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ABSTRACT

The Xenopus oocyte expression system was used to express non-N-methyl-D-aspartate (non- 

NMDA) receptors from mammalian (calf and rat) and avian (chick) brains. In each case, the 

properties of the expressed receptors were examined using two-electrode current and voltage 

clamp techniques and compared by examining their pharmacology using dose-response curve 

analysis (D/R) and constructing current-voltage (l-V) relationships using non-NMDA agonists.

Fully-grown immature oocytes (stages V and VI) removed from female Xenopus laevis were 

microinjected with exogenous messenger ribonucleic acid (mRNA) and after a period of incubation 

(2-3 days), became responsive to a variety of agonists including central nervous system (CNS) 

transmitters. Responses evoked by bath application of non-NMDA receptor agonists including kainic 

acid (KA), domoic acid (Dorn) and 5-bromowillardiine (BrW) all produced large, non-desensitizing 

membrane currents, whereas the responses to a-amino-3-hydroxy-5-methyl-5-isoxazolepropionic 
acid (AMPA), quisqualic acid (QA) and L-glutamic acid (L-Glu) were much smaller and showed 

signs of desensitization. The rank order of agonist-potency determined from D/R curves was QA 

> AM PA > BrW > KA in all mRNA-injected oocytes. Non-NMDA receptors expressed from each 

mRNA preparation had a similar sensitivity to KA and conventional non-NMDA receptor antagonists 

did not differentiate between agonist-evoked responses in oocytes injected with each different 

mRNA.

I-V relationships determined for each agonist were dependent on the mRNA preparation. In oocytes 

injected with calf or chick brain mRNA, the membrane current evoked by KA (Dorn and BrW) 

exhibited inward rectification at positive (>+20mV) membrane potentials. At positive potentials, the 

degree of rectification observed was dose-dependent but agonist-independent. In contrast, in 

oocytes injected with rat brain mRNA, the response to KA was relatively voltage-independent at 

negative potentials and exhibited outward rectification at positive potentials^The l-V relationship 

determined for AM PA (QA and L-Glu) was the same in all mRNA-injected oocytes exhibiting a 

similar voltage-sensitivity to the KA-response observed in oocytes injected with rat brain mRNA. 

The estimated reversal potentials (VREV « -6mV ± 2mV) for all non-NMDA receptor agonists were 

quite similar.

In all mRNA-injected oocytes, the response to KA (Dorn and BrW) was antagonised by other

excitatory amino acid (EAA) receptor agonists with the following rank order of inhibition; QA >

AMPA « L-Glu > NMDA. In oocytes injected with rat brain mRNA, AMPA antagonised the 
KA-response in a competitive manner. Moreover, a comparison between the amplitude of KA and

AMPA responses in the same oocyte exhibited a direct correlation consistent with both agonists

acting on the same receptor-ionophore complex. Despite this, the responses evoked by KA and

AMPA could still be pharmacologically separated with thiocyanate (SCN ) ions which selectively
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antagonised only AMPA responses. In oocytes injected with calf or chick brain mRNA, the response 

to KA was antagonised by AMPA, QA and L-Glu in an apparently non-competitive manner. In some 

cases, the response to KA was still antagonised even in the absence of any measurable response 

to QA. A comparison between the amplitude of KA-responses with AMPA, QA or L-Glu in the same 

oocyte did not show a direct correlation.

It is concluded that different types of non-NMDA receptor, equi-sensitive to KA, were successfully 

expressed in oocytes from mammalian and avian brain mRNA. In each case, the receptor exhibited 

similar pharmacological properties to nascent receptors in mammalian and avian neurones; 

however, novel aspects of receptor function were revealed from l-V relationships and antagonism 

studies with SCN‘ ions. The likelihood of non-NMDA receptor heterogeneity is considered.
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CHAPTER 1: 

GENERAL INTRODUCTION

(i) HISTORICAL EMERGENCE OF EXCITATORY AMINO ACID
RECEPTOR SUBTYPES

In 1866, H. Ritthausen discovered the amino acid, glutamic acid (Glu) (cited in 

Krnjevic, 1974). Since then, a ubiquitous biological role has been realised for 
Glu in the animal and plant kingdoms. In animals, it links the metabolism of 
carbon and nitrogen and, depending on requirement, serves either as a source 
of energy or a reservoir of ammonia (for review see Erecinska & Silver, 1990). 
It is also an important component in the synthesis of both small (i.e. 
glutathione) and large (i.e. peptides and proteins) molecules. In the central 
nervous system (CNS), Glu has two additional functions: (i) it is a proposed 
neurotransmitter (L-Glu) at excitatory amino acid (EAA) receptors (Watkins & 
Evans, 1981) and (ii) a precursor of another neurotransmitter substance, y- 
aminobutyric acid (GABA) (Roberts, 1956; McKhann et al, 1960; for review; 
Erecinska & Silver, 1990).

Hayashi (1954) first demonstrated the convulsant effects of L-Glu on the 
mammalian brain by injecting relatively small volumes of amino acid solution 
onto the cerebral cortex. Although, Glu was known to be an important 
constituent of nervous tissues (Abderhalden & Weil, 1913), Hayashi’s 
experiments demonstrated a specific and direct excitatory effect of L-Glu on 
gray matter (for review; Krnjevic, 1974). The action of L-Glu was subsequently 
investigated by Curtis et al (1959, 1960) using an intracellular recording 
technique and demonstrated that iontophoresis of the amino acid depolarised 
individual neurones in the mammalian (i.e. cat) spinal cord. In addition, 
comparable effects were later described by Krnjevic & Phillis (1963) using 
ionotophoretically applied L-Glu in the cerebral cortex and cerebellum in a 
number of mammalian species.
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N m d a  a n d  n o n -n m d a  r e c e p t o r  s u b t y p e s

The concept that separate EAA receptors may exist was developed initially 
from the observation that L-Glu and L-aspartic acid (L-Asp) exhibited a 
differential agonist sensitivity on spinal cord interneurones and Renshaw cells 
(Duggan, 1974). Moreover, this idea was strengthened from the development 
of more selective receptor agonists that were synthesized or found as natural 
products. N-methyl-D-aspartate (NMDA), a synthetic analogue of L-Asp 
(Watkins, 1962), was first shown to be a potent neuronal excitant on spinal 
cord neurones (Curtis & Watkins, 1963). In addition, naturally occurring 
substances such as; (i) L-a-kainic acid (KA), an anthelmintic isolated from the 

seaweed, Diginea simplex (Ueno et al, 1955), (ii) quisqualic acid (QA), isolated 
from a Cambodian nut of the plant genus Quisqualis (Takemoto et al, 1975), 
and (iii) domoic acid (Dom), a neurotoxin from the seaweed, Chondria armata 
(Takemoto & Draigo, 1960; Takemoto et al, 1966), all displayed structural 
similarities to L-Glu and were powerful excitants on vertebrate central 
neurones (Shinozaki & Konishi, 1970; Biscoe et al, 1975). Using these EAA 
agonists, spinal cord neurones were shown to exhibit a differential sensitivity 
to NMDA and KA (Johnston et al, 1974; McCulloch et al, 1974). In addition, 
responses to NMDA were selectively blocked by magnesium (Mg2+) whereas 
responses to KA or QA were unaffected (Davies & Watkins, 1977; Evans et al, 
1977). In view of such developments, the concept of NMDA and non-NMDA 
receptor subtypes evolved; determined, initially, according to the sensitivity or 
insensitivity of EAA agonist-responses to the divalent cation, Mg2+.

In addition to the effect of Mg2+ ions, support for the existence of NMDA and 
non-NMDA receptor subtypes was strengthened following the development of 
the receptor antagonist, D-a-aminoadipate (DAA), which specifically blocked 
the excitation of spinal cord neurones evoked by NMDA but not KA (Biscoe et 
al, 1977). Subsequent to this, however, 2-amino-5-phosphonovaleric acid (APV), 
amongst other compounds (for reviews; Mayer & Westbrook, 1987; Collingridge 
& Lester, 1989; Monaghan et al, 1989), superceded DAA and represented, at 
the time, the most selective and potent NMDA receptor antagonist with no 
apparent effect on non-NMDA receptor agonist-responses (Davies et al, 1981;
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Evans et al, 1982). To date, some of the more recent compounds that show high 
potency and selectivity at NMDA receptors include; 3-((±)-2-carboxypiperazin-4- 
yl)propyl-l-phosphonic acid (CPP; Davies et al, 1986), zinc (Zn2+; Mayer & 
Westbrook, 1987; Peters et al, 1987; although see, Rassendren et al, 1990), (+)- 
5-methyl-10,ll-dihydro-5H-dibenzo[a,d]cyclohepten-5,10-imine maleate (MK- 
801; Wong et al, 1986), ketamine and phencyclidine (PCP) (for review; 
Collingridge & Lester, 1989). In addition, glycine selectively potentiates 
membrane currents evoked by NMDA agonists at a strychnine-insensitive site 
without altering responses to KA or QA (Johnson & Ascher, 1987).

K a in a te  and  q u isqualate /am pa  r e c e pt o r  su bty pes

As the evidence for distinct NMDA and non-NMDA receptor subtypes emerged 
from studies with selective NMDA antagonists, McLennan & Lodge (1979) 
reported that L-glutamic acid diethyl ester (GDEE) depressed responses to QA 
but not KA in the feline spinal cord (see also Davies & Watkins, 1979). In view 
of this, non-NMDA receptors were further subdivided into KA- and QA- 
preferring receptors (Watkins & Evans, 1981). Following this, other broad 
spectrum antagonists such as y-D-glutamylglycine (y-GG; Davies & Watkins, 
1981), y-D-glutamylaminomethyl sulphonate (GAMS; Davies & Watkins, 1985) 
and kynurenic acid (KYN; Coleman et al, 1986) were initially believed to 
distinguish between KA and QA responses. However, to date, no receptor 
antagonist available is able to distinguish selectively between KA- and QA- 
receptors (although, c.f. Bowie & Smart, 1991b).

The most convincing evidence in favour of non-NMDA receptor subtypes was 
from the observations made on afferent dorsal root C-fibres of neonatal rats 
(Davies et al, 1979; Evans, 1980). This preparation possesses a relatively "pure" 
population of KA-receptors since they are depolarised by KA whereas QA and 
L-Glu are only moderately effective (Davies et al, 1979; Evans, 1980). 5- 
bromowillardiine (BrW; Bowie & Smart, 1991a), a non-NMDA agonist 
synthesized from the natural product, (±)willardiine (Evans et al, 1980), and 
Dom were both more potent than KA in depolarising mammalian C-fibres 
(Agrawal & Evans, 1986). Another non-NMDA agonist, a-amino-3-hydroxy-5-
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methyl-4-isoxazolepropionic acid (AMPA), synthesized from ibotenic acid 
(Krogsgaard-Larsen et al, 1980), was only moderately effective in depolarising 
C-fibres (Agrawal & Evans, 1986). At present, AMPA is the preferred receptor 
agonist at QA-receptors since electrophysiological and radioligand binding 
studies have shown that QA is less selective (see below; Collingridge & Lester, 
1989; Young & Fagg, 1990). In support of this traditional division of non- 
NMDA receptors proposed by Watkins & Evans (1981), high affinity binding 
sites for [3H]-KA are poorly inhibited by AMPA (Krogsgaard-Larsen et al, 1980) 

and autoradiographic studies have shown different regional distributions of 
[3H]-AMPA and [3H]-KA binding in mammalian brain (Young & Fagg, 1990).

Despite the evidence favouring the existence of KA- and QA/AMPA- preferring 
subtypes, recent data have subjected the traditional view to further revision 
(for review; Barnard & Henley, 1990). In particular, the evidence available 
suggests that in many instances, KA and QA/AMPA may share a common 
receptor-ionophore. Electrophysiological studies have shown that the 
competitive antagonism of KA responses by AMPA (and QA) was consistent 
with a mutual interaction of both agonists at the same receptor-ionophore 
(O’Brien & Fischbach, 1986; Perouansky & Grantyn, 1989; Rassendren et al, 
1989; Bowie & Smart, 1991b; Patneau & Mayer, 1991). In support of this 
concept, the recent expression of recombinant non-NMDA receptors consistently 
develop sensitivity to both KA and AMPA (see below; Boulter et al, 1990; 
Keinanen et al, 1990; Nakanishi et al, 1990). However, electrophysiological 
investigations in neurones (Ishida & Neyton, 1985; Aizenmann et al, 1988) and 
mRNA-injected oocytes (Lerma et al, 1989; Umbach & Gundersen, 1989; 
Randle, 1990; Bowie & Smart, 1990) have observed responses to KA in the 
absence of any measurable response to QA or AMPA. Moreover, a very recent 
study that expressed a homomeric non-NMDA receptor from the rat cDNA 

clone, GluR6, observed responses to KA in the absence of AMPA-responses 
(Egebjerg et al, 1991).

N o n -n m d a  r e c e p t o r  h e t e r o g e n eity

Although not generally accepted, these differences described above for receptors

18



activated by KA, may reflect an underlying heterogeneity amongst non-NMDA 
receptor subtypes. In support of this concept, responses evoked by KA can 
already be distinguished in electrophysiological studies by; (i) high (Robinson 
& Deadwyler, 1981; Ben-Ari & Gho, 1988; Calabresi et al, 1990) and low 
(O’Brien & Fischbach, 1986; Perouansky & Grantyn, 1989; Patneau & Mayer, 
1990; Bowie & Smart, 1991b) affinities for KA at non-NMDA receptors, (ii) 
inward (Parker et al, 1985; Randle et al, 1988; Bowie & Smart, 1989, 1990 and 
1991a; lino et al, 1990) and outward (Ascher & Nowak, 1988; Mayer & 
Westbrook, 1984) rectification of KA currents at positive membrane potentials, 
(iii) competitive (O’Brien & Fischbach, 1986; Perouansky & Grantyn, 1989; 
Rassendren et al, 1989; Bowie & Smart, 1991b; Patneau & Mayer, 1991) and 
non-competitive (Ishida & Neyton, 1985; Aizenmann et al, 1988; Bowie & 
Smart, 1990) antagonism of KA-responses by AMPA or QA and (iv) high (lino 
et al, 1990; Gilbertson et al, 1991) and low (Mayer & Westbrook, 1987a; 
MacDermott et al, 1986) permeability of Ca2+ through ionic channels activated 
by KA. The likely existence of different non-NMDA receptors activated by KA 
has not, as yet, been investigated in detail despite the evidence in it’s favour.

AP4 AND Qn RECEPTORS

Two other EAA receptors exist in the CNS which (i) mediate the synaptic 
depressant action of L-2-amino-4-phosphonobutanoate (AP4 receptors) or (ii) 
increase the formation of inositol phospholipids following receptor (Qp receptor) 
activation by QA. The AP4 receptor was discovered because L-AP4 was a 
potent antagonist of subpopulations of synaptically evoked excitatory responses, 
although it has been difficult to elucidate the precise mechanism of this action 
(for reviews; Foster & Fagg, 1984; Monaghan et al, 1989; Mayer & Westbrook, 
1987; Collingridge & Lester^Moreover, the membrane binding site at which 
L-AP4 acts has not yet been identified (Young & Fagg, 1990). In 
electrophysiological studies, low micromolar concentrations of L-AP4 do not 
affect responses evoked by KA, QA or NMDA. Sladeczek et al (1988) first used 
the term, Qp, to refer to the QA-receptor that activated the inositol phosphate 
pathway. However, Sugiyama et al (1987) identified this metabotropic receptor 
as a new type of EAA receptor in Xenopus oocytes previously injected with rat
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brain mRNA. Earlier studies in neurones (Sladeczek et al, 1985), astroglia 
(Pearce et al, 1986) and mRNA-injected oocytes (see below; Gundersen et al, 
1984a and b; Houamed et al, 1984) reported that responses to L-Glu and QA 
did not agree with the traditional division of EAA receptors but failed to 
identify their observations with a novel type of EAA receptor (for reviews; 
Sladeczek et al, 1988; Schoepp et al, 1990; Smart, 1989). Since then, the Qp 
receptor has been assigned to a possible physiological role in the hippocampus 
(Charpak et al, 1990) and the complementary DNA sequence has been cloned 
and characterised in mRNA-injected oocytes (Masu et al, 1991).

(ii) IONIC MEMBRANE CONDUCTANCES ACTIVATED BY 
NON-NMDA RECEPTOR AGONISTS

M em b r a n e  co n d u cta n ces  activated  by kainate

In almost all instances, membrane currents activated by KA do not show 
appreciable signs of desensitization (Kiskin et al, 1986; Mayer & Vyklicky, 
1989; Patneau & Mayer, 1990) even when the agonist is applied by a rapid 
perfusion technique (however, c.f. Huettner, 1990). However, two types of 
membrane conductance have been identified for KA, using conventional and 
whole-cell recording techniques, which exhibit outward or pronounced inward 
rectification at positive membrane potentials (Randle et al, 1988; lino et al, 
1990; Ozawa et al, 1991).

The outward rectification produced by KA has been observed more frequently 
and is associated with a mixed cationic conductance that is equi-permeable to 
Na+ and Cs+ ions (and K+ ions) (Ascher & Nowak, 1988a; Vyklicky et al, 1988), 
but has no appreciable permeability to Ca2+ (Mayer & Westbrook, 1987a; 
MacDermott et al, 1986; for review, Mayer & Miller, 1990). The ionic channels 
activated by KA are primarily of low (4-8pS) conductance (Cull-Candy & 
Usowicz, 1987; Jahr & Stevens, 1987; Ascher & Nowak, 1988; Cull-Candy et al, 
1988), although, KA is capable of opening channels with intermediate (15pS) 
and to a lesser extent, high (30-50pS) conductance levels (Cull-Candy & 
Usowicz, 1987; Jahr & Stevens, 1987). It is speculated that the high
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conductance channel may be due to a "non-specific" action of KA at the NMDA 
channel (for review; Collingridge & Lester, 1989). Cull-Candy et al (1988) also 
described a very low conductance channel (140fS), present in high density in 
some cerebellar granule cells, that may be activated by KA.

The membrane current associated with inward rectification is equally 
permeable to Na+ and Cs+ also (and K+ ions), however, an additional prominent 
Ca2+ permeability is observed (lino et al, 1990; Gilbertson et al, 1991). The 
examination of single channel properties has only very recently been attempted 
by Ozawa et al (1991) who compared the single channel conductance (y) values 
for the channels associated with inward and outwardly rectifying currents to 
KA. From noise analysis of whole-cell currents, the apparent y value for the 
channel associated with inward rectification (y = 8.7pS) was four-fold larger 
than the y value estimates for the channel causing outward rectification (y = 

2.2pS) at -60mV membrane potential. At equi-effective concentrations, other 
KA-like agonists, such as Dom and BrW, produce inward rectification similar 
to KA (Bowie & Smart, 1991a), however, as yet, estimations of y have not been 
attempted.

M e m b r a n e  c u r r e n ts  activated  by qa and  am pa

Unlike KA, peak membrane currents (IPEAK) activated by QA, AMPA and L-Glu 
desensitize within 3-8ms in the continued presence of the agonist to a new 
steady-state (Iss) level (Kiskin et al, 1986; Mayer & Vyklicky, 1989; Tang et al, 
1989; Trussell et al, 1988). In each case, IPEAK (Tang et al, 1989) and Iss (Ascher 
& Nowak, 1988; Vyklicky et al, 1988) have (i) similar reversal potentials (VREV« 
OmV), suggesting a mixed cationic conductance equally permeable to Na+ and 
K+, (ii) are both blocked by KYN but not by APV and (iii) exhibit, if any, weak 
outward rectification at positive membrane potentials (for review; Collingridge 
& Lester, 1989). However, the channels predominately activated by IPEAK and 
Iss to QA are of high (35pS; Tang et al, 1989) and low (<20pS; Cull-Candy & 
Usowicz, 1987; Jahr & Stevens, 1987; Ascher & Nowak, 1988; Cull-Candy et al, 
1988) conductance. Moreover, Iss but not IPEAK is apparently selectively 
enhanced following incubation with the plant lectin, concanavalin-A (Con-A)
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(Mayer & Vyklicky, 1989).

(iii) RADIOLIGAND BINDING AND AUTORADIOGRAPHIC
APPROACHES TO NON-NMDA RECEPTORS

The identification of non-NMDA (and NMDA) receptor subtypes using 
radioligand binding techniques has lagged behind the electrophysiological 
advances. At first, several groups tried to label EAA receptor sites in isolated 
brain membranes using [3H]-Glu as a radioligand (for review; Foster & Fagg, 
1984). However, these sites did not correspond to neuronal receptor-sites since 
they were not significantly affected by selective receptor agonists and 
antagonists (Foster & Fagg, 1984). It was shown subsequently, that most of 
this binding was dependent on the presence of Cl' ions, eliminated by freezing 
and detergent treatment, and absent from postsynaptic dendritic sites where 
excitatory synaptic receptors are believed to be located (Foster & Fagg, 1984; 
Fagg & Matus, 1984). Later, it was reported that Cl* and Ca2+-dependent [3H]- 
Glu binding was primarily composed of Cl' linked transport of the amino acid 
into resealed membrane vesicles (Monaghan et al, 1989). The elimination of Cl' 
from the assay medium permitted the determination of receptor subtypes and 
autoradiographic localization.

K a in a te  b in d in g  s it e s

Simon et al (1976) were the first to selectively label the EAA binding site for 
KA using [3H]-kainate as a radioligand. Following this, saturable, Na+- 
independent binding of [3H]-KA to rat brain membrane preparations was 
characterised further by other studies (Beaumont et al, 1979; Foster et al, 1981; 
Johnston et al, 1979; London & Coyle, 1979; Nieto-Sampedro et al, 1980). 
Studies of saturation curves showed that [3H]-KA apparently binds to two 
populations of sites, with high and low (both Kj values in the nanomolar range) 
affinities (for reviews Collingridge & Lester, 1989; Foster & Fagg, 1984; 
Honore, 1989; Young & Fagg, 1990). Both of these sites were present in 
synaptic membrane fractions and had a similar pharmacological profile (Foster 
& Fagg, 1984; Foster et al, 1981; Simon et al, 1976). The molecular weights of
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the high and low affinity binding sites were determined by the high energy 
irradiation technique and showed different molecular target sizes of 76,600 and 
52,400 daltons respectively (Honore et al, 1986). Moreover, the two sites were 
further distinguished by their sensitivity to Ca2+ ions which reduced binding 

at the high affinity site only (Honore, 1989; Honore et al, 1986). The 
importance of this observation is unclear (Monaghan et al, 1986), however, 
since extracellular solutions contain millimolar concentrations of Ca2+, it might 
be envisaged that only the low affinity site may be of functional significance 
(Honore, 1989).

Qu isq u a la te  and  am pa  b in d in g  sit e s

The binding sites described for QA (Foster & Fagg, 1984) were determined 
using (i) the binding of [3H]-Glu in the presence of high concentrations of 
NMDA (Fagg & Matus, 1984) or (ii) extensively washed and frozen membrane 
from rat cortex (Honore et al, 1986b). However, the use of QA in binding 
studies to identify QA-receptors was problematic since this agonist also 
exhibited high affinity for KA- and Qp-receptors, a Cl*-dependent AP4-sensitive 
site and an enzyme which degrades the dipeptide N-acetyl-aspartylglutamate 
(Young & Fagg, 1990). For this reason, [3H]-AMPA has been used to study QA- 
receptor subtypes since it was more selective for these sites (Honore et al, 1986; 
Honore & Nielsen, 1985; Murphy et al, 1987). Murphy et al (1987) first 
described high and low affinity sites for [3H]-AMPA. Interestingly, the 
molecular weight (51,600 daltons) of the high affinity [3H]-AMPA-site, 
determined in rat cortical membranes using high energy irradiation techniques, 
corresponded to the low affinity KA-site (Honore & Nielsen, 1985; see above). 
Moreover, this high affinity site to [3H]-AMPA was apparently associated with 
a modulatory protein of high molecular weight which down-regulated binding 

of the ligand (Honore & Nielsen, 1985). [3H]-AMPA binding was also affected 
by thiocyanate (SCN ) ions which dramatically increase specific binding activity 
of the ligand when included in the assay medium (Honore & Nielsen, 1985; 
Murphy et al, 1987; Nielsen et al, 1988; Olsen et al, 1987; Honore & Drejer, 
1988). SCN* ions appear to favour the formation of the high affinity state of the 
receptor (Honore & Drejer, 1988).
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A u t o r a d io g r a p h ic  d is t r ib u t io n

Receptor autoradiographic studies for [3H]-AMPA and [3H]-KA revealed that 
different regional distributions for each ligand occur in various mammalian 
brains (for reviews Barnard & Henley, 1990; Young & Fagg, 1990; Collingridge 
& Lester, 1989). In addition, marked regional differences have also been 
observed in fish (Henley & Oswald, 1988) and avian (Henley & Barnard, 
1989b) brains. In the rat brain, AMPA-receptors are localized in telencephalic 
regions, with high levels in the hippocampus, cortex, lateral septum, striatum 
and the molecular layer of the cerebellum (Monaghan et al, 1989; Nielsen et al, 
1988). This distribution corresponds closely to that of NMDA suggesting that 
both receptors may act in concert (for review; Young & Fagg, 1990). In support 
of this, Bekkers & Stevens (1989) demonstrated using electrophysiological 
techniques that NMDA and non-NMDA receptors were co-localised at 
individual excitatory synapses in the majority of cultured hippocampal 
neurones. In contrast, the regional distribution of the high affinity [3H]-KA site 
is unlike that of [3H]-AMPA or NMDA (Young & Fagg, 1990) but corresponds 
to those brain regions that are particularly vulnerable to the neurotoxic actions 
of this agonist (Foster & Fagg, 1984; Monaghan et al, 1989).

C o m pa riso n  w ith  electr o ph y sio lo g ica l  stu d ie s

The agonist-concentrations required to activate the majority of non-NMDA 
receptors in functional studies (Patneau & Mayer, 1990) are several 
hundredfold greater (although see, Ben-Ari & Gho, 1988; Calabresi et al, 1989; 
Robinson & Deadwyler, 1981) than equivalent Kd values estimated for each 
radioligand in binding studies (Young & Fagg, 1990). Although this apparent 
discrepancy between functional and binding studies is not true for NMDA 
receptors, a similar phenomenon occurs at neuronal- and muscle-nicotinic 
receptors, GABAa receptors and glycine receptors (for review; Barnard & 
Henley, 1990). One possible explanation to .account for these observations is 
that receptor desensitization interferes with EC50 and Kj value estimations; 
assuming that this state favours a higher affinity for the agonist. Patneau & 
Mayer (1990) distinguished between desensitized and non-desensitized forms
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of the receptor with a rapid-perfusion technique and showed that AMPA had 
a greater affinity for the desensitized receptor. Therefore, it is conceivable that 
in radioligand binding assays, where a long exposure to the agonist is 
necessary, the desensitized state of the receptor may predominate. However, 
this observation is unlikely to account for binding to KA-receptors where 
desensitization is usually absent (Mayer & Vyklicky, 1989; Patneau & Mayer, 
1990; Kiskin et al, 1985; although c.f. Huettner, 1990).

(iv) THE XENOPUS LAEVIS  OOCYTE AS A MODEL TO STUDY 

FUNCTIONAL EAA-RECEPTORS

Oocytes at six different developmental stages (stages I-VI) are produced during 
oogenesis in the ovary of Xenopus laeuis and represent germ cells from which 
the whole organism is later derived (Dumont, 1972). Oogenesis is a continuous 
and asynchronous process, during which, each oocyte accumulates large 
quantities of enzymes, storage proteins and organelles, which are used later as 
a maternal reserve for early embryonic development. In particular, it is the 
acquisition of large amounts of material for the maternal reserve that 
determines the impressive diameter (1-1.2mm) of fully-grown oocytes of stages 
V-VI (Dumont, 1972; Dascal, 1987).

Historically, the Xenopus laevis oocyte has been used for embryological (Rugh, 
1951; Holmes, 1952; Balinsky, 1981) and electrophysiological studies (Hagiwara 
& Jaffe, 1979; Dascal, 1989), the elucidation of the mechanisms that regulate 
cell division (Masui & Clarke, 1979; Morrill et al, 1981), and, more recently, to 
uncover gene expression mechanisms (Gurdon, 1974; Lane, 1981; Soreq, 1985). 
In each case, the advantage of Xenopus laevis is the asynchronous development 
of oocytes in the ovary which permits collection throughout the year. In 
contrast, other laboratory amphibia, such as Rana pipiens, contain small 
immature oocytes after ovulation (Kemp, 1953). Gurdon et al (1971) were the 
first to demonstrate that exogenous messenger ribonucleuic acid (mRNA) from 
rabbit reticulocytes could be successfully translated into proteins following it’s 
microinjection into large (V-VI) oocytes. Since then, methods for the successful 
expression of exogenous mRNA (Soreq, 1985; Lane, 1983; Colman, 1984b) and
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exogenous DNA or cloned genes (Colman, 1984a; Gurdon & Wickens, 1983; 
Lane, 1983) have been described.

The concept of expressing exogenous mRNA or DNA in Xenopus oocytes has 
been applied extensively to study plasma membrane proteins, such as 
neurotransmitter- and voltage-regulated ion channels (for reviews; Dascal, 
1987; Sigel, 1990; Smart, 1989; Smart et al, 1987; Yellen, 1984; Dingledine et 
al, 1990; Sumikawa et al, 1986; Snutch, 1988). Sumikawa et al (1981) 
pioneered the use of the Xenopus oocyte to study membrane-bound ionic 
channels by expressing nicotinic acetylcholine (ACh-) receptors from Torpedo. 
In particular, the Xenopus oocyte-expression system has been advantageous to 
electrophysiological approaches due to the large size of the cell which permits 
lengthy and stable intracellular recordings. Moreover, the sensitivity of 
electrophysiological techniques permits the detection of relatively few 
translation products. In contrast, the oocyte system is less suited to receptor 
binding assays which require a higher density of receptors for detection 
(Dingledine et al, 1990). At present, some of the receptor-ionophores which 
have been successfully expressed in these oocytes and studied using 
electrophysiological techniques include GABAa (Miledi et al, 1982; Smart et al,
1983) and GABAb (Sekiguchi et al, 1990b) receptors, glycine receptors 
(Gundersen et al, 1984c), NMDA (Verdoorn & Dingledine, 1989) and non- 
NMDA (Houamed et al, 1984; Gundersen et al, 1984a and b) receptors.

H ist o r ic a l  p e r spe c t iv e

EAA receptors were first successfully expressed in oocytes from rat and human 
brain mRNA by Houamed et al (1984) and Gundersen et al (1984a and b) who 
independently described responses evoked by KA and L-Glu. Interestingly, 
although responses to NMDA were absent in these early studies (Houamed et 
al, 1984), the evidence available suggested that, in some cases, distinct 
receptors for KA and L-Glu may exist (Gundersen et al, 1984a). In each 
instance, KA evoked a smooth, non-desensitizing response, normally found in 
neurones, with a reversal potential close to OmV and a current-voltage (I-V) 
relationship which was linear (Gundersen et al, 1984a and b). Like KA, a
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similar smooth response was produced by L-Glu; however, in some oocytes, L- 
Glu produced an additional oscillatory response which reversed close to Ec, (= - 
24mV) and showed strong rectification at hyperpolarised potentials (Gundersen 
et al, 1984a and b). Later, the oscillatory response to L-Glu (and QA) was 
identified by Sugiyama et al (1987) as a novel type of Glu-receptor (Qp) which 
had not been fully characterised in neurones (for reviews Schoepp et al, 1990; 
Smart, 1989). Qp receptor activation directly increased phospholipid metabolism 
via GTP-binding regulatory proteins and mobilised intracellular Ca2+ ions 
which subsequently activated an endogenous chloride conductance. The 
response observed to KA in these studies was believed to result from the 
activation of non-NMDA receptors.

N o n -nm da  r e c e pto r s

The expression of non-NMDA receptors, in particular KA-activated receptors, 
has been achieved in Xenopus oocytes injected with mRNA extracted from rat 
(Bowie & Smart, 1991b; Fong et al, 1988 and 1989; Gundersen et al, 1984b; 
Hirono et al, 1988; Houamed et al, 1984; Lerma et al, 1989b; Moran & Dascal, 
1989; Parker et al, 1985 and 1986; Ragsdale et al, 1989; Randle, 1990; Randle 
et al, 1988; Sugiyama et al, 1987 and 1989; Sumikawa et al, 1984; Verdoorn & 
Dingledine, 1988; Verdoorn et al, 1989), chick (Bowie & Smart, 1991a; Brackley 
et al, 1990; Parker et al, 1985 and 1986; Sigel & Baur, 1988; Sumikawa et al,
1984), calf (Bowie & Smart, 1989 and 1990; Parker et al, 1985) and human 
(Gundersen et al, 1984a; Umbach & Gundersen, 1989) brains. In each case, the 

response evoked by KA displayed similar agonist and antagonist pharmacology 
to the functional properties of nascent receptors (see above). In contrast, 
examination of the ionotropic non-NMDA receptor activated by QA or L-Glu 
has been hampered by the appearance of the oscillatory membrane current also 

activated (via Qp receptor) by these agonists (see above). To circumvent this 
problem, a number of studies have used (i) oocytes previously injected with 
EGTA, to chelate intracellular Ca2+ (Hirono et al, 1988), (ii) chosen the 
selective agonist AMPA for study since it does not activate Qp receptors 
(Rassendren et al, 1989; Bowie & Smart, 1991b) or (iii) injected oocytes with 
mRNA preparations which do not express Qp receptors (Bowie & Smart, 1991a).
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Using these methods, the responses to QA, L-Glu or AMPA have been shown 
to display similar properties to their neuronal counterparts (Bowie & Smart, 
1990; 1991a and b; Hirono et al, 1988; Verdoorn & Dingledine, 1988; 
Rassendren et al, 1990).

Two different KA-responses have been observed in oocyte studies and can be 
distinguished from their I-V relationship at positive membrane potentials. I-V 
relationships show either; (i) outward rectification, similar to neuronal studies 
(Bowie & Smart, 1991b; Randle et al, 1988; Verdoorn & Dingledine, 1988) or
(ii) strong inward rectification, which has more rarely been observed (Parker 
et al, 1985; Randle et al, 1989; Randle, 1990; Bowie & Smart, 1989, 1990 and 
1991a). In contrast to KA, the I-V relationship to QA, AMPA and L-Glu were 
the same (i.e. displaying slight outward rectification) in all mRNA-injected 
oocytes tested (Bowie & Smart, 1990,1991a and b; Hirono et al, 1988; Verdoorn 
& Dingledine, 1988; Rassendren et al, 1990). The novel inward rectification 
produced by KA was first described by Parker et al (1985) in oocytes injected 
with bovine retina mRNA but was later studied in more detail using rat 
cerebellum (Randle et al, 1988; Randle, 1990), chick whole brain (Bowie & 
Smart, 1991a) and calf cortex (Bowie & Smart, 1989 and 1990) mRNA. In 
particular, Randle et al (1988) demonstrated that the inward and outward 
rectification to KA could be observed with mRNA from the same animal species 
(i.e. rat) using different (i.e. cerebellum and striatum) brain regions. These 
observations were confirmed later in neuronal and retinal cells (Gilbertson et 
al, 1991; lino et al, 1990; Ozawa et al, 1991) and additionally from cloning 
studies (see below; Boulter et al, 1990; Nakanishi et al, 1990; Keinanen et al, 
1990). At present, it is not known whether these different agonist-responses 
constitute distinct non-NMDA receptor-ionophore proteins activated by KA 
(Bowie & Smart, 1991a).

Non-NMDA receptors activated by KA may also be distinguished by the type 
of antagonism induced by other non-NMDA receptor agonists such as AMPA, 
QA or L-Glu. In particular, these agonists can antagonise responses to KA in 
a competitive (Bowie & Smart, 1991b; Rassendren et al, 1989; Hirono et al, 
1988; Lerma et al, 1989) or non-competitive manner (Bowie & Smart, 1990). In
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the latter case, the antagonism of KA-responses could be observed in the 
absence of any measurable response to QA, and thus, favoured distinct 
receptors for KA and QA (Bowie & Smart, 1990). The differences between 
responses activated by KA may reflect an underlying heterogeneity amongst 
non-NMDA receptor subtypes. In support of this, recent studies expressing 
recombinant non-NMDA receptors have revealed that homomeric and 
heteromeric receptors, assembled from a variety of receptor-subunits, may 
impart different pharmacological properties.

To date, six different cDNAs encoding glutamate receptor subunits, designated 
GluRl to GluR6, have been expressed in Xenopus laevis oocytes. In particular, 
sequence homology between complementary DNA clones reveals at least three 
subunit classes; (i) GluRl to GluR4 (KA/AMPA receptor subunitsXHollmann 
et al, 1989; Boulter et al, 1990; Nakanishi et al, 1990; Bettler et al, 1990) (ii) 
GluR5 (Bettler et al, 1990) and (iii) GluR6 (Egebjerg et al, 1991)

Hollmann et al (1989) first isolated a cDNA clone, GluRl, from a rat forebrain 
cDNA library by functional expression in Xenopus oocytes. Subsequently, other 
cDNAs (GluR2-GluR4) were cloned using low stringency hybridisation 
techniques. Electrophysiological studies in oocytes revealed that single protein 
subunits were sufficient to form a functional receptor-ionophore that was 
activated by KA, AMPA and QA. However, multimeric combinations of receptor 
subunits differed in their functional properties from homomeric receptors 
(Boulter et al, 1990; Nakanishi et al, 1990). A similar set of cDNA clones, 
designated GluR-A to GluR-D, that encode a family of AMPA-selective 
glutamate receptor subunits with similar pharmacological properties have also 
been studied following their expression in mammalian cells (Keinanen et al, 
1990; Sommer et al, 1990). The glutamate receptor subunit, GluR5, displays a 
40%-41% amino acid identity with the KA/AMPA receptor subunits. The 
homomeric receptor expressed in oocytes was weakly sensitive to L-Glu, 
however, AMPA and QA failed to evoke a response (Bettler et al, 1990). 
Moreover, the GluR5 is expressed in subsets of neurones throughout the 
developing and adult CNS and peripheral nervous system (PNS). The protein 
encoded by the cDNA of GluR6 exhibits a 80% amino acid sequence identity
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with GluR5 but less than 40% identity with GluRl-GluR4. Unlike other 
receptor subunits, GluR6 is activated by KA, QA and L-Glu but is apparently 
insensitive to AMPA (Egebjerg et al, 1991).

N m d a  rec epto r s

Unlike non-NMDA receptors, the successful expression of NMDA receptors in 
Xenopus oocytes eluded early workers but were finally expressed using mRNA 
extracted from primary cultures of rat brain (Verdoorn et al, 1987). However 
subsequently, NMDA receptors were expressed using mRNA extracted directly 
from rat (Kushner et al, 1988; Brackley et al, 1990; Lerma et al, 1989b; 
Ragsdale et al, 1989; Rassendren et al, 1990; Fong et al, 1988 and 1989; 
Kleckner & Dingledine, 1989; Verdoorn et al, 1989; Verdoorn & Dingledine, 
1988) and guinea-pig (Sekiguchi et al, 1990a) brain but are still rarely 
expressed using calf (Bowie & Smart, 1989) or chick (Brackley et al, 1990) 
brain mRNA. Similar to their neuronal counterparts, expressed NMDA 
receptors display (i) an enhanced NMDA response in the presence of glycine 
(Verdoorn et al, 1987; Kushner et al, 1988), (ii) blockade by APV, Mg2+ 
(Verdoorn et al, 1987; Kushner et al, 1988) and Zn2+ (Kushner et al, 1988; 
Rassendren et al, 1990) and (iii) open channel block with MK-801 (Kushner et 
al, 1988; Fong et al, 1989) and PCP (Kushner et al, 1988). More novel 
properties of NMDA receptors, such as regional heterogeneity (Sekiguchi et al, 
1990a) or the effects of spermine and philanthotoxin on receptor function 
(Brackley et al, 1990; Ragsdale et al, 1989) have also been pursued in mRNA- 
injected oocytes.

