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18.1 INTRODUCTION

Neurologic diseases are among the leading causes of death, disability, and economic

expense in the world. For example, Alzheimer’s disease (AD) ranks fourth as a cause

of mortality in the United States. In fact, it has been estimated that as the population

continues to age, treatment of patients with dementia will consume our entire gross

national product by the latter decades of this century. Excitotoxic cell death, also

termed excitotoxicity, is thought to contribute to neuronal cell injury and death in this

and other neurodegenerative disorders. Excitotoxicity is defined as excessive expo-

sure to the neurotransmitter glutamate or overstimulation of its membrane receptors,

leading to neuronal injury or death. Glutamate, however, is the major excitatory

neurotransmitter in the brain and mediates critical synaptic transmission for the

normal functioning of the nervous system. Based on the pharmacology of agonist

sites, there are three classes of glutamate-gated ion (or ionotropic) channels, known

as a-amino-3-hydroxy-5-methyl-4-isoxazolepropionate (AMPA), kainate, and N-

methyl-D-aspartate (NMDA) receptors. Among these, the ion channels coupled to

classical NMDA receptors (NMDARs) are generally the most permeable to calcium

(Ca2þ). Excitotoxic neuronal cell death is mediated in part by overactivation of

NMDARs, which results in excessive Ca2þ influx through the receptor’s associated

ion channel. As a consequence of Ca2þ accumulation, excessive activation of the

NMDARs leads to production of damaging free radicals and other enzymatic pro-

cesses contributing to cell death (Fig.18.1) (Lipton and Rosenberg, 1994; Lipton and

Nicotera, 1998). Many neurodegenerative diseases, including AD, Parkinson’s dis-

ease, Huntington’s disease, HIV-associated dementia, multiple sclerosis, amyo-

trophic lateral sclerosis (ALS), and glaucoma, are caused by different mechanisms

but may share a final common pathway to neuronal injury due to the overstimulation

of glutamate receptors, especially of the NMDA subtype (Lipton and Rosenberg,

1994). Acute disorders, such as stroke, CNS trauma, and epilepsy, also manifest a

component of excitotoxicity. Hence, NMDAR antagonists could potentially be of

therapeutic benefit in a number of acute and chronic neurological disorders manifest-

ing excessive NMDA receptor activities (Kemp and McKernan, 2002).

NMDAR is made up of different subunits: NR1 (whose presence is mandatory),

NR2A-D, and, in some cases, NR3A or B subunits. The receptor is probably

composed of a tetramer of these subunits. The subunit composition determines the

pharmacology and other parameters of the receptor-ion channel complex (Wollmuth

and Sobolevsky, 2004). Alternative splicing of some subunits, such as NR1, further

contributes to the diversity of pharmacological properties of the receptor (Zukin and

Bennett, 1995). The subunits are differentially expressed both regionally in the brain

and temporally during development. Physiological NMDAR activity is therefore

essential for normal neuronal function (Cull-Candy et al., 2001). Potential neuropro-

tective agents that block virtually all NMDA receptor activity will therefore very

likely have unacceptable clinical side effects. For this reason, many previous

NMDAR antagonists have disappointingly failed advanced clinical trials for a

number of neurodegenerative disorders. In contrast, studies in our laboratory have

shown that the adamantane derivative memantine preferentially blocks excessive

NMDA receptor activity without disrupting normal activity. Memantine does this
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through its action as a low-affinity, uncompetitive open-channel blocker with a

relatively rapid off-rate from the channel. Here we review the molecular mechanism

of memantine’s clinically tolerated action and also the basis for the drug’s develop-

ment in treating several neurological disorders.

Of note, other calcium-permeable channels and routes of calcium entry, such as

transient receptor potential (TRP) channels and calcium-permeable AMPA receptors,

are also known to contribute to excitotoxicity. In addition, there are alternative

approaches to providing protection against NMDAR-mediated excitotoxicity, such

as methods uncoupling NMDARs from their downstream effectors (e.g., nitric oxide

synthase; also see Kemp and McKernan, 2002). It is not our intention here to cover all

possible strategies against calcium-mediated excitotoxicity. The purpose of the

present review is to provide a brief and perhaps somewhat surprising primer on

Figure 18.1 Schematic illustration of the apoptotic-like cell death pathways triggered by

excessive NMDA receptor activity. The cascade of steps leading to neuronal cell death include:

(1) NMDA receptor (NMDA-R) hyperactivation; (2) activation of the p38 mitogen activated

kinase (MAPK)–MEF2C (transcription factor) pathway. MEF2 is subsequently cleaved by

caspases to form an endogenous dominant-interfering form that contributes to neuronal cell

death (Okamoto et al., 2002); (3) toxic effects of free radicals such as nitric oxide (NO) and

reactive oxygen species (ROS); and (4) activation of apoptosis-inducing enzymes including

caspases and apoptosis-inducing factor. nNOS: nitric oxide synthase; Cyt c: cytochrome c.

(Adapted from the Lipton Web site at www.burnham.org)
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excitotoxicity as a promising target of neuroprotective strategies and to present a

scientific and clinical overview of the excitotoxicity blocker memantine. Some

preliminary information on second-generation memantine derivatives, termed

NitroMemantines, is also provided.

18.2 EXCITOTOXICITY

18.2.1 Definition and Clinical Relevance

The ability of the nervous system to rapidly convey sensory information and

complex motor commands from one part of the body to another, and to form thoughts

and memories, is largely dependent on a single powerful excitatory neurotransmitter,

glutamate. There are other excitatory neurotransmitters in the brain, but glutamate

is the most common and widely distributed. Most neurons (and also glia) contain

high concentrations of glutamate (�10 mM) (Lipton and Rosenberg, 1994); after

sequestration inside synaptic vesicles, glutamate is released for very brief amounts of

time (milliseconds) to communicate with other neurons via synaptic endings.

Because glutamate is so powerful, however, its presence in excessive amounts or

for prolonged periods of time can literally excite cells to death. This phenomenon

was first documented when Lucas and Newhouse (1957) observed that subcuta-

neously injected glutamate selectively damaged the inner layer of the retina (repre-

senting primarily the retinal ganglion cells). John Olney, in seminal work, later

coined the term ‘‘excitotoxicity’’ to describe this phenomenon (Olney, 1969; Olney

and Ho, 1970).

A large variety of insults can lead to the excessive release of glutamate within

the nervous system and, thus, excitotoxicity. When the nervous system suffers a

severe mechanical insult, as in head or spinal cord injury, large amounts of glutamate

are released from injured cells. These high levels of glutamate reach thousands of

nearby cells that had survived the original trauma, causing them to depolarize, swell,

lyse, and die by necrosis. The lysed cells release more glutamate, leading to a cascade

of autodestructive events and progressive cell death that can continue for hours or

even days after the original injury. A similar phenomenon occurs in stroke; the

ischemic event deprives many neurons of the energy they need to maintain ionic

homeostasis, causing them to depolarize and propagate the same type of autodes-

tructive events seen in traumatic injury (Lipton, 1993a; Lipton and Rosenberg, 1994).

