC50 (nM)
sitej (%)

site2 (%)

DM

181.9

70.8 (74.5)

18166.4 (25.5)

Carbetapentane

1480.5

168.5 (57.8)

>100pM (42.2)

0.016
0.0092

DTG
Chlorpromazine
Haloperidol
Ifenprodil

27156.6
1101.9
3646.6
388.2

96.0 (23.3)
413.0 (72.3)
10.8 (26.9)
108.8 (69.6)

80282.3
54754.0
11372.8
97870.3

(76.7)
(27.7)
(73.1)
(30.4)

0.0025
0.038
0.0004
0.004

Paroxetine

664.2

12.7 (38.9)

4852.7 (61.1)

0.048

The comparison of 1- and 2- site curve fits were made using the F-test (see Figure
3.3. le and Chapter 2, Section 10.1, for details of the analysis of these results).
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Figure 3.3. le

Inhibition o f [^H]DM Binding by Standard DM and Sigma Ligands in

Rat Brain Homogenate.
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The displacement curves shown in Figures 3.3.le and 3.3. I f were analysed by non
linear least squares regression analysis, and represent mean curves obtained by
calculating the mean percent (± s.e.m.) o f total specific binding (i.e. in the absence of
unlabelled DM) at each concentration o f competing compound from a number (n) of
experiments (refer to Chapter 2, Section 10.1 for details).

The actual mean IC 50

values obtained, and the relative proportions o f each site (%), are shown in Table
3 .3.le. (CBP - carbetapentane, DTG - 1,3-di-o-tolylguanidine; CPZ - chlorpromazine;
Hal - haloperidol, Ifen - ifenprodil; Parox - paroxetine).

76

Figure 3 3 I f

(i) to (vii) Inhibition of [^H]DM Binding in Rat Brain Homogenate
Comparison o f I and 2 Site Curves.
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Figure 3.3.3. I f (continued).
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The solid line represents the data fitted to the standard sigmoidal displacement curve,
while the broken line shows the two-site curve fit (see Table 3.3.le, and Chapter 2,
Section 10.1).
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Table 3.3.1g

Inhibition of [^H]DM by NMDA and Opiate Receptor Ligands in
Rat Brain.

Concentration
(pM)

% Inhibition

L-Glutamate
Glycine
MK-801
MK-801

100

11 .2 ±2.1

100

Naloxone
Naloxone
Phenytoin
Phenytoin

10

5.4±3.5
20.9±4.6
59.4±2.0
7.5±3.7
45.4±11.5
(+12.5±14.2)
(+2.0±1.9)

Compound

n

± s.e.m.

10
100

100
10
100

3
3
3
3
3
3
4
3

The results shown represent the mean percent inhibition (± s.e.m.) from control (i.e. in
the absence of the given concntration of unlabelled compound), and number (n) of
experiments. The values in parentheses represent a slight, non-significant, increase in
the specific binding of [^H]DM (12.5% in the presence of lOpM phenytoin).
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Figure 3.3.1g

The Effect of Naloxone, Phenytoin and Standard NMD A Receptor
Ligands on the Binding o f [^H]DM in Rat Brain.
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The actual values obtained in these experiments (mean ± s.e.m.) are given in Table
3.3. If,.
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3.3.2

Displacement of [^H]DTG Binding.

A number of DM and sigma ligands were evaluated for their ability to displace
[^H]DTG in rat brain (Table 3.3.2). DTG had an IC50 of approximately 124nM in this
assay and a slope of -0.64, and is thus significantly more potent at sigma sites when
compared with DM sites in rat brain (IC50 25pM, Table 3.3.le).

Another sigma

ligand, haloperidol, was also active at DTG sites in rat brain (IC50 of 25nM), again in
contrast to its potency at the DM site (IC50 2.7pM). Chlorpromazine was apparently
2-fold more potent at DTG sites when compared with DM sites (IC5 0 S of 0.65 and
1.3|iM, respectively). DM was relatively inactive at the [^H]DTG site, with an IC 50
of approximately 50pM, compared with 209nM at the [^H]DM site. The DM site
ligand carbetapentane displaced [^H]DTG with an IC50 of 744nM (slope -0.82). The
PCP site ligand MK-801 was inactive against [^H]DTG (IC50 » 10 pM).

Figure

3.3.2. shows a graphical representation of these results.

The low Hill coefficients for DTG and haloperidol suggest binding to more than one
site, and when the data were fitted to a two site model of a displacement curve, both
DTG and haloperidol apparently bound to high and low affinity sites (Table 3.3.2b).
Both compounds were more than 100 fold more potent at the high affinity site when
compared with the low affinity site, and in each case the low affinity site constituted
the major portion of binding. DM, carbetapentane and chlorpromazine all gave Hill
coefficients which were close to unity, and the data did not fit the two site model
significantly better than the one site model.
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Table 3.3.2a

The Effect of Pharmacological Agents on [^H]DTG Binding in Rat
Brain.

Compound

IC50 (nM) ± s.e.m.

Hill slope ± s.e.m.

n

DTG
Haloperidol

124.5±29.2
24.6±11.2

-0.64±0.09

4
4

DM

52121±3241
648.2±308.8
743.6±327.5
»10pM

Chlorpromazine
Carbetapentane
MK-801

-0.68±0.05
-0.81±0.05
-1.06±0.18
-0.82±0.02

4
3
3
3

Experiments were performed at 23°C at a free [ H]DTG concentration of
approximately 3nM. Refer to Table 3.3. le and Chapter 2, Section 10.1, for details of
curve fit analysis for these two tables.

Table 3.3.2b

Inhibition of [^H]DTG Binding: Comparison of 1- and 2-Site
Models.

Compound

1-site
IC50 (nM)

2 -site

IC50 (nM)

site} (%)

site2 (%)

P
value

DTG

128.6

334.9 (77.1)

1.1 (22.9)

0.015

Haloperidol

14.0

54.4 (67.3)

0.4 (32.7)

0.0029
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Figure 3.3.2

Inhibition of [ H]DTG Binding in Rat Brain Homogenate by
Standard DM and Sigma Ligands.
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The curves shown represent mean curves (see Figure 3.3.le and Chapter 2, Section
10.1 for details).
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3.3.3

Autoradiographical Distribution of [^H]DM Binding Sites.

The distribution of [^H]DM in normal rat brain is shown in Table 3.3.3. Results are
shown as the absolute levels of binding, and also expressed as a percentage of those
obtained in the region of highest binding, the dorsal raphe. Binding levels measured at
a free concentration of [^H]DM of between 20-30nM (26.46 ± 0.82nM), ranged from
18 to 72 fmoles/mg tissue equivalent. In general, binding was highest in the midbrain,
hindbrain and the cerebellum. High levels of [^H]DM binding were found in the dorsal
raphe, rhabdoid nucleus and the granular cell layer of the cerebellum, while low levels
were found in the olfactory bulb, thalamus and the hypothalamus. Binding was high in
the anterior amygdaloid nuclei, but was considerably lower in the medial basolateral
amygdaloid nucleus. Intermediate levels of binding were found throughout the cortex
of the brain, the striatum, hippocampus (CAl, CA2, CA3 regions, dentate gyrus)
lateral geniculate nucleus and various structures of the midbrain (substantia nigra,
caudal linear raphe and tegmental nucleus), pons (pontine nucleus, locus coeruleus),
and the molecular cell layer of the cerebellum.

In the brain stem, binding was

concentrated in the spinal trigeminal nucleus, but was very low in the spinal trigeminal
tract. Figures 3.3.3 (i) and (ii) show typical autoradiographs of [3H]DM distribution in
normal rat brain.
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Table 3.3.3

Autoradiographical Distribution of [^H]DM Binding Sites in Normal
Rat Brain.

Area

olfactory bulb
anterior olfactory nu., dorsal
Cerebral Cortex;
cingulate
frontal
parietal
insular
piriform
retrosplenial
occipital
temporal
perirhinal
entorhinal
Basal Ganglia:
caudate putamen
nucleus accumbens
globus pallidus
Septum:
lateral septal nuclei
Amygdala:
anterior amygdaloid nuclei.
basolateral amygdaloid nu.
Hippocampus:
CAl
CA2
CA3
dentate gyrus
Thalamus:
ventromedial thalamus
laterodorsal thalamus
lateral geniculate nucleus
Hypothalamus:
ventromedial hypothalamus

[^H]DM Bound
(fmol/mg)

Relative
to DR

n

18.8±3.0
19.8±2.8

25.9
27.4

4
4

38.6±9.7
36.3±6.8
37.6±8.5
40.0±5.1
39.8±4.8
41.4±8.8
38.2±6.8
37.2±7.8
35.6±10.1
30.1±6.7

53.3
50.1
52.0
55.2
54.9
57.2
52.8
51.4
49.1
41.6

4
4
4
4
4
4
4
4
4
4

35.14=6.8
40.34=7.3
41.9±11.6

48.5
55.7
57.8

4
4
4

33.24=5.2

45.9

4

45.64=10.8
20.04=3.7

64.3
27.6

4
4

39.54=9.7
42.9=t8.2
44.2=t8.6
43.2±11.9

54.5
59.2
61.1
59.7

4
4
4
4

29.84=5.6
28.44=5.2
47.44=8.8

41.1
42.5
65.4

4
4
4

21.8±3.7

33.6

4
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Table 3.3.3

(continued).

Area

Midbrain:
central grey
superior colliculus
inferior colliculus
caudal linear raphe nuclei
dorsal raphe nuclei
median raphe nuclei
rhabdoid nuclei
interpeduncular nuclei
substantia nigra
Cranial Nerve Nuclei:
spinal trigeminal nuclei
spinal trigeminal tract
Pons:
pontine nuclei
locus coeruleus
dorsal tegmental nuclei
raphe pontis
Medulla Oblongata:
nucleus solitary tract
brainstem reticular nuclei
inferior olive
Cerebellum:
granular cell layer
molecular cell layer

[^H]DM Bound
(fmol/mg)

Relative
to DR

n

57.5±10.5
54.9±15.6
32.8±11.9
49.4±8.5
72.4±28.9
53.8±27.2
62.7±11.4
50.1±9.1
48.5±13.2

79.5
75.8
45.4
68.3

69.1
67.0

4
4
4
4
4
4
4
4
4

55.3±11.1
20.3±2.6

76.4
28.0

4
4

42.4±3.4
35.1±3.4
42.7±12.2
37.4±13.6

58.5
48.5
59.0
51.7

4
4
4
4

48.5±9.5
53.7±13.0
48.2±4.4

67.1
66.6
66.6

4
4
4

64.0±10.5
46.1±7.5

88.4
63.7

4
4

100

74.3
86.6

The values are shown as absolute levels of binding (mean ± s.e.m.) in fmol/mg tissue
equivalent, and are also expressed as percent of those in the dorsal raphe, the area of
highest binding.
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Figure 3.3.3

(i) and (ii) [^H]DM Binding in Normal Rat Brain Assessed by
Autoradiography.

Figure 3.3 3(i) shows a typical autoradiograph of the midbrain region, with highest
levels of binding being in the dorsal and median raphe, the rhabdoid nucleus and the
central grey.
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Figure 3.3 .3(ii) shows typical autoradiographs of the cerebellum and brain stem areas.

88

3.3.4

Subcellular Distribution of [^H]DM Binding Sites.

The binding of [^H]DM in rat brain subcellular fractions is shown in Table 3.3.4a and
Figure 3.3.4a. The values shown represent absolute levels of [^H]DM bound at a free
concentration of approximately 6 nM, and are also expressed as a percentage of crude
homogenate binding.

In the homogenate, the total amount of specifically bound

[^H]DM was found to be approximately 89 frnol/mg protein.

Within the various

fractions of the cell, binding was highest in the nuclear (P\) fraction of the cell (115
frnol/mg, 129%). High levels of binding were also found in the crude mitochondrial
(P2 ) fraction (106 frnol/mg, 119%), while in the microsomal (P3 ) fraction binding
levels were somewhat lower (43 fmol/mg, 48%). The lowest levels of binding were
found in the cytosolic (S3 ) fraction (17 fmol/mg, 19%). The binding in combined
P2/P3 fraction was similar to that in homogenate (91%).

The ability of DM to displace [^H]DM to various cell fractions of rat brain was also
measured and these results are shown in Table 3.3.4b. In crude homogenate, DM had
an IC50 value of 211 nM, and a slope of -0.61. DM was most potent in the crude
mitochondrial (P2 ) fraction, where the IC50 value was 75nM. In the microsomal (P3 )
fraction, the potency of DM (IC50 237.5nM) was similar to that in the crude
homogenate. DM also bound to the nuclear and cytosolic fractions (P% and S3 ), but
with slightly lower affinity than in the homogenate (431 and 426nM, respectively).
These results are also shown in Figure 3.3.4b.
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Table 3.3.4a

Binding of [^H]DM to Rat Brain Subcellular Fractions.

Cell Fraction

Specific [^H]DM Bound

%

n

100
129.3

13
10

118.7

4

47.9
19.2
91.4

4
8

(fmol/mg)

Homogenate
Pi
?2
P3
S3
P2 /P3

89.419±8.454
115.584±18.265
106.182±22.818
42.816±5.604**
17.209±3.180***
81.701±13.267

8

The results represent the mean binding (± s.e.m.) in each fraction of the cell, and are
given both as absolute values in fmol/mg protein, and as a percentage of the binding in
the homogenate. Statistical analysis was performed using Student's t test, where **
p<0 .0 1 ; *** p<0 .0 0 1 , when compared with the homogenate.

Table 3 .3 .4b

Displacement of [^H]DM by DM in Rat Brain Subcellular Fractions.

Cell Fraction

IC50 (nM) ± s.e.m.

Hill slope ± s.e.m.

n

Homogenate

209.35±41.14

-0.66±0.04

13

Pi
P2
P3

430.61±202.76
74.53±27.67

10

237.50±16.65

-0.76±0.06
-0.70±0.07
-0.51±0.07

S3
P 2 /P3

426.12±178.65
235.46±68.02

-0.83±0.13
-0.68±0.05

8

Refer to Chapter 2, Section 10.1, for details of analysis of data.
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4
4
8

Figure 3.3.4a

Absolute Levels o f [^H]DM Bound in Subcellular Fractions o f the
Rat Brain
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Values are given in fmol/mg protein, and represent the mean and s.e.m. from a number
of experiments (see Table 3.3 .4a). Statistical analysis was performed using Student's t
test (** p< 01 , *** p<0 .001 ), comparing each fraction with the homogenate.
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Figure 3,3 .4b

Inhibition of [ H]DM Binding by Unlabelled DM in Rat Brain
Homogenate and Crude Mitochondrial (P2) and Microsomal (P3)
Fractions.
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Each curve represents the mean curve obtained from a number (n) o f experiments
(refer to Chapter 2, Section 10.1). Actual mean IC50 values are given in Table 3.3.4b.
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3.4

DISCUSSION

3.4.1

Characteristics of [^H]DM Binding in Normal Rat Brain.

The binding of [^H]DM to crude rat brain homogenate was saturable, reversible and
directly proportional to the protein concentration. Binding in the crude homogenate at
a constant concentration of ligand and protein was consistent between different
experiments.

The binding of [^H]DM was not significantly affected by the

metabolically stable synthetic guanosine triphosphate (GTP) analogue Gpp(NH)p (5guanylylimidodiphosphate), at concentrations of up to 300pM, although there was
some evidence of a slight stimulation of binding at low (IpM) concentrations of
Gpp(NH)p.

These results are consistent with reports which suggest that it is the

DM %/sigma %site which is modulated by G-proteins (Itzhak, 1989, Beart et al, 1989,
Connick et al, 1992), and could be explained by the fact that this site is found in low
concentrations in rat brain (see Chapter 1). Alternatively, it has been suggested that
DM acts as an antagonist (Tortella and Robles, 1989d) and therefore binding would
not be affected by the presence of GTP.

Saturation analysis of [^H]DM binding in rat and guinea pig brain showed that the total
number of sites (Bmax) were very similar, but that the potency of DM, shown by the
affinity dissociation constants (Kj) was approximately 2 -fold higher in guinea pig brain
when compared to rat brain. However, these values probably represent binding to
more than one site, as when the data were examined more closely there was some
evidence for non-linearity of the Scatchard plots for [^H]DM in both rat and guinea pig
brain. In addition, it has been found that in rat brain, [^H]DM bound to high and low
affinity sites, but that the large amount of non-specific binding and the low affinity and
large capacity of the DM] site made it difficult to distinguish from non-specific binding
(Klein and Musacchio, 1992).

Thus the Bju^x values obtained in this study are

probably an overestimation of the true Bf^^x values for subtypes of DM binding sites.
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This could also explain why the values obtained for rat brain in this study are slightly
higher than those reported in the literature (Klein and Musacchio, 1992), while those
obtained for guinea pig brain are similar (Zhou and Musacchio, 1991). Interestingly,
they are also similar to values obtained in early studies with [^H]DM (Craviso and
Musacchio, 1983a), obtained by simple Scatchard plots rather than with sophisticated
computer analysis programs. Unfortunately, however, it was not possible to fit the
data to a two-site model using the programs available (GraphPad and EnzFitter),
possibly due to a limited number of data points. The use of a more sophisticated
computer program, such as "Ligand" (Munson and Rodbard, 1980), might have
allowed a more detailed analysis of these results; unfortunately this was not available.

Unlabelled DM displaced [^H]DM from its binding site in rat brain, with an IC50 value
of 209nM. This result is identical to the K j value obtained with saturation analysis
(see above).

Although this IC50 was somewhat higher than has been reported

(Craviso and Musacchio, 1983b, the Hill coefficient of the displacement curve was
significantly less than one, suggesting binding to more than one site. The data were
therefore analysed by 1- and 2-site models to obtain the best fit. Resolution of the
displacement curves indicated that DM appeared to bind to a high and low affinity site
with IC50 S of 71nM and 18pM, respectively. These data agree well with reported
values (Craviso and Musacchio, 1983a, Musacchio and Klein, 1988a, Klein and
Musacchio, 1989b, Klein and Musacchio, 1990c, Zhou and Musacchio, 1991, Klein
and Musacchio, 1992). It has been reported that in rat brain, DM binds to three sites,
two with high affinity, and one with low affinity (see Chapter 1 for classification of DM
binding site subtypes). Therefore, the high affinity site probably represents binding of
[^H]DM to both the DM% and DM2 sites with similar affinities. The low affinity site
constituted only 25% of the total binding of [^H]DM. The IC50 value for DM at this
site was similar to that obtained against [^H]DTG (see below. Section 3.4.2),
suggesting that this may be the DM]/sigma2 site.
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All of the compounds studied which have previously been reported to be active against
[^H]DM in guinea pig brain, were also active in rat brain. Furthermore, resolution of
the displacement curves revealed two components for all of these compounds,
suggesting binding to more than one site. The DM site ligand carbetapentane displaced
[^H]DM, albeit with lower potency than DM itself (IC50 approximately 2.2pM).
Carbetapentane is thus apparently less potent at DM sites in rat brain when compared
with guinea pig brain, where it shows nanomolar potency (Craviso and Musacchio,
1983b, and see Chapter 5). Carbetapentane also displaced [^H]DM from high and low
affinity sites; this may indicate that carbetapentane is selective for DM% sites.
Chlorpromazine has been shown to be active against [^H]DM binding in guinea pig
brain, and was also active in rat brain, although again with lower potency (l.BpM, this
study, vs. 35nM, Craviso and Musacchio, 1983b).

Although the potency of

chlorpromazine at both high and low affinity sites was approximately 2 -fold lower than
that of DM, this compound appeared to discriminate between both sites in a similar
fashion to DM itself, in that the high affinity site constituted the major portion of
binding. The dopamine and sigma ligand haloperidol also displaced [^H]DM from high
and low affinity sites in rat brain; however, the relative proportions of these sites
differed considerably in magnitude when compared with DM. Both chlorpromazine
and haloperidol were less potent at DM sites than at dopamine receptors (Burt et al,
1976, Tam and Cook, 1984).

A similar pattern was observed for the sigma ligand DTG which was relatively inactive
against [^H]DM in rat brain. The IC50 values for haloperidol and DTG at the high
affinity site, which constitutes only a quarter of the total binding, were similar to those
obtained against [^HJDTG (see Section 3.4.2).

As both haloperidol and

chlorpromazine have been reported to bind with high affinity to sites labelled with SKF
10,047 (the DM %/sigma %site) in guinea pig brain (Tam et al, 1984), these findings
would support the theory that rat brain contains predominately DM2 sites. The high
affinity site for haloperidol (llnM , 27%) and DTG (96nM, 23%) may correspond to
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DM 1/sigma j sites, as these values are similar to those obtained against [^H]DTG (see
below, Section 3.4.2), and the low affinity portion of binding, to DM2 sites. The high
affinity portion of binding for chlorpromazine (413nM, 72%) may, as with DM, reflect
binding to both DM% and DM2 sites, whereas the low affinity portion may correspond
to another site to which DM also binds with low affinity.

Ifenprodil has been shown to displace the sigma ligands [^H](+)-3-PPP and [^H]DTG
with high affinity (Karbon et al, 1990), and was also found to bind to high and low
affinity [^H]DM sites in rat brain. This compound has also been shown to be an
antagonist at the NMDA receptor-associated polyamine binding site (Carter et al,
1988, Schoemaker et al, 1990), and is a potent neuroprotective agent (Gotti et al,
1988, Graham et al, 1992). However, recent data suggest that the modulation by
ifenprodil of the NMDA receptor-associated ion channel may not be via simple non
competitive NMDA receptor antagonism (Robinson et al, 1990, Bakker et al, 1991a).
The potency of ifenprodil at the high affinity component of displacement of [^H]DM
binding suggests that this compound may exert some of its neuroprotective activity via
an interaction with DM sites. In view of the proposed functional interaction between
DM/sigma sites and NMDA receptors (see Chapter 4), it is possible that ifenprodil may
be able to modulate NMDA receptor activity via binding to DM/sigma sites (Koe et al,
1990).

Another class of pharmacological agents which bind to DM/sigma sites are 5hydroxytryptamine (5-HT) uptake inhibitors (Craviso and Musacchio, 1983b).
Paroxetine has been shown to possess nanomolar affinity for DM sites in guinea pig
brain (Koe et al, 1989), and in the present study, was also found to be active in rat
brain, binding to more than one site, and with an IC50 at the high affinity site of
approximately 12nM. The distribution of DM binding sites in certain brain areas such
as the raphe nuclei, is qualitatively similar to that of several 5-HT uptake blockers
(Savaki et al, 1985), and evidence suggests this is the DM2 site (Canoll et al, 1990).
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However, paroxetine has also been reported to be a potent inhibitor of the cytochrome
P45O

enzyme, 2D6 (Otton et al, 1993), lending support to the theory that DM binding

sites may represent metabolising enzymes (see below. Section 4.4). Investigation of
the subcellular distribution of the paroxetine-sensitive binding site might help to
elucidate this proposal.

Anticonvulsant agents such as diphenylhydantoin (phenytoin) and ropizine have been
reported to stimulate the binding of [^H]DM to DM %/sigma %sites in guinea pig brain
(Craviso and Musacchio, 1983b).