(v) AIMS OF THE PRESENT INVESTIGATION

In the present study, the Xenopus laevis oocyte was used to express non-NMDA 
receptors from unfractionated mRNA extracted from the CNS of three 
vertebrate species; calf, chick and rat. In each case, the expressed receptors 
were characterised and compared with their neuronal counterparts using 
conventional non-NMDA receptor agonists and antagonists. In addition, 
current-voltage (I-V) relationships were determined for a variety of non-NMDA
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agonists. The primary objective of this study was to test the traditional 
pharmacological division of non-NMDA receptors, proposed by Watkins & 
Evans (1981), into KA- and QA/AMPA- preferring subtypes. To this extent, 
pharmacological characterisation confirmed that the expressed non-NMDA 
receptors, activated by KA, exhibited similar properties to nascent receptors. 
However, two different KA responses were identified from I-V analysis. It was 
postulated that the different membrane conductances activated by KA may 
underlie the existence of several distinct receptor-ionophores for this agonist. 
To test this possibility, more detailed pharmacological analysis, including the 
examination of the complex interaction between KA and AMPA (QA or L-Glu), 
was performed on all mRNA-injected oocytes. Preliminary details of the present 
investigation have been published elsewhere (Bowie & Smart, 1989, 1990, 
1991a and b).
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CHAPTER 2:

MATERIALS AND METHODS

(i) OVERVIEW

In this study, translationally-active messenger ribonucleic acid (mRNA) was 
extracted from 3 month-old calf brains (cortex), 1 day-old chick whole brains 
and 3-6 week-old rat whole brains (minus the cerebellum) and microinjected 
into Xenopus laevis oocytes. Following the incubation of mRNA-injected oocytes 
at 17-18°C, each oocyte became responsive to a variety of receptor agonists. In 
particular, the functional properties of expressed non-NMDA receptors were 
investigated using a conventional two-electrode current and voltage clamp 
technique. The techniques necessary for the successful extraction and 
purification of mRNA; microinjection of mRNA into Xenopus laevis oocytes; and 
the electrophysiological methods to obtain recordings are detailed below. 
Furthermore, details of the techniques used in the husbandry of the toads is 
presented since the success of mRNA-expression was apparently dependent 
upon the conditions under which the donors (i.e. Xenopus) were kept.

(ii) EXTRACTION AND PURIFICATION OF MESSENGER RNA 
FROM MAMMALIAN AND AVIAN BRAINS

The mRNA extracted from brains of calf, chick and rat was supplied by 
Professor E.A. Barnard, Dr. M. Darlison and M. Sutherland at the MRC 
Molecular Neurobiology Unit, Cambridge (calf and chick brain mRNA) and Dr. 
M. Webb at the Sandoz Institute for Medical Research, London (rat brain 
mRNA). A brief account of the extraction and purification procedures used is 
given below.
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E x t r a c t io n  a n d  p u r if ic a t io n

A variety of methodological strategies may be employed to extract mRNA from 
animal tissues (Brawerman, 1974; Taylor, 1979; Slater, 1983; Maniatis et al, 
1982; Clemens, 1984; Safran et al, 1984). In each case, the method used falls 
into two possible categories: (i) the isolation of nucleic acids and subsequent 
enrichment of the mRNA fraction or (ii) the separation of polyribosomes by 
subcellular fractionation techniques (Ramsey & Steele, 1976; Czosnek et al, 
1979; Hall & Lim, 1984; Rademacher & Steele, 1986) and the enrichment of 
mRNA by the disruption of ribonucleoprotein (RNP) complexes followed by 
affinity chromatography. In the former case, a mixture of organic solvents 
(such as phenol and chloroform) (Kirby, 1968) or denaturing chaotropes (such 
as guanidinium salts) (Cox, 1968; Auffray & Rougeon, 1979; Chirgwin et al,

I
j 1979; Raymond & Shore, 1979) are used to disrupt RNP complexes and
| ribonucleases. In each case, however, the content of mRNA is purified by

affinity chromatography on oligo d(T)-cellulose columns. The chromatographic
technique selects for the poly-(A+) tail that characterises most mRNAs which

! consists of up to two hundred adenine residues at the 3’ end (Lee et al, 1971;
| Mendeki et al, 1972).
|
I

A number of problems may be encountered with each method of mRNA 
extraction. In particular, the success of each method may be limited by (i) the 

presence of ribonucleases, (ii) the susceptibility of mRNA to impurities present 
in reagents used for extraction and (iii) the low yield of mRNA (typically 3pg/g 
of tissue). In each case, methods were employed, such as the pre-treatment of 
glassware for ribonucleases (see below), to limit these factors and enhance the 
quantity and quality of mRNA extracted (Snutch, 1988; Dingledine et al, 1990). 
Although an extremely heterogenous population of mRNA is present in the 
brains of calf, chick and rat, the complete recovery of all mRNAs is unlikely 
due to the limitations associated with each method which may destroy or 
disgard susceptible mRNAs. Moreover, it is also worth noting that mRNA may 
be extracted from all cellular sources in these tissues including neurones, glial 
and vascular cells (see Chapter 3). In this study, mRNA was extracted using 
a guanidinium thiocyanate/caesium chloride method (Chirgwin et al, 1979) and
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purified chromatographically on oligo (dT)-cellulose columns.

(iii) MAINTENANCE OF FEMALE XENOPUS LAEVIS

P u r c h a sin g

Mature females were purchased from Xenopus Ltd, Redhill, Surrey, England. 
The animals were "wild-type" (native to South Africa, Botswana and the 
south-west part of Zimbabwe) and approximately 3 years old (maturing at 
12-14 months). For this reason, these animals tended to be larger and in better 
condition than laboratory reared animals whilst retaining their natural 
breeding cycle. The breeding cycle usually prevented the successful collection 
of oocytes for mRNA-injection particularly between January and June 
(Verhoeff-de Fremery et al, 1987). To circumvent this problem, all the animals 
were purchased at least six months in advance of their expected use and 
maintained in a constant enviroment (see below) which disrupted the natural 
breeding cycle and permitted the collection of oocytes throughout the year.

Id e n t ific a t io n

Individual Xenopus were identified by the attachment of a numbered marker 
(normally used for electric cable identification) to the middle digit of a hindlimb 
using braided silk suture (Ethicon Ltd, Mersilk W205; figure 2.1A). The 
labelling of each Xenopus was permanent and was carried out under 
anaesthesia (see later) concurrent with the first collection of oocytes from the 
animal. A variety of other labelling methods have been reported (e.g. 
toe-clipping, skin autografts and the attachement of coloured beads), however, 

these tend to be non-permanent and invasive to the animal. The identification 
of individual animals permitted a comparison of mRNA expression in oocytes 
from different donors and at different times of the year (see below).
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H o u s in g

A colony of Xenopus (7-14 animals) were housed in a water tank (100 x 32 x 
38 cm) containing approximately 80 litres of tap water (figure 2. IB). Xenopus 
skin is quite sensitive to low pH, chlorine and copper ions and therefore, 
methods were employed to eliminate these harmful elements. In particular, 
chlorine was eliminated from the tap-water by aeration of the tank with an 
air-stone which had the added advantage of accelerating the gas-exchange of 
the animals (Verhoeff-de Fremery et al, 1987). The tank-water was 
thermostatically controlled between 18-21°C and kept clean with a filtered 
pump which siphened out faeces and small food remains. Three-quarters of the 
tank-water was replaced every two days to prevent the accumulation of 
excreted urea which can be harmful to Xenopus. The pump filters and the tank 
were cleaned out every 2-4 weeks. To prevent the escape of Xenopus, the tank 
was enclosed with a wire mesh or commercial container lid. Xenopus are very 
slippery and when handled produced a considerable amount of mucus as a 
stress reaction. Moreover, the animal will try to escape by jumping. For these 
reasons, a net of strong material and deep enough to prevent escape was used 
when the animals had to be handled.

F e e d in g

Xenopus were fed two to three times each week in the afternoon with an 
alternate combination of fat-free bovine heart and (live) crickets (Xenopus Ltd., 
Redhill, Surrey, England); overfeeding was avoided. This diet provided most 
necessary vitamins and trace elements, although, the diet was occasionally 
supplemented with a commercial vitamin powder ("Cricket-Plus", Xenopus 
Ltd.). On this diet, the mass of newly purchased Xenopus (normally 80-100g) 
gradually increased over a period of several months by almost 100% (160-180g); 
the length of the animal remained fairly constant (~150mm).
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L ig h t /D a r k  C y c l e

Xenopus were kept on an artificial cycle of 12 hours LIGHT and 12 hours 
DARK (VerhoefF-de Fremery et al, 1987) which was strictly adhered to since 
the animals were sensitive (i.e. oocyte quality) to any alterations in this cycle. 
In particular, the constant L/D cycle adopted was important to maintain 
throughout the year to help break the natural breeding cycle.

(iv) REMOVAL AND INJECTION OF XENOPUS OOCYTES

R em oval  o f  o ocytes  u n d er  anaesthesia

Xenopus were anaesthetised by complete immersion in cold (tap water), 0.2% 
(w/v) solution of ethyl-m-aminobenzoate (Tricaine, Sigma) for 15-30 mins. 
Xenopus can be quite stressed and anxious during this procedure, therefore, 
the animals were normally placed in a darkened room. Moreover, surgical 
gloves were worn throughout this procedure due to the potential carcinogenicity 
of Tricaine (Colman, 1984b). The level of anaesthesia required was determined 
by the loss of the "righting-reflex". Once anaesthetised, the animal was placed 
on a flat bed of ice to maintain anaesthesia and an incision of 3-5mm 
(Swann-Morton Surgical Blades, N °ll) was made through the outer layer of 
skin on the lateral ventral surface (figure 2.2A). The alternate side of the 
animal was used on successive operations. To reach the ovary wall, an incision 
was made through the muscle sheet which covers the abdomen and enlarged 
using a fine pair of forceps (Watchmakers, N°5). Part of the ovary containing 
the desired number of oocytes (100-200 oocytes) was carefully teased out, 
excised and transferred into Modified Barth’s solution (MBS; table 2.1) 
containing antibiotics (figure 2.2B). The oocytes, still attached to the ovary 
wall, were immediately washed 3-4 times with fresh MBS in a 10cm plastic 
dish. The skin and muscle layer were then separately sutured using a PDS 
(clear) monofilament suture (Ethicon Ltd., U.K.) which degraded gradually over 
a period of several weeks. The Xenopus was allowed to recover under subdued 
lighting in shallow tap-water on a slope (of wet tissue paper) which prevented 
suffocation of the animal while under anaesthesia (Brown, 1970). Finally, the
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animal was returned to the colony 24-48 hours later and allowed 6-8 weeks 
recovery before possible selection for re-use.

M ic r o in je c t io n  o f  ex o g en o u s  hirna  in to  x e n o pu s  o ocytes

Follicular oocytes were separated from the epithelial cells, forming a continuum 
of the ovary wall, by manual dissection using Watchmaker’s forceps (N°5) 
under a microscope (xlO magnification). Defollicular oocytes were obtained by 
a brief enzymatic treatment using lmg/ml collagenase type 1A (Sigma) in a 
calcium-free Ringer for 15-30 min at room temperature which removed the 
layer of follicle cells surrounding the oocyte (Dumont, 1972; Dascal, 1987). 
Follicular oocytes were preferentially selected for injection since enzymatic 

treatment rendered the defollicular oocytes more fragile and susceptible to 
damage (Randle et al, 1988). Although it is possible to express exogenous 
mRNA in all the different developmental stages of the oocyte (I-VI), the best 
results were obtained with fully grown immature oocytes of stages V and VI 
(figure 2.4 upper). For microinjection of mRNA, a simple injection system was 
used consisting of (i) a stereomicroscope with a good depth of field (allowing 
simultaneous focus on an oocyte and micropipette) and variable magnification, 
(ii) a micromanipulator (Mkl Singer Instruments, County Watchet, Somerset, 
England) (iii) hydraulic injection (syringe, 5-50ml; two-way tap and silicone 
tubing) and (iv) an optic-fibre light source (figure 2.3A). For the microinjection 
of oocytes, a number of other different arrangements have been reported 
(Burmeister & Soreq, 1984; Colman, 1984a; Contreras et al, 1981; Gurdon, 
1974; Kressman & Birnstiel, 1980).

Micropipettes used for mRNA-injection were constructed from glass capillary 
tubing (N°32124; BDH). The glass was autoclaved at 180°C for at least 4 hours 
to destroy RNases on the surface of the glass. To avoid the re-introduction of 
RNases, surgical gloves were worn throughout all subsequent handling. The 
glassware was washed in a 2% (v/v) solution of dimethyldichlorosilane in 1,1,1- 
trichloroethane (Repelcote; Hopkins & Williams, Essex, England) which 
silanises the glass allowing the free movement of mRNA solution during 
injection. The glass was then subsequently washed in 0.1% (v/v)

38



diethylpyrocarbonate (DEPC; Sigma) water. Finally, the glass was autoclaved 
for a further 4 hours at 180°C and stored for 24-48 hours prior to its use.

Treated capillary glass was heated on a Bunsen flame and drawn out to give 
a parallel-sided barrel (=60mm long) which was an important feature for the 
calibration of micropipettes (see below). The barrel was gently broken in half 
and each micropipette stored in a sterile (autoclaved) test-tube. For injection, 
the micropipette tip was fabricated on a horizontal electrode puller (nichrome 
wire coil) using a weight (18g) attached to the electrode glass to produce an 
external tip diameter of =20pm. Each micropipette was calibrated with lpl of 
0.1% (v/v) solution of DEPC water (RNase free) which was taken into the 
barrel region of the micropipette and divided (using indelible marker pen) into 
ten equal divisions (lOOnl per division) using a graticule eye-piece (Nikon) on 
the microscope.

For the injection of oocytes, the mRNA solution (normally stored at -70°C) was 
allowed to thaw on ice before being transferred onto a strip of Nescofilm on a 
microscope slide, lpl of mRNA solution was then taken up into a calibrated 
micropipette. Meanwhile, six oocytes were selected and placed on another 
microscope slide (containing Nescofilm) in individual drops of MBS ready for 
injection. Healthy oocytes at stages V and VI (diameter 1-1.2mm), were 
identified by their clearly defined animal and vegetal poles (Dumont, 1972) and 
were preferentially selected for injection whereas smaller oocytes (<lmm) were 
discarded (figure 2.4 upper). In contrast, the animal and vegetal poles were not 
so markedly defined in damaged oocytes. Each selected oocyte was injected 
with approximately 50nl (half of a division; see above) of mRNA solution into 
the equatorial region which allowed optimal mobility of the mRNA and 
prevented damage of the nucleus (figure 2.3B) (Colman & Drummond, 1986). 

During injection, the oocyte was held in position with the tip of a sterile, Gilson
pipette-tip (figure 2.3B). An oocyte is able to survive injection of only a finite

^  /  volume of mRNA solution (< lOOnl) before it/s viability is markedy reduced. For £  <
this reason, oocytes were injected with 50nl aliquots and the
mRNA-concentration (normally lmg/ml) adjusted to attain optimal expression
conditions. In this study, electrophysiological recordings were performed from
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565, 69, and 122 oocytes injected with calf (22 batches, 5 donors) rat (6 batches, 
3 donors) or chick (3 batches, 2 donors) brain mRNA respectively.

In c u b a tio n  and  E x pr e ssio n

After injection, the oocytes were transferred into 10ml plastic tubes (sterile) 
containing fresh MBS and incubated in a water bath, maintained in a cold 
room to achieve a temperature of 17-18°C, for 2-3 days to permit expression of 
the mRNA. During this period of incubation, the MBS was replaced every 24 
hours or on alternate days. Once the oocytes became responsive to the test 
agonists, they were stored at 10°C which prolonged the survival of the oocyte 
(up to 4-5 weeks in some cases; see also Randle et al, 1988). Normally, the 
relative response to each test agonist decreased over this period; perhaps due 
to the internalisation of expressed receptors by the oocyte. Under these 
conditions, the survival of injected and uninjected oocytes were almost the 
same. In the first five days in vitro, 83.1 ± 2.5% (1496 oocytes, 18 batches, 4 
donors) and 83.8 ± 4% (419 oocytes, 5 batches, 3 donors) of follicular and 
defollicular oocytes respectively, survived after being injected with calf brain 
mRNA. In comparison, 80 ± 11% (640 oocytes, 8 batches, 3 donors) and 76.2 ± 
9% (381 oocytes, 5 batches, 3 donors) of uninjected follicular and defollicular 
oocytes survived over a similar period. The survival of injected oocytes did not 
apparently vary throughout the year.

(v) ELECTROPHYSIOLOGICAL RECORDINGS

R e c o r d in g  c o n d itio n s

Electrophysiological recordings were performed in a Perspex recording chamber 
(figure 2.5) that had been previously lined with silicone polymer resin (Sylgard 
184; Dow Corning) and filled with frog-Ringer (table 2.1). After 2-3 days 
incubation, an injected oocyte was carefully placed in the chamber with a 
Pasteur pipette and held within a circle of insect pins which had been 
embedded in the resin base (figure 2.6). The chamber was then perfused 
continuously with frog-Ringer solution which entered through a gravity feed
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inlet (=5mm from the oocyte surface) supplied by one of four reservoirs 
connected by a 4:1 multiplexer (figure 2.5A). The perfusate was removed from 
the chamber by vacuum suction with an outlet of adjustable height (figure 
2.5B) which permitted fine control of the bath volume (adjustable volume = 
0.15-lml). The rate of bath perfusion (lml-20ml/min.) was determined by the 
diameter of the inlet-tubing which was controlled with a gate clamp.

Prior to impalement, both intracellular (voltage and current) electrodes were 
placed in the recording chamber filled with MBS and a hyperpolarising current 
pulse protocol (100-200nA, 10ms duration, 10Hz) was initiated. The oocyte was 
impaled with two glass microelectrodes; the first one to record the membrane 
potential followed by a second to inject current. Typically, the electrodes were 
placed at opposite sides of the oocyte usually in different poles. The successful 
impalement of the voltage electrode was monitored on the oscilloscope screen 
as a sudden displacement of the voltage beam which represented a 
measurement of the membrane potential (initially between -20mV to -40mV; 
figure 2.4 lower). Similarly, on the oscilloscope screen, the appearance of an 
electrotonic potential (~20-30mV) on the voltage beam indicated the 
impalement of the current electrode. Immediately following impalement, the 
hyperpolarising current pulse protocol was adjusted (50-100nA, 500ms, 0.5Hz) 
to monitor the membrane resistance more closely as indicated by the amplitude 
of the electrotonic potentials (40-60mV). The oocyte surface usually appeared 
distended by the electrodes after impalement, therefore, each intracellular 
electrode was carefully disimpaled, though not completely, over a period of 20- 

30 mins. During this period, the membrane input resistance (Rinput) and 
resting membrane potential (RMP) as monitored by the current injection 
protocol (10-40nA, 2.5sec duration, 0.2Hz) increased over a period of30-45 mins 
(figure 2.4 lower); after which stable electrophysiological recordings from the 
oocyte were possible for several hours (2-7 hours). Only oocytes with RINPUT and 
RMP equal to 1-5MQ and -40mV to -60mV respectively were accepted for 
experimentation. All experiments were performed at room temperature. All 
drugs were applied via gravity supplied by one of four reservoirs (see above).
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M ic r o e l e c t r o d e  c o n s t r u c t io n

Each microelectrode was manufactured from thin-walled, fibre-containing, 
borosilicate glass capillary tubing (GC150TF-10, Clark Electromedical 
Instruments, Reading, England) using a vertical microelecrode puller (model 
730, David Kopf Instruments, California, USA) and subsequently filled with 
3M potassium chloride solution. The electrodes were pulled to give a short 
shank and a large taper angle to insure low (1-10M£1) electrode resistance 
(Snell, 1969). The voltage and current electrodes had resistance of 5-10MG and 
1-2MQ respectively. Two filled electrodes were mounted on Prior 
micromanipulators which allowed three-dimensional control of movement 
(figure 2.5A). Silver/silver chloride recording wires were inserted into the stem 
of the electrodes and sealed with petroleum jelly to prevent crystallization of 
the electrolyte due to evaporation.

Cu r r e n t  and voltage clam p circ u it  details

Electrophysiological recordings were performed on injected oocytes using 
conventional two-electrode current and voltage clamp techniques with a 
custom-made amplifier or, in later experiments, an Axoclamp-2A (Axon 
Instruments, Inc.). A schematic representation of the recording configuration 
for the custom-made amplifier is shown in figure 2.6. The oocyte membrane 
potential was recorded with intracellular (Ve) and bath electrodes each 
connected to field effect transistor (FET)-type operational amplifiers (at unity 
gain), of high input impedance (1012Q) and low leakage current (<10'10A). Each 
of the two voltage followers were connected to an FET type instrumentation 
amplifier at xlO gain which measured the membrane potential differentially. 
The membrane potential value (Vout) was displayed digitally, on the screen of 
a storage oscilloscope (Tektronix 511A) and recorded premanently on a thermal 
chart recorder (Gould 2200). The membrane current was monitored using a 
virtual-earth circuit (feedback resistor = 1MQ) connected to the bath via 
another bath electrode (Ag/AgCl pellet) and the value was displayed on the 

oscilloscope and recorded directly onto the chart-recorder ( I q u t ) -  Current and 
voltage command signals were generated by a homemade timer/pulse
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generator. The current command signal was clamped using the Howland 
current pump as a constant voltage-to-current converter (0.5pA/V).

In voltage clamp, the command signals were algebraically subtracted from the 
holding potential using a multi-input summing amplifier. The voltage 
difference was then conditioned and fed into a differential amplifier module 
(Tektronix AM502), where the DC level (holding potential), the bandwidth, and 
the voltage clamp gain were set (fig.2.6; signal conditioning). The output was 
fed to a high voltage (±120V) operational amplifier (Howland current pump) 
and finally to the current-electrode (Ie). In voltage clamp, the fidelity of the 
system was compromised by series resistance (Rs) which was defined as the 
resistance in series with the membrane capacitance and membrane resistance. 
In Xenopus oocytes this resistance was quite large (typically « 30k£l). Rs was 
compensated electronically by supplying a proportion of the virtual earth 
voltage output into an input of the summing amplifier (fig.2.6; RsCOMP).

M e a su r em en t  o f  m em brane  po ten tia l

The two possible sources of error which were encountered during attempts to 
measure the absolute membrane potential were due to (i) tip potentials and
(ii) liquid junction potentials.

The tip potential is thought to occur due to the restriction of anionic mobility 
at the tip of the intracellular recording microelectrode and appears to be 
correlated with ionic concentration (Agin & Holtzmann, 1966) as well as 
electrode resistance (Adrian, 1956). The tip potential can be measured by 
measuring the potential change occurring after breakage of the electrode tip 
in solution. Generally, the effect of tip potential is to cause an underestimation 
of the absolute resting membrane potential (for review; Halliwell & Whitaker, 
1987). In this study, the regular measurement of tip potentials for the 
recording electrode (1-5MQ) revealed values that were consistently small 
(<3mV).

Liquid junction potentials arise from the unequal mobilities of anionic and
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cationic constituents of different salt solutions or two concentrations of the 
same salt solution. Typically, liquid junction potentials occur in experiments 
were the ionic replacement of the bathing solution is necessary. In such 
instances, uncorrected liquid junction potentials developing at the reference 
(i.e. bath) voltage electrode can introduce serious error in membrane potential 
measurement. In this study, however, experiments involving the complete 
replacement of ionic constituents were not performed and thus negated the 
possible introduction of errors due to large liquid junction potentials.

M e a su r em en t  o f  m em brane  conductance

The membrane conductance evoked by receptor agonists was determined in two 
possible recording modes: current and voltage clamp. In current clamp, the 
resting membrane conductance was determined by applying hyperpolarising 
current pulses (typically; 2.5 sec duration, 0.2Hz) on the resting membrane 
potential to give electrotonic potentials of30-40mV (c.f. figure legend 3.2). Non- 
NMDA receptor agonists (such as KA) depolarised the membrane potential and 
produced a reduction in the amplitude of electro tonic potentials due to an 
increase in membrane conductance (figure 3.2A). The conductance associated 
with the passive depolarisation of the membrane was subtracted from the total 
membrane conductance in the presence of the agonist. In the latter case, the 
phenomenon was further reduced by moving (as a result of D.C. current 
injection) the resting membrane potential (RMP= -50mV to -60mV) to more 
depolarised values (-30mV to -20mV) that were closer to the agonist reversal 
potential (VREV= -6mV ± 2mV, n=72). In voltage clamp, the membrane potential 
was clamped at a particular value (typically; -50mV to -60mV) using an 
electronic feedback circuit (see above). In this case, the membrane current 
evoked by the agonist was determined from the opposing proportional current 
injected by the feedback circuit to maintain a constant potential across the 
oocyte membrane. In most cases, hyperpolarising voltage command steps (5- 
lOmV, 1.5 sec duration, 0.05Hz) were superimposed on the holding potential 
to monitor membrane conductance.
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C u r r e n t -v o lt a g e  r e l a t io n s h ip s

Current-voltage (I-V) relationships were determined using voltage clamp by two 
separate methods (c.f. figures 5.1-5.4). In the first method, the holding 
potential was stepped to various pre-determined values by applying 
hyperpolarising and depolarising voltage command steps (20mV increments; 
1.5 sec duration). In each case, the instantaneous current was measured when 
the onset of the voltage command step achieved the desired potential (within 
10ms; c.f. figure legend 5.1). Finally, the agonist (e.g. KA) I-V was determined 
by subtracting the control I-V from the I-V relationship determined in the 
presence of the agonist (figure 5.2). In the second method, the membrane 
potential was ramped over a 120mV voltage range for a period of 10 seconds 
in the presence and absence of the agonist (figure 5.3). The drug-induced 
current was obtained after subtraction of the control-ramp I-V (figure 5.4).

(vi) DRUGS USED IN THIS STUDY

(RS)-a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA), quisqualic 
acid (QA), (±)willardiine, 5-bromowillardiine (BrW), 4-hydroxyquinoline-2- 
carboxylic acid (KYN), 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX), 6,7- 
dinitroquinoxaline-2,3-dione (DNQX), 5-D-glutamylglycine (5-DGG), 5-D- 
glutamylaminomethylsulphonic acid (GAMS), cis-2,3-piperidine dicarboxylic 
acid (PDA) were purchased from Tocris Neuramin, Essex, England.

Kainic acid (KA), L-glutamic acid (L-Glu), concanavalin-A (Con-A), 
pentobarbitone (sodium salt) and sodium thiocyanate (SCN') were purchased 
from Sigma Chemical Corporation.

I am indebted to Dr. P. Nunn (King’s College London) and Prof. E.A. Barnard 
(MRC Neurobiology Unit, Cambridge) for supplying fi-N-oxayl-D-a,fl- 
diaminopropionic acid (fi-ODAP) and domoic acid (Dom) respectively.

In most cases, a lOmM stock solution of each reagent was prepared with 
equimolar sodium hydroxide solution; except L-Glu and SCN' or CNQX and
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DNQX which were dissolved in water or dimethyl sulphoxide (DMSO) 
respectively. In the latter case, control runs with solutions containing DMSO 
alone were performed. All stock solutions were frozen and stored at -20°C. In
exception, a stock solution of Con-A was dissolved in frog-Ringer at room

r
temperature prior to itys use. All stock solutions were diluted in frog-Ringer

rxy

solution (pH 7.4-7.5) to achieve the appropriate final bath concentration.
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TABLE 2.1

COMPOSITION OF PHYSIOLOGICAL SOLUTIONS

M o d if ie d  Ba r th ’s S o lu tio n

NaCl 110 mM
KC1 1 mM

NaHC03 2.4 mM
Tris/HCl 7.5 mM
Ca(N03)2 0.33 mM
CaCl2 0.41 mM
MgS04 0.82 mM

pH 7.6
streptomycin lOpg/ml

F r o g -R in g e r  S o lu tio n

NaCl 110 mM
KC1 2 mM

HEPES 5 mM
CaCl2 1.8 mM

pH 7.4-7.5

The constituents of both solutions were added and dissolved in the sequence 
shown. Modified Barth’s solution was sterilised by filtration through 0.22]i 
filters before the solution (minus the antibiotic and NaHC03) was autoclaved.
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FIGURE 2.1: MAINTENANCE OF FEMALE XENOPUS LAEVIS. (A) Photograph 

(x3 magnification) showing the hindlimb of a  toad previously labelled under 

a n aes th es ia  for identification. The marker w as attached to the middle digit of a  

hindlimb using braided silk suture through the web. (B) Photograph showing the 

tank that housed  the Xenopus colony. The tank-water w as kept clean with a  filtered 

pump (out of photograph). Every two days, three-quarters of the tank-water w as 

replaced to prevent the  accumulation of urea. Filtered-water w as returned to the 

tank via the  pum p and  sprayed to aid aeration.
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FIGURE 2.2: REMOVAL OF XENOPUS OOCYTES UNDER ANAESTHESIA. (A) 

Photograph showing an anaesthetized , female Xenopus laevis placed on a  bed  of 

ice during surgery. The ovary, containing oocytes at all s tag es  of developm ent (I- 

VI), w as revealed after an incision w as m ade through the outer layer of the  skin 

and  abdominal muscle sheet. Note, that scars  from previous operations can  be 

s ee n  on the opposite ventral side of the abdomen. (B) Enlarged photograph (x2 

magnification) showing the abdominal incision and ovary containing oocytes at 

different s ta g e s  of development. In particular, oocytes at s tage  VI can be identified 

by the equatorial region clearly visible between the vegetal and animal poles 

(Dumont, 1972).
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FIGURE 2.3: MICROINJECTION OF EXOGENOUS mRNA INTO XENOPUS 

OOCYTES. (A) Photograph showing the equipment used  for mRNA-injection; 

consisting of (1) stereom icroscope, (2) micromanipulator, (3) hydraulic injection and  

(4) fibre optic light source. (B) Schematic representation of mRNA-injection into an 

oocyte (s tage VI). The mRNA w as injected into the equatorial region of the  oocyte 

using a  micropipette. The micropipette was divided into ten equal divisions 

(1 OOnl/division) to allow the  delivery of 50nl (half a  division) solution of mRNA. 

During injection, the  oocyte w as held in position with the tip of a  sterile, Gilson 

pipette-tip.
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FIGURE 2.4: INDENTIFICATION AND IMPALEMENT OF XENOPUS LAEVIS 

OOCYTES. (Upper) Photograph (x25 magnification) showing different 

developmental s tag es  of Xenopus laevis oocytes in vitro and  still a ttached to the 

ovary wall. Follicular oocytes were individually separa ted  from the ovary wall by 

manual dissection using W atchm aker’s forceps. Healthy oocytes at s ta g e s  V and 

VI (diameter 1-1.2mm) were identified by their clearly defined animal (brown) and  

vegetal (yellow) poles and  were preferentially selected  for mRNA injection. In 

contrast, the animal and vegetal poles of dam aged  oocytes were not so  clearly 

defined. Smaller (<1mm) or dam aged  oocytes were discarded. (Lower) Chart 

recording showing the impalement of an mRNA-injected oocyte with two 

microelectrodes; the first one to record m em brane potential (V, lower trace) and 

the seco n d  to inject current (I, upper trace). Rectangular, hyperpolarising current 

pulses  were superim posed  on the resting m em brane potential to monitor 

m em brane  conductance (see  text). The arrows on the upper trace indicate the 

times when the sensitivity of the pen-recorder (I) was changed. At these  points, the 

calibration bar indicates 250nA, 100nA and 50nA per division (left to right). After 

impalement, the  m em brane potential (initially -20mV) and input resistance 

(indicated by the amplitude of electrotonic potentials; lower trace) rapidly improved 

a s  a  result of the partial disimpalement of the electrodes. During this period, the 

amplitude of the current pulses (I) w as gradually reduced a s  the input resistance 

of the impaled oocyte increased.
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FIGURE 2.5: ELECTROPHYSIOLOGICAL RECORDING CONDITIONS. (A) 

Photograph showing (1) four drug-reservoirs, (2) recording cham ber and  (3) Prior 

micromanipulators. (B) Enlarged photograph showing detail of recording cham ber; 

(1) inlet and  (2) outlet of bath perfusion system and (3) bath electrodes.
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FIGURE 2.6: CURRENT AND VOLTAGE CLAMP CIRCUIT DETAILS. A schem atic  

representation of the basic  circuit for two-electrode current and voltage clamp 

applied to mRNA-injected oocytes. S ee  text for description of circuitry and 

abbreviations listed.
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CHAPTER 3:

RECEPTOR CHARACTERISATION:
AGONIST AND ANTAGONIST PHARMACOLOGY

INTRODUCTION

The excitatory effect of L-glutamate (L-Glu) was first shown on single neurones 
in the rat spinal cord (Curtis et al, 1959), since then, L-Glu and other synthetic 
and naturally occurring excitatory amino acids (EAA) have been studied 
throughout the CNS using a variety of electrophysiological and radioligand 
binding techniques (Collingridge & Lester, 1989; Mayer & Westbrook, 1987b; 
Watkins & Evans, 1981; Young & Fagg, 1990). This multi-disciplinary 
approach has permitted the pharmacological characterisation of receptors 
activated by EAA agonists. In early studies, responses evoked by N-methyl-D- 
aspartate (NMDA), a synthetic analogue of aspartate (Watkins, 1962) were 
distinguished from the responses evoked by the anthelmintic, L-a-kainic acid 
(KA), and quisqualic acid (QA; isolated from quisqualis indica), by a series of 
organic competitive antagonists (e.g. 2-amino-5-phosphonovaleric acid; Davies 
et al, 1981; Evans et al, 1982) and certain divalent cations (e.g. Mg2+ ions; Ault 
et al, 1980; Evans et al, 1977) which blocked responses to only NMDA. More 
recently, NMDA-responses were further distinguished from KA- and QA- 
responses with Zn2+ (Mayer & Westbrook, 1988), MK-801 (Huettner & Bean,
1988) and glycine (Johnson & Ascher, 1987). In view of the pharmacological 
distinction between agomst-responses, NMDA and non-NMDA receptor sub- 
types of EAA receptors were defined (Watkins & Evans, 1981). However, the 
distinction, if any, between non-NMDA receptors (KA and QA) is less clear 
since there is evidence favouring both the existence of a common receptor- 
ionophore for these agonists (Barnard & Henley, 1990) and the more 
traditional view of distinct KA and QA/AMPA receptors (Watkins & Evans, 
1981).
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Clearly, although an extensive study of EAA receptor function has been 
possible, electrophysiological measurements on neurones inherently exhibit a 
number of practical limitations. In particular, neurone size (20-70pm) and the 
complex geometry of the dendritic tree restrict the frequency and quality of 
successful recordings. For this reason, the Xenopus oocyte, which is much 
larger (~lmm in diameter), has been utilised since frequent, stable long-term 
electrophysiological recordings are possible. Additionally, the unique advantage 
of the Xenopus oocyte is it’s ability to synthesize receptor-proteins from 
exogenous mRNA extracted from vertebrate and invertebrate brains (Dascal, 
1987; Dingledine et al, 1990; Snutch, 1988). In view of this, a complete treatise 
of NMDA (Kushner et al, 1988) and non-NMDA receptor (Verdoorn & 
Dingledine, 1989; Verdoorn et al, 1989) pharmacology has been described. In 
addition to this complementary approach to neuronal studies, comparisons 
between EAA receptors from different brain regions and vertebrate species 
(Randle et al, 1989; Sekiguchi et al, 1990) have been performed on mRNA- 
injected oocytes. More recently, in ovo expression of functional non-NMDA 
receptors from cDNA clones has been possible (Boulter et al, 1990; Hollmann 
et al, 1989; Nakanishi et al, 1990). Despite the advantages offered by the 
Xenopus oocyte-translation system, the possibility that receptor subunits may 
be assembled incorrectly must be considered. To account for possible 
aberrations, functional and pharmacological comparisons between expressed 
receptors and their neuronal counterparts are therefore necessary.

In this study, Xenopus oocytes were microinjected with mRNA extracted from 
mammalian (calf and rat) and avian (chick) brains. Following mRNA 
expression, responses evoked by a variety of non-NMDA receptor agonists were 
characterised using conventional receptor antagonists previously evaluated on 
neurones. In comparison with neuronal studies, it was concluded that the 
expressed non-NMDA receptors exhibited similar agonist and antagonist 
properties to nascent receptors.



RESULTS

(i) EXPRESSION OF NON-NMDA RECEPTORS FROM MAMMALIAN 
AND AVIAN BRAIN mRNA: TWO TYPES OF AGONIST-RESPONSE

Xenopus oocytes were micro-injected with mammalian (calf and rat) and avian 
(chick) brain-derived mRNA and incubated for a period of 2-3 days at 18°C to 
allow protein expression (see Chapter 2). After this period, electrophysiological 
recordings were made on each oocyte which exhibited a sensitivity to a variety 
of neurotransmitters (e.g. GABA, L-Glu). In particular, a number of non-NMDA 
receptor agonists were tested on mRNA injected oocytes for agonist sensitivity. 
In each case, the response observed could be divided into two types according 
to the efficacy of the agonist used.

In all mRNA-injected oocytes tested, KA (80pM; n=182) produced a large, non
desensitizing response which was associated with an increase in membrane 
conductance. Similarly, under voltage clamp (H.P.= -60mV), the KA-like 
agonists, Dom (20pM; n=12) and BrW (20pM; n=22), also consistently produced 
membrane currents which were large and non-desensitizing. The average 
membrane current (H.P.= -60mV) evoked by KA, Dom and BrW was 51 ± 5nA 
(n=27), 59 ± 7nA (n=6) and 56 ± lOnA (n=7) respectively in oocytes injected 
with calf brain mRNA (figure 3.1A). In comparison, the magnitude of the 
KA-response was similar in oocytes injected with chick brain mRNA (45 ± 7nA; 
n = ll)  but slightly larger with rat brain mRNA (84 ± 8nA; n=9).

In contrast, the responses evoked by AMPA (lOOpM; n=27), were much smaller 
in all mRNA-injected oocytes tested. Moreover, in the continued presence of 
high agonist concentrations, the response showed signs of desensitization (see 
Chapter 4). QA (6pM; n=36) and L-Glu (50pM; n=25) were similar to AMPA, 
since the magnitude of the response elicited by these agonists was much 
smaller than KA. The average membrane current (mean ± s.e.m.) evoked by 
AMPA, QA and L-Glu was 3.2 ± 0.6nA (n=ll), 4 ± 0.7nA (n=13) and 5.7 ± 
0.9nA (n=ll) respectively in oocytes injected with calf brain mRNA (figure 
3.1 A). A similar response-size was observed to AMPA with chick brain mRNA
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(4.2 ±0.8nA; n=6) but, as with KA, larger membrane currents were observed 
in oocytes injected with rat brain mRNA (11 ± 1.4nA; n=10). In oocytes injected 
with rat brain mRNA, (±)willardiine (lOOpM), a rarely used non-NMDA 
agonist, produced membrane currents of similar amplitude to AMPA (10 ± 2nA; 
n=6), however, in the continued presence of the agonist, the response to 
(±)willardiine (160pM) did not show any sign of desensitization (figure 3.4B).

