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Signalled roads to memory and its degeneration
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ABSTRACT

Brain is concerned with the thoughts, feelings, perception, learning, memory and behaviour. The present review discusses some of the prominent molecular 
pathways governing memory acquisition, storage and subsequent consolidation.
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Introduction

Learning and memory are closely related 
and are often used interchangeably. It is 
one of the most fundamental processes 
of brain that differentiates man from 
animals, places man in a higher cognitive 
echelon and therefore, has been a highly 
sought after domain of research amongst 
the neuroscientists. 

Memory in its broadest sense is explained 
as “a changed response to a repeated stim-
ulus.” This definition also fits reasonably 
with other non neurological systems like 
bacteria and immune system.1 Long term 
memory is categorised into two main types 
viz. declarative and procedural memory. 
Declarative memory, a subset of explicit 
memory, is the memory of facts and events 
that are explicitly stored and could be con-
sciously recalled. It is further sub classified 
into episodic (memory of autobiographical 
events e.g. times, places, associated emo-
tions, other contextual knowledge)2 and 
semantic memory (memory of meanings, 
understandings, conceptual knowledge 
not related to any specific experiences).3 
Procedural memory (“knowing what”) on 
the other hand, is the memory of skills e.g., 
use of objects or movements of the body. It 
is also known as implicit memory since per-
formance of any task is carried out based 
on one’s previous experiences.4,5

Below we discuss the mechanisms of 
memory acquisition, storage and subse-
quent consolidation. We also focus on 
how these mechanisms may result in the 
deterioration of learning and memory in 
neurodegenerative disorders.

Notch Signalling 

As this exists in almost all multicellular or-
ganisms except plants,6,7 notch signalling 

plays a crucial role in cell-cell communica-
tion (lateral inhibition etc) particularly at 
the time of differentiation. Before emer-
gence of mice and human paradigms, 
Drosophila, C. elegans, X. laevis for sev-
eral decades served as efficient models 
for exploring the role of notch in various  
research disciplines like haematopoetic 
system regulation, cancer research, stem 
cell research, and age related disorders. Af-
ter first being cloned in 1985, notch turned 
out to be an integral membrane protein 
having a locus in the neurogenic genes.8

Notch receptor is a single transmembrane 
unit encoded by the notch gene. The re-
ceptor exists as a heterodimer embedded 
in the cellular membrane but  needs to 
be cleaved (the process takes place in the 
Golgi apparatus) before it is incorporated 
into the membrane as it is synthesized as a 
single protein.9 Subtypes 1 to 4 exist with 
Notch 1-3 have overlapping expression 
profiles in developing nervous system.8,10 
The human homologue of Notch 1 was 
initially termed as translation associated 
Notch homologue 1(TAN 1).8 The recep-
tor interacts with the ligands on adjacent 
cells. These ligands encompass Delta like 
ligand (Dll 1, 3 and 4) and Serrate like li-
gands which are Jagged 1 and 2. In their 
extracellular region these ligands carry 
an epidermal growth factor motif bind-
ing domain (EBD) which is necessary for 
binding of the ligands to the notch recep-
tor. On binding of the ligand to the recep-
tor, signalling is set in motion (Figure 1); 
resulting in a series of proteolytic events 
which lead to formation of NICD (Notch 
intracellular domain). This mobile NICD 
migrates to nucleus and binds to tran-
scriptional regulator CSL (CBF-1/ RBP-J/ 
Su-H/ lag-1). The co-repressors are un-
engaged and co-activators (mastermind 

- Mam, mastermind like - Maml) recruit-
ed causing expression of HES (hairy and 
enhancer of split) and HERP (hes-related 
repressor protein) gene families.8,9 