This acute form of cell death occurs by a necrotic-like mechanism, although a slower

component leading to an apoptotic-like death can also be present, as well as a

continuum of events somewhere between the two (see below).

A slower, subtler form of excitotoxicity is implicated in a variety of chronic and

slowly progressing neurodegenerative disorders as well as in the penumbra of stroke

damage. In disorders such as AD, Huntington’s disease, Parkinson’s disease, multiple

sclerosis, HIV-associated dementia, ALS, and glaucoma, it is hypothesized that

chronic exposure to moderately elevated glutamate concentrations or glutamate

receptor hyperactivity for longer periods of time than occur during normal

neurotransmission trigger cellular processes in neurons that eventually lead to
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apoptotic-like cell death, a form of cell death related to the programmed cell death

that occurs during normal development (Fig. 18.1) (Lipton and Nicotera, 1998;

Bonfoco et al., 1995; Quigley et al., 1995; Vorwerk et al., 1996; Naskar et al.,

1999). More subtle or incipient insults can lead to synaptic and dendritic damage

in the early stages of disease. This process may be reversible and so is of considerable

therapeutic interest.

Importantly, elevations in extracellular glutamate are not necessary to invoke an

excitotoxic mechanism. Excitotoxicity can come into play even with normal levels of

glutamate if NMDAR activity is increased— for example, when neurons are injured

and thus become depolarized (more positively charged); this condition relieves the

normal block of the ion channel by magnesium (Mg2þ) and thus abnormally increases

NMDAR activity (Zeevalk and Nicklas, 1992). In addition, increased activity of the

enzyme nitric oxide synthase (NOS) is associated with excitotoxic cell death. The

neuronal isoform of the enzyme is physically tethered to the NMDA receptor and

activated by Ca2þ influx via the receptor-associated ion channel, and increased levels

of nitric oxide (NO) have been detected in animal models of stroke and several

neurodegenerative diseases (Mullins et al., 1996).

18.2.2 Links Between Vascular Dementia and Excitotoxic
Damage

As stated earlier, the glutamate content of most cells in the brain is approximately

10 mM. Because of the activity of glutamate transporters, most of this glutamate is

intracellular. The extracellular glutamate concentration in the brain has been esti-

mated to be approximately 0.6 mM. The sensitivity to excitotoxicity of cultured

cortical neurons isolated away from astrocytes or of hippocampal neurons in intact

tissue is approximately 2–5 mM glutamate (Lipton and Rosenberg, 1994). Therefore,

the ambient concentrations of glutamate are close to those that can cause neuronal

death, and it is important that extracellular glutamate concentration and compart-

mentalization be exquisitely controlled to prevent excitotoxicity. On the other hand,

with 10 mM glutamate present in cells, the potential for disaster is obviously great.

Extracellular glutamate levels have been shown to rise in the face of hypoxic–

ischemic insults. There will probably prove to be several mechanisms for the excess

accumulation of glutamate, even in a single disorder such as ischemia (Lipton and

Rosenberg, 1994). Energy failure might cause abnormal accumulations of glutamate

either by impairment of uptake (into neurons and especially astrocytes) mediated via

glutamate transporters or by reversal of the direction of transport. This series of events

would be followed by injury to some neurons and abnormal potentiation of glutamate

release from others. With glutamate release from injured neurons and excess phy-

siological release from otherwise intact neighboring neurons, the process might then

develop a self-propagating, vicious cycle that extends the area of neuronal damage.

Deprivation of oxygen and glucose—for example, during ischemia—cause a

decrement in the production of high-energy phosphate compounds and ‘‘energy

failure.’’ However, short-term energy failure per se is not particularly toxic to

neurons. What does make energy failure highly neurotoxic is the activation of

glutamate receptor-dependent mechanisms. If suitable glutamate antagonists block
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these mechanisms, then neurons can survive a period of oxygen and metabolic

substrate deprivation (reviewed by Lipton and Rosenberg, 1994).

18.2.3 Possible Links Between Excitotoxic Damage
and Alzheimer’s Disease

There are several potential links between excitotoxic damage and the primary insults

of Alzheimer’s disease, which, based on rare familial forms of the disease, are

believed to involve toxicity from misfolded mutant proteins (reviewed by Rogawski

and Wenk, 2003). These proteins include soluble oligomers of b-amyloid peptide

(Ab) and hyperphosphorylated tau proteins (Selkoe, 2001). For example, oxidative

stress and increased intracellular Ca2þ generated by Ab have been reported to

enhance glutamate-mediated neurotoxicity in vitro. Additional experiments suggest

that Ab can increase NMDA responses and thus excitotoxicity (Koh et al., 1990;

Mattson et al., 1992; Wu et al., 1995). Another potential link comes from recent

evidence that glutamate transporters are downregulated in Alzheimer’s disease and

that Ab can inhibit glutamate reuptake or even enhance its release (Topper et al.,

1995; Harkany et al., 2000). Finally, excessive NMDAR activity has been reported to

increase the hyperphosphorylation of tau, which contributes to neurofibrillary tangles

and is involved in NMDA-mediated neurotoxicity (Couratier et al., 1996). The

NMDAR antagonist memantine has been found to offer protection from these

aforementioned neurotoxic processes (see below).

18.2.4 Pathophysiology of Excitotoxicity: Role
of the NMDA Receptor

NMDA receptors are implicated in neuronal survival and maturation (Simon et al.,

1984; Balazs et al., 1989), neuronal migration (Komuro and Rakic, 1993), induction

of long-term potentiation (LTP, a cellular/electrophysiological correlate of learning

and memory formation; Bliss and Collingridge, 1993), formation of sensory maps

(Cline et al., 1987; Simon et al., 1992), and neurodegeneration (Meldrum and

Garthwaite, 1990; Lipton, 1993b; Lipton and Rosenberg 1994, Cull-Candy et al.,

2001). In contrast to AMPA- and kainate-type glutamate receptors, all functional

NMDARs are heteromultimers (Wollmuth and Sobolevsky, 2004). Conventional

NMDARs composed of NR1 and NR2A-D subunits require dual agonists, glutamate

and glycine, for activation (Fig. 18.2A). The activity of the NMDAR-associated

channel is modulated by a voltage-dependent block of Mg2þ (Nowak et al., 1984;

Mayer et al., 1984), and the channel manifests high permeability to Ca2þ (Dingledine

et al., 1999). NMDA is generally not thought to be an endogenous substance in the

body; it is an experimental tool that is highly selective for this subtype of gluta-

mate receptor, hence its name. Under normal conditions of synaptic transmission, the

NMDAR-channel is gated by extracellular Mg2þ sitting in the channel and is only

activated for brief periods of time. This brief opening of the NMDARs allows Ca2þ

(and other cations) to move into the cell for the subsequent physiological functions.

