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Summary 
 
Glutamate and GABA, respectively, are the most common excitatory or inhibitory 
neurotransmitters in the central nervous system. Post transcriptional and post 
translational modifications of glutamate and GABA receptors means there are many 
potential receptor subtypes and their distribution and abundance varies widely, and it is 
not clear whether all are functional normally.  
 
There are four main subtypes of receptors, three of which are ligand gated ion channels, 
known as NMDA, AMPA and Kainate receptors, and the last is a G protein coupled 
receptor which are divided into three groups (I-III) based upon their sequence homology. 
NMDA receptors contribute to the symptoms of a number of diseases/conditions that 
result from neuronal excitability, excitotoxicity and neuronal death, including 
Alzheimer’s disease, cerebral ishaemia/hypoxia and epilepsy. NMDA receptors are also 
important for anesthesia. Antagonists of the NMDA receptor subtype have been useful 
in reducing neuronal damage and loss following hypoxic/ischemic insults in preclinical 
testing. However, clinical studies have had disappointing outcomes to date. Some 
commonly used antagonists of NMDA receptors include (i) memantine, which is in 
clinical use for the treatment of Alzheimer’s disease, and (ii) ketamine, which is a 
commonly used anesthetic. The role of AMPA receptors in disease are similar to that 
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ascribed to the NMDA receptors and is probably related to the functional interactions of 
these two different glutamatergic receptors. The role of kainate receptors in disease is 
not understood. Metabotropic glutamate receptors may be involved in psychiatric and 
neurological disorders.  
 
For GABA receptors there are two ligand gated ion channels (GABA A and C receptors) 
and one group of G protein coupled receptors (GABAB). Activation of GABA receptors 
results in the stabilization of the neuronal membrane, making it less likely for the 
neuron to be activated. Thus, conditions/diseases characterized by overexcitability of 
neurons, such as epilepsy, anxiety, insomnia and schizophrenia, have GABA receptors 
as the main therapeutic target. Commonly used drugs such as benzodiazepines, 
barbiturates, neurosteroids and alcohol act by enhancing the action of GABA (mainly at 
the GABAA receptor). Benzodiazepines, barbiturates and neurosteroids, each act on 
different sites of the GABAA receptor complex. Drugs that affect the GABAC and 
GABAB receptors have similar effects to those that act on GABAA receptors, and these 
may become therapeutically important as more selective agents are discovered. 
 
1. Introduction 
 
The discipline of neuropharmacology can be broadly defined as the effect of drugs on 
the nervous system. This topic is diverse and large and includes the effects of 
neurochemicals such as amines, neuropeptides, purines, acetylcholine, histamine and 
many others. For a discussion of neurochemicals, the reader is referred to recent reviews 
(Aston-Jones, 2005; Ballard et al., 2005; Girault et al., 2004; Hökfelt et al., 2003). The 
topics on anaesthetics, pain and analgesic and Neuropsychopharmacology in this 
pharmacology theme cover focused neuropharmacological issues related to these 
systems. This article will be restricted to the discussion to the effects of the excitatory 
amino acid, glutamate, and the inhibitory amino acid, gamma-aminobutyric acid 
(GABA) on the central nervous system given their important role and also that they 
exhibit basic features which describe the general principals of neurotransitters including 
receptor systems, reuptake, and signal transduction. The role of glutamatergic and 
GABAergic receptors in disease, and the effects of agonists and antagonists on these 
receptors are also discussed. 
 
2. Excitatory Amino Acids  
 
Glutamate is the principal excitatory amino acid neurotransmitter in the central nervous 
system. It has a wide distribution and is made from the conversion of glucose via the 
tricarboxylic acid cycle or glutamine that is synthesized in astrocytes. Glutamine lacks 
pharmacological activity but can be taken up by neurons and converted into glutamate. 
Neurotransmitter glutamate is stored in vesicles and released via a Ca2+-dependent 
mechanism. The actions of released glutamate can be terminated by its reuptake back up 
into neurons or into astrocytes. This process is carrier mediated involving Na+/Cl-/H+ 
co-transport and carriers known as excitatory amino acid transporters (EAATs), of 
which there are several subtypes. Transport of glutamate into vesicles is accomplished 
by vesicular glutamate transporters (VGLUTs).  
 
