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Abstract

The greatest barrier to the long-term
storage of information in a biological system
is the inevitability of molecular turnover. In
this review, we discuss the features required
of any chemical mechanism capable of
overcoming this obstacle, positing that a
specific type of “mnemogenic”, or
memory-forming, chemical reaction is the
basis of the engram. We describe how
molecules as diverse as protein kinases,
prions, and transcription factors can
participate in mnemogenic reactions, and
outline a blueprint for memory that
postulates mnemogenic reactions at the
synapse and in the nucleus and considers
the constraints imposed by requirements for
high fidelity and the ability to forget. This
sort of a priori analysis may facilitate
directed experimental approaches to
understanding the mechanisms of lifelong
memory.

Introduction

Recent decades have witnessed rapid progress
in understanding the molecular and cellular basis
of learning and memory in a variety of organisms.
As yet, however, no system of long-term informa-
tion storage in the central nervous system has been
dissected experimentally to the point of identifying
how it overcomes its greatest threat: molecular
turnover. Consider a group of classmates at a high
school reunion recalling names, stories, and places
they had not pondered in 25 years; how were
those memories faithfully stored in brains con-
structed with molecular building blocks that in the
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interim had been degraded and replaced probably
hundreds of times?

Our goal in this review is to present a deduc-
tive analysis of the necessary organization of any
long-term memory system that successfully defeats
turnover of its constituent components, with the
belief that such an analysis will both enable a di-
rected search for the appropriate elements and
provide a standard against which any proposed so-
lution to the memory problem can be measured.
The foundation of our blueprint for memory is a
specific type of chemical reaction, referred to as
the mnemogenic reaction based on the Greek for
memory forming. We assert that this type of chemi-
cal reaction is the only means by which informa-
tion storage in biological systems can be rendered
immune to molecular turnover. After formulating
the mnemogenic chemical reaction and describing
various forms that such a reaction can take, the
discussion will consider in less formal terms the
subcellular loci in which such reactions are re-
quired for long-term memory, the mechanisms
needed to maintain high fidelity, and how these
memories can be forgotten. Finally, in the last sec-
tion we refer to two generic alternatives to our
model; information storage without molecular
turnover and activity-dependent dynamic stabiliza-
tion of neuronal circuits.

Before proceeding, two points merit clarifica-
tion. First, it is apparent that the model we propose
does not apply to the many forms of shorter term
memory, even those lasting hours or days, that do
not require protection from molecular turnover.
Second, there is significant evidence that structural
changes may be involved in many models of learn-
ing and memory, and perhaps because of the seem-
ingly inherent stability of “structure,” the sugges-
tion now appears with some frequency in the lit-
erature that memory could be “either biochemical
or structural.” We believe that this is an inappro-
priate dichotomy, because clearly any cellular
structure is composed of molecules subject to con-
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stant degradation and replacement and thus still
requires a mechanism to ensure that it will be re-
constructed appropriately by the new building
blocks; we argue that this mechanism is a mnemo-
genic chemical reaction.

The Mnemogenic Chemical Reaction

At the heart of this discussion is the postulate
that a biological memory mechanism capable of
lasting a lifetime will have as its hallmark a mne-
mogenic chemical reaction. Specific examples of
reactions that qualify as mnemogenic were inde-
pendently proposed in the mid-1980s by Crick
(1984) and Lisman (1985; see below). The basic
and most general formulation of the mnemogenic
reaction is described by equation 1.

X+X - X +X° @))
In this reaction, X is a bistable species that can
exist in either of two states, a basal state (X) or an
activated or modified form (X °). Learning invokes
an initiator mechanism causing the activation of
species X, that is; the conversion of a molecule of
X into the X form.

initiator

U- X )

This activated X* leads, directly or indirectly, to
manifestation of the memory phenotype, presum-
ably but not necessarily by impinging on the pro-
cess of synaptic transmission. The fundamental fea-
ture of the mnemogenic reaction is that in the pres-
ence of the activated molecule, X*, an inactive
molecule of X is converted to the X* form gener-
ating a positive feedback loop. This is the means by
which levels of X* are sustained despite molecular
turnover; while the cell synthesizes the molecule
only in the inactive form, the activated species
catalyzes activation of the nascent species, and
thus is able to propagate itself through generations
of turnover.