In the present study, phenytoin stimulated the

binding of [^H]DM by only 12.5%, and this effect was abolished at higher
concentrations of phenytoin. These results agree well with those obtained previously
with ropizine, (Klein and Musacchio, 1990c), and support the theory that in rat brain,
the stimulatory effect of phenytoin at the DM% site is masked by the inhibitory effect
produced via the DM2 site. The opioid receptor antagonist naloxone was also inactive
against [^H]DM binding in rat brain, with an IC50 of greater than lOOpM.

The

inhibition obtained in these experiments is consistent with that reported (Craviso and
Musacchio, 1980, Craviso and Musacchio, 1983b), and support the assumption that
DM sites are not related to opiate receptors.

Ligands which bind to other sites on the NMDA receptor-channel complex were also
evaluated for their ability to displace [^H]DM. Consistent with previous reports, MK801 was relatively inactive, with an IC50 of approximately lOOpM (Klein and
Musacchio, 1989b). This is in marked contrast to the potency of this compound at the
PCP site within the NMDA receptor-associated ion channel, to which it binds with low
nanomolar activity (Wong et al, 1988). Glutamate and glycine bind to distinct sites on
the NMDA receptor molecule itself, to modulate the opening of the ion channel
(Johnson et al, 1988, Wong et al, 1988, Lehman, 1989). These compounds showed
no activity against [^H]DM at concentrations up to lOOpM. These results support the
theory that DM does not exert its effects via a direct interaction with the NMDA
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receptor at any of these well documented sites: the glutamate (agonist) binding site, the
glycine (modulatory) site or the PCP (ion channel) site.

3.4.2 Displacement of [^H]DTG Binding in Normal Rat Brain.

The pharmacological profile of [^H]DTG binding in rat brain was quite different fi’om
that of [^H]DM. Unlabelled DTG was over 200 times more potent against [^H]DTG
(124nM) when compared with [^H]DM (25 pM).

The sigma ligand haloperidol

displaced [^H]DTG binding with an IC50 value of approximately 25nM, consistent
with values reported in the literature for inhibition of [^H]DTG and [^H](+)-3-PPP
binding in guinea pig brain (Weber et al^ 1986, Rothman et al, 1991), and [^H](+)-3PPP and [^H](+)-SKF 10,047 binding in rat brain (Largent et al, 1986), and against
[^H]DTG in rat brain (Codd and Shank, 1992). Haloperidol was approximately 100fold more potent against [^H]DTG than against [^H]DM, suggesting that this
compound is selective for sigma2 sites when compared with DM2 sites. This would be
consistent with results obtained for haloperidol against [^H]DM in rat brain (see
above. Section 4.1), where the proposed high affinity portion of binding (to
DM %/sigma j sites) was of similar potency to that obtained against [^H]DTG.

The Hill coefficients obtained with DTG and haloperidol were significantly less than
one, which could indicate binding to more than one site. When the data were fitted to
the two site displacement model, both compounds apparently bound to high and low
affinity sites in rat brain. DTG was approximately 300 times more potent at the high
affinity site (l.lnM ) when compared with the low affinity site (335nM). It has been
reported that rat brain contains equal densities of sigma %and sigma2 sites (Vilner and
Bowen, 1992), and that [^H]DTG labels both sigma %and sigma2 sites with similar
affinity (Zhou and Musacchio, 1991, Bowen et al, 1992). Furthermore, in guinea pig
brain, DTG appears to label a site not labelled by other sigma ligands such as [^H](+)~
3-PPP (Karbon et al, 1991), and the total number of binding sites for [^H]DTG is
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nearly five times that for [^H](+)-3-PPP. It is possible, therefore, that [^H]DTG also
binds to another site in rat brain, and the relative proportions of these sites (23% and
77% for the high and low affinity site, respectively) would support these assumptions.
Haloperidol also seems to discriminate between these sites in a similar manner to DTG.
The low affinity of unlabelled DTG against [^H]DM binding (see above. Section
3.3.1), suggests that this low affinity binding is unlikely to be the DM2 site.

The DM site ligands, DM and carbetapentane, have been reported to displace
[^H]DTG from two sites in guinea pig brain with high and low affinity, respectively
(Rothman et al, 1990, Ferris et al, 1991), and both compounds also inhibited
[^H]DTG binding in rat brain. However, the Hill coefficients of the displacement
curves for these compounds indicated displacement of [^H]DTG from a single site in
rat brain, and in fact fitting the data to a 2 -site model did not yield a significantly better
fit when compared with the 1-site model. DM was approximately 25-fold less potent
against [^H]DTG than against [^H]DM, although DM did not appear to discriminate
between sigma %and sigma2 sites, as would have been expected from the theory that
DM binds to both DM]/sigmaj and DM2 sites with high affinity, and sigma2 sites with
low affinity (Quirion et al, 1992, Klein and Musacchio, 1992). Carbetapentane was
more potent than DM at sites labelled by [^H]DTG in rat brain (IC50 S of 0.74pM and
4.9pM, respectively). This is in contrast to their activities against [^H]DM binding,
where DM was more potent than carbetapentane (see above. Section 3.4.1).
Carbetapentane, therefore, appears to bind to both DM2 and sigma2 sites with
intermediate affinity, and DM% sites with high affinity. Alternatively, [^H]DTG may
bind to another site in rat brain which has low affinity for DM and other sigma ligands,
but higher affinity for carbetapentane. This is supported by reports which suggest that
carbetapentane binds to sigma2 sites with low affinity (Quirion et al, 1992).
Chlorpromazine inhibited [^H]DTG binding with an IC50 value of 0.65pM which was
lower than has been reported in rat brain (Codd and Shank, 1992), but this could be
due to differences in tissue preparation and experimental procedure. Chlorpromazine
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also displaced [^H]DTG from a single site in rat brain (Hill coefficient of -1.06), and
appeared to show similar potency at both sigma sites and the high affinity DM site in
rat brain (413 and 648nM, respectively), suggesting that this compound may be a nonselective DM/sigma ligand. These results suggest that [^H]DM and [^H]DTG bind to
distinct sites in rat brain.

3.4.3

Autoradiographical Distribution of DM Binding Sites in Normal Rat Brain.

Determination of the anatomical distribution of [^H]DM binding sites in rat and guinea
pig brain (Tortella et al, 1989a, Canoll et al, 1989, Canoll et al, 1990, Klein et al,
1990a) has indicated that although there appears to be some minor differences,
especially with respect to the absolute levels of binding, in general the distribution of
[^H]DM binding sites is quite similar in these species. In this study, the distribution of
DM binding sites in the normal rat brain was found to follow a pattern similar to that
previously reported. Binding was highest in the midbrain, hindbrain and cerebellum,
and lowest in the olfactory bulb. The most intense areas of labelling were in the raphe
nuclei (dorsal, median and caudal linear raphe), rhabdoid nucleus and the granular cell
layer of the cerebellum. Moderate binding was found in the cerebral cortex, basal
ganglia, hippocampus, lateral geniculate nucleus and the molecular cell layer of the
cerebellum.

Low density binding was found in the olfactory bulb, basolateral

amygdala, thalamus and the ventromedial hypothalamus.

There was a 3.8-fold

difference between the area of lowest binding, the olfactory bulb (18.8 fmol/mg) and
the area of highest binding, the dorsal raphe (72.4 frnol/mg).

These results were

qualitatively similar to those previously reported for rat brain (Tortella et al, 1989a),
although this latter study found higher absolute levels of binding throughout the brain.
However, as the total number of binding sites was not determined in these experiments,
this could have been due to differences in the free concentration of [^H]DM employed
in these experiments.
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There are similarities between the distribution of [^H]DM sites and those for the sigma
ligands [^H](+)-3-PPP (Gundlach et al, 1986, Largent et al, 1986, McLean and
Weber, 1988) and [^H]DTG (Weber et al, 1986).

Marked similarities have been

observed in the basal ganglia, cranial nerve nuclei, central grey, hippocampus
(pyramidal cell layer), dentate gyrus (granular cell layer), and cerebellum. However,
there are some differences. For example, DM sites were found in much higher density
in the lateral geniculate and raphe nuclei, and in lower density in the hypothalamus,
when compared with sigma sites. These findings are consistent with the theory that at
least one of the high affinity sites labelled by DM and sigma ligands is the same, but
that each also binds to other, distinct, sites.

The distribution of the [^H]DM binding sites in rat brain was quite distinct from that
seen with NMD A receptor ligands (Quirion et al, 1981, Monaghan and Cotman, 1985,
Murphy et al, 1987, Wong et al, 1988a, Bowery et al, 1988, Tortella et al, 1989a).
NMDA receptors, measured using [^H]glutamate, [^H]CPP or [^H]MK-801, are
localised with greatest density in the neocortex, hippocampus and basal ganglia, with
lowest levels found in the midbrain, pons-medulla and molecular layer of the
cerebellum. These observations are consistent with the observation that DM sites are
not located directly on the NMDA receptor complex, and may suggest that DM sites
are not involved in modulation of the NMDA receptor in a manner similar to that of,
for example, glycine sites. However, although in general the brain regions containing
the highest density of DM sites are poorly labelled by NMDA receptor ligands, several
of the areas which are rich in NMDA receptors do contain significant amounts of DM
sites. These include the hippocampus, cerebral cortex and striatum, areas which are
especially susceptible to ischaemic damage. In addition, NMDA receptor subtypes
have recently been identified (see Chapter 4, Section 4.2), and it is possible that an
overlap exists between DM sites and NMDA receptor subtypes. Obviously this would
require further investigation, but these observations could have implications for an
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interaction between DM sites and NMDA receptors in ischaemia (see Chapter 1,
Section 3.2, and Chapter 4, Section 4).

3.4.4

Subcellular Distribution of DM Binding Sites in Normal Rat Brain.

It has been reported that DM binding sites are distributed throughout all fractions of
the cell (Craviso and Musacchio, 1983a).

The present study supports these

observations, in that [^H]DM binding was observed in every subcellular fraction
studied. The absolute levels of [^H]DM binding sites in each fraction in rank order
were Pj > ? 2 > P 3 > S3 , with binding in the crude homogenate and combined P 2 /P3
fractions being intermediate between these levels.

These results are qualitatively

similar to those obtained in guinea pig brain, (Craviso and Musacchio, 1980, Craviso
and Musacchio, 1983a).

The absolute values obtained here in rat brain were

approximately 10 -fold lower than found in guinea pig brain; however, it was not
possible to tell from these experiments whether the differences in binding levels were
due to differences in affinity (Kjj) or total number of binding sites (B^ax)

addition,

the relatively low Hill slopes for the displacement curves could indicate that DM was
binding to more than one site in each fraction, although the possibility that the fractions
were contaminated due to an inadequate separation and purification procedure cannot
be ruled out. This ubiquitous distribution of DM sites is in contrast to most, but not
all, neurotransmitters and neuromodulators which are generally found predominately in
the nerve ending-rich synaptosomal fraction.

However, some neurotransmitter

receptor sites, for example, opiate receptors, have been located in both synaptosomal
and microsomal fractions of rat brain cells (Roth et al, 1981, Roth and Coscia, 1984).

The potency of DM to displace [^H]DM was greatest in the crude mitochondrial
fraction (P2 ).

This result was somewhat unexpected, as previous studies had

suggested that [^H]DM binding to the crude mitochondrial fraction of guinea pig brain
was of low affinity (Craviso and Musacchio, 1983a). Although the significance of
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these sites is not currently known, it has been speculated that DM/sigma sites are
associated with a form of monoamine oxidase (Itzhak and Kassim, 1990a, Itzhak et al,
1991). Monoamine oxidase (MAO) is a mitochondrial enzyme which exists in two
forms, MAO-A and MAO-B. MAO's are thought to be responsible for the metabolism
of monoamines involved in neurotransmission, for example, noradrenaline and 5-HT,
and it is inhibition of MAO-A which is thought to underly the antidepressant activity of
selective MAO-A inhibitors (Itzhak and Stein, 1990b). Several antidepressants have
been shown to displace [^H]DM with high affinity (Craviso and Musacchio, 1983b,
Itzhak and Kassim, 1990a), and MAO inhibitors have been shown to depress the cough
reflex (Kamei et at, 1987). Although DM and sigma ligands do not inhibit MAO
directly (Itzhak et al, 1991), the possibility of an interaction between DM sites and
MAO cannot be ruled out. A link between DM sites and serotonergic mechanisms, in
particular the levels of 5-HT in the brain, has been proposed (Kamei et al, 1986, 1987).
The subcellular localisation of DM binding sites in the mitochondrial fraction, and the
anatomical distribution of DM binding sites in areas which are rich in serotonergic
neurons, for example the raphe nuclei (Fuxe et al, 1983, Savaki et al, 1985), is
consistent with these findings.

Previous studies in guinea pig had suggested that high affinity [^H]DM binding sites
were localised predominately in the microsomal fraction of the cell (Craviso and
Musacchio, 1983a). This had lead to the suggestion that DM sites may represent a
form of microsomal enzyme, possibly associated with subforms of cytochrome P4 5 0 ,
and this is supported by the fact that a wide variety of pharmacological agents with
very different chemical structures are able to displace [^H]DM and sigma ligands from
their binding sites, including many which are known to be metabolised via the P450
pathway (McCann et al, 1989). Furthermore, it has been shown that the binding of
[^H]DM and sigma ligands is inhibited by agents which inhibit cytochrome P4 5 0 , such
as proadifen (Ross, 1990, Ross, 1991, Klein et al, 1991, Otton et al, 1993). The idea
that DM/sigma sites are members of the P450 superfamily of enzymes is consistent
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with the high [^H]DM and sigma ligand binding found in liver and other peripheral
organs such as the kidney and adrenal cortex (McCann et al, 1989, Klein et al, 1991).

However, a number of studies have disputed these observations.

Brain and liver

binding sites for [^H]DM ligands have been shown to have different binding
characteristics and pharmacological properties (Craviso and Musacchio, 1983a,
Musacchio and Klein, 1988a, Musacchio et al, 1988b, Basile et al, 1992), though this
observation does not appear to be true of sigma ligands (McCann and Su, 1991). For
example, the DM site ligands carbetapentane and caramiphen, which are active in brain,
did not inhibit [^H]DM binding in liver homogenate (Musacchio et al, 1988b). The
interaction of DM sites with cation channels (see Chapter 1) might explain why
proadifen, which blocks Na“*“ and Ca^"*” currents with greater potency than it inhibits
cytochrome P450 (Godfraind and Govoni, 1986), inhibits ligand binding to DM/sigma
sites (Ross et al, 1991). Moreover, although liver microsomes metabolised [^H]DM,
brain microsomes failed to do so (Craviso and Musacchio, 1983a), and since brain
microsomes metabolise other drugs, it can been argued that [^H]DM does not bind to
a drug-metabolising enzyme in the brain. The modulation of the DM %/sigma %site by
GTP analogues (Connick et al, 1992) is not consistent with the identity of these sites
as metabolising enzymes. Finally, the enhancement of [^H]DM binding by phenytoin
which is seen in brain microsomes, was not observed in liver microsomes (Craviso and
Musacchio, 1983b). It seems likely, therefore, that DM sites in brain and liver are
distinct, and may have different functions.

In this study, the potency of DM in the microsomal fraction was found to be lower
than in the crude mitochondrial fraction or homogenate, and the level of binding was
significantly lower than in these other fractions. It is not possible to conclude from
these results the true nature of the DM binding sites in the microsomal fraction of the
cell, or what their function is, but for future studies, it would be interesting to examine
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and compare the pharmacological characteristics of DM sites in brain mitochondrial
and microsomal fractions of the cell.

It is possible that subtypes of DM binding sites are involved in different intracellular
processes. The implication that one or more of the DM/sigma sites are a form of
metabolic enzyme has important implications. There are forms of brain P450 that are
inducible by chronic administration of tricyclic antidepressants and phenytoin (Volk et
al, 1988, Strobel et al, 1989), both of which interact with [^H]DM binding in vitro.
The interaction of pharmacologically active drugs such as MAO inhibitors with
sigma/DM binding sites may elucidate the physiological relevance of these sites in
affective disorders.

Finally, another explanation for the subcellular localisation of

[^H]DM binding which requires further investigation is the possibility that DM sites
play a role in the maintenance of intracellular calcium homeostasis. This regulation is
dependent upon Ca^'*' transporters or channels which are found in high density in both
the endoplasmic reticulum and mitochondria (McBumey and Neering, 1987),
consistent with the distribution of DM sites. For example, agonist-sensitive calcium
stores are believed to be subcompartments of the endoplasmic reticulum (Fasolato et
al, 1994). Loss of calcium homeostasis is though to play a role in the pathogenesis of
cerebral ischaemia, and the complex relationship between intracellular free and
sequestered calcium may be disrupted when cellular energy levels are low (Siesjo et al,
1989, Siesjo et al, 1992). In addition, it is thought that under pathological conditions
of Ca^'*’ overload, mitochondria are able to sequester substantial amounts of calcium
(Blaustein, 1988). This theory would also be consistent with a proposed role of DM
binding sites in the neuroprotective activity of DM.
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CHAPTER 4

THE EFFECT OF ISCHAEMIA ON THE BINDING
CHARACTERISTICS AND AUTORADIOGRAPHICAL
DISTRIBUTION OF DM SITES IN RAT BRAIN
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4.1

INTRODUCTION

In Chapter 3 the binding characteristics and anatomical distribution of [^H]DM in
normal rat brain were evaluated. In view of the neuroprotective effect of DM, it was
considered important to investigate the binding of [^H]DM under conditions of
ischaemia, and this chapter describes the characteristics and distribution of [^H]DM
binding in the middle cerebral artery (MCA) occlusion model of focal cerebral
ischaemia (see Chapter 1, Section 2.3) in the rat.

4.1.1

Preliminary Studies.

The process of neurodegeneration which results from an ischaemic insult involves a
number of complex processes which occur over a period of time, and this has been
discussed in Chapter 1 (Section 2.1). It has been shown that the size of an infarct
reaches a maximum after a period of approximately 48 to 72 hours following the
ischaemic insult. During this acute phase of ischaemia, the size of the ischaemic lesion
depends on the amount of necrotic tissue and the extent of cerebral oedema, and it is
during this phase that the infarct matures in terms of the pathophysiological changes
which ultimately lead to cell death.

For the purpose of these experiments it was

assumed that any changes occurring in DM binding sites ag a result of ischaemia would
also be maximal after 72 hours, although the time course of these changes might not
necessarily follow the same pattern. Therefore the development of the infarct from the
time of occlusion up to a period of 96 hours post-occlusion was investigated to ensure
that the infarct obtained was maximal, both to validate the assay, and to ensure
maximum changes in the binding sites being examined.

It is common practice in binding experiments to freeze the membrane preparation as a
stock solution while assuming that the viabilty and integrity of the binding site is
conserved. However, it was felt necessary to ensure that freezing of the intact brain
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prior to the preparation of the membrane did not affect the binding of [^H]DM, and
thus a comparison of fresh versus frozen MCA occluded rat brain was performed.

4.1.2

Binding of [^H]DM in Ischaemia; A Comparison with [^H]DTG and [^H]PK11195.

Until recently the most acceptable quantification of ischaemic brain damage was the
measurement of total neuronal loss. However, an alternative approach has now been
developed, based on the fact that after an ischaemic insult there is almost always a
proliferation of macrophage and astroglial cells. These cell types are richly endowed
with peripheral-type benzodiazepine binding sites when compared to neurons
(Benavides et al, 1987, Dubois et al, 1988, Price et al, 1990, Benavides et al, 1990).
The total number of peripheral-type benzodiazepine binding sites (B^ax) has been
shown to increase markedly in conditions of cerebral ischaemia, and can be measured
using the specific ligand [^H]PK-11195 (Benavides et al, 1983).

This effect is

constant and reliable, and [^H]PK-11195 and similar compounds are used to detect
gliosis and quantify the importance of ischaemic and excitotoxic brain lesions not only
in experimental animals (Gotti et al, 1990), but also in human neuropathological tissue
(Benavides et al, 1988). In these experiments, the affinity and total number of binding
sites for [^H]PK-11195 was used as a positive control for the presence of ischaemia as
a result of MCA occlusion. Although the changes in these sites have been shown to
reach a maximum after 4-8 days of occlusion (Benavides et al, 1990), in order to make
direct comparisons between other studies with this model, the 72 hour time point was
also employed in these experiments.

To investigate whether the binding sites for DM in rat brain were altered in conditions
of ischaemia, the affinity (Kj) of [^H]DM and the total number of binding sites
(Bmax)> was measured in MCA occluded and sham-operated rats. The involvement of
one or more subtypes of DM/sigma receptor in the neuroprotective effects of DM has
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not yet been elucidated. Recent work has suggested the presence of multiple binding
sites for DM, one of which is likely to be a common site for DM and sigma ligands (see
Chapter 1). Although DM and related compounds which bind to the DMj/sigmaj site
are neuroprotective, the lack of effect of sigma ligands such as (+)-3-PPP, DTG, and
haloperidol in models of focal ischaemia suggests that this effect is not mediated via
DM 1/sigma 1 sites (Gotti et al, 1990, Poignet et al, 1992). This could be explained by
the fact that in rat brain, DM2 sites are found in higher density, and sigma ligands do
not bind to this site. However, sigma ligands are neuroprotective in other models of
ischaemia, for example, excitotoxin injection, global ischaemia and hypoxia. (Gotti et
al, 1988, McDonald and Johnston, 1990, Rao et al, 1990d, Pontecorvo et al, 1991,
Clissold et al, 1993), although their mechanism of action is unclear. In view of the
conflicting data about the neuroprotective effects of sigma ligands, for comparison the
affinity and total number of binding sites for the sigma ligand [^H]DTG in the
ischaemic rat brain were also investigated.

4.1.3

Autoradiographical Distribution of [^H]DM in Cerebral Ischaemia.

It is possible that the binding of [^H]DM changes in conditions of ischaemia in discrete
brain regions, changes that might not be detected in whole brain. The distribution of
DM binding sites in normal rat brain has been discussed in Chapter 3. In view of the
fact that DM and related compounds possess neuroprotective properties, it could be
speculated that these sites might be involved in the pathophysiology of ischaemic brain
damage. In addition, after an ischaemic insult, certain brain neurons have been shown
to be more susceptible to neuronal degeneration than others (see below. Section 4.2).
In the normal rat brain, [^H]DM binding sites were found in moderate density in areas
which contain these vulnerable neurons, such as the cortex, hippocampus and striatum
(see Chapter 3). However, the distribution of [^H]DM binding sites in ischaemia has
not previously been evaluated, and it is under these conditions that any changes might
indicate a role in the pathology of ischaemic neuronal death. Therefore the density of
109

[^H]DM binding sites in various brain regions was measured in MCA occluded and
sham-operated rats.