Occasionally, QA (6pM; n= ll) and L-Glu (50pM; n=8) additionally evoked an 
oscillatory response together with the smooth component previously described. 
In such instances, the smooth response preceded the oscillatory component 
which could occur even after the agonist was removed from the perfusion 
medium (see Chapter 4). The occurrence of the smooth and oscillatory response 
in the same oocyte, was observed more frequently in rat (86%; n=6) than calf 
(31%; n=13) mRNA-injected oocytes but was absent in oocytes injected with 
chick brain mRNA. For this reason, oocytes injected with chick brain mRNA 
were preferentially selected to study smooth current-responses to all 
non-NMDA receptor agonists. Interestingly, QA (n=3) and L-Glu (n=2) did not 
produce any measurable response in a few oocytes injected with calf and rat 
brain mRNA.

POSE-RESPONSE CURVES TO NON-NMDA RECEPTOR AGONISTS

Log. dose-response curves were constructed using the smooth responses evoked 
by QA (0.1-10pM), AMPA (l-20pM), BrW (0.5-50pM) and KA (5-640pM) in 
oocytes (n=4) injected with chick brain mRNA (figure 3. IB). In each case, the 
agonist-responses were normalised to the response produced by 80pM KA in 
the same oocyte. QA and KA had EC50 values equal to 0.3pM and 50pM 
respectively and represented the most and least potent agonist tested. The EC50 
values estimated for AMPA and BrW were 4pM and 8pM respectively. The 
logarithmic transformation of the dose-response data for QA, AMPA, BrW and 
KA produced plots with limiting slopes of 1.22, 1.37, 1.4, and 2 respectively and 
indicated a likely bimolecular interaction between each agonist and the 
receptor(s). Similar results were observed in oocytes injected with calf or rat 
brain mRNA. In oocytes injected with rat brain mRNA, an EC50 of 45pM was
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also calculated from dose-response curves to (±)willardiine (figure 3.4A). 
Moreover, the double logarithmic transformed plot of the dose-response curve 
to (±)willardiine had a limiting slope equal to 1.

A direct comparison between KA-responses in oocytes injected with different 
mRNA species was made. In each case, log. dose-response curves were 
constructed to KA (5-640pM) using current (figure 3.2A) and voltage clamp 
techniques and the responses normalised to 80pM KA (mean ± s.e.m.Xfigure 
3.2B). Normalised dose-response curves to KA showed a similar degree of 
agonist sensitivity, particularly at lower agonist concentrations (5pM-120pM), 
in oocytes injected with calf (n=34), chick (n=6) and rat (n=5) brain mRNA 
(figure 3.3A). Double log. plots constructed from normalised dose-response 
curves to KA in calf, chick and rat mRNA-injected oocytes, had the same 
limiting slope of 1.6 (figure 3.3B). Assuming this indicated a likely bimolecular 
interaction for agonist binding with the receptor, dose-response curves to KA 
in each case were linearised using a double reciprocal transformation of the 
dose-response curve. In figure 3.2C, the normalised dose-response curve to KA, 
determined in oocytes injected with calf brain mRNA (figure 3.2B), was used 
as an example. All the points were fitted by the straight line permitting an 
estimation of the Kd value for KA (Kj = 60.2 ± 4pM) in these oocytes from the 
ratio of the slope (36.7 ± 0.4) and the intercept (0.61 ± 0.03). Similar K  ̂values 
were estimated for KA in oocytes injected with chick (Kd = 62.2 ± lOpM) and 
ra t (Kd = 75 ± 9pM) mRNA. The EC50 values for KA in oocytes injected with 
different mRNAs were determined from the estimated 1^ values with the 
equation:

aG n = [A /(A  + K,,)]2

For half maximal activation;
aG n = 0 .5
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Therefore,
0.5 = [A/(A + Kd)]2 

Kd = 0.414.A 
.. A = Kd/0.414

where A = agonist concentration, K,j = dissociation constant and aG n = 

normalised agonist-evoked conductance. Using the equation, A = Kd/0.414, the 
EC50 values for KA in oocytes injected with calf, chick and rat brain mRNA 
were 145pM, 150pM and 181pM respectively.

C o m pa r iso n  betw een  n o n -nmda agonist-r e s p o n se s

It has been proposed from electrophysiological and binding studies, that AMPA 
and AMPA-like agonists (QA and L-Glu) share the same receptor-ionophore 
(Collingridge & Lester, 1989; Watkins & Evans, 1981). Moreover, a similar 
proposal has been made for KA and KA-like agonists (Dom and BrW) 
(Collingridge & Lester, 1989; Watkins & Evans, 1981). To investigate these two 
proposals, the responses between AMPA and AMPA-like agonists or KA and 
KA-like agonists were compared in the same oocyte. It was postulated that if f' 
agonists shared the same receptor-ionophore, then, the relative amplitudes of 
each agonist-response, recorded in the same oocyte, should be proportionally 
and perhaps linearly related. Conversely, it was predicted that a comparison 
of the relative response amplitudes to agonists activating different receptor- 
ionophores might not necessarily be proportional.

Membrane currents evoked by KA (80pM; n= ll) were compared with responses 
to BrW (40pM; n=7) and Dom (20pM; n=4) in oocytes injected with calf brain 
mRNA. The relationship between responses to KA and KA-like agonists in the 
same oocyte was approximately linear (figure 3.5A). A similar comparison 
between AMPA (lOOpM; n=14) with QA (6pM; n=5) or L-Glu (50pM; n=9) also 
showed a similar correlation (figure 3.6A). In each case, the data was 
consistent with the agonists sharing the same receptor-ionophore.

To further determine the selectivity of agonists at non-NMDA receptors,



saturating doses of each non-NMDA receptor agonist were used. It was 
postulated that if two full agonists shared the same receptor-ionophore, 
co-application of maximal doses of both agonists would produce a response 
similar in amplitude to the individual agonist-responses. Conversely, the 
response-amplitude evoked by co-application of two agonists acting on different 
receptor-ionophores would be the arithmetic sum of each individual response, 
assuming the transduction mechanisms were entirely separate. In oocytes 
injected with calf brain mRNA, combinations of KA (320pM) and BrW (40pM) 
(and Dom, not shown) produced the same maximal response as responses 
evoked by each agonist alone (figure 3.5B). In figure 3.6B, a similar result was 
observed for AMPA (lOOpM), QA (6pM) and L-Glu (50pM). When the same 
criteria were applied to (±)willardiine (160pM), co-application of this agonist 
with lOOpM AMPA produced a membrane current similar in amplitude to each 
individual agonist response (figure 3.4B). With KA (80pM), the inclusion of 
(±)willardiine (20pM) reduced the membrane current evoked by KA only 
slightly (figure 3.4C). This observation was in contrast to AMPA, QA and L-Glu 
which produced clear inhibition of the KA-response (see Chapter 6).

(ii) RECEPTOR CHARACTERISATION WITH NON-NMDA 
RECEPTOR ANTAGONISTS

To further characterise the responses evoked by non-NMDA receptor agonists
expressed from each mRNA species, a variety of conventional receptor

/

antagonists were tested. In each case, the antagonist potency and itys ability 
to distinguish between different agonist-responses was examined.

C o m pe t it iv e  and  n o n -com petitive  antagonism  o f  ka-r e s p o n s e s

In oocytes injected with calf brain mRNA, a number of receptor antagonists 
reduced KA-responses in a competitive manner (figure 3.7A and B). In figure 
3.7A, 10pM 6,7-dinitroquinoxaline-2,3-dione (DNQX) shifted the dose-response 
curve to KA (10pM-2.56mM) to the right without apparently affecting the 
maximal agonist-response. DNQX was one of the most potent non-NMDA 
receptor antagonists tested. 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX; 1-
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10pM) also antagonised the responses to KA with a similar degree of potency 
to DNQX in oocytes injected with calf brain mRNA (not shown). Other 
non-NMDA receptor antagonists were less effective. In figure 3.7B, a series of 
antagonists reduced the response evoked by 80pM KA in the same oocyte with 
the following order of inhibition; kynurenic acid (KYN) > cis-2,3-piperidine 
dicarboxylic acid (PDA) « y-D-glutamylaminomethylsulphonate (GAMS) > y-D- 
glutamylglycine (y-GG). In each case, the responses to KA were antagonised 
in a competitive manner (not shown). Pentobarbitone (100pM-400pM) also 
reduced responses to KA, however, in this case, the maximal response was 
reduced with no lateral shifting of the dose-response curve (figure 3.7C). This 
observation was consistent with non-competitive antagonism. The antagonism 
of KA-responses was voltage-independent when determined with 200pM 
pentobarbitone; the onset and recovery from antagonism showed no sign of use- 
dependence (n=3; data not shown). In oocytes injected with chick or rat brain 
mRNA, KA-responses were reduced to a similar degree by the non-NMDA 
receptor antagonists tested above.

A n ta g o n ism  of  ampa  and am pa-lik e  agonist  r e s p o n s e s

The smooth membrane currents evoked by QA (6pM), AMPA (lOOpM) and L- 
Glu (50pM) were also antagonised by CNQX (1-lOpM) and KYN (300pM). In 
each case, little or no distinction was possible between the agonist-responses 
using these receptor antagonists. Membrane currents evoked by (±)willardiine 
were antagonised by CNQX (lOpM) also.

DISCUSSION

In this study, poly-A+ mRNAs extracted from calf (3 month old cerebral cortex), 
chick (1 day-old whole brain) and rat (3-6 week old rat brain without the 
cerebellum) brains were successfully expressed following microinjection into 
Xenopus oocytes. In each case, the success of mRNA expression was determined 
by the appearance of responses to a variety of CNS transmitters, including 
non-NMDA receptor agonists. Normally these agonists did not produce any 
measurable response in uninjected oocytes, however, following 2-3 days
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incubation at 18°C, responses to non-NMDA receptor agonists were observed 
in most mRNA-injected oocytes.

EAA receptors, in particular non-NMDA receptors, have already been routinely 
expressed in Xenopus oocytes with mRNA extracted from rat (Bowie & Smart, 
1991b; Fong et al, 1988 and 1989; Gundersen et al, 1984; Hirono et al, 1988; 
Houamed et al, 1984; Lerma et al, 1989b; Moran & Dascal, 1989; Parker et al, 
1985 and 1986; Ragsdale et al, 1989; Randle, 1990; Randle et al, 1988; 
Sugiyama et al, 1987 and 1989; Sumikawa et al, 1984; Verdoorn & Dingledine, 
1988; Verdoorn et al, 1989) and chick (Bowie & Smart, 1991a; Brackley et al, 
1990; Parker et al, 1985 and 1986; Sigel & Baur, 1988; Sumikawa et al, 1984) 
brains. However, the expression of brain derived mRNA from a bovine source 
has only rarely been described (Bowie & Smart, 1989 and 1990; Parker et al, 
1985). In some studies, the mRNA was separated by size-fractionation on 
sucrose density gradients (Fong et al, 1988; Hirono et al, 1988; Randle, 1990; 
Randle et al, 1988; Sugiyama et al, 1987 and 1989) to enhance the yield of 
mRNA for specific receptors and thus, amplify the agonist-response (Fong et al, 
1988; Sumikawa et al, 1984 and 1986). However, in this study, mRNA was not 
size-fractionated to avoid the possible omission of vital mRNAs essential for the 
successful expression of non-NMDA receptors representative of nascent 
receptors. ^

(i) AGONIST-RESPONSES MAY BE EXPRESSED FROM A 
HETEROGENEOUS MIXTURE OF mRNA

Clearly, the mRNA in this study may have been extracted from a variety of 
brain cell-types, including neuronal, glial, ependymal or vascular sources. 
Neurones are a favourable candidate for the source of mRNA since, in addition 
to their large number, they respond to many transmitter substances. However, 
Glu-receptors are not solely confined to neurones as glial cells also respond to 
EAA agonists, although not to NMDA (Murphy & Pearce, 1987; Usowicz et al,
1989). In this respect, it may be worth considering the glial:neuronal cell ratio, 
estimated from nuclei counts, which suggests that glia outnumber neurones by 
10:1 (Kuffler et al, 1984). It is not known if this possibility can account for the
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different types of response evoked by non-NMDA agonists with mRNA 
extracted from different species. For example, membrane currents evoked by 
KA or AMPA were consistently larger in oocytes injected with rat brain mRNA 
than with calf or chick mRNA. Furthermore, the oscillatory response produced 
by QA or L-Glu and expressed from calf or rat brain mRNA, was absent in 
oocytes injected with chick brain mRNA. It is possible that a heterogeneous 
mixture of mRNA was extracted from calf, chick or ra t brains and 
microinjected into oocytes. The variability in the amplitude and frequency of 
agonist-responses presumably reflected differences in the number of 
receptor/channel complexes in individual oocytes, and by association, the 
relative amount of mRNA in the preparation injected.

(ii) EFFICACY OF NON-NMDA RECEPTOR AGONISTS

In this study, the responses to non-NMDA receptor agonists were subjected to 
pharmacological characterisation using dose-response curves and receptor 
antagonists to permit a comparison with neuronal studies. In each case, where 
a comparison was possible, each agonist exhibited similar properties to those 
observed in neuronal studies and was thus consistent with the successful 
expression of nascent non-NMDA receptors.

R e s p o n s e s  evoked  by ka and ka-like  ago n ists

The large, non-desensitizing membrane currents evoked by KA and KA-like 
(Dom and BrW) agonists have been observed in other oocyte studies (Bowie & 
Smart, 1991b; Verdoorn & Dingledine, 1989) and, perhaps more importantly, 
in neuronal studies where this response was typically larger than responses to 
QA, AMPA or L-Glu (Ishida & Neyton, 1985; O’Dell & Christensen, 1989a and 
b). Although, an exceptional desensitizing response can be observed to KA (and 
Dom) with a similar amplitude to AMPA in rat dorsal root ganglion cells which 
is quite unlike the type of response observed in most other studies and the 
present investigation (Huettner, 1990; see Chapter 4).

In this study, the rank order of agonist potency: BrW (EC50 = 8pM) « Dom >
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KA (EC50 = 50pM) was similar to previous studies where these agonists were 
compared (Agrawal & Evans, 1986; Bowie & Smart, 1991b; Patneau & Mayer, 
1990; Verdoorn & Dingledine, 1989). In neuronal and oocyte studies, the 
estimated EC50 value for KA, determined from dose-response curves, was 
between 20-80pM (O’Brien & Fischbach, 1986; Perouansky & Grantyn, 1989; 
Sands & Barish, 1989; Vlachova et al, 1987) and 40-95pM (Bowie & Smart, 
1991b; Fong et al, 1988; Lerma et al, 1989; Parker et al, 1985; Randle, 1990; 
Randle et al, 1988; Rassendren et al, 1989; Umbach & Gundersen, 1989; 
Verdoorn & Dingledine, 1989) respectively. In this study, similar EC50 values 
were estimated directly from dose-response curves where the maximal response 
evoked by the agonist was attained. In contrast, EC50s estimated from the 
double reciprocal transformation plots were somewhat higher (almost 3 times), 
however, the maximal-response was not pursued with saturating agonist 
concentrations. It is possible that the apparent disagreement between each 
method may be explained by errors introduced during the linearisation of dose- 

! response curves. It is also likely that the estimation of EC50 values directly
; from dose-response curves, where the maximal-response must be determined,

may be influenced by other factors such as receptor desensitization. In support 
of this, profound desensitization of KA-responses, particularly at high agonist 
concentrations, are described in this study (see Chapter 4). It is postulated that 
the desensitization would tend to depress KA-responses at high agonist 
concentrations with the net result of apparently lowering the estimated EC50 
value.

The EC50 value for BrW has not yet been determined in neuronal studies, 
however, on primary afferent C-fibres of rat, BrW produced the same response 
amplitude as KA but at lower agonist concentrations (Agrawal & Evans, 1986). 
On comparison with KA, it is interesting that when BrW was rapidly applied 
(within 10ms) onto neurones, a rapidly decaying peak membrane current, 
similar to AMPA, was observed (Mayer & Vyklicky, 1989; Patneau & Mayer,
1990). In this study, this phenomenon was absent, although, the onset of the 
response to BrW was faster than KA. In view of this, it may be worth noting 
that the rate of agonist perfusion may have been limiting the onset of the 
agonist induced currents (see Chapter 4). In agreement with the present study,
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analysis of the neuronal dose-response data in terms of the Hill equation or its 
equivalent (double log. plot) suggested a bimolecular interaction between the 
agonist (i.e. KA) and the receptor (Gu & Huang, 1991; O’Dell, 1989; O’Dell & 
Christensen, 1989a and b; Patneau & Mayer, 1990; Vlachova et al, 1987)

When KA-responses were compared in oocytes injected with mammalian (calf 
and rat) and avian (chick) brain mRNA, the potency of this agonist was almost 
the same in each case. The data seemed to favour the existence of non-NMDA 
receptors, expressed from different mRNA, which were equi-sensitive to KA. 
Furthermore, the estimated EC50 values for KA are similar when determined 
in mammalian (Gu & Huang, 1991; O’Brien & Fischbach, 1986; Perouansky & 
Grantyn, 1989) and avian (Vlachova et al, 1987; Zorumski & Yang, 1988) 
neurones. Moreover, even "KA-receptors" studied in fish and amphibian 
neurones (O’Dell, 1989; O’Dell & Christensen, 1989a and b; Ishida & Neyton, 
1985; Sands & Barish, 1989) have a similar sensitivity to the "KA-receptors" 
in oocytes. An exception to this finding concerns rat neostriatal and 
hippocampal neurones which show a higher sensitivity to KA since responses 
may be observed even at nanomolar concentrations (Ben-Ari & Gho, 1988; 
Calabresi et al, 1990; Robinson & Deadwyler, 1981). Moreover, when directly 
compared, the KA concentration causing half maximal activation in sensory 

neurones (EC50 = 15pM) was much lower when compared to the EC50 
determined (EC50 = 120pM) in the cerebral cortex (Huettner, 1990). In this 
respect, it is interesting that recent studies using rat cDNA clones, expressed 
functional non-NMDA receptors with apparently different affinities for KA 
(Nakanishi et al, 1990). For example, functional receptors composed of GluR-Kl 
or GluR-K3 had EC50 values of 32pM or 130pM respectively. Clearly, it is 
possible that the different affinity of KA for various neuronal receptors may, 
according to molecular biological studies, involve the formation of 
heteromultimeric receptors from a number of receptor subunit combinations.

R e s p o n s e s  evoked  by am pa  and  am pa-lik e  a g o n ists

The smooth, desensitizing membrane current elicited by AMPA, QA or L-Glu 
has also been observed in neuronal studies where the response was attributed
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to an ionotropic mechanism (Collingridge & Lester, 1989; Mayer & Westbrook,
1987b). However, the degree of desensitization produced by AMPA (QA and 
L-Glu) in neurones (Mayer & Vyklicky, 1989) was more profound than the 
present investigation (see Chapter 4 for a possible explanation).

A similar set of estimated EC50 values have been reported on chick and rat 
neurones for QA (EC50 = 0.65-1.5pM)(O’Brien & Fischbach, 1986; Perouansky 
& Grantyn, 1989; Sands & Barish, 1989; Zorumski & Yang, 1988) and i ^
(EC50 = 40pM)(Zorumski & Yang, 1988) in agreement with this 
Moreover, the expressed receptors in mRNA-injected oocytes exhibited a similar 
sensitivity to these agonists since the EC50 values for QA and AMPA were 0.21- 
0.5pM (Bowie & Smart, 1991b; Hirono et al, 1988; Lerma et al, 1989) and 4- 
4.4pM (Bowie & Smart, 1991b; Rassendren et al, 1989) respectively. In 
neuronal and oocyte studies, activation of the receptor was associated with a 
bimolecular interaction between the agonist and receptor since the Hill 
coefficients of the concentration-response data were between 1-2 (O’Dell & 
Christensen, 1989a and b; Trussell & Fischbach, 1989; Verdoorn & Dingledine,

In some cases where direct comparisons between QA and AMPA were made, 
AMPA was more potent than QA (Blake et al, 1988; Horne & Simmonds, 1987). 
However, it now seems likely that these conclusions were limited by the rate 
of drug-application and/or the inaccuracies associated with dose-response curve 
construction in these preparations. It is interesting, however, that in studies 

where a rapid method of agonist perfusion was employed, the EC50 values 
estimated for each AMPA-like agonist was dependent on whether the peak or 
steady-state response was measured (Patneau & Mayer, 1990). For example, 
similar values to the present study were estimated from the steady-state 
response evoked on neurones (QA, EC50 = 0.9pM; AMPA, EC50 = llpM , 
Patneau & Mayer, 1990), whereas, the EC50 value of the peak response, for 
example to QA, was much greater (93pM, Kiskin et al, 1986a; 90pM, Patneau 
& Mayer, 1990). In support of this, Patneau & Mayer (1990) noted that the 
affinity of L-Glu at QA-receptors was apparently much greater for the steady- 
state response than the peak response. The plant lectin, concanavalin-A (Con-

1989).
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A), which prevents EAA receptor desensitization, enhances the steady-state 
response to AMPA-like agonists whereas the peak response is Con-A 
insensitive (Mayer & Vyklicky, 1989). In view of this, it is likely that in most 
studies, the EC50 values estimated for QA or AMPA represented the receptor 
in a state of desensitization and with a higher affinity for the agonist.

R e s p o n s e s  ev o k ed  by (±)w illardiine

Like AMPA, the responses evoked by (±)willardiine were smaller than KA- 
responses. It was curious then that BrW, which can be simply obtained by 
bromo-substitution of (±)willardiine, evoked membrane currents comparable to 
KA. In neuronal studies, the action of (±)willardiine at non-NMDA receptors 
(Evans et al, 1980) has not been investigated in detail, however, it was 
proposed tentatively to act on QA/AMPA receptors since it was inactive on a 
relatively "pure" population of KA-receptors (Agrawal & Evans, 1986; Davies 
et al, 1982). In support of this, the rapid («10ms) application of (±)willardiine 
onto hippocampal neurones produced a desensitizing response similar to QA or 
AMPA (Patneau & Mayer, 1990). In the present study, however, it was not 
possible to determine the selectivity of (±)willardiine at non-NMDA receptor 
sub-types using conventional receptor antagonists (however see Chapter 7), 
but, the profound desensitization associated with AMPA was apparently absent 
with (±)willardiine.

S e le c t iv it y  o f  n o n -nmda recepto r  agonists

There were two lines of evidence consistent with a common receptor-ionophore 
for AMPA, QA and L-Glu. Moreover, similar evidence supports the existence 
of a common site for KA, Dom and BrW. In the first case, when the relative 

amplitudes of agonist-responses were compared in each oocyte, a linear 
relationship was observed; favouring a common receptor-site for AMPA and 
AMPA-like agonists and also for KA and KA-like agonists. Secondly, co
application of saturating concentrations of AMPA and AMPA-like agonists, 
produced a response similar in size to the individual agonist-response 
amplitudes. A similar result was observed with KA, Dom and BrW
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combinations. It was predicted that if agonists shared a common receptor- 
ionophore, the response to combined application should be less than the sum 
of individual responses since once the receptors were occupied by one agonist 
they would be unavailable to the second agonist. Conversely, at different 
receptor-sites, the response observed during co-application of two agonists 
should equal the arithmetic sum of each agonist-response. The data presented 
confirms previous binding (Young & Fagg, 1990) and electrophysiological 
studies (Collingridge & Lester, 1989; Mayer & Westbrook, 1987) which have 
already determined the action of QA and L-Glu at AMPA receptors and BrW 
(also, Bowie & Smart, 1991a) and Dom at KA-receptors.

T h e  oscillatory  respo n se  to qa and l-glu

The oscillatory membrane current evoked by QA or L-Glu in this study, has 
also been observed by others in oocytes injected with rat brain mRNA (Fong et 
al, 1988; Oosawa & Yamagishi, 1989; Sugiyama et al, 1987; Verdoorn & 
Dingledine, 1989). Sugiyama et al (1987) were the first to propose that these 
agonists activated a novel type of glutamate (metabotropic; Qp) receptor which 
operated a calcium-activated chloride current endogenous in Xenopus oocytes 
through phosphoinositide metabolism (Schoepp et al, 1990; Smart, 1989). 
Unfortunately, earlier investigations on mRNA-injected oocytes also noted the 
oscillatory response produced by QA and L-Glu but failed to recognise the 
importance of this effect (Gundersen et al, 1984; Houamed et al, 1984). The 
precise role of the Qp receptor in the CNS is not known, however, in the 
hippocampus, a neuromodulatory effect on potassium conductances has been 
described (Charpak et al, 1990).

(iii) NON-NMDA RECEPTOR ANTAGONISTS DID NOT 
DIFFERENTIATE BETWEEN AGONIST-RESPONSES

A selection of EAA receptor antagonists previously studied in neurones, were 
tested on responses evoked by non-NMDA receptor agonists, particularly 
KA-responses. In each case, the responses to KA were competitively 
antagonised by these antagonists although, in exception, pentobarbitone
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non-competitively reduced responses to KA.

CNQX and DNQX were the most potent competitive antagonists of 
KA-responses. Moreover, these antagonists also reduced the response to other 
KA-like agonists and AMPA-like agonists but they did not distinguish between 
them. In oocytes injected with rat brain mRNA, CNQX also exerted a potent 
and competitive antagonism of KA-responses with a pA2 value of approximately 
6 (Kleckner & Dingledine, 1989; Verdoorn et al, 1989). In other studies, the 
ability of these antagonists to distinguish between responses to QA or KA was 
less clear since they have been reported to depress reponses to KA greater than 
(Andreasen et al, 1988), less than (Neuman et al, 1988) or similar to (Honore 
et al, 1988; Sheardown, 1988) responses to QA. Other competitive antagonists 
of KA-responses were less effective than the quinoxalinediones and had the 
following rank order of inhibition; KYN > PDA ~ GAMS »  yGG. These 
compounds are normally referred to as broad spectrum antagonists since they 
show little or no selectivity between NMDA and non-NMDA receptor types 
(Collingridge & Lester, 1989). Despite this common view of antagonist 
selectivity, some studies have suggested that KYN (Coleman et al, 1986), 
GAMS (Davies & Watkins, 1985) and y-GG (Davies & Watkins, 1981) can 
distinguish between KA and QA responses. However, in this study, 
pharmacological selectivity between these agonist-responses was not observed.

Pentobarbitone non-competitively antagonised the responses to KA in this 
study. Barbiturates depress responses to a number of EAA agonists in a variety 
of systems (Mayer & Westbrook, 1987b). In most cases, barbiturates depress 
the response to KA and QA greater than NMDA (Collins & Anson, 1987; Horne 
& Simmonds, 1986; Miljkovic & MacDonald, 1986; Teichberg et al, 1984); 
however, they do not differentiate between KA and QA. The voltage 
dependency reported for pentobarbitone on KA-responses, particularly at 
hyperpolarised potentials, was not observed with pentobarbitone in this study 
(200pM, data not shown)(Miljkovic & MacDonald, 1986). Morever, there was 
no evidence for any use-dependent blockade. It should be noted that these 
effects were more pronounced in neurones at slightly lower concentrations of 
pentobarbitone (150pM). Therefore, the possibility of antagonism by channel
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blockade appears unlikely in oocytes (Miljkovic & MacDonald, 1986).
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FIGURE 3.1: R ESPO N SE S TO NON-NMDA RECEPTOR AGONISTS. (A) In

oocy tes injected with calf brain mRNA (H.P.= -60mV), the m em brane curren ts

evoked by KA (80pM; n=27), Dom (20pM; n=6), BrW (20pM; n=7), AMPA (100pM; 

n=11), QA (6pM; n=13) and  L-Glu (50pM; n=11) w ere m easu red  under voltage 
clam p and  ex p re ssed  a s  the  m ean ± s.e.m . The agon ists  w ere sep a ra ted  into two 
groups according to the  m agnitude of the  response . KA, Dom and  BrW produced

large m em brane currents w h ereas  re sp o n ses  to AMPA, QA and L-Glu w ere much

sm aller. A similar observation w as m ade in oocytes injected with chick or rat brain

mRNA. (B) D ose-response  (D/R) curves constructed  to QA ( a ) ,  AMPA ( a ), BrW (O) 
and  KA (#)(ch ick  brain mRNA) had EC50 values equal to 0.3pM, 4pM, 8pM and

50pM  respectively. Note, that th e  m axim al-response evoked by KA and  BrW w as 
m uch larger than  QA or A M PA -responses. Interestingly, in con trast to AMPA,

re sp o n se s  to QA declined a t supram axim al d o se s  (see  inset).
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FIGURE 3.2: NORMALISED D O SE-RESPO N SE CURVE TO KAINATE IN 

OOCYTES INJECTED WITH CALF BRAIN mRNA. (A) The effect of KA (5pM- 

640|iM ) on the  m em brane conductance w as determ ined by applying 
hyperpolarising current pu lses  (2.5 sec ., 0.2 Hz) on the resting m em brane potential

(RMP = -20mV) in an  oocyte previously injected with calf brain mRNA. To calculate

the  m em brane conductance  ch an g e  due  to the agonist only, the  conductance

asso c ia ted  with passive  m em brane depolarisation w as sub tracted  from the total

m em brane conductance  observed  in the  p re sen ce  of the  agonist. (B) D ose-

re sp o n se  curves constructed  to KA (n=34), using either current or voltage clam p

techniques, w ere norm alised to the  resp o n se  evoked by 80pM KA and  ex p re ssed  
a s  the  m ean ± s.e.m . D/R curves obtained using either current or voltage clam p 
techn iques w ere similar and  therefore all d a ta  w as pooled. To avoid recep tor

desensitization, d o se -resp o n se  curves w ere constructed  by applying high and  low

agonist concentrations alternatively; supram axim al concentrations (> 640pM) w ere 
avoided. (C) Assum ing bim olecular kinetics, norm alised d a ta  w ere linearised using 

a  double reciprocal transform ation of the d o se-resp o n se  d a ta  in (B) (1/[KAINATE] 

v e rsu s  1/VGn). The Kd (60.2 ± 4pM) value w as calculated  from the  slope (36.7 ± 

0.4) intercept (0.61 ± 0.03) ratio. The linearity in plot (C) implies that the  two 

agonist binding s ites  are  independent and probably equivalent- although, the 

binding is still cooperative, i.e. requires two agonist m olecules.
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FIGURE 3.3: KAINATE WAS EQUI-EFFECTIVE IN ALL mRNA-INJECTED 

OOCYTES. (A) Log. d o se -resp o n se  (D/R) curves to KA (5pM-640pM) w ere 
constructed  in oocy tes injected with calf (n=34), chick (n=6) and  rat (n=5) brain 

mRNA using current and  voltage clam p techn iques. D/R cu rves obtained using 

either current or voltage clam p techn iques w ere similar and  therefore  all d a ta  w as 

pooled. The re sp o n se  evoked by KA at each  concentration w ere norm alised to the

re sp o n se  evoked by 80pM  KA and  ex p ressed  a s  the  m ean ± s.e .m . Errors bars on 
each  d a ta  point w ere omitted for clarity. D/R curves to KA w ere similar in all 

mRNA-injected oocy tes particularly at lower (<80|iM) agonist concentrations. At 
higher agonist d o se s  (>160pM), the m ean ag o n ist-resp o n ses  w ere different in 
oocy tes injected with calf, chick and  rat mRNA. However, the  distribution of the

individual d a ta  points su g g es ted  that the  apparen t differences w ere unlikely to be

statistically significant. The re sp o n ses  evoked by 640pM  KA in oocytes injected 
with calf, chick and  rat brain mRNA w ere 2.21 ±  0.14, 2 .4  ± 0.45 and  1.7 ± 0.25 
respectively. (B) The limiting slope determ ined  from the double logarithmic 

transform ation of D/R curves to KA w ere 1.6 for oocy tes injected with calf, chick 

or rat brain mRNA and  favour a  bim olecular interaction betw een the  agonist and  

receptor.
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FIGURE 3.4: D O SE-RESPON SE CURVE TO (±)WILLARDIINE AND THE EFFECT 
ON KA AND AMPA R ESPO N SES. (A) The log. d o se -re sp o n se  curve to

(±)willardiine (10-320pM) w as constructed  in an  oocyte injected with rat brain 
mRNA (H.P.= -60mV) and  had an EC50 value of 45pM. M oreover, the  double 

logarithmic transform ation of the  D/R curve had a  limiting slope equal to 1 (not

shown). (B) On com parison, the  m em brane current evoked by 160pM  (±)willardiine 
show ed no sign of desensitization, unlike the response  to 100pM AMPA (H.P.= 

-60mV). However, the  am plitude of the  m em brane current produced by

co-application of the  two agonists  w as similar in size to each  agon ist-response

alone; apparently  favouring the possibility that th e se  agonists  sh are  a  common

receptor-ionophore. (C) In ano ther oocyte, the  m em brane current evoked by 80 jiM 
KA at -60mV w as reduced  only slightly by the  inclusion of 20pM (±)willardiine into 
the  perfusion medium. The hyperpolarising voltage com m and s tep s  (5-1 OmV;

1 .5sec. duration, 0 .05 Hz) in (B) + (C) w ere superim posed  on the holding potential

to monitor m em brane conductance.
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FIGURE 3.5: COM PARISONS BETWEEN KA-LIKE AGONISTS. (A) In the sam e

oocyte (calf brain mRNA), the resp o n se  evoked by 80pM KA (abscissa ; n=11) at 
-60mV w as com pared  with the  m em brane currents evoked by either 2 0 jiM Dom 
(n=4) or40pM  BrW (ordinate; n=7). In each  c ase , th e  relative re sp o n se  am plitudes 
elicited by either Dom or B rW correlated  directly with the  s ize  of the  K A -response.

(B) Saturating concentrations of KA (320pM) and  BrW (40pM) produced m em brane 

currents, in oocytes injected with calf brain mRNA, which w ere large and  non

desensitizing. Hyperpolarizing voltage com m and s te p s  (10mV; 1.5 sec . duration, 

0 .05 Hz) w ere superim posed  onto the holding potential (H.P. = -60mV) to monitor 

the  increased  m em brane conductance  a sso c ia ted  with th e se  agonists. 

Co-application of both BrW and  KA produced a  re sp o n se  with a  similar am plitude 

to re sp o n ses  evoked by each  agonist alone.
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FIGURE 3.6: COM PARISONS BETWEEN AMPA-LIKE AGONISTS. (A) In the  

sam e  oocyte injected with calf brain mRNA, the re sp o n se  evoked by 100pM AMPA 

(abscissa; n=14) a t -60mV w as com pared  with the  m em brane curren ts evoked by

either 6pM QA (n=5) or 50pM L-Glu (ordinate; n=9). In each  ca se , a  com parison 
betw een the agonist resp o n se  am plitudes show ed a  direct correlation and  favoured

a  com m on site for th e se  agonists. (B) T he re sp o n se  evoked by saturating

concentrations of AMPA (100pM), QA (6pM) and  L-Glu (50pM) w ere com pared  
separa te ly  or in com bination in an  oocyte injected with calf brain mRNA. In each

c a se , co-application of two agonists  produced a  m em brane current with a  similar

am plitude to each  individual agon ist-response  am plitude. Hyperpolarising voltage

com m and s tep s  (5mV; 1.5 sec . duration, 0.05 Hz) w ere superim posed  on the

holding potential to monitor m em brane conductance.
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FIGURE 3.7: COMPETITIVE AND NON-COMPETITIVE ANTAGONISM OF

KAINATE-RESPONSES. (A) In an oocyte injected with calf brain mRNA, the

re sp o n se s  evoked by KA (10pM-2mM) w ere recorded in current-clam p m ode and  
ex p re ssed  a s  a  ch an g e  in the m em brane conductance  (AG)(R.M.P.= - 40mV). In 
the  p re sen c e  of 10pM DNQX, the  d o se-resp o n se  curve constructed  to KA w as 
shifted in a  parallel m anner to the  right consisten t with com petitive antagonism . (B)

O ther com petitive an tagonists  w ere le ss  effective. A num ber of com pounds w ere

te s ted  on th e  re sp o n se  evoked by 80pM KA in oocy tes injected with calf brain 
mRNA. All records in (B) w ere obtained from the sam e  oocyte. The rank potency

order of inhibition w as KYN > PDA * GAMS »  y-GG. Note, that the  chart recorder 
sp eed  w as slow ed during the w ashout of agonist re sp o n ses . (C) Pentobarbitone

(100-400|iM ) non-competitively an tagon ised  the  re sp o n se  evoked by KA 
(1 0-640jiM) since  the  maximal resp o n se  to this agonist w as consistently  d e p re ssed  
in it’s  p resen ce .
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CHAPTER 4:

NON-NMDA RECEPTOR 
DESENSITIZATION

INTRODUCTION

The term desensitization has been used globally to describe a range of 

phenomena in biological systems which can be explained by the disruption of 
biochemical or physiological processes (Triggle, 1980). In particular, receptor 
desensitization refers to the progressive decline of a response following 
repeated and prolonged exposure to receptor-agonists. This phenomenon has 
been studied primarily at acetylcholine (ACh)-receptors of the neuromuscular 
junction and was first described in detail by Katz & Thesleff (1957). Their 
interpretation, and the most common view, was that this form of 
desensitization could be explained by the existence of a particular (non
conducting) conformation of the receptor-channel protein, in addition, to the 
resting and active forms. Furthermore, the interconversion between the resting, 
active and desensitized state of the receptor was explained by a cyclic model. 
Later, Feltz & Trautmann (1982) suggested a more complex model to account 
for the multiple kinetic rates of onset and recovery; postulating several states 
of receptor desensitization. In support of this, single channel recordings, with 
high concentrations of agonist, also suggested multiple desensitized states from 
the burst behaviour of the ACh-receptor channels (Sakmann et al, 1980).

Receptor desensitization is not unique to ACh-receptors but has also been 
observed at GABAa (Epstein & Grundfest, 1970; Akaike et al, 1986), glycine 
(Krishtal et al, 1988), ATP (Krishtal et al, 1983), serotonin (Yakel et al, 1988) 
and glutamate receptors (Kiskin et al, 1986; Trussell et al, 1988; Zorumski et 
al, 1989). Desensitization of glutamate receptors has been reported in 
invertebrate (Takeuchi & Takeuchi, 1964) and vertebrate systems (Collins & 
Surtees, 1986; Fagni et al, 1983; Mayer & Westbrook, 1987b) and can be 

reduced with the plant lectin, concanavalin-A (Mathers & Usherwood, 1976; 
Mayer & Vyklicky, 1989). In vertebrate neurones, two types of desensitization
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are produced by L-Glu which are distinguished by their kinetics (Mayer & 
Westbrook, 1985; Zorumski et al, 1989) and calcium-dependence (Zorumski et 
al, 1989) and correspond to NMDA and non-NMDA receptors. The NMDA 
receptor desensitizes slowly (in the presence of glycine) with a time constant 
of l-10secs (Mayer & Westbrook, 1985; Zorumski et al, 1989), whereas, non- 
NMDA receptors desensitize rapidly with a time constant of less than 50ms 
(Kiskin et al, 1986; Trussell et al, 1988; Tang et al, 1989). In the hippocampus, 
selective non-NMDA receptor agonists, such as QA, activate a rapidly 
desensitizing membrane current (3-8 msecs), which is mediated by a channel 
with a high (35pS) unitary conductance (Tang et al, 1989); the maintained 
current is carried by a low conductance channel (Ascher & Nowak, 1988a; Cull- 
Candy & Usowicz, 1987; Jahr & Stevens, 1987). Interestingly, the rapid 
desensitization observed with QA or L-Glu is similar to the time constant of 
decay of synaptic currents (Trussed & Fischbach, 1989). Therefore, unlike ACh- 
receptors at the motor-endplate, the termination of glutamatergic synaptic 
currents by receptor desensitization may, in part, modulate synaptic efficacy 
in the CNS.