There are five different EAATs which show approximately 50% homology. Each 
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contains 500-600 amino acids making 6-8 transmembrane domains, re-entrant loops and 
cytoplasmic N- and C-terminal domains. The precise topology, however, remains in 
dispute. The EAATs differ in their specificity (aspartate is the preferred amino acid in 
some brain regions) and in their distribution within the brain. Drugs that alter the 
expression of these transporters, or proteins (eg kinases) that are critical in the 
localization of the transporter in the plasma membrane can interfere with the synaptic 
transmission of glutamate and, therefore, the responses to the excitatory amino acid.  
 
There are three families of VGLUTs at present. They share about 70% homology with 
each other and each contains about 600 amino acids. VGLUTs contain 8-10 subunits 
which are all believed to be transmembrane domains. VGLUTs have a much lower 
affinity for glutamate, of approximately 100-1000 fold compared to EAATs, and they 
do not transport aspartate, in contrast to EAATs. Transport of glutamate into vesicles by 
VGLUTs is dependent upon a vesicular proton, ATPase, to generate a proton 
electrochemical gradient. The distribution of VGLUTs within the central nervous 
system differs; VGLUT 1 is more abundant in cerebral and cerebellar cortex and the 
hippocampus, VGLUT 2 is found predominantly in the diencephalon and 
rhomencephalon, and VGLUT 3 has been identified in the striatum, hippocampus and 
cortex. VGLUT 3 has also been identified in the brainstem and it has recently been 
hypothesized to be a marker of neurons in the brainstem that mediate thermoregulatory 
responses (Nakamura et al., 2004). The development of new compounds capable of 
selectively inhibiting these carrier molecules may contribute to understanding the 
physiological functions of the carriers in synaptic function. 
 
2.1. Receptors for Glutamate 
 
Glutamate can act on four main subtypes of receptors; three are ion channels and 
referred to as ionotropic receptors, and one subtype is a G-protein coupled receptor 
referred to as a metabotropic receptor. The three ionotropic receptors have been named 
according to their specificity for agonists, namely N-methyl-D-aspartate (NMDA), α-
amino-3-hydroxy-5- methyl-4-isoxazole-propionate (AMPA) and Kainate. The 
ionotropic receptors consist of –4-5 subunits arranged to form a pore. Each subunit 
contains a pore loop (a hair pin loop within the plasma membrane, entering and exiting 
from the intracellular surface) and three transmembrane helical domains. The pore loop 
lies between the first and second transmembrane domains. A large extracellular region 
links the second and third transmembrane domains. This structure differs from the 
normal four transmembrane helical domains that characterize ionotropic receptors of 
classical neurotransmitters, such as nicotinic acetylcholine receptors.  
 
2.1.1. NMDA Receptors  
 
These receptors have been studied in greater detail than other glutamate receptors. 
There are two predominant subunits that contribute to the formation of NMDA 
receptors, NR1 and NR2. Recently, a third NR subunit has been described (NR3). This 
subunit can assemble with NR1 and NR2 subunits to depress NMDA receptor function 
or can assemble with NR1 alone to form a glycine receptor. The NR1 subunit consists 
of eight variants produced by splicing at three sites. NR2 subunits are formed by four 
different genes that encode the four different subunits (NR2 A-D). Each subunit can 
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also undergo post-transcriptional and post-translational modification, including 
glycosylation and phosphorylation. These changes alter the kinetics and ionic 
performance of the ion channel. Furthermore, different isoforms may be differentially 
expressed in different areas or developmental stages.  
 
The NMDA receptor is unique among ionotropic receptors in that it requires the binding 
of two ligands (glutamate and glycine (paradoxically) and reduced affinity for Mg2+ 
ions (usually via prior depolarization) to open. The NR1 subunit contains the glycine 
binding site and the NR2 subunit contains the glutamate binding site. The majority of 
evidence suggests that the NMDA receptor is composed of tetramers, that is, two 
NR1subunits and two NR2 subunits. Thus, each receptor contains two glycine and two 
glutamate binding sites. There are numerous isoforms of the receptor, since different 
isoforms of the NR1 subunit can combine and assemble with different isoforms of the 
NR2 subunits. Assembly of the NMDA receptor occurs in the endoplasmic reticulum, 
which contains abundant NR1 subunits. Since these can contain retention motifs that 
delay/prevent assembly and trafficking to the cell plasma membrane, this is the likely 
reason for the abundance of NR1 in the endoplasmic reticulum. 
 