4.2

METHODS

A full account of the methods used in these experiments is described in Chapter 2.
Infarct production in rats was obtained via middle cerebral artery occlusion as
described in Section 2.9, and total infarct area in square millimetres (mm^) was
calculated from infarct area at each of five stereotactic co-ordinates, approximately: 1)
12.7; 2) 9.7; 3) 6.7; 4) 3.7; 5) 0.7mm, measured anterior to the interaural line.
Binding experiments with [^H]DM, [^H]DTG and [^H]PK-11195 were performed as
described in Sections 2.3, 2.6 and 2.7, respectively, and autoradiography experiments
were performed as described in Section 2.8. The data from a number of experiments
(n) were analysed as described in Section 2.10, and expressed as the mean ± s.e.m.
Statistical comparisons were made using the Students t-test (two-tailed), with a p value
of less than 0.05 being considered significant.

4.3

RESULTS

4.3.1

Relation of Infarct Size to Duration of Occlusion.

Table and Figure 4.3.1 show the size of the infarct obtained in 24-96 hour MCA
occluded rats. The total area of infarcted tissue increased with time up to a maximum
at 72 hours post-occlusion. After this time (96 hours post-occlusion), the infarct area
appeared to decrease slightly. There was a significant difference between 24 hours,
and 72 and 96 hours, both in terms of total infarct area (p<0.01 and p<0.05
respectively. Students t-test), and as a percentage of hemisphere (p<0.05). There were
110

no significant differences between the hemisphere or whole brain areas of MCA
occluded and sham-operated rats at any time point, although the total hemispheric area
ipsilateral to the occluded MCA also slightly increased in size (to a maximum at 72
hours).

4.3.2

Comparison of Fresh and Frozen Brain.

The displacement of [^H]DM by unlabelled DM in fresh and frozen tissue is shown in
Table 4.3 .2. Each value represents the mean from a number (n) of experiments. There
were no significant differences in the potency of DM between fresh and frozen brain in
either the ipsilateral or the contralateral sides (relative to the ischaemic insult) of the
MCA occluded rat brain, although there did appear to be a slight trend (maximum
factor of two) towards an increase in potency of DM in the ipsilateral side of the brain.
As these results suggest that freezing the rat brains prior to binding studies does not
materially influence the interpretation of the results, it was assumed that data obtained
from these studies were interchangeable with those from fresh brain.

4.3.3

Binding of [3h ]DM, [3h ]DTG and [3h ]PK-11195 in the Ischaemic Rat
Brain.

Table 4.3.3 shows the affinity dissociation constants (K^j) and total number of binding
sites (Bjnax) for DM, DTG and PK-11195 in MCA occluded and sham-operated rat
brain. The peripheral benzodiazepine receptor ligand PK-11195 had a

value of

approximately 2nM in both contralateral and ipsilateral sides of the sham operated rat
brain, and also in the contralateral side of the MCA occluded brain. However, in the
ipsilateral occluded brain, the affinity appeared to be decreased by approximately 4fold, to 8.3nM, although the effect did not quite reach statistical significance (p =
0.077). The total number of binding sites in the sham-operated brain was 1.0 and
0.5pmol/mg in the contralateral and ipsilateral sides respectively, while in the
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contralateral side of the MCA occluded brain the

value was similar at

0.57pmol/mg. However, in the ischaemic rat brain there appeared to be an increase in
the number of binding sites for PK-11195.

The B^ax value was increased

approximately 6 -fold to 3.5pmol/mg, although again this was not quite significant (p =
0.07).

There were no significant differences in either

or B^ax values for [^H]DM

between either sham-operated and MCA occluded rat brains, or between ipsilateral and
contralateral sides of the brain. However, when the binding of [^H]DM in the shamoperated rat brain was compared with the MCA occluded brain, there appeared to be a
slight decrease in the apparent K^j (approximately 2 -fold) between the ipsilateral side of
the MCA occluded brain and the contralateral side of the sham-operated brain, and a
corresponding decrease in the number of binding sites between the contralateral shamoperated brain and the ipsilateral MCA occluded brain (B^^^ value apparently reduced
by approximately 30% from 4.7 to 3.2pmol/mg). The K j and B^ax values for the
ipsilateral sham and the contralateral MCA occluded brains were similar.

There were no differences in either affinity or binding density of [^H]DTG between the
MCA occluded and sham-operated rat brains on the ipsilateral or contralateral sides.
The values for K^j and B^^^x were similar for all groups of rats.
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Table 4.3.1

Relationship Between Infarct Size and Duration of Occlusion.

Total Infarct Area (mm^) ± s.e.m.

Time
(hr)

n

Infarct

Hemisphere

% of Hemisphere

24

40.03±2.87

275.13±10.54

14.82±1.49

6

48

54.03±6.86

288.87±7.35

18.66±2.29

7

72

61.00±4.06**

293.92±7.53

20.92±1.68*

6

96

55.64±4.37*

286.74±10.78

19.40±1.33*

5

Infarct area at various times post-occlusion was expressed in absolute values and as a
percentage of the ipsilateral hemisphere. * p < 0.05; ** p < 0.01 (Students't' test),
when compared with infarct area at 24 hours.

Table 4.3.2

Displacement of [^H]DM by DM in Fresh and Frozen MCA
Occluded Brain.

IC50 (nM)

Hill slope

n

1) Fresh Contralateral

350.1±88.6

-0.73±0.13

5

2) Fresh Ipsilateral

157.5±16.1

-0.69±0.06

5

3) Frozen Contralateral

201.2±48.9

-0.68±0.03

6

4) Frozen Ipsilateral

140.6±20.0

-0.683=0.05

6

Group

Results are given as mean ± s.e.m.

113

Figure 4 .3 .1

Relationship Between Duration o f Occlusion and Infarct Size.
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The rats were sacrificed and total infarct area (in mm^) measured at 24, 48, 72 or 96
hours after occlusion of the middle cerebral artery.

Infarct area (mean ± s.e.m.) is

expressed as percent o f total hemispheric area. Data were analysed using Student's't'
test, and a p value o f less than 0.05 was considered statistically significant (* p<0.05,
** p<0.01).
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Table 4.3.3

Saturation Analysis of [^H]PK-11195, [^H]DM and [^H]DTG in the
Ischaemic Rat Brain.

Kd(nM)

Ligand/
group

PK-11195

DM

DTG

Bmax (pmol/mg)

contra.

ipsi.

contra.

ipsi.

Sham

1.98±0.12

2.15±0.64

1.00±0.39

0.52±0.05

4

MCA

1.93±0.28

8.31±3.40

0.57±0.07

3.49±1.37

4

Sham

460.9±118.3

334.4±48.5

4.66±0.89

3.91±0.26

5

MCA

369.1±57.3

266.1±51.8

3.96±0.57

3.17±0.43

5

Sham

73.3±8.4

72.1±10.4

4.08±0.44

4.01±0.22

4

MCA

65.9±9.0

76.6±5.6

3.55±0.46

3.38±0.41

4

The values shown represent the affinity dissociation constant (Kj) and the total number
of binding sites

n

the analysis of binding to a single site. "Contra" and "ipsi"

refer to the halves of the rat brain which were contralateral and ipsilateral hemispheres,
respectively, relative to the ischaemic insult. Rats were sacrificed 72 hours after MCA
occlusion.
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Figure 4,3.3

Binding Isotherms for Saturation Binding o f [ H]PK-11195: A
Comparison o f Ipsilateral and Contralateral Sides o f MCA Occluded
and Sham-Operated Rat Brain
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(nM)
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4.3.4

Autoradiographical Distribution of [^H]DM Binding Sites in the Ischaemic
Rat Brain.

Tables 4.3.4a and 4.3.4b show the distribution of [^H]DM in sham-operated and MCA
occluded rat brain.

Specific binding accounted for approximately 40-50% of total

binding. With the exception of the occipital cortex and hypothalamus, there were no
significant differences between control (normal), MCA occluded and sham-operated
groups of rats in any of the brain areas studied, although some differences were
suggested in other brain regions. These results are also represented in Figures 4.3.4a
(i) to (v).

A decrease in the levels of [^H]DM binding in the ipsilateral side of the MCA occluded
brain was noted particularly in the occipital cortex (p < 0.05), although a possible
reduction was also apparent in other cortical regions, for example, the parietal and
temporal cortices (p > 0.05 < 0.1). There appeared to be a slight decrease in the
binding of [^H]DM in the CAl, CA2 and CA3 regions of the hippocampus, with no
change in sham-operated animals. In the midbrain and medulla regions the overall
effect appeared to be a decrease in [^H]DM binding in both sham and MCA occluded
rat brain, with the exception of the caudal linear raphe nucleus, in which a slight
decrease was possibly observed in sham-operated animals only. In the cerebellum, a
similar effect was observed, except that binding appeared to be decreased by a
relatively greater extent in the MCA occluded rat brain, and this was most marked in
the granular cell layer (p > 0.05 < 0.1).

In certain brain areas there appeared to be an increase in the binding of [^H]DM, in the
sham-operated rat brain only, when compared with control rat brains.

In the

hypothalamus, there was a significant difference between normal brain and both
ipsilateral (+87%) and contralateral (+83%) sides of the sham-operated rat brain (p <
0.05). A similar effect was apparently observed in the amygdala and the thalamus,
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though these changes were not significant. Figure 4.3.4b shows the relatively higher
levels of binding in the thalamic nuclei in the sham-operated rat brain, when compared
with other regions of the brain such as the cortex.

There were no significant

differences in these areas between the ipsilateral and contralateral sides of the brain in
sham-operated or MCA occluded rat brains.

There were no obvious changes in the binding of [^H]DM in any of the other cortical
regions studied.

No significant changes in were observed in either the caudate

putamen, nucleus accumbens, globus pallidus, dentate gyrus or lateral geniculate
nucleus.
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Table 4.3.4a

Autoradiographical Distribution of [^H]DM Binding Sites in the
Sham-Operated Rat Brain.
[^H]DM Bound

Brain Area

contralateral
fmol/mg
%
Cerebral Cortex;
cingulate
frontal
parietal
insular
retrosplenial
occipital
temporal
perirhinal
entorhinal
Basal Ganglia:
caudate putamen
nucleus accumbens
globus pallidus
Septum
lateral septal nuclei
Amygdala
basolateral amygdaloid nu.
Hippocampus
CAl
CA2
CA3
dentate gyrus
Thalamus
laterodorsal thalamus
medial thalamus
ventral thalamus
geniculate nucleus
Hypothalamus
ventromedial hypothalamus

32.4±7.1
32.4±7.9
34.3±6.2
25.5±8.9
30.0±8.9
29.8±9.6
35.0±10.5
31.3±9.6
27.6±9.0

84.0
89.5
91.2
63.9
72.5
78.1
94.0
88.0

91.7

n

ipsilateral
fmol/mg
%

32.9±7.0
32.6±6.2
36.2±5.8
32.5±6.6
26.5±7.9
31.7±7.0
35.9±7.7
28.6±6.8
22.2±7.1

85.2
89.9
96.2
81.2
63.9
83.0
96.4
80.4
73.6

5
5
5
5
5
5
5
5
5

89.5
84.9
87.1

5
5
5

30.5±7.2
31.4±8.2
37.7±7.7

77.8
90.1

31.4±6.0
34.2±8.1
36.5±7.0

22.1±4.5

66.6

21.0±4.8

63.3

5

33.8±8.5

169.4

34.4±6.9

172.4

5

34.8±7.1
40.1±7.6
41.1±7.5
35.7±7.7

88.2

93.4
93.0
83.0

37.4±4.8
40.9±6.3
41.8±6.7
34.1±7.0

94.8
95.3
94.5
79.0

5
5
5
5

44.1±8.7
46.7±8.6
42.1±8.6
42.7±8.9

155.1
156.9
141.4
90.1

43.9±8.2
46.7±8.9
43.7±8.2
41.5±9.3

154.6
156.9
146.9
87.5

5
5
5
5

39.8±5.6*

182.7

40.8±6.4*

187.4

5
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86.8

Table 4.3.4a

(continued).

Brain Area

Midbrain
central grey
caudal linear raphe nuclei
dorsal raphe nuclei
median raphe nuclei
rhabdoid nuclei
Medulla Oblongata
nucleus solitary tract
reticular nuclei
Cerebellum
granular cell layer
molecular cell layer

[^H]DM Bound

n

fmol/mg

%

35.8±7.9
36.8±10.1
47.8±9.3
33.7±7.4
42.8±7.1

62.3
74.5
66.0

62.6
68.2

75.9

5
5
5
5
5

36.8±7.1
36.6±7.6

68.2

5
5

48.6Ü0.3
28.6±7.8

75.9
62.0

5
5

Binding was measured in 20|im brain sections using 20-3 OnM free [ H]DM. Values
shown represent mean values (± s.e.m.) for the absolute levels of [^H]DM bound (in
fmol/mg tissue equivalent), and are also expressed as a percentage of those obtained in
normal (control) rats (see Chapter 3, Table 3.3). * p < 0.05; Students 't' test,
compared with normal rat brain.
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Table 4.3.4b

Autoradiographical Distribution of [^H]DM Binding Sites in the
MCA Occluded Rat Brain.
[^H]DM Bound

Brain Area

Cerebral Cortex;
cingulate
frontal
parietal
insular
retrosplenial
occipital
temporal
perirhinal
entorhinal
Basal Ganglia:
caudate putamen
nucleus accumbens
globus pallidus
Septum
lateral septal nuclei
Amygdala
basolateral amygdaloid nu.
Hippocampus
CAl
CA2
CA3
dentate gyrus
Thalamus
laterodorsal thalamus
medial thalamus
ventral thalamus
geniculate nuclei
Hypothalamus
ventromedial hypothalamus

n

contra ateral
fmol/mg
%

ipsilateral
finol/mg
%

44.9±8.5
42.7±7.3
43.1±7.8
33.9±5.8
32.5±7.3
26.U7.8
28.8±9.0
22.0±5.2
22.4±6.0

116.4
117.8
114.6
84.9
78.4
68.3
77.3
62.0
74.4

43.1±8.7
35.2±8.5
21.8±6.4
29.7±8.4
32.5±7.4
17.4±3.6*
20.2±4.1
22.4±3.3
26.2±3.3

111.6

43.9±8.1
37.8±7.8
34.9±2.5

125.1
93.7
83.4

41.4±8.7
35.1±8.4
36.3±2.9

118.0
87.1
86.6

5
5
5

34.0±6.9

102.4

34.7±6.3

104.4

5

20.6±7.2

103.2

22.5±5.6

113.0

5

23.2±6.0
28.8±6.9
30.3±8.2
30.8±6.0

58.7
67.1

68.0

71.3

26.9±6.5
34.9±7.8
33.9±8.0
36.2±3.7

5
5
5
5

32.8±10.7
31.8±8.2
32.9±8.8
43.5±9.7

115.4
106.7
93.4
91.8

35.0±9.6
32.9±8.8
33.6±10.0
51.3±7.7

123.3
110.7
108.4

5
5
5
5

26.6±8.1

122.1

30.9±8.1

141.9

5
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68.6

97.0
57.9
74.3
78.4
45.5
54.4
63.0
87.2

81.4
76.7
83.8

112.8

5
5
5
5
5
5
5
5
5

Table 4.3.4b

(continued).

Brain Area

Midbrain
central grey
caudal linear raphe nuclei
dorsal raphe nuclei
median raphe nuclei
rhabdoid nuclei
Medulla Oblongata
nucleus solitary tract
reticular nuclei
Cerebellum
granular cell layer
molecular cell layer

[^H]DM Bound

n

fmol/mg

%

39.U4.0
46.7±4.3
47.5±4.1
41.5±5.2
45.5±4.1

68.0

94.6
65.6
77.1
72.5

5
5
5
5
5

32.7±7.4
34.7±6.8

67.3
64.7

5
5

43.0±7.4
23.0±7.3

67.2
49.9

5
5

p < 0.05, Students 't'test (refer to Table 4.3.4a for details).
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Figures 4.3 .4a

(i) to (v) The Anatomical Distribution o f [ H]DM Binding Sites in
the Ipsilateral and Contralateral MCA Occluded and Sham-Operated
Rat Brain; A Comparison with Normal Rat Brain.

1

I

Control (normal)

Sham contralateral

MCA contralateral

Sham ipsilateral

MCA ipsilateral

(I)
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Cerebral C ortex

Binding was measured in 20pm sections at a free [ H]DM concentration o f 20-30nM.
The data represents the amount of [^H]DM specifically bound in fmol/mg tissue
equivalent (mean ± s.e.m ). The absolute values obtained are given in Tables 4.3.4a and
4.3.4b. * p < 0.05, Students t test, when compared with "normal" (no operation) rat
brain (see Table 3.3 .3).
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Figure 4.3.4b

[ H]DM Binding in the Sham-Operated Rat Brain Assessed by
Autoradiography.
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The autoradiograph shows the relatively higher levels of binding in thalamic regions
when compared with other brain areas. This is in contrast to normal brain, where
binding in the thalamus was relatively low (see Tables 3.3.3 and 4.3.4b).
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4.4

4.4.1

DISCUSSION

Development of the Infarct.

The total area of infarcted tissue increased over a period of time to a maximum at 3
days after MCA occlusion, although the hemispheric area ipsilateral to the occluded
MCA also increased to a similar extent over the same time period. The development
of oedema in the penumbral region due to influx of sodium, chloride and osmotically
obliged water caused by energy depletion and pump failure, also occurs over a period
of days (Heiss and Graf, 1994), suggesting that at least part of the increase in infarct
size observed was due the effects of oedema. The contribution of oedema on infarct
size could be elucidated by calculating the increase in water content of the tissue by
reference to the wet/dry weight ratio of the same area of the contralateral hemisphere.

4.4.2

Saturation Analysis of [^H]PK-11195, [^H]DM, and [^H]DTG in Cerebral
Ischaemia.

The total number of binding sites (Bj^ax) foi" [^H]PK-11195 was increased by more
than 7-fold in the ipsilateral side of the middle cerebral artery occluded rat brain, when
compared with either the contralateral MCA occluded brain or with the ipsilateral
sham-operated brain.

Although these changes did not quite reach statistical

significance, they are consistent with the literature on this agent (Dubois et al, 1988,
and see Section 4.1, above). The relatively larger increase observed in that study
compared with the present experiments was most likely due to the longer period of
occlusion employed, as peripheral-type benzodiazepine binding sites have been shown
to increase up to a maximum 8 days after MCA occlusion (Benavides et at, 1990).
Moreover, it is possible that an analysis of just the cortical regions of the forebrain
surrounding the infarct would have demonstrated a larger increase in the total number
of [^H]PK-11195 binding sites, as the localisation of these sites after an ischaemic
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insult is predominately in the border region of the infarct (Benavides et al, 1987,
Dubois et al, 1988, Price et al, 1990, Benavides et al, 1990). There was also an
apparent increase in the affinity dissociation constant (Kj) for PK-11195 in the
ischaemic brain, of approximately 4-fold, when compared to the contralateral side or to
the ipsilateral sham-operated brain. These results suggest the presence of infarcted
tissue as a result of middle cerebral artery occlusion, while indicating that no such
changes occurred as a result of the sham operation.

There were no significant changes in either the K j or the B^^iax for [^H]DM in the
ipsilateral MCA occluded rat brain.

However, there was some evidence of slight

differences in [^H]DM binding between ipsilateral and contralateral sides of both
sham-operated and MCA occluded rat brain. The binding parameters of [^H]DM in
ipsilateral MCA occluded brain were almost identical to those obtained in normal rat
brain (Chapter 3, Section 3.1), whereas in the MCA occluded contralateral and the
sham-operated rat brain, the affinity of [^H]DM appeared to be slightly lower and the
Bmax slightly greater. The greatest changes appeared to occur in the contralateral
sham-operated brain, where the density of binding sites was almost double that
observed in normal rat brain. However, none of these differences were statistically
significant, possibly due to the variability of the data. It is possible that statistical
significance may have been achieved for the changes observed for both DM and PK11195 with a larger number of experiments; unfortunately this was not possible due to
limits of time and radiolabelled ligand. When the saturation data for [^H]DM were
examined more closely there was some evidence of a non-linear Scatchard plot,
indicating binding to more than one site, although as was the case with normal rat
brain, the data could not be fitted to a 2 -site model using the programs available (see
Chapter 3, Section 4.1).

As the observed changes were small and not statistically significant, it was not possible
to say whether there were any changes in [^H]DM binding which occurred as a result
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of ischaemia.

However, the small differences in the number of DM binding sites

between control (normal) rat brains and after an ischaemic insult would be consistent
with the proposal that ischaemia may induce changes in DM binding sites
(corresponding to a decrease in the affinity), and an increase in the total number of
sites. The smaller

observed in the ipsilateral MCA occluded brain would be

consistent with the presence of infarcted tissue, while the differences seen in the shamoperated and contralateral MCA occluded brains could suggest that changes occurred
as a result of the experimental procedure per se.

Although the absence of any

significant differences means that it is not possible to draw any definite conclusions
based on these results, it is possible that changes might have occurred in discrete brain
regions, which were not detected in an investigation of the whole brain.

This

possibility was investigated, and is discussed below (Section 4.4.3).

The binding of the sigma ligand [^H]DTG was not affected by occlusion of the middle
cerebral artery in rat brain, in terms of either the dissociation constant or the total
number of binding sites. It is possible that the K j and B^ax values for [^H]DTG
obtained in these experiments probably represents binding to more than one site, as the
K(j value is intermediate between reported values for the high and low affinity binding
of [^H]DTG (Karbon et al, 1991, Codd and Shank, 1992). There were no differences
between MCA occluded and sham-operated rats, or between ipsilateral and
contralateral sides of the brain. This could suggest that sigma sites are not involved in
the aetiology of cerebral ischaemia, and is consistent with observations that sigma
ligands such as DTG do not possess neuroprotective activity. However, as discussed
above, it is possible that changes occurred in discrete regions of the brain which were
not detected in these experiments.
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4.4.3

Autoradiographical Distribution of [^H]DM Binding Sites in Cerebral
Ischaemia.

The binding of [^H]DM was compared in ipsilateral and contralateral sides of MCA
occluded and sham-operated rats, and also compared to those obtained in normal rat
brain, as described in Chapter 3.

Significant changes in [^H]DM binding were

observed only in the occipital cortex and the ventromedial hypothalamus, although
some changes were also suggested in several other brain regions.

Unfortunately,

however, due to the large variability of the data and the lack of statistical significance,
it was not possible from these experiments to determine whether these changes in
binding levels of [^H]DM in these areas were genuine effects of ischaemia or merely
artifactual.

The ratio of specific to non-specific binding in autoradiography

experiments with [^H]DM was much lower than that obtained in homogenate binding
experiments. This was due to the greater level of non-specific binding obtained, and
this could be explained by non-specific binding of the radioligand to the microscope
slides and the long separation time required in order to separate bound from free ligand
(four times five minute washes) when compared with test tube experiments
(approximately 10 - 15 seconds).

In addition, fi-om these experiments it was not

possible to say whether any changes which might have resulted fi'om the presence of
ischaemia were due to changes in affinity or number of binding sites, although they
would be consistent with the results obtained in whole brain described above (Section
4.4.2).