However, not ad non-NMDA agonists produce receptor desensitization. In 
contrast to AMPA or QA, responses to KA and Dom do not show appreciable 
desensitization (Kiskin et al, 1986; Mayer & Vyklicky, 1989) even when applied 
by rapid perfusion (however, see also Huettner, 1990). This selective 
desensitization of non-NMDA receptors has, in some cases, provided further 
evidence to suggest separate receptors for KA and AMPA (Barnard & Henley, 
1990). However, this phenomenon can occur even when both KA and AMPA 
apparently act on the same receptor-ionophore (Bowie & Smart, 1991b; O’Dell 
& Christensen, 1989a and b; Zorumski & Yang, 1988). Recently, this possibility 
was confirmed with recombinant non-NMDA receptors which show selective 
desensitization to AMPA (Boulter et al, 1990; Keinanen et al, 1990).

In this study, two types of receptor desensitization produced by non-NMDA 
receptor agonists were studied; designated as covert and overt. Overt 

desensitization referred to the decline of the agonist-response during 
continuous agonist exposure and was observed only with AMPA, QA and L-Glu.
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Covert desensitization described the reduction observed during successive 
agonist applications and was produced by all non-NMDA receptor agonists. 
Although covert and overt forms are discussed separately, the full description 
of receptor desensization considers them together. Finally, the effect of Con-A 
on receptor desensitization was investigated and possible mechanisms to 
account for the data are discussed.

RESULTS

(i) RECEPTOR DESENSITIZATION:
COVERT AND OVERT FORMS

Ov er t  d e se n sitiza t io n  was a g o n ist- and  c o n c en tr a tio n -d e p e n d e n t

Overt desensitization was an agonist-dependent phenomenon and was not 
observed with all non-NMDA receptor agonists. Smooth membrane currents 
produced by AMPA (50pM-200pM) and (3-N-oxalyl-L-a-B-diaminopropionate ((3- 
ODAP; 200-400pM) exhibited desensitization during continued bath application 
of the agonist (figure 4.1). In each case, this was a dose-dependent phenomenon 
and required near saturating levels of the agonist before it was clearly resolved 
(figure 4.2). Desensitizing responses were also observed with maximal 
concentrations of QA (6pM-24pM) and L-Glu (25pM-200pM) but an additional 
oscillatory response (rat or calf mRNA only; see Chapter 3) tended to hinder 
examination of the smooth current (figure 4. IB). In contrast, KA- (BrW, 
willardiine and Dom) evoked membrane currents showed no sign of 
desensitization even at maximal concentrations of the agonist (figure 4.3). 
Furthermore, during prolonged application of 80pM KA (up to 5mins.), the 
response was still well-maintained (figure 4.3B).

At high concentrations of AMPA (>50pM), an initial peak current (IPEAK) was 
observed during rapid agonist-superfusion (8-10mls/min), which then declined 
to a new level (It) until the agonist was removed after a 90 second application 

period (figure 4.2A and B). The decline of the peak current (It / I PEAk ratio) was 
dose-dependent where larger agonist concentrations produced a greater amount
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of desensitization (figure 4.2B). In figure 4.2A, rapid bath application of 200pM 
AMPA (It / IPEAK = 0.67 ± 0.04, n=4) evoked a peak membrane current which 
decayed faster than the peak response to lOOpM AMPA ( I t / I PEAK = 0.83 ± 0.03, 
n=10). The peak current did not fade in the presence of lower concentrations 
of AMPA (less than 50pM) which elicited responses that were apparently well- 
maintained (figure 4.2B). In addition, the decaying phase of the response to 
lOOpM AMPA was also absent when a slower agonist-perfusion rate (2-4mls) 
was employed (figure 4.1A). The resolution of this phenomenon was difficult to 
observe in current clamp and was only clearly resolved in voltage clamp.

Discontinuation of AMPA perfusion usually produced a second peak current 

(figure 4.2A). This rebound tail current ( I R E BO u n d )  was also dose-dependent 
increasing with the agonist concentration (figure 4.2A). Furthermore, the 
occurrence of I R E Bo u n d  coincided with the appearance of the decay in the peak 
response; I R EBO u n d  occurred at slightly greater agonist concentrations (> lOOpM 
AMPA). QA and L-Glu also elicited I REBO u n d >  however, this was not investigated 
in detail.

Ov er t  d e se n sit iz a t io n  to  kainate w as s p e c ie s  d e p e n d e n t

KA typically evoked a smooth, well-maintained current in oocytes injected with 
chick or rat mRNA at all concentrations tested and even during prolonged 
agonist application (figures 4.3 and 4.4). In contrast, in oocytes previously 
injected with bovine brain mRNA, saturating concentrations of KA (> ImM) 

evoked a response that overtly desensitized during agonist application (figure 
4.4). The appearance of desensitization to KA was unique to bovine mRNA and 
was also dose-dependent with responses exhibiting a rapidly developing peak 
current in response to KA (3mM-5mM) which declined in the continued 
presence of the agonist (figure 4.4). In figure 4.4, a smooth, desensitizing 
current was observed with 3mM KA, whereas, desensitization of the smooth 
response to 5mM KA was accompanied by an additional oscillatory component. 
Note, that in each case, the hyperpolarising voltage command steps, 

superimposed onto the holding potential, declined in the presence of KA. This 
observation negates the possibility that the declining current was due to a shift
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in the agonist-evoked reversal potential and probably represented genuine 
desensitization. A rebound tail current was also observed upon removal of KA 
from the perfusate and was similar to that previously described for AMPA (see 
above). Furthermore, the appearance of this current also occurred in a dose- 
dependent manner.

All  NON-NMDA RECEPTOR AGONISTS PRODUCE COVERT DESENSITIZATION

Covert desensitization occurred following successive agonist applications and 
was observed with all non-NMDA receptor agonists. In particular, membrane 
currents evoked by KA and the oscillatory response to QA or L-Glu showed 
signs of covert desensitization. In all cases, the onset and recovery was a time- 
and dose-dependent phenomenon.

Membrane currents evoked by KA desensitized following brief periods of 
recovery between successive agonist applications. In figure 4.5A, bath 
application of 640pM KA evoked a large membrane current which was reduced 
by 30% following a further exposure to KA. The hyperpolarising voltage 
command pulses (lOmV steps) superimposed on the holding potential (H.P.= - 
40mV) to monitor membrane conductance, were also reduced with successive 
agonist application. The reduction appeared concurrently with desensitization 
of the whole-cell current to 640pM KA and eliminated the possibility that 
movement of the agonist null potential had occurred.

To examine the onset and recovery from desensitization produced by KA, a 
strict protocol was adopted to allow comparison between oocytes from different 
batches and donors. All oocytes were voltage-clamped at the same holding 
potential (H.P.= -40mV) to eliminate the involvement of voltage-dependent 
desensitization processes and a similar bath perfusion rate was adopted (6- 
8mls/min). Peak membrane currents to KA were recorded at three different 
time intervals (t = O’, 4’ and 36’, see arrows) and with different agonist 
concentrations (20pM-640pM; n=3 for each dose). In each case, KA was applied 
to the oocyte for 2 minutes only. To avoid the presence of on-going receptor 
desensitization, the membrane current evoked by KA at t = O’, was the first
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exposure of the oocyte to non-NMDA receptor agonists immediately following 
membrane sealing (1-5MQ input resistance).

Covert desensitization was observed at all concentrations tested (figure 4.6). 
However, the degree of desensitization was dose-dependent where a greater 
effect was observed with larger agonist concentrations. In figure 4.6, the degree 
of desensitization (onset) to log10 KA concentration was fitted by a sigmoidal 
relationship where the curve was linear between 40pM-160pM. The degree of 
recovery from desensitization to KA was similarly dose-dependent (figure 4.6). 
Complete recovery of the control response (measured at t = O’) was observed at 
lower agonist concentrations (20pM-40pM) but was not observed with 
concentrations of KA greater than 80pM (figure 4.6). In some cases (e.g. 640pM 
KA), complete recovery of the control response, using this protocol, was never 
observed even when long periods of recovery (60-90 mins.) were permitted.

The oscillatory response produced by QA or L-Glu covertly desensitized with 
successive agonist applications. In figure 4.5B, the smooth and oscillatory 
currents evoked by 50pM L-Glu desensitized when the response was measured 
after 15 mins. Desensitization of the oscillatory component was particularly 
profound, requiring at least 30-45mins. period of recovery before matched 
responses were obtained. Even then, a limited number of drug applications 
could be achieved before the oscillatory response disappeared completely.

(ii) CONCANAVALIN-A REDUCED THE OVERT FORM OF
DESENSITIZATION

D e se n s it iz a t io n  to  am pa -lik e  a g o n ists  w er e  r e d u c e d  by c o n -a

The plant lectin, concanavalin-A (Con-A), has been reported to reduce receptor 
desensitization produced by EAA receptor agonists on invertebrate (Mathers 
& Usherwood, 1976) and vertebrate systems (Mayer & Vyklicky, 1989). Con-A 
was used in this study to examine the effect on receptor desensitization 
produced by non-NMDA receptor agonists. Pre-treatment of injected oocytes 
with lOpM Con-A, selectively enhanced the smooth, peak response elicited by
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QA (6-12pM), AMPA (lOOpM) and L-Glu (50pM). However, the membrane 
currents evoked by 80pM KA (n=5) 40pM Dom (n=4) and lOOpM (±)willardiine 
(n=3) were similar to the control levels after Con-A treatment (figure 4.8).

The onset of the Con-A effect with AMPA and AMPA-like agonists was a time- 
dependent process requiring a 30-45 minute pre-incubation period before the 
optimal effect was observed (figure 4.7A). In some cases, this concentration of 
Con-A additionally increased membrane current noise (i.e. spontaneous 
oscillations) of the resting oocyte (figure 4.7A). Over the same pre-incubation 
period, lpM Con-A did not produce a significant increase in the response to 
lOOpM AMPA (n=3). Treatment with lOpM Con-A, enhanced It to lOOpM 
AMPA more than IPEAK where each response was increased by 40 ± 5% (n=3) 
and 25 ± 3% (n=3) of the control respectively (figure 4.7A). This differential 
effect of Con-A increased the It / IPEAK ratio of lOOpM AMPA from 0.83 ± 0.03 
(n=10) to 0.90 ± 0.4 (n=3) and was reflected in a reduction of peak current 
decay (figure 4.2B). This effect was not fully irreversible but an enhanced 
response to AMPA could still be observed up to 60 minutes after Con-A 
treatment.

CON-A ALSO ENHANCED OSCILLATORY MEMBRANE CURRENTS

Bath application of QA (6-12pM; n= ll) and L-Glu (50pM; n=8) elicited 
responses with an oscillatory component in addition to a smooth response in 
22% and 16% oocytes (bovine and rat) respectively. In these oocytes, pre
treatment with lOpM Con-A markedly increased the oscillatory component as 
well as the smooth response (figure 4.7B). The oscillatory response was 
increased by 87 ± 11% (n=4) and 63 ± 16% (n=3) for QA (6-12pM) and L-Glu 
(50pM) respectively and represented the largest effect of Con-A on non-NMDA 
receptor agonist responses. The oscillatory current was probably the result of 
Qp receptor activation (see Chapter 3).
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DISCUSSION

(i) RECEPTOR DESENSITIZATION: COVERT AND OVERT FORMS

Two different types of receptor desensitization were observed in this study. 
Overt receptor desensitization referred to the decay of the peak response in the 
continued presence of agonist, particularly with AMPA and also with L-Glu 
and QA. For the latter two agonists, examination of desensitization was 
hindered by the appearance of an oscillatory response in addition to the 
smooth, desensitizing component. Overt desensitization was occasionally 
observed with saturating concentrations of KA, apparently dependent on the 
mRNA species used.

Covert desensitization described the reduction to the agonist-response following 
successive and repeated applications of the agonist. All non-NMDA receptor 
agonists tested were susceptible to covert desensitization. Covert 
desensitization was predicted from drug-receptor models constructed from the 
KA dose-response curve (see Chapter 3), which consistently overestimated the 
evoked-response particularly at high agonist concentrations (Bowie & Smart, 
1989). The onset of desensitization to KA was more pronounced at larger 
agonist doses and the recovery-time from desensitization was more prolonged.

The exact molecular mechanism responsible for covert desensitization is not 
known, however, it is interesting to speculate that, as for other EAA receptors, 
Ca2+ ions (Mayer & Westbrook, 1985; Mayer et al, 1987; Zorumski et al, 1989) 
or other intracellular-mediators (MacDonald et al, 1989) may affect this 
phenomenon. Similarly, the precise nature of desensitization of the oscillatory 
response to L-Glu or QA has remained elusive. However, a common mechanism 
explaining a similar period of refractoriness following the response to Ach and 
other receptor agonists in oocytes may be considered (Dascal, 1987).
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(ii) OVERT RECEPTOR DESENSITIZATION WAS AGONIST
DEPENDENT

Overt receptor desensitization was observed with a number of non-NMDA 
receptor agonists, but the presence of this phenomenon was dependent on the 
identity of the agonist. QA, AMPA, L-Glu and p-ODAP all produced an initial 
peak membrane current which decayed in the presence of saturating agonist 
concentrations. In contrast, KA, Dom, BrW and (±)willardiine evoked smooth, 
well-maintained currents which did not fade even after relatively long periods 
of agonist applications. In exception, the response produced by large 
concentrations of KA on bovine mRNA-injected oocytes did exhibit overt 
desensitizing properties which were absent in rat or chick mRNA injected 
oocytes.

These observations have been noted in other studies which have also 
distinguished between non-NMDA agonist response profiles when agonists 
were applied by pressure ejection, ionophoresis (Trussell et al, 1988; Zorumski 
& Yang, 1988), bath application (Bowie & Smart, 1990 and 1991a) or fast- 
agonist application (Grantyn et al, 1987; Mayer & Vyklicky, 1989; O’Dell & 
Christensen, 1989a; Kiskin et al, 1986). However, to make this distinction 
between non-NMDA agonists, it was necessary to refine the experimental 
conditions to allow maximal resolution of the response. Consequently, rapid 
delivery of the agonist to ensure synchronous activation of receptors and the 
employment of a recording mode to permit a high resolution of the response 
(i.e. patch and voltage clamp) were essential features to incorporate. Failure 
to consider these experimental conditions have caused other authors to 
conclude the absence of desensitization when their interpretation may have 
been limited by the slow perfusion of the agonist (Agrawal & Evans, 1986) or 

the method of recording (Hori & Carpenter, 1988). The present study confirmed 
that the rapid onset and decline of the peak current to AMPA was dependent 
upon the rate of agonist application since it was absent when a slower 
perfusion rate was employed. Although a clear qualitative distinction could be 
made between the responses to various non-NMDA agonists using the present 
rate of agonist delivery, comparison with other studies, which used a very rapid
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perfusion technique revealed that bath perfusion limited the resolution of the 
agonist-response for several reasons. First, rapid application of QA (within 
lmsec) to cultured hippocampal neurones, which were whole-cell voltage- 
clamped, activated a large current which rapidly inactivated within 3-8 
milliseconds (Tang et al, 1989). Even then, the amplitude of this transient 
current was underestimated using the whole-cell mode of recording since the 
temporal dispersion of receptor activation widened the duration of the 
response. Thus, rapid application of the agonist from a point source to a large 
area of membrane, such as the Xenopus oocyte (with 1mm diameter), made it 
very difficult to achieve rapid and uniform application of agonist and thus 
partially masked the desensitization observed with non-NMDA agonists, such 
as AMPA. This may explain the apparent disparity between the peak current 

decay for lOOpM AMPA in this study (It / I PEAk = 0-83 ± 0.03) compared to other 
studies (e.g. Mayer & Vyklicky 1989; Iss / IPEAK = 0.26 ± 0.05, n=5).

Second, on cultured hippocampal neurones, rapid application of BrW showed 
fast desensitization although the relative decline of the peak current to the 
plateau response was smaller than QA or L-Glu (Mayer and Vyklicky 1989). 
A transient current was not observed in this study. The resolution of this 
phenomenon may have not been possible with the present perfusion method 
since the decline of the transient current may have been much smaller 
compared to the decline measured for QA or AMPA.

(iii) DIFFERENTIAL DESENSITIZATION ON THE SAME 
RECEPTOR-IONOPHORE

The differential ability of non-NMDA agonists to exhibit overt desensitization 
is interesting, particularly since a number of neuronal studies have proposed 

that the agonists KA and AMPA share the same receptor-ionophore with only 
AMPA evoking a desensitizing response (Zorumski and Yang 1988; Trussell et 
al 1988; Kiskin et al 1986; O’Dell and Christensen 1989a). Recently, functional 
studies expressing recombinant non-NMDA receptors observed responses to 
both AMPA and KA strengthening the concept of a single receptor-ionophore 
(Boulter et al, 1990; Keinanen et al, 1990). In the present study, responses
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evoked by these agonists appear to be mediated through a common receptor- 
protein in rat-mRNA injected oocytes (see Chapter 6). The production of overt 
desensitization by AMPA and not KA is still compatible with these agonists 
acting at the same receptor-ionophore.

KA and AMPA may bind to the same "binding site" on the receptor where each 
agonist induces a different rate of desensitization and response-amplitude 
(efficacy). In support of this, Patneau & Mayer (1991), recently proposed KA 
and AMPA show mutual competition for the agonist recognition site on mouse 
hippocampal neurones. Therefore it is conceivable that the binding of agonists 
to the same receptor-ionophore can still permit receptor desensitization to be 
produced by some agonists whilst others do not. Alternatively, KA and AMPA 
could bind to the same receptor but at two discrete agonist-binding sites. In 
this situation, both agonists open the same channel but the gating of the 
channel is controlled from two distinct sites on the receptor. In support of this 
concept, it has been reported that KA and AMPA responses can be 
pharmacologically distinguished with SCN' ions when both agonists were 
apparently binding to the same receptor-ionophore (Bowie & Smart 1991b; see 
Chapter 7). This observation might suggest discrete binding sites for each 
agonist on the receptor-protein.

(iv) MECHANISM OF RECEPTOR DESENSITIZATION

The mechanism responsible for desensitization may result from the run down 
of ion-gradients, depletion of second messenger stores or internalisation of the 
receptor. However, these mechanisms are unlikely to account for the 
desensitization observed in the present study since they occur secondary to 
receptor activation and require prolonged agonist application. The exact 
molecular mechanism responsible for desensitization of agonist-activated ion- 
channels is not fully understood. This phenomenon has been studied in most 
detail at the nicotinic acetylcholine receptor-ionophore complex where a 
number of possibilities have been proposed (Katz & Thesleff, 1957; Feltz & 
Trautmann, 1982; Sakmann et al, 1980).
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One possibility is that a number of receptor conformational states exist 
connected via a cyclic kinetic scheme (Katz & Thesleff, 1957). In addition to 
resting and active forms of the receptor, a non-conducting (desensitized) 
conformation may be present. Furthermore, more complex models with 
multiple kinetic rates have suggested the existence of at least two discrete 
desensitized states distinguished by their fast and slow phases of onset and 
offset (Feltz & Trautmann, 1982).

In chick spinal cord neurones, the glutamate receptor shares a number of 
properties with the nicotinic acetylcholine receptor (Trussell et al, 1989). Like 
the acetylcholine receptor, a fast and slow component of desensitization and 
recovery was found and was consistent with the presence of at least two 
desensitized receptor states. Furthermore, a recent study on rat hippocampal 
neurones suggested that the desensitization was not explained simply by a 
number of different kinetic states of the receptor but should also account for 
the multiple channel conductance levels observed (Tang et al, 1989). Fast 
application of QA elicits a transient current, in the hippocampus, carried by a 
high conductance channel (35pS) which rapidly inactivates to a maintained 
current carried by a channel of much lower conductance (8pS). Although both 
components of the response show similar pharmacological properties they may 
be distinguished by the insensitivity of the transient current to Con-A 
treatment (Mayer & Vyklicky, 1989). Due to the extremely rapid activation rate 
of the 35pS channel, it would be interesting to examine the possibility that the 
activation of this channel resulted from a monoliganded receptor as opposed to 
a bi-lganded, cooperative interaction which would tend to have a slower rate 
of activation.

Another potential mechanism for desensitization involves the blockade of the 
open-channel by the agonist molecule itself. In this scheme, the fast recovery 
component of desensitization could be explained by the dissociation of the 
agonist from the open-blocked channels whereas the slow component is the 
result of the channel closing around the agonist molecule or from slow loss of 
intracellular agonist. Such a mechanism has been proposed to account for 
desensitization of frog endplate ACh-receptors where it occurs with high
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concentrations of agonist (Adams, 1975). This phenomenon has not been 
investigated in detail on non-NMDA receptors, however, there is some evidence 
to suggest that receptor activation by QA leads to use-dependent block by the 
agonist molecule (Vyklicky et al, 1986; Geoffroy et al, 1991).

(v) THE REBOUND INWARD TAIL CURRENT MAY RESULT FROM 
AGONIST BLOCKADE OF THE CHANNEL

It is not known if the mechanism responsible for receptor desensitization, in 
the continued presence of AMPA, was related to the "rebound inward tail 
current" elicited upon washout of the agonist. Clearly, the presence of both 
phenomena was dose-dependent appearing only at saturating concentrations 
of the agonist. However, in other studies, where desensitization to the AMPA 
response was clearly demonstrated, a "rebound tail current" was absent (Mayer 
& Vyklicky, 1989; O’Dell & Christensen, 1989a and b; Kiskin, et al, 1986; 
Trussell, et al, 1988; Zorumski & Yang, 1988). Despite this, the presence of 
both phenomena and the dose-dependency has been routinely observed in a 
variety of neuronal studies (Perouansky & Grantyn, 1989; Tang et al, 1989; 
Vlachova et al, 1987; Vyklicky et al, 1986; Geoffroy et al, 1991). The appearance 
of the rebound tail current required larger agonist concentrations than was 
necessary to evoke desensitization in the continued presence of the agonist 
(Tang et al, 1989; Perouansky & Grantyn, 1989).

A "rebound tail current" has been observed on studies with the nicotinic 
acetylcholine receptor ionophore where the appearance of this current was 
associated with receptor activation since it was reduced by receptor antagonists 
(Adams, 1975). It was postulated that the agonist molecule blocked the open- 
channel (see above) but that relief of the block during wash-off allowed re
activation of the receptor by the "trapped agonist molecules" and resulted in 
a "rebound tail current". A similar conclusion was suggested to account for the 
appearance of an "after-current" upon discontinuation of QA on chick spinal 
cord neurones (Vlachova et al, 1987; Vyklicky et al, 1986).
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(vi) OVERT DESENSITIZATION TO KAINATE WAS SPECIES-
DEPENDENT

Overt desensitization produced by saturating concentrations of KA occurred 
only in bovine-mRNA injected oocytes and shares similar properties to the 
AMPA response. In both cases, KA and AMPA produced a rapidly-developing 
peak current at near-maximal concentrations which decayed in the continued 
presence of the agonist. Furthermore, discontinuation of agonist-exposure 
evoked a rebound tail-current. The additional, oscillatory component 
occasionally observed during desensitization to KA, may be due to a calcium- 
dependent chloride conductance found endogenously in the oocyte; activated by 
elevated levels of intracellular Ca2+ (Dascal, 1987). This suggests that the 
intracellular Ca2+ ion concentration is probably elevated possibly by Ca2+ 
passing directly through KA-channels (lino et al, 1990; see Chapter 5).

On comparison with other studies, the desensitizing response elicited by KA 
was somewhat unique. In the CNS, currents gated by KA do not desensitize, 
but maintain their initial amplitude for the full duration of agonist-exposure 
(Kiskin et al, 1986; Mayer & Vyklicky, 1989; O’Dell & Christensen, 1989a). 
However, in the periphery, a sub-population of primary afferent C-fibres of rat 
dorsal root (DRG) neurones, exhibit desensitization during prolonged exposure 
to KA (and Dom). However, a number of properties of the KA-response in DRG 
neurones suggest that it is different from the desensitization to KA in this 
study.

First, the receptors, in each study, have a different sensitivity to KA since half- 
maximal activation of the receptor in DRG neurones was achieved with lower 
concentrations of agonist (c.f. Huettner, 1990: EC50 = 15pM and Chapter 3). 
Second, responses to KA exhibited profound desensitization, in DRG cells, 
which was sensitive to Con-A treatment; contrasting with the present study. 
Finally, patch-clamp and noise analysis in DRG’s suggested that both KA and 
AMPA activated the same receptor-ionophore. In this study, using bovine 
mRNA, the interpretation from KA and AMPA interactions suggested that the 
antagonism of the KA response by AMPA (and QA) was inconsistent with a
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common receptor-ionophore (Chapter 6; Bowie and Smart, 1990). However, it 
is worth noting that different KA-receptors, distinguished by their agonist- and 
antagonist-sensitivity (Calabresi et al, 1990; Henley et al, 1990), voltage- 
dependence (Bowie & Smart, 1989,1990 and 1991a; Randle et al, 1988 and lino 
et al 1990) and ionic permeability (lino et al, 1990), may exist in the CNS.

(vii) CONCANAVALIN-A RELIEVED DESENSITIZATION AND 
INCREASED MEMBRANE OSCILLATIONS

Con-A was tested on responses to non-NMDA receptor agonists since this 
agent has been reported to reduce desensitization at invertebrate and 
vertebrate receptors (Mayer & Vyklicky, 1989; Mathers & Usherwood, 1976). 
The responses to KA, Dom and (±)willardiine were unaffected by Con-A 
treatment whereas the smooth responses to AMPA were enhanced. These 
results are in agreement with studies on CNS neurones from the hippocampus 
(Mayer & Vyklicky, 1989) and retina (O’Dell & Christensen, 1989a) which 
reported that Con-A selectively reduced desensitization to some non-NMDA 
agonists without affecting the amplitude of currents gated by KA and Dom 
(however, see also Huettner, 1990). In this study, the effect of Con-A was a 
time-dependent process requiring a period of 20-30 minutes pre-incubation with 
a relatively high concentration of Con-A (lOpM) before an effect on AMPA was 
observed. In other studies, however, 30nM-10pM (O’Dell & Christensen, 1989a 
and b) and 2.5pM (Mayer & Vyklicky, 1989) Con-A reduced desensitization to 
non-NMDA receptor agonists over shorter periods of incubation. The apparent 

difference between the period of incubation and quantity of Con-A used in 
previous studies and the present study probably can be explained by the size 
of the cell under study. It may be envisaged that the larger size of the Xenopus 
oocyte (compared to CNS neurones) would require a longer period of incubation 
and larger concentration of Con-A to be used. Geoffroy et al (1989) reported 
that, in Xenopus oocytes, Con-A enhanced the response to NMDA only after a 
30 mins. period of incubation and with lOpM Con-A.

Both IpEAK and It responses to AMPA were enhanced as a result of pre
treatment with Con-A. However, of the two components, It was increased by

107



more. On hippocampal neurones, the steady-state (similar to It) response 
evoked by AMPA was also enhanced by Con-A, however, the peak current was 
relatively insensitive to this agent (Mayer & Vyklicky, 1989). The apparent 
disparity between the effect of Con-A on the peak current in these studies, 
probably reflected the rate of agonist perfusion applied in each case. On 
hippocampal neurones, an accurate measurement of the peak response was 
possible only because rapid (clOms) delivery of the agonist occurred almost 
prior to receptor desensitization (Mayer & Vyklicky, 1989; Tang et al, 1989). 
In contrast, a rapid drug-exchange time was not possible in the present study 
with the result that the peak current response was probably evoked with 
receptors already undergoing desensitization. In this case, the peak current 
may be sensitive to Con-A but to a lesser extent than It which had already 
undergone further desensitization.

n
In addition to i^s effect on AMPA, Con-A also enhanced the smooth and 
oscillatory currents evoked by QA and L-Glu. In some cases, the oscillatory 
component was only evident after pre-treatment with Con-A. The smooth and 
oscillatory responses are the result of different receptor mechanisms since they 
can be distinguished by their receptor pharmacology and ionic conductance 
(Schoepp et al, 1990; Smart, 1989). The smooth response results directly from 
ligand activation of a receptor-ionophore similar to AMPA (Mayer & 
Westbrook, 1987b) whereas the ionic conductance producing the oscillatory 
component is evoked secondary to phosphoinositide metabolism (Sugiyama et 
al, 1987).

The molecular mechanism by which Con-A modulates the response to non- 
NMDA receptor agonists has not been determined. However, it is conceivable 
that, in this study, the effects of Con-A were mediated by more than one 
mechanism; two possibilities may be considered. Firstly, Con-A, which binds 
to specific carbohydrate residues (Goldstein et al, 1965), can exist in a 
tetrameric form and promote membrane protein aggregation. Lateral mobility 
of proteins are altered by cross-linking or aggregation of membrane proteins, 
such as receptors, and may be responsible for the action of Con-A on non- 
NMDA receptors. Indeed, this mechanism has been proposed to account for the
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effect of Con-A on mammalian quisqualate receptors (Mayer & Vyklicky, 1989). 
The moderate enhancement of the AMPA response may occur through a similar 
mechanism involving receptor aggregation as proposed by Mayer & Vyklicky 
(1989). Moreover, this possibility may be tested by experimental manipulations, 
such as temperature, colchicine and dimerisation of Con-A, which prevent 
receptor clustering (Kehoe, 1978). In contrast however, the same mechanism 
does not account for the effect of Con-A on KA or QA responses in DRG cells 
since the succinylated, dimeric form of Con-A, which prevents aggregation, was 
also effective (Huettner, 1990).

The second possible mechanism involves the action of Con-A through a second 
messenger pathway, as in the modulation by Con-A of potassium (Lin et al, 
1989) and calcium (Kuno et al, 1986) channel activity. Indeed, this may be a 
possible explanation for the mechanism by which Con-A "unmasks" quiescent 
glutamate receptors on molluscan neurones (Kehoe, 1978). A similar 
explanation may be applied to the enhancement of oscillatory responses to QA 
or L-Glu where membrane fluctuations were occasionally revealed only after 
Con-A treatment. Oscillatory membrane fluctuations in Xenopus oocytes also 
occur via a second messenger pathway involving phosphoinositide metabolism 
(Schoepp et al, 1990; Sugiyama et al, 1987). These membrane oscillations can 
be invoked in mRNA-injected or uninjected oocytes with a variety of substances 
which activate an endogenous chloride conductance in the oocyte through a 
common mechanism (Dascal, 1987). Consequently, it would be interesting to 
test the effect of Con-A on agonists which, like QA or L-Glu, evoke membrane 
oscillations in the oocyte also.
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FIGURE 4.1: AMPA PRODUCED OVERT DESENSITIZATION. (A) M embrane 

currents to 100pM AMPA were m easured  in an oocyte injected with rat brain 
mRNA at different bath perfusion rates (H.P.= -60mV). Overt desensitization w as

evident at rapid rates of perfusion (8-10mls/min.) and ab sen t at lower values (2- ^

4mls/min.). (B) The response  to 50 jiM L-Glu (calf mRNA) exhibited smooth and 
oscillatory com ponents  (H.P.= -60mV). Similar re sp o n ses  were observed  to QA (6-

12pM). The oscillatory response  had a  slower onset and  could even  occur after the 
removal of L-Glu or QA from the perfusate. Regular hyperpolarising voltage

com m and s tep s  (5mV; 1.5 sec. duration, 0.05 Hz) were used  to monitor m em brane

conductance.

A 2-4mls/mln 8-10mls/min

IOOjiM AMPA 100yM AMPA
10nA

60s

B

50hM L-Glu
20nA

60s
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FIGURE 4.2: DESENSITIZATION PRODUCED BY AMPA WAS DOSE-

DEPENDENT. (A) Saturating levels of AMPA (100-200pM) were applied to an

oocyte that had been  previously injected with rat brain mRNA (H.P.= -60mV). The

decay  of the  peak  current (lPEAK), m easured  after 90 s e c s  (lt), w as  g rea te r  for

200|iM AMPA than 100pM and represen ted  dose -d ep en d en t receptor 
desensitization. Furthermore, at th e se  concentrations of AMPA, a  rebound tail

current ( I R E B o u n d )  w as observed  upon removal of the  agonist from the perfusate.

Note, that I R E B o u n d  w as  larger with 200pM AMPA. Hyperpolarising voltage

com m and s tep s  (5mV; 1.5 sec . duration, 0.05 Hz) were u sed  to monitor m em brane

conductance. (B) The I/IPEAk ratios were calculated for 25pM (0.96 ±  0.04; n=3),

50pM (0.91 ±  0.03; n=4), 10OpM (0.83 ± 0.03; n=10) and  200pM (0.67 ±  0.04; n=4) 
AMPA and ex p ressed  a s  the  m ean ± s.e.m . The decay  of the  peak  re sp o n se  w as  
g rea ter  at larger agonist concentrations and  w as consistent with d o se-d ep en d en t

desensitization. At lower agonist concentrations (<25pM), receptor desensitization 
w as  not de tected . Pre-treatment with 1 0 jiM Con-A, reduced desensitization 
produced by 100pM AMPA (0.90 ±  0.04; n=3).
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FIGURE 4.3: MEMBRANE CURRENTS TO KA, BrW AND (±)WILLARDIINE WERE 
NON-DESENSITIZING. (A+B) In the sam e oocyte (bovine mRNA), equi-molar

concentrations (80pM) of KA and BrW produced large m em brane  currents that 
w ere  well-maintained in the continued presence of the agonist (H.P.= -60mV). The

resp o n se  to KA (B) did not fade even during prolonged bath application (up to 

5mins. in som e cases) . (C) The response evoked by 160pM (±)willardiine similarly 
show ed  no sign of desensitization even with fast agonist-perfusion (c.f. figure

4.1 A). Hyperpolarising voltage command steps  (5-1 OmV, 1.5 sec . duration, 0.05 

Hz) were superim posed onto the holding potential (H.P.= -60mV) to monitor 

m em brane  conductance.
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FIGURE 4.4: OVERT DESENSITIZATION TO KAINATE WAS SPECIES- 

DEPENDENT. Saturating concentrations of KA (2-5mM) were applied to oocytes 

injected with calf, chick and rat brain mRNA (H.P.= -60mV). In chick and  rat 

mRNA-injected oocytes, KA produced a  large, well-maintained current. In contrast, 

the  response  evoked by KA (3-5mM) in calf mRNA injected oocytes, clearly 

desensitized in the continued presence  of the agonist. Note, an additional 

oscillatory com ponent w as observed with 5mM KA. Hyperpolarising voltage 

com m and s teps  (10mV, 1.5 sec. duration, 0.05 Hz) were superim posed on the 

holding potential to monitor mem brane conductance.
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FIGURE 4.5: COVERT DESENSITIZATION WAS OBSERVED WITH KAINATE 

AND L-GLUTAMATE. (A) The re sponses  evoked by KA (640pM) were m easured  
in an  oocyte injected with bovine mRNA at three different time intervals (t = O’, 4 ’

and 36 ’; s e e  arrows). The mem brane potential w as held at -40mV and

hyperpolarizing voltage command s teps (10mV, 1.5 sec. duration, 0.05 Hz) were

applied to monitor m em brane conductance. The peak  current amplitude to KA

(m easured  at t = O’) w as reduced by 30% following a  brief recovery period

(m easured  at t = 4 ’). Furthermore, recovery from desensitization (t = O’) w as not

achieved even after 30 mins. of further recovery (m easured  at t = 3 0 ’). (B) The

oscillatory response  produced by 5 0 |liM L-GIu covertly desensitized following a  

success ive  agonist application after 15 mins. In most oocytes  tested,

desensitization of this oscillatory response  w as relatively irreversible permitting only

a  limited num ber of drug applications.
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FIGURE 4.6: THE ONSET AND RECOVERY FROM COVERT DESENSITIZATION 

WAS DOSE-DEPENDENT. The experimental protocol described in figure 4.5A w as 

u sed  to examine the effect of different agonist concentrations (20-640|j,M KA) on 
desensitization onset ( • )  and recovery (□). In each  case , the re sponse  to different

agonist concentrations w as m easured  at three different time intervals (t= O’, 4 ’ and 

3 6 ’). The onset of desensitization w as determined using the equation: 1 - (14 / 10) 

and  recovery from desensitization w as calculated using the  ratio : l4 / 136. Finally, the 

va lues (mean ± s.e.m.) determined for onset and recovery were plotted against 

log10 KA concentration (n = 3 for each  dose). The onset and  recovery of the 

kainate response  was dose-dependent. Near maximal concentrations of KA 

produced a  g reater onset and less recovery from desensitization.
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FIGURE 4.7: CONCANAVALIN-A ENHANCED R ESPO N SES TO AMPA AND QA. 

(A) The effect of 10pM Con-A w as tested  on re sp o n ses  to 100fiM AMPA in an 

oocyte injected with rat brain mRNA (H.P.= -60mV). The onset of the  Con-A effect

w as  a  tim e-dependent p rocess  requiring a  30-45 mins. pre-incubation period for

optimal effect. Con-A enhanced  lt (40 ± 5%) to 100pM AMPA more than lPEAK (25

± 3%). After Con-A treatment, the rebound tail current observed  following agonist 
wash-out w as absent. (B) Con-A (10pM) enhanced  the smooth and oscillatory 
re sp o n ses  to 6pM QA. The oscillatory component w as enhan ced  more than the 
smooth response . Hyperpolarising voltage com m and s teps  (5-1 OmV, 1.5 sec.

duration, 0.05 Hz) were superim posed on the holding potential (H.P.= -60mV) in

(A) and (B).
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FIGURE 4.8: CONCANAVALIN-A DID NOT AFFECT R E SPO N SE S TO KAINATE 

OR (±)WILLARDIINE. Rat brain mRNA-injected oocytes were incubated with 10|iM 
Con-A for ,30-45 mins. and the effect on responses  to KA (80pM) and  willardiine 
(100pM) w as tested. In each case , the agonist-response w as unaffected by Con-A. 
Hyperpolarising voltage command s teps  (5-1 OmV; 1.5 sec. duration, 0.05 Hz) were

superim posed  on the holding potential (H.P.= -60mV) to monitor m em brane 

conductance.
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CHAPTER 5:

CURRENT-VOLTAGE ANALYSIS OF 
NON-NMDA RECEPTORS

INTRODUCTION

The effect of membrane voltage on conductance mechanisms activated by 
receptor agonists has been studied universally using current and voltage clamp 
techniques. Current-clamp estimates the effect of membrane hyperpolarization 
or depolarization on the agonist-response by inference from the membrane 
resistance change. However, experimental interpretation is limited with this 
technique due to the poor time-resolution which is governed, in part, by the 
capacitance of the membrane. In contrast, the effect of membrane capacitance 
is reduced in voltage-clamp by the control of membrane potential allowing 
direct measurement of the current-response.