Chemical interactions that meet the criteria for
a mnemogenic reaction have been described in a
variety of biological systems. These examples can
be divided into groups based on the nature of the
interaction between the X and X * species (see also
Lisman and Fallon 1999). Some of the specific ex-
amples may not be easily envisioned playing a role
in learning and memory; our goal here is merely to
appreciate the variety of forms the mnemogenic
reaction may take.

L E A R N I N G

COVALENT MODIFICATION MNEMOGENIC
REACTIONS

In some of the initial work to appear in the
literature concerning memory and molecular turn-
over, Crick (1984) described and Lisman (1985)
formalized a scheme for defeating molecular turn-
over that can be arranged as a mnemogenic reac-
tion where X* is a covalently modified form of X.
Shortly thereafter, the exciting discovery was made
that calcium/calmodulin-dependent protein kinase
IT (CaMKID) could participate in just such a reaction
(Saitoh and Schwartz 1985; Lai et al. 1986; Lou et
al. 1986; Miller and Kennedy 1986; Schworer et al.
1986). CaMKII, which has become the archetypal
example of what we term a covalent modification
mnemogenic reaction, is synthesized in the inac-
tive state and triggered to undergo autophosphory-
lation by calcium and calmodulin; once this occurs,
the phosphorylated form of CaMKII is autono-
mously active, even in the absence of the calcium/
calmodulin initiator. Importantly, the inactive (X)
form of CaMKII is a substrate for the phosphory-
lated (X*) form of CaMKII, in a mnemogenic phos-
phorylation reaction that occurs between subunits
in a CaMKII holoenzyme.

CaMKII + CaMKII-(®) — CaMKII-(P) + CaMKII-(P)
(6))

A nascent molecule of CaMKII arriving in an envi-
ronment where the kinase had been autonomously
activated could be inserted into a holoenzyme and
phosphorylated by other, active subunits, thereby
becoming active itself; the autonomous activity of
CaMKII would thus be maintained through cycles
of protein turnover.

To effectively serve as mnemogenic, such co-
valent modification reactions must conform to two
mechanistic requirements that are necessary for
one molecule of X (X ) to be able to alter the state
of another molecule of X. First, it should be clear
that only enzymes undergoing intermolecular au-
tocatalysis can participate in a mnemogenic reac-
tion; intramolecular autocatalysis does not suffice.
Second, in the case of enzymes with multisubunit
holoenzymes, the holoenzyme must not be synthe-
sized and degraded en bloc, but rather must un-
dergo subunit exchange; that is, it must turn over
by serial replacement of individual subunits so that
nascent molecules can interact with existing, ac-
tive ones. Importantly, in the case of CaMKII, in-
termolecular autophosphorylation has been dem-
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onstrated but the required subunit exchange re-
mains unproved experimentally.

Covalent modification mnemogenic reactions
need not be based on phosphorylation. For ex-
ample, an autocatalytic glycosyltransferase or ADP-
ribosyltransferase could function similarly. Alterna-
tively, instead of small molecules, the reaction
could involve addition or removal of elections in a
redox reaction. In addition, there are known ex-
amples of covalent modification mnemogenic re-
actions involving proteolysis; activated trypsin pro-
tease (X°) can cleave its inactive zymogen, tryp-
sinogen (X), to yield another molecule of active

trypsin.

CONFORMATIONAL MNEMOGENIC REACTIONS

A second type of mnemogenic reaction is
based on a structural or conformational interaction
between X and X . The exemplar for this class is
the prion protein, PrP, a neuronal protein involved
in infectious spongiform encephalopathies such as
scrapie (see Prusiner 1998). PrP is a bistable mol-
ecule that can exist either in the cellular form
(PrP©) in which it is synthesized by neurons or the
scrapie form (PrP*¢) associated with encephalopa-
thy. PrP*¢ is a post-translationally modified variant
of PrP¢ believed to possess an altered conforma-
tion. A fascinating aspect of PrP is that it undergoes
a mnemogenic reaction in which PrP5¢ (X*) can
induce the conversion of PrP¢ (X) into new PrP5¢.

