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Ampakines are a class of drugs that have been
developed by Cortex PharmaceuticalsInc. toimprove
the aberrant excitatory neurotransmission that is
observed inmany neurological disorderst. Thesedrugs
were developed because they seem to enhance
memory by affecting atheoretical neurological process
calledlong-term potentiation (LTP). LTPisregarded
as the best neurobiological model of learning and
memory today. Thispaper first overviewsthe events
andfindingsthat led to thediscovery of thisphenomenon
as a prelude to the development of AMPAKINE
technol ogy. The second part describesthe efficacy of
thisnove classof drugsonimproving cognitiveabilities
inbothimpared and non-impairedindividuas. Thequest
for nootropia, or enhanced cognitive ability, has
effectively begun.

Part | - Historical Basisfor the Development of
the Ampakines

Early Learning and Memory Theory

For more than a century, scientists have been
interested intherel ationship between neura connections
and cognitiveability. Centra to cognitionistheprocess
of information acquistion, Sorage, andreectivetion. This
ismorecommonly referred to aslearning and memory.
L earning and memory areinseparabl e constructsthat
alow usto changein responseto our environment, store
information, and inreturn, usethisinformationto affect
the environment. Imaginewhat your world would be
like if you could not learn and remember - every
individua would seemlikeastranger, every task would
seem novel, and every spoken word would be
incomprehensble.

Between approximately 1917 and 1950, Karl
Lashley searched for the*engram”, the storage closet

for memoriesinthemammalian brain. Inoneof his
well-known articles, hearticulates the* principle of
equipotentiaity” andthe® principleof massaction”.
Theformer refersto the conclusionthat all cortical
areas can substitute for each other asfar aslearning
is concerned. The latter refers to the idea that a
reductioninlearningisproportiond to theamount of
braintissuedestroyed?. Theseconclusionstill shape
how neuropsychol ogistsand neurophysologistsview
learning and memory processestoday. Out of this
grew theideathat memoriesmay involvealarge
number of cells, or anetwork. In 1949, at McGill
University, Donald Hebb, arguably themost famous
neuroscientist of the 20th century, published hisbook
titled The Organization of Behaviour. With the
work of Lashley and othersin mind, he presentshis
“Neurophysiologica Postulate’ asfollows:

When an axon of cell Aisnear enough to
exciteacell B and repeatedly or persistently
takes part in firing it, some growth
processes or metabolic changetakes place
in one or both cells such that A's
efficiency,as one of the cells firing B, is
increased.

The prescient notion that memories may involve
changesinthe strength of the connections between
brain cells, put forth by Hebb, has been supported
by thediscovery of aphenomenon called long-term
potentiation (LTP). LTPisaphysiologica modd of
how synapsesmay be strengthened followingintense
electrical activity. Currently scientists at Cortex
Pharmaceuticals Inc. are basing their drug
devel opment strategieson thetheory that thesynaptic
strengthening observed during LTP is both
biologically relevant and associated with cognitive

capabilities.
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Figure 1. Ampakines seem to enhance memory by affecting the process of long-term potentiation.

The Discovery of Long-Term Potentiation

Prior tol973, when thediscovery of LTPwasfast
published, neuroscientists searched for exampl es of
lasting increasesin synaptic transmission. In 1941,
Feng showed that excitatory synapsesare capabl e of
releasing more neurotransmitter substancefor aperiod
of up to 300 msfollowing atransient injection of
current into the presynaptic cell. He coined theterm
facilitationfor hisobservation. If thepresynaptic cell
wasrepeatedly activated by injecting severa pulses
of current, thechangeinthevoltageinthe postsynaptic
response was enhanced for severa seconds. Thisis
now referred to as augmentation**®7. In 1965,
Spencer & Wigdor and Beswick & Conroy
independently showed that high frequency activation
(800injectionsof current per second; 800 Hz) applied
tothe presynaptic cell inasmplespinal cord reflex
pathway could |ead to an enhanced elevationinthe
voltage of the postsynaptic cell lasting several
minutes®®. However, theimplicationsof theseresults
suffered tremendously from the fact that the high
frequency simulation of 800 Hzisfar outsdetherange
of eectrical activity normaly observedinthisregion®®.
This third process has been called post-tetanic
potentiation (PTP). In facilitation (lasting for a
maximum of 300ms), augmentation (lasting for a
maximum of 40 seconds), and PTP (lasting for a
maximum of 7 minutes), the postsynaptic responseis
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enhanced.

However, indl of theseingtances, theenhancement
persgtsfor suchalimitedlength of timethatimplicating
any of these processes asamechanism for memory
would haveclearly been absurd asmemoriescan span
amog alifespan. Inshort, aphysiological mechanism
that exhibitschangelasting for morethan minuteshad
not been found prior to thediscovery of LTP.