Under pathological conditions, however, overactivation of the receptor relieves the

Mg2þ block and causes an excessive amount of Ca2þ influx into the nerve cell, which
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then triggers a variety of processes that can lead to necrosis, apoptosis, or dendritic/

synaptic damage. These detrimental processes include (a) Ca2þ overload of mito-

chondria, resulting in oxygen free radical formation, activation of caspases, and

release of apoptosis-inducing factor; (b) Ca2þ-dependent activation of neuronal

NOS, leading to increased NO production and the formation of toxic peroxynitrite

(ONOO�) and S-nitrosylated glyceraldehyde-3-phosphate dehydrogenase (GAPDH);

and (c) stimulation of mitogen-activated protein kinase p38 (MAPK p38), which
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Figure 18.2 NMDA receptor model illustrating important binding and modulatory sites.

(A). Glu or NMDA, glutamate or NMDA binding site. Gly, glycine binding site. Zn2þ, zinc

binding site. NR1, NMDAR subunit 1. NR2, NMDAR subunit 2A. SNO, cysteine sulfhydryl

group (��SH) reacting with nitric oxide species (NO). X, Mg2þ, MK-801, and memantine

binding sites within the ion channel pore region. (B) Schematic representation of various

domains of the NMDAR subunit. Top: Linear sequence. Bottom left: Proposed 3D folding.

Bottom right: Proposed tetrameric structure of the classical NMDAR. ATD, amino terminal

domain; S1 and S2, agonist binding domains; M1–M4, the four transmembrane domains; CTD,

carboxyl terminal domain.
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activates transcription factors that can go into the nucleus to influence neuronal injury

and apoptosis (Fig. 18.1; Dawson et al., 1991, 1993; Lipton et al., 1993; Bonfoco et al.,

1995; Yun et al., 1998; Budd et al., 2000; Okamoto et al., 2002; Hara et al., 2005).

In NMDARs, the following membrane topology has been proposed (Fig. 18.2B,

reviewed by Wollmuth and Sobolevsky, 2004): (1) The N-terminal domain contains

the first�380 amino acids that are related to the bacterial periplasmic binding protein

sequence designated leucine/isoleucine/valine-binding protein (LIVBP), the Zn2þ

binding site, the proton site, and other modulatory sites; (2) four transmembrane

domains (M1-M4) are present, and the selectivity filter of the channel pore is formed

by M2 (a P loop region); (3) the ligand-binding domains are formed by the pre-M1

(S1) and M3-M4 linker region (S2); (4) a cytoplasmic C-terminal domain interacts

with intracellular proteins (Dingledine et al., 1999); and (5) the pre-M1 segment, the

C-terminal portion of the M3 segment, and the N-terminal region of the M4 segment

form the extracellular channel vestibule (Beck et al., 1999).

In general, NMDAR antagonists can be categorized pharmacologically into

four major groups according to site of action on the receptor-channel complex (Wong

and Kemp, 1991): Drugs acting at the (1) NMDA (agonist) recognition site,

(2) glycine (co-agonist) site, (3) channel pore, and (4) modulatory sites, such as the

redox modulatory site, the proton sensitive site, the high-affinity Zn2þ site, and the

polyamine site. The degree of NMDAR activation and consequent influx of Ca2þ and

Naþ into the cell can be altered by higher levels of agonists and by substances binding

to one of the modulatory sites on the receptor. The two modulatory sites most relevant

to this review are open-channel blocker sites within the ion channel pore and S-

nitrosylation site(s) located toward the N-terminus (and hence extracellular region) of

the receptor. Note that S-nitrosylation reactions represent transfer of NO to a thiol or

sulfhydryl group (��SH) of a critical cysteine residue (Lipton et al., 2002). This

reaction modulates protein function, in this case decreasing channel activity

associated with stimulation of the NMDA receptor. Each of these sites can be

considered potential targets for therapeutic intervention to block excitotoxicity, as

explained below. Moreover, other modulatory sites also exist on the NMDA receptor

and may in the future prove to be of therapeutic value. These include binding sites for

Zn2þ, polyamines, the drug ifenprodil, and a pH (i.e., proton)-sensitive site (Kemp

and McKernan, 2002). Additionally, three pairs of cysteine residues at extracellular

domains contribute to the redox sites and can modulate NMDAR function by virtue of

their redox sensitivity (Lipton et al., 2002). These redox-sensitive cysteine residues

may constitute a unique ‘‘NO-reactive molecular oxygen sensor’’ in the brain, en-

hancing the degree of downregulation of NMDA receptor function by S-nitrosylation

in the presence of low pO2 levels and thus dictating the pathological effects of hypoxia

that are mediated via the receptor (Takahashi et al., 2007).

18.3 RATIONAL DRUG DESIGN OF CLINICALLY
TOLERATED NMDA RECEPTOR ANTAGONISTS

Excitotoxicity is a particularly attractive target for neuroprotective efforts because it

is implicated in the pathophysiology of a wide variety of acute and chronic
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neurodegenerative disorders (Lipton and Rosenberg, 1994). The challenge facing

those trying to devise strategies for combating excitotoxicity is that the same

processes which, in excess, lead to excitotoxic cell death are, at lower levels,

absolutely critical for normal neuronal function. To be clinically acceptable, an

anti-excitotoxic therapy must block excessive activation of the NMDAR while

leaving normal function relatively intact in order to avoid side effects. Drugs that

simply compete with glutamate or glycine at the agonist binding sites block normal

function and therefore do not meet this requirement, and thus they have failed in

clinical trials to date because of side effects (drowsiness, hallucinations, and even

coma) (Hickenbottom and Grotta, 1998; Lutsep and Clark, 1999; Palmer, 2000). In

fact, competitive antagonists compete one for one with the agonist (glutamate or

glycine) and therefore will block healthy areas of the brain (where lower, more

physiological levels of these agonists exist) before they can affect pathological areas

(where higher levels of agonists accumulate). Thus, such drugs would preferentially

block normal activity and would most likely be displaced from the receptor by the

high concentrations of glutamate for prolonged periods that can exist under

excitotoxic conditions.

18.3.1 Advantages of Uncompetitive Antagonism
and Open-Channel Block

The term ‘‘open-channel blocker of the NMDAR’’ means that the drug enters the

receptor-associated ion channel only when it is open. Importantly, this type of drug

willbemosteffectiveinthefaceofexcessive(pathological)activitybecausestatistically

more channels are open and available to be blocked. This mechanism of inhibition,

whoseaction iscontingentuponprioractivationof the receptorby the agonist, isdefined

as ‘‘uncompetitive’’ antagonism. Open-channel block is a most appealing strategy for

therapeutic intervention during excessive NMDAR activation since the action of

blockade requires prior activation of the receptors. This property, in theory, leads to a

higher degree of channel blockade in the presence of excessive levels of glutamate and

little blockade at relatively lower levels—for example, during physiological neuro-

transmission (see Section 18.4 for details; Rang, 1981; Chen, 1992; Chen et al., 1992;

1998; Lipton, 1993b; Lipton and Rosenberg, 1994; Chen and Lipton, 1997).