In the occipital cortex, there was a significant decrease in [^H]DM binding when
compared with normal rat brain. Binding also appeared to be reduced in the parietal
and temporal cortices, although these changes did not quite reach statistical
significance. These are regions which are supplied by the middle cerebral artery in the
rat (Yamori et al, 1976, Tamura et al, 1981, Fox et al, 1993), and any decrease in
binding most likely reflects necrosis of cells in this area (infarct).
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There were no

obvious changes in the binding of [^H]DM in any of the other cortical regions studied.
In addition, no significant changes were observed in the caudate putamen, nucleus
accumbens, globus pallidus, dentate gyrus or lateral geniculate nucleus.

In other areas of the brain, the effects of ischaemia on [^H]DM binding were less clear.
Although, with the exception of the hypothalamus, there were no statistically
significant differences in [^H]DM binding between any group of rats, there appeared to
be some changes in certain brain regions after ischaemia.

In areas such as the

hippocampus, a possible decrease in binding was observed in MCA occluded rat brains
only, with the sham-operated rat brain being equivalent to control values obtained in
normal rats. In other regions such as the central grey, dorsal and median raphe nuclei,
rhabdoid nucleus, reticular nuclei, nucleus solitary tract and cerebellum, there appeared
to be a decrease in [^H]DM binding to a similar extent in both sham-operated and
MCA occluded brain.

In the cerebellum, [^H]DM binding was decreased in the

ipsilateral hemisphere of the MCA occluded brain, and to a slightly lessor extent in the
sham-operated brain also.

In the caudal linear raphe and septum, the decrease in

binding was seen in sham-operated brain only.

An interesting finding was that in certain regions there appeared to be an increase in
[^H]DM binding. In the hypothalamus, there was a significant increase in the binding
of [^H]DM in both ipsilateral and contralateral sides of the sham-operated rat brain
only, with much smaller, non-significant increases possibly observed in the MCA
occluded brain.

There appeared to be a similar effect in the amygdala and the

laterodorsal, mediodorsal and ventral thalamus, and in each case, there was little
difference between ipsilateral and contralateral sides of the brain. Increases were also
suggested in other areas, such as the cingulate cortex, caudate putamen and lateral
geniculate nucleus, although the lack of statistical significance did not allow any
assumptions to be made about any of these results.
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The reasons why the binding of [^H]DM were differentially affected in different brain
regions are not clear, and it is difficult to correlate the changes in each region with the
effects of focal ischaemia, apart from the obvious decreases seen in the ischaemic core.
In general, there seemed to be a difference between the effects produced specifically by
MCA occlusion and those produced by the experimental procedure. Apparent changes
were observed to varying extents in different brain regions in both sham and MCA
occluded rats, and in both ipsilateral and contralateral sides of the brain, though not
necessarily in the same direction. Although the lack of statistical significance implies
that these changes may be artifactual, it is difficult to explain why, for example,
apparent increases and decreases were obtained in different brain regions measured in
the same experimental section.

Explanations for possible changes in binding have

therefore been considered.

It is possible that the 60 minutes of bilateral common carotid artery occlusion, together
with unknown factors such as plasma glucose levels and blood pressure, which were
not measured in these experiments, imposed an effect of hypoxic "stress" on the brain.
For example, systemic hypotension is known to be detrimental to the survival of brain
cells after an ischaemic insult (Macrae, 1992). It is known that after transient global
ischaemia or permanent partial ischaemia, certain neuronal populations degenerate
more quickly than others (Pulsinelli et al, 1982, Auer and Siesjo, 1988, Globus et al,
1991, Ginsberg, 1993, Maiese et al, 1994).

Neurons known to be selectively

vulnerable to an ischaemic insult are found within certain regions of the brain such as
layers 3, 5 and 6 of the cerebral cortex, CAl area of the hippocampus, striatum, basal
ganglia, thalamus and cerebellum.

Evidence now suggests this is due to the

susceptibility of these neurons to calcium influx, and this has been linked to a high
density of excitatory amino acid receptors on these cells (Benveniste et al, 1984,
Lehmann et al, 1989, Meldrum and Garthwaite, 1990). In normal rat brain DM sites
were found in moderate density in areas containing selectively vulnerable neurons (see
Chapter 3). However, it is interesting to note that in certain of these regions, changes
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in DM binding were apparently observed. In the hippocampus, for example, [^H]DM
binding appeared to be decreased in the MCA occluded brain only, and this effect was
slightly more pronounced in the CAl area. In other vulnerable areas such as the
thalamus, increases in [^H]DM binding may have occurred, although unfortunately,
individual structures within each region were not examined in detail.

It may be possible to distinguish between focal and global ischaemia, in that each might
have produced opposing effects on the binding of [^H]DM and the overall observed
changes would be a composite of these effects. As a follow up to these studies, it
would be interesting to investigate the binding of [^H]DM in models of both focal and
global ischaemia, in terms of affinity and density of sites.

This would allow an

examination of any correlation between binding in those regions which are known to
possess selectively vulnerable neurons and those in which the binding of [^H]DM is
most affected. It may be of interest to note that there appears to be a correlation
between the levels of [^H]DM binding in the normal rat brain and the changes in
binding observed in "global" ischaemia only, that is in sham-operated rats. The areas in
which the greatest increases in [^H]DM binding were obtained, such as the
hypothalamus (+83-87%), the basolateral amygdala (+69-72%) and the thalamus (+4155%), are those which showed the lowest levels of binding in normal brain.
Conversely, in those areas rich in [^H]DM binding in normal brain, apparent decreases
in binding in ischaemia were observed, for example, the dorsal and median raphe nuclei
(-34 and -37%, respectively), the central gray (-38%) and the brainstem reticular nuclei
(-32%). The significance, if any, of these findings is unclear.

Although it is generally accepted that DM/sigma sites are not coupled directly to
NMDA receptors (Itzhak and Stein, 1990b), there is increasing evidence that these
sites can functionally modulate NMDA receptor-mediated neuronal activity (Lehmann,
1989, Debonnel et al, 1990, Monnet et al, 1990, Iyengar et al, 1990, Rao et al, 1990a,
Rao et al, 1990b, Rao et al, 1990c, Pontecorvo et al, 1991, Iyengar et al, 1991,
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Monnet et al, 1992, Carrozza et al, 1992, Diana et al, 1993). Although the apparent
changes in [^H]DM binding in different brain regions in this study do not appear to
correlate to any great extent with the known distribution of NMDA receptor ligands, it
is possible that changes in DM binding site subtypes occur after an ischaemic insult in
certain brain areas, possibly in areas containing high densities of NMDA receptors.
Subunits of the NMDA receptor have recently been identified (Monahan et al, 1988,
Kutsuwada et al, 1992, Mugnaini et al, 1993, Priestley and Kemp, 1993, Sakurai et al,
1993) and subsequently cloned (Nakanishi, 1992).

Of particular interest was the

apparent distribution of these subunits in the brain, in that certain subunits are
distributed throughout the brain, but others are localised in certain brain regions. For
example, one subunit is found predominately in the cerebellum, an area which contains
a high density of [^H]DM binding sites. The relevance of these findings in the putative
functional interaction between DM sites and the NMDA receptor remains to be
elucidated, but it could be speculated that this interaction might become more
important under conditions of excessive NMDA receptor activation, such as ischaemia.
This is of particular interest in view of the neuroprotective properties of DM, and the
role of excitatory amino acid receptors in selective neuronal vulnerability and ischaemic
cell death.

It is interesting to note that the neuroprotection obtained in vivo with competitive and
non-competitive NMDA antagonists is not restricted to neurons with a high density of
NMDA receptors (Meldrum and Garthwaite, 1990), and may therefore involve cell to
cell interactions.

It is known that neuronal transmission can be altered after an

ischaemic insult (Hara et al, 1991). For example, the neuronal degeneration caused by
focal cortical seizures induced by the application of convulsant agents is observed not
only in the area of the insult but also in certain distant thalamic nuclei within seizure
pathways via a glutamate-mediated mechanism (Collins and Olney,

1982).

Furthermore, in forebrain ischaemia, lesions of areas such as the locus coeruleus can
aggravate cortical and hippocampal brain damage (Blomqvist et al, 1985), whereas
134

aggravate cortical and hippocampal brain damage (Blomqvist et al^ 1985), whereas
ablation of the substantia nigra attenuates striatal ischaemic damage.

Finally, the

increase in peripheral benzodiazepine binding sites which is observed after focal
ischaemia (see above. Section 4.1.2) is observed not only within the penumbral region,
but also in the substantia nigra and thalamic structures (Dubois et al, 1988), the latter
an area which possibly showed changes in [^H]DM binding. These observations lend
support to the theory that the ischaemic neurodegeneration in certain brain areas could
possibly influence the changes in DM binding sites in other areas.

It has been shown that direct stimulation of selected excitatory pathways can reduce
the binding of sigma ligands in brain slices (Connor and Chavkin, 1990). It is possible
to speculate that there may be an endogenous ligand for DM and/or sigma sites whose
release is enhanced in conditions of ischaemia. Elevations in extracellular levels have
been shown for both excitatory and inhibitory amino acids (Benveniste et al, 1984,
Graham et al, 1990, Globus et al, 1991, Matsumoto et al, 1993). Release of an
endogenous ligand could allosterically modulate the binding of [^H]DM in a manner
similar to that seen with phenytoin and ropizine, which can be stimulatory or inhibitory
depending on the brain region being examined (Canoll et al, 1990, and see Chapter 1,
Section 1.2).

The identification of an endogenous ligand for DM sites would

strengthen this hypothesis.

In conclusion, although this study has suggested the possibility of changes occurring in
the levels of [^H]DM binding after an ischaemic insult, these results are by no means
conclusive, and indicate that further investigation will be required to determine the
precise nature and significance of any changes which may have occurred.
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CHAPTER 5

THE STRUCTURE AND BINDING CHARACTERISTICS
OF DEXTROMETHORPHAN AND CARBETAPENTANE
ANALOGUES
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5.1

INTRODUCTION

5.1.1

Rationale For Synthesis of DM and Carbetapentane Analogues.

The analogues of dextromethorphan and carbetapentane described below were
synthesised by Dr. A.H. Newman (see Chapter 2, Section 1.2), and generously donated
for the purpose of these experiments.

In vivo studies with DM (3 -methoxy-17-methylmorphinan) have been complicated by
the fact that it is rapidly and largely (90%) metabolised to its 0-demethylated phenolic
derivative dextrorphan (3-hydroxy-17-methylmorphinan, DX). This has been shown in
Sprague-Dawley rats and in humans (Aylward et al, 1984, Wills and Martin, 1988).
Even though DM is concentrated 10-30 times in brain after systemic administration
(Wills and Martin, 1988), the plasma levels of DM after a single ingested dose make it
unlikely that it is DM per se which is responsible for the in vivo therapeutic effects
observed. The metabolite dextrorphan has been shown to bind to the NMDA receptorassociated PCP site with higher affinity than DM, and is also more potent as a
neuroprotective and anticonvulsant agent. The effects of DM in vivo have therefore
been partly attributed to its active metabolite (see Chapter 1, Section 3.2).

In an

attempt to overcome this problem, in compounds 3 to 17 (Table 5.2.1a) the methoxy
group in the 3-position on the morphinan ring (R), which is the primary site of
metabolism of DM (Ramachander et al, 1977), was replaced with groups such as
secondary and tertiary amines and alkyl ethers which would not be expected to be
metabolised, or would do so at a reduced rate compared with DM (Newman et al,
1992).

To investigate further the mechanism of action of DM, the effect of structural
modification of carbetapentane, another antitussive agent which also binds to DM
binding sites in rat and guinea pig brain (Craviso and Musacchio, 1983b, and see
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Chapter 3, Table 3.3.le), was evaluated.

Carbetapentane (2-[2-(diethylamino)-

ethoxy] ethyl-1-phenyl-1-cyclopentylcarboxylate, CBP) was modified in an attempt to
identify those structural features necessary for optimal in vivo anticonvulsant activity
(Calderon et al, 1991). The ester group may be susceptible to metabolic degradation,
and therefore improved biochemical stability and subsequent increases in duration of
action may be achieved by chemical modification. The ester group (X) was replaced
with an amide or an ether, the carbonyl group was reduced to a methylene group, and
compounds with either a secondary or a tertiary amine were synthesised.

The

cyclopentyl ring was either expanded to a six-membered ring, or reduced to a methyl
group (Rj/R 2 ), in addition to the modifications described above, to investigate
whether the increased lipophilicity of these agents would improve in vivo potency.
Finally, a methoxy group was substituted in the benzene ring (R) to investigate whether
this similarity to DM would improve potency (Table 5.2.1b).

This chapter is concerned with evaluating the ability of these two series of compounds
to displace the binding of [^H]DM from its binding site in rat and guinea pig brain. Rat
brain was evaluated as the combined crude mitochondrial/microsomal (P2 /P 3 ) fractions
prepared as described in Chapter 2.

This preparation was used as preliminary

experiments had suggested that although [^H]DM did bind to the nuclear (Pj) and
cytosolic (S3 ) fractions, this binding was variable and of lower affinity than that in ? 2
and P 3 fractions (see Chapter 3, Section 3.4.4). Furthermore, the binding of [^H]DM
in the P 2 /P 3 fraction was similar to that observed in the homogenate, while improving
the ratio of specific to non-specific binding. These fractions were therefore eliminated
in order to purify the preparation.

For comparison, the activity of the DM and carbetapentane analogues at the [^H]DM
site in guinea pig brain was also evaluated. [^H]DM binding sites have been detected
in both mitochondrial (P2 ) and microsomal (P3 ) fractions of guinea pig brain (Craviso
and Musacchio, 1983a), though the physiological relevance of these sites is not clear.
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The binding activity of the DM analogues was therefore investigated in both ? 2 and P 3
fractions, to indicate whether different subtypes of the DM binding site are involved.
For the analogues of carbetapentane, guinea pig brain was tested as the combined
P2 /P 3 fractions as described above.

Agents which block the NMDA receptor-associated PCP site, such as MK-801, have
been shown to possess potent neuroprotective activity (see Chapter 1, Section 2.2). In
view of the reported activity of DM at PCP sites (see Chapter 1, Section 3.1), and its
indirect action via metabolism to dextrorphan, the selectivity of these analogues for
DM sites, compared with PCP sites, was evaluated, using the selective PCP site ligand,
[^H]-l-[l-(2-thienyl)cyclohexyl]-piperidine ([^H]TCP).

The presence of glycine is

thought to be necessary for the opening of the NMDA receptor-associated ion channel
(Johnson et al, 1988, Bowery, 1990, Thomson, 1990), and antagonists at the glycine
site have also been shown to be neuroprotective in vivo (Beaughard et al, 1990, Chen
et al, 1993). In addition, it has been suggested that extracellular levels of glycine and
the inhibitory amino acid gamma-aminobutyric acid (GABA) are more important than
glutamate with respect to vulnerable neurons (Globus et al, 1991), and that glycine
levels are progressively increased after an ischaemic insult (Matsumoto et al, 1993).
Therefore, the ability of these compounds to bind to the glycine site was also
investigated using [^H]glycine. These experiments were performed using a rat brain
crude synaptic plasma membrane preparation which had been extensively washed to
remove most of the endogenous glutamate and glycine, which have been shown to
modulate the binding of ligands to the PCP site (Bristow et al, 1986, Monahan et al,
1989, Sacaan and Johnson, 1989).

The standard PCP and glycine site ligands, MK-801 and 5,7-dichlorokynurenic acid
(DCK), were evaluated against [^H]DM binding in rat and guinea pig brain. The DM
site ligand chlorpromazine (CPZ), which had previously been found to be active against
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at DM sites in both guinea pig brain (Craviso and Musacchio, 1983b) and rat brain (see
Chapter 3), was also tested in DM, PCP and glycine assays as a standard compound.

5.1.2

Structures of Dextromethorphan and Carbetapentane Analogues.

The structures of DM, carbetapentane, and the chemically substituted analogues are
shown below and in Tables 5.1.2a and 5.1.2b.

Structure of
DM;
NCH

7/iit.

Structure of
Carbetapentane:

.C - O

,o.

N

V
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Table 5.1.2a

Structure of DM Analogues.

NCH

R

Compound

R

DM
1(DX)
3
5

OCH3
OH
(2-phenyl-4-quinazolinyl)oxy
NH2
NHCH3

6

7

N(CH3)2
Cl
NCS
H
OCH2 CH3

8

9
10

14
15
16
17

0CH(CH3)2
OCH2 CH2 CH2 CH3
0
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CH2 Ph

Table 5.1.2b

Structure of Carbetapentane Analogues.

Compound

R

R]

CBP

-(C H 2 )4 -

-C O 2

-(C H 2 )4 -

-C H 2 O -

-(C H 2>5-

-C H 2 O -

-(C H 2 )4 -

-C O N H -

23
24

H
H
H
H
H
H

-(C H 2 )5 -

-C O 2

-(C H 2 )4 -

26

H

-{C H 2)4-

-CH2 NH-CH2 N(CH3 )

A

H

-(CH2)2

-C O 2

B

H

CH3

H

-C O 2

C
D

-O C H 3

-(C H 2 )4 -

-C O 2

Cl

-(C H 2 )4 -

-C O 2

11
12
21
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R2

X

5.2

METHODS

The methods used are described in Chapter 2. A full account of the chemical synthesis
of all of the above analogues of DM and carbetapentane is described in references
Newman et al, 1992 and Calderon et al, 1991, respectively.

Binding assays for

[^H]DM, [^H]TCP and [^HJglycine were performed as described in Sections 2.3.3,
2.4 and 2.5, respectively. The results from a number of experiments (n) were analysed
as described in Section 2.10, except that the 1- and 2-site curve fits were compared
using the square of the coefficient of correlation, as well as the F-test (2.10.5). This
was done because the limited number of data points prevented the achievement of
statistically significant differences using the F-test, even when the least sums of squares
was considerably smaller for the 2-site curve fit compared with the 1-site fit. The
results were expressed as the IC50 values, together with the relative proportions of
each site (%). It should be noted that due to the limited number of concentrations of
displacing compound used in these experiments, the analysis of binding to more than
one site are not intended to be an accurate representation of the potency of the
compound, or of the relative proportions of each site, but rather to give an
approximate indication of these values.

5.3

5.3.1

RESULTS

Displacement of [^H]DM Binding in Rat Brain by DM and Carbetapentane
Analogues.

Table 5.3.1a shows the results obtained in rat brain. As expected, DM was active in
this assay, with an IC50 value of 445.3nM and a Hill slope of -0.62. Chlorpromazine
was also active, with a IC50 of 1.27pM, and a slope of -0 .6 . MK-801 inhibited by
42% at 10|iM, while DCK had no effect at the highest concentration tested (lOpM).
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Dextrorphan (compound 1), was considerably less potent than DM with an IC50
8.02pM, and a slope o f -1.03. Most of the compounds were able to displace [^H]DM
from its binding site in rat brain, though in general with lower potency than DM. The
most potent were compounds 14 and 15, with IC50 values of 422nM and 804nM,
respectively. The other analogues had intermediate potencies, except compounds 3
and 5, which were relatively inactive (19% and 45% inhibition at lOpM, respectively).
DM and many of these compounds yielded displacement curves which were very
shallow with slope factors which were in several cases significantly lower than one.
Table 5.3.1b shows the results obtained when the data were fitted to a two-site model.
DM appeared to bind to a high affinity site and a low affinity site, (r^ = 1.000), with
IC50 S of 133nM (69%) and lOpM (31%) respectively. Compounds 7-9 and 14-17
also appeared to bind to more than one site.

Carbetapentane was active in rat brain, though less potent than DM, with an IC 50 of
2pM. All of the carbetapentane analogues had IC50 S in the low micromolar range.
Only compounds 12 and D were of significantly greater potency than the parent
compound, and in fact were comparable with DM. As with the DM analogues, the Hill
slopes of these compounds were all significantly less than one. When the data were
fitted to a 2 -site model, carbetapentane appeared to bind to a high and low affinity site,
with IC5 0 S of 98nM (56%) and >10pM (44%) respectively (Table 5.3.1b). All of the
other compounds also appeared to bind to more than one site. In most cases, the
potency at the high affinity site was significantly greater than both DM and
carbetapentane.

5.3.2

Displacement of [^H]DM Binding in Guinea Pig Brain by DM Analogues.

Table 5.3.2a shows the results obtained for guinea pig brain crude mitochondrial (P2 )
fraction. Unlabelled DM inhibited [^H]DM binding with an IC50 value of 224.7nM.
The displacement curve for DM in guinea pig brain P2 had a Hill coefficient of -0.87,
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which unlike rat brain, was not significantly differently from one. Chlorpromazine also
displaced [^H]DM in a monophasic manner, with a IC50 of 1.1 pM (slope -1.06). MK801 inhibited [^H]DM by only 19%, while 5,7-dichlorokynurenic acid showed no
activity at all at lOpM. Dextrorphan also displaced [^H]DM fi’om its binding site, but
was approximately 10 -fold less potent (IC50 2.35pM). Most of the DM analogues
were active against [^H]DM in guinea pig brain P2 , with the most active being
compounds 14, 15 and 16 (IC50 S of 92.5, 136.1 and 167.6nM, respectively).
Compound 3 was relatively inactive (25% inhibition at lOpM). Most compounds gave
shallow displacement curves, and were found to apparently bind to two sites (Table
5.3.2b). In fact, certain compounds showed considerably improved potency at the high
affinity [^H]DM binding site, with compounds 8 and 15 being approximately 100-fold
more potent than DM.

Table 5.3.2c shows the results obtained for guinea pig brain P 3 fraction. DM had a
IC50 of 446.4nM in this fraction and a slope of -0 .6 6 . Chlorpromazine was also
active, with a IC50 of 493.2 nM and a slope of -0.72. MK-801 inhibited by 20 % at
lOpM, while DCK showed no activity at this concentration. All of the DM analogues
were able to displace [^H]DM in guinea pig brain P 3 , with compounds 14, 15 and 16
being the most potent. Dextrorphan and compounds 3 and 5 were considerably less
active (IC50 S of 2.6 and 10 and 4.1pM, respectively). Many of the compounds yielded
displacement curves in guinea pig brain P2 fraction with Hill coefficients which were
not significantly different from one. However, several of the most active compounds,
8,

9 and 14-17, were found to apparently bind to two sites (Table 5.3.2d) All of these

analogues showed considerably greater potency at the high affinity site when compared
with the parent compound.
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Table 5.3.1a

Displacement of [^H]DM Binding in Rat Brain by DM and
Carbetapentane Analogues - 1 Site Model.