In Odlo in the late 1960s, a graduate student
named TerjeLomowasstudying thed ectrophysiology
of thehippocampus. The hippocampusisasubcortica
brain structurerel ated to spatid |learning and memory
processes. At thesametime, Tim Blisswasrecruited
fromMcGill University towork withLomoin Odo.
In the autumn of 1968, Blissand Lomo conducted
their first experiment together. They transiently
electrically stimulated the perforant pathway (aset of
neurons leading into the hippocampus) and the
postsynaptic potentia wasmassvely enhanced. There
IS no question that this reflects an increase in the
strength of the synapse. Minutes passed, and the
magnitude of theresponsefell, asexpected of PTP.
Amazingly, theresponsethen leveled off well above
basdline. Hours passed with increasing excitement as
Bliss and Lomo watched the responses on their
oscilloscope remain stubbornly elevated™. LTP
(below) had been discovered and they published their
resultsin 1973. LTPhas subsequently been recorded
intheliveanimal for up to hdf of itslifespan®. This
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phenomenonisnow formally defined asapersistent
enhancement of an excitatory postsynaptic potential
(EPSP) following brief high-frequency stimulation of
afferent pathways'.

In 1986, Morrisand colleagues published results
in Nature showing that blocking of the NMDA
receptor not only blocksLTR, but it al so attenuates
learningand memory. Theadminigtrationof theNMDA
antagonist APV into the hippocampus (astructure
involved in spatial |earning and memory) wasshown
toblock LTP. A task wasthen devel oped whereby a
test animal hasto learnto escapefrom apool of murky
water to ahidden platform based on spatial cuesin
the surrounding room. Animalsthat receilved APV, the
drug that blocked LTP, could not learn thistask as
well ascontrols. Onthelast day of testing, theplatform
wasremoved and thetimethat theanimal searchedin
each quadrant wasrecorded. The animalsthat had
received APV did not search in the correct quadrant
asmuch as control s supporting the conclusion that
these animalscould not learn and remember aswel 12,

Thosewho believethat LTPisavalid model of
learning and memory typically point to certain factsto
support their claim. First, changesin the strength of
Synaptic connectionsare observed following learning.
Second, altering LTPbeforeatask atersthelearning
processitself. Third, dtering LTPafter learning affects
thememory for that information.

Critics however correctly state that a fourth
criterion must be met: artificially atering LTPmust
induceafadsememory. If LTPitsdf isnot amemory
per se, but rather amodel of changesto anetwork,
then induction of a false memory would not
accompany conventiona LTPinduction. Currently, the
technology totest thislatter hypothesisisabsent. LTP
may not be learning and memory itself, but it does
appear to beagood model.

Several thousands of articles have since been
published about long-term potentiation and billions of
dollars have been alocated to research effort aimed
at understanding thisphenomenon.

TheMolecular Mechanism

Excitatory sgndstrave throughthebrain primarily
viaglutamatergic neurons, or neuronsthat release

glutamate. Glutamateisrel eased by the presynaptic
cell andiscapable of binding to and activating two
major classesof postsynaptic receptors, AMPA and
NMDA. When AMPA receptors are activated by
glutamate, they open and allow sodiumto rushinto
the cell causing a depolarization. In contrast, the
NM DA receptor isactivated after the postsynaptic
cell isboth depolarized and glutamate binding has
occurred. The depol arization needed to activate the
NM DA receptor isaccomplished by activity at the
AMPA receptor. Thus, the opening of the NMDA
receptor is dependent upon the number and the
sensitivity of the AMPA receptors. The activated
NMDA receptor allowsfor calciumto flow into the
cdl. Thedevationintheconcentration of intracellular
caciumtriggersaseriesof biochemica pathwaysthat
lead to at least twoimportant outcomes. First, AMPA
receptorsareconverted fromlow afinity tohighaffinity
glutamate receptors. Second, moreAM PA receptors
areinserted into the membrane.

Based onthisinformation, themode for LTPisas
follows: first, baselinelevelsof excitation from the
presynaptic cdl inducethereleaseof ardatively smal
amount of glutamate molecules. AM PA receptors, and
not NM DA receptors are activated in thissituation
and a small, transient change in the postsynaptic
potentia isobserved. Then, when the presynaptic cell
is excited to a greater degree, alarger amount of
glutamate is released, and a larger postsynaptic
potential isobserved. Thisincreasein depolarization
duetotheactivity of theAMPA receptorsinitiatesthe
involvement of the NM DA receptor and calcium can
now enter the cell through the pore of the NMDA
receptor. Calciumisnormaly very tightly regulatedin
the neuron and even slight changes can drastically
changeitsbehaviour. Biochemicd pathwaystriggered
by therisein calcium concentration leadsto both an
increasein thegross number of AM PA receptorsand
the sengitivity of thosereceptorsto glutamate. Initial
low levelsof electrical stimulation cannow leadtoa
much larger postsynaptic response. In other words,
the synapse has been potentiated?.