In fact, an uncompetitive open-channel blocker would prevent more severe

excitotoxic processes better than mild disease. One would predict, for example, that

moderate-to-severe dementia, involving excessive NMDAR activity leading to

neuronal injury or death, would be treated more effectively than mild dementia or

other excitotoxic disorders, involving only somewhat increased physiological firing.

(Of course, these drugs will not reverse very severe disease because the neurons will

already be lost.) Although preferential neuroprotection from moderate-to-severe

excitotoxic processes seems counterintuitive, the drug’s uncompetitive mechanism

of action readily explains this uncanny phenomenon.

18.3.2 The Importance of Off-Rate from Channel Block

Importantly, we have shown that among open-channel blockers of the NMDAR,

the details of the kinetics of blockade are important in order to avoid side effects
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(Chen, 1992; Chen et al., 1992; Chen and Lipton, 1997). A relatively fast off-rate (and

hence short dwell time in the channel) would prevent the drug from accumulating in

open channels. This avoids progressive blockade of normal synaptic transmission. In

contrast, a drug with a slow off-rate would build up in the ion channels that underlie

synaptic events and consequently interfere with normal neurological function. The

apparent affinity of a channel-blocking drug is related to its off-rate divided by its

on-rate. At a given membrane potential, the on-rate is not only a property of diffusion

and channel open probability, but also the drug’s concentration. In contrast, the

off-rate is an intrinsic property of the drug–receptor complex, unaffected by drug

concentration. A relatively fast off-rate is a major contributor to a drug’s low affinity

for the channel pore. Thus, we propose that a clinically tolerated neuroprotective drug

would consist of a low-affinity, open-channel blocker with a relatively fast off-rate.

Hence, the drug would not substantially interfere with normal synaptic neurotrans-

mission in an accumulative fashion. As a result, the drug would be both effective and

well-tolerated.

As a useful analogy, the NMDA receptor can be thought of like a television set.

The agonist sites are similar to the ‘‘on/off’’ switch of the television. Drugs that block

here cut off all normal NMDAR function. What we need to find is the equivalent of the

‘‘volume’’ control (or in biophysical terms, the gain) of the receptor. Then, excessive

Ca2þ influx through the NMDAR-associated ion channel would be prevented by

simply turning down the ‘‘volume’’ of the Ca2þ flux toward normal values. A blocker

that binds at a site within the channel, similar to the action of physiological levels of

Mg2þ, could act as a sensor and provide an ‘‘automatic’’ volume control. Importantly,

the automatic volume control needs to reach an optimal level. In the case of Mg2þ

itself, the block is too ephemeral, a so-called ‘‘flickery block,’’ and the cell continues

to depolarize (become positively charged because of Ca2þ and Naþ entry) until Mg2þ

is repelled, and the block is totally relieved. Hence, in most cases Mg2þ does not

effectively block excessive Ca2þ influx to the degree needed to prevent neurotoxicity.

If, on the other hand, a channel blocker binds with too high an affinity, it will

accumulate in the channels, block normal activation, and thus prove clinically

unacceptable. Following the television set analogy, turning the volume all the way

down is as bad as turning off the ‘‘on/off’’ switch in terms of normal functioning of the

television. This is the case with MK-801: It is a very good blocker of excitotoxicity,

but because its dwell time in the ion channel is so long (reflecting its slow off-rate and

high affinity), it progressively blocks critical normal functions. MK-801 can thus

produce coma. Drugs with slightly shorter but still excessive dwell times (slow

off-rates) make patients hallucinate (e.g., phencyclidine, also known as Angel

Dust) or feel drowsy so that they classify as anesthetics (e.g., ketamine).

A clinically tolerated NMDAR antagonist would not make a patient feel

drowsy, hallucinate, or become comatose, and in fact it should spare normal neuro-

transmission while blocking the ravages of excessive NMDA receptor activation. An

uncompetitive, open-channel mechanism of blockade coupled with a longer dwell

time in the channel (and consequently a slower off-rate) than Mg2þ but a substantially

shorter dwell time (faster off-rate) than MK-801 would yield a drug that blocks

NMDAR-operated channels only when they are excessively open, while relatively

sparing normal neurotransmission.
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18.3.3 TargetingTherapeuticAgentstothePathologically
Active Area

An NMDAR open-channel blocker binds increasingly well to neurons manifesting

excessive channel activity; these are by definition potentially vulnerable neurons.

Hence, we can attach other anti-apoptotic or pro-survival moieties to an open-channel

blocker to form a new adduct that is targeted to vulnerable neurons, giving the second

moiety specificity of action to the sick neuron. Using this concept, we propose that a

series of second-generation drugs can be formulated that will have even greater

neuroprotective properties than the original. These second-generation drugs can take

advantage of the fact that the NMDAR has other modulatory sites (or ‘‘volume’’

controls) in addition to its ion channel that offer safe but effective clinical

intervention.

One example of an additional modulatory site on the NMDAR that we can take

therapeutic advantage of involves the action of nitric oxide (NO). We have shown

that transfer of NO to thiol (��SH) groups on critical cysteine residues of the

NMDAR (a reaction termed S-nitrosylation) decreases excessive receptor activity

(Lei et al., 1992; Lipton et al., 1993; Choi et al., 2000; Takahashi et al., 2007).

However, if administered systemically, NO can cause serious side effects, including

severe hypotension (low blood pressure) by virtue of its ability to produce vasodi-

latation, and may even be toxic by nitrosylating other targets such as GAPDH or

reacting with superoxide anion (O2
�) to form peroxynitrite (ONOO�). To avoid this

problem, we can tether the NO group to an appropriate open-channel blocker in

order to specifically target NO to the NMDAR nitrosylation sites. To date, such

combinatorial drugs, linking the principles of open-channel block and S-nitrosyla-

tion of the NMDAR to provide two ‘‘volume controls,’’ show great clinical potential.

We propose that this newly recognized mode of action for drugs be designated

‘‘pathologically activated therapeutics’’ (PAT, meaning a gentle tap). By virtue of

their relatively gentle binding, PAT drugs work best under pathological conditions,

while exerting minimal effects on normal brain activity. We believe that these simple

concepts embody the future of clinically tolerated neuroprotective drug design.

Interestingly, we were the first to show that memantine fulfills these mechanistic

criteria (Chen, 1992; Chen et al., 1992; Chen and Lipton, 1997).