The current-voltage (I-V) relationship determined using voltage clamp permits 
calculation of ionic conductance through receptor operated ion-channels by 
assuming a linear Ohmic relationship for current flow (Hille, 1984). To a first 
approximation, the linear law is an excellent guide, however, it does not 
account for the curvature expected from explicit calculations of ionic electro- 
diffusion in channels (Goldman, 1943; Hodgkin, 1951; Hodgkin & Katz, 1949; 
Hille, 1984). This phenomenon, which occurs particularly whenever there is a 
high displacement of permeant ions across the membrane, is predicted by the 
Goldman-Hodgkin-Katz (GHK) current equation. Further deviation of the I-V 
from that predicted by the GHK equation is regarded as rectification of the 
membrane current usually as a result of voltage-dependent mechanisms. For 
example, altered ion-channel gating properties or channel blockade may cause 
membrane rectification which is inward or outward according to the direction 
of the deviation.

I-V relationships also estimate the reversal potential (VREV) of the agonist- 
evoked current which represents the membrane potential where net current
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flow is zero. The value estimated for VREV can be used, with non-permeant 
cations and anions, to calculate ionic selectivity and permeability ratios of ion- 
channels from the GHK voltage equation. Furthermore, the molecular 
dimensions of ionic-channels may be estimated using ions of different atomic 
dimensions.

The application of I-V analysis to non-NMDA receptors has been particularly 
fruitful. Indeed, examination of these receptors using patch- and voltage-clamp 
techniques, has permitted an estimation of channel selectivity from ion- 
substitution experiments, which predict a membrane conductance equally 
permeable to sodium and potassium ions (Ascher & Nowak, 1988; lino et al, 
1990; Jahr & Stevens, 1987; Mayer & Westbrook, 1987). Furthermore, I-V 
analysis has been used to study the likely molecular dimensions of these 
channels (Randle et al, 1988; Vyklicky et al, 1988).

However, it has proved more difficult to confirm the traditional division of non- 
NMDA receptors into KA- and QA/AMPA-preferring types by 
electrophysiological means using I-V analysis (Watkins & Evans, 1981). In 
most cases, KA and AMPA activate a similar mixed cation conductance, which 
is weakly voltage-sensitive and where the membrane conductance is greatest 
at positive membrane potentials (> +20mV). Furthermore, each agonist opens 
single-channels with similar multiple conductance states (Cull-Candy & 
Usowicz, 1987; Jahr & Stevens, 1987; Ascher & Nowak, 1988). More rarely 
however, KA and AMPA activate responses with different I-V characteristics 
(Bowie & Smart, 1991a; lino et al, 1990). In this case, the KA-response exhibits 
inward rectification at positive (> +20mV) membrane potentials (Bowie & 
Smart, 1989, 1990 and 1991a; lino, et al 1990; Gilbertson et al, 1991; Parker 
et al, 1985; Randle et al, 1988) and is believed to be additionally asssociated 
with calcium permeability (lino et al, 1990; Gilbertson et al, 1991). In contrast, 
the response to AMPA is weakly-voltage sensitive (Bowie & Smart, 1991a; lino 
et al, 1990) and much less permeable to calcium ions (lino et al, 1990).

I-V relationships to various non-NMDA receptor agonists have been 
investigated in oocytes injected with mammalian (calf and rat) and avian
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(chick) brain mRNA. We have identified two membrane currents to KA which 
were differentiated by their voltage sensitivity and are likely to represent 
nascent conductances (receptors) found in neurones. In some cases, KA 
additionally activated endogenous conductances in the oocyte by a mechanism 
apparently involving an elevation of cytosolic calcium. Finally, we tested 
whether different voltage-dependent conductances produced by KA and AMPA, 
in the same oocyte, provided evidence for separate receptor/ion-channel 
complexes.

RESULTS

(i) NON-NMDA AGONIST RESPONSES ARE DIFFERENTIATED BY
THEIR VOLTAGE SENSITIVITY

In this study, current-voltage (I-V) relationships were determined for a range 
of non-NMDA receptor agonists using two different methods described below. 
In each case, the agonist evoked membrane currents had the same reversal 
potential, however, the responses could be differentiated by the type of voltage 
sensitivity observed.

In oocytes injected with rat, chick or calf brain mRNA, QA, AMPA and L-Glu 
all produced responses which were voltage sensitive with the agonist-evoked 
membrane conductances increasing as the membrane was depolarised (i.e. 
outwardly rectifying). KA evoked two types of response which were 
differentiated by their voltage sensitivity and were apparently species- 
dependent. Like AMPA (QA or L-Glu), the current produced by KA in oocytes 
injected with rat brain mRNA, showed outward rectification at positive 
membrane potentials where the greatest membrane conductance was observed 
at membrane potentials greater than +10mV. In contrast, in oocytes injected 
with calf and chick brain mRNA, membrane currents evoked by KA, Dom and 
BrW exhibited inward rectification at extreme positive membrane potentials. 
At extreme negative membrane potentials (> -120mV), the agonist-evoked 
membrane current rectified outwardly. The maximum membrane conductance 
evoked by these agonists was between -50mV to -80mV membrane potential.
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(ii) DETERMINATION OF CURRENT-VOLTAGE RELATIONSHIPS

The I/V relationship to each non-NMDA receptor agonist was determined using 
voltage clamp by two separate methods (figures 5.1-5.4). In the first and more 
common method used, the holding membrane potential was stepped to various 
pre-determined values in the presence and absence of the agonist. The drug- 
induced current at each membrane potential was then calculated by 
subtraction of the instantaneous leakage currents, measured at the onset of the 
voltage command step (figure 5.1), in the presence and absence of the agonist 

( I l e a k + a g o n i s t  _  I l e a k  = Al)- Finally, the agonist-evoked current at each 
membrane potential was determined by the addition of Al with the current 
produced by the agonist at the holding potential (figure 5.2A and B). For the 
alternative method, the membrane potential was ramped over a 120mV voltage 
range for a period of 10 seconds in the presence and absence of the agonist. The 
drug-induced current was obtained after subtraction of the "control" ramp I/V 
(figures 5.3 and 5.4).

In each case, consistent results were obtained with each method used. For 
example, a comparison between the membrane current evoked by 160pM KA, 
using incremental voltage steps (figure 5.2B) and the ramp (figure 5.4B) 
methods, revealed similar agonist-evoked currents at each membrane potential. 
However, it is worth noting that, a number of features were characteristic to 
each method. The "ramp" was the more rapid method employed to determine 
the I/V relationship of the agonist where several ramps of the membrane could 
be achieved during only one application of the drug (3-4 ramps). However, it 
was difficult to differentiate between the leakage and drug-induced currents in 
oocytes with a low input resisitance (< 1MQ). Furthermore, this situation was 
exacerabated when the drug-induced current to be measured was small (e.g. 

with AMPA, QA and L-Glu; =10nA). In contrast, it took much longer to 
determine the agonist I/V relationship using the "stepping" method. However, 
the voltage clamp recording was more stable and only one drug-application was 
necessary for an accurate estimation of the drug-induced membrane current.
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(iii) TWO TYPES OF KAINATE CURRENT
WERE SPECIES DEPENDENT

In this study, two types of KA response were revealed upon determination of 
their I/V relationship. Furthermore, the appearance of a particular type of KA 
response was dependent on the species of mRNA chosen for expression in the 
oocyte. A comparison between the two types of KA-response was made in figure 
5.5 where the agonist-evoked current, in each case, was normalised at -60mV 
membrane potential. Bath application of 80pM KA to a chick or ra t mRNA 
injected oocyte produced a current which exhibited inward or outward 
membrane rectification respectively. Note that the current produced by KA in 
the chick mRNA injected oocyte exhibited outward rectification at extreme 
negative membrane potentials also. Similar inward rectification to KA was also 
observed in oocytes injected with calf brain mRNA. Inward rectification 
produced by KA in chick or calf mRNA injected oocytes was observed 
regardless of the method used to determine the I-V relationship (c.f. figures 5.2 
and 5.4).

This difference between the two types of KA-response was further highlighted 
by determining the chord conductance-voltage (G/V) relationships (figure 5.6). 
In oocytes injected with calf or chick brain mRNA, 80pM KA (n=7) produced 
a bell-shaped chord G/V plot which described a region of maximum membrane 
conductance between -lOOmV to -60mV membrane potential (figure 5.7A). In 
each case, the minimum membrane conductance was characteristically 
observed at positive membrane potentials (i.e. > -1-lOmV). In comparison, a 
voltage insensitive membrane conductance was produced by 80pM KA (n=6) at 
negative potentials less than -20mV in oocytes injected with ra t brain mRNA. 
However, the membrane conductance increased at depolarised membrane 
potentials greater than +20mV (figure 5.6B).

To allow a quantitative comparison between the degree of rectification 
produced by KA at positive membrane potentials in each mRNA injected 
oocyte, a chord conductance-rectification ratio (GR) was determined. All 
agonists tested had similar reversal potentials (-6mV ± 2mV, n=72), therefore,
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the ratio was calculated by measuring the chord conductance ± 40mV of the 
reversal potential (i.e. GR = G+30 / G'50) and used as an index of rectification. 
Ratio values less than 1 predicted a I/V relationship which displayed inward 
rectification at positive membrane potentials whereas a value greater than 1 
predicted outward rectification. In oocytes injected with calf and chick brain 
mRNA, the GR value for 80pM KA was 0.44 ± 0.06 (n=9) and 0.45 ± 0.06 (n=7) 
respectively whereas the GR value for 80pM KA in oocytes injected with rat 
mRNA was 1.49 ± 0.15 (n=6) (table 5.1).

(iv) CHARACTERISATION OF THE INWARD RECTIFICATION
PRODUCED BY KAINATE

There was a number of reasons to characterise further the voltage sensitive 
current produced by KA in oocytes injected with chick or calf brain mRNA. 
Firstly, in most neuronal studies, KA activated a membrane conductance that 
was only weakly voltage sensitive (Mayer & Westbrook, 1984; Ascher & Nowak, 
1988), therefore, it was of interest to study an apparently unique membrane 
conductance activated by KA. In particular, the inward rectification produced 
by KA has not, as yet, been studied in detail. Secondly, it was important to 
investigate, the mechanism responsible for the inward rectification observed 
at positive membrane potentials.

Inw ard  r e c t ific a t io n  was d o se -d e pe n d e n t

In calf and chick mRNA injected oocytes, the inward rectification observed at 
positive membrane potentials to 80pM KA (figures 5.5 and 5.6A) was not 
unique to this agonist concentration but could be observed at other agonist 
concentrations. Inward rectification was demonstrated by constructing I-V 
relationships for each concentration of agonist (20pM-160]LiM, n=4) in the same 
oocyte (figure 5.7). In each I-V, the agonist-evoked membrane conductance was 
greatest between -80mV and -20mV (figure 5.8). Comparison of the GR values 
(Gr = G+30 / G'50) calculated for each agonist dose, revealed that the degree of 
rectification was dependent on the agonist concentration, since the 
phenomenon became more apparent with larger concentrations of KA (table
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5.2), 160]liM KA (GR = 0.35 ± 0.02, n=4) producing a greater degree of inward 
rectification compared to 20pM KA (GR = 0.81 ± 0.10, n=4). The rectification 
was not, however, dependent on the absolute amplitude of the membrane 
current evoked by KA in each oocyte since similar GR values could be observed 
at a given agonist concentration in oocytes exhibiting different levels of 
receptor expression.

The affinity and efficacy of KA as a non-NMDA receptor agonist was also 
apparently dependent on the membrane potential (figure 5.9). Construction of 
log. dose/response curves to KA ait various membrane potentials (-140mV, - 
60mV and +40mV) revealed that the maximum membrane conductance 
achieved by KA at negative membrane potentials (e.g. -140mV and -60mV) was 
reduced at more depolarised values (e.g. +40mV). More detailed analysis of this 
phenomenon is required if the effect of membrane potential on the Hill 
coefficient and EC50 values can be determined.

Inw ard  r e c t ific a t io n  also  occurs  w ith  o t h er  ka-a g o n ists

Inward rectification at positive membrane potentials could be observed with 
other non-NMDA receptor agonists in addition to KA. Dom (20-80pM, n=6) and 
BrW (20-100pM, n=8) both elicited large, non-desensitizing membrane currents 
in calf and chick mRNA injected oocytes in a manner similar to KA (see 
Chapter 3) and produced inward rectification at all agonist concentrations 
tested. Furthermore, the degree of rectification observed with these agonists 
was also dose-dependent with the rectification increasing at larger agonist 
concentrations (data not shown). To examine the effect of different agonists on 
inward rectification, KA, Dom and BrW were applied to the same oocyte 
injected with chick brain mRNA using equi-effective doses of each agonist to 
eliminate the possible effect of dose-dependent rectification. Determination of 
the I-V relationship for each agonist in the same oocyte revealed that the 
degree of rectification produced by equi-effective agonist concentrations were 
approximately the same (GR = 0.49 ± 0.02) since the I-V plots could be 
superimposed upon one another (figure 5.10). Clearly then, agonists other than 
KA were capable of inducing inward rectification.
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(v) OUTWARD RECTIFICATION OF KAINATE RESPONSES IN 
OOCYTES INJECTED WITH CALF AND CHICK BRAIN mRNA

The two types of KA response which were identified by the characteristics of 
their I-V relationship, were also associated with a particular source of mRNA. 
Thus, the inwardly rectifying portion of the KA response was observed only in 
oocytes injected with calf and chick brain mRNA, whereas, outwardly rectifying 
responses were observed in oocytes injected with ra t brain mRNA. 
Occasionally, however, the response to KA in calf or chick brain mRNA injected 
oocytes showed outward rectification at positive membrane potentials, in 
contrast to the usual inward rectification of the membrane current. Outward 
rectification produced by KA in these oocytes, displayed similar properties to 
the I-V relationship normally observed with KA in oocytes injected with rat 
brain mRNA. One possibility to explain this occasional variability was that the 
presence of inward or outward rectification to KA in oocytes injected with calf 
or chick brain mRNA, was the result of differential expression of different KA 
receptors exhibiting different voltage-sensitive conductance mechanisms. In 
this case, the appearance of different KA responses may be due to the 
expression of a heterogeneous mixture of mRNAs, that might be expected to be 
found in mRNA preparations extracted from calf or chick brains.

The properties of the outward rectification produced by KA in oocytes injected 
with calf or chick brain mRNA, were therefore compared with the inward 
rectification more usually observed. It was revealed that the apparent random 
appearance of outward rectification to KA, was probably not the result of a 
heterogeneous mixture of expressed KA receptors, but, could be better 
explained by a KA-induced increase in intracellular calcium which activated an 
outwardly rectifying chloride conductance.

E x p r e s s io n  o f  h e t e r o g e n e o u s  mRNAs did  not  e x pl a in  outw ard

RECTIFICATION

Outward rectification produced by KA at positive membrane potentials, was
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observed in 16% (n=7) of Xenopus laeuis oocytes injected with either calf or 
chick brain mRNA. In each case, a relatively linear I-V relationship was 
obtained to KA at positive membrane potentials where inward rectification 
would be normally observed (figure 5.11). The normalised chord G-V 
relationship to 80pM KA in figure 5.11, demonstrates that the KA evoked- 
membrane current in these oocytes was only weakly voltage sensitive. The GR 
value calculated for this agonist concentration was 1.06 ± 0.08 (n=5), in 
contrast, to the voltage-sensitive membrane current normally evoked by 80pM 
KA (Gr = 0.45 ± 0.03) in oocytes injected with this mRNA (c.f. figure 5.6A and 
table 5.1).

A comparison between the resting properties of injected oocytes and the 
corresponding KA membrane currents evoked in oocytes exhibiting outward or 
inward rectification was made in table 5.3. In each case, the responses to KA 
exhibited similar current amplitudes and reversal potentials; however, the 
resting input resistance of each mRNA-injected oocyte was consistently 
correlated with the appearance of a particular type of rectification (table 5.3).

The reversal potentials to 80pM KA, revealed little difference between the null 
potential values estimated in oocytes exhibiting inward (VREV= -5 ± 1.5mV; n=7) 
or outward (VREV = +2.5 ± 2.5mV; n=7) rectification and suggested a similar 
ionic permeability for each agonist-evoked membrane current. Furthermore, the 
apparently random appearance of inward or outward rectification was not the 
result of different levels of expression in individual oocytes, since the amplitude 
of membrane currents evoked by KA were similar. Table 5.3 demonstrates that 
the current response to 80pM KA (H.P.= -60mV) in oocytes exhibiting inward 
(161 ± 35nA; n=7) or outward (167 ± 51nA; n=5) rectification were almost the 
same. Finally, the outward rectification produced by KA at positive membrane 
potentials was not unique to this agonist but was also observed with Dom 
(20pM) and BrW (40pM) which both gave relatively linear I-V relationships in 
the same oocytes.

Some differences were observed between oocytes exhibiting inward or outward 
rectification to KA. The resting I-V characteristics of Xenopus oocytes,
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determined by measuring the leakage current at the onset of the voltage 
command step (H.P.= -60mV), were either relatively linear at all membrane 
potentials tested (-160mV to +80mV) or exhibited outward rectification at 
positive membrane potentials. This observation was in agreement with other 
studies which reported that the resting I-V characteristics of the oocyte was 
linear between -lOOmV and -20mV (Kusano et al, 1982; Dascal et al, 1984) but 
outward rectification was observed at more positive membrane potentials. The 
outward rectification was calcium-dependent and probably carried by chloride 
ions (Miledi & Parker, 1984). In oocytes injected with calf or chick brain 
mRNA, the input resistance of the membrane at rest was determined at 
+60mV membrane potential since outward rectification was particularly 
pronounced at this potential, and compared with the voltage sensitivity of the 
KA current in each oocyte (table 5.3). The presence of outward rectification in 
the oocyte at rest was correlated with the appearance of outward rectification 
in the KA-evoked membrane current. The outward rectification produced by 
80pM KA (Gr = 1.06 ± 0.08; n=5) was also consistently observed in oocytes with 
a low input resistance (0.2 ± 0.03 MQ; n=5) whereas a larger input resistance 
(0.80 ±0.11 MG; n=7) was mostly associated with an inwardly rectifying KA 
current (GR = 0.45 ± 0.03; n=7).

I-V plots were constructed to determine whether the outward rectification 
produced by KA was the due to the activation of a calcium-dependent chloride 
conductance similar to that observed in the resting oocyte (see above). In figure 
5.12, the outward rectification produced by 80pM KA (GR = 0.90) was removed 
by equimolar replacement of extracellular calcium (Ca2+) ions with magnesium 
ions (2mM Mg2+), producing a KA current which rectified inwardly (GR = 0.36) 
at positive membrane potentials. The extracellular Mg2+ did not significantly 
change the I-V characteristics of the membrane current produced by KA at 
more negative potentials (<0mV) or the reversal potential. Furthermore, 
similar observations were made in the presence of the chloride blocker, 
anthracene-9-carboxylic acid (500pM-lmM A9C; data not shown), which also 
eliminated outward rectification at positive membrane potentials and revealed 
a conductance to KA which showed inward rectification (GR = 0.46 for ImM 
A9C).
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K a in a te  e n h a n c e d  spo n ta n eo u s  oscillatory  m em b ra n e  c u r r e n t s

In a small number of oocytes (n=5), spontaneous current oscillations of the 
resting membrane were observed and could be increased in the presence of KA 
which consistently produced I-V relationships exhibiting outward rectification 
in these cells. Although the presence of spontaneous membrane currents was 
not observed in all oocytes displaying outward rectification to KA, inward 
rectification to KA at positive potentials was not observed in any of these 
particular oocytes tested.

Figure 5.13A demonstrates that oscillatory membrane currents were increased 
in frequency and amplitude by 80pM KA. Interestingly, large oscillatory 
currents were still observed during washout of the agonist suggesting a 
temporal difference in activation between of the oscillatory current and the 
smooth current usually evoked by KA (figure 5.13A). The reversal potential of 
the oscillatory current was estimated at -30mV, by holding the membrane 
potential at different values during bath application of 80pM KA (figure 5.13B). 
This value is close to the equilibrium potential for chloride ions in Xenopus 
oocytes (Dascal, 1987). Furthermore, equimolar replacement of extracellular 
Ca2+ (2mM) with Mg2+ removed the spontaneous membrane fluctuations and 
virtually abolished the current oscillations observed in the presence of 80pM 
KA (figure 5.13A). Restoration of the extracellular calcium ions caused the 
appearance of spontaneous membrane currents which were enhanced upon 
subsequent exposure to 80pM KA.

(vi) I-V RELATIONSHIPS FOR QA. AMPA AND L-GLU

The smooth membrane currents recorded at -60mV with QA, AMPA and L-Glu 
in oocytes injected with chick, calf or rat brain mRNA were typically small 
compared to KA-induced currents (see Chapter 3). Consequently, it was 
difficult to accurately determine the I-V relationship for these agonists using 
the two methods previously described (figures 5.1-5.4). For this reason, oocytes 

exhibiting a large cell membrane input resistance (3-5MQ) were preferentially 
chosen for study since it was easier to differentiate between the resting and
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agonist-evoked membrane currents in these cells. Furthermore, the I-V 
relationship were determined using only the method of applying incremental 
voltage steps to the holding potential since, in this situation, the oocyte 
viability and input resisitance changed least throughout the experiment.

In addition, to the smooth membrane currents evoked by these agonists, QA 
and L-Glu also evoked an oscillatory membrane current (via Qp receptor 
activation) in 31% (n=13) and 86% (n=6) of oocytes previously injected with calf 
and rat brain mRNA respectively (see Chapter 3). Interestingly, this oscillatory 
response, due to a calcium activated chloride conductance following 
phosphoinositide turnover (Sugiyama et al 1987), was not observed in oocytes 
injected with chick brain mRNA (see Chapter 3). Therefore, it was possible to 
study smooth currents evoked by QA or L-Glu in isolation using chick brain 
mRNA-injected oocytes without the "contaminating" effect of the oscillatory 
chloride conductance. This was not always possible in oocytes injected with rat 
or calf mRNA, where, AMPA was used instead, to selectively activate the 
smooth membrane current.

In all cases, bath application of lOOpM AMPA (n=40) produced a smooth 
response in oocytes injected with calf, chick or ra t brain mRNA. Determination 
of the I-V relationship to lOOpM AMPA revealed membrane currents which 
exhibited outward rectification at positive membrane potentials as shown in 
figure 5.14A for an oocyte injected with chick brain mRNA. The peak 
membrane current to lOOpM AMPA had a reversal potential close to OmV and 
a Gr value equal to 1.27. Similar I-V relationships to this concentration of 
AMPA were obtained regardless of the mRNA used. In table 5.1, similar 
rectification ratios (GR) were calculated for lOOpM AMPA in oocytes injected 
with calf (Gr = 1.30 ± 0.12; n=3), chick (GR = 1.14 ± 0.10; n=4) or ra t (GR = 1.25 

± 0.14; n=3) brain mRNA. Furthermore, similar characteristics to the I-V 
relationship produced by lOOpM AMPA were also observed at lower AMPA 
concentrations (10-50pM). In all oocytes tested, the current evoked by AMPA 
did not display inward rectification, compared to KA in calf and chick brain 
mRNA-injected oocytes. The AMPA I-V was similar to the outwardly rectifying 
KA I-V observed only in oocytes injected with rat brain mRNA. The normalised
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chord-conductance-voltage plot to lOOpM AMPA was calculated using data from 
oocytes (n=6) injected with one of three different mRNA species (2 oocytes per 
mRNA species). The AMPA evoked membrane conductances all exhibited 
similar conductance properties increasing on depolarisation (figure 5.14B).

Similarly, I-V relationships determined for the smooth responses evoked by 
6pM QA and 50pM L-Glu displayed outward rectification at positive membrane 
potentials. In figure 5.15, I-V plots determined for QA (6pM) and L-Glu (50pM) 
in an oocyte injected with chick brain mRNA where the GR value for each 
agonist was 1.21 and 1.57 respectively. Furthermore, the degree of outward 
rectification produced by QA or L-Glu was similar in oocytes injected with calf 
brain mRNA (table 5.1). However, due to the "contaminating" oscillatory 
chloride conductance, invariably activated by these agonists in oocytes injected 
with ra t brain mRNA, the GR values for QA or L-Glu were not determined. The 
appearance of the oscillatory chloride conductance changed the I-V 
characteristics observed with QA and L-Glu shifting the apparent agonist 
reversal potential to more negative values (usually towards EC1= -30mV) and 
increasing the outward rectification observed at positive membrane potentials.

(vii) COMPARING DIFFERENT KAINATE RESPONSES 
WITH AMPA IN THE SAME OOCYTE

In this study, we observed that KA could produce two different types of voltage 
sensitive membrane conductance depending upon the mRNA species with 
inwardly rectifying responses observed using calf and chick brain mRNA. In all 
cases, however, AMPA evoked the same type of voltage-sensitive response 
regardless of the mRNA species and exhibited I-V characteristics similar to the 
KA response in oocytes injected with rat brain mRNA (table 5.1).

The inward rectification produced by KA in calf and chick brain mRNA injected 
oocytes was more evident with large agonist concentrations. In contrast, the 
currents evoked by AMPA were much smaller even at maximal agonist 
concentrations. Therefore, to determine whether the presence of different I-V 
relationships to KA and AMPA, in chick and calf injected oocytes, were a
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consequence of the magnitude of the agonist-evoked current, equi-effective 
concentrations of each agonist were applied to the same cell. For comparison, 
the same experiment was applied to rat-mRNA injected oocytes where KA and 
AMPA both produced responses with similar I-V characteristics. Bath 
application of 20pM KA or lOOpM AMPA, to the same cell were equi-effective 
at -60mV in oocytes previously injected with calf (or chick c.f. Bowie & Smart, 
1991a) brain mRNA (figure 5.16A). The I-V relationships revealed that the 
response to KA (GR=0.80) characteristically rectified at positive membrane 
potentials whereas the AMPA current (GR=1.89) showed outward rectification 
(figure 5.16A). Similarly, in oocytes injected with rat brain mRNA, 20pM KA 
and lOOpM AMPA also evoked equi-effective responses at -60mV membrane 
potential (figure 5.16B). However, the membrane current evoked by KA (GR= 
1.4) did not rectify at positive membrane potentials displaying a similar I-V to 
the AMPA current (GR=1.14).

DISCUSSION

In this study, non-NMDA receptors were expressed using mRNA preparations 
derived from mammalian (calf and rat) or avian (chick) brain tissue. Using a 
range of receptor agonists, the effect of membrane voltage on the agonist- 
evoked response was examined using different methods of determining the I-V 
relationship. In addition, a comparative study was made between receptors 
expressed from different mRNA sources to determine if the I-V relationship for 
each agonist was species-dependent.

The estimated reversal potential was similar for all agonists and suggested 
that each agonist response was apparently the result of an increase in 
membrane permeability to sodium and potassium ions (Bowie & Smart, 1989). 
Similarly, the I-V characteristics of the AMPA, QA and L-Glu responses were 
the same in all mRNA injected oocytes. However, different responses were 
evoked by KA in oocytes injected with different mRNA. Inward rectification 
was produced at positive membrane potentials in oocytes injected with calf and 
chick brain mRNA. In contrast, KA responses outwardly rectified at positive 
membrane potentials in oocytes injected with rat brain mRNA. No apparent
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differences could be observed between KA responses in oocytes injected with 
calf or chick brain mRNA.

(i) ARE DIFFERENT I-V CHARACTERISTICS THE RESULT OF 
HETEROLOGOUS mRNA EXPRESSION ?

The results presented may suggest that the mRNAs used in this study code for 
different neuronal non-NMDA receptor-ionophores which exhibit different 
functional properties when expressed. Alternatively, it is also possible that the 
expression of exogenous mRNA in Xenopus oocytes may produce a "hybrid" 
receptor. The hybrid receptor is defined as a functional receptor-protein, 
presumably composed of various subunits, which, although responsive to a 
variety of agonists, is not normally found in native cells. This concept is 
particularly important to consider in studies where the receptor is expressed 
from cDNA clones (Hollmann et al, 1989) or mRNA which has been partially 
purified by centrifugation (Sumikawa et al, 1984). The expressed receptor, 
although functional, may exhibit properties that are not normally found in 
native systems due to the incorrect processing and splicing of mRNA (due to 
the absence of introns) or the absence of mRNAs coding for a particular 
receptor subunit. This study has attempted to extract all the mRNA in each 
tissue; however, it is still possible that some mRNA species may have been lost 
as a result of low mRNA extraction yields or degradation of mRNA. The 
absence of mRNA necessary for assembly of the "native" receptor may cause 
subtle but significant alterations in receptor-ionophore function.

There are a number of reasons for believing that the receptors expressed in 
this study may indeed be found in native systems. First, the Xenopus oocyte 
expression system which has been used to study a wide variety of membrane 
bound proteins, including voltage- and ligand-gated ion-channels usually 
faithfully translates foreign mRNAs, including post-translational modifications, 
before finally inserting the protein into the membrane (Dascal, 1987). In almost 
all instances, the synthesized protein possesses similar features to the nascent 
one. Only rarely has post-translational modification steps been shown to 
proceed incorrectly (Soreq, 1985). Second, [ a comparison between the I-V
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characteristics produced by non-NMDA receptor agonists in this study with 
their neuronal counterparts revealed that each agonist activated a membrane 
conductance in both systems with similar ionic permeability. In addition,

i
similar I-V relationships to those reported for the agonists in this study have 
also been observed in neurones. ^ —- "7

i

(ii) COMPARISON WITH PREVIOUS STUDIES

The estimated reversal potentials were similar for all the agonists used in this 
study and correlated with other studies which estimated the null potential 
close to OmV (MacDonald & Wojtowicz, 1982; Mayer & Westbrook, 1984 and 
1987; Ascher & Nowak, 1988a). The reversal potential measurements indicated 
a non-specific increase in membrane permeability to monovalent cations. 
Preliminary experiments using expressed non-NMDA receptors and non- 
permeant cations (e.g. tetrabutylammonium salts) for ion-replacement, 
suggested that the agonist-evoked membrane currents are carried largely by 
sodium and potassium ions (Randle et al, 1988).

The membrane conductance elicited by non-NMDA agonists showed a greater 
dependence on the membrane potential compared to similar studies in 
neurones (Mayer & Westbrook, 1984; Aizenman et al, 1988; Perouansky & 
Grantyn, 1989; Zorumski & Yang, 1988; Vlachova et al, 1987; lino et al, 1990; 
Ascher & Nowak, 1988; Crunelli et al, 1984). In almost all instances, the 
membrane current evoked by each agonist in neuronal studies showed outward 
rectification particularly at positive membrane potentials. In this study, the 
membrane currents typically observed with KA and AMPA in oocytes injected 
with rat brain mRNA closely resembled the currents produced by non-NMDA 
agonists on neurones by exhibiting outward rectification at positive membrane 
potentials (c.f. Verdoorn & Dingledine, 1988). In contrast, the I-V 
characteristics consistently observed with KA in oocytes injected with calf and 
chick brain mRNA, were not routinely observed in neuronal studies and have 
only very recently been observed in the hippocampus and retina where they are 
associated with an increased calcium permeability (lino et al, 1990; Ozawa et 
al, 1991; Gilbertson et al, 1991).



Interestingly, although the "novel" KA-activated current, characterised by 
inward rectification at positive membrane potentials, has remained largely 
undetected in neurones, it has been observed for some time in studies using the 
Xenopus oocyte expression system (Parker et al, 1985; Randle et al, 1988; 
Randle, 1990; Bowie & Smart, 1989, 1990 and 1991a). Despite this, it is still 
intriguing that an EAA receptor with distinct functional properties should be 
observed first in Xenopus oocytes rather than in neurones. This illustrates the 
value of the Xenopus oocyte translation system. Moreover, it is worthwhile 
noting that another EAA receptor, the Qp receptor, was identified for first time 
in Xenopus oocytes following expression from rat brain mRNA (Sugiyama et al, 
1987) before being assigned to a more physiological role in the CNS (Schoepp 
et al, 1990; Charpak et al, 1990).

(iii) INWARD RECTIFICATION OF MEMBRANE CURRENTS 
i s  ARE'UBIQUITOUS

The phenomenon of inward rectification, produced by KA in this study, has 
been observed in other systems using a variety of receptor ligands. 
Interestingly, in most cases, the inward rectification observed was associated 
with either a potassium (Maricq & Korenbrat, 1990; Yakel et al, 1988; Trussel 
& Jackson, 1985; Gahwiler & Brown, 1985; Newberry & Nicoll, 1985; North & 
Williams, 1985) or a mixed cation (Mathie et al, 1990; Bean et al, 1990; 
Neuhaus & Cachelin, 1990; Yakel et al, 1990; Krishtal et al, 1983) membrane 
conductance. On comparison between the membrane conductances (cation or 
potassium) causing rectification and the response to KA in the present study, 
it appears that the inward rectification produced by KA more closely resembled 
that found with mixed cation conductances. Apart from the similar 
permeability sequence in each case, the inward rectification in both resulted 
directly from a ligand-gated ion-channel interaction. In contrast, in most cases, 
the receptors which modulated inwardly rectifying potassium channels may be 
members of a general class of transmitter receptors which are coupled to a 
GTP-binding protein (North et al, 1987).
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"KA-receptors" exhibiting inward rectification also appear to be fairly ubiqitous 
since they have been expressed from mRNA extracted from bovine (Bowie & 
Smart, 1989 and 1990; Parker et al, 1985), chick (Bowie & Smart, 1991a) and 
ra t (Randle et al, 1988) brain tissue. Furthermore, they have been selectively 
expressed from particular brain regions. Messenger RNA extracted from adult 
ra t cerebellum expressed a rectifying KA-response whereas striatal mRNA 
expressed a response to KA which did not show inward, but outward 
rectification at positive membrane potentials (Randle et al, 1988). In this case, 
it is not known if each "KA receptor" was derived from a glial or neuronal 
source or indeed a combination of both nor if a particular stage of cell 
development was important (see Chapter 3).

(iv) DIFFERENT KAINATE RESPONSES IN A 
PHYSIOLOGICAL CONTEXT

Although, the distinct KA-responses observed in this study were associated 
with different mRNA species, it is unlikely that these observations can be 
simply explained by assuming a species difference. For example, both responses 
to KA have been observed in the same species (Randle et al, 1988; lino et al, 
1990; Ozawa et al, 1991) and, more recently, in the same brain region (lino et 
al, 1990; Ozawa et al, 1991). However, it is interesting that only one type of KA 
response was apparently observed from each mRNA preparation in this study. 
It is possible that all mRNA preparations have the "potential" (i.e. containing 
all necessary mRNAs) to express either response to KA, but that only one type 
of response is preferentially observed. This may be due to an abundance of 
mRNAs coding for only one of the responses observed or due to different 
translation rates between mRNAs in the oocyte. The abundance of certain 
mRNAs coding for a particular KA-response in favour of other mRNAs may

■T)
occur due to i^s predominance in particular cell types or stage of cell 
development. In the hippocampus, where two different responses to KA have 
been observed, inward rectification caused by KA was found more frequently 
in smaller cells with short and thin dendritic processes (lino et al 1990; Ozawa 
et al, 1991). Furthermore, the rectifying response to KA was associated with 
an increased calcium permeability (lino et al 1990). The response to KA which
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exhibited inward rectification in Xenopus oocytes may be associated with an 
increased calcium permeability, in addition to sodium and potassium ions (see 
below). In terms of cell development, it is difficult to explain the expression of 
different KA-responses from avian and mammalian mRNA since detailed study 
of non-NMDA receptors in the CNS of these species has not been investigated 
at different stages of development. However, developmental changes in receptor 
structure and function are not unprecedented (Ben-Ari et al, 1988; Mishina et 
al, 1986).

In CA3 pyramidal cells of the hippocampus, the I-V plot to NMDA exhibits a 
region of negative slope conductance in adult cells which is not consistently 
observed in immature neurones. It was postulated that the weak-voltage 
dependence of NMDA currents in immature hippocampal neurones may lead 
to an increased calcium influx at more hyperpolarised potentials and thus 
promote neuronal growth and differentiation (Balazs et al, 1988). Additionally, 
different types of muscle acetylcholine (ACh) receptors expressed in Xenopus 
oocytes have been shown to exhibit different conductance and gating properties 
(Mishina et al, 1986). The distinct classes of ACh receptor were the result of 
a molecular distinction between foetal and adult forms of the receptor and 
mostly explained the functional alteration of the receptor during muscle 
development (Sakmann & Brenner, 1978). It is interesting to note that recent 
observations with receptor clones responsive to KA also showed outward and 
inward rectification according to molecular distinctions between each receptor 
type (Boulter et al, 1990; Nakanishi et al, 1990; Verdoorn et al, 1991). However, 

at present, it is not known if the expression of these cDNA clones represent the 
nascent receptors already studied in neurones (see Chapter 8).

In a physiological context, the rectifying response produced by KA may exhibit 
a number features which are important to cellular function. In particular, the 
occurrence of inward rectification may affect neuronal excitability. In sensory 
neurones, an inwardly rectifying cation conductance activated by ATP has been 
proposed to render the cell more excitable by increasing the likelihood of 
membrane depolarisation from negative membrane potentials and the 
continuation of action potential firing (Bean et al, 1990; Krishtal et al, 1983).
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Perhaps the inward rectification produced by KA in this study may assume a 
similar physiological role in neurones. In addition, the increase in calcium 
permeability produced by KA (lino et al, 1990) may activate a variety of 
calcium-dependent membrane currents and biochemical processes. This 
secondary consequence of receptor activation has been most notably applied to 
the NMDA receptor where the increase in intracellular calcium caused by 
receptor activation was important in long term potentiation in the 
hippocampus (Collingridge & Lester, 1989). Despite the high abundance of KA 
binding sites in the hippocampus (Berger & Ben-Ari, 1983; Unnerstall & 
Wamsley, 1983) a similar role has not been attributed to KA although a long- 
lasting modification of synaptic properties has been reported in the CA3 region 
(Ben-Ari & Gho, 1988). Furthermore, the influx of calcium caused by KA (lino 
et al, 1990) may like NMDA, promote neuronal growth and differentiation in 
immature neurones. However, perhaps more importantly, the calcium 
permeability associated with this KA-response, may in some situations, 
exacerbate the pronounced neurotoxicity normally associated with this agonist 
(Choi, 1988; Hori et al, 1985). Although the mechanism causing neurotoxicity 
is unknown, it is possible that the voltage-dependent behaviour of this response 
to KA may increase neuronal excitability while calcium influx through these 
channels may have a long lasting toxic effect on the cell. Indeed, a similar 
pathophysiological role has already been attributed to NMDA receptor 
activation in the spinal cord and the hippocampus where receptor activation 
may be responsible for motor dysfunction or seizure-related brain damage 
respectively (Mayer & Westbrook, 1987; Collingridge & Lester, 1989).

(v) POSSIBLE MECHANISMS TO ACCOUNT FOR 
INWARD RECTIFICATION

V o lta g e -d e p e n d e n t  d e se n sitiza t io n

It might be envisaged that a mechanism involving voltage-dependent 
desensitization of the receptor may account for rectification. In this scenario, 
the tendency of the receptor (open or closed) to enter the desensitized state(s) 
would be more likely to occur at positive membrane potentials. Clearly
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however, desensitization of the receptor would have to occur rapidly since the 
membrane current activated by KA does not show desensitization at either 
positive or negative membrane potentials (Randle et al, 1988). Experiments 
examining voltage-jump relaxations from -60mV membrane potential have not 
revealed the onset of desensitization during voltage excursions to positive 
potentials (> +20mV) nor the recovery from this state upon repolarisation of 
the membrane as might be expected. Even at high agonist concentrations 
(160pM-320pM), where inward rectification was greatest, the presence of 
receptor desensitization remained undetected.