Long-term potentiationistheleading biological
model to explain how learning and memory works,
and has been for over thirty years. Efforts to
understand themol ecular mechanism(s) that underlie
LTParebased on the assumption that thisknowledge
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would lead to an explanation of memory storage. An
additional motivationto study LTPisto establishaset
of synaptic learning rules based on Hebbian notions
of synaptic changes in the strength of multiple
synapses. A third, and perhaps less emphasized
rationaefor thisinvestigation, isto ultmately gainthe
ability to develop new classesof drugsthat enhance
memory’®.

The Epicenter of LTP

The molecular mechanism underlying LTP, as
previoudy described, involves many components. In
an attempt to discover the most important component
intheinduction and expression of LTP, the effects of
manipulating individual components have been
assessed. Thefirst component that was hypothes zed
to be of paramount importance wasthe presynaptic
cell’s ability to release glutamate. When thiswas
tested, it wasfound that manipulationsthat increased
the probability of releasedo not influence LTPY. LTR,
incontrast to facilitation, augmentation and PTR, is
now cong dered primarily apostsynaptic phenomenon.
It was next hypothesized that LTPmay beduetoan
dterationinthegenera resistance of the postsynaptic
cell. Thishypothesiswas also proven to befalse'.
Findly, focusshiftedto theglutamatereceptorslocated
onthepostsynaptic cell. Vanderklish et al. found that
changes to the subunit composition of AMPA
receptors changed the expression of LTR® Thisis
what onewould expect if theseproteinsareinfact the
agents of LTP expression. Further support for the
pivotal role of the AMPA receptor came from two
important pieces of evidence. First, LTP is
accompanied by changesin thewaveform of synaptic
responses which are largely mediated by AMPA
receptors?®2, Thisfinding hasbeen replicated by two
independent groups®2. Second, LTPisparaleled by
alterations in the pharmacology of AMPA
receptors?#?>26, The above results suggest that the
epicentrefor LTPistheAMPA receptor. Theabove
seriesof studieshave culminated into afoundation for
the development of the ampakines by Cortex
Pharmaceuticals.

Part Il - AmpakinesasaFamily ofNootropics

Nootropics

A nootropicisbothamemory enhancing drug and
aHaly Grail for many neuroscientists. Almost al mgor
neurologica disordersseemtoinvolve, atlesstinpart,
a dysfunction in the realm of fast excitatory
neurotransmission. Cortex Pharmaceuticals, Inc.isa
company that has generated over 700 compoundsto
datethat areaimed at improving learning and memory
deficits in Alzheimer’s disease, mild cognitive
impairment, depression, schizophrenia, attention
deficit disorder, Parkinson’ sdisease, and spina cord
injuries, to namebut afew!. The current therapiesfor
thesedisordersare consdered inadequate by dl hedth
professionds. Thefoundation for thiscompany isthe
ampakinetechnology devel oped by Dr. Gary Lynch
at the University of Californiaat Irvine. The chief
executive officer for Cortex Pharmaceuticasclaims
that the market for these drugs was worth
approximately 40 billion dollarsworldwidein 2001,
and has been, and continuesto begrowing at arate
of 17% per year. He emphasi zesthat this percentage
will only grow asthe* Baby Boom” generation enters
their later years. In short, ampakineshavethe potentia
to beamulti-billion dollar blockbuster.

The Cellular Effects of Ampakines

It wasoriginally hypothesized by Dr. Gary Lynch
that if the size and duration of the postsynaptic
responseisincreased viamodulation of theAMPA
receptor, then calcium influx through the NMDA
receptor would be promoted?. At thispoint, it had
been established that AM PA receptors play themgor
rolein allowing the postsynaptic responseto reach
the threshold necessary to activate the NMDA
receptor. With Hebly' stheory, themechanismfor LTR,
and data on the critical role of AMPA receptorsto
LTP in mind, over 100 drugs were isolated that
possess the ability to increase the current through
AMPA receptors, enhance LTR, and freely crossthe
blood-brain- barrier’¢. CX 516 has been the most
heavily investigated of the ampakines. Both
desengiti zation and deactivation areinhibited by CX
516 indicating that thisdrug allowsmoresodiumions
into the cell by keeping the pore open for alonger
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been shown to facilitate eye-blink and fear
conditioning, two classic examples of long-term
memory®<’, Inatwo odor discriminationtask, Larson
et al.*found that animalsadministered an ampakine
requirefewer trialsto reach criterion. Interestingly,
these animalswere previously well trained on this
learning problem suggesting that ampakines can
improvelearning aboveand beyond thenaturd ceiling
incognitively hedthy individuas.

