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This opinion paper reviews three hypothe-
ses relating to the possible molecu-
lar events involved in the formation of
long-term memories that go beyond the
classical theory, which is confined to
strengthening Hebbian synapses. The aim
of this paper is not to write detailed cri-
tiques of these three hypotheses but to
present, for the first time in one loca-
tion, their essential components to engage
the interest of the reader in these new
ventures.

HYPOTHESIS 1. ELECTRICAL ACTIVITY
IN THE CYTOSKELETON
The microtubule-actin filament matrix
inside neurons may comprise an inte-
grative intraneuronal network by binding
to and linking ion channels and neu-
rotransmitter receptors, scaffolding pro-
teins and their adaptors, motor proteins,
microtubule-associated proteins (MAPs)
including MAP2 and tau, and other link-
ing proteins (Plankar et al., 2012). There is
a considerable body of evidence, reviewed
by Priel et al. (2010), that long-term mem-
ory formation may involve changes in the
cytoskeleton.

One electrical hypothesis to explain this
suggests that the matrix acts as a species
of high-dimensional non-linear dynamic
assembly called a Liquid State Machine
(LSM) (Priel et al., 2010). According
to this hypothesis this matrix receives
electric signals from synapses and ion
channels, partly via calcium signaling, tar-
geted phosphorylations and MAPs, and
integrates these according to its own

non-linear dynamics. Its output directly
regulates ion channels and receptors,
where the main degrees of freedom are
related to the amount of electric flow along
each MT. The current dynamic state of
the system continues to evolve as new
input signals arrive. The hypothesis sug-
gests that the intraneuronal matrix affects
the neuronal response by electrically mod-
ulating the activity of voltage-depended
ion channels, or by inducing cytoskele-
tal reorganization via signal transduc-
tion pathways (Plankar et al., 2012). This
electric signaling flow may be carried
along the MT by fluctuations in counter-
ion ionic clouds. MTs contain an excess
of negatively charged aminoacid residues
that will attract positively charged ions
that self-organize as a dynamic counter-
ion cloud around the MT (Priel et al.,
2010). Plankar et al. (2012) stress the
importance of the modulation of syn-
chronized potentials by this matrix. They
conclude

“At the network scale, the long-range
interactions within these matrices
could help explain—e.g., via reso-
nant coupling with the membrane
potential fluctuations and network
oscillatory entrainment—the experi-
mentally observed rapid transitions of
the phase and the carrier frequency,
defining distinct patterns of synchro-
nized neuronal oscillations, which have
as yet not been conclusively explained
by the classical models of functional
connectivity.”

HYPOTHESIS 2. CHEMICAL CHANGES
IN THE CYTOSKELETON
I suggest here a chemical hypothesis for the
possible role of microtubules in long-term
memory formation. Neurotransmitter-
based signaling to the microtubule
cytoskeleton regulates downstream
microtubule function through several
mechanisms. These include tubulin post-
translational modification, binding of
microtubule-associated proteins, release of
microtubule-interacting second messen-
ger molecules, and regulation of tubulin
expression levels (Gardiner et al., 2011).
Microtubules are highly dynamic struc-
tures and are known to rapidly invade
dendritic spines in mature central ner-
vous system neurons (Hu et al., 2008).
These authors report that they found
that only a small percentage of spines are
targeted at a time, and that all targeting
events are transient, averaging only a few
minutes. Nevertheless, over time, many
spines on a dendrite are targeted by micro-
tubules. Importantly, the authors report
that increasing neuronal activity enhances
both the number of spines invaded by
microtubules and the duration of these
invasions.

In this hypothesis the cytoskeleton can
be regarded as having two components.
The first (A) consists of actin-microtubule
networks connected to primary infor-
mation transmitting receptors including
glutamate and GABA. The second (B)
consists of actin-microtubule networks
connected to receptors for many neuro-
modulators including dopamine. Gardiner
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et al. (2011) provide an exhaustive list of
these. The two networks are densely cross-
linked by MAPs.