@

By this means, the prion effects a type of memory
whereby the infection is maintained despite turn-
over of the PrP.

It appears that this type of mnemogenic reac-
tion may also occur in physiologic situations. Re-
cent research has demonstrated that the yeast ele-
ments [PSI+] and [URE3], which impart specific
metabolic phenotypes, represent specific confor-
mations of the proteins Sup35 and Ure2, respec-
tively, and are inherited in a dominant, nonchro-
mosomal manner (see Lindquist 1997). In fact,
these elements are passed on to progeny in the
cytoplasm and convert nascent Sup35 and Ure2
into [PSI+] and [URE3] through a prionlike con-
formational reaction.

PrP¢ + PrP* — Prp*° + Prp®°

SYNTHETIC MNEMOGENIC REACTIONS

A third category of mnemogenic reactions is
based on the synthesis of the species involved,
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rather than on postsynthetic modifications of the
species as in the first two groups. The classic ex-
ample of this type of reaction is autoregulation of
the bacteriophage N repressor (Ptashne et al.
1976). When \ infects a bacterium, it enters a ly-
sogenic phase until induced to enter its lytic cycle.
This lysogenic phase is sustained by A\ repressor,
which prevents transcription of the genes required
for lysis. Adequate levels of A repressor are main-
tained in spite of protein turnover by virtue of the
fact that the repressor binds DNA sequences in the
regulatory region upstream of its gene and stimu-
lates its own transcription, which after translation
leads to production of the repressor. In the context
of the mnemogenic reaction, X is the pool of
amino acid building blocks necessary to synthesize
the repressor and X~ is a fully formed repressor.

(6))

Examples of this type of autoregulatory mnemo-
genic reaction are also found in eukaryotes. MyoD,
a transcription factor that directs the differentia-
tion of muscle cells, stimulates its own synthesis
(Thayer et al. 1989), maintaining a “memory” of
the fact that the cell has entered its specified lin-
eage. The mec-3 gene of Caenorbabditis elegans, a
homeobox gene involved in the differentiation of
certain touch receptors, also positively regulates its
own synthesis (Way and Chalfie 1989). A variation
on this theme of chemical species that promote
their own synthesis is DNA itself, which serves as a
template to direct its own replication.

amino acids + ARep — ARep + ARep

CIRCULAR MNEMOGENIC REACTIONS

In each of the examples we have considered,
the X* species directly feeds back on X to promote
formation of additional X°. Indirect, circular
mechanisms are also possible; for example, X*
could lead to activation of species Y, yielding Y~,

(©)

whereas Y in turn interacts with X to convert it
to X .

X" +Y X +Y

X+Y - X" +Y° D
The sum of these two partial reactions
X+X'+Y+Y - X" +X'+Y'+Y (8

demonstrates that this type of circular cascade pro-
duces a series of stably activated species (X°, Y*,
etc.), one or more of which could serve as the
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effector of the memory phenotype. An example of
this type of reaction system was proposed as a
potential mechanism for memory (Lynch and
Baudry 1984), whereby activated calpain protease
(X*) would lead to “activation” of glutamate recep-
tors in the form of a greater receptor density
(Y - Y*), whereas the increase in receptors (Y*)
would stimulate activation of calpain (X - X°),
producing a persistent increase in both calpain ac-
tivity and glutamate receptor density. A recent, for-
mal analysis has demonstrated that multiple differ-
ent kinase cascades that alone do not participate in
covalent modification mnemogenic reactions can,
using crosstalk, function collectively as a circular
mnemogenic reaction (Bhalla and Iyengar 1999).

Subcellular Loci of Mnemogenic
Reactions

Although a mnemogenic chemical reaction is
necessary for information storage, a single such re-
action may not be sufficient. In fact, on the basis of
morphological features of a neuron, one can pre-
dict that at least two are required.