Compound

IC50 , nM

95% CL

Hill slope

r^

n

DM

445.3

251.9-787.3

-0.62

0.989

16

DX
3
5

8024.0
> lOpM
> lOpM
2541.0
4035.6
1051.8
1559.1
1206.7
422.7
804.5
1361.8
2848.2

2436.6-26424
397.4-16248
2625.0-6204.4
623.9-1773.1
584.7-4157.7
994.6-1464.0
310.0-576.3
332.4-1947.4
1074.9-1725.4
1830.0-4432.9

- 1.12
-0.77
-0.61
-0.68
-0.87
-1.03
-0.72
-0.54
-0.74
-0.50

0.992
-

5
5
5
5
5
5
5
5
5
5
5
5

373.0-10581
1186.0-7963.0
285.9-944.2
968.3-81461
742.4-1796.1
1241.5-8330.5
1329.9-10330
2173.3-4401.9
1497.7-18189
166.8-80881
33.0-766.8

-0.38
-0.30
-0.25
-0.44
-0.34
-0.41
-0.29
-0.41
-0.41
-0.37
-0.31

0.993
0.999
0.999
0.994

23
24
26
A
B
C
D

1986.7
3073.1
519.5
8881.3
1154.8
3215.9
3706.4
3093.0
5219.3
1161.5
159.0

CPZ
MK-801
DCK

1273.0
> lOpM
> lOpM

626.1-2588.6
-

-0.60
-

0.998

6

7
8

9
10

14
15
16
17
CBP
11
12
21

-

0.986
0.999
0.999
0.995
1.000

0.999
0.997
1.000

0.999

1.000

0.998
0.999
1.000

0.998
0.990
0.991

-

6

5
5
5
4
5
5
5
5
5
4
3
5
2

Results for this and subsequent tables in this Chapter represent the IC50 obtained from
the mean curve derived from a number (n) of experiments, together with 95%
confidence limits (CL), as described in Chapter 2, Section 10.1.
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T able 5.3.1b

Displacement of [^H]DM Binding in Rat Brain by DM and
Carbetapentane Analogues - 2 Site Model.

Compound

1-Site
IC50 (nM)

r2

IC50 Sitej
nM (%)

IC50 Site2
nM (%)

r2

DM
7

425.8
3979.8
1293.7
420.5
870.8
1335.7
2625.9

0.989
0.997
0.998
0.995
0.983
0.997
0.984

133.0 (69.3)
283.7(23.0)
<lnM(7.5)
194.9 (76.2)
1.6(16.8)
130.9 (27.7)
94.5 (33.2)

9961.8(30.7)
7735.0 (77.0)
1330.8 (92.5)
7670.2 (23.8)
1611.6(83.2)
2999.5 (72.3)
10403.4 (6 6 .8 )

1.0 0 0 *
0.999

11
12
21

1358.5
2215.3
621.2
7275.4

23
24
26
A
B
C
D

2879.3
2722.8
2651.8
4447.5
1081.5
245.3

0.943
0.949
0.876
0.976
0.946
0.977
0.950
0.972
0.973
0.955
0.886

98.3 (55.7)
4.98 (28.7)
1.70 (40.1)
368.4 (49.1)
10.6 (37.6)
5.12(21.0)
1.88 (25.3)
65.5 (36.8)
170.5 (44.2)
< lnM(18.6)
< lnM(33.6)

> lOpM (44.3)
> lOpM (71.3)
9108.8 (59.9)
> lOpM (50.9)
9531.0 (62.4)
7600.2 (79.0)
10673.0 (74.7)
> lOpM (63.2)
> lOpM (82.8)
2713.8(81.4)
1697.5 (65.1)

0.994
0.995*
0.996*
0.995*
0.998
0.995
1 .0 0 0 *
1 .0 0 0 *
0.990
0.997*

CPZ

1101.9

0.989

413.0(72.3)

54754.0 (27.7)

1 .0 0 0 *

8

14
15
16
17
CBP

1120.1

One and two site curve analyses were compared using the F test, where * p < 0.05
(see Chapter 2, Section 10.5).
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0.998
1 .0 0 0 *

0.998
1 .0 0 0 *
1 .0 0 0 *
1 .0 0 0 *

Table 5.3,2a

Displacement of [^H]DM Binding in Guinea Pig Brain ? 2 by DM
Analogues - 1 Site Model.

Compound

IC50 , nM

95% CL

slope

r2

n

DM

224.7

119.5-422.3

-0.87

0.997

8

DX
3
5

537.4-10299
777.2-27311
96.7-1996.8
127.0-3896.2
154.7-752.7
313.1-552.0
877.9-3212.8
74.7-114.5
72.6-255.0
107.4-261.7
229.1-319.8

-0.84
-0.76
-0.83
-1.18
-0.63
-0.76
-1.16
-0.77
-0.49
-0.65
-0.60

0.990
0.989
0.987
0.980
0.996
0.999
0.997

14
15
16
17

2352.6
> lOpM
4607.3
439.3
703.3
341.3
415.8
1679.4
92.5
136.1
167.6
270.7

4
4
4
4
4
4
4
4
4
4
4
4

CPZ
MK-801
DCK

1096.6
> lOpM
> lOpM

849.6-1415.4

-1.06

0.999

-

-

6

7
8

9
10

-

-

(see Table 5.3.1a and Chapter 2, Section 10 . 1).
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-

1.000

0.998
0.999
1.000

3
4
4

Table 5.3.2b
Displacement of [^H]DM Binding in Guinea Pig
Brain ? 2 by DM Analogues - 2 Site Model.

Compound

1-Site
IC50 (nM)

r2

IC50 Site],
nM (%)

IC 50 Site2 ,
nM (%)

f2

DM

217.9

0.996

158.6(88.6)

6992.1 (11.4)

0.998

DX
5

2176.3
4445.5
421.1
371.8
430.2
92.11
149.4
171.6
259.7

0.989
0.987
0.985
0.987
0.996
0.996
0.965
0.990
0.986

1266.6 (83.5)
1561.9 (71.6)
223.2 (80.8)
1.14(15.6)
23.5 (19.4)
37.2 (64.3)
1.88 (29.6)
6.12(25.1)
26.7 (39.7)

> 10pM(16.5)
> lOpM (28.4)
> 10pM(19.2)
653.5 (84.4)
750.3 (80.6)
536.6 (35.7)
577.6 (70.4)
416.8 (74.9)
1096.8 (60.3)

0.992
0.991
0.990
1 .0 0 0 *

6
8

9
14
15
16
17

p < 0.05, F test.
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1.000
1.000

0.998
1 .0 0 0 *
0.998

Table 5.3.2c

Displacement of [^H]DM Binding in Guinea Pig Brain P 3 by DM
Analogues -1 Site Model.

Compound

IC50 , nM

95% CL

slope

r2

n

DM

446.4

265.6-750.3

-0.66

0.999

9

DX
3
5

2611.8
9792.5
4072.4
908.5
786.8
216.6
180.4
971.3
130.7

370.8-18396
2414.9-39709.1
1001.8-16555
215.3-3834.8
288.2-2148.2
55.5-845.2
78.9-407.6
765.3-1232.7
108.7-157.1
29.3-346.4
65.9-139.8
32.9-308.9

-0.97
-0.89
-1.41
-1.09
-0.54
-0.76
-1.89
-0.62
-0.47
-0.60
-0.35

0.983
0.990
0.991
0.981
0.993
0.983
0.995
0.999

5
4
5
4
5
4
4
5
4
4
4
4

290.3-837.9

-0.72

0.998

-

-

-

6

7
8

9
10

14
15
16
17
CPZ
MK-801
DCK

100.8

95.9
100.7
493.2
> lOpM
> lOpM

-111

1.000

0.991
0.999
0.994

-

(see Table 5.3.1a and Chapter 2, Section 10.1).
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4
4
3

Table 5.3.2d

Displacement of [^H]DM Binding in Guinea Pig Brain P 3 by DM
Analogues - 2 Site Model.

Compound

1-Site
IC50 , nM

r2

IC50 Sitei
nM (%)

IC50 Site2
nM (%)

r2

DM

432.4

0.991

160.2(72.4)

10090.0 (30.7)

1 000*

8

9
14
15
16
17

240.2
179.9
123.5
124.0
97.3
131.5

0.973
0.991
0.987
0.955
0.984
0.911

< lnM(18.0)
< InM (9.2)
25.3 (54.4)
< InM (24.2)
16.3 (51.8)
< InM (33.5)

484.6 (82.0)
249.9 (90.8)
968.4 (45.6)
336.3 (75.8)
669.9 (48.2)
759.3 (66.5)

0.997
0.998
0.999*
0.996
0.997
0.993

CPZ

522.1

0.994

< InM (10.0)

727.8 (90.0)

1.000

p < 0.05, F test.
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5.3.3

Displacement of [^H]DM Binding in Guinea-Pig Brain by Carbetapentane
Analogues.

Carbetapentane was approximately 7 times more potent than DM in guinea pig brain
with an IC50 of 7.7nM (Table 5.3.3a). In addition several of the analogues were also
more potent than DM, with compounds 11 and D being the most active (0.43 and
0.75nM respectively).

When the data were fitted to a 2-site model, all of the

compounds appeared to bind to a high and a low affinity site, though only DM, GBP
and compounds 24 and D showed a significantly better fit over the 1-site model (Table
5.3.3b).

Table 5.3.3a

Displacement of [^H]DM Binding in Guinea Pig Brain by
Carbetapentane Analogues - 1 Site Model.

Compound

IC50 nM

95% CL

slope

r2

n

DM

55.4

42.4-72.3

-0.54

0.999

5

CBP

7.7
0.43
3.5
303.6
4.1
21.4
14.2
106.9
69.5
23.7
0.75

4.6-13.0
<lnM-2.9
2 3-5.3
163.2-564.6
23-7.5
3.5-129.6
2.2-93.9
77.8-147.0
33.8-143.0
11.9-47.4
<lnM-6.2

-0.33
-0.20
-0.37
-0.56
-0.26
-0.24
-0.28
-0.55
-0.44
-0.38
-0.25

0.998
0.994
0.999
0.998
0.999
0.998
0.984
0.999
0.997
0.997
0.986

5
5
5
5
4
5
5
5
5
5
5

11
12
21

23
24
26
A
B
C
D

(see Table 5.3.1a and Chapter 2, Section 10.1).
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Table 5.3.3b

Displacement of [^H]DM Binding in Guinea Pig Brain by
Carbetapentane Analogues - 2 Site Model.

Compound

1-Site
IC50 , nM

r%

IC50 Site]
nM (%)

IC50 Site?
nM (%)

r2

DM

61.5

0.969

5.1 (45.8)

395.8 (54.2)

0.999*

CBP

9.52
1.23
4.03
289.3
6.25
48.4
25.4
101.4
85.2
28.2
1.36

0.822
0.578
0.849
0.982
0.727
0.721
0.769
0.977
0.944
0.893
0.623

< InM (55.5)
< InM (67.5)
< InM (69.8)
12.6 (28.9)
< InM (60.7)
< InM (47.5)
< InM (43.6)
16.7(55.5)
1.1 (33.4)
< InM (44.4)
< InM (63.2)

377.7 (44.5)
28.9 (32.5)
628.9 (30.2)
845.0(71.1)
978.6 (39.3)
1360.7 (52.5)
442.2 (56.4)
1131.4 (44.5)
387.7 (6 6 .6 )
350.3 (55.6)
359.2 (36.8)

0.988
0.982*
0.996*
0.994
0.985
0.996*
0.982
0.998
0.995
0.993
1 .0 0 0 *

11
12
21

23
24
26
A
B
C
D

p < 0.05, F test.
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Figure 5 3

(i) to (iv) Inhibition o f [ H]DM Binding in Rat and Guinea Pig Brain
by DM, Carbetapentane and Two Structural Analogues, 11 and D.
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The displacement curves represent mean curves obtained from a number o f
experiments (refer to Chapter 2, Section 10.1). Corresponding IC50 values are given
in Tables 5.3. la/b and 5.3.3a/b.
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5.3.4

Displacement of [^H]TCP Binding by DM and Carbetapentane Analogues.

Both of the standard PCP site ligands, PCP and MK-801, inhibited [^H]TCP binding in
rat brain crude synaptic plasma membranes, with IC 50 S of 101.5 and 8.15nM
respectively (Table 5.3.4a). The glycine site ligand 5,7-dichlorokynurenic acid was
also active, with an IC50 of 1.8pM in this assay. DM inhibited [^H]TCP binding with
an IC50 of 1.93pM and a slope of -0.94. Chlorpromazine was relatively inactive
against [^H]TCP binding, producing 25% inhibition at lOpM. Dextrorphan had a
IC50 of 715nM (slope of -0.70), and was approximately 10 -fold more potent at the
PCP binding site when compared with the DM site. Although several of the analogues
to displaced [^H]TCP, only compounds 8 and 15 had IC50 S of less than lOpM with
Hill slopes of close to unity. However, several of the compounds gave displacement
curves with Hill slopes significantly less than one, and when the data were fitted to the
2-site model these compounds appeared to displace [^H]TCP from two sites in rat
brain (Table 5.3.4b). None of the carbetapentane analogues were active in this assay,
with the most active (compound 24) inhibiting [^H]TCP binding by only 13% at lOpM
(Table 5.3.4c).

5.3.5

Displacement of [^HJGlycine Binding by DM Analogues.

As expected, the glycine site ligands glycine and 5,7-dichlorokynurenic acid were
active, with IC50 S of 693.7nM and 388.4nM, respectively.

The non-competitive

NMD A receptor ligand, MK-801 inhibited binding only slightly (10% at lOpM).
Neither DM, chlorpromazine, or any of the DM analogues were able to displace
[^H]glycine from its binding site in rat brain crude synaptic plasma membranes (Table
5.3.5).
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Table 5.3.4a

Displacement of [^H]TCP Binding in Rat Brain by DM Analogues
1 Site Model.

Compound

IC50 , nM

95% CL

slope

r2

n

DM

1925.4

1430.1-2592.1

-0.94

0.999

4

DX
3
5

715.3
( » lOpM)
16156.8
13091.6
14402.6
4401.6
8002.3
8763.7
4761.1
7010.4
8041.7
22375.8

523.8-976.7
3770.9-69225
8050.9-21288
9227.8-22479
3608.8-5368.5
4953.4-12928
4393.0-17482
591.2-38343
2829.6-17368
2324.3-27823
9342.1-53594

-0.70
-0.41
-1.04
-0.58
-0.81
-1.91
-0.45
-1.50
-1.09
-1.58
-0.56

0.999
0.998
0.999

0.999
0.999
0.980
0.996
0.989
0.999

4
4
3
4
4
4
4
4
4
4
4
4

CPZ
MK-801
DCK

37584.6
1828.8

4944.5-28569
5.8-11.5
1127.3-2966.7

-0.82
-0.56
-0.57

0.999
0.998
0.999

4
4
4

PCP

101.5

79.4-129.7

-0.88

0.999

12

6

7
8

9
10

14
15
16
17

8.2

(see Table 5.3.1a and Chapter 2, Section 10.1).
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1.000
1.000

Table 5.3.4b

Displacement of [^H]TCP Binding in Rat Brain by DM Analogues 2 Site Model.

Compound

1-Site
IC50 , nM

r2

Sitej, nM (%)

Site2 , nM (%)

r2

DX
5
7
10
17

742.2
9443.4
10984.3
6973.2
14265.2

0.995
0.991
0.997
0.990
0.997

8.8(13.8)
27.5 (14.6)
181.7(15.1)
23.8(17.3)
95.0(10.5)

1145.6 (86.2)
> lOpM (85.5)
> lOpM (84.9)
> lOpM (82.7)
> lOpM (89.5)

0.999
0 .9 9 9 *

MK-801
DCK

8.99
1782.0

0.955
0.989

< InM (45.0)
75.5 (29.8)

52.1 (55.0)
5575.0 (70.2)

0 .9 9 9 *
0.999

1.000
1 .0 0 0 *
0.999

p < 0.05, F test.

Table 5.3.4c

Displacement of [^H]TCP Binding in Rat Brain by Carbetapentane
Analogues.

Compound

% Inhibition @ lOpM ± s.e.m.

n

CBP
11
12
21
23
24
26
A
B
C
D

10.2 ±4.1
11.9 ±2.2
8.1 ±1.8
7.1 ±2.4
8.9 ± 1.2
13.1 ± 1.8
11.2 ±2.5
4.6 ±3.4
5.1 ±3.9
3.0 ±2.5
5.7 ±2.0

5
5
5
5
5
5
5
5
5
5
5

The values represent the mean (s.e.m.) % inhibition of specific [^H]TCP bound at
lOpM displacing compound.
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Table 5.3.5

Inhibition of [^H]Glycine Binding in Rat Brain by DM Analogues.

IC50 (95% CL)

DM

> lOpM

DX
3
5

14
15
16
17

> lOpM
II
II
II
II
II
II
II
II
II
II
II

CPZ
MK-801
DCK

> lOpM
> lOpM
189.3 (61.9-579.0)

-0.69

4
4
3

Glycine

510.3 (335.9-775.2)

-1.03

10

6

7
8

9
10

slope

n

Compound

-

4

-

4

-

_

6

4
4
4
6
6

4
5
5
5
6

Values for the standard compounds glycine and DCK represent IC50 values obtained
from mean curves together with 95% confidence limits (see Chapter 2 , Section 10 . 1).
Less than 10% inhibition was observed at lOpM concentrations of displacing
compound.
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5.4

DISCUSSION

Evaluation of the binding sites for DM in rat and guinea pig brain showed that the
binding of [^H]DM in rat and guinea pig brain could be displaced by DM,
carbetapentane and a series of structurally related analogues. In general, however, the
potency of all of the compounds was significantly greater in guinea pig brain when
compared with rat brain.

The may be explained by the differences in relative

proportions of DM site subtypes in the rat and guinea pig brain (see Chapter 1, Section
1 .2 ),

and may indicate that the compounds are selective for one site.

5.4.1

Binding of DM and Carbetapentane Analogues in Rat Brain.

As expected, DM was active against [^H]DM in rat brain (IC50 445.3nM). Although
this value is slightly higher than was found previously (see Chapter 3), this probably
reflects differences in experimental design and data analysis. The standard DM site
ligand chlorpromazine was also active (IC50 1.27pM). The low Hill coefficients for
both DM and chlorpromazine (0.62 and 0.6, respectively) indicate binding to more
than one site. In contrast, the 0-demethylated derivative of DM, dextrorphan, was
considerably less potent than DM in rat brain (IC50 8 pM), which agrees well with
published data (Craviso and Musacchio, 1983b). The Hill coefficient of -1.03 suggests
that this compound was displacing [^H]DM from a single site in this tissue. This is
consistent with the theory that DM does not bind to the PCP site, as in this case
dextrorphan would then apparently displace [^H]DM fi-om two sites in rat brain.

Most of the analogues of DM were able to displace [^H]DM from its binding site in rat
brain, although most were less active than the parent compound. The most active
analogues were the ethyl and 2-propyl derivatives (14 and 15) which were of
comparable potency to DM, with IC50 values of 422nM and 804nM, respectively.
The other analogues had intermediate potencies, except compounds 3 (the 2-phenyl-4159

quinazolinyloxy derivative) and 5 (the amino derivative) which were relatively inactive
with an IC5 0 of greater than lOgM.

Like DM, many of these compounds gave displacement curves which were very
shallow with slope factors which were in several cases significantly lower than one,
suggesting that these compounds were binding to more than site in rat brain. When the
data were fitted to the two-site model of a sigmoidal curve, DM inhibition of [^H]DM
binding showed an extremely good correlation (r^ = 1.0). DM appeared to bind to a
high affinity site and a low affinity site with IC50 values of 155.2nM and 10 .6 pM,
respectively. This agrees well with published data (Klein and Musacchio, 1992), the
slight difference in the value for the high affinity site probably being due to the
relatively higher free [^H]DM concentrations used in the present study. The relative
proportions of these sites were 69% and 31%. This observation would support recent
evidence that DM binds to multiple sites in rat and guinea pig brain (see Chapter 1,
Section 1.2). Compounds 7-9 and 14-17 also appeared to bind to more than one site,
although the relative proportions of each site differed considerably in each case. For all
the compounds the apparent potency in the crude rat brain homogenate represents the
potency at the high and low affinity sites and the relative proportions of binding to each
site. In general, the low affinity site seemed to be present in larger amounts than the
high affinity site. The exception to this, apart from DM, was compound 14, which
bound to the high affinity site with an IC50 of 195nM, which constituted 76% of the
total binding. In contrast, compound 15 actually bound with far higher affinity to site 1
(1.6nM), but this only represented 17% of the total binding, and so overall this
compound appeared slightly less potent than compound 14 and DM.

Carbetapentane was also active in rat brain, though less potent than DM (IC50 of
2pM).

This result is consistent with that obtained previously in rat brain (2.2pM,

Chapter 3). As previous reports had suggested that carbetapentane was more potent
than DM in guinea pig brain (Craviso and Musacchio, 1983b), this could indicate that
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carbetapentane is relatively selective for the DMj site, as this site is found in much
lower amounts in rat brain (see Chapter 1). All of the other analogues had IC50 values
of less than lOpM, with only compounds 12 (the methyleneoxy derivative) and D (the
chloro derivative) being significantly more potent than the parent compound. These
two compounds were in fact of comparable or greater potency than DM.

The Hill coefficients of the displacement curves for the carbetapentane analogues were
also all significantly less than one, to an even greater degree than those of the DM
analogues. All of the other compounds also appeared to bind to more than one site. In
most cases, the potency at the high affinity site was significantly greater than both DM
and carbetapentane. Thus there appeared to be a greater discrimination between the
low and high affinity sites with the carbetapentane analogues when compared with the
DM analogues.

5.4.2 Binding of DM Analogues in Guinea Pig Brain Cell Fractions.

In guinea pig brain ? 2 fraction, DM inhibited [^H]DM binding with an IC50 value of
224.7nM, though the low Hill coefficient (-0.62) suggests binding to more than one
site.

Chlorpromazine displaced [^H]DM with a IC50 of 1.1 pM, and thus was of

similar potency to that observed in rat brain. However, in contrast to rat brain the
slope of -1.06 indicates homogeneous binding in this tissue. Dextrorphan was also able
to displace [^H]DM from its binding site in this tissue, but was approximately 10-fold
less potent than DM, consistent with previous reports (Craviso et al, 1983b).

The analogues were more potent in guinea pig brain when compared with rat brain,
with most being active against [^H]DM in ? 2 fraction. The most active were again the
ethyl and 2-propyl derivatives (compounds 14 and 15, with IC50 S of 92.5 and
136. InM respectively). The n-butyl derivative, compound 16, was also active (IC50
167.6nM). All of the other analogues showed intermediate activity. Again, like rat
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brain, the least active compounds were compounds 3 (25% inhibition at lOpM) and 5
(IC50 4.6pM).

As observed in rat brain, the displacement curves for several of the analogues gave Hill
coefficients less than 1.

When the data were fitted to a two-site model, these

compounds apparently bound to two sites in guinea pig brain P2 fraction.
Interestingly, several of the compounds show considerably improved potency at the
high affinity [^H]DM binding site, with the most potent, compound 15, being
approximately 100-fold more potent than DM.

Again, even bearing in mind the

limitations of the experimental design, these results would seem to indicate that
modification of the chemical structure of DM yields compounds which show
considerably improved potency over the parent compound, and that this might be true
of both high and low affinity binding sites for [^H]DM in guinea pig brain.

In guinea pig brain P 3 , DM had a IC50 of 446.4nM which indicates that DM is slightly
less potent in the microsomal fraction than in the crude mitochondrial fraction of
guinea pig brain.