V o lta g e-d e pe n d e n t  blo ck  o f  t h e  c h a n n el

It is also possible that rectification may result from channel block at positive 
potentials. The voltage-sensitive block of the channel may be caused by 
monovalent or divalents found in the intra- or extra-cellular space (Mathie et 
al, 1990; Bean et al, 1990; Neuhaus et al, 1990; Yakel et al, 1990) or indeed by 
the agonist molecule itself (Vyklicky et al, 1986; Adams & Sakmann, 1978a and 
b). However, in this study, rectification from channel-block was not due to the 
presence of HEPES in the extracellular solution since replacement of the pH 
buffer with Tris did not alter the I-V characteristics produced by KA (data not 
shown). The degree of inward rectification was greatest at large agonist 
concentrations and supports the possibility of channel blockade by the agonist. 
However, the degree of rectification produced by KA was also similarly 
observed with equi-effective concentrations of BrW and Dom. Therefore, 
rectification from channel blockade by each agonist would probably depend 
upon the occurrence of similar structural features in each agonist molecule 
since the phenomenon was agonist-independent. However, it is unlikely that 
the same degree of blockade could be produced by molecules with few 
structural similarities and at concentrations which activate the receptor 
equally. The effect of different ions on rectification has not been investigated. 
However, the apparently instantaneous nature of rectification (with a 
resolution of 5-10ms) is consistent with this phenomenon being a property of 
ion permeation in the channel.
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K a  a ctiv a tes  a n  additional  vo lta g e-d e p e n d e n t  m em b r a n e  cu r r e n t

It is conceivable that KA may activate an additional inward current at 
depolarised potentials and cause rectification of the net membrane current. In 
such an instance, the separate activation of a voltage-dependent conductance 
would oppose the tendency of the I-V relationship to behave linearly or exhibit 
outward rectification in a manner similar to neuronal studies (Mayer & 
Westbrook, 1987). This study has demonstrated that KA can additionally 
activate membrane currents which alter the shape of the KA I-V plot. However, 
it is likely that this phenomena may be explained by the activation of 
membrane currents found endogenously in the oocyte (see below).

V o lta g e  d e pe n d e n t  bin d in g  or  co n fo rm a tio n a l  c h a n g e  to  t h e  r e c e p t o r

Finally, inward rectification may result from a mechanism involving voltage 
dependent agonist binding to the receptor or perhaps a voltage dependent 
conformational change in the receptor-protein (Adams & Sakmann, 1978a). 
Each process or indeed a combination of both would reduce the ability of the 
agonist to produce a response as the membrane was depolarised. Furthermore, 
either mechanism would also have to account for the dose-dependent nature of 
the phenomenon observed in this study, since more pronounced rectification 
was observed with near-maximal concentrations of the agonist when 
presumably a larger fraction of the total receptor population was bound by the 
agonist and associated with a conducting channel. It is interesting to mention 
that the rectification observed with nicotinic agonists on sympathetic ganglion 
neurones was explained partly by assuming that most of the channels enter an 
"inactive" state which although non-conducting, it does not represent a state 
of desensitization (Mathie et al, 1990).

F u t u r e  s t u d ie s

To examine all possible mechanisms that are likely to cause inward 
rectification, it will be necessary to study the properties of single-channel 
currents evoked by KA using patch clamp or noise analysis. In particular, each
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method of analysis, may elucidate possible mechanisms for inward rectification 
that involve alteration of channel kinetics at positive membrane potentials or 
the non-Ohmic behaviour of the single-channel current. Single-channel currents 
responsible for inward rectification have recently been recorded, but not in 
detail (Ozawa et al, 1991). On sympathetic ganglion neurones, where nicotinic 
agonists produce a similar type of rectification to KA, single channels have 
been studied in much more detail (Mathie et al, 1990). In these cells, the 
inward rectification produced by nicotinic agonists was explained partly as a 
result of magnesium block but also by a "novel" conformation of the receptor 
similar to a closed state. This complex mechanism to explain rectification may 
account for the observations made with KA in this study, however, it is likely 
that a similar approach adopted by Mathie et al may be more difficult to apply 
to non-NMDA receptors. For example, it may be more difficult to isolate the 
single-channel events evoked by KA since the unitary channel conductance is 
less (8.7 pS; Ozawa et al, 1991) than single-channels activated by nicotinic 
agonists in neurones (35-5 IpS; Mathie et al 1990).

(vi) ANOMALOUS OUTWARD RECTIFICATION TO KAINATE:
SEASONAL VARIABILITY AND CALCIUM PERMEABILITY ?

In oocytes injected with calf and chick brain mRNA, the disappearance of 
inward rectification, normally produced by KA, in favour of outward 
rectification, was not due to the expression of more than one functional 
receptor to KA. Instead, the outward rectification, which was reduced with 
A9C, a known chloride blocker, or replacement of extracellular calcium with ~7 y  
magnesium, was probably the result of a calcium-dependent chloride current. J

Ca lc iu m -d e pe n d e n t  c h lo rid e  c u r ren t  ca u sed  outw ard  r e c t if ic a t io n

A number of calcium-dependent membrane currents are thought to occur 
endogenously in the Xenopus oocyte, including a variety of chloride 
conductances (Dascal, 1987). In particular, a calcium-dependent chloride 
current flows through the oocyte at rest, entering the animal hemisphere and 
leaving the vegetal hemisphere (Robinson, 1979). This chloride current can be
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evoked by intra-oocyte injection of calcium (Dascal et al, 1985; Miledi & Parker, 
1984) or by membrane depolarisation that causes calcium influx through 
voltage dependent channels (Barish, 1983; Miledi, 1982). Furthermore, the 
current can be abolished by various agents including progesterone or inorganic 
calcium-channel blockers (Robinson, 1979). Moreover, the current contributes 
to some of the characteristics of the I-V relationship in the oocyte at rest, since 
the outward rectification observed at positive membrane potentials can be 
partially eliminated by intracellular injection of the calcium chelator, ethylene 
glycol-bis(p-aminoethyl ether) N,N,N\N’-tetraacetic acid (EGTA) (Miledi & 
Parker, 1984).

Similar resting I-V characteristics in the oocyte were observed in this study, 
but, two types could be distinguished according to the severity of outward 
rectification at positive membrane potentials. First, a relatively voltage 
insensitive I-V plot was observed with only weak outward rectification. Second, 
the I-V relationship displayed a greater dependence on the membrane potential 
with strong outward rectification at positive membrane potentials. These 
oocytes possessed a low input resistance as a result of outward rectification, 
which was probably due to a calcium-dependent chloride current in the resting 
oocyte. The appearance of an outwardly rectifying response to KA was 
correlated with oocytes exhibiting a low input resistance and may therefore be 
due to the presence of a calcium-dependent chloride conductance found 
endogenously in the oocyte at rest. Although KA additionally activated 
spontaneous oscillations of the membrane, the appearance of this phenomenon 
did not always coincide with an outwardly rectifying response to KA; i.e the 
former case was observed less frequently. It is likely that the enhancement of 
membrane oscillations was a feature of individual oocytes which were activated 
by the KA-induced elevation of cytosolic calcium. Although this explanation 
resolves the disappearance of inward rectification in some mRNA injected 
oocytes, it does not explain the apparently random nature of this phenomenon.

O utw ard  r e c t ific a t io n  was a season al  p h e n o m e n o n

The apparently random appearance of this phenomenon may be explained by
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a seasonal variation in the Xenopus oocyte. Clearly, although all immature 
Xenopus oocytes (stages V and VI) exhibit outward rectification at rest, the 
degree of rectification may vary throughout the year according to the relative 
number of chloride channels present on individual oocytes. Seasonal variations 
in the membrane properties of Xenopus oocytes is not unknown and has been 
reported in studies examining endogenous transmitter responses (Dascal & 
Landau, 1980) and the ionic permeability of the resting oocyte (Lafaire & 
Schwarz, 1986). Furthermore, seasonal variations in the resting membrane 
potential has been observed between different batches of Xenopus (Kusano et 
al, 1982) and individual donors (Dascal et al, 1984). A seasonal variation in the 
resting I-V relationship of oocytes was observed in this study, which coincided 
with the appearance of outward rectification to KA. The relatively voltage- 
insensitive I-V plot observed in some oocytes at rest was present throughout 
the year, however, it occurred most prevalently between the months of May- 
August. In contrast, the resting I-V relationship which exhibited outward 
rectification occurred consistently during the Winter months (November- 
February). The outward rectifying response to KA was also consistently 
observed during these months and thus coincided with the appearance of a 
more active membrane in Xenopus oocytes. A similar seasonal variability was 
also observed for endogenous muscarinic responses which apparently occurred 
less frequently in the winter months (Dascal & Landau, 1980). The reason for 
this observation was unknown, however, it is tempting to speculate that 
seasonal fluctuations of various hormones in Xenopus may control both 
phenomena (Deuchar, 1975). It is also interesting to point out that, despite the 
maintenance of a constant light/dark cycle (to reduce the possibility of seasonal 
effects) variability in oocytes was still observed. However, these effects were 
much greater than when the Xenopus were kept under natural light conditions.

Ca lc iu m  per m ea b ility  t h r o u g h  kainate  c h a n n el s

A number of possibilities may explain how KA elevated cytosolic calcium levels 
in some oocytes to activate an endogenous chloride current and produce 
outward rectification. In Xenopus oocytes, the intracellular concentration of 
calcium may be increased through endogenous (Dascal et al, 1984; Dascal,
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1987) or expressed receptor mechanisms (Gundersen et al, 1983; Sugiyama et 
al, 1987). In particular, activation of expressed EAA receptors, Qp (Sugiyama 
et al, 1987; Smart, 1989) or NMDA (Leonard & Kelso, 1990) in Xenopus 
oocytes, will increase free cytosolic calcium levels from an intra- or 
extracellular source respectively. In some cases, the enhancement of basal 
levels of calcium in the oocyte by receptor activation may stimulate membrane 
currents not normally observed in neurones. For example, the membrane 
current evoked via NMDA receptors, expressed in Xenopus oocytes following 
microinjection of rat brain mRNA, show pronounced decline during continuos 
agonist application (Kushner et al, 1988; Lerma et al, 1989). However, this 
observation was not due to receptor desensitization, as initially proposed 
(Kushner et al, 1988; Lerma et al, 1989), but was an artifact of using Xenopus 
oocyte, since calcium influx activated a transient, endogenous chloride current 
(Leonard & Kelso, 1990). Similarly, a corresponding observation was made in 
the present study with KA responses. The apparently random appearance and 
disappearance of outward rectification to KA in calf and chick brain mRNA 
injected oocytes may have also led to misinterpretation. The variability in 
outward rectification to KA was probably due only to the variability in the 
secondary activation of an endogenous chloride conductance.

It is unlikely that the chloride conductance activated by KA in this study was 
the result of Qp or NMDA receptor activation since KA has a low affinity for 
these receptors (Schoepp et al, 1990; Young & Fagg, 1990). Moreover, responses 
to Qp and NMDA agonists were observed infrequently, if at all, in oocytes 
injected with calf or chick brain mRNA. It is most likely that the receptor ion- 
channel activated by KA was not only permeable to sodium and potassium 
ions, but was additionally permeable to calcium ions. Consequently, 
extracellular calcium accessed the interior of the oocyte through the KA 

receptor ion-channel directly. This is however, in disagreement with most 
neuronal studies which find that KA receptor channels are relatively 
impermeable to calcium (for review; Mayer & Miller, 1990). Although it has 
been reported that KA will increase intracellular calcium levels in neurones, 
in most cases, the calcium elevation was attributed to membrane depolarisation 
(Murphy & Miller, 1989). Furthermore, when the membrane potential was
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controlled by voltage clamp, ion-permeation studies and optical measurements 
of calcium levels with arsenazo III suggested that the KA receptor had a low 
permeability to calcium (MacDermott et al, 1986; Mayer & Westbrook, 1987).

However, some functional studies have demonstrated calcium influx through 
KA channels (Connor et al, 1987; Holopainen et al, 1989; lino et al, 1989 and 
1990; Ogura et al, 1989; Gilbertson et al, 1991). Ion-permeability studies in 
cultured hippocampal neurones reported a response to KA which had a high 

calcium permeability (PC£/Pcs = 2.3). Furthermore, a remarkable inward 
rectification of the I-V plot to KA was observed. In contrast, in the same study, 
a different response to KA, which tended to show outward rectification, had a 
low permeability (PCa/Pcs < 0.18) to calcium ions (lino et al, 1990). Clearly, the 
presence of two different responses to KA, distinguished by their degree of 
calcium permeability, may explain the apparent disparity in the literature over 
the ionic selectivity of KA activated ion-channels. Further evidence for the 
existence of a KA response permeable to calcium is provided by ra t cerebellar 
granule cells where the elevation of free cytosolic calcium was induced by KA 
(Holopainen et al, 1989). It was concluded that KA increased intracellular 
calcium primarily througl^t^s):eceptor channel since calcium channel blockers, 
such as verapamil or nifedipine, did not significantly affect the response.

In conclusion, there is some evidence to suggest from permeability and calcium 
influx studies, that KA may produce (at least) two responses in the CNS. In 
support of the existence of different KA responses (receptors?), differential 
excitotoxic effects in the CNS, which may be the result of calcium loading, are 
produced by KA. Hippocampal cells of the CA3 area are particularly vulnerable 
to KA, while in contrast, dentate gyrus cells are less sensitive (Kohler & 
Scharz, 1983; Ben-Ari & Gho, 1988). Additionally, a differential sensitivity to 
KA has also been observed on neostriatal neurones (Calabresi et al, 1990).



(vii) DO KA1NATE AND AMPA ACTIVATE
THE SAME ION-CHANNEL ?

There is some disagreement in the literature regarding the existence of 
separate receptors for KA and AMPA. In most cases, pharmacological (Henley 
et al, 1989; O’Dell & Christensen, 1989a and b; Rassendren et al, 1989; 
Zorumski & Yang, 1988) or cloning studies (Boulter et al, 1990; Keinanen et al, 
1990) suggest that both agonists share a common receptor-ionophore (see 
Chapter 6). However, in some studies, a more complicated explanation may be 
required (Aizenman et al, 1988; Bowie & Smart, 1989, 1990 and 1991a; Ishida 
& Neyton, 1985; Perouansky & Grantyn, 1989). The unique properties of 
rectification to KA could be used to determine if AMPA will show the same 
voltage-sensitive response. In oocytes injected with rat brain mRNA, equi- 
effective concentrations of KA and AMPA elicited membrane currents, in the 
same oocyte, with almost the same voltage-sensitivity. In contrast, the 
responses produced by these agonists in calf or chick brain mRNA injected 
oocytes were different. The current produced by KA exhibited inward 
rectification at positive membrane potentials whereas the AMPA response 
showed outward rectification.

Clearly, it is doubtful whether we can assume on the basis of I-V analysis 
alone, that there are separate receptor-ionphores for KA and AMPA. Indeed, 
different I-V characteristics and ionic permeabilities can be produced by 
agonists on the same receptor-ionophore (Adams & Sakmann, 1978a; King & 
Carpenter, 1987; Nakazawa et al, 1991). For example, different I-V 
characteristics were observed with full and partial agonists at the frog-endplate 
channel (Adams & Sakmann, 1978a and b). The partial agonist, 
decamethonium, produced a rectifying response whereas high concentrations 
of carbachol, a full agonist, did not (Adams & Sakmann, 1978a). Despite the 
different voltage sensitive responses produced by each agonist, the phenomenon 
was explained by a common site of action for each agonist where 
decamethonium additionally blocked end-plate channels in a voltage-dependent 
manner (Adams & Sakmann, 1978b).
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FIGURE 5.1: CALCULATION OF I-V RELATIONSHIPS USING INCREMENTAL

VOLTAGE COMMAND STEPS. The I-V relationships to non-NMDA receptor

agonists  were determined by applying incremental voltage com m and s teps  (20mV;

1.5 sec . duration) to the holding m embrane potential. In this example, the  holding

potential (H.P= -60mV) was s tepped to -140mV in the p resence  and  ab se n c e  of

160pM KA by applying an 80mV hyperpolarising voltage com m and step. In each  

c a se ,  the  instantaneous current w as m easured  when the onset of the voltage

com m and signal achieved the desired command potential which normally occurred

within 10ms. Note, that the larger instantaneous current produced by 160jiM KA 

w as  an indicative feature of a  drug-induced increase  in the  m em brane 

conductance.
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FIGURE 5.2: SUBTRACTION OF INSTANTANEOUS LEAKAGE CURRENTS

REVEALED THE AGONIST-EVOKED CURRENT. In an oocyte injected with chick

brain mRNA, the  I-V relationship to 160pM KA w as determined by applying voltage 
excursions (1.5 sec . duration) from the holding potential (H.P.= -60mV) in 20mV

increments. (A) D em onstrates  the  effect of 160|iM KA with hyperpolarising and  
depolarising 80mV voltage com m and s teps. In the p resen ce  of KA, the

instan taneous currents were increased and reflected a  drug-induced increase  in

m em brane conductance. (B) The instantaneous currents, l LE A K  (*) and  I L e a k +k a i n a t e

(■), were plotted against m em brane  potential and following subtraction, revealing

the m em brane  current evoked by 160pM KA, lKAINATE (O). Note, that the  reversal

potential to I K A i n a t e  occurred at the  point on the voltage axis w here lLEAK and

L e a k +k a in a t e  intersect.
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FIGURE 5.3: CALCULATION OF I-V RELATIONSHIPS USING VOLTAGE RAMPS.

In the sam e  oocyte used  to construct I-V relationships to 160jiM KA in figures 5.1 
and  5.2, a  voltage ramp of 120mV was applied between -90mV and  +30mV (H.P.= 

-60mV) m em brane  potentials over a  period of 10 seconds. This procedure w as 

carried out in the  p resence  and absence  of 160|iM KA; I C O n t r o l  rep resen ts  the  I-V 

in the  a b se n c e  of KA and lTEST represents I-V in the p resence  of KA.
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FIGURE 5.4: SUBTRACTION OF I C O n t r o l  AND lTEST REVEALED THE DRUG-

INDUCED MEMBRANE CURRENT. (A) The m em brane currents l T E S T  and I C o n t r o l »

determ ined in the  p resen ce  and  a b sen ce  of 160pM KA respectively, w ere  
superim posed upon one  another. Note that the point at which both curves

intersected on the  voltage axis represen ted  the  reversal potential for the  1 60|iM KA 

response  in this oocyte. (B) Manual subtraction of I C O n t r o l  from I t e s t  at 10mV 

intervals revealed the  true m em brane  current produced by 160pM KA. Comparison 

of I K A i n a t e  determ ined using the voltage ramp method, or incremental voltage s tep s  

(figure 5.2) revealed similar m em brane currents for KA at each  m em brane  

potential.



+ 1 0 0

V(mV)
- 6 0- 9 0 +30

CONTROL

- 5 0

+  160hM K AIN ATE
-1 0 0

B T +20
V(m V)

- 9 0  
I—

6 0
H---

- 3 0
— i—

/o/  t
SUBTRACTED RAMP /

O

</
/

/
o

/,o/
O-O'

+ 3 0

-  - 2 0

l (nA)

-- - 4 0

L  - 6 0

153



FIGURE 5.5: THE CURRENT-VOLTAGE RELATIONSHIP TO KAINATE WAS

SPEC IES DEPENDENT. I-V relationships to 8 0 jiM KA were determ ined in two 
oocytes injected with either chick ( • )  or rat (O) brain mRNA by stepping the  holding

potential (H.P.= -60mV) to various membrane potentials in s tep  increm ents of

20mV (-140mV to +60mV; 1.5 sec  duration). To allow comparison, the agonist-

evoked currents at different membrane potentials were normalised to the  current

produced by KA in each oocyte at -60mV m em brane potential. Note, KA

characteristically produced inward rectification at positive m em brane potentials in

the  oocyte injected with chick brain mRNA. The m em brane  current evoked by KA

in the oocyte injected with rat brain mRNA, exhibited outward rectification at

positive m em brane  potential. Similar rectification properties, observed  in chick

mRNA injected oocytes were also obtained in oocytes injected with calf brain

mRNA.
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FIGURE 5.6: CHORD CONDUCTANCE-VOLTAGE PLOTS TO KAINATE EXHIBIT 

INWARD AND OUTWARD RECTIFICATION. The m em brane chord conductance  

evoked by 80 jiM KA at each  m em brane potential w as  calculated using the  

equation GKA = Ika/(v h " v rev) w here  G KA and lKA are  the m em brane conductance  

and  m em brane  current evoked by 80|iM KA respectively. VH and VREV are  the  

holding potential and  agonist reversal potential respectively. For com parison, the  

agonist-evoked m em brane  conductances  were normalised to the  conductance

obtained at -40mV of the  reversal potential. (A) Normalised G-V plot to 80pM KA 
(n=7) from a  combination of oocytes  injected with calf (n=4) and  chick (n=3) brain 

mRNA. No difference w as  observed  in the  KA response  using th e se  two mRNA 

species. The G-V plot w as  bell-shaped and the maximum m em brane  conductance  

w as betw een -100mV and  -60mV of the reversal potential. The G R value (see  text

for definition) for 80}iM KA in th e se  oocytes w as 0.45 ± 0.03 (n=7). (B) Normalised 
G-V plot to 80pM KA from oocytes injected with rat brain mRNA. The agonist 
evoked m em brane conductance  w as relatively voltage insensitive at negative 

potentials but exhibited maximum m em brane conductance at positive potentials (GR 

= 1.49 ± 0 .1 5 ;  n=6).
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TABLE 5.1: MEAN CHORD CONDUCTANCE-RECTIFICATION RATIOS. The 

m ean chord conductance rectification ratios (GR) for non-NMDA receptor agonists 

were calculated from individual I-V plots. All agonists  te s ted  had similar reversal 

potentials, therefore, GR was calculated from conductance values taken at ±40mV

of the reversal potential. AMPA (100(iM; n=10), QA (6pM; n=6) and  L-Glu (50|iM; 
n=7) produced similar GR values in all oocytes tested. The GR values calculated for 

80 jiM KA were almost the sam e in oocytes injected with chick (GR = 0.45 ± 0.06, 

n=7) or calf (GR = 0.44 ± 0.06, n=9) brain mRNA, but differed from oocytes injected 

with rat brain mRNA (GR = 1.49 ± 0.15, n=6). At concentrations equi-effective with

80pM KA, Dorn (20pM; n=9) and BrW (20jiM; n=8) produced similar d eg re e s  of 
rectification (GR) in oocytes injected with chick and calf brain mRNA. Note, the

rectification produced by 80|iM KA in oocytes injected with calf and  chick brain 
mRNA, w as  greater than that produced by 20pM KA (n=7) in th e se  oocytes.

AGONIST

CALF

g r v a l u e s

CHICK RA T

2 0pM 0 . 8 1 ± 0 . 1 6 0 . 7 8 1 0 . 1 4 1 . 4 2 1 0 . 1 9

KA
(n = 4 ) (n = 3 ) ( n = 3 )

8 0 p M 0 . 4 4 ± 0 . 0 6
( n = 9 )

0 . 4 5 1 0 . 0 6
( n = 7 )

1 . 4 9 1 0 . 1 5
( n = 6 )

DOM 2 0pM 0 . 6 5 1 0 . 0 4
< n= 6 )

0 . 5 1 1 0 . 0 5
( n = 4 )

BrW 2 0 p M 0 . 6 2 1 0 . 0 8
( n = 3 )

0 . 4 7 1 0 . 0 6
( n = 5 )

QA 611M 1 . 3 4 1 0 . 1 3
( n = 3 )

1 . 0 0 1 0 . 1 6
( n = 3 )

AMPA IOO iiM 1 . 3 0 1 0 . 1 2
( n = 3 )

1 . 1 4 1 0 . 1 0
( n = 4 )

1 . 2 5 1 0 . 1 4
( n = 3 )

L -G LU 50(iM 1 . 4 0 1 0 . 1 5
( n = 4 )

1 . 3 3 1 0 . 2 0
( n = 3 )
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FIGURE 5.7: KAINATE PRODUCED DOSE-DEPENDENT INWARD

RECTIFICATION. I-V relationships to different concentrations of KA (20pM-160pM) 
were determined in the sam e  oocyte injected with calf brain mRNA using a  series  

of incremental voltage command s teps  (H.P= -50mV). In each  c ase ,  the  sam e  

agonist reversal potential (VREV= -10mV) was observed, however, increasing the 

agonist concentration increased the rectification where the GR values for 20pM (O),

40pM ( • ) ,  80pM ( a )  and 160pM (*) were 0.80, 0.57, 0.42 and 0.38 respectively. 

Similar results were observed in oocytes injected with chick brain mRNA.
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FIGURE 5.8: MEMBRANE CHORD CONDUCTANCES AT DIFFERENT

CONCENTRATIONS OF KAINATE. The chord conductance-voltage plots for 20pM 
(O), 40|iM ( • ) ,  80|iM ( a ) and 160pM (a) KA were determined in the  s am e  oocyte 
using the  l-V relationships in figure 5.7. Note, the maximum m em brane

conductance  w as  observed  -60mV to -80mV of the  agonist reversal potential.

TABLE 5.2: INWARD RECTIFICATION WAS AGONIST-CONCENTRATION

DEPENDENT. I-V plots at different concentrations of KA (20pM-160|j.M; n=4 for 
e ach  concentration) were  determined in the s am e  oocyte and u sed  to calculate the

G R value at each  agonist concentration. All va lues  are  ex p ressed  a s  the  m ean  ±

s.e.m .. G r va lues  d e c rea se d  a s  the  concentration of KA w as  increased,

representing an  increased  inward rectification at positive m em brane potentials.
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FIGURE 5.9: VOLTAGE-DEPENDENCE OF KAINATE D O SE/RESPO N SE

RELATIONSHIP. \N  relationships were determined for different concentrations of

KA (20(i-160(iM; n=4 for each concentration) in the sam e  oocyte by applying 

voltage s teps  (1.5 sec. duration) of 20mV increments onto the holding potential

(H.P.= -40mV). The membrane chord conductances  evoked by KA at different

potentials were calculated for separa te  l-V plots (n=4) and normalised to the

conductance  value determined for 80pM KA at -60mV m em brane potential. 
D ose /response  curves were then constructed to KA at th ree  m em brane  potentials;

chosen  b eca u se  the agonist-evoked conductance w as g rea tes t (i.e -60mV) or

exhibited rectification (-140mV and +40mV) at th e se  values. Each normalised

conductance  point (GN) was expressed  a s  the m ean ± s.e.m.. Note that at +40mV

m em brane potential, the KA-evoked conductance w as smaller than th o se  at

negative potentials (-140mV to -60mV).
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FIGURE 5.10: INWARD RECTIFICATION WITH DIFFERENT AGONISTS. I-V

relationships at equi-effective concentrations of KA (80pM; □), Dom (20jiM; O) and 
BrW (20|iM; a) were determined using incremental voltage excursions (H.P.= - 

50mV) in an oocyte previously injected with chick brain mRNA. In each  c ase ,  the 

agonist-evoked mem brane current had the sam e  reversal potential (VREV= -10mV) 

and  the sam e  inward rectification at positive m em brane potentials (GR= 0.49 ± 

0.02) since the l-V plots were all clearly superimposed.
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FIGURE 5.11: OUTWARD RECTIFICATION PRODUCED BY KAINATE IN CALF

AND CHICK BRAIN mRNA INJECTED OOCYTES. The m em brane  chord-

conductance  evoked by 80pM KA w as  determined in calf and  chick mRNA injected 
oocytes (n=5) showing outward rectification to this agonist at positive m em brane

potentials. To allow comparison, each  chord-conductance value w as  normalised - 

40mV of the reversal potential (mean ± s.e.m.) and plotted at the  appropriate 

m em brane  potential. The m em brane-conductance  evoked by 80|iM KA w as  weakly 

voltage sensitive (GR= 1.06 ±  0.08), in contrast to the voltage sensitive

conductance  normally evoked by this agonist (GR= 0.45 ± 0.03; n=7) in oocytes  

injected with this mRNA (c.f. figure 5.6A).

TABLE 5.3: COMPARISON BETWEEN RESTING MEMBRANE PROPERTIES OF 

OOCYTES AND EXPRESSED KAINATE RECEPTORS. A num ber of m em brane  

p aram eters  were com pared  in mRNA-injected oocytes exhibiting outward or inward 

rectification to KA at positive m em brane  potentials. The d a ta  from calf and  chick 

brain mRNA w as  pooled and each  property m easured  w as  ex p ressed  a s  the m ean 

± s.e.m.. The agonist-reversal potential (VREV) and the current evoked by 80jiM KA 

(lKA), at -60mV, were similar in oocytes  exhibiting inward or outward rectification. 

In contrast, the  m em brane  input resistance (R|NPUT), m easured  at +60mV 

m em brane potential, and  the rectification ratio (GR) for 80pM KA were different 

between th e se  oocytes.
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FIGURE 5.12: EXTRACELLULAR MAGNESIUM IONS REMOVE OUTWARD 

RECTIFICATION TO KAINATE IN CALF OR CHICK BRAIN mRNA INJECTED

OOCYTES. In the sam e oocyte, the l-V relationship to 80pM KA (H.P.= -50mV) 
w as  determined in amphibian Ringer containing 2mM C a2+ ions (O) or 2mM Mg2+ 

ions ( • ) .  In each  case , the subtracted m em brane current to 80pM KA w as similar 
betw een -140mV to OmV. However, at more positive m em brane  potentials, the

outward rectification obtained in normal physiological Ringer (GR= 0.90) w as 

removed upon replacement of C a2+ ions with Mg2+ ions (GR= 0.36). In the  p resence  

of Mg2+, the KA current showed inward rectification at positive m em brane 

potentials.
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FIGURE 5.13: KAINATE ENHANCED SPONTANEOUS OSCILLATORY

MEMBRANE CURRENTS. (A) Oscillatory m em brane currents were  increased  in

frequency and amplitude by 80pM KA (H.P.= -60mV) in an  oocyte injected with calf 
brain mRNA. R eplacem ent of extracellular C a2+ with equimolar Mg2+ removed the

sp on taneous  m em brane  currents observed  in the  p resen ce  and a b se n c e  of 80pM 
KA. S p o n taneous  currents were restored upon replacem ent of C a2+. (B) The

reversal potential of the oscillatory current enhan ced  during bath application of

80|iM KA w as  estim ated at various holding potentials (-90mV to OmV) in an  oocyte 
injected with calf brain mRNA. As the holding potential w as  moved from -90mV to

more depolarised values, the  inward oscillatory currents d e c rea se d  in amplitude

and reversed  at approximately -30mV m em brane  potential. At more positive

potentials, oscillatory currents were outward and  increased in amplitude and

frequency.
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FIGURE 5.14: AMPA EVOKED A VOLTAGE-SENSITIVE RESPONSE. (A) The l-V

relationship to lOOpM AMPA in an oocyte injected with chick brain mRNA (H.P.= - 
50mV). The agonist-evoked current had a  reversal potential c lose  to OmV and 

exhibited slight outward rectification at positive m em brane  potentials (GR= 1.27). 

The AMPA current always evoked a  smaller m em brane current than KA (c.f. fig 

5.5). (B) The chord conductance  (GN) voltage plots to 100pM AMPA were 

normalised at -40mV of VREV in oocytes injected with chick, calf and  rat mRNA (2 

oocytes for e ach  mRNA used). The conductance  evoked by AMPA show ed 

outward rectification (GR= 1.35 ± 0.15; n=6) at positive m em brane  potentials and  

increased  with depolarisation.
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FIGURE 5.15: CURRENT-VOLTAGE RELATIONSHIPS FOR QA AND L-GLU. The

l-V relationships to 6jiM QA ( • )  and 50pM L-Glu (O) were determ ined in an  oocyte 
injected with chick brain mRNA (sam e oocyte a s  figure 5 .14A; H.P. = -50mV). The

agonist-evoked membrane currents had the sam e  reversal potential close to OmV.

Furthermore, both l-V plots exhibited slight outward rectification particularly at

positive m embrane potentials in a  manner similar to the AMPA l-V. The GR values

for 6pM QA and 50pM L-Glu w as 1.21 and 1.57 respectively.
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FIGURE 5.16: KAINATE AND AMPA R ESPO N SES IN THE SAME OOCYTE. l-V

characteristics of equi-effective concentrations of KA (20jiM; • )  and AMPA (1 OOjiM; 
O) in the  s am e  oocyte were determined using voltage com m and s tep s  (20mV; 1.5

sec . duration) from the  holding potential (H.P.= -60mV). (A) In an  oocyte injected

with calf brain mRNA, 20p.M KA and 100}iM AMPA produced l-V plots with G R

values of 0.80 and  1.89 respectively. Note, that at positive m em brane  potentials,

the  current evoked by KA displayed jnward rectification w hereas  the  AMPA current

outwardly rectified. Similar observations were m ade in oocytes injected with chick

brain mRNA (Bowie & Smart, 1991a). (B) In an oocyte injected with rat brain

mRNA, 20p,M KA and  100|iM AMPA produced l-V plots with G R values  of 1.4 and

1.14 respectively. In contrast to calf or chick brain mRNA injected oocytes, the

current evoked by 20p.M KA in this oocyte did not display inward rectification at 
positive m em brane  potentials but dem onstra ted  outward rectification.
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CHAPTER 6:

INTERACTIONS BETWEEN 
NON-NMDA RECEPTOR AGONISTS

INTRODUCTION

The functional and pharmacological diversity of ligand-gated ion-channels is 
a general phenomenon observed throughout the CNS. In molecular biological 
studies, the use of cloning strategies examining receptor diversity have 
revealed that different amino acid sequences, or receptor subunits, can impart 
different functional properties on ACh (Colquhoun et al, 1987; Deneris et al, 
1991; Mishina et al, 1986), GABAa (Levitan et al, 1988; Prichett et al, 1989), 
glycine (Becker et al, 1988) and glutamate (Boulter et al, 1990; Sommer et al, 
1990; Nakanishi et al, 1990) receptors. In a physiological context, receptor 
heterogeneity may be important during neuronal development since functional 
variations between neonatal and adult forms of apparently the same receptor 
have been described (Ben-Ari et al, 1988; Mishina et al, 1986; Smart & 
Constanti, 1990).

For glutamate receptors, normally divided into NMDA and non-NMDA 
subtypes (Watkins & Evans, 1981), there is evidence for receptor heterogeneity. 
In particular, the traditional division of non-NMDA receptors into distinct KA- 
and QA/AMPA-preferring subtypes failed to account for additional evidence 

favouring a common receptor-ionophore for these agonists (Barnard & Henley, 
1990). In support of this latter concept, binding sites for [3H]-KA and [3H]- 
AMPA have been co-purified from Xenopus brain suggesting that both ligands 
may reside on the same protein (Henley et al, 1989). Moreover, expression of 
non-NMDA receptors from combinations of cDNA clones, consistently developed 
sensitivity to both agonists (Boulter et al, 1990; Keinanen et al, 1990). 
Although the expressed clones may not represent nascent receptors found in 
vivo, recent electrophysiological studies on neurones favoured the existence of 

a common receptor-ionophore since responses to KA were competitively 
antagonised by AMPA (or QAXO’Brien & Fischbach, 1986; Perouansky &
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Grantyn, 1989). In this case, the competitive antagonism was explained by 
assuming that KA and AMPA behaved as full and partial agonists on the same 
receptor/ion-channel respectively (Bowie & Smart, 1991b; Rassendren et al 
1989).

Historically, combination experiments between KA and AMPA (or QA) were not 
always consistent with a common receptor-ionophore for non-NMDA agonists. 
In some cases, albeit more rarely, the response to KA was blocked by other 
non-NMDA receptor agonists (e.g. QA or AMPA) in an uncompetitive (Ishida 
& Neyton, 1985) or non-competitive (Bowie & Smart, 1990) manner. In such 
instances, KA-responses could be antagonised even in the absence of any 
measurable agonist-response to QA alone (Aizenmann et al, 1988; Ishida & 
Neyton, 1985). It was proposed that AMPA (or QA) acted on at least two 
distinct sites; (i) the excitatory receptor traditionally defined for this agonist 
(Watkins & Evans, 1981), and (ii) another more novel site, where AMPA (or 
QA) behaved as an antagonist (Aizenman et al, 1988). In the latter case, the 
binding of AMPA was proposed to antagonise KA-responses due to a 
sequentially developing desensitization, ion-channel block or allosteric 
modulation (Ishida & Neyton, 1985). In support of this concept, biochemical 
studies have purified non-NMDA receptors apparently selective for QA (Henley 
& Barnard, 1989; Yoneda & Ogita, 1989) or KA (Hampson & Wenthold, 1988; 
Henley & Barnard, 1989). Moreover, electrophysiological studies have reported 
separate receptors selective for QA (Aizenman et al, 1989) and KA (Agrawal & 
Evans, 1986). In addition, the agonist-responses show a different degree of 
expression (Clendening & Hume, 1990) and varying location (Arancio & 
MacDermott, 1991) on single neurones. Consequently, recent evidence has also 
favoured the traditional division of non-NMDA receptors.

To address the possible occurrence of different non-NMDA receptors, 
combination experiments between KA and AMPA were performed on oocytes 
injected with mammalian (rat and calf) and avian (chick) brain mRNA. In 
contrast with other studies, both competitive and non-competitive antagonism 
of KA-responses were observed. KA-responses were competitively antagonised 
by AMPA in oocytes injected with rat brain mRNA, whereas, a non-competitive
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antagonism was observed in oocytes injected with calf or chick brain mRNA. 
The possibility that the different types of antagonism favours heterogeneity 
amongst non-NMDA receptors is discussed.

RESULTS

(i) KAINATE RESPONSES ARE ANTAGONISED BY OTHER 
NON-NMDA RECEPTOR AGONISTS

In all mRNA injected oocytes tested (n=52), near-saturating concentrations of 
QA (6pM), AMPA (lOOpM), and L-Glu (50pM) reduced the membrane current 
produced by 80pM KA (table 6.1). AMPA reduced the current-response to KA 
by 55 ± 5% (n=5), 47 ± 4% (n=4) and 54 ± 2 % (n=10) in oocytes injected with 
calf, chick and ra t brain mRNA respectively. QA and L-Glu also reduced the 
KA-response in all mRNA-injected oocytes. However, these agonists 
additionally activated an oscillatory membrane current, particularly in rat 
mRNA-injected oocytes, which hindered examination of the antagonism. The 
response to 80pM KA was reduced by 6pM QA to a similar degree in calf (70 
± 3%, n=18) and chick (60 ± 6%, n=5) mRNA injected oocytes; 50pM L-Glu also 
antagonised the KA-response to the same extent in oocytes injected with calf 
(58 ± 5%, n=6) and chick (45 ± 7%, n=4) mRNA. Finally, lOOpM (3-ODAP also 
reduced (67 ± 5%, n=4) the amplitude of the membrane current to 80pM KA 
in calf brain mRNA injected oocytes.