NUCLEAR LOCUS

The mnemogenic reaction is a robust mecha-
nism for information storage outlasting turnover of
individual molecules, but it is not fail-safe. In par-
ticular, it is vulnerable to a transient interruption in
the supply of species X. If no new X is produced
during the lifetime of X°, the reaction will fail;
even if synthesis of X resumes, there would be no
extant X * to activate it. To preclude this problem,
a mnemogenic reaction must be imposed in the
nucleus to ensure sufficient production of species
X. This is likely to be the sort of synthetic mnemo-
genic reaction described above and involving a
self-reinforcing transcriptional activator to sustain
the supply of X.

There are two basic strategies by which this
nuclear mnemogenic reaction might be initiated.
First, each new learning event could cause a signal
to be sent to the nucleus, sparking synthesis of
species X (Goelet et al. 1986); at first blush, this
dynamic modulation appears to be an efficient so-
lution, because the energy expenditure required to

carry on the nuclear mnemogenic reaction would
be linked to the need for it at the synapse. How-
ever, when one considers the likelihood that new
learning events may occur quite frequently and as-
sumes that the memory mechanism is conserved
from synapse to synapse (i.e., that there is not a
separate X for each synapse), it seems redundant to
reinduce this reaction with each new episode of
learning. The alternative, and more parsimonious,
strategy would be to initiate the reaction once, at
or before the very first episode of learning in the
history of the cell. In this case, the initiation of the
nuclear reaction would be tantamount to a step in
the differentiation of the cell into a neuron capable
of supporting memory storage and would hence-
forth produce a constitutive supply of X.

Our discussion thus far has had a theoretical
focus. However, it is worthwhile to try to relate the
theoretical consideration of this concept of a
nuclear mnemogenic reaction to current experi-
mental work on hippocampal long-term potentia-
tion (LTP). There is considerable evidence that the
induction of long-lasting LTP is associated with al-
terations in gene expression (Mackler et al. 1992;
Impey et al. 1996). Similar observations that
changes in gene expression are associated only
with long-term memories have been made in a va-
riety of systems, and the consistency of this obser-
vation suggests that the new gene products may be
involved in a mnemogenic reaction. A common
assumption is that the new gene product is species
X, but we have just argued that it is unlikely that
synthesis of species X is reinduced each time a
memory is stored.! The alternative possibility is
that the gene products transcribed de novo as a
result of LTP induction do not constitute species X,
but rather the initiator of Equation 2; unlike spe-
cies X, the initiator may have a relatively short half-
life and require reinduction each time a memory
destined for lifelong storage is created. In this
scheme, the initiator of the mnemogenic reaction
is not a calcium transient or second messenger, but
a new gene product. In terms of timing, during the
interval in which the initiator is being synthesized
and transported back to the synapse, other imper-
manent mechanisms that do not require a mnemo-
genic reaction (e.g., E-LTP) would support the po-
tentiation; only several hours after LTP induction
would the mnemogenic reaction be initiated. One

'However, there is one scenario in which the new gene products could represent species X. When a large proportion of the cell’s
synapses are simultaneously potentiated, e.g., by an LTP-inducing stimulus, the basal level of species X could be intensified to meet the
high demand. In this case, signaling to the nucleus would stimulate amplification of an already-initiated mnemogenic reaction.
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advantage of this hypothesis is that requiring the
signal for initiation of the energetically costly mne-
mogenic reaction to tap the nucleus for a new gene
product separates it mechanistically from induc-
tion of the more common, shorter-term memory
storage systems, thus decreasing the likelihood of
inadvertent initiation.

SYNAPTIC LOCUS

Although the nucleus is likely to be one site of
a mnemogenic reaction, at a minimum serving to
maintain a constant supply of species X, we also
predict that the nucleus will not be the only site for
a mnemogenic reaction in the neuron. A solely
nuclear locus would be insufficient to support con-
temporary models of memory that postulate that
the fundamental unit of information storage in the
brain is the synapse, and that the many thousands
of synapses onto a single neuron can be modulated
independently. This idea is supported by studies of
activity-dependent changes in synaptic efficacy
such as LTP, which have demonstrated that these
changes can be “synapse specific” (Andersen et al.
1977; Lynch et al. 1977). The requirement for syn-
apse specificity leads to the prediction that a mne-
mogenic reaction will be found at the synapse. The
activated product (X*) of this synaptic reaction
could serve in either of two roles. In the simple
case, the synaptic X* serves as the species foster-
ing increased synaptic strength, that is, as the po-
tentiating species. Another possibility is that the
potentiating species is produced by a mnemogenic
reaction at an extra-synaptic site, for example, in
the soma. If this were the case, there must be some
means of ensuring that the potentiating species is
transported only to potentiated synapses; there-
fore, these synapses must have some sort of tag to
identify them (Lisman 1995; Sossin 1996; Frey and
Morris 1997). To survive protein turnover, this tag
must be the product of a mnemogenic reaction.
Thus, even if the potentiating species is produced
extrasynaptically, a synaptic X is required to serve
as a resident tag.