Although this is in contrast to published data (Craviso and

Musacchio, 1983a), this result does support data obtained in rat brain subcellular
fractions in the present study (see Chapter 3), which suggest DM is more potent in the
P2 compared with the P 3 fraction. The low Hill coefficient of the displacement curve,
however, could suggest that DM may be binding to more one site. Chlorpromazine
was active in guinea pig P 3 , with a IC50 of 493.2 nM (slope -0.72). This result was
interesting as here chlorpromazine was equipotent with DM, whereas in rat brain and
guinea pig brain P 2 fraction, chlorpromazine was significantly less potent than DM.
These results could suggest that guinea pig brain subcellular fractions contains distinct
DM binding sites, which chlorpromazine is able to discriminate between to a greater
extent than DM. The analogues of DM were also active in guinea pig brain P 3 , with
most being more potent than the parent compound. Compounds 14, 15 and 16 were
the most active, with 16 at 95.9nM being 4-fold more potent than DM. Dextrorphan
162

and compounds 3 and 5 were considerably less active (IC5 0 S of 2.6, 4.1 and 9.8pM,
respectively).

In general there was a good correlation between the binding potencies in guinea pig
brain P 2 and P3 (r^ = 0.964). However, chlorpromazine and compounds 3, 9 and 17
were appreciably more potent in P3 when compared with P2 , while DM and compound
6

were more potent in P2 than in P 3 . This seems to indicate the presence of distinct

subtypes of [^H]DM binding sites in P2 and P 3 fractions.

The monophasic displacement curves in guinea pig P3 for many of these compounds
indicate binding to one site in this tissue. However, DM, dextrorphan and compounds
8,9, 14, 16 and 17 apparently bound to two sites. The most potent compound, 17,
was approximately 1000-fold more active than DM at the high affinity site in this assay.
Interestingly, the potency of DM at the high affinity site (160nM) was very similar to
its potency at the high affinity site in P2 fraction (159nM), suggesting that this site
might be similar in both fractions. The difference in the relative proportions of each
site (89% in P 3 and 72% in P 2 ) might explain the slight overall difference in potency of
DM in each fraction.

5.4.3

Binding of Carbetapentane Analogues in Guinea Pig Brain.

The carbetapentane analogues were evaluated in guinea pig brain crude homogenate
(as for rat brain). The potency of DM in these experiments was greater than that in
either guinea pig P2 or P3 tested previously; the reason for this is unknown. However,
this result is consistent both with published data (Craviso and Musacchio, 1983b), and
with results obtained in this study (see Chapter 3).

In contrast to rat brain,

carbetapentane showed nanomolar potency in guinea pig brain, being approximately 7
times more potent than DM (IC50 7.7nM). These results are consistent with those
reported by Craviso and Musacchio (1983b), who observed that carbetapentane was
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more potent in guinea pig when compared with rat or mouse, although like DM,
carbetapentane was found to be considerably less potent in the present study. This
may be due to differences in experimental procedure, buffers and tissue source used.
Also in contrast to rat brain, most of the carbetapentane analogues were more potent
than DM in guinea pig brain. The most active were compounds 11 and D (0.43 and
0.75nM respectively). However, it should be noted that for these compounds, this is
probably not be a true value for the actual affinity, as the minimum concentration
tested was only InM and thus only covered the lower half of the displacement curve.

This argument also applied when trying to fit the data to a 2-site model. Although all
of the compounds appeared to fit to a 2 -site model, in most cases this was not
significantly improved over the 1-site model.

Only DM, carbetapentane and

compounds 24 and D showed a better 2-site fit, and the potency at the high affinity site
could only be estimated when this was less than the lowest concentration tested of
InM. A more detailed analysis of the multiple site binding of these compounds was
not felt to be appropriate due to the limitations of the experimental design. Because
the number of data points in these experiments was not sufficient to provide very
accurate quantification of binding to more than one site, only an estimation of the
potency of these compounds at binding to more than one site could be obtained. It is
possible that inaccuracies in the fitting of these data to a two-site curve due to an
insufficient number of data points could lead to an over-estimation of potency.
However, it was felt reasonable to use this method to make comparisons between the
compounds, as long as these limitations were kept in mind, and it seems likely that the
most active of the compounds would still show a considerable improvement in potency
over the parent compound DM.

To investigate the specificity of the binding of [^H]DM in these assays, the effect of
two non-competitive NMDA receptor ligands were investigated. In rat brain the PCP
site ligand, MK-801, inhibited by 42% at lOpM, which is in marked contrast to its
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nanomolar affinity for the PCP site, while the glycine site ligand, 5,7-dichlorokynurenic
acid (DCK) had no effect at the highest concentration tested (10|iM). Neither of these
compounds were active in guinea pig brain P2 or P 3 fractions.

MK-801 inhibited

[^H]DM by only 19 and 20%, respectively, while DCK showed no activity at all at
lOpM. These results support the theory that [^H]DM was not binding to the NMDA
receptor-associated PCP or glycine sites.

5.4.4

Binding of DM and Carbetapentane Analogues to the PCP Site in Rat Brain.

Both of the standard PCP receptor ligands, PCP and MK-801 inhibited [^H]TCP
binding in rat brain crude synaptic plasma membranes with potencies consistent with
values reported in the literature (Lehmann, 1989). The lack of affinity of MK-801 for
this site is in marked contrast to that at the [^H]DM binding site in rat brain (8.15nM
vs. 13. IpM). 5,7-dichlorokynurenic acid had an IC50 of 1 .8 pM in this assay, which is
consistent with its proposed action at the glycine modulatory site (Baron et al, 1991).

DM inhibited [^H]TCP binding in a monophasic manner (IC50 1.93pM; slope -0.94).
This indicates that DM is approximately 4-fold less active at the PCP site when
compared with the DM site in rat brain, and this increases to 10-fold if the high affinity
site is considered (133nM). However, the fact that DM was slightly active, while PCP
site ligands showed no activity against [^H]DM, indicates that DM might be able to
modulate the binding the PCP site in an indirect manner. This would be consistent
with the theory of a functional interaction between DM sites and the NMDA receptor
complex (see Chapter 4). Chlorpromazine was relatively inactive against [^H]TCP
binding (25% inhibition at lOpM).

Dextrorphan was approximately 10-fold more

active at the PCP binding site when compared with the DM site (IC50 715nM), though
the Hill coefficient of -0.70 indicates multiple binding sites for this compound.
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All of the compounds except DX and the amino derivative (5) were less active at the
PCP site than the DM site. Several of the analogues inhibited [^H]TCP in rat brain,
though in the case of compounds 9, 14 and 16, the steep displacement curves suggest
that the reaction might not be a specific one, and therefore the significance of this
effect is unclear. Only compounds 8 and 15 had IC50 S of less than lOpM with Hill
coefficient of close to unity. Several of the compounds gave displacement curves with
Hill coefficients of less than one, and in fact the data were best fitted to a 2-site model.
DX and compounds 5, 7, 10 and 17 appeared to displace [^H]TCP from two sites.
However, the high affinity site constituted only 10-20% of total binding, while the
IC 5 0 S at the low affinity site were all greater than lOpM. When these results were
compared with those obtained in rat brain against [^H]DM (allowing for the difference
in membrane preparation), there was about a 10-fold selectivity for the DM over the
PCP site, although this was difficult to quantify exactly due to the steep displacement
curves against [^H]TCP obtained with many of these compounds.

There did not

appear to be any correlation between binding to the DM site and the PCP site. It
seems likely, therefore, that the most active compounds, 14 and 15, show an
approximately 10-fold selectivity for the [^H]DM site over the [^H]TCP site in rat
brain, and when the high affinity site for DM is considered, this selectivity is likely to
be much greater.

None of the carbetapentane analogues showed significant activity against [^H]TCP at
its binding site in rat brain synaptic plasma membranes. All had IC 50 values of much
greater than lOpM, with the most active compound (24) inhibiting [^H]TCP binding
by only 13% at lOpM. This suggests that these compounds could show up to 50-fold
selectivity for the DM site when compared to the PCP site.
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5.4.5

Binding of DM Analogues to the Glycine Site in Rat Brain.

As expected, the glycine site ligands glycine and DCK were active, with IC^gs of
693.7nM and 388.4nM, respectively, while the PCP site ligand MK-801 inhibited
binding only slightly (10% at lOpM). These results are in agreement with values
reported in the literature (Monahan et al, 1989, Baron et al, 1991). In contrast, neither
DM or chlorpromazine, or any of the DM analogues were able to displace

glycine

from its binding site in rat brain crude synaptic plasma membranes. These results could
suggest that DM and related compounds do not modulate NMDA receptor activity
through the glycine site.

5.5

Structure-Activity Relationships: Comparison of Binding Activity with
Anticonvulsant Potency.

Previous studies have shown that the binding of [^H]DM to guinea pig brain can be
allosterically enhanced by the anticonvulsant agents phenytoin and ropizine (see
Chapter 1, Section 1.2). This observation prompted interest in the possibility that DM
itself may possess anticonvulsant activity. It was then discovered that not only was
DM anticonvulsant per se, but at subthreshold doses was also able to potentiate the
anticonvulsant action of phenytoin (Tortella and Musacchio, 1986).

DM has

subsequently been shown to possess antiepileptic and anticonvulsant activity in a
variety of in vitro (Wong et al, 1988, Aram et al, 1988, Apland and Braitman, 1990)
and in vivo (Ferkany et al, 1988, Leander et al, 1989, Takazawa et al, 1990, Zhi and
Levy, 1990, Roth et al, 1992, Tortella et al, 1994) models of epileptogenic and
convulsant activity. However, the significance of the modulatory effects of phenytoin
and ropizine on binding of DM and sigma ligands in the anticonvulsant activity of DM
and related compounds was complicated by the fact that in rat brain (the species most
often used for anticonvulsant testing), these effects were not observed, presumably due
to the low densities of DMj sites (Chapter 1, Section 1.2). In addition, it has been
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reported that the binding of carbetapentane, a potent anticonvulsant agent, is not
affected by phenytoin (DeHaven-Hudkins et al, 1993). Therefore, the relevance of the
modulatory effects of phenytoin in the anticonvulsant activity of DM and related
compounds is not yet clear. However, it is of interest to note that just as DM is able to
enhance the anticonvulsant effects of phenytoin, the combination of DM and phenytoin
has more potent anti-ischaemic properties in vivo than either agent alone (Yang et al,
1989). The mechanism of the anticonvulsant activity of phenytoin may be related to its
ability to bind to a site on voltage-dependant sodium channels (Francis and Burnham,
1992).

However, phenytoin has also been shown to inhibit glutamate release in

cultured brain slices (Potter et al, 1991), an effect which is shared by DM (Annels et
al, 1991). The effect of DM on the binding of [^H]phenytoin, or whether DM is able
to potentiate the effects of phenytoin on glutamate release, awaits further investigation.

In order to investigate further the link between DM binding sites and anticonvulsant
activity, the DM and carbetapentane analogues have been evaluated for their ability to
protect against maximal electroshock-induced seizures (MES) in rats. This work has
been published (Calderon et al, 1991, Newman et al, 1992, Tortella et al, 1994, Bevan
et al, 1992; 1993).

The rat MES model has been shown to be sensitive to

anticonvulsants effective in the treatment of partial and grand mal epilepsies (Rail and
Schleifer, 1985), and is also sensitive to anticonvulsant agents thought to act via
NMDA receptor mechanisms. The data are shown in Table 5.5.
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Table 5.5

Anticonvulsant Activity of DM and Carbetapentane Analogues in the Rat
Maximal Electroshock Model

Compound

ED50
(mg/kg)

95% CL

ED50
(pmol/kg)

95% CL

DM
1(DX)
3
5
6
7
8
9
10
14
15
16
17

38
5
>50*
25
> 100*
> 100*
>50*
>50*
> 100*
5.6
3.9
>40*
>50*

(19-74)
(1-28)
(16-38)
(2.9-10.7)
(2.3 - 6 .6 )
-

109
12
> 108
76
>220
> 195
> 117
> 144
>280
17.4
9.4
> 93
> 129

(54-211)
(3 - 69)
(49-116)
(9.0 - 33.2)
(5.5-15.9)
-

CBP

25
7
37
>50*
93
>50*
>50*
>25*
>50*
>50*
>25*

(16-38)
(4-12)
(21 - 64)

48
16

(31-72)
(9 -3 1 )
(50-151)
(80 - 375)
-

11
12
21

23
24
26
A
B
C
D

(43 - 203)
-

86
> 112

173
> 100
>96
> 101
>206
> 180
>89

Anticonvulsant activity was measured 30 minutes after administration of drug.
* No anticonvulsant activity was observed at these doses, which were the highest
tested (Reproduced with permission; for references, see text).
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In the case of the dextromethorphan analogues, these results suggest that the nature of
the 3-position substituent is important for anticonvulsant activity. Increasing the alkyl
side chain of DM to ethyl (14) or propyl (15) improved anticonvulsant potency
considerably when compared with DM, and also implies that the 3-hydroxyl group of
dextrorphan is not necessary for anticonvulsant activity, as compounds 14 and 15 were
equipotent with dextrorphan. Binding activity at the DM site in rat brain was retained
(Table 5.3.1). As the size of this side chain was increased further, to n-butyl, benzyl
and a bulky heterocyclic group (16, 17 and 3, respectively) anticonvulsant activity was
diminished and ultimately abolished, although, interestingly, binding activity was
retained except in the case of compound 3. Elimination of the 3-methoxy group results
in loss of activity, and replacement with isosteres including the mono- and
dimethylamino-groups (6 and 7), and the chloro group (8 ) results in inactive or less
efficacious compounds. Compound 9 (isothiocyanate substituent) was also inactive as
an anticonvulsant, although it was active against [^H]DM binding.

However, this

could be due to lack of brain penetration due to the highly reactive nature of this
substituent group.

The mechanism of action of compound 5 is unclear.

This

compound binds only weakly to both DM and PCP sites in rat brain and there is only
slight selectivity for the PCP site. As this compound is unlikely to metabolise to DX,
elucidation of its mechanism of action must await further investigation.

All of the ether analogues showed approximately 10-fold selectivity for the DM over
the PCP site.

In addition, though it is possible that these compounds will be

dealkylated to DX, the additional bulk of the substituent groups would be expected to
impair metabolism, especially the 2-propyl of compound 15. Therefore the fact that
both of these compounds are equipotent to DX would indicate that metabolism to DX
is not essential for anticonvulsant activity.

When the analogues of carbetapentane are considered, expansion of the cycloalkane
ring resulted in decreased anticonvulsant activity. Thus compound 23 is less potent
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than CBP, and compound 12 was less potent than compound 11. Replacement of the
ester group with an ether function increased the anticonvulsant potency, for example,
11 was more potent than CBP, and 12 more potent than 23. The introduction of a
nitrogen group (amide or amine) abolishes anticonvulsant activity, as in compounds 2 1 ,
24 and 26.

These results with analogues of CBP are extremely interesting, as they indicate that it
is possible to obtain activity at the DM binding site without any appreciable activity at
the PCP site, and still retain anticonvulsant efficacy. This could suggest that it is
binding to the DM site which is responsible for their anticonvulsant activity in vivo. As
neither carbetapentane nor any of the analogues possess significant NMDA
antagonistic activity, yet are more potent as anticonvulsants than DM, these
compounds may have distinct advantages over DM itself. An interesting finding was
the apparent ability of the carbetapentane analogues to discriminate between multiple
DM subtypes to a greater extent than the analogues of DM. This could have important
implications for elucidating the involvement of distinct DM subtypes in mediating the
neuroprotective effects of DM.
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CHAPTER 6

THE NEUROPROTECTIVE EFFECTS OF DEXTROMETHORPHAN,
CARBETAPENTANE AND CARBETAPENTANE ANALOGUES
IN FOCAL CEREBRAL ISCHAEMIA
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6.1

INTRODUCTION

This component of the work was designed to increase our understanding of the
mechanism of action of DM-induced neuroprotection. To examine further the link
between binding to DM sites and neuroprotective activity it was considered important
to relate the former with histopathological assessment of the latter.

This was

performed using the rat middle cerebral artery occlusion model of focal ischaemia, the
now classical model of stroke (Chapter 1, Section 2.3).

DM, carbetapentane and

anticonvulsant (i.e. CNS penetrating) analogues were evaluated, carbetapentane
analogues being selected on the basis of minimal activity at the NMDA receptorassociated PCP site, good activity at the DM site (Chapter 5), and/or potent
anticonvulsant activity. Should they prove to have equal or greater neuroprotective
potency to DM, this would be consistent with a direct involvement of DM binding sites
in neuroprotection, and could suggest a potential role for these compounds in the
treatment of cerebral ischaemia. The compounds chosen to be evaluated, apart from
DM and carbetapentane, were compound 11, for its marked activity in vivo as an
anticonvulsant in the rat MES test (see Chapter 5, Table 5.5), compound D, for its
potency in vitro against [^H]DM in rat brain (Chapter 5, Table 5.3.1a), and compound
B, as this compound was relatively less active both in vitro and in vivo, and should
therefore act as a negative control.

It has been shown that the development of cerebral ischaemia can occur for up to 72
hours after an ischaemic insult (see Chapter 1, Section 2.1). Although DM has been
shown to be active even when given after the ischaemic insult, the precise mechanism
of action of DM and related compounds is not known. In addition, experiments using
NMDA antagonists employing long recovery periods have shown that repeated dosing
may be necessary for a therapeutic effect to be obtained (Gotti et al, 1990). Therefore,
the compounds were administered both before and at regular (24 hour) intervals after
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occlusion of the MCA, to allow for the maximum neuroprotective effect achievable to
be observed.

6.2

METHODS

The methods used are described in Chapter 2, Section 2.9. The compounds were
administered in a random manner such that no one drug was being tested at any given
time, and the vehicle experiments were spread out over the whole experimental period.
The levels (stereotactic co-ordinates) referred to in the tables of results are: 1) 12.7; 2)
9.7; 3) 6.7; 4) 3.7; 5) 0.7mm, measured anterior to the interaural line. In all of the
following tables and figures, infarct area was expressed in square millimetres (mm^)
and infarct volume in cubic millimetres (mm^), as described in Section 2.10.4. The
data were analysed as described in Section 2.10.5, by Analysis of Variance (ANOVA)
followed by Dunnetts test for comparison between control and treatment groups
(effect of compounds on infarct size), or Students t-test (effect of compound D on
compound 11).

A 'p' value of less than 0.05 was considered to be statistically

significant.

6.3

RESULTS

6.3.1

Infarct Production in Control (Vehicle-Treated) and Sham-Operated Rats.

The infarct produced in rats which had been given vehicle (saline) as control was seen
as an area of white tissue contrasting with the red colour of living cells. Table 6.3.1
shows the area of the infarct produced at each of the brain levels measured (see above.
Section 6.2 for the brain co-ordinates of each level), the total area (in mm^) of
infarcted tissue across the brain, and the total volume (in mm^) of the infarct. The size
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of the infarct varied from rostral to caudal areas of the brain, being maximal at co
ordinates of 9.7mm anterior to the interaural line. The total infarct volume in untreated
animals was 154mm^, which represented 20.6% of hemispheric volume. Total infarct
area was 51mm^, representing 19.5% of hemispheric volume. These results agree well
with those obtained previously (see Chapter 4, Table 4.3.1), in which the total surface
area in 72 hour occluded rats was 61mm^, corresponding to 20.9% of total
hemispheric area.

Typical examples of brain sections showing infarcted tissue at

different stereotactic co-ordinates are shown in Figure 6.3.1a.

It has been reported that a minimum of 8 stereotactic levels of the rat brain must be
assessed in order to yield an accurate measurement of infarct volume. In this study,
measurements were made at 5 levels only, due to lack of the necessary equipment.
However, the reproducibility of the infarcts produced in the control (vehicle-treated)
rats was very good (s.e.m.<10%).

Therefore it was felt appropriate to used this

method to assess the neuroprotective effects of compounds on infarct size.

In contrast to MCA occluded rats, there was no evidence of any infarcted tissue in any
of the sham-operated rat brains, either in the vehicle control group or after treatment
with any of the compounds tested (Table 6.3 .1b and Figure 6.3 .1b).

6.3.2

Effect of DM, Carbetapentane and Analogues.

DM at doses of 15 to 60mg/kg reduced the size of the focal infarct caused by middle
cerebral artery occlusion in a linear and dose-related manner.

At 60mg/kg DM

decreased the total infarct area from 51mm^ to 30mm^ (Table 6.3.2a), a reduction of
approximately 41% (p<0.01) with a corresponding similar decrease in total infarct
volume of 40% (p<0.01), when compared with control (vehicle) treated rats.
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Like DM, carbetapentane produced a dose-related, linear reduction in the size of the
infarct in the rat MCA O (Table 6.3.2b). The maximum reduction in total infarct area
achieved at 60mg/kg carbetapentane was from 51 to 12mm^, a decrease of 76% from
control (p<0 .01 ). The corresponding decrease in volume was 76% (p<0.01).

The effect of compound 11 on infarct size is shown in Table 6.3.2c. Compound 11
was the most potent of all those tested. Even at the lowest dose of 7.5mg/kg, this
compound caused a 67% reduction in total infarct area, compared with control rats
(from 51 to 18%, p<0.01).

At the highest dose tested (30mg/kg) compound 11

reduced the total infarct area by almost 91%, with an identical decrease in infarct
volume of 91%. Infarct area was decreased significantly in all the brain regions studied
(p<0 .01 ).

At 60mg/kg, compound B had only slight effects on total infarct area and volume
(Table 6 .3.2d). The maximum decrease in area achieved at this dose was 12mm^
(24%), and in volume, 33.6mm^ (22%), an effect which was not statistically
significant. At the lowest dose tested (15mg/kg) compound D had no effect on infarct
size (Table 6.3.2e). At the highest dose of 50mg/kg, this compound decreased the
total area of the infarct by 29%, and total volume by 26%, an effect which did not
reach statistical significance. Unfortunately, higher doses (of B and D), or lower doses
( 11 ), could not be tested due to lack of compound.

Carbetapentane and compound 11 appeared to produce effects on the total hemispheric
area and volume, with carbetapentane increasing and compound 11 reducing
hemispheric area and volume. However, these effects were not dose-related, and were
significant only at the middle doses of 30 and 15mg/kg, respectively. Importantly,
when the data for infarct size were expressed as a percentage of the total hemisphere
size, similar results for the degree of protection by these compounds were obtained as
when absolute values were considered.
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Figure 6.3. la

Brain Sections Showing the Infarct Produced in Rats Subjected to
Occlusion of the Middle Cerebral Artery.

II

The white area represents infarcted tissue as shown by the failure of the cells to take up
the red tétrazolium stain.
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Figure 6.3. lb

Brain Sections from Sham-Operated Rats.

There was no gross evidence of any infarcted tissue in sham-operated rats.
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Table 6.3. la

The Effect of Vehicle on Infarct Size in MCA Occluded Rats.