All we have to suppose is that the dif-
ferentiation and growth of network A,
involved in the formation of long-term
memories, is promoted by simultaneous,
reinforcement-linked, intermittent activ-
ity in the growth and dynamic state of
polymerization of network B. This rest-
less growth, so vividly described in spines
by Hu et al. (2008), may be transmitted
chemically to A by specific MAPs, and pos-
sibly by calcium waves. This may lead in
turn to the rapid growth and differen-
tiation of selected MT segments. In this
way short-term memories carried by net-
works of transient potentials at the synapse
level could be transformed by reinforc-
ing signals from B into long-term mem-
ories carried by structural growth of the
cytoskeleton.

In support of such an hypothesis, Lebel
et al. (2009) found that dopamine D1
receptor activation induces phosphoryla-
tion of the microtubule protein tau (that
is involved in microtubule stabilization)
via cyclin-dependent kinase 5 (cdk5) and
glycogen synthase kinase 3β (GSK3) sig-
naling pathways (Lebel et al., 2009; Lebel
and Cyr, 2011). As phosphorylation of tau
is associated in membrane destabilization
perhaps the effect of dopamine activation
needs to start with destabilization of the
cytoskeleton of the existing network before
the new framework can be imprinted, as
suggested for their own electrical hypoth-
esis by Priel et al. (2010). Alternatively
other dopamine receptors may be involved
about which there is at present no data.

HYPOTHESIS 3. ALLOSTERIC
ANATOMY
An elegant molecular-structural hypoth-
esis of long-term memory formation has
been suggested by Fuxe et al. (2014). This
hypothesis proposes that intramembrane
allosteric interactions between different
receptor molecules (receptor protomers)
in postsynaptic homo- and hetero-
receptor complexes including GPCRs, play
a key role in modulating the manifold
functions especially of the heteroreceptor
complexes of the post-synaptic density and
its perisynaptic regions that lead to the lay-
ing down of LT memories. The mechanism
proposed also includes secondary changes

in the prejunctional receptor complexes
(probably involving information carried
across the synapse by agents like exo-
somes), and transformation of parts of
the heteroreceptor complexes into unique
transcription factors that can generate new
proteins. These can consolidate in partic-
ular the heteroreceptor complexes into
long-lived complexes that carry long-term
memories.

This entails the following process.
When a transmitter or neuromodulator
binds to its receptor it evokes a confor-
mational (allosteric) change in the recep-
tor protomer. Since this protomer is part
of a heteroreceptor complex the allosteric
information will pass in the receptor inter-
face to the other receptor protomers of
the complex and change their recognition,
pharmacology, signaling and trafficking
including GCPRs, ion channel recep-
tors, receptor tyrosine kinases. Thus, the
allosteric waves will, via the receptor inter-
face, induce conformational changes in the
other receptor protomers of the heterore-
ceptor complex and change their function.
This process then triggers two other conse-
quences.

(1) A signal is carried back across the
synapse (via soluble molecules or
carried by exosomes) that induces
changes in the presynaptic heterore-
ceptor complex to help maintain the
spatio-temporal pattern of multiple
transmitter release from presynap-
tic vesicles to be learned by the
post-perisynaptic membrane. This
pattern is learned through a reorga-
nization of the various homo- and
hetero-receptor complexes in the
post-perisynaptic membrane into
formation of novel “bar-codesll”
represented anatomically by the novel
heteroreceptor complexes formed,
and physiologically by their new
balance with the corresponding
homoreceptor complexes. In this way
a molecular engram for short-term
memory is created.

(2) Long-term memory develops when
unique transcription factors are
produced from parts of the het-
eroreceptor complexes that enter the
nucleus and generate new proteins
that can bind to and consolidate
the new heteroreceptor complexes

and stabilize the “bar-codes” into
long-term memories.

The cumulative effect produced by this
mechanism is the laying down of sta-
ble molecular complexes in the synapse
and presynaptic regions that carry the
information pertaining to long-term
memories.