In each instance, the antagonism of the KA responses had a rapid onset and 
recovery. Furthermore, the antagonism did not show use-dependency and was 
fully reversible. In figure 6.1 A, the current amplitude evoked by 80pM KA was 
rapidly reduced following co-application with 6pM QA; the new steady-state 

current was 38% of the control measured in the absence of QA. A similar 
degree of antagonism was observed when the oocyte was preincubated with QA 
prior to KA exposure. Figure 6. IB, shows a typical recovery response from QA- 
antagonism. The current amplitude measured in the presence of 80pM KA and 
6pM QA increased when QA was removed from the perfusion medium. In this 
case, the peak KA-response following recovery was similar to the control
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response to KA alone. Other KA-like agonists, such as BrW and Dom, were 
similarly antagonised by QA (figure 6.1C). In oocytes injected with calf brain 
mRNA, 6pM QA antagonised the response evoked by BrW (20pM, n=5) and 
Dom (40pM, n=6) by 80 ± 4% and 68 ± 7% respectively. The antagonism of KA 
responses by these non-NMDA receptor agonists was additive. In figure 6.2A, 
the response produced by 80pM KA was reduced by 46% with 3pM QA and 
then by a further 24% when lOpM L-Glu was applied. The effect of 
simultaneous application of QA and L-Glu was similar to the summed effect of 
each agonist alone.

In oocytes injected with calf brain mRNA, the rank order of potency for the 
inhibition of KA-elicited responses was constructed by measuring the effect of 
increasing the agonist concentration at a fixed concentration (80pM) of KA 
(figure 6.2B). QA was the most potent antagonist of the KA response with an 
ICgo equal to 5pM. L-Glu and AMPA were less potent with IC50 values of 30pM 
and 50pM respectively (n=4). Although no measurable response was observed 
to NMD A alone (IC50=1.5mM) in these oocytes, the response to KA was still 
inhibited. In ra t and chick mRNA-injected oocytes, preliminary results 
suggested a similar rank order of potency.

(ii) COMPETITIVE AND NON-COMPETITIVE ANTAGONISM OF 
KA-RESPONSES IS SPECIES DEPENDENT

The antagonism of KA-responses was compared between oocytes injected with 
different mRNA using AMPA as the "antagonist" since, unlike QA or L-Glu, it 
did not activate a contaminating oscillatory membrane current. In figure 6.3, 
lOOpM AMPA antagonised responses to KA (10pM-2mM) in oocytes injected 
with calf and rat brain mRNA. In oocytes injected with ra t brain mRNA, 
lOOpM AMPA produced an apparent parallel shift of the KA dose-response 
curve without any modification of the maximal KA current (figure 6.3A). This 
effect was consistent with competitive antagonism. The estimated EC50 values 
for KA and KA + AMPA were 95pM and 350pM respectively. In contrast, in 

calf mRNA-injected oocytes, AMPA produced an apparent non-competitive 
antagonism of the KA dose-response curve where the maximal agonist-response
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was consistently depressed (figure 6.3B). The estimated EC50 values for KA in 
the presence and absence of AMPA were 240pM and 90pM respectively. 
Similar experiments in oocytes injected with chick mRNA also revealed a non
competitive antagonism of KA-responses by AMPA (data not shown).

(iii) FURTHER CHARACTERISATION OF THE NON-COMPETITIVE 
ANTAGONISM OF KA-RESPONSES

In oocytes (calf and chick brain mRNA) where non-competitive antagonism of 
KA-responses was observed with non-NMDA agonists, different concentrations 
of KA (20pM, 80pM and 400pM) were reduced by a different amount following 
co-application with 6pM QA (figure 6.4A, calf). The current evoked by 20pM 
KA was unaffected by 6pM QA, however, the responses produced by 80pM and 
400pM KA were reduced by 64% and 58% respectively. The log. dose-response 
curve constructed to KA (n=6, calf) in the presence of QA (6pM) was shifted to 
the right where the maximal KA-response was consistently reduced (figure 
6.4B). The estimated EC50 values for KA in the presence or absence of QA were 
180pM and llOpM respectively. At low concentrations of KA (<20pM), the 
membrane current evoked by combinations of KA and QA was larger than that 
observed with KA alone (figure 6.4C). In this case, the net response recorded 
during co-application of these agonists was the summation of their individual 
responses. In oocytes where 6pM QA did not evoke any measurable response 
alone, the membrane current elicited by 20pM KA was unaffected (c.f. figure 
6.5B) A log-log plot of the normalised KA dose-response curve in the presence 
and absence of 6pM QA (c.f. figure 6.4B) revealed a limiting slope of 1.03 and 
2.4 respectively (figure 6.5A).

The depression of the maximal KA-response was observed at all the 
concentrations of QA tested (6-12pM); however, the precise nature of this 
antagonism appeared to be more complex at larger QA-concentrations. In figure 
6.5B, the reduction (%) of KA-responses at different concentrations of QA (6 
and 12pM) were dissimilar. In particular, at low concentrations of KA (20pM), 
co-application of 6pM QA had no effect on the control KA-response whereas 
12pM QA reduced the membrane current evoked by KA (figure 6.5B). In this
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oocyte, bath application of 6pM or 12pM QA alone produced no measurable 
membrane current. This preliminary result may suggest that the type of 
antagonism of KA-responses may be dependent on the concentration of QA, as 
well as for KA (c.f. figure 6.4A). Non-competitive antagonism of KA-responses 
by QA and AMPA in these oocytes was also observed with L-Glu (50pM, calf, 
n=4; chick, n=3). In each case, the maximal response to KA was consistently 
depressed in the presence of L-Glu when compared to the control (figure 6.6A). 
Moreover, this type of antagonism of KA-responses was also observed with 
another KA-like agonist. In figure 6.6B, the dose-response curve constructed 
to BrW (l-640pM) was shifted in a non-competitive manner with 6pM QA. At 
low agonist concentrations the response to BrW was not enhanced (c.f. figure 
6.4C). Moreover, in this oocyte no measurable response was observed to 6pM 
QA alone.

C PNC ANAVALIN-A DID NOT AFFECT QA-ANTAGONISM OF KA-RESPONSES

The plant lectin, concanavalin-A (Con-A), selectively reduces desensitization 
produced by QA without affecting responses to KA (Mayer & Vyklicky, 1987; 
see Chapter 4). Due to i^s differential effect on KA and QA responses, the 
effect of Con-A was tested on the antagonism of KA-responses by QA. In figure 
6.7A (calf), the membrane current evoked by 80pM KA was reduced in the 
presence of 6pM QA. Following treatment with lOpM Con-A for 30mins, the 
response to QA alone was enhanced (not shown; see Chapter 4), however, the 
response to KA was unaffected. Moreover, the antagonism of the KA-response 
by QA, after Con-A treatment, was similar to the control (n=4). A similar result 
was observed with oocytes injected with chick brain mRNA (n=3). Increased 
membrane current oscillations were observed following wash-out of the QA and 
KA combination (figure 6.7A), this effect was also observed with QA alone.

A c id ic  p h  r e d u c e s  t h e  antagonism  o f  ka-r e s p o n s e s

The responses to non-NMDA receptor agonists are reversibly inhibited by 
raised concentrations of extracellular protons (H+ ions) that correspond to 
acidic pH values (Traynelis & Cull-Candy, 1991). Due to this phenomenon, the



effect of H+ ions was examined on QA and KA interactions (figure 6.7B). At 
normal physiological pH (pH=7.5), the response to KA (80pM) was reduced by 
54% following co-application with QA (6pM). At more acidic pH values 
(pH=5.6), the response to KA was now antagonised further by QA (71% 
inhibition). The antagonism of KA-responses by QA at pH 5.6 increased by 18 
± 4% (n=3) more than at pH 7.5. Responses to KA and QA measured a t pH 7.5 
were reduced by 64% and 60% respectively at pH 5.6 (figure 6.7B); thus, 
membrane currents to KA and QA were similarly inhibited at low pH.

An t a g o n ism  o f  ka-r e spo n ses  by qa is  voltage-in s e n s it iv e

The effect of membrane voltage on the antagonism of KA-responses by QA was 
investigated. In figure 6.8A, current-voltage (I-V) relationships were 
determined by applying incremental voltage command steps (20mV steps; 1.5 
sec. duration) from a membrane potential of -60mV in the presence and 
absence of the agonists (see Chapter 5). The leak-subtracted I-V plots for 
160pM KA (calf brain mRNA), in the presence and absence of 5pM QA, were 
then plotted (figure 6.8A). In each case, the estimated null potential values 
were similar. Chord conductance-voltage (G-V) plots for KA (80pM, n=4) in the 
presence or absence of QA (6pM) were used to determine the voltage- 
dependency of QA-antagonism. The antagonism of KA-responses by QA was 
relatively voltage insensitive, where QA was only slightly less effective at 
positive membrane potentials ( >+20mV) (figure 6.8B).

(iv) THE EXPRESSION OF NON-NMDA RECEPTOR 

AGONIST RESPONSES

The amplitude of KA-responses (80pM) were compared with QA- (6pM), AMPA- 
(lOOpM) or L-Glu- (50pM) responses in oocytes exhibiting competitive (rat) or 
non-competitive (calf and chick) antagonism of KA-responses with non-NMDA 
agonists. It was postulated that if KA and other non-NMDA receptor agonists 
activated the same receptor-ionophore, then, the response recorded to each 
agonist, in the same oocyte, should be proportionally, if not, linearly related 
and depend on the degree of receptor expression. Conversely, a random
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dispersal of agonist responses might be expected with agonists activating 
different receptor ionophores.

In all oocytes injected with rat brain mRNA (n=9), both KA (80pM) and AMPA 

(lOOpM) consistently evoked membrane currents (figure 6.9A). Moreover, when 
directly compared, the amplitude of KA and AMPA responses exhibited a linear 
relationship consistent with both agonists sharing the same receptor-ionophore 
(figure 6.9B). Responses evoked by QA or L-Glu were not compared with KA 
in oocytes injected with rat brain mRNA since these agonists additionally 
activated a contaminating oscillatory current. In figure 6.10, the response 
evoked by 80pM KA in chick (n=16; figure 6.10A) and calf (n=36; figure 6.10C) 
mRNA injected oocytes was directly compared with the membrane current 
elicited by QA (6pM; n=22), AMPA (lOOpM; n=17) or L-Glu (50pM; n=13) in 
the same oocyte (H.P.= -60mV). In these oocytes, there was no apparent 
correlation between the response amplitudes to KA and the other receptor 
agonists (figure 6.10A and C). Moreover, in some cases, a response to KA could 
be observed in the absence of any measurable QA-response; even at 
concentrations invariably evoking a maximal response for QA (figure 6.10B; 
calf). In these oocytes (n=3), the response to KA could still be antagonised by 
QA.

DISCUSSION

In this study, the responses to KA were antagonised when co-applied with 
other non-NMDA receptor agonists: the rank order of potency for inhibition 
was QA > L-Glu * AMPA > NMD A. In addition, other KA-like agonists, such 
as Dom and BrW, were similarly antagonised by these non-NMDA receptor 
agonists. The antagonism of KA-responses by QA has been observed in other 
studies where co-application of both agonists produced a response intermediate 
between the response to either agonist alone (Aizenman et al, 1988; Bowie & 
Smart, 1989, 1990 and 1991b; Hirono et al, 1988; Ishida & Neyton, 1985; 
Kiskin et al, 1986; Lerma et al, 1989b; Mayer & Vyklicky, 1989; O’Dell, 1989; 
O’Dell & Christensen, 1989a and b; O’Brien & Fischbach, 1986; Perouansky & 
Grantyn, 1989; Verdoom & Dingledine, 1988; Zorumski & Yang, 1988).
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Furthermore, a similar antagonism of KA-responses has also been observed 
with AMPA and L-Glu (Bowie & Smart, 1989, 1990 and 1991b; Gundersen et 
al, 1984; Ishida & Neyton, 1985; Kiskin et al, 1986; O’Dell, 1989; O’Dell & 
Christensen, 1989a and b; Rassendren et al, 1989; Zorumski & Yang, 1988), 

but, the antagonism produced by NMDA has been reported more rarely 
(Karschin et al, 1988). The antagonism of KA-like agonists, such as Dom and 
BrW, has not been reported before.

In studies where direct comparisons have been made between the apparent 
antagonism of KA-responses by QA, L-Glu and AMPA, a similar rank order of 
potency was observed with the present study (Aizenman et al, 1988; Verdoom 
& Dingledine, 1988; Kiskin et al, 1986; Ishida & Neyton, 1985; O’Dell, 1989; 
O’Dell & Christensen, 1989a and b). Furthermore, the estimated IC50 values 
for these agonists on KA-responses compared favourably with this study (c.f. 
O’Dell, 1989; IC50 values for QA, AMPA and L-Glu were 9pM, 78pM and 
104pM respectively); a similar inhibition order was reported by O’Dell & 
Christensen (1989a and b). In these studies, AMPA apparently was a more 
potent inhibitor than L-Glu (O’Dell & Christensen, 1989a and b), in contrast 
with the present investigation; however, O’Dell (1989) proposed that this 
difference was not always easy to distinguish. The antagonism of KA-responses 
by NMDA has also been reported (Karschin et al, 1988) with ra t retinal 
ganglion cells even when no measurable response was observed to NMDA 
alone. However, the concentration of NMDA (IC50 = 200pM) required to produce 
a 50% inhibition of KA-responses was much lower than the present study (IC50 

= 1.5mM).

(i) THE OCCURRENCE OF COMPETITIVE AND 
NON-COMPETITIVE ANTAGONISM

In previous studies using neurones and in the present study using mRNA- 
injected oocytes, the responses to KA were antagonised in a competitive or non
competitive manner. In most cases, where different KA-concentrations were 
tested, the antagonism produced by QA or AMPA was relieved at higher 
concentrations of KA (Bowie & Smart, 1991b; Hirono et al, 1988; Lerma et al,
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1989; O’Brien & Fischbach, 1986; O’Dell & Christensen, 1987; Perouansky & 
Grantyn, 1989; Rassendren et al, 1989). Furthermore, QA and AMPA produced 
a parallel shift of the KA dose-response curve consistent with competitive 
antagonism (Bowie & Smart, 1991; O’Brien & Fischbach, 1986; Perouansky & 

Grantyn, 1989; Rassendren et al, 1989). However, in some cases, this 
conclusion was proposed despite the incomplete construction of dose-response 
curves and inconclusive determination of the maximal KA response (Hirono et 
al, 1988; Perouansky & Grantyn, 1989). More rarely, the antagonism of KA- 
responses by QA (AMPA and L-Glu) was better explained by a non-competitive 
antagonism, since larger KA-concentrations were unable to overcome the 
inhibition (Aizenman et al, 1988; Bowie & Smart, 1990; Gallo et al, 1989; 
McCaslin & Morgan, 1987). In addition, uncompetitive antagonism was also 
proposed after subjecting each dose-response curve to a linear transformation 
according to Lineweaver-Burk (Ishida & Neyton, 1985). In particular, a parallel 
shift of the linearised KA-plot was produced by QA which is consistent with 
this type of antagonism (Aliens et al, 1964). Most importantly, non-competitive 
and uncompetitive antagonism could occur in the absence of any measurable 
response to QA (Aizenman et al, 1988; Bowie & Smart, 1990; Ishida & Neyton, 
1985). In agreement with these studies, both competitive and non-competitive 
antagonism of KA-responses was observed in the present study. The occurrence 
of either antagonism was apparently dependent on the mRNA species used. 
Competitive antagonism was observed exclusively in oocytes injected with rat 
brain mRNA, whereas KA-responses in calf or chick mRNA injected oocytes 
were antagonised in a non-competitive manner.

(ii) AN INTERACTION BETWEEN FULL AND PARTIAL AGONISTS 
MAY EXPLAIN COMPETITIVE ANTAGONISM

The most likely mechanism to account for the competitive antagonism of KA- 
responses by AMPA could involve an interaction between a full and partial 

agonist. A similar mechanism has already been proposed in biochemical (Pin 
et al, 1989) and electrophysiological (O’Brien & Fischbach, 1986; Perouansky 
& Grantyn, 1989; Rassendren et al, 1989) studies to explain the inhibitory 
effect of AMPA (and QA) on KA-responses. Furthermore, recent studies using
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recombinant cDNAs for the non-NMDA receptors, suggest that the interaction 
between KA and AMPA may also be explained by this mechanism (Boulter et 
al, 1990; Keinanen et al, 1990).

In this scenario, KA and AMPA bind to the same receptor-ionophore but AMPA 
displays a smaller efficacy when bound. The response observed following co
application of both agonists is determined by the affinity and efficacy of each 
agonist. Using low concentrations of KA (lOpM) with a maximal AMPA 
(lOOpM) dose, the response observed will be the summed effect of the 
individual agonist-responses. With increasing concentrations of KA, in the 
continued presence of AMPA (lOOpM), both agonists compete for the number 
of available receptors and produce a response intermediate between each 
agonist response alone. Finally, saturating concentrations of KA can overcome 
the effect of AMPA without any modification in the maximal KA-response, 
yielding, a parallel rightward shift in the KA dose-response curve.

This prediction for shifting the dose-response curve is in agreement with the 
observations made during co-application of KA with AMPA in this study. In 
further support of this, the expression of KA and AMPA responses in the same 
oocyte were linearly related; an observation consistent with both agonists 
sharing a common receptor-ionophore. It is not known at present, whether 
receptor activation necessitates the binding of KA and AMPA to the same 
agonist recognition-site on the receptor-protein or whether discrete sites exist. 
However, it is worth noting that responses to both agonists may be 
differentiated with thiocyanate (SCN ) ions which selectively reduce the 
response evoked by AMPA (Bowie & Smart, 1991b, see Chapter 7).

(iii) POSSIBLE MECHANISMS TO ACCOUNT FOR 
NON-COMPETITIVE ANTAGONISM

Three possible mechanisms, proposed by Ishida & Neyton (1985), may be 
considered to account for the non-competitive antagonism of KA-responses by 
QA (AMPA and L-Glu). First, a sequentially developing receptor desensitization 
may explain the antagonism of KA-responses. In this case, the degree of
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antagonism would be determined by the level of receptor desensitization 
induced by QA. Cross-desensitization of QA- (or L-Glu) and KA-responses has 
already been proposed to account for agonist-interactions on the same receptor- 
ionophore in hippocampal pyramidal cells (Kiskin et al, 1986). However, this 
model does not fully account for the observations made in the present study. 
For example, although the level of desensitization induced by QA was reduced 
by Con-A (figure 6.7A), this treatment did not affect the antagonism of KA- 
responses (see also Mayer & Vyklicky, 1989). Furthermore, the level of 
expression of KA and QA (AMPA and L-Glu) responses in the same oocyte, do 
not show a direct correlation which is inconsistent with both agonists sharing 
the same receptor-ionophore.

A second possible mechanism is open-channel block whereby QA, AMPA or L- 
Glu directly occlude the channel activated by KA. In this situation, a greater 
degree of antagonism should be observed with larger concentrations of KA. 
However, since the membrane conductance activated by KA appears to be 
cationic in nature and that at least one of the blocking drugs (L-Glu) has a net 
negative charge at physiological pH, it seems likely that for a common mode 
of blockade, a neutral part of the blocking molecule would be involved (Ishida 
& Neyton, 1985). For example, the zwitterionic (-CH(NH3+)COO*-) moiety of the 
QA- (AMPA or L-Glu) molecule may be a likely candidate for this. This type of 
blockade may show some dependence on the membrane potential; however, in 
this study, the antagonism of KA-responses by QA over a range of membrane 
potentials (-120mV to +60mV) was not voltage-dependent. Furthermore, in this 
study, QA did not exert a stronger inhibition of responses at higher doses of KA 
(c.f. figure 6.5B). This observation was not characteristic of open channel block 
and was thus inconsistent with uncompetitive antagonism.

Finally, a third model compatible with the results, entails the allosteric 
modulation by QA (AMPA and L-Glu) of a receptor sensitive to KA, causing a 
conformational change in the receptor-channel complex to a non-conducting 
state. In this model, QA (AMPA or L-Glu) binds to two possible sites. One site 
is the excitatory receptor specific for this agonist. The second is an "allosteric 
site" where QA acts as an antagonist but does not elicit an agonist response.
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In support of this, the limiting slope of the log.log. plot to KA was altered in 
the presence of QA and may suggest that QA interferes with the molecular 
interaction between KA and the receptor. However, interpretation of this data 
must eliminate the possibility that membrane currents activated by QA alone 
may interfere with the outcome of this analysis. In further support of this 
model, responses were occasionally observed to KA in the absence of any 
measurable response to QA. In such oocytes (n=3), QA still antagonised KA- 
responses (c.f. figure 6.4B). A comparison between the amplitudes of QA- 
(AMPA or L-Glu) and KA-responses did not show a direct relationship and was, 
thus, still consistent with the hypothesis of QA acting at an allosteric site on 
a KA-receptor. The apparently random expression of KA- and QA-responses 
has also been reported in the retina (Aizenman et al, 1988; Ishida & Neyton,
1985) and in mRNA injected oocytes (Lerma et al, 1988; Randle et al, 1988) 
where responses to KA were also antagonised by QA.

Clearly, for future investigation a number of possibilities should be considered. 
The proposed model of allosteric modulation must account for the more complex 
antagonism of KA-responses observed with higher concentrations of QA and 
also the enhanced antagonism of KA-responses by QA at acidic pH (pH 5.6) 
values. Tentatively, it seems unlikely that this effect of pH can be explained 
by an alteration of receptor affinity, since the EC50 values for KA and AMPA 
(QA not tested) are unchanged at acidic pH (Traynelis & Cull-Candy, 1991). 
Although QA was not tested for this effect of pH, the EC50 value for QA may 
be similarly unaffected.

It might be envisaged that the antagonism of KA-responses by QA, observed 
in this study, may have physiological importance for the endogenous 
substances acting at these receptors. For example, an in vivo study reported 
tha t pretreatment with QA could selectively prevent seizures evoked by the 
injection of KA in the area tempestas (Zhong & Gale, 1988). Moreover, QA 

protects cerebellar granule cells from the excitotoxic activity of KA (McCaslin 
et al, 1988). In addition, in these cells, it also inhibits KA-induced release of 
[3H]D-aspartate (Gallo et al, 1987) and the accumulation of cGMP (Gallo et al, 
1989).
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(iv) DIFFERENT TYPES OF ANTAGONISM MAY SUGGEST
HETEROGENEITY OF NON-NMDA RECEPTORS

In the present investigation, one possible explanation, to account for the two 
types of antagonism studied, is that a number of distinct non-NMDA receptors, 
with apparently equal sensitivity to KA (see Chapter 3), are predominately 
expressed from mammalian (rat and calf) and avian (chick) brain mRNA. In 
this scheme, the receptor expressed from calf and chick mRNA is sensitive only 
to KA, whereas KA and AMPA activate the receptor expressed from ra t brain 
mRNA. A more complex hypothesis would involve the random expression of a 
heterogeneous population of non-NMDA receptors from the mRNA species used 
(see Chapter 5). However, the fact that these results were observed consistently 
between different batches and donors of oocytes and also from different batches 
of mRNA, suggests that the latter proposal is less likely.

In the CNS, biochemical and electrophysiological studies suggest that, a 
heterogeneous population of non-NMDA receptors exist which are selective for 
QA and AMPA (Aizenmann et al, 1989; Henley & Barnard, 1989a; Yoneda & 
Ogita, 1989), KA and AMPA (Honore & Drejer, 1988; Henley & Barnard, 
1989b; Henley et al, 1989) or KA alone (Agrawal & Evans, 1986; Evans et al, 
1987). In particular, different receptors sensitive to KA and/or AMPA are 
present in the CNS of a variety of species in agreement with the present study. 
For example, in ra t (Honore & Drejer, 1988) and Xenopus (Henley & Barnard, 
1989; Henley et al, 1989b) brain, the sites for KA and AMPA apparently reside 
on the same protein since the agonist-binding activities cannot be separated by 
biochemical fractionation procedures (Henley et al, 1989b). Whereas in the rat 
spinal cord, a relatively pine population of KA-receptors are found in dorsal 
root C fibres which are weakly-sensitive to QA or AMPA (Agrawal & Evans,

1986).

It is unlikely however, that in this study, possible heterogeneity of KA-sensitive 
receptors can be explained simply by species variation. Indeed, in the same 
animal, a mixed population of KA-sites can be found in different (Henley & 
Barnard, 1990) or similar (lino et al, 1990) brain regions. For example, in 1-day
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old chick forebrain and midbrain, KA and AMPA both inhibit the binding of 
[3H]CNQX; however, in the cerebellum, AMPA fails to inhibit [3H]CNQX 
binding whereas KA does (Henley & Barnard, 1990). It is interesting to note 
that in the present study, mRNA extracted from chick brain at the same age 
(i.e. 1-day old) expressed a receptor to KA which was also apparently 
insensitive to AMPA; although AMPA did antagonise the membrane current 
evoked by KA. It is not known if a relationship between the non-NMDA 
receptors studied by radioligand binding (Henley & Barnard, 1990) and the 
present investigation exists, however, it would be interesting to test, in the 
latter case, if the antagonism of KA-responses by AMPA is insensitive to 
CNQX.

Finally, it is interesting that, L-Glu, a putative neurotransmitter a t EAA 
receptors, apparently poorly activated KA-sensitive receptors expressed from 
calf and chick mRNA. Moreover, responses to L-Glu and KA could be 
differentiated further by their voltage sensitivity in oocytes injected with these 
mRNAs (see Chapter 5; Bowie & Smart, 1991a). In other studies, there is some 
evidence to suggest that L-Glu does not activate all KA-receptors (Ascher & 
Nowak, 1988a; Gundersen et al, 1984; Sawada & Yamamoto, 1984). For 
example, oocytes injected with human brain mRNA express responses to KA 
without any measurable response to L-Glu (Gundersen et al, 1984). Therefore, 
it  is possible that in the CNS, some KA-receptors are insensitive to L-Glu 
(Mayer & Westbrook, 1987).
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FIGURE 6.1: THE ONSET AND RECOVERY FROM QA-ANTAGONISM WAS 

RAPID AND FULLY REVERSIBLE. (A+B) M em brane curren ts evoked by bath-

applied 80|iM KA (solid line, H.P.= -60mV) w ere reduced by QA (6|iM, broken line) 
in an oocyte injected with calf brain mRNA. The o n se t (A) and recovery (B) of this 

an tagonism  w as both rapid and fully reversible. (C) Similarly, in ano ther oocyte

(calf; H.P.= -60mV), the  resp o n se  elicited by BrW (20pM) w as also  an tagon ised  
by 6pM QA. Hyperpolarising voltage com m and s tep s  (10mV, 1.5 sec . duration, 
0 .05  Hz) w ere superim posed  onto the  holding potential to monitor m em brane

conductance.

TABLE 6.1: QA, AMPA AND L-GLU REDUCED R ESPO N SES TO KAINATE IN

ALL mRNA INJECTED OOCYTES. The effect of co-application of QA (6pM), 
AMPA (100pM) or L-Glu (50pM) on re sp o n ses  evoked by 80pM KA (H.P= -60mV) 
w ere te s ted  in oocy tes injected with calf, chick or rat brain mRNA. The inhibition

of K A -responses by QA, AMPA and  L-Glu w ere calculated and  ex p ressed  a s  the

m ean ±  s.e .m . AMPA reduced  the resp o n se  to KA to a  similar extent in calf (55 ± 
5%, n=5), chick (47 ± 4%, n=4) and  rat (54 ± 2%, n=10) mRNA injected oocytes. 
Moreover, QA and L-Glu w ere equally effective in oocytes injected with calf or

chick mRNA; oocytes injected with rat brain mRNA w ere not tested .
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FIGURE 6.2: THE ANTAGONISM OF KAINATE R E SPO N SES IN CALF mRNA

INJECTED OOCYTES: ADDITIVE EFFECT AND RANK ORDER O F POTENCY.

(A) The antagonism  of KA-responses by QA and  L-Glu w as additive since the

antagonism  produced by co-application of QA and L-Glu w as the sam e  a s  the  sum

of their individual effects. QA (3|iM) antagonised the m em brane current evoked by 
80pM KA by 46% , which w as reduced by another 24%  upon the  addition of L-Glu 
(10pM). A similar result w as observed with either QA + AMPA or L-Glu + AMPA. 
Hyperpolarising voltage com m and s tep s  (10mV, 1.5 sec . duration, 0.05 Hz) w ere

superim posed  on the holding potential (H.P.= -60mV) to monitor m em brane

conductance. (B) The rank order of potency for the inhibition of re sp o n se s  to 80pM 
KA (H.P.= -60mV) w as determ ined in four oocytes. The estim ated  IC50 va lues for

QA (o), L-Glu (*), AMPA (□) and NMDA ( • )  in th ese  oocytes a re  5pM, 30|iM , 50pM 

an d  1.5mM respectively. Although NMDA antagonised  re sp o n ses  to KA in th e se  

oocy tes, no m easurab le  response w as observed to this agonist.
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FIGURE 6.3: COMPETITIVE AND NON-COMPETITIVE ANTAGONISM O F KA- 

R ESPO N SES IS SPEC IES DEPENDENT. (A) In an oocyte injected with rat brain

mRNA, the  re sp o n ses  evoked by KA (10pM-2mM) in the  p resen ce  or a b se n c e  of 
100jiM AMPA w ere m easu red  under voltage clam p (H.P.= -60mV). The re sp o n se s  

evoked by KA at different concentrations w ere then  ex p ressed  a s  the  agonist- 

evoked conductance  ch an g e  (G). AMPA (100jiM) shifted the  KA log. d o se- 
resp o n se  curve in a  parallel m anner without affecting the maximal re sp o n se  to KA

consisten t with com petitive antagonism . (B) In contrast, in an  oocyte injected with 

calf brain mRNA (H.P.= -60mV), m em brane currents (exp ressed  a s  m em brane

conductance, G) evoked by KA (10pM-2mM) w ere non-competitively an tagon ised  
by AMPA (100|iM) w here the maximal re sp o n se  to KA w as d ep re ssed . Note, that 

at low concentrations of KA, the  agon ist-response  w as slightly en h an ced  in the  

p re sen ce  of QA.
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FIGURE 6.4: KAINATE R ESPO N SE S W ERE NON-COMPETITIVELY

ANTAGONISED BY QA. Different concentrations of KA w ere applied to oocy tes

(H.P.= -60mV) injected with calf brain mRNA, in the  p resen ce  and  a b se n c e  of QA

(6jxM). (A) Co-application of QA (broken line), reduced  the  re sp o n ses  to 80pM 
(64% inhibition) and  640pM  (58% inhibition) KA (solid line), but the  resp o n se  to 

20pM KA w as unaffected. (B) Construction of norm alised dose-conductance  (GN)

curves to KA (n=6), in the  p re sen ce  (O) and  ab se n c e  ( • )  of QA, revealed a  non

competitive an tagonism  of K A -responses w here the maximal K A -response w as

consistently d ep re ssed . All conductance  re sp o n ses  w ere norm alised to 80|iM KA 
alone and  ex p re ssed  a s  the  m ean ± s.e.m . (C) At low concentrations of KA 
(10|iM), co-application with QA (6pM) produced a  response  that w as the  sum m ed 
effect of individual agonist re sp o n ses . In A + C, hyperpolarising voltage com m and

s tep s  (5-1 OmV, 1.5 sec . duration, 0.05 Hz) w ere superim posed  on the holding

potential (H.P.= -60mV) to monitor m em brane conductance.
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FIGURE 6.5: ANTAGONISM OF KAINATE R ESPO N SES WITH DIFFERENT

CONCENTRATIONS O F QA AND THE EFFECT ON THE LIMITING SLOPE OF

THE LOG. LOG. PLOT. (A) The logarithm of the norm alised conductance va lues

(Gn) for KA (taken from figure 6.4B), in the  p resen ce  and  ab sen ce  of QA (6|iM),

w ere calcu lated  and  plotted against the log. concentration of KA. The limiting

slo p es  estim ated  for the curves to KA and  KA + QA w ere 2.4 and 1.03

respectively. (B) The reduction (%) of K A -responses (20pM-640jiM) by 6pM ( • )  
and  12pM QA (O) w as determ ined in an oocyte injected with calf brain mRNA 
(H.P.= -65mV). At concentrations of KA g rea te r than 80|iM, the  d eg ree  of 
an tagonism  produced by each  d o se  of QA declined with the concentration of KA.

At lower KA-concentrations (10-20|iM), the deg ree  of antagonism  produced by 6pM 
QA w as much le ss  than  with 12pM QA. In this oocyte, no m easurab le  m em brane 
current w as evoked by bath application of 6-12pM QA.
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FIGURE 6.6: NON-COMPETITIVE ANTAGONISM OF KAINATE R ESPO N SES

WAS ALSO OBSERVED WITH KAINATE-LIKE AGONISTS. (A) In an oocyte

injected with calf brain mRNA (H.P.= -70mV), m em brane curren ts evoked by KA

alone (10jiM-1 mM, • )  w ere non-competitively an tagon ised  by 50pM  L-Glu (O) in a  
similar m anner to the  inhibitions produced by AMPA and  QA (c.f. figures 6.3B and

6.4B). (B) In a  different oocyte (H.P.= -60mV; calf), re sp o n se s  evoked by the KA-

like agonist, BrW (1pM-640|iM, O ), w ere an tagon ised  by 6pM QA ( • )  in an  non
com petitive m anner. The maximal agon ist-response  to BrW w as apparently  only 

slightly d e p re ssed . Note, that a t low concentrations of BrW, QA still an tag o n ises  

the re sp o n se  to this agonist. No m easurab le  resp o n se  w as observed  to QA alone 

a s  expected .



6 0

KA

4 0

I (n A )

20

+ 5 0 mM L - G I u

10 100

[K A IN A T E ] ( j iM)

1000

B
eo r

CONTROL

-  V > '

6|iM QUISQUALATE

Xu
1000100

CBROMOWILLARDIINE3 (|jM)

199



FIGURE 6.7: EFFECT OF CONCANAVALIN-A AND ACIDIC pH ON THE

ANTAGONISM OF KA-RESPONSES. (A) In an oocyte injected with calf brain

mRNA, re sp o n se s  to KA (80pM) were antagonised by 6|iM QA (54%  inhibition). 
After preincubation with Con-A (10|xM) for 30 mins, 6pM QA an tagon ised  the 
re sp o n se  to KA (56% inhibition) by the sam e am ount. Note, the  oscillatory

m em brane currents observed, particularly after Con-A trea tm ent during agonist

w ashou t (see  C hapter 4). (B) M embrane currents evoked by KA (80|iM) and  QA 
(6pM) (H.P.= -60mV; calf) w ere antagonised similarly a t acidic pH values (pH=5.6) 

by 64%  and  60%  respectively. At pH 5.6, the antagonism  of K A -responses by QA

(71%  inhibition) w as g rea ter than at pH 7.5 (54% inhibition). In A + B,

hype rpo lari sing voltage com m and s tep s  (5-1 OmV, 1.5 sec . duration, 0.05 Hz) w ere

superim posed  on the  holding potential (H.P.= -60mV) to monitor m em brane

conductance.
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FIGURE 6.8: ANTAGONISM OF KAINATE R ESPO N SES BY QA IS VOLTAGE- 

INSENSITIVE. (A) T he current-voltage (l-V) relationships for KA (160|iM), in the  
p resence  (O) or a b sen ce  ( • )  of QA (5|iM), were determ ined by applying incremental 
voltage com m and s te p s  (20mV; 1.5 s e c  duration) from the  m em brane potential

(H.P.= -60mV) in an  oocyte injected with calf brain mRNA. In each  c a se , the  leak

sub tracted  l-V plot for KA or KA + QA had similar reversal potentials ( « -8mV). (B) 
Chord conductance-voltage plots w ere determ ined from the l-V relationships for KA

(80pM) and  KA + QA (6pM) and norm alised to -60mV m em brane potential in each  
oocyte te s ted  (n=4). The norm alised conductance (GKA), calculated  for KA + QA

w ere then  sub tracted  from the conductances for KA alone at each  m em brane

potential. Each point w as ex p ressed  a s  the m ean ± s.e.m . At all m em brane 
potentials te s ted  (-120mV to +60mV), the deg ree  of antagonism  produced by QA

w as similar and  w as consisten t with a  voltage-insensitive block.
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FIGURE 6.9: THE EXPRESSION OF NON-NMDA RECEPTOR AGONIST 

R E SPO N SE S IN RAT BRAIN mRNA INJECTED OOCYTES. (A) In oocytes 

injected with rat brain mRNA (H.P.= -60mV), re sp o n ses  to KA (80|iM) and  AMPA 
(100|iM) alw ays occurred together. The hyperpolarising voltage com m and s tep s  

(5-1 OmV, 1.5 sec . duration, 0.05 Hz) w ere superim posed  onto the  holding potential 

(H.P.= -60mV) to monitor m em brane conductance. (B) The am plitude of m em brane 

cu rren ts (H.P.= -60mV) evoked by KA (80pM, ab sc issa , I**, n=9) w ere com pared  

to with re sp o n ses  AMPA (100pM, n=17, • ,  ordinate, IAm pa)-  The am plitude of the 

ag o n ist-resp o n ses  exhibited a  linear relationship consisten t with both KA and 

AMPA sharing the sam e receptor-ionophore.
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FIGURE 6.10: EXPRESSION OF NON-NMDA RECEPTOR AGONIST 

R E SP O N SE S IN CALF AND CHICK BRAIN mRNA INJECTED OOCYTES. The 

am plitude of m em brane currents (H.P.= -60mV) evoked by KA (80pM, ab sc issa , 
Ika) w ere  com pared  with re sp o n ses  to QA (6jiM, n=22, □ ), AMPA (100jiM, n=17,

• )  or L-Glu (50|iM, n=13, *) in oocytes injected with calf (n=36) or chick (n=16) 
brain mRNA. R esp o n ses  to QA, AMPA or L-Glu w ere plotted on the  ordinate axis

of plots A + C. In oocytes injected with either chick (A) or calf (C) brain mRNA, 

th e re  w as apparently  no direct correlation betw een the  re sp o n se  am plitude for KA 

and  o ther non-NMDA receptor agonists. (B) In som e c a se s , the  re sp o n se  to KA 

(80pM) could occur in the  a b se n c e  of any m easurab le  resp o n se  to QA (12pM). In 

this oocyte (calf), the  re sp o n se  to KA w as still an tagon ised  by QA. Hyperpolarising

voltage com m and s te p s  (5-1 OmV, 1.5 sec . duration, 0.05 Hz) w ere superim posed  

onto the holding potential (H.P.= -50mV) to monitor m em brane conductance.
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CHAPTER 7

THIOCYANATE IONS SELECTIVELY 
ANTAGONISE AMPA-RESPONSES
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CHAPTER 7: 

THIOCYANATE IONS SELECTIVELY
ANTAGONISE AMPA-KESPONSES 

INTRODUCTION

In ligand binding and electrophysiological studies, a wide variety of cations and 
anions have been shown to positively or negatively modulate the properties of 
many neurotransmitter receptors, including EAA receptors. At NMD A 
receptors, a subtype of EAA receptor, two divalent cations, Mg2+ and Zn2+, are 
known to act as non-competitive antagonists (Mayer et al, 1984; Nowak et al, 
1984; Peters et al, 1987; Westbrook & Mayer, 1987) at discrete sites on the 
receptor/channel complex (Mayer et al, 1988). More recently, K+ ions, which 
permeate through NMD A receptor channels (Mayer & Westbrook, 1987a), and 
H+ ions have also been shown to negatively modulate their activity (Ozawa et 
al, 1990; Traynelis & Cull-Candy, 1991). In each instance, these ions are 
present endogenously in the mammalian CNS, and may regulate the activities 
of NMDA receptors under physiological and pathological conditions (Forsythe 
et al, 1988; Ozawa et al, 1990; Traynelis & Cull-Candy, 1990). At non-NMDA 
receptors, other divalent cations, such as Hg2+ (Kiskin et al, 1986b; Umbach & 
Gundersen, 1989) and Ca2+ (Gu & Huang, 1991; Perouansky & Grantyn, 1989) 
non-competitively antagonise responses evoked by KA. In ligand binding 
studies, Ca2+ ions are the most potent cation to depress the specific binding of 
[3H]-KA (Beaumont et al, 1979; Greenmyre et al, 1985; Honore et al, 1986; 
Monaghan et al, 1986). Moreover, Ca2+ selectively reduces [3H]-KA binding at 
a high affinity site whereas the low affinity KA binding site, apparently 
equivalent to QA - (AMPA-) sites, was insensitive to Ca2+ ions (Greenmyre et al, 
1985). Honore et al (1986) proposed that the high and low affinity sites to KA 
were in fact two different macromolecules with molecular weights of76,600 and 
52,400 daltons respectively. The molecular weight of the low affinity site 
corresponded to the molecular weight of QA (or AMPA) receptors as determined 
by high-energy radiation inactivation analysis (Honore & Nielsen, 1985). 
Thiocyanate ions (SCN ) also distinguish between [3H]-KA and [3H]-AMPA
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binding sites. In the presence of SCN', specific [3H]-AMPA binding was 
enhanced whereas [3H]-KA was unaffected (Honore & Nielsen, 1985; Murphy 
et al, 1987). Unlike Ca2+ ions however, a direct correlation for SCN' between 
the data described in ligand binding studies has rarely been made using 
electrophysiological techniques (Bowie & Smart, 1991b).