Level

Infarct

Hemisphere

%

1

10 .6 ±0.6

35.6±1.3

29.7±1.6

Vehicle

2

14.5±1.0

53.5±1.4

27.U1.5

MCA

3

12 .2 ± 1.0

60.6±2.0

20.2±1.5

4

9.2±1.2

55.0±1.6

16.6±2.2

5

4.1±1.1

54.6±1.0

7.6±2.1

Total Area
(mm^)

50.6±3.8

259.3±6.5

19.5±1.4

Volume

153.9±12.0

744.7±19.4

2 0 .6 ± 1.6

Group

n

7

(mm^)
Values represent both absolute values (mean ± s.e.m.) for total volume (in mm^), total
area and area at each brain level (in mm^) of infarct and hemisphere, and also infarct
area expressed as a percentage of the ipsilateral hemisphere area.

Table 6.3.1b

Infarct Production In Sham-Operated Animals.

Total Area (mm^)

Group

n

Infarct

Hemisphere

Vehicle

O.OOiO.O

254.5±9.0

3

DM 60mg/kg

O.OOiO.O

272.9±13.3

3

CBP 60mg/kg

O.OOiO.O

263.2±13.9

3

11 30mg/kg

O.OOiO.O

249.8±12.3

3

B 60mg/kg

O.OOiO.O

252.9±L4

3

D 50mg/kg

O.OOiO.O

236.0±5.4

3

Values given are for the total area (in mm^) of infarct and hemisphere.
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Table 6.3.2a

The Effect of DM on Infarct Size.

Level

Infarct

Hemisphere

%

1

10 .6 ± 0.8

35.3±1.7

30.5±2.8

DM

2

13.5±1.5

53.5±1.7

25.4±2.0

15mg/kg

3

13.4±2.3

61.3±2.9

21.7±3.3

4

8.8±1.5

59.3±2.4

14.63:2.0

5

2 .0 ± 1 .2 *

57.6±2.5

7.63=2.1

Total Area

48.4±6.5

267.0±9.2

18.03=1.9

Volume

140.ft±20.6

760.8^25.8

18.4±2.3

1

8.2±1.5

38.4±3.3

20.63:2.4*

DM

2

lO.liO.8 *

54.9±2.3

18.5±1.4**

30mg/kg

3

10 .0 ± 0,8

62.3±2.6

16.0±0.9

4

6 .6 ± 1.0

56.9±2.0

11.5±1.3

5

0.7±0.5*

53.4±1.2

1.43=0.9*

Total Area

35.6±4.0

265.9±10.5

13.3±1.1*

Volume

109.2±12.7

770.9^=33.0

14.0=bl.2*

1

6.4±1.3*

42.5±2.2

15.6±3.3**

DM

2

10.8±0.9

58.53=1.9

18.5±1.8**

60mg/kg

3

8.6±0.7

64.6±2.5

13.6±1.5

4

4.2±1.1*

57.33=1.4

7.4=t2.1*

5

0.03=0.0*

53.3±2.0

0.030.0*

Total Area

30.03=2.8**

276.1±9.4

11.031.3**

Volume

92.43=9.3*

804.03=29.0

11.731.5**

Group

n

5

5

5

This and subsequent tables show the infarct area (mm^) and volume (mm^) produced
by MCA occlusion after pre- and post-treatment with DM, CBP and the
carbetapentane analogues (see Table 6.3.1a for details). Groups were compared using
ANOVA followed by Dunnetts test (* p < 0.05, ** p < 0.01).
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Table 6.3.2b

Group

CBP
ISmg/kg

CBP
30mg/kg

CBP
60mg/kg

The Effect of Carbetapentane (CBP) on Infarct Size.

Level

Infarct

Hemisphere

%

1

34.7±1.6

21.6=t5.0

3
4

7.4±1.9
11.5±3.6
10 . 1±2.6
7.2±3.9

54.0±1.9
63.23=2.0
58.1=t2.3

21.3=t6.5
16.1=t4.0
12.3=fc6.6

5

1.9±1.9

55.3=t2.0

3.83=3.8

Total Area

38.1±13.5

265.43=7.8

14.43=5.1

Volume

116.8±41.4

760.73=22.3

15.4±5.4

1

38.3=hl.6

14.0±2.3**

2

5.4±0.9**
7.9±1.7

58.43=1.4

3
4
5

6.8±1.4
5.4±1.0
0.3±0.3

65.93=0.7
60.13=0.2
60.7±0.7

13.43=2.8*
10.43=2.0*
9.0=tl.6
0.5=t0.5

Total Area

25.8±4.6

283.33=4.5*

9.13=1.6*

Volume

78.6±13.8

811.03=14.8

9.7=tl.7*

1

40.0=tl.9
54.9±1.3

0.93=0.6**
9.6=t3.1**

3
4
5

0.3±0.2
5.2±1.6**
3.9±1.8**
2.6±1.3
0.3±0.2

60.93=1.9
54.6=tl.8
54.43=1.4

6.4=t2.9**
4.6=b2.4
0.6±0.4

Total Area

12.3±4.8**

264.73=6.5

4.6=tl.8**

Volume

36.5±14.1**

767.93=19.5

4.7±1.8**

2

2

n

5

5

5

* p < 0.05, ** p < 0.01; ANOVA followed by Dunnetts test (see Table 6.3.2a for
details).
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Table 6.3.2c

The Effect of Compound

11

on Infarct Size.

Level

Infarct

Hemisphere

%

n

1

3.1±1.0**

32.5±2.2

11

2

3
4
5

48.9±1.5
56.9±1.7
51.3±1.8
50.4±1.6

5

7.5mg/kg

5.5±1.8**
5.8±1.7**
3.2±1.2**
0 .2 ± 0 .2 **

10.2±3.4**
11.5±3.8**
10.2±2.9**
6.03=2.3**
0.4±0.4**

Total Area

17.8±5.5**

240.1±8.4

7.5±2.3**

Volume

53.8±16.7**

689.0^=26.6

7.9±2.4**

1

30.3±1.8
47.7±1.8
56.3±1.3
51.1±1.6
50.4±2.1

8.8±3.8**

Group

11

2

15mg/kg

3
4
5

2.8±1.3**
5.0±1.4**
4.5±1.5**
2 . 1± 1.0 **
0 .2 ±0 .2 **

Total Area

13.3±3.5**

235.8±5.4*

6 . 1± 1 .8 **

Volume

44.6±13.8**

673.93=32.5

6.5=bl.9**

1

36.7±1.4
54.03=0.8
60.73=1.0
54.2±1.3
52.1±1.1

2.5=t2.5**
2.33=1.3**

257.7±4.9
745.4±14.3

1.83=0.9**

11

2

0.9±0.9**
1.3±0.7**

30mg/kg

3
4
5

2.0±0.9**
0.5±0.4**
O.OiO.O**

Total Area

4.6±2.3**

Volume

13.9±6.8**

10.4=t2.8**

5

7.93=2.5**
4.03=1.9**
0.3=h0.3**

5

3.23=1.5**
0.93=0.7**
0 .0 =b0 .0 **
1.8=t0.9**

* p < 0.05, ** p < 0.01; ANOVA followed by Dunnetts test (see Table 6.3.2a for
details).

182

Table 6 .3.2d

Group

B
60mg/kg
MCA

Table 6.3.2e

The Effect of Compound B on Infarct Size.

Level

Infarct

Hemisphere

%

n

1

36.8±1.1
53.3±0.4
61.0±0.4
56.6±0.8
54.0±0.3

23.0±4.9
24.0±2.0

5

5

8.3±1.7
12 .8 ± 1.0
lO.liO.4
6.6±0.9
1.4±0.8

Total Area

39.1±2.4

261.6±0.8

14.9±0.9

Volume

120 .2 ± 8.0

754.4±3.9

15.9±1.1

2

3
4

16.5±0.7
11.6±1.7
2.5±1.6

The Effect of Compound D on Infarct Size.

Level

Infarct

Hemisphere

%

1

10 .6 ± 1.6

2

3
4
5

13.1±1.8
10 .8±2.0
7.7±1.9
3.2±1.8

38.4±2.0
53.1±0.9
61.0±1.3
55.Ü0.9
53.1±1.3

28.1±4.6
24.7±3.6
18.0±3.7
14.2±3.6
6.2±3.4

Total Area

45.4±8.1

260.7±5.1

17.7±3.4

Volume

145.4±26.3

754.8±16.5

19.5±3.8

1

7.2±2.1

33.0±1.8

21.0±5.3

D

2

50mg/kg
MCA

3
4

11.4±1.9
9.1±1.8
6.8±1.3

50.9±1.1
58.1±1.4
52.0±2.0

22.2±3.4
15.6±3.0

5

1.6 ± 1.2

52.3±1.2

3.0±2.2

Total Area

36.Ü7.8

246.2±6.5

14.4±3.0

Volume

113.1±25.7

705.9±19.7

15.8±3.3

Group

D
15mg/kg
MCA

(see Table 6.3.2a for details).
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12.9±2.3

n

5

5

Figure 6.3 .2a

The Reduction in Infarct Volume Produced by DM, Carbetapentane
and Analogues in M CA Occluded Rats.
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Compound and Dose (m g/kg, s.c.)

The data represent total infarct volume, in mm^ (mean ± s.e.m.), and were analysed by
ANOVA using Dunnetts test for comparison between control and treatment groups
Significance values given are; * p<0.05; ** p<0.01.
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Figure 6.3 .2b

20

Reduction in Infarct Area Produced by DM, Carbetapentane and
Compound 11 on Infarct Area at each Brain Level Studied.

□ Vehicle
A DM 60rng/kg
o CBP 60m g/k g
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S t e r e o t a c t i c Coordinate (mm)

The data represent infarct area, in mm^ (mean ± s.e.m.), at the co-ordinates shown
(measured approximately anterior to the interaural line as described in Chapter 2,
Sections 9.2 and 10.4), and the reduction in infarct area produced by DM, (60mg/kg),
carbetapentane (60mg/kg) and compound 11 (30mg/kg) at each brain level studied.
Data were analysed by ANOVA followed by Dunnetts test. Significance values given
are: * p<0.05; ** p<0.01.
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6 .3 .3

Relative Potency of DM, Carbetapentane and Analogues as Neuroprotective
Agents.

Table 6.3.3a shows the relative potencies of the compounds to protect against infarct
production in MCA occluded rats.

The "ED5 0 " values given represent the

approximate dose of each compound required to reduce the total infarct area to 50%
of that obtained in control (vehicle) rats, as it was not possible to obtain a maximum
response due to limited supply of compound (see Chapter 2, Section 10.4). DM had
an approximate ED50 value of 71 mg/kg, which is equivalent to 204pmol/kg.
Carbetapentane was approximately 4-fold more potent than DM, with an ED 50 of
28mg/kg (54pmol/kg), while compound 11 at 4.9mg/kg, (llpmol/kg) was the most
potent compound tested (approximately 18-fold more potent than DM). Compounds
B and D were less potent, with ED50 S of greater than 60mg/kg (124pmol/kg) and
50mg/kg (89pmol/kg), respectively.

A graphical representation of these results is

shown in Figure 6.3.3a.

The anatomical profile of the protective effect of these compounds is represented in
Table 6.3.3b and Figure 6.3.3b. With all of the compounds, the magnitude of the
effect appeared to be greatest in more caudal brain regions, i.e. at a level of
approximately 0.7mm anterior to the interaural line, when compared with other levels.
DM, carbetapentane and compounds B and D were at least two-fold more potent at
this level, and with compound 11 , an apparent increase in potency of up to 10 -fold was
observed.

186

Table 6.3.3 a

Group

Control

Relative Potency of DM, CBP and Analogues for Reduction in Total
Infarct Area.

Dose
mg/kg

-

% Inhibition

100

ED50
(mg/kg)

ED 50
(pmol/kg)

-

-

71

204

60

7.7
31.8
43.6

CBP

15
30
60

26.2
53.3
76.4

28

54

11

7.5
15
30

61.5
68.7
90.8

4.9

11.2

B

60

23.6

> 60mg/kg

> 124

D

15
50

9.2
26.2

> 50mg/kg

>89

DM

15
30

The values shown are the reduction in total area expressed as a percentage of the area
obtained in control (normal) rats. The data were analysed by linear regression analysis,
and expressed as "ED50 ” values (the dose which reduced the infarct area to 50% of
that obtained in control (vehicle) rats; refer to Chapter 2, Section 10.4, for details).
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Figure 6.3 .3

Dose Response Relationship for the Neuroprotective Effect o f DM,
Carbetapentane and Compound 11 in MCA Occluded Rats.
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The values represent the total infarct area, in mm^, obtained after administration o f
each compound, expressed as a percent o f the infarct area obtained in vehicle-treated
animals. The resulting "ED50" values are given in Table 6.3.3b.
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Table 6.3 .3b

Comparison of The Potency of DM, CBP and Analogues to Reduce
Infarct Area at Each Brain Level.

Group

Dose
mg/kg

Level 1

Level 2

Level 3

Level 4

Level 5

DM

15
30
60

0

0

12.0

0

30.6
47.5

6.3
31.7
31.7

20.8

81.6

32.7

30.7
55.4

100.0

172

370

336

149

75

27.3
52.9
97.0

21.4
50.6
64.6

20.3
48.5
68.3

25.9
45.8
72.3

50.0
93.4
92.1

48

67

65

61

23

65.7
70.4
91.6

57.6
61.6
91.5

49.5
60.9
84.2

63.9
75.9
94.6

94.7
96.1
100.0

9

16

18

9

1.4

22.6

11.4

18.3

30.1

67.1

ED50
15
50

> 124

> 124

> 124

> 124

> 124

5.4
29.3

8.9
18.1

10.9
22.8

14.5
22.3

18.4
60.5

ED50

> 89

>89

>89

>89

>89

CBP

11

B
D

ED 50
15
30
60
ED50
7.5
15
30
ED50
60

The values given represent the percent reduction in infarct area at each brain level
studied compared with control (vehicle), and the resulting approximate "ED5 0 " values
in pmol/kg (see Table 6.3.3a).
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6.3.4 Efifect of Compound D on Compound 11.

The effect of compound D on the neuroprotective response to the lowest dose of
compound 11 (7.5mg/kg) is shown in Table 6.3.4 and Figure 6.3.4. Alone, this dose of
11 produced a decrease in total infarct area of 33mm^. In the presence of D, the
ability of 11 to reduce total area infarct area and volume was attenuated, with a
decrease of 26mm^ (from 65% to 51%), although this effect was not statistically
significant (Students t-test). However, at one brain level (12.7mm from the interaural
line), the effect was significant (p<0.05).

Table 6.3.4

Group

The Effect of Compound D on The Effect of Compound 11

Level

Infarct

Hemisphere

%

1

32.5±2.3
49.0±1.5
56.9±1.7
51.3±1.8
50.4±1.6

10.2±3.4
11.5±3.8
10.2±2.9
6.0±2.3
0.4±0.4

11

2

7.5mg/kg

3
4
5

3.1±1.0
5.5±1.8
5.8±1.7
3.2±1.2
0 .2 ± 0.2

Total Area

17.8±5.5

240.1±8.4

7.5±2.3

Volume

53.8±16.7

689.0±26.6

7.9±2.4

1

38.6±1.8
54.0±1.3

16.5±1.5
17.1±1.4

11

2

6.3±0.4*
9.2±0.6

+D
50mg/kg

3
4
5

7.2±0.8
2.4±1.0
0 .2 ± 0.2

60.6±1.8
54.0±1.7
55.2±1.7

Total Area

25.2±2.5

262.4±7.4

11.9±1.4
4.4±1.9
0.4±0.4
9.7±1.1

Volume

78.4±7.7

755.6±21.8

10.5±1.2

Refer to Table 6.3 .1a and Figure 6.3 .4 for details. * p < 0.05, Student's't' test.
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Figure 6.3 .4

The Efifect o f Compound D on the Neuroprotective Response to
Compound 11.
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The results shown represent the total infarct area obtained after treatment with vehicle,
compound 11 alone, and after treatment with compounds 11 and D together.
Significance values given are: * p<0.05, Students t test.
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6.3.5

Physiological Characteristics of Rats after MCA Occlusion.

Table 6.3.5a shows the rectal temperature of rats undergoing surgery after treatment
with either compound or vehicle. There were no significant differences between any of
the groups in core temperature at any time point. After administration of anaesthetic,
there was a fall in body temperature to 36.4±0.05°C. However, by use of the heated
blanket, body temperature had risen significantly within 30 minutes, and by the end of
the surgical procedure (approximately 90 minutes), temperature had returned to
normal levels (38.0±0.04°C). This was maintained during recovery from anaesthesia.

In the days following surgery, there appeared to be a fall in the body weight of the rats
(Table 6.3.5b). In sham-operated rats was short-lasting, and animals had begun to
increase in weight until by the third day this had reached pre-operation levels.

In

vehicle-treated MCA occluded animals, body weight remained consistently lower than
that of the sham-operated group until the time of sacrifice. In drug-treated animals, the
body weight had begun to increase, and this was more marked in the case of
compounds showing neuroprotection, which had in general achieved pre-operation
levels by the day of sacrifice.
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Table 6.3.5a

Body Temperature (°C) of MCA Occluded and Sham-Operated
Rats.

Dose

MCA/

mg/kg

Sham

Vehicle

( 1ml/

MCA

DM

kg)
15

Group

30
60
60
CBP

30 min

60 min

90 min

36.1+0.20

37.9+0.23

38.2+0.15

38.4+0.18

Sham

36.4+0.20

37.9+0.12

37.9+0.15

38.0+0.12

MCA

36.5+0.25
36.3+0.17

38.5+0.37

38.2+0.13

38.0+0.03

37.9+0.23

38.4+0.16

36.0+0.29
36.3+0.19

37.1+0.22
37.7+0.80

38.5+0.30
37.7+0.19
37.8+0.42

38.2+0.10
37.7+0.13

37.8+0.67
37.8+0.40
37.4+0.17
37.9+0.23

37 8+0 35
38.0+0.21
37.6+0.21
37.7+0.17

37.8+0.13
38.0+0.09
37.9+0.19
37.8+0.09

37.8+0.26
37.7+0.46
37.9+0.22
37.9+0.20

38.0+0.14

Sham

0

min

15
30
60
60

MCA

Sham

36.4+0.13
36.5+0.13
36.4+0.16
36.5+0.09

7.5
15
30
30

MCA

36.6+0.19

Sham

36.7+0.12
36.4+0.41
36.5+0.23

38.0+0.53
37.6+0.61
37.7+0.59
37.9+0.61

B

60
60

MCA
Sham

36.6+0.34
36.3+0.29

37.6+0.28
37.6+0.41

38.0+0.29
37.8+0.42

38.2+0.11
37.9+0.22

D

15
50
50

MCA

38.2+0.56
38.2+0.40

38.0+0.20
38.0+0.26

38.0+0.29
37.9+0.16

Sham

36.0+0.14
36.8+0.16
36.5+0.20

37.9+0.03

38.1+0.03

38.0+0.23

7.5+50

MCA

36.5+0.12

38 3+0 19

38.0+0.25

37.8+0.18

11

11 +D

Values are given for rectal temperature in °C (mean ± s.e.m.).
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37.9+0.19
37.9+0.13
38.0+0.18

Table 6.3.5b

Group

Vehicle
DM

CBP

Body Weight (g) of MCA Occluded and Sham-Operated Rats.

Dose

MCA/

mg/kg

Sham

( 1ml/
kg)
15
30
60
60
15
30
60
60

11

B
D

11 +D

Day 1

Day 2

Day 3

Day 4

MCA
Sham

259+15
247+12

238+15
240+2

238+15
240+10

234+18
245+10

MCA

261+21
250+8
230+5
232+6

262+19
258+8

Sham

275+24
277+16
243+3
247+3

235+5

256+19
246+5
230+10
230+3

MCA

231+4

220+4

225+8

223+10

Sham

234+4
232+3
233+6

227+5
227+3
228+7

233+5
235+5
230+6

238+5
238+5
233+4

237+10
240+6
219+7
238+16

245+9
248+6
226+7
245+14

246+9
251+6
229+7
245+14
273+18
237+2

220+6

7.5
15
30
30

MCA

Sham

248+9
247+6
230+7
245+14

60
60

MCA

277+20

261+19

271+18

Sham

235+3

223+2

237+2

15
50
50

MCA

224+15

229+14

221+2

220+6

Sham

238+12
231+2
237+2

232+4

233+3

234+13
226+9
237+4

7.5+50

MCA

215+5

210+4

203+3

209+5

Values are given for body weight in grams (mean ± s.e.m).
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6.4

6.4.1

DISCUSSION

Infarct Production in Control Rats.

As expected, and consistent with minimal trauma due to the anaesthesia and surgical
procedure, no ischaemia-induced changes were observed in sham-operated animals. In
contrast, in all middle cerebral artery occluded animals, there was a considerable area
of infarcted tissue, as evidenced by the failure of the cells to take up the tétrazolium
stain. This is consistent with previous reports of infarct production after the procedure
used (Chen et al, 1986).

The ischaemic damage was restricted to the cerebral

hemisphere ipsilateral to the occluded artery, and was not uniformly distributed. The
degree of neuronal damage, as seen by the white appearance of the cells, appeared to
be greatest in rostral regions of the brain, with the greatest degree of damage observed
in areas where the middle cerebral artery is the major source of vascular supply. This
includes the fronto-parietal cortex, occipital, and temporal cortices, and in a small
number of rats, the dorsolateral caudate putamen. In other areas, for example, the
cingulate cortex, hypothalamus, thalamus, hippocampus or subthalamic structures,
infarcted tissue was never seen, presumably due to perfusion via other vessels or
collaterals, although of course, these experiments only detected the presence of
infarcted rather than damaged tissue. The overall infarct topography was consistent
with the literature (Yamori et al, 1976, Tamura et al, 1981, Tamura et al, 1983, Chen
et al, 1986).

6.4.2

Neuroprotective Effect of DM, Carbetapentane and Analogues.

As has been observed by others (George et al, 1988, Prince et al, 1988, Steinberg et
al, 1988, Tortella et al, 1989b, Van Rijen et al, 1991, Steinberg et al, 1993), DM was
an effective neuroprotective agent, producing a linear dose-related reduction in infarct
size. The degree of neuroprotection observed at the top dose of DM was a 41%
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reduction in total infarct area, corresponding to an ED50 value of approximately
71 mg/kg (204pmol/kg). Unfortunately, this upper dose had to be limited to 60mg/kg
as DM has been reported to be proconvulsant at higher doses (Takazawa et al, 1990,
Diana g/ a/, 1993).

Although a direct comparison was not made, carbetapentane was found to be
approximately twice as potent as DM as a neuroprotective agent. The maximum effect
observed at the top dose of carbetapentane (60mg/kg) was a 76% reduction in total
infarct area. When approximate ED50 values were compared, carbetapentane was
almost four-fold more potent than DM (54pmol/kg compared with 204pmol/kg). An
exciting finding of this study was the magnitude of the neuroprotective effect observed
with the methyleneoxy derivative of carbetapentane, compound 11. This compound
produced over 50% reduction in total infarct area even at the lowest dose tested
(7.5mg/kg). This represents an eighteen and five fold increase in potency over DM and
carbetapentane, respectively (ED50 value approximately llpmol/kg).