18.4 MEMANTINE

18.4.1 Uncompetitive Open-Channel Block of NMDARs

Memantine (MEM, 1-amino-3, 5-dimethyl-adamantane, Fig. 18.3) was first synthe-

sized by Eli Lilly and Company and patented in 1968, as documented in the Merck

Index. It is a derivative of amantadine, an anti-influenza agent (Tominack and

Hayden, 1987). Memantine has a three-ring (adamantane) structure with a bridge-

head amine (��NH2) that under physiological conditions carries a positive charge

(��NH3
þ). Memantine has been used clinically with an excellent safety record for

over 20 years in Europe to treat Parkinson’s disease, spasticity, convulsions, vascular

dementia (Ditzler, 1991), and Alzheimer’s disease (Fleischhacker et al., 1986). The
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reported efficacy of amantadine and memantine in Parkinson’s disease, which was

discovered by serendipity in a patient taking amantadine for influenza, led scientists

to believe that these compounds were dopaminergic or possibly anticholinergic

drugs. Work at a small German company named Merz first suggested that the drug

might be an NMDA receptor inhibitor (Bormann, 1989; Kornhuber et al., 1989). We

are the first group to characterize that memantine acts as an open-channel blocker of

the NMDAR-coupled channel pore. We found that the drug blocks NMDA-evoked

responses via uncompetitive antagonism with a 50% inhibition constant (IC50) of

�1 mM at �60 mV. This blocking site senses <50% of the transmembrane potential

from the outside surface and interacts with the Mg2þ blocking site in NMDA-gated

channels (Chen et al., 1992; Chen and Lipton, 1997). Additionally, Wesemann et al.

(1980) reported that the concentration of memantine in the parenchyma of a

postmortem brain of a Parkinsonian patient who had received the standard dose of

20 mg memantine per day was approximately 1–12 mM. At 1–12 mM, memantine is
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Figure 18.3 Structure, kinetic, and dose–response analysis of memantine (MEM). (A) Left:

Chemical structure of amantadine. Right: Chemical structure of memantine, which has methyl

group (��CH3) side chains (unlike amantadine). (B) Blockade of 200 mM NMDA-activated

currents by 1 and 12 mM MEM recorded from a solitary neuron at a holding potential of

�60 mV. Kinetic analysis with single exponential fitting revealed that the on-time (time until

peak blockade) of 12 mM memantine was approximately 1 sec, while the off-time constant

(recovery time constant, t) from the effect was �5 sec. (C) Dose–response curve for MEM

constructed using IMEM/Icontrol (%) versus MEM concentration.
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within the effective range of its NMDA-antagonistic action (Ki ¼ �1 mM) but is

below the effective level of memantine at any other known receptor or ligand-gated

channel (Chen et al. 1992, but see below). The antagonistic action of memantine on

NMDARs is therefore thought to be the principal mechanism in the therapy of

Parkinson’s disease and possibly cerebral ischemia, dementia, and epilepsy (Lipton,

1993b; Lipton and Rosenberg, 1994; Rogawski, 2000).

Most importantly, we also showed why memantine could be clinically tolerated

as an NMDA receptor antagonist; namely, it was an uncompetitive open-channel

blocker with a dwell time/off-rate from the channel that limited pathological activity

of the NMDA receptor while sparing normal synaptic activity (Chen et al., 1992;

1998; Chen and Lipton, 1997). We illustrate this most astonishing property of

memantine in Fig. 18.4 and Fig. 18.5 (Chen et al., 1992). In this experiment, the

concentration of memantine was held constant (at a clinically achievable low micro-

molar level) while the concentration of NMDA was increased over a wide range. It

was found that the degree to which this fixed concentration of memantine blocked

NMDA receptor activity actually increased as the NMDA concentration was

increased to pathological levels. This is classical ‘‘uncompetitive’’ antagonist beha-

vior. In fact, the component of the excitatory postsynaptic current due to physiolo-

gical activation of NMDA receptors is inhibited by only 10 to 30% (Chen et al., 1998).

During prolonged activation of the receptor, however, as occurs under excitotoxic

conditions, memantine becomes a very effective blocker. In essence, memantine only

acts under pathological conditions without much affecting normal function, thus

relatively sparing synaptic transmission, preserving long-term potentiation, and

maintaining physiological function on behavioral tests such as the Morris water

maze (Chen et al., 1998). This notion is supported by the safety and efficacy profiles

of memantine in two recent clinical trials for the treatment of Alzheimer’s disease

(Reisberg et al., 2003; Tariot et al., 2004). This strategy of selecting NMDAR

antagonists of low-affinity/fast off-rate is in contrast to most drug discovery by big
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Figure 18.4 Paradoxically, a fixed dose of memantine (i.e., 6 mM) blocks the effect of

increasing concentrations of NMDA to a greater degree than lower concentrations of NMDA.

This finding is characteristic of an uncompetitive antagonist.
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Pharma, which uses high-affinity screens of the target. Neuroprotective agents that

work by high-affinity binding to the NMDAR result in blockade of virtually all

receptor activity; thus, these drugs manifest unacceptable clinical side effects.

Instead, several years ago, we had proposed to protect the brain with drugs that do

not bind very well under physiological conditions but are nevertheless selective under

pathological conditions for a particular target, such as the NMDAR (Chen et al.,

1992). Importantly, one should not confuse affinity with selectivity; as long as a drug

acts selectively and specifically on the target of interest and the effective concentra-

tion can be achieved, a high affinity per se is not the key issue.

18.4.2 Memantine Interacts with the Intracellular Mg2þ

Blocking Site in the NMDAR Channel Pore

Our earlier studies indicated that memantine exerts its effect on NMDA receptor

activity by binding at or near the Mg2þ site within the ion channel (Chen, 1992;

Chen et al., 1992; Chen and Lipton, 1997). Because of its interaction with external

Mg2þ and based on mutational analysis of the NMDAR by others (Kashiwagi et al.,

2002), the specific site of memantine action was assumed to be near the external Mg2þ

blocking site at the selectivity filter region of the NMDAR-associated channel

(Danysz and Parsons, 2003). This region is formed by asparagine (N) residues at

the ‘‘N site’’ of NR1 and ‘‘Nþ 1 site’’ of NR2 subunits (reviewed by Dingledine

et al., 1999). Compared to physiological block by external Mg2þ, a common explana-

tion for the safety and effectiveness of memantine has been that memantine

represented a ‘‘better magnesium,’’ manifesting a somewhat slower unblocking

rate, moderate voltage dependence, and slightly higher affinity (Danysz and Parsons,

2003). However, when applied from the intracellular versus extracellular surface,

Mg2þ interacts differently on the N-site residues of NR1 and NR2 subunits

(Wollmuth et al., 1998a,b). The N-site asparagine of the NR1 subunit represents

the dominant blocking site for intracellular Mg2þ, whereas the N and Nþ 1 site

asparagines of the NR2A subunit form the critical blocking site for extracellular

Mg2þ. We recently performed a series of experiments using point mutations and the

substituted cysteine accessibility method (SCAM) to show that the N-site asparagine

of the NR1 subunit, located at the selectivity filter of the NMDAR-associated channel,

is the specific and predominant blocking site for memantine (Chen and Lipton, 2005).