To summarize: the repeated tempo-
ral pattern of a transmitter code in the
synaptic cleft can produce a unique fir-
ing pattern in the postsynaptic nerve cell
that leads to the formation of a long-
term memory. This takes place through the
reorganization and thus resetting of mul-
tiple heteroreceptor complexes in the post
and perisynaptic membrane that become
consolidated by the formation of unique
transcription factors in the postsynaptic
neuron. The mechanism proposed is that
coded sensory and cognitive information
is delivered to the neuron via rapidly
fluctuating complex spatio-temporal pat-
terns of release of a variety of synap-
tic vesicles. This is translated by modu-
lations of the microanatomical structure
of postsynaptic multireceptor complexes
into semipermanent information stored as
long-term memories, and manifested in
behavior. This is accompanied by feedback
that modulates the function of presynaptic
heteroreceptor complexes to maintain the
spatio-temporal transmitter release pat-
tern to be learned. The latter may then
precisely set the recruitment of vesicles to
the plasma membrane and the amount
of extracellular release of neurotransmit-
ters and modulators from vesicles located
in the terminal varicosity. This process
is linked to the pattern of action poten-
tials that reach and depolarize the terminal
membrane.

The cumulative effect produced by this
complex molecular mechanism is the lay-
ing down of stable and multiple post-
synaptic heteroreceptor complexes in the
synapse that carry the information per-
taining to long-term memories.

STRENGTHS AND WEAKNESSES OF
THE THREE HYPOTHESES
One potential strength of the first two
hypotheses is that both are based on
a quantity of data from many different
laboratories. Another is that they deal
with phenomena that are familiar to all
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neuroscientists. These phenomena include
signaling involving voltage-dependent ion
channels, chemical and electrical trans-
duction pathways, electrically charged
residues in proteins, synchronized poten-
tials, non-linear dynamics and others. One
potential weakness in both is that the
cytoskeleton already has one well-defined
function i.e., acting as rails for the trans-
port of large molecules and organelles
by protein engines such as kinesin and
dynein, and it is not clear how this
mechanical transport system would inter-
act with the electrical and chemical sig-
naling systems along these same tracks
proposed by the these two hypotheses.
This issue needs further experimentation
to resolve.

The concept of signaling by intramem-
brane allosteric interactions between pro-
tein molecules proposed by the third
hypothesis is very novel and possibly
unfamiliar to most neuroscientists. The
concept that information can be stored
in neurons by “bar codes” of elec-
trical excitations is even more novel.
However, novelty is no bar to excel-
lence and quite new lines of research
may develop from this source. For exam-
ple, the use of NeuronAnalyzer2D tech-
nology, that allows the ability to extract
the subcellular distribution of distinct
biomolecules along neurites, may throw
some light on this question (Misiak et al.,
2014).

CONCLUSION
This opinion paper presents the essential
features of three novel hypotheses—one
electrical, one chemical and one anatom-
ical (allosteric)—concerning the molecu-
lar mechanism involved in laying down
LT memories. These hypotheses are not
necessarily mutually exclusive. An exam-
ple of such an interaction between chem-
ical and microanatomical factors is given

by Craddock et al. (2012). These authors
base a theory of LT memory formation
on the interaction of molecules of Ca2+-
calmodulin dependent kinase II (CaMKII)
with molecules of tubulin. CaMKII is
a dodacameric holoenzyme containing 2
hexagonal sets of 6 kinase domains. The
authors state—

“Each kinase domain can either phos-
phorylate substrate proteins, or not
(i.e., encoding one bit). Thus, each
set of extended CaMKII kinases can
potentially encode synaptic Ca2+ infor-
mation via phosphorylation as ordered
arrays of binary “bits.” Candidate sites
for CaMKII phosphorylation-encoded
molecular memory include micro-
tubules (MTs), cylindrical organelles
whose surfaces represent a regular lattice
with a pattern of hexagonal polymers of
the protein tubulin.”

Only further research can determine
which, if any, of these hypotheses (in
whole, in part or in combination) is
correct.

ACKNOWLEDGMENTS
I am grateful to the principle authors
of hypotheses 1 and 3—Jack Tuszynski
and Kjell Fuxe—for the benefit of their
extensive helpful comments on this
paper.

REFERENCES
Craddock, T. J. A., Tuszynski, J. A., and Hameroff, S.