Both compounds B and D were less potent as neuroprotective agents when compared
with carbetapentane.

Even at the highest doses tested of 60mg/kg and 50mg/kg

respectively, compounds B and D only reduced the total infarct area by 24% and 29%,
respectively. In the case of compound B, this is a good reflection of its binding activity
in vitro, where it was approximately 12 times less active than DM (Chapter 5, Table
5.3.1). The reason for the apparent low potency of compound D is less clear. In vitro
this compound was more potent than DM against [^H]DM binding in rat brain, but less
active in vivo as a neuroprotective agent.

One possible explanation is that this

compound shows limited central nervous system penetration. Another explanation is
that compound D is an antagonist at DM binding sites, which would explain the high
binding activity but apparent lack of potency as a neuroprotective agent in vivo. An
interesting finding to support this latter theory was that in the presence of compound
D, the neuroprotective effect of compound 11 appeared to be reduced, which could
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suggest that compound D was acting as an antagonist of compound 11. However, in
view of the slight neuroprotective activity observed with higher doses of compound D
(29% at 50mg/kg), it may be that this compound is actually a partial agonist at DM
sites.

The most marked effect of DM was observed at the level of the midbrain (co-ordinates
of approximately 0.7mm anterior to the interaural line), where the apparent ED 50
value was 75pmol/kg. DM also showed more marked protection at the level of the
frontal cortex (approximately 12.7mm anterior to the interaural line). The same antiischaemic profile was also observed with carbetapentane and each of the analogues. At
the level of the midbrain, the relative potencies were increased by two-fold and up to
ten-fold for carbetapentane and compound 11 , respectively, and by up to two-fold for
compounds B and D. Several explanations of the anti-ischaemic profile of DM and
related compounds are possible. It may be that these regions achieved higher brain
levels of compound, due to the vascular supply and the fact that compounds were
administered before the ischaemic insult.

It has been shown that the extent of

neuroprotection is determined not by the concentration of drug in plasma but by the
concentration in the regions susceptible to ischaemic damage at vulnerable times during
the ischaemic period (Wallace et al, 1992). The reduction in regional cerebral blood
flow which accompanies cerebral ischaemia will obviously influence access of the drug
to the compromised area, and this effect is more marked in the period immediately
following the ischaemic insult. This is important as access is likely to be a major
influence on whether a drug is active when given post MCA occlusion in animal
models. The relatively smaller effect observed at levels 2, 3 and 4 could be explained
by the fact that these levels contain the regions which are supplied by the middle
cerebral artery and in which the lack of any residual blood flow prevents access of
drugs to these areas. This regional effect of DM would also be consistent with the
presence of the infarct "penumbra", that is, the salvageable tissue is greatest in those
regions afforded the most protection (see Chapter 1, Section 2.1). Some of the regions
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afforded the most protection showed moderate to high densities of DM binding sites in
normal rat brain (see Chapter 3, Section 4.3). As a follow-up to these studies, it would
be interesting to examine more closely by direct histological assessment the neuronal
degeneration in these regions of the brain, and also to examine the temporal profile of
DM binding after an ischaemic insult as the neuronal degeneration progresses, to
correlate this with the neuroprotective effect of DM at these time points.

6.4.3

Comparison with Binding and Anticonvulsant Activity.

The neuroprotective potencies of DM, carbetapentane and compounds 11, B and D
were compared with values obtained for the activity of these compounds against
binding of [^H]DM (Chapter 5, Table 5.3.1 and Chapter 3, Table 3.3.le). On first
examination, there was only a poor correlation between in vivo and in vitro activities.
Although this could suggest that the anti-ischaemic effects of the compounds were not
mediated via the DM binding site in rat brain, differences in metabolism and central
nervous system (CNS) penetration could also account for these discrepancies. The
chloro substituent group of compound D, for example could hinder CNS penetration.
This observation may also be true of the DM analogues, where substitution of a chloro
group in compound 8 , also reduced in vivo anticonvulsant activity in the rat MES test,
while binding activity was retained (Tables 5.3.1 and 5.5). Measurement of the brain
and plasma levels of these compounds after systemic administration, or a comparison
of different routes of administration, might help to elucidate these possibilities.
Alternatively, it is possible that they may be metabolised in vivo to a more active form.
This would also explain the reported lack of effect of phenytoin to enhance the binding
of these compounds in vitro (DeHaven-Hudkins et al, 1993). Alternatively, it may be
that the existence of subtypes of DM binding sites underlies the apparent lack of
correlation between binding activity and neuroprotective/anticonvulsant potency. In
fact, when the high affinity binding site for [^H]DM in rat brain was considered, the
correlation improved significantly (Figure 6.4.3).
198

This was the case for DM,

carbetapentane, and compounds 11 and B, and would also apply to compound D if this
compound were in fact a partial agonist.

Supporting the theory that these compounds are acting through a common site is the
positive correlation between neuroprotective activity and anticonvulsant activity
(Chapter 5, Table 5.5), where carbetapentane and compound 11 were approximately
1.5 and 5 times more potent than DM, respectively, and compounds B and D were
relatively inactive. This suggests that the mechanism whereby these compounds exert
their central effects in vivo is a common one. Furthermore, these data support the
theory that either CNS penetration or the production in vivo of an active metabolite
may underly the relatively poor correlation between in vitro binding and CNS activity.

Due to the limited number of compounds tested in this study, a detailed discussion of
the structure-activity relationship of the chemical analogues of carbetapentane was felt
to be outside the scope of this thesis.

However, certain features were apparent.

Replacement of the ester function in the carbetapentane molecule with a methyleneoxy
group (as in compound 11) markedly increases the neuroprotective activity when
compared with the parent compound. In addition, it appears that the cyclopentyl ring
of the carbetapentane molecule is necessary for in vivo activity, as shown by the fact
that compound B, in which the ring was opened, was much less active compared with
carbetapentane and compound 11. Substitution of a chloro group in the benzene ring
also reduces in vivo activity, as in compound D, which was also less potent than the
parent compound. However, there is some evidence that this modification may reduce
the intrinsic activity of the molecule rather than affinity, as the in vitro binding activity
of compound D was retained (Chapter 5, Table 5.3.1). This is supported by the finding
that this compound appeared to antagonise the neuroprotective effect of compound 11
(see above).

Figure 6.4.3

Correlation Between Neuroprotective Effect and Inhibition o f
[^H]DM Binding to the High Affinity Site in Rat Brain.
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The data represent the IC50 values for inhibition of high affinity [ H]DM binding in rat
brain (Table 5.3.1b) and the "ED50" values for reduction in total infarct area (Table
6.3 .3 a), produced by DM, carbetapentane and compound 11
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6.4.4

Mechanism of Action.

In the case of DM, it is possible that binding to NMDA sites directly or via metabolism
to dextrorphan may mediate at least part of the neuroprotective effect observed..
However, the lack of activity of carbetapentane and compound 11 at the phencyclidine
site labelled with [^H]TCP (Chapter 5, Table 5.3.5c), suggests that it is highly unlikely
that the neuroprotective effects of these compounds were mediated via a direct action
at the NMDA receptor complex, although the possibilty of an indirect interaction in
vivo cannot be ruled out. In addition, the magnitude of the neuroprotective effect
observed with compound 11 (91% reduction), suggests that protection of all cell types
(i.e. neurons and non-neuronal cells), may be achieved with these compounds. This
homogeneous distribution of DM sites would be consistent with their localisation in
peripheral organs such as the kidney, liver, adrenal glands and spleen (Musacchio et al,
1988b), and suggests that DM sites may be found on all cell types.

Other mechanisms which could contribute to the neuroprotective effect of DM have
been considered. The effect of DM and related compounds to block voltage-gated
calcium channels, and the possibility that DM may increase calcium sequestration into
cellular organelles have been discussed (see Chapter 1, Section 3.2 and Chapter 3,
Section 4.4).

DM site ligands have been shown to inhibit endogenous glutamate

release from rabbit hippocampal slices (Annels et at, 1991), and this has been attributed
to a presynaptic blocking effect on calcium channels. Another possible mechanism is
the reported ability of DM to increase adenylate kinase activity in rat brain (Himori et
al, 1992). Adenylate kinase is responsible for the production of adenosine triphosphate
from adenosine diphosphate and adenosine monophosphate. This enzyme is a sensitive
marker of cerebral ischaemia, as this pathway for the replenishment of ATP becomes
more important in conditions of anoxia when oxidative phosphorylation stops due to
limited supply of oxygen and glucose (Ronquist et al, 1982). The effect of DM to
increase adenylate kinase activity was not mediated via NMDA receptors as shown by
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the observation that the non-competitive NMDA antagonist MK-801

was

approximately 5-fold less potent than DM in this respect, while being more than 1000fold more active at the PCP site.

The effect of DM on cerebral blood flow and metabolism after an ischaemic insult has
not yet been resolved. In normal rat brain, DM has little or no effect on blood flow
(Lo et al, 1991b).

However, DM has been shown to reduce the post-ischaemic

hypoperfusion which follows incomplete global ischaemia in the rat (Tortella et at,
1989b), and to increase regional cerebral blood flow after focal ischaemia in the rabbit
(Lo et al, 1991a). It has been suggested that DM reduces the volume of brain tissue
with low flows by increasing regional blood flow towards the periphery of the
ischaemic core, which could have implications for the salvageability of the penumbral
area (see Chapter 1, Section 2.1). It is not known, however, whether changes in
cerebral blood flow are due to improved regional metabolism caused by decreased
neuronal injury, or vice versa, and so the role, if any, of these effects in the
neuroprotective effects of DM and related drugs requires further investigation.

It has been shown that hypothermia can itself reduce the degree of ischaemic damage
(Buchan et al, 1990), possibly by preventing the development of ischaemic neuronal
injury by suppressing extracellular glutamate release (Arai et al, 1993, Ginsberg,
1993). Although only rectal temperature was measured in this study, and some degree
of brain hypothermia cannot be ruled out, the fact that the rats were maintained at
normal body temperature until full recovery from anaesthesia, would argue against this
being a mechanism of anti-ischaemic action in this study.

Furthermore, although

previous results had shown no correlation between infarct volume in young (3 and 9
months) compared with old (20 months) rats (Duverger et al, 1988), it has been
suggested that the body weight of rats undergoing middle cerebral occlusion is an
important factor in determining the size of the ischaemic lesion produced (Menzies et
al, 1990). It was observed that rats of body weight less than 300g were more resistant
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to ischaemia compared to larger rats. In this study, most of the rats used were in the
weight range 200 to 300g, and although there were some small differences between the
groups in terms of body weight, it is unlikely that this would account for the
differences in neuroprotective activity observed with these compounds.

Physiological parameters such as blood pressure and plasma glucose levels have been
shown to influence the size of the lesion obtained after middle cerebral artery
occlusion, and when not controlled can lead to marked infarct variation (Macrae,
1992). In the present study these parameters were not monitored, as unfortunately the
equipment required was not available, and it is possible therefore that these agents
affected one or more of these parameters, in such a way as to be indirectly beneficial to
infarct development. For example, the degree of ischaemic damage is dependent on
local perfusion pressures (Astrup et al, 1981). Changes in regional perfusion pressure
or vascular resistance can influence the degree of ischaemic damage observed. For
example, hypotension increases the size of the infarct obtained after middle cerebral
artery occlusion (Osborne et al, 1987, Park et al, 1988). However, DM has been
shown to produce a transient fall in mean arterial blood pressure when given
systemically (Domino et al, 1985), and it seems unlikely therefore that an effect on
blood pressure would have contributed to the neuroprotective effect observed with
DM. Obviously the effect of carbetapentane and compound 11 on blood pressure,
blood gases, and plasma glucose levels would need to be assessed before any definite
conclusions could be drawn about the neuroprotective efficacy of these compounds.

6.4.5

Potential Therapeutic Applications.

Possible limiting factors in the therapeutic use of NMDA antagonists in cerebral
ischaemia are their potential for producing adverse effects related to their mechanism
of action (non-competitive antagonists), and their limited CNS penetration
(competitive antagonists, see Chapter 1, Section 2.2).
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Obviously, the behavioural

effects and the general pharmacological profile of carbetapentane and compound 11
would need to be evaluated, including the effects of long term treatment, to identify
possible toxicity. As described in Chapter 1 (Section 1.3), the safety profile of DM is
extremely good, and clinical studies have suggested that the doses currently employed
may be increased without prohibitive side effects. In the case of the present agents, it
has been reported that several analogues of DM which in this study were found to be
devoid of any activity at the NMDA receptor (see Chapter 5), did not produce any
behavioural impairment at doses considerably higher than those required for
anticonvulsant effects (Tortella et al, 1994). Furthermore, although the behavioural
profile of the agents evaluated in these experiments was not studied in detail, no
behavioural effects were observed with any compound at the doses studied during the
course of these experiments. This suggests that the carbetapentane analogues are also
likely to be free from behavioural effects, especially with respect to compound 11 in
view of its markedly improved anticonvulsant (Chapter 5, Section 5) and
neuroprotective potency. In fact, neither carbetapentane nor compound 11 produced
any overt behavioural toxicity or motor impairment at doses up to lOOmg/kg
(Newman, personal communication).

For a drug to be an effective neuroprotective agent clinically, it must be effective even
when given after the ischaemic insult, as this is when most if not all stroke cases would
present for therapy. The feature of delayed neuronal degeneration which is linked to
NMDA receptor activation (see Chapter 1, Section 2.1) offers potential for drug
interference for some time after the ischaemic insult, although at present it is not clear
how long this period will be. Although in this study compounds were administered
both before and after the ischaemic insult, DM has been reported to be effective when
given either before or after the ischaemic insult (Steinberg et al, 1988, Tortella et al,
1989b, Steinberg et al, 1993). Moreover, the ability of DM and related compounds to
block multiple routes of Ca^"^ entry into cells (see Chapter 1, Section 3.2) may indicate
that these agents would be effective even when given some time after the initial insult.
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Further experiments would be required to determine the temporal profile of the
neuroprotective effect of post-occlusion treatment alone with DM, carbetapentane and
compound 11 .

Metabolic and pharmacokinetic considerations would also need to be examined.
However, extensive uptake into brain after systemic administration has been reported
for DM, although this depends on the route of delivery (Wills and Martin, 1988), and
the observed potent anticonvulsant activity of these compounds when administered a
short time before maximal electroshock (Calderon et al, 1991, and see Chapter 5,
Section 5), suggests that central nervous system penetration would not be a problem
with these compounds.

In conclusion, the fact remains that DM, carbetapentane and an analogue of
carbetapentane show excellent neuroprotective activity, and on this basis could warrant
clinical investigation in the neurological deficit subsequent to stroke or traumatic head
injury. This would appear to be particularly true of compound 11, which was a potent
anti-ischaemic agent, and produced wide-spread neuroprotection versus a focal
ischaemic insult.

205

CHAPTER 7

CONCLUSIONS
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In this study, the pharmacological profile of DM binding in rat brain observed supports
the hypothesis that [^H]DM binds to more than one site. Although the high affinity
binding of [^H]DM probably represents binding to both DM] and DM2 sites (which
cannot be distinguished by DM alone), the low potency of the sigma ligands DTG and
haloperidol, and the lack of effect of phenytoin, are consistent with the theory that
DM) sites are found in low amounts in rat brain, and that [^H]DM binds
predominately to DM2 sites. These sites are distinct from opiate and NMDA receptors
as classically defined. The binding of [^H]DM in rat brain appears not to be modulated
by GTP, and therefore is unlikely to involve binding to a G-protein, although the
possibility that the DM) subtype is linked to G-proteins cannot be ruled out. The
results obtained with [^H]DTG binding are consistent with the theory that the rat brain
contains both sigma) and sigma2 sites, and that [^H]DM and [^H]DTG sites in rat
brain show different binding characteristics and pharmacological specificity.

Two series of compounds structurally related to dextromethorphan and carbetapentane
have been identified. A number of these compounds were found to be potent inhibitors
of [^H]DM binding in both guinea pig and rat brain. Of particular interest were the
analogues of carbetapentane, which offered distinct advantages over DM in that not
only did they appear to discriminate between DM site subtypes, but were also selective
for DM sites when compared with the NMDA receptor-associated PCP site. The use
of these compounds as tools should allow further investigation of the physiological
relevance of DM sites in brain. This is reinforced by the fact that these compounds,
being structurally distinct from DM, will not be metabolised to dextrorphan in vivo,
and so the added complication normally associated with studies with DM is removed.

The autoradiographical distribution of DM sites in normal rat brain was consistent with
previous studies.

However, under conditions of ischaemia, there appeared to be

changes in these sites, which may reflect changes in either the total number of binding
sites or the affinity of the sites for [^H]DM. Although this obviously requires further
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investigation to determine the precise nature and significance of the changes observed,
the possibility that an endogenous ligand is released could suggest an involvement of
DM sites in the aetiology of ischaemic neuronal degeneration.

One interesting

possibility for further investigation is the putative functional link between DM sites and
the NMDA receptor complex. The use of the carbetapentane analogues, which do not
bind significantly to the PCP site, might help elucidate the role of different subtypes of
DM sites and NMDA receptors in any functional relationship between these sites both
under normal conditions and after an ischaemic insult. Differences in DM site subtypes
in different brain areas could be determined in two ways. Firstly, by evaluating the
ability of analogues of DM and carbetapentane which appear to discriminate between
the DM] site (as in guinea pig brain) and the DM2 site (as in rat brain), to displace
[^H]DM from its binding sites in different regions in both normal and ischaemic rat
brain. Secondly, by an examination of the synergistic effects seen with DM site ligands
and compounds such as phenytoin and ropizine, which are thought to allosterically
modulate DM sites differentially in different brain regions. An investigation of the
anatomical distribution of DM sites in rat brain which are modulated by these agents in
conditions of ischaemia could provide information on the role of DM receptor subtypes
in neuronal degeneration. Finally, the effect of ischaemia on the binding of [^H]DM in
vivo should be considered, as the uptake of a drug locally during ischaemia is an
extremely important factor in determining the treatment schedule which would be
employed in the clinical situation.

DM, carbetapentane, and the carbetapentane analogue, compound 11, were found to
be potent neuroprotective agents against a focal ischaemic insult. Moreover, there was
a good correlation between neuroprotective activity and binding to the high affinity
DM site in rat brain. The magnitude and profile of the neuroprotective effect observed
with compound 11, and its lack of activity at the PCP site, is consistent with the
proposed link between DM binding sites and neuroprotective activity. However, the
precise mechanism of action of this neuroprotective effect at the molecular level has
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remained elusive, and further experiments would be required to define the precise
nature of this link.

A more detailed evaluation of the distribution of the

neuroprotective effect obtained with these compounds after an ischaemic insult could
be achieved by a direct histological examination of a much greater number of
stereotactic planes throughout the brain, together with more detailed measurements in
distinct brain regions. This could then be correlated with densities of [^H]DM binding
sites, and any changes observed in ischaemia, and also with the distribution of NMDA
receptor subtypes. Without the identification of endogenous ligands for DM sites, the
relevance of DM site-mediated effects in neuroprotection remains unknown. Equally,
to link DM binding sites to an intracellular function would require further
experimentation using, for example, electrophysiological and microphysiometrical
techniques to analyse DM-induced changes at the ion channel and second messenger
levels.

The cost of stroke studies to show changes in mortality/morbidity is expensive, and
therefore a more extensive in vivo analysis would be required to support the results
obtained in this study before any definite conclusions can be drawn.

This should

include the effect of a post-ischaemic treatment schedule and an investigation into the
temporal effects on penumbral progression. Furthermore, no agent has so far shown
unequivocal or dramatic clinical benefit, and no one animal model or species can be
considered to be a definitive predictor of anti-ischaemic activity. Therefore a variety of
models, including a higher species, would need to be evaluated, using different types of
ischaemic insult. The degeneration of certain vulnerable neuronal populations after
transient severe global ischaemia has been shown to be resistant to neuroprotection by
NMDA antagonists such as MK-801 (Buchan et al, 1991a, and see Chapter 1). The
effect of DM site ligands in this model of ischaemia would indicate another definite
advantage of these agents over those acting directly on the NMDA receptor complex.
In addition, the major limitation of the MCA occlusion model as used in this study is
the permanency of the occlusion, which rarely occurs in the clinical situation. Two
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components require consideration in reversible ischaemia - the initial ischaemia and the
secondary reperfusion, and therefore models of reversible MCA occlusion would also
need to be evaluated. Examples are the use of intraluminal filaments (Macrae et al,
1992), and the abluminal application of potent and prolonged vasoconstrictors such as
endothelin-1 (Macrae et al, 1993b). Finally, an option for non-invasive measurement
such as magnetic resonance imaging (MRI), which gives the option for sequential
measurement of penumbral progression in one animal, and also allows the effect of
putative neuroprotective agents on functional recovery to be assessed (Mohr, 1993,
Fujitae/a/, 1994).

Although it was not possible from this study to identify unequivocally the precise
mechanism of action of DM and related compounds in the neuroprotective activity
observed, the profile of the anti-ischaemic effect, and the lack of activity of
carbetapentane and compound 11 at the PCP site, suggests that it might via be binding
to DM sites. The mechanisms which could putatively be involved include;
(1) A direct blockade of the NMDA receptor-associated ion channel (PCP site) by
DM to reduce the entry of calcium into the cell after activation of NMDA
receptors.
(2) Modulation of NMDA-induced neuronal activation via a functional interaction
between DM sites and NMDA receptors. This especially in regions containing
selectively vulnerable neurons, which are susceptible to calcium overload, in
which DM binding may change after an ischaemic insult.
(3) A direct blockade of voltage-sensitive neuronal calcium channels, thus preventing
depolarisation-induced calcium entry.
(4)

Increased calcium sequestration into mitochondria and endoplasmic reticulum in
conditions of increased intracellular calcium.

(5)

Activation of adenylate kinase in ischaemia to replenish brain ATP, thus
increasing cerebral metabolism and reducing neuronal damage.
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With the exception of (1) which is specific for DM and possibly certain DM analogues,
any one or more of these mechanisms could contribute to the neuroprotective effect of
DM and related compounds after an ischaemic insult. It is possible to speculate that
the role of these sites involves the regulation of intracellular calcium, particularly in
ischaemia and possibly in epilepsy, to reduce the neuronal degeneration caused by
excessive NMDA receptor activity.

Cerebrovascular disease (which includes stroke) is one of the most clinically important
disease states currently known. It is the third major cause of death in Western Europe,
and the socio-economic cost is considerable, both in terms of costs to the Health
Service and the impact on the families of the victims. As yet, no clinically effective
treatment has yet been identified for this devastating and often fatal condition, and it is
thus a major therapeutic target area. The finding that at least one analogue, compound
11, which binds to DM sites and which is devoid of activity at the NMDA receptorassociated PCP site, shows remarkable potency both as an anticonvulsant and antiischaemic agent, provides further evidence of a role for DM sites in cerebral ischaemia,
and identifies a new class of neuroprotective agents.
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