The N and Nþ 1 sites of NR2A subunits provide the major electrostatic interaction

with memantine upon binding to this deep, specific site (Fig. 18.6). The differential

contribution to memantine block by the N- and Nþ 1 site asparagines in NR1

and NR2 subunits is reminiscent of their effects on intracellular Mg2þ blockade

(Wollmuth et al., 1998b). The distinct patterns of interaction of memantine with the

channel selectivity filter may confer upon memantine unique kinetic features leading

to the drug’s excellent clinical tolerability. In line with these results, memantine, in

the absence of extracellular Mg2þ, displays minimal differences in blocking

NMDARs containing various NR2 subunits (Bresink et al., 1996). We also found

that none of the NR1 splice variants differentially affected memantine antagonism in

the absence of external Mg2þ (Chen and Lipton, 2005).
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Figure 18.5 A trapping, uncompetitive scheme for memantine action. (A) Response to

200 mM NMDA was first blocked by 2 mM MEM at �60 mV, and then both agonists and

antagonists were washed out by rapidly exposing the cell to a solution containing only the

control solution for 11.3 sec to demonstrate MEM trapping (left). After washout with control

solution, a second application of NMDA alone displayed a fast-rising phase of channel

activation followed by slow relaxation, representing recovery from MEM blockade. This slow

relaxation was similar to the regular recovery phase from MEM block that occurred without

trapping (right). (B) Difference in predicted degrees of blockade between noncompetitive and

uncompetitive antagonist action of memantine (MEM). Top left: Scheme for noncompetitive

antagonism with C representing the closed channel; O, the open channel; C*-MEM, the

blocked and closed channel; O-MEM, the open but blocked channel; a, the microscopic on-

rate; b, the microscopic off-rate; [MEM], the concentration of the blocker; K, the equilibrium

constant for opening from the closed state; and Po, the open probability of the channel. The

affinity of the blocker for the closed and open channel is the same. The open probability of the

unblocked channel is the same as that of the blocked channel. Top right: Scheme for

uncompetitive antagonism. K/y (y = 0.146) is the equilibrium constant for opening from the

C*-MEM state; P0o is the open probability of the blocked channel, and the rest of the symbols

have the same meaning as above. The blocker does not bind to the closed channel in this

paradigm. (C) Computer-simulated degree of blockade for a noncompetitive antagonist (dotted

line) and uncompetitive antagonist (solid curve) with the models and parameters indicated in A

and B. The degree of blockade of NMDA-elicited current in Fig. 18.4 is replotted here. The

inhibition equilibrium constant (Ki) for the blocker is 1.2 mM, and [MEM] is 6 mM. The

empirical data points were very close to those predicted theoretically for pure uncompetitive

antagonism (Chen and Lipton, 1997).
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18.4.3 A Second Binding Site for Memantine
in NMDA-Gated Channels

Several studies have also reported a second binding site for memantine in NMDA-

gated channels (Antonov and Johnson, 1996; Blanpied et al., 1997; Bresink et al.,

1996; Sobolevsky et al., 1998). This second site was reported to have a much lower

affinity, minimal voltage dependence, and a noncompetitive mechanism of block.

There were, however, several differences among these studies, including the

estimated IC50, the precise degree of voltage dependence, and the location of this

blocking site in the NMDA-gated channel. Using point mutations and SCAM, we

found that the second (superficial) memantine-blocking site, located at the extra-

cellular vestibule of the channel, appears to be nonspecific and overlaps the site

occupied by the nonspecific pore blocker hexamethonium. Residues in the post-M3

segment of the NR1 subunit are not directly involved in memantine binding (Chen

and Lipton, 2005).

There is an important therapeutic implication of our recent description of the

location of the second memantine binding site that concerns the uncompetitive

mechanism of antagonism displayed by memantine. Uncompetitive, unlike compe-

titive or noncompetitive, antagonists can block excessive activation of NMDARs

while sparing normal neurotransmission; this is the property most likely responsible

for the clinically tolerated mechanism of action of memantine, as explained above.

Memantine blocks NMDARs via an uncompetitive mechanism at low micromolar

concentrations, yet possesses a noncompetitive component (sometimes called

‘‘partial trapping’’ in the channel) at higher concentrations (Blanpied et al., 1997;

Chen and Lipton, 1997). Lipophilic leak of memantine from its blocking site cannot

explain this noncompetitive component (Mealing et al., 2001; Bolshakov et al.,

2003). Instead, the noncompetitive behavior may be explained by the second site

of memantine binding that we identified, which has very low affinity and is located at

the channel vestibule. Occupancy by memantine of this shallow site may allow

dissociation of the drug in either the open or closed conformation, resulting in a

form of noncompetitive antagonism. This superficial site of memantine action,

however, represents nonspecific binding and may also explain the noncompetitive

component of many other very low-affinity, open-channel blockers.

Most importantly, we showed that a large difference in the affinity between

these two sites of memantine binding is crucial for maintaining the selectivity of this

type of ‘‘low-affinity’’ NMDAR open-channel blocker (Chen and Lipton, 2005). We

believe that the distinct patterns of interaction and the relative degree of affinity of

memantine for these two binding sites contribute to the drug’s excellent pharmaco-

logical profile of clinical tolerability.

18.4.4 Voltage Dependence, Partial Trapping,
and Lipophilic Leak of Memantine

Many possible factors have also been suggested for memantine’s clinical tolerability,

including moderate-to-low affinity, moderate voltage dependence, fast blocking and

unblocking kinetics, and partial trapping in the NMDAR-associated channel
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(Rogawski and Wenk, 2003). All these macroscopic explanations are based on the

assumption that memantine and other open-channel blockers bind at the same site as

extracellular Mg2þ in the channel selectivity filter. We were recently the first to show

that this assumption is incorrect. Instead, memantine interacts with the intracellular

Mg2þ blocking site, which is located slightly deeper than the extracellular Mg2þ

blocking site (Chen and Lipton, 2005). We also showed that the second, superficial

site of memantine action is nonspecific and may explain the noncompetitive (or

nontrapping) component of memantine at near millimolar concentrations. For so

called ‘‘low-affinity’’ NMDA open-channel blockers, the apparent affinity, unblock-

ing rate, and voltage dependence as well as the lipophilic leak (or closed-channel

egress) (Blanpied et al., 1997) and degree of trapping of each open-channel blocker

will represent ‘‘mixed’’ properties of both sites if the relative affinities are not too far

apart. Therefore, despite prior reports, none of these properties at one site alone can

explain the variable clinical tolerability of low-affinity NMDAR antagonists. In the

case of memantine, however, the affinities of the two sites are sufficiently distinct so

that the pharmacological properties of the specific site may account for its lack of side

effects (Chen and Lipton, 2005). In our hands, memantine at therapeutic concentra-

tions displays minimal closed-channel block or egress (minimal lipophilic leak) and

therefore behaves like a perfect uncompetitive blocker [Fig. 18.6; see Chen and

Lipton, (1997, 2005) for details].