Although the above behavioural studies are
convincing, the ultimate goal of these drugsisto
improvememory in humans. Humanscommonly think
of memory, not as an ability to be conditioned but
rather, asan ability to remember complex and explicit
events. To addressthisissue, arelatively complex
behavioura task called the Delayed-Non-Matching-
to-Sample (DNMYS) task wasemployed. All animals
weretrained on thistask until asymptotic levels of
performance were obtained. Half of theanimal sthen
received an ampakine every other day, just prior to
testing. The performance of theseanimal sincreased
substantially over the subsequent two weeks. In
addition, thisenhancement persisted for seven days
after cessation of thedrug. Behavioura improvements
were paralleled by reductions in neura activity
associated with errors on this task®®, The above
experiment was repeated with aged animals that
normally show impairmentson thistask. Ampakines
improved memory performancetolevelscomparable
to those seenin young control rats'.

Ampakinesfor Humans

To date, alimited number of clinical trialswith
ampakineshave been conducted. Themost significant
resultswere obtained in astudy of delayed recall for
nonsense syllablesin 65to 75 year-old subjects. The
highest doseled to morethan atwo-foldimprovement
in performance®. The second study tested lower
doses of the drug on younger individuals.
Improvements in the retention of complex visual
associationsfollowing a24 hour delay, recognition of
odorsafter a45 minute delay, and improvementson
avisuospatia maze acrossdayswereobservedinthe
groups that received ampakines. Trends towards
improvement were also obtained in several other

period of time. Thiswill makethe postsynaptic cell
reachthreshold for theNM DA receptor morequickly,
and more often than normal. The short pulseusedis
reflectiveof thetrangent pulsescommonly seeninboth
cortica and sub-cortical regionsof the brain?22,
Importantly, ampakines such as CX 516 can
influencewholenetworksof synaptic connectionsand
candosoat relatively low doses®2, Itisthuspossible,
that thesedrugsmay influencelonger chainsof synaptic
transmission before they impact smpler, but no less
important, reflex-like circuits'. Wheninvestigators
administered CX 516 to freely moving animals
equipped with implanted electrodes, excitatory
synaptic responseswere again prolonged and LTP
was again enhanced®*2, To assess the effects that
ampakines have on more complex circuits, the
expression pattern of immediate early genesacross
multiple brain regionswas eva uated in asubsequent
study. Theexpression of immediateearly genesisan
indicator of neuronal activity. Using thistechnique, it
was shown that ampakines cause ashift in activity
away from sub-cortical regions such as the
hippocampusto cortical regionsof thebrain®,

The Behavioural Effects of Ampakines

Seizureactivity isthought to result fromtoo much
excitation, or perhaps more accurately, too little
inhibition. Therefore, itisnot surprising that high doses
of ampakinesinduce seizuresinrats. Lower doses
however have appeared to have more subtle effects
on behaviour. Behavioura testsof responselatency,
attention, motivation, and finemotor control produced
null results®. In contrast, when animalsweretested
onmemory tasks, improvementshave been observed.
Theinitia study employed awithin-subject designin
which rats were given drug or vehicle, allowed to
collect rewardson aradial arm maze, and then tested
severd hourslater. Retention of the patial |ocation of
therewardswas significantly better in ratsthat had
received CX 516 (also known asBDP-20) %22, This
study has been replicated and a similar task using
olfactory instead of spatial cues has produced
comparable results®. In addition, more potent
ampakines appeared to have larger behavioural
effects® supporting the rel ationship between AMPA
receptors, LTP, and memory. Ampakines have also
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domains related to memory*. The intent of the
aforementioned studieswas not to assessthe efficacy
of ampakineson memory, but rather to smply test the
safety of ampakinesin humans. Approval for further
testing will usehigher dosesthat aremore comparable
to those that improved memory in rats and more
subjectswill beemployed™.

Devel opment of theampakinedrugs hasresulted
from decadesof pureresearchintotheneurobiologica
underpinningsof learningand memory. Itisanexample
of how biotechnology can utilizeresearch aimed at
smply understanding the dynamic nature of thehuman
body to devel op novel therapeutic interventionsfor
disordersthat plague millions of individualsin our

society.
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