SCN' ions belong to a group of agents known as chaotropic ions which favour 
the transfer of apolar groups into the water phase (Hatefi & Hanstein, 1969). 
Thermodynamically, the evidence available suggests that they act by making 
water more "disordered" or lipophilic (Hatefi & Hanstein, 1969; Hanstein et al, 
1971). Traditionally, chaotropic ions have been used as general biochemical 
reagents to dissociate a variety of particulate proteins and multicomponent 
enzymes (Sawyer & Puckridge, 1973). More recently, chaotropic ions have been 
shown to increase the specific binding of [3H]-AMPA at QA-sensitive EAA- 
receptors in rat brain membranes (Honore & Drejer, 1988; Honore & Nielsen, 
1985; Murphy et al, 1987; Olsen et al, 1987). The most potent chaotrope tested 
was KSCN (Honore & Drejer, 1988) which was first shown by Honore & 
Nielsen (1985) to enhance specific [3H]-AMPA binding 4-fold when included at 
a concentration of lOOmM in the assay medium. In particular, SCN* ions 
increase the affinity of [3H]-AMPA at^ts^low affinity binding site with almost 
no change at the high affinity site (Murphy et al, 1987; Olsen et al, 1987). It 
was suggested from kinetic binding experiments, that the [3H]-AMPA site could 
exist in two interconvertible forms with a high and low affinity for the ligand 
and that SCN' favoured the formation of the high affinity state (Honore & 
Drejer, 1988). Interestingly, on comparison with other non-NMDA receptor 
agonists, the inclusion of SCN' ions in the assay medium did not affect the 
binding activity of [3H]-KA (Honore & Nielsen, 1985; Murphy et al, 1987). It is 
not known whether SCN' ions distinguish between [3H]-AMPA and [3H]-KA 
binding sites on the same or different receptor complexes, however, recently 
Patneau and Mayer (1991) reported that both AMPA and KA bind to the same 
receptor-ionophore and also show mutual competition for the agonist 
recognition site.

In this study, the effect of SCN' ions were tested on responses evoked by non-
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NMDA receptor agonists in oocytes injected with ra t brain mRNA. In these 
oocytes, SCN' selectively antagonised the responses evoked by AMPA, but not 
KA, even though each agonist-response was apparently mediated through a 
common receptor-ionophore. The possibility that the pharmacological effect of 
SCN* ions favours discrete recognition sites for KA and AMPA on the same 
receptor-channel complex is discussed.

RESULTS

(i) SCN SELECTIVELY ANTAGONISED RESPONSES TO AMPA IN A
NON-COMPETITIVE MANNER

In oocytes injected with rat brain mRNA, bath application of the sodium salt 
of thiocyanate (SCN'; 50pM-4mM) had no effect on the input resistance or the 
resting membrane potential of the cell. However, responses evoked by non- 
NMDA receptor agonists were selectively antagonised by SCN' ions. In figure 
7.1 A, following bath application of 2mM SCN', I P E a k  and I t  (measured at t  = 90 
secs; see Chapter 4 for definitions) elicited by lOOpM AMPA (n=8) were 
reduced by 55 ± 4% and 74 ± 3% respectively. The onset and recovery from 
antagonism was fully reversible and showed no sign of use-dependence. In 
contrast, 2mM SCN' did not affect the peak membrane currents evoked by 
80pM KA (n=5) and lOOpM (±)willardiine (n=4) which were 102 ± 5% and 99 
± 3% respectively of the controls (figure 7.2A and B).

The dose-response curve constructed from It responses to AMPA (2.5pM- 
200pM) was shifted in a non-competitive manner by 2mM SCN' (figure 7.IB). 
In each case, the EC50 values estimated for AMPA in the presence (EC50 * 
19pM) or absence (EC50 « 15pM) of SCN' were similar. The percentage 
reduction of AMPA-responses (1̂ ), determined from dose-response data, 
revealed that the antagonism produced by SCN' was marginally greater at 
higher agonist concentrations (>25pM) (figure 7.1C). For example, 2mM SCN' 
antagonised the It response evoked by lOOpM AMPA (74 ± 3% inhibition; n=8) 
more than 4pM AMPA (50 ± 4% inhibition; n=3)(figure 7.1A). The 
concentration of SCN' required to produce a half-maximal reduction (IC50) in
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the AMPA-response (It) was determined at different concentrations of SCN' 
(50pM-4mM). In figure 7.3B, the response evoked by 50pM AMPA was reduced 
in a dose-dependent manner by SCN'; the estimated IC50 value for SCN' was 
approximately equal to ImM. A similar IC50 value for SCN' was determined 
when Ipeak responses to 50pM AMPA were measured (data not shown).

A "REBOUND INWARD TAIL" CURRENT PRODUCED BY AMPA WAS MORE EVIDENT IN 

SCN"

At high concentrations of AMPA (>lOOpM), a "rebound inward tail current" 
was observed following the removal of the agonist from the perfusion medium 
(figure 7.1A). This observation has been described previously in more detail in 
Chapter 4. In the presence of SCN', this phenomenon was enhanced a t these 
high agonist concentrations (figure 7.1 A). Moreover, at lower concentrations of 
AMPA, where this phenomenon was apparently absent, a rebound tail current 
was revealed in SCN'. This tail current was also dependent on the SCN' 
concentration since in figure 7.3A, a rebound tail current, following the removal 
of 50pM AMPA from the perfusate, was only observed in the presence of 2mM 
SCN* and not 0.5mM SCN'. Additionally, the y i PEAK ratio, used in Chapter 4 
to represent the degree of desensitization of the AMPA-response, was reduced 
in the presence of SCN' ions. For example, in figure 7.1 A, the I/Ipeak ratio 
determined for lOOpM AMPA (n=8) in the presence and absence of 2mM SCN' 
was 0.52 ± 0.06 and 0.86 ± 0.06 respectively. At lower AMPA concentrations 
(<25pM), where the agonist-response did not apparently desensitize (see 

Chapter 4) and the I/Ipeak ratio approached a value equal to 1, SCN* did not 
reduce the I / I p e a k  ratio, decreasing both It and I PE a k  components of the AMPA- 
response similarly.

CONCANAVALIN-A DID NOT ALTER THE ANTAGONISM OF AMPA BY SCN

The possibility that the antagonism of AMPA responses could be explained by 
a mechanism involving receptor desensitization, was investigated using the 
plant lectin, concanavalin-A (Con-A), which has been previously shown to 
reduce desensitization produced by AMPA (Mayer & Vyklicky, 1989; also see
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Chapter 4). In figure 7.4A, pre-treatment of mRNA-injected oocytes with Con-A 
(t = 30mins.) enhanced both IPEAK and It responses to lOOpM AMPA by 25 ± 3% 
and 40 ± 5% respectively. In the presence of SCN' (2mM), IPEAK and It responses 
evoked by lOOpM AMPA (n=4) on Con-A treated oocytes were reduced by 54 
± 2% and 67 ± 7% respectively (figure 7.4A). In comparison, SCN' (2mM) 
produced a similar reduction of IPEAK (55 ± 4%; n=8) and It (74 ± 3%; n=8) 
induced by 100 pM AMPA in the absence of Con-A (figure 7.4B).

SCN~ INCREASED THE ANTAGONISM OF KAINATE-RESPONSES BY AMPA

In figure 7.5, the response evoked by 80pM KA was reduced by 55 ± 5% (n=8) 
following the co-application of lOOpM AMPA. In Chapter 6, the antagonism of 
KA-responses by AMPA was described in oocytes injected with ra t brain mRNA 
and was apparently competitive in nature. In the presence of 2mM SCN' ions, 
the membrane current evoked by 80pM KA was unaffected, however, co
application of lOOpM AMPA reduced the KA-response by 82 ± 5% (n=3); 
representing a further reduction of the KA-response by AMPA (figure 7.5).

DISCUSSION

In this study, SCN' ions were tested on responses evoked by non-NMDA 
receptor agonists. Responses evoked by KA and AMPA were recorded in oocytes 
injected with r a t  brain mRNA since, in this case, both agonist-responses were 
apparently mediated through a common receptor-ionophore (Bowie & Smart, 
1991b; Chapter 6). In binding studies, these anions are routinely used to 
increase [3H]-AMPA binding in rat brain membranes (Young & Fagg, 1990) 
without affecting the binding activity of [3H]-KA (Honore & Nielsen, 1985; 
Murphy et al, 1987). The aim of the present investigation was to determine if 
the selective action of SCN' in binding studies could also be observed using 
electrophysiological techniques. Moreover, it was postulated that any selective 
pharmacological action of SCN' on AMPA, but not KA, may suggest that 
discrete receptor binding sites for each agonist are present on the same 
receptor-ionophore.
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(i) COMPARISON WITH LIGAND BINDING STUDIES

Other electrophysiological studies have also attempted to correlate their 
functional data with observations previously described in ligand binding 
studies. For example, in electrophysiological studies, elevation of extracellular 
Ca2+ ions, which have been shown to induce a marked decrease of KA but not 
QA binding (Beaumont et al, 1979; Honore et aly 1986; Monaghan et alf 1983), 
antagonise responses to KA, but not QA (Perouansky & Grantyn, 1989), in a 

non-competitive manner (Gu & Huang, 1991). Although SCN' ions 
distinguished between AMPA and KA in the present study and in previous 
binding studies, a direct correlation between the data in each case was unlikely 
for a number of reasons. First, in contrast to the present investigation, the 
binding of [3H]-AMPA to a low affinity binding site was enhanced by SCN' ions 
(Honore & Drejer, 1988; Honore & Nielsen, 1985; Murphy et al, 1987; Olsen et 
aly 1987). Moreover, the enhancement produced by SCN' required a 
concentration of the chaotrope, at least, two orders of magnitude (lOOmM) 
greater than that used in the present study (~4mM) to show a maximal effect 
(Honore & Drejer, 1988; Honore & Nielsen, 1985; Murphy et aly 1987; Olsen et 
aly 1987). At lower concentrations, SCN' (25mM) still produced an enhancement 
of [3H]-AMPA binding (Murphy et alt 1987). Low concentrations of SCN' ions 
were used in the present study to pharmacologically titrate any effect on the 
AMPA-response. Second, SCN' increased the binding of [3H]-AMPA at a low 
affinity binding site, enhancing the affinity (i.e. lowered the Kj value) for 
agonist binding without a concommitant change in the number of total binding 
sites (Murphy et alf 1987). In contrast, the construction of dose-response curves 
to AMPA in oocytes revealed that the estimated EC50 values (and presumably 
Kd values) for AMPA in the presence or absence of SCN' were similar. The 
mechanism by which SCN' produces(its^ffects in binding studies is unclear, 
however, with a range of other ions, [3H]-AMPA binding was enhanced strictly 
in accordance with their chaotropic properties (Honore & Drejer, 1988). In this 
study, however, other mechanisms to account for the effects of SCN' ions seem 
more likely.
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(ii) MECHANISMS FOR ANTAGONISM OF AMPA-RESPONSES BY
SCN'

One favourable explanation to account for the antagonism of AMPA-responses 
involves the enhancement of receptor desensitization by SCN' ions. In support 
of this, at high agonist concentrations (> lOOpM), where desensitization was 
maximal (see Chapter 4), SCN' antagonised the AMPA-response It more than 
I p e a k * This differential effect of SCN' was confirmed from the I / I p e a k  ratio which 
decreased in the presence of SCN'. It was likely that It represented the AMPA- 
response at a greater level of desensitization than I PEAk  since it was more 
sensitive to Con-A (Mayer & Vyklicky, 1989; see Chapter 4). In support of this, 
on hippocampal neurones, where a rapid rate of agonist-perfusion was 
employed, an equivalent current measurement to It, was markedly enhanced 
with Con-A whereas I PEAk was relatively insensitive to this treatment (Mayer 
& Vyklicky, 1989). Moreover, single-channel measurements on these neurones 
revealed that I PEAk  (activated by QA) was mediated by a rapidly inactivating 
high conductance channel («35pS) whereas the maintained current («It) was 
carried by a low-conductance channel (approximately 8pS) (Ascher & Nowak, 
1988; Jahr & Stevens, 1987; Cull-Candy & Usowicz, 1987). In this study, the 
rapidly inactivating membrane current evoked by AMPA (and QA) was not 
fully resolved due to inherent limitations associated with rapid drug 
application onto large cells such as Xenopus oocytes (see Chapter 4 for 
explanation). Consequently, the IPEAK response evoked by AMPA did not 
represent the receptor at a minimal level of desensitization as reported in 
neuronal studies using fast drug-delivery systems (Mayer & Vyklicky, 1989; 
Tang et al, 1989). Therefore, it was not possible to absolutely determine 
experimentally if SCN' antagonised IPEAK or 1̂ equally or even selectively. It is 
interesting to speculate that, in this study, the apparently greater effect of 
SCN' ions on It responses in oocytes may favour a selective action of this anion 
on It rather than IPEAK and, by inference, the low conductance channel activated 
by QA (and AMPA) in neurones (Ascher & Nowak, 1988; Jahr & Stevens, 1987; 
Cull-Candy & Usowicz, 1987).

One feature inconsistent with this model, was the observation that Con-A,
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which reduces receptor desensitization (Mayer & Vyklicky, 1989), did not affect 
the antagonism of AMPA-responses by SCN' ions. Despite this, it is still 
possible that SCN' may enhance receptor desensitization but by a mechanism 
insensitive to Con-A. For example, on the same receptor-ionophore, the 
antagonism of KA-responses by AMPA (or QA), which was determined by the 
level of desensitization induced by AMPA (Patneau & Mayer, 1991; Kiskin et 
aly 1986), was apparently insensitive to Con-A treatment (Mayer & Vyklicky, 
1989; see Chapter 6). In support, this study also observed that the antagonism 
of KA-responses by AMPA was insensitive to Con-A treatment in all mRNA- 
injected oocytes (see Chapter 6; for calf brain mRNA); however, when tested in 
the presence of SCN' ions, the antagonism produced by AMPA on KA-responses 
was enhanced.

This model for the action of SCN' should account for the enhancement of the 
"rebound tail current" by SCN' ions following the washout of the agonist, but, 
it is possible that receptor desensitization and the appearance of the rebound 
current may not be related phenomena (see Chapter 4). In other studies, 
desensitization of the AMPA-response was clearly demonstrated in the absence 
of a rebound current (Mayer & Vyklicky, 1989; O’Dell & Christensen, 1989a 
and b; Kiskin et a l , 1986; Trussell et a l f 1988; Zorumski & Yang, 1988). 
Although, other neuronal studies have routinely observed both phenomenona 
together (Perouansky & Grantyn, 1989; Tang et aly 1989; Vlachova et a l t 1987; 
Vyklicky et al,  1986). At the frog endplate, a similar rebound current was 
observed following the washout of nicotinic agonist(s) (Adams, 1975). In this 
case, it was postulated that the agonist molecule itself blocked the open- 
channel and that relief of this block during wash-off allowed re-activation of 
the receptor by previously "trapped agonist molecules" resulting in a rebound 
current. A similar mechanism was proposed to account for an "after current" 
observed upon discontinuation of QA on chick spinal cord neurones (Vlachova 
et aly 1987; Vyklicky et aly 1986). The adoption of a similar scheme to explain 
the enhancement of the rebound current would imply that SCN' ions promoted 
the ability of the agonist molecule to block it’s own channel. SCN' ions alone 
are unlikely to block the channels due to their net negative charge at 
physiological pH being thermodynamically unfavourable for penetration into
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a cation-selective ion-channel. In view of this, SCN' ions may exert a dual 
action on AMPA-responses (i) enhancement of receptor desensitization and (ii) 
possible potentiation of channel-block by the agonist molecule. A similar dual 
effect has been proposed to account for the antagonism produced by the 
dissociative anaesthetic, ketamine, on the quisqualate-type glutamate receptors 
of locust muscle (Ashford et al, 1989). In this case, ketamine enhanced 
desensitization and directly blocked the channel, particularly the closed form. 
However, in contrast to the present study, the antagonism (by ketamine) was 
sensitive to Con-A treatment and, moreover, the channel block was caused by 
ketamine alone and not the agonist-molecule. Clearly, other mechanisms, such 
as allosteric modulation by SCN' ions, cannot be discounted by these results. 
However, the possibility that AMPA molecules may be chelated by these anions 
appears unlikely from the shape of dose-response curve data (Smart & 
Constanti, 1982).

(iii) DISCRETE BINDING SITES FOR NON-NMDA RECEPTOR 
AGONISTS ON THE SAME RECEPTOR/ION-CHANNEL

In oocytes injected with rat brain mRNA, the membrane currents evoked by 
KA and AMPA were apparently mediated through a common receptor- 
ionophore. In this study, the evidence which favoured this concept was 
proposed mainly from agonist interaction studies where the KA-response was 
competitively antagonised by AMPA (see Chapter 6; Bowie & Smart, 1991b). 
To this end, other electrophysiological and recent cloning studies have also 
presented evidence in favour of a common receptor-site for both agonists 
(Boulter et al, 1990; Keinanen et al, 1990; Mayer & Patneau, 1991). At present, 
however, there is insufficient data to decide conclusively whether KA and 
AMPA both interact with the same agonist recognition site or discrete sites on 
the same receptor-ionophore. Recently, Patneau & Mayer (1991) studied the 
interaction between KA and AMPA responses on mouse hippocampal neurones 
and proposed that both agonists bind to the same receptor and show mutual 
competition for the agonist recognition site. This proposal seemed to favour the 
possibility that both agonists bind to the same agonist-recogition site on the 
receptor. In this study, discrete sites for KA and AMPA appeared a more likely
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explanation, since SCN' ions selectively antagonised AMPA-responses without 
affecting responses to KA. The non-competitive antagonism produced by SCN'
ions suggests the mechanism of action does not involve the displacement of

1
AMPA from ij/s binding site on the receptor but favours a "distant site" for the 
chaotrope also.
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FIGURE 7.1: SCN' SELECTIVELY ANTAGONISED R ESPO N SES TO AMPA IN

A NON-COMPETITIVE MANNER. (A) M em brane curren ts (lt) evoked by 100pM

and  4jiM AMPA w ere m easu red  90 seco n d s  after agonist application in the  sam e  
oocyte (rat brain mRNA) using voltage clam p (H.P.= -60mV). Hyperpolarising

voltage com m and s tep s  (5mV; 1.5 sec . duration, 0 .05 Hz) w ere superim posed  onto 

the  holding potential to monitor the  m em brane conductance. In the  p re sen ce  of 

2mM SCN' ions, lt evoked by 100pM and  4jiM AMPA w ere reduced  by 74 ± 3%  

(n=8) and  50 ± 4%  (n=3) respectively. On com parison with l„ the  p eak  resp o n se  

( • p e a k )  f ° r  AMPA w as similarly reduced  (51 ±  3%; n=4) w h ereas  lPEAK for 

100pM AMPA w as reduced  (55 ± 4%; n=8) to a  le sse r extent. (B) In an o th er 
oocyte, the  log. d o se -resp o n se  curve constructed  to AMPA (2.5pM -200|iM ; lt) w as 

non-competitively an tagon ised  by 2mM SCN' (H.P.= - 60mV). The EC50 values for 

AMPA determ ined in the  p re sen ce  or a b sen ce  of SCN' w ere 19pM and  15pM 

respectively. (C) The percen tag e  reduction of A M PA -responses (lt) in the p re sen ce  

of 2mM SCN' w ere determ ined from the d o se-resp o n se  curve d a ta  in (B). The 

d eg ree  of antagonism  produced by SCN' w as marginally g rea ter at concentra tions 

of AMPA larger than  25pM.
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FIGURE 7.2: MEMBRANE CURRENTS EVOKED BY KAINATE AND

(±)WILLARDIINE WERE UNAFFECTED BY SCN' IONS. (A + B) P eak  m em brane

curren ts evoked by 80|iM KA (A) and 100|iM (±)willardiine (B) w ere m easu red  In 
different oocytes injected with rat brain mRNA. Hyperpolarising voltage com m and

s te p s  (5-1 OmV; 1.5 sec  duration, 0.05 Hz) w ere superim posed  onto the  holding

potential (H.P.= -60mV) to monitor m em brane conductance. In the  p re sen ce  of

2mM SCN' ions, the peak response to each agonist rem ained unchanged .
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FIGURE 7.3: SC N ' ANTAGONISED R E SPO N SE S TO AMPA IN A DOSE-

DEPENDENT MANNER. (A) T he effect of 0.5mM and 2mM SCN' on lPEAK and  lt

re sp o n se s  to AMPA (50pM) w ere te s ted  in an  oocyte injected with rat brain mRNA. 
Hyperpolarising voltage com m and s tep s  (5mV; 1.5 s e c  duration, 0 .05 Hz) w ere

superim posed  on the  holding potential (H.P.= -60mV) to monitor m em brane

conductance. In th e  p re sen ce  of 0.5mM SON', both lPEAK (42% reduction) and  lt

(43% reduction) w ere  an tagon ised  to a  similar d eg ree ; however, with 2mM SCN',

•p e a k  (65%  reduction) w as reduced  less  than  I, (82% reduction). Note, that in the

p resen ce  of 2mM SCN', a  rebound tail current w as observed  upon the removal of

AMPA from the  perfusate  (see  arrow). At lower concentrations of SCN ' (i.e. 0.5mM)

or in it’s  a b se n c e , the  rebound current w as apparently  not observed . (B) The

concentration of SC N ' to produce a  half maximal reduction (IC50) in the  re sp o n se

evoked by 50pM  AMPA (lt), w as determ ined with a  range of SCN' concentrations

(50|iM -4mM )(H.P.= -50mV). In this c a se , the  estim ated  IC50 for SCN ' w as » 1 mM.
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FIGURE 7.4: CONCANAVALIN-A DID NOT AFFECT THE ANTAGONISM OF 

AM PA -RESPO N SES BY SC N \ (A) M em brane currents evoked by 100jiM AMPA 

w ere recorded a t -60mV m em brane potential and  hyperpolarising voltage com m and 

s te p s  (5mV; 1.5 sec . duration, 0 .05 Hz) w ere superim posed  onto the  holding 

potential to  monitor m em brane conductance. IPEAK and I, re sp o n se s  to AMPA (n=8) 

w ere reduced  by 55 ± 4% and 74 ± 3% respectively by 2mM SCN'. Following 

trea tm en t with 10|iM Con-A (t = 30m ins.), which reduced  recep tor desensitization, 

Ipeak and  lt re sp o n se s  to 100pM AMPA (n=4) w ere increased  by 25 ± 3%  and  40 

±  5%  respectively. However, 2mM SCN' still reduced  th e se  re sp o n ses  by 54 ±  2%  

and  67 ±  7%  respectively in the p resen ce  of 2mM SCN'. (B) The p ercen tage  

reduction of lPEAK and I, A M PA -responses (100p.M AMPA), by 2mM SCN', w ere 

com pared  before and  after Con-A treatm ent. In each  ca se , the  d eg ree  of 

an tagonism  produced by SCN' w as similar in the p re sen ce  or a b se n c e  of Con-A.
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FIGURE 7.5: SCN' INCREASED THE ANTAGONISM O F KAINATE-RESPONSES 

BY AMPA. In an oocyte injected with rat brain mRNA, m em brane curren ts evoked 

by 80|iM KA and 100pM AMPA were m easured alone or in com bination. In each  
c a se , the  m em brane conductance w as monitored by applying hyperpolarising

voltage com m and s tep s  (5-10mV; 1.5 sec. duration, 0 .05 Hz) onto the  holding

potential (H.P.= -60mV). Co-application of 100p,M AMPA, reduced  the  m em brane 

current evoked by 80pM KA (55 ± 5%; n=8). However, in the  p re sen ce  of 2mM 
SCN ' ions, the  antagonism  of the response to 80pM KA by lOOpM AMPA w as

in creased  (82 ± 5%; n=3).
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CHAPTER 8;

GENERAL DISCUSSION

In this study, the Xenopus laevis oocyte provided a useful model cell in which 
to express non-NMDA receptors with mRNA extracted from the CNS of 
different vertebrate species. In this respect, the main advantage of this model 
cell was that it permitted a comparative study of non-NMDA receptor 
properties from each species in a similar membrane lipid enviroment. In 
contrast, an analogous approach with neurones from different vertebrate rn 
species would be complicated by the unique and complex structural properties 
of each dendritic tree that may introduce interpretational difficulties (c.f. J  

Smart & Constanti, 1990). In addition, the membrane lipid enviroment, in each j
case, is likely to be atypical. The interaction between membrane-bound lipids, !
such as cholesterol, and receptor-proteins should not be underestimated since ,
they have been shown to play a critical role in both the structural stabilization !
(Jones & McNamee, 1988) and ion-channel activity (Fong & McNamee, 1986) j j
of nicotinic ACh-receptors. However, in this study, transplantation of non- /  ,
NMD A receptors into the Xenopus oocyte negated these possibilities.

i-.Ai 6 ( t  'I- ■’ y S’<a

R e c a p i t u l a t i o n  /y e rM  evpfa
/ l / l (£  In /V n  o t  $ .(

Different subtypes of non-NMDA receptor activated by KA, were identified in 
this study and were associated with mRNA extracted from different vertebrate 
species. Early pharmacological characterisation with conventional receptor 
agonists and antagonists did not reveal the existence of receptor subtypes but 
favoured non-NMDA receptors eaui-sensitive to KA. The possibility that 
functionally diverse KA-receptors may exist was initially suggested from I-V 
relationships which might suggest the existence of distinct ion-channels 
associated with these receptors (c.f. Bowie & Smart, 1991a). In oocytes injected 
with calf or chick brain mRNA, the membrane current evoked by KA exhibited 
pronounced inward rectification at positive membrane potentials whereas 

outward rectification was observed in oocytes injected with ra t brain mRNA.
It was unlikely that these observations represented non-NMDA receptor
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variants in  different vertebrate speries since similar^ observations have now 
been described in the same (lino et al, 1990; Ozawa et alt 1991) or different
(Randle et al, 1988) brain regions of the/rat. However, it is doubtful whether H

produce different I-V plots (Adams & Sakmann, 1978a).
(f i r m ' s  tkoL  Qx p .

The evidence which did favour distinct non-NMDA receptor-ionophores was 
from studies examining the antagonism of KA-responses by AMPA (QA and L- 
Glu). In oocytes injected with rat brain mRNA, the competitive antagonism of 
KA-responses by AMPA favoured a common receptor-ionophore for these 
agonists. Moreover, a direct correlation existed between the amplitude of each 
agonist-response in the same oocyte consistent with a single receptor 
population. Unlike KA, responses to AMPA were much smaller, showed signs 
of desensitization and were selectively antagonised by SCN' ions. From studies 
with SCN' ions, it was proposed that each agonist-response was mediated via 
discrete agonist-recognition sites on the receptor-complex that determined 
agonist efficacy and desensitization. In contrast, in oocytes injected with calf 
or chick brain mRNA, responses to KA were occasionally observed in the 
absence of any measurable response to QA, and thus, separate receptor- 
ionophores for these agonists appeared a more likely explanation. In these 
oocytes, KA-responses were still antagonised by QA, AMPA and L-Glu, 
however, in a non-competitive manner. It was postulated, therefore, that the 
receptor-complex activated by KA contained an additional "silent” recognition 
site, that, once occupied by QA (AMPA or L-Glu), determined the modulation 
of KA-responses. To account for the responses observed to QA, AMPA and L- 
Glu in these oocytes, it was speculated that these agonists activated an 
additional non-NMDA receptor(s) that was insensitive to KA. In support of this 
concept, Aizenman et al (1989) described non-NMDA receptors in ra t retinal 
ganglion cells that were insensitive to KA but activated by QA and AMPA. 
Moreover, biochemical studies have solubilised putative QA-type Glu receptors 
from chick brain (Henley & Barnard, 1989b) and ra t retina (Yoneda & Ogita, 
1989). Taken together, the evidence presented in this thesis and supported 
from independent research, favoured the existence of at least two distinct non-

functionally diverse KA-receptors may be assumed on the basis of I-V analys 

alone since nicotinic agonists acting at the same receptor-ionophore can all



NMDA receptors that were equi-sensitive to KA. It is proposed that these 
observations may reflect an underlying heterogeneity of non-NMDA receptor 
subtypes present in the CNS of a variety of vertebrates. As yet, functional-
differences between KA-responses in oocytes injected with calf or chick brain 
mRNA have not been observed.

general phenomenon in the CNS from cDNA sequence data, radioligand 
binding and electrophysiological studies (Betz, 1990). However, in some 
instances, the case for receptor heterogeneity is best regarded as unproven. In 
radioligand binding studies, the curvilinear appearance of Scatchard plots, 
instead of the predicted straight-line relationship (Scatchard, 1949), has been 
explained by assuming the presence of a heterogeneous population of receptors 
without consideration of experimental artifacts (Taylor, 1975; Munson, 1983; 
Beck & Goren, 1983; Mendel & Mendel, 1985; Bean et al, 1988). However, in 

many instances, the explanations for these artifacts appear to outnumber the 
genuine models of heterogeneity (for review; Kermode, 1989). In cloning 
studies, multiple cDNA clones of receptor subunits exist, as for non-NMDA 
receptors, which when expressed and assembled in homo- or heteromeric 
combinations display diverse functional properties (Sommer et al, 1990; Boulter 
et al, 1990; Nakanishi et al, 1990; Hollmann et al, 1991; Verdoom et al, 1991; 
Egebjerg et al, 1991). Although these studies may reveal the existence of 
receptor heterogeneity far greater than had ever been anticipated from 
traditional pharmacological approaches, it is possible that in many instances 
the functional receptors expressed may not exist in vivo. It is for this reason 
that in this study, the term "receptor heterogeneity" is not used in its broadest 
sense to encompass the observations described previously, but, is reserved for 
the diversity that is likely to exist amongst nascent receptors. 7

Although the diverse properties described for non-NMDA receptors in this 
study may not be representative of native receptors, it is worth noting that the 
Xenopus oocyte expression system has not yet been shown to synthesize

7

D e f in in g  rec e pto r  h etero g en eity

Heterogeneity amongst receptor subtypes has already been established as a
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voltage- or ligand-gated ion-channels incorrectly (Dascal, 1987). In view of this, 
it is possible, due to recent cloning studies, to speculate upon the molecular 
mechanisms which may generate diverse receptor properties and the possible 
role that receptor heterogeneity may fulfill in the developing and adult CNS.

T h e  g e n er a tio n  o f  d iverse  n o n -nmda  r e c e pt o r  su b t y pes

A number of cellular mechanisms are likely to give rise to receptor 

heterogeneity in the CNS. From molecular analysis, diversity amongst 
receptor-ionophores is primarily governed by the variety of receptor subunits 
from which receptor-ionophores are constructed (Betz, 1990; Schofield et al, 
1990; Barnard & Henley, 1990). Each receptor subunit is usually encoded by 
a specific gene which through duplication may permit alterations within the 
entire receptor coding sequence. Moreover, this diversity may be controlled by 
a number of cellular factors which alter transcriptional levels and may 
determine the induction, maintenanace or repression of distinct genes encoding 
receptor subunits (for review; Schofield et al, 1990).

Functionally diverse non-NMDA receptors have been constructed from homo- 
and heteromeric combinations of at least six cDNAs encoding glutamate 
receptor subunits each postulated to possess four transmembrane spanning 
domains (Hollmann et al, 1989; Boulter et al, 1990; Keinanen et al, 1990; 
Nakanishi et al, 1990; Sommer at al, 1990; Bettler et al, 1990; Egebjerg et al, 
1991; see Chapter 1). The subunit composition apparently determines the 
sensitivity of the expressed non-NMDA receptors to KA and AMPA (Boulter et 
al, 1990; Keinanen et al, 1990; Nakanishi et al, 1990) or to KA alone (Egebjerg 
et al, 1991; Werner et al, 1991). However, unlike the present investigation, the 
AMPA-insensitive KA-receptor described by Egebjerg et al (1991) had a lower 
affinity for KA (EC50 = lpM), desensitized in the presence of KA and was also 
activated by QA and L-Glu. Moreover, it is also worth noting that responses to 
AMPA have not yet been observed in the absence of any sensitivity to QA and 
L-Glu in neuronal studies. In addition, subunit composition determines the 
voltage dependency of KA responses for recombinant non-NMDA receptor 
channels. Homo- and heteromeric non-NMDA receptors possessing GluR-B
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subunit exhibit outwardly rectifying KA I-V plots whereas those lacking this 
subunit display inward rectification (Verdoorn et al, 1991). In accordance with 
other ligand-gated ion channels, Verdoorn et al (1991) proposed that the TM2 
region of GluR-B formed part of the ion-channel and that the positively charged 
arginine residue (position 586) in this region determined outward rectification. 
Replacement of this arginine residue with a neutrally-charged glutamine 
residue by site-directed mutagenesis, produced KA I-V plots with complex 
inward rectification properties. It is not known if these observations can fully 
account for the outward and inward portion of KA I-V plots in this study; 
however, Verdoorn et al (1991) observed inward rectification of the L-Glu I-V 
plot in contrast to the present investigation. Finally, Hollmann et al (1991) 
very recently proposed that the putative receptor subunits, GluRl and GluR3, 
determine increased calcium permeability through KA-AMPA receptor- 
ionophores.

Other mechanisms which should also be considered include alternative splicing 
of exons within a single gene (Sommer et al 1990; Monyer et al, 1991) or post- 
translational processing (e.g. glycosylation) of receptor proteins which may 
further amplify functional differences between non-NMDA receptor subtypes. 
In the latter case, little supporting evidence exists to propose a significant role 
in receptor diversity (Schofield et al, 1990). Sommer et al (1990) have proposed 
that GluR-A, -B, -C and -D exist in two molecular forms, designated flip and 
flop, that differ in the most C-terminal transmembrane region due to alternate 
splicing. Flip and flop versions of these subunits impart distinct properties on 
L-Glu and AMPA responses but do not affect KA (Sommer et al, 1990). 
Although, the alternate splicing proposed by Sommer et al (1990) may not 
generate the functionally diverse KA-receptors described in this study, this 
molecular mechanism may still participate in developing early and mature 

forms of non-NMDA receptors (Monyer et al, 1991).

Although the functional data for recombinant non-NMDA receptors does not 
completely agree with the present investigation and, more importantly, with 
neuronal studies, the evidence still favours the possibility that both splicing 
and the use of genes encoding distinct receptor subunits contribute to receptor
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heterogeneity. As yet, the precise contribution of each mechanism awaits 
further study, however, as for ACh and GABAa receptors, it is likely that the 
use of alternative genes encoding receptor subunits may offer the greatest 
flexibility (Betz, 1990; Schofield et al, 1990; Olsen & Tobin, 1990). The 
apparent discrepancies observed from cloning studies may be explained by the 
incorrect assembly of receptor subunit combinations or the omission of a vital 
subunit(s) not yet cloned.

T h e  ro le  o f  r e c epto r  h etero g en eity  in  t h e  c n s

In developing and adult vertebrates, diversity amongst receptor subtypes may 
enhance the flexibility of the CNS by: (i) presenting different regional and 
cellular (neuronal and glial) locations of receptor subtypes (Randle et al, 1988; 
lino et al, 1990; Ozawa et al, 1991), (ii) subtle conditioning of agonist responses 
(e.g. alterating ligand affinity) during each stage of neuronal development

I (Monyer et al, 1991) and (iii) contributing to neuronal plasticity by increasing
I
| the information-handling capacity of neurones at a single synapse (Schofield
| et al, 1990).
!i

| There are very few functional studies which reveal heterogeneity amongst
ligand-gated ion-channels that genuinely represent native receptors. In each 
of these studies, the diversity was revealed only after a comparative study was 
made of neonatal and near-adult forms of ACh- (Sakmann & Brenner, 1978), 
GABAa- (Smart & Constanti, 1990) and NMD A- (Ben-Ari et al, 1988) receptors. 
The molecular mechanisms which generated this diversity was solely 
dependent on the subunit composition of ACh (Mishina et al, 1986) and GABAa 
(Smart et al, 1991) receptors. As yet, the subunit composition of NMDA 
receptors is not known (c.f. Abbott, 1991). It was proposed, in each case, that 
receptor heterogeneity occurred during development. The different types of KA- 
receptor proposed in this study do not appear to be restricted to any particular 
stage of neuronal development since inward and outward rectification to KA 
has been observed in the same embryonic neurones from rat hippocampus 
(Ozawa et al, 1991). Although, Ozawa et al (1991) noted that inward 
rectification was observed in smaller neurones with ellipitical somata and fine
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neurites whereas outward rectification was found in larger cells that were 
probably young pyramidal neurones. In addition, Randle et al (1988) expressed 
KA-receptors from different regions of the rat brain (cerebellum and striatum) 
with similarly distinctive membrane conductances. Therefore, it may be 
envisaged that the different KA-receptors described in this study may hold key 
functions in different cell-types or regions of the CNS. Clearly then, for the 
future, it is imperative to demonstrate in the CNS, the existence of non-NMDA 
receptors which display properties similar to those described in this thesis. 
Moreover, with the recent application of molecular biological analysis, a 
dissection of the biochemical composition of such receptors, defining the 
molecular mechanisms that generate them and in a physiological context, 
reveal the functional roles that they may fulfill would be desirable. It is hoped 
that this study has helped to establish the existence of functionally diverse 
non-NMDA receptors that are activated by KA, advancing the traditional view 
of EAA receptor pharmacology as proposed by Watkins & Evans (1981). 
Finally, in the future, studies with SCN' ions may further evaluate the novel 
concept that discrete agonist recognition sites may exist for KA and AMPA on 
the same receptor-ionophore.
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