NR2ANR1

Mg2+
K+

Noncompetitive

Uncompetitive

Figure 18.6 Atomic model showing two memantine binding sites in the channel permeation

pathway of the NMDAR. Locations of memantine binding sites in the channel permeation

pathway are shown at the level of the channel selectivity filter (the specific site) and at the L651

residue of the NR1 subunit (the nonspecific site). Internal permeant monovalent cation (Kþ or

Csþ) can compete with the externally applied MEM for binding, and MEM binding interacts

with the intracellular Mg2þ binding site (Chen and Lipton, 1997, 2005).
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18.4.5 Other Possible Effects of Memantine

At various concentrations, many different mechanisms of action of memantine have

been reported: (1) antiviral action by inhibition of viral coat protein function

(Tominack and Hayden, 1987), (2) inhibition of muscle-type nicotinic acetylcholine

(ACh) receptors at the frog neuromuscular junction (Masuo et al., 1986),

(3) antagonistic effects on NMDARs, (4) potentiation of strychnine-sensitive,

glycine-activated currents (Lampe and Bigalke, 1991) (however, this result has not

been substantiated by us or others), and (5) at concentrations above 100 mM, mem-

antine may block voltage-sensitive sodium channels (Netzer and Bigalke, 1990) and

has nonspecific effects on cell membranes (Osborne et al., 1982; Wesemann et al.,

1983). In rat brain preparations, memantine does not interact directly with dopamine,

opioid, GABA, or a1- and a2-adrenergic receptors and has no effect on the uptake of

the neurotransmitters noradrenaline or serotonin [reviewed in Osborne et al. (1982)].

Memantine has been found to block serotonin (5-HT3) receptor channels at

concentrations approaching those that block NMDA receptor channels (Rammes et al.,

2001; Reiser et al., 1988). Memantine’s effect on 5-HT3 receptors may possibly further

enhance cognitive performance. Memantine has also been reported to inhibit a7 nicotinic

acetylcholine (ACh) receptors in the Xenopus oocyte expression system and in rat cultured

hippocampal neurons with an affinity similar to that reported for native NMDA receptors

(Maskell et al., 2003; Aracava et al., 2005). These results, however, remain controversial,

in part because desensitizing currents were evaluated rather than steady-state currents, and

their significance thus needs to be confirmed (Banerjee et al., 2005).

Concerning its use in Alzheimer’s disease, in the rat, memantine at therapeutic

concentrations reduced the loss of cholinergic neurons in the nucleus basalis caused by

NMDA-mediated toxicity or mitochondrial toxins [reviewed in Rogawski and Wenk

(2003)]. Memantine has been reported to offer protection from neurotoxicity engen-

dered by intrahippocampal injection of Ab (Miguel-Hidalgo et al., 2002) and to

enhance the processing of non-amyloidogenic b-amyloid precursor protein (Rogawski

and Wenk, 2003). Memantine also improved performance on behavioral tests (T-maze

and Morris water maze) in a transgenic mouse model of familial AD consisting of a

mutant form of amyloid precursor protein and presenilin 1 (Tanila et al., 2003).

Additionally, memantine was recently found to reduce tau hyperphosphorylation in

culture (Iqbal et al., 2003). Chronic infusion of memantine also attenuated neuronal

loss, improved short-term memory impairment, and reduced learning deficits and

neurotoxicity caused by quinolinic acid-induced entorhinal cortex lesions in the rat

[reviewed by Parsons et al. (1999)]. However, the exact mechanism(s) of protection by

memantine from these animal or culture models of AD remains to be elucidated.

18.4.6 Neuroprotective Efficacy

The neuroprotective properties of memantine have been studied in a large number of

in vitro and in vivo animal models by several laboratories [reviewed in Parsons et al.

(1999)]. Among neurons protected in this manner both in culture and in vivo are

cerebrocortical neurons, cerebellar neurons, and retinal neurons (Chen et al., 1992,

1998; Lipton, 1992; Osborne, 1999). Additionally, in a rat model of stroke,
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memantine, given as long as 2 hours after the ischemic event, reduces the amount of

brain damage by approximately 50% (Chen et al., 1992, 1998).

A series of human clinical trials that investigated the efficacy of memantine for

the treatment of AD, vascular dementia, HIV-associated dementia, diabetic neuro-

pathic pain, depression, and glaucoma have recently been completed. Some of these

studies have only recently been completed and remain unpublished at this time except

in abstract form. One recent high-profile publication reported the result of a U.S. phase

3 (final) clinical study showing that memantine (20 mg/day) is efficacious for moder-

ate-to-severe AD (Reisberg et al., 2003). Another study reported that, in combination

with Aricept, memantine treatment offers some improvement of memory and function

in moderate-to-severe Alzheimer’s patients (Tariot et al., 2004). Both studies revealed

excellent clinical tolerance and minimal side effects from therapeutic doses of mem-

antine. These positive results of clinical studies for treating AD convinced the

European Union and the U.S. FDA to approve memantine for the treatment of this

form of dementia. Concerning other forms of dementia, one European multicenter,

randomized, controlled trial reported that memantine was beneficial in severely

demented patients, probably representing both AD and vascular dementia (Winblad

and Poritis, 1999). Another recent publication of a randomized, placebo-controlled

clinical trial also described significant benefit from memantine therapy (20 mg/day) in

mild-to-moderate vascular dementia (Orgogozo et al., 2002). These clinical trials are

summarized in Table 18.1. Most trials have reported minimal adverse effects from

memantine. The only memantine-induced side effects encountered were rare dizziness

and occasional restlessness/agitation at higher doses (40 mg/day), but these effects

were mild and dose-related. Memantine is also under investigation as a potential

treatment for other neurodegenerative disorders, including HIV-associated dementia,

neuropathic pain, and glaucoma as well as depression and movement disorders.

Importantly, as we discovered and outlined above, the uncompetitive mode of

memantine action would predict that, at a fixed dose, memantine would work better for a

severe condition (e.g., excessive glutamate receptor activity to the point of causing cell

death) than for more mild conditions manifested by slightly elevated synaptic transmis-

sion. Bearing this out, recent studies support that memantine may have a larger effect in

moderate-to-severe dementia than in mild dementia. Another case in point is neuro-

pathic pain, which is thought to be mediated at least in part by excessive NMDAR

activity. Given the uncompetitive antagonism of memantine, more severe pain (e.g., the

nocturnal pain of diabetic neuropathy) might be expected to benefit from memantine to a

greater extent than more mild forms of neuropathic pain. In fact, a phase 2B clinical trial

suggested that this is indeed the case, whereas preliminary reports indicate that more

TABLE 18.1 Clinical Trials with Memantine

. German/Merz phase 3 trial for vascular dementia and Alzheimer’s disease þ

. Karolinska/Italian phase 3 trial for vascular dementia þ

. Two USA multicenter phase 3 trials for Alzheimer’s disease þ

. United Kingdom phase 3 trial for vascular dementia þ

. French phase 3 trial for Vascular dementia þ

. USA phase 2 trials for neuropathic pain and HIV-associated dementia þ=�
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mild pain conditions were not statistically benefited by memantine in phase 2/3 clinical

trials. Along these same lines, one would predict that a higher concentration of

memantine would be needed to combat pain than to prevent neuronal cell death because

greater NMDA receptor activity is associated with cell death (a greater proportion of

channels will be blocked by memantine in the face of increasing NMDAR activity).