Proofreading for High Fidelity

An additional prediction arises from consider-
ation of the tremendous importance of maintaining
localization of the mnemogenic reaction to the po-
tentiated synapse. If a molecule of X were to dif-
fuse to an adjacent, unpotentiated synapse, it
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would initiate activation of the inactive X mol-
ecules in that synapse, leading to inappropriate po-
tentiation and a loss of fidelity in information stor-
age. Therefore, mobility of the species involved in
the synaptic mnemogenic reaction is likely to be
constrained, for example, by anchoring to cyto-
skeletal elements or by a diffusion barrier in the
spine neck.

No such mechanism can be completely infal-
lible, however, and over the years for which a very
long-lasting memory is stored, even a slow rate of
release of X would pose problems. Therefore, one
can predict that the neuron will contain some type
of editing function, whereby isolated molecules of
X are inactivated. For example, if X is activated by
phosphorylation, as with CaMKII, an editing func-
tion could be provided by filling the cell with a low
level of phosphatase activity, sufficient to inacti-
vate a small amount of X" drifting out of a poten-
tiated synapse, but insufficient to defeat the mne-
mogenic reaction within the domain of the syn-
apse, where X levels are high. It has been
demonstrated that in such a system, as long as lev-
els of X* remain above a certain threshold the mne-
mogenic reaction will continue, whereas where X *
is below threshold, as it would be outside the syn-
apse after the leak of a molecule of X°, the mne-
mogenic reaction will be terminated (Lisman
1985). Thus, an editing function can preserve the
fidelity of memory storage, even when mecha-
nisms for anchoring of the mnemogenic reaction
are imperfect.

Biochemical Mechanisms
of Forgetting

The mnemogenic reaction hypothesis leads to
interesting predictions regarding the nature of for-
getting. Of course, many memories are not des-
tined for lifelong storage and will not be commit-
ted to a mnemogenic reaction; these memories will
be shortlived by nature. But even long-lasting
memories can be forgotten, and at least three
mechanisms can be envisioned. First, the memory
may be erased passively due to failure of the mne-
mogenic reaction, for example, if the flow of na-
scent species X is interrupted long enough for all
of the X* to be degraded. This sort of passive
mechanism is likely to be a stochastic process. Sec-
ond, in cases where it is desired that a memory be
forgotten, it may be actively erased. This could be
effected by activation of an enzyme that catalyzed
the inactivation of X *.
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Third, a memory may be forgotten even in cases
when the mnemogenic reaction perseveres if the
mechanism for retrieval of the memory malfunc-
tions. In this case, the memory itself is preserved,
but cannot be accessed.

Assumptions and Alternatives

We have argued that long-lasting memory in a
biological system must be subserved by mnemo-
genic chemical reactions. Of course, any such
proposition is based on a series of assumptions,
and it is worthwhile to delineate the premises un-
derlying the hypothesis and consider the alterna-
tive possibilities should they not prove valid.

One assumption is that all of the chemical spe-
cies comprising a neuron are subject to turnover.
Obviously the alternative possibility is that the mol-
ecules responsible for storing the memory do not
turn over, but rather are preserved for the lifetime
of the memory (Crick 1984, Lisman and Fallon
1999). For a molecule to be maintained in an active
state without degradation for years seems rather
unlikely, but it has been suggested that in the im-
mune system, follicular dendritic cells may main-
tain indefinitely pieces of foreign antigen to stimu-
late memory B cells after the source of antigen has
disappeared (see Tew et al. 1980). As yet, such
isolation from turnover has not been demon-
strated.