(2012). Cytoskeletal signaling: is memory encoded
in microtubule lattices by CaMKII phospho-
rylation? PLoS Comput. Biol. 08:e1002421. doi:
10.1371/journal.pcbi.1002421

Fuxe, K., Borroto-Escuela, D. O., Ciruela, F., Guidolin,
D., and Agnati, L. F. (2014). Receptor-receptor
interactions in heteroreceptor complexes: a new
principle in biology. Focus on their role in
learning and memory. Neurosci. Discov. 2:6. doi:
10.7243/2052-6946-2-6

Gardiner, J., Overall, R., and Marc, J. (2011). The
microtubule cytoskeleton acts as a key downstream

effector of neurotransmitter signaling. Synapse 65,
249–256. doi: 10.1002/syn.20841

Hu, X., Viesselmann, C., Nam, S., Merriam, E.,
and Dent, E. W. (2008). Activity-dependent
dynamic microtubule invasion of dendritic
spines. J. Neurosci. 28, 13094–13105. doi:
10.1523/JNEUROSCI.3074-08.2008

Lebel, M., and Cyr, M. (2011). Molecular and cellu-
lar events of dopamine D1 receptor-mediated tau
phosphorylation in SK-N-MC cells. Synapse 65,
69–76. doi: 10.1002/syn.20818

Lebel, M., Patenaude, C., Allyson, J., Massicotte,
G., and Cyr, M. (2009). Dopamine D1 receptor
activation induces tau phosphorylation via cdk5
and GSK3 signaling pathways. Neuropharmacology
57, 392–402. doi: 10.1016/j.neuropharm.2009.
06.041

Misiak, D., Posch, S., Lederer, M., Reinke, C.,
Hüttelmaier, S., and Möller, B. (2014).
Extraction of protein profiles from primary
neurons using active contour models and
wavelets. J. Neurosci. Methods 225, 1–12. doi:
10.1016/j.jneumeth.2013.12.009

Plankar, M., Brežan, S., and Jerman, I. (2012).
The principle of coherence in multi-level brain
information processing. Prog. Biophys. Mol.
Biol. 111, 8–29. doi: 10.1016/j.pbiomolbio.2012.
08.006

Priel, A., Tuszynski, J. A., and Woolf, N. J. (2010).
Neural cytoskeleton capabilities for learning
and memory. J. Biol. Physics. 36, 3–21. doi:
10.1007/s10867-009-9153-0

Conflict of Interest Statement: The author declares
that the research was conducted in the absence of any
commercial or financial relationships that could be
construed as a potential conflict of interest.

Received: 01 December 2014; accepted: 08 January 2015;
published online: 29 January 2015.
Citation: Smythies J (2015) Off the beaten track:
the molecular structure of long-term memory: three
novel hypotheses—electrical, chemical and anatomical
(allosteric). Front. Integr. Neurosci. 9:4. doi: 10.3389/
fnint.2015.00004
This article was submitted to the journal Frontiers in
Integrative Neuroscience.
Copyright © 2015 Smythies. This is an open-access
article distributed under the terms of the Creative
Commons Attribution License (CC BY). The use, dis-
tribution or reproduction in other forums is permitted,
provided the original author(s) or licensor are credited
and that the original publication in this journal is cited,
in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not
comply with these terms.

Frontiers in Integrative Neuroscience www.frontiersin.org January 2015 | Volume 9 | Article 4 | 3

http://dx.doi.org/10.3389/fnint.2015.00004
http://dx.doi.org/10.3389/fnint.2015.00004
http://dx.doi.org/10.3389/fnint.2015.00004
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org/Integrative_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Integrative_Neuroscience/archive

	Off the beaten track: the molecular structure of long-term memory: three novel hypotheses—electrical, chemical and anatomical (allosteric)
	Hypothesis 1. Electrical Activity in the Cytoskeleton
	Hypothesis 2. Chemical Changes in the Cytoskeleton
	Hypothesis 3. Allosteric Anatomy
	Strengths and Weaknesses of the Three Hypotheses
	Conclusion
	Acknowledgments
	References