NMDA receptors also interact with numerous proteins that influence the functional 
properties, as well as the trafficking and synaptic organization, of the receptor. 
Examples include membrane–associated guanylate cyclases, which include PSD-93 and 
PSD-95, that are important in the protein scaffolding interactions that are involved in 
the post synaptic density region, and in the trafficking of the receptor from the 
endoplasmic reticulum to the plasma membrane. 
 
2.1.1.1. Physiological Effects Of NMDA Receptors 
 
The NMDA receptor is highly permeable to Ca2+ and other cations and when activated 
results in ‘slow’ excitatory post synaptic potentials (EPSPs). Under physiological 
conditions, if the cell is at resting membrane potential, the NMDA receptors are blocked 
by normal physiological concentrations of Mg2+ ions, even in the presence of glutamate 
and glycine. However, the inhibitory actions of Mg2+ are voltage sensitive. Thus, when 
the cell is partially depolarized, e.g. by glutamate acting on AMPA receptors (see 
below), which results in sodium entering the cell, the inhibitory actions of Mg2+ can be 
overcome and the NMDA receptor can be activated (in the presence of glycine) and the 
entry of calcium into the cell occurs. The entry of calcium mediates most of the 
physiological actions of NMDA receptor activation. It should also be noted that, as well 
as the glutamate and glycine binding sites, the activity of NMDA receptors can be 
modified by drugs which are described in the sections below.  
 
In general, NMDA receptors play an important role in long term plasticity (long term 
potentiation or depression) (Massey et al., 2004). Long term potentiation is a long 
lasting enhancement of the effects of post synaptic transmission. It requires a short 
preconditioning burst of high frequency presynaptic activity and simultaneous post 
synaptic activity to occur, and is believed to be important in learning and memory. The 
role of NMDA receptors appears to be through the enhancement of AMPA receptors; 
that is, released glutamate activates AMPA receptors leading to the removal of the 
magnesium block of the NMDA receptor. This allows glutamate to activate NMDA 
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receptors to produce increased calcium entry into the cell, which ultimately facilitates 
AMPA receptor function (via protein kinase C activation and phosphorylation of 
AMPA receptors). 
 
2.1.1.2. Role Of NMDA Receptors In Disease  
 
In general, NMDA receptors are important in cerebral ischemic damage, memory 
formation and loss, neurotoxicity, pain and epilepsy, and also may play a role in 
diseases such as Huntingtons’s disease and Parkinson’s disease.  
Brain damage due to cerebral ischaemic damage 
Cerebral hypoxia or ischemia can lead to cellular damage that ultimately results in 
neuronal death. During hypoxia or ischemia there is a persistent elevation of glutamate 
that is believed to initiate the process of necrosis that is responsible for the cell death 
observed. These high levels of glutamate depolarize the cells and disturb their ability to 
maintain ionic and water balance, which can induce swelling within minutes, and 
ultimately lysis. The lysed cells result in further glutamate release, further exacerbating 
the neuronal cell death. However, apart from the immediate focal death of neurons that 
occurs, most cells that initially survived die after 24 hours of the initial insult. At that 
time, glutamate and calcium levels have returned to normal. Thus it would appear that 
multiple mechanisms are involved in the processes initiated by glutamate, however, 
there is clear evidence indicating that increased glutamate acting on NMDA receptors 
induces an increased intracellular concentration of calcium that leads to cellular death. 
Indeed, the concentration of calcium closely correlates with the degree of cell death.  
 
The evidence that multiple mechanisms are involved in the process of necrosis seen 
after hypoxia and ischemia is further supported by the fact that elevated glutamate 
levels may not be necessary to initiate cell death, however, the activation of NMDA 
receptors is necessary to evoke excitotoxicity and cell death. The activation of NMDA 
receptors results in elevated intracellular calcium concentration. For excitotoxicity to 
occur, the elevated calcium levels need to take place in the vicinity of the NMDA 
receptor. This is believed to ultimately lead to downstream changes specific for the 
activated NMDA receptor and calcium level, since the elevation of calcium 
concentration induced by other means does not lead to excitotoxicity. For this reason, 
alterations in the downstream enzymes are believed to take place during excitotoxicity.  
 