Again, clinical trials have suggested that this is indeed the case because 40 mg/day of

memantine have been needed in successful pain studies but only 20 mg/day in severe

dementia studies. However, further clinical trials will be necessary to prove the efficacy

of memantine for severe neuropathic pain.

As promising as the results with memantine are, we are continuing to pursue

ways to use additional modulatory sites (the ‘‘volume controls’’) on the NMDA

receptor to block excitotoxicity even more effectively and safely than memantine

alone. New approaches in this regard are explored below.

18.5 NITROMEMANTINES

NitroMemantines are second-generation memantine derivatives designed to have

enhanced neuroprotective efficacy without sacrificing safety. As mentioned earlier, a

nitrosylation site(s) is located on the N-terminus or extracellular domain of the

NMDA receptor, and S-nitrosylation of this site (NO reaction with the sulfhydryl

group of the cysteine residue) downregulates (but does not completely shut off)

receptor activity (Fig. 18.2). The drug nitroglycerin, which generates NO-related

species, can act at this site to limit excessive NMDA receptor activity. In fact, in

rodent models, nitroglycerin can limit ischemic damage (Lipton and Wang, 1996),

and there is some evidence that patients taking nitroglycerin for other medical reasons

may be resistant to glaucomatous visual field loss as well (Zurakowski et al., 1998).

Consequently, we carefully characterized S-nitrosylation sites on the NMDA

receptor in order to determine if we could design a nitroglycerin-like drug that could

be more specifically targeted to the receptor. In brief, we found that five different

cysteine residues on the NMDA receptor could interact with NO. One of these,

located at cysteine residue #399 (C399) on the NR2A subunit of the NMDA receptor,

mediates approximately 90% of the effect of NO under our experimental conditions

(Choi et al., 2000). From crystal structure models and electrophysiological experi-

ments, we further found that NO binding to the NMDAR at C399 apparently induces a

conformational change in the receptor protein that makes glutamate and Zn2þ bind

more tightly to the receptor. The enhanced binding of glutamate and Zn2þ in turn

causes the receptor to desensitize and, consequently, causes the ion channel to close

(Lipton et al., 2002). Electrophysiological studies have demonstrated this effect of

NO on the NMDA channel (Lei et al., 1992; Lipton et al., 1993; Choi et al., 2000).

Unfortunately, nitroglycerin is not very attractive as a neuroprotective agent. The

same cardiovascular vasodilator effect that makes it useful in the treatment of angina

could cause dangerously large drops in blood pressure in patients with dementia, stroke,

traumatic injury, or glaucoma. However, the open-channel block mechanism of mem-

antine not only leads to a higher degree of channel blockade in the presence of excessive

levels of glutamate, but also can be used as a homing signal for targeting drugs (e.g., the
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NO group) to hyperactivated, open NMDA-gated channels. We have been developing

combinatorial drugs (NitroMemantines) that theoretically should be able to use mem-

antine to target NO to the nitrosylation sites of the NMDAR in order to avoid the

systemic side effects of NO. Two sites of modulation are analogous to having two

volume controls on your television set for fine-tuning the audio signal.

Preliminary studies have shown NitroMemantines to be highly neuroprotective

in both in vitro and in vivo animal models. In fact, it appears to be more effective than

memantine. Moreover, because of the targeting effect of memantine moiety,

NitroMemantines appear to lack the blood pressure lowering effect typical of nitrogly-

cerin. More research still needs to be performed on NitroMemantine drugs, but by

combining two clinically tolerated drugs (memantine and nitroglycerin) we created a

new, improved class of PAT drugs that are both clinically tolerated and neuroprotective.

18.6 CONCLUSIONS

Necrosis- and apoptosis-mediated excitotoxic cell death is implicated in the patho-

physiology of many neurological diseases. This type of excitotoxicity is caused, at

least in part, by excessive activation of NMDA-type glutamate receptors. Intense

insults, such as that occurring in the ischemic core after a stroke, trigger massive

stimulation of NMDA receptors, leading to neuronal cell swelling and lysis

(necrosis). In contrast, more moderate NMDAR hyperactivity, such as that occurring

in the ischemic penumbra of a stroke and in many slow-onset neurodegenerative

diseases, results in a moderately excessive influx of calcium ions into nerve cells,

which, in turn, triggers free radical formation and multiple pathways leading to the

initiation of synaptic damage and apoptotic-like neuronal cell loss (Lipton and

Nicotera, 1998). However, NMDA receptor activity is also required for normal neural

function. Until recently, all drugs that showed promise as inhibitors of excitotoxicity

also blocked normal neuronal function and consequently had severe and unacceptable

side effects, so clinical trials for stroke, traumatic brain injury, and Huntington’s

disease all failed (Lees et al., 2000; Sacco et al., 2001). In the past decade, we have

shown that memantine represents a class of drugs that have relatively low affinity and

act as an uncompetitive, open-channel blocker. Due to its uncompetitive antagonism

and relatively fast off-rate, memantine blocks excessive NMDAR activation but

spares low (physiological) levels of NMDAR activity seen during normal neuro-

transmission. Importantly, memantine binds at the ‘‘intracellular’’ Mg2þ site in the

channel pore and displays differential affinity for specific and nonspecific binding

sites on the NMDAR. These molecular interactions confer upon memantine favorable

kinetic properties that contribute to the drug’s clinical tolerability as well as its

neuroprotective profile (Chen and Lipton, 2005). The discovery that memantine, a

low-affinity but still highly selective agent with a mechanism of uncompetitive

antagonism, is neuroprotective yet clinically tolerated has triggered a paradigm shift

in the history of drug development by the pharmaceutical industry. Clinical studies

have borne out our hypothesis that low-affinity/fast off-rate memantine is a safe

NMDA receptor antagonist in humans and beneficial in the treatment of neurological

disorders mediated, at least in part, by excitotoxicity.
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The NitroMemantines are second-generation NMDA receptor antagonists that

may work even better than memantine. They use the memantine moiety as a homing

signal for the targeted delivery of NO to a second modulatory site on the NMDAR.

Work is progressing rapidly in this area of investigation.

Further clinical studies of the efficacy of memantine in the treatment of AD,

vascular dementia, HIV-associated dementia, glaucoma, and severe neuropathic pain

are currently underway, and there is every reason to expect the results to be positive,

although this is, of course, not yet proven except in the case of Alzheimer’s disease

and possibly vascular dementia (Table 18.1). The efficacy of memantine in neuro-

degenerative diseases and its ability to protect neurons in animal models of both acute

and chronic neurological disorders suggest that memantine and drugs acting in a

similar manner could become very important new weapons in the fight against

neuronal damage.
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