A second assumption underlying the hypoth-
esis is that molecular turnover is a stochastic pro-
cess, that is, any given molecule of X is equally
likely to be degraded. The alternative possibility is
that molecules somehow age, and “older” mol-
ecules are more likely to be degraded than
“younger” ones. If this were the case, a variant
form of the mnemogenic reaction could explain
memory, in which the activation is handed off
from older molecules destined for destruction to
newer molecules.

X,

new

+ Xoa — X5,

new

+ Xowa ao

It is also assumed that neurons do in fact possess
an intrinsic mechanism whereby the problem of
molecular turnover is defeated. The fact that sev-
eral different types of mnemogenic reactions have
been demonstrated in biology seems to support
this premise, but the alternative is that memory is
actually not rendered immune to molecular turn-
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over by intrinsic biochemical processes. If this
were the case, any memory destined to be stored
for longer than the lifetime of the relevant mol-
ecules would have to be regularly relearned by a
process of rehearsal. Thus, a mnemogenic reaction
(equation 1) would not be required to maintain X,
because the serial rehearsal would serve to periodi-
cally reinitiate the conversion of X to X* (equation
2). Although it seems that there are at least some
cases in which memory can be stored for years
without rehearsal, as in the classic example of rid-
ing a bike, the possibility that memory is only sus-
tained past the lifetime of individual molecules by
relearning cannot be discounted completely. In
particular, one variation on the rehearsal model
that does not require literal relearning of the infor-
mation is the dynamic stabilization model (Ka-
vanau 1997; Horn et al. 1998). In this model peri-
odic reactivation of the synapses storing informa-
tion leads to stabilization of their synaptic weights
within a memory storage circuit, by typical Heb-
bian mechanisms. Interestingly, the periodic reac-
tivation in many variants of this model occurs dur-
ing sleep.

Finally, it should be formally stated that the
basis of memory is assumed to reside in changes in
the function of neurons, for example, changes in
synaptic strength. The other possibility is the now
discounted reverberating circuit model, which
postulated that memory is stored by the serial, elec-
trical activation of a population of neurons ana-
tomically organized to feed back onto itself. It is
interesting to note that memory storage by the re-
verberating circuit can be fashioned as a mnemo-
genic reaction at a nonchemical level. Here it is a
cell-biological level, where an activated neuron
rather than an activated molecule serves to reacti-
vate itself, in this case through a circuit of other
neurons.

Generality of the Mnemogenic
Reaction

We have promulgated in this review the idea
that the basis of long-lasting memory storage in the
brain is a specific type of chemical reaction. This
mnemogenic reaction is the means by which a neu-
ron defeats the problem of molecular turnover. It is
argued that memory storage requires, at a mini-
mum, a mnemogenic reaction at potentiated (or
depotentiated) synapses, a mnemogenic reaction
in the nucleus to ensure sufficient production of
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reactants for the synapse, and an editing function
to provide for high fidelity.

The discussion has emphasized the role of the
mnemogenic reaction in neuronal memory stor-
age. However, examples in which the mnemo-
genic reaction is the basis for other types of bio-
logical memory have also been considered. One
example is the mnemogenic reaction involving A\
repressor, by which a virus remembers to not yet
lyse its host. Another classic example of biological
memory is differentiation. How does a cell remem-
ber for its entire lifetime what developmental lin-
eage it has entered? By mnemogenic reactions,
MyoD ensures that once a mammalian cell begins
the process of differentiating into a myoblast, it
remembers its commitment to that lineage, and
mec3 ensures that a worm’s touch receptors con-
tinue to express their characteristic features. Even
the very process by which a cell remembers its
own genetic information, DNA replication, is a
mnemogenic chemical reaction. Thus, the mnemo-
genic reaction is a general chemical descriptor of
biological information storage.

The question of how organisms store critical
information for prolonged periods in spite of con-
stant molecular turnover is one of the most intrigu-
ing questions in biology. In cases where this puzzle
has been solved, the mnemogenic chemical reac-
tion lies at the heart of the answer. For neurosci-
entists interested in the basis of long-lasting
memory, the challenge is to identify species X.
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