NMDA receptor subunits NR1 and NR2 confer localization and functionality to the 
receptor. These subunits link to specific enzymes and proteins docking to the post 
synaptic density zone associated with the post synaptic membrane. NMDA is intimately 
associated with PSD-95 and this is associated with enzymes and proteins including Pyr 
and trkB kinase, neuronal nitric oxide synthase, the enzyme responsible for the 
conversion of L-arginine to the gaseous neurotransmitter, nitric oxide. Other proteins 
associated with PSD-95 link the NMDA receptor to intracellular structural proteins such 
as alpha tubulin, and other transduction/second messenger systems such as CAM kinase 
II. The NR2A and NR2B subunits appear to be the crucial elements linking the NMDA 
receptor to the PSD-95 and associated proteins and it is now suspected that changes in 
NMDA activity, elevated calcium concentration and alterations in the proteins 
associated with PSD-95 are all required to induce excitotoxicity and cell death.  
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Alzheimer’s disease 
In Alzheimer’s disease there is neurodegeneration, and with this is an increase in 
extracellular glutamate. As described above, this can lead to an overactivation of the 
NMDA receptor with the resultant increase in intracellular calcium that can lead to 
neuronal cell death. Memantine is an NMDA antagonist that has been approved for use 
in Alzheimer’s disease (see below). 
 
Pain and morphine tolerance 
Pain pathways involve glutamate release in the dorsal horn. Enhanced glutamate release 
resulting in the activation of NMDA receptors can elevate intracellular calcium, 
resulting in the activation of kinases and ultimately morphine tolerance. Blockade of 
NMDA receptors can reduce pain and morphine induced tolerance. (The reader is also 
referred to the chapter entitled Pain Pharmacology and Analgesia). 
 
Epilepsy 
The NMDA receptor appears to be critical to the increased excitability seen in animal 
models of epilepsy. There is evidence to show that NMDA receptor density and 
function is altered in epilepsy. In some human forms of epilepsy, the expression of the 
subunits of the NMDA receptor is increased in the focal region of epileptic activity. In 
animal models of epilepsy, the activity of the NMDA receptor is increased and 
antagonists of the receptor can reduce the epileptic activity. Recent studies also suggest 
that epileptic activity can alter the function of the NMDA receptor by influencing its 
interactions with post synaptic density proteins via altered phosphorylation of residues 
in the NMDA receptor. 
 
Huntington’s disease 
Huntington`s disease is a genetic disorder in which the protein huntingtin is mutated. 
This protein can bind to PSD-95 that can attach to the NMDA receptor. Huntingtin can 
reduce the excitotoxic actions of NMDA receptor activation through its interaction with 
PSD-95. The current view suggests that the mutated form of huntingtin is less capable 
of this action, thereby allowing the excitotoxic actions of NMDA receptor activation to 
be more dominant. 
 
Parkinson`s disease 
Parkinson`s disease is a progressive neurological condition in which the dopaminergic 
input to the striatum degenerates. The glutamatergic action on NMDA receptors within 
the striatum appears to be important in the pathogenesis of Parkinson`s. However, the 
mechanism is unclear at present, but there is evidence to suggest that the NR2 B subunit 
of the NMDA receptor is involved. 
 
2.1.1.3. Agonists of NMDA Receptors 
 
The most commonly used agonist of NMDA receptors is, not surprisingly, NMDA. It is, 
by definition, more selective for this glutamatergic receptor but less potent than 
glutamate. However, as NMDA is not a substrate for glutamate reuptake mechanisms, 
its action is more effective than glutamate. Other agonists of the NMDA receptor 
include L-aspartate, quinolinate and homocysteate. Activation of NMDA receptors may 
cause symptoms of depression, agitation and impaired cognition in animal models, 
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although activation of NMDA receptors has been postulated as a mechanism for 
positive benefits in schizophrenia.  
 
- 
- 
- 
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