Hes and HERP gene products themselves 
are transcription factors implicated in 
neurogenesis and gliogenesis.8,11 Further 
pathway proceeds towards lateral inhibi-
tion commencing neural differentiation 
from an uncommitted progenitor9 or in 
an inductive fashion resulting in glial cell 
formation from committed neurogenic 
precursor expressing delta ligand;12 by 
virtue of which notch regulates neurite 
growth as well as dendritic arborisation in 
cortical neurons.9,13 This notch dependant 
dendritic arborisation lays a foundation 
for memory consolidation or long term 
potentiation of memory (LTM). NFKB is 
known to be responsible for memory con-
solidation / reconsolidation in mice,14 DNA 
binding activity of which is affected by 
Notch 1 in differentiated neurons.15 Notch 
concerting with CREB (cAMP Responsive 
Element Binding Protein) and  interplay of 
NF-κB and CREB are implicated in neuronal 
plasticity.8,16 Presenilin facilitates Notch 1 
signalling pathway and PS1 dependant 
gamma-secretase activity is believed to 
process amyloid precursor protein (APP) 
and Notch in similar fashion. This, along 
with evidence of morphological similari-
ties between PS1 deficient and Notch 1 
knock-out mice incriminates notch in Al-
zheimer’s pathophysiology.17 It would be 
particularly advantageous to find mem-
bers of the presenilin/g-secretase com-
plex that principally modulate either the 
APP or the Notch cleavage which in turn 
would offer the prospect of more specific-
ity toward beta-amyloid inhibition, with 
less probability of side effects arising from 
down-regulating Notch signalling.18
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Sonic Hedge Hog

As neurons lack the property of cell di-
vision, ergo axonal along with dendritic 
arborisation ends up becoming an impor-
tant determinant in memory processes. 
Sonic hedge hog (Shh) pathway which 
gets its name from a video game char-
acter, is known to be involved in afore-
mentioned processes.8 Shh belongs to 
the family of 3 hedge hogs, a family of 
protein ligands regulating developmental 
differentiation during embryogenesis and 
cellular proliferation.19 Other two mem-
bers are Desert hedge hog (Dhh) and In-
dian hedge hog (Ihh). Intially identified 
in Drosophila and then named after its 
mutant phenotype, hedge hog signalling 
pathway has come a long way over the 
past few decades.

The canonical Shh signalling pathway 
(Figure 1) comprises of two transmem-
brane proteins. Patched (Ptc) a twelve 
transmembrane unit acts by inhibiting the 
7 unit transmembrane protein Smooth-
ened (Smo). Ptc binds to Shh ligand and 
regulates the activity of Smo which is 
GPCR like membrane protein acting as a 
signal transducer, although the dynam-
ics of Ptc and Smo communication still 
remain unidentified. At rest Smo primar-
ily exists intracellularly and translocates 

to membrane (on phosphorylation) in 
response to internalization and degrada-
tion of Ptc on contact with Shh.19,20,21  A 
cascade is then triggered thereby lead-
ing to entry of transcription factors Ci/Gli 
into the nucleus eventually modulating 
expression of set of genes in a contextual 
manner for e.g. one of the transcriptional 
targets being Ptc1 itself .19 

Mammals express both Ptc1 and Ptc2 
both bearing a semblance in Shh binding 
affinity.22 Glia family of transcriptional ac-
tivators includes Gli1, Gli2, Gli3 which are 
inhibited by GSK-3 (glycogen synthase ki-
nase 3) and cAMP mediated PKA (protein 
kinase A). Repression of Shh signalling is 
mediated by direct interaction of SuFu (Su-
pressor of Fused) with Gli proteins while a 
distinct pathway is adopted by Dyrk1 (dual 
specificity Yak1 kinase) for facilitating Gli 
1 activation of transcription. These all fac-
tors provide assorted interventional zones 
or molecular targets for the treatment of 
cancers and neurodegenerative anoma-
lies.23 As far as nervous system is involved 
Shh signalling modulation is known to 
have prominent effects in neural develop-
ment, medulloblastoma pathology and 
peripheral neuropathies and neuroprotec-
tive effects, especially during recovery from 
stroke.19 Hippocampal neurones express 

Ptc and Smo especially in their dendrites, 
spines and post-synaptic terminals sug-
gesting a role in dendritic arborisation.24 

Wnt signalling

The wingless-type murine-mammary-tu-
mour virus integration site (Wnt) proteins 
are a major class of secreted morpho-
genic ligands of profound importance in 
establishing the pattern of development 
in mammals. The Wnt proteins form a 
group of secreted palmitoylated signal-
ling proteins of 350-400 amino acids in 
length.25 These proteins activate vari-
ous pathways in the cell. Wnt signalling  
(Figure 1) involves family members which 
are secreted glycoproteins and bind to cell 
surface receptors e.g. Frizzled and upon 
interaction with many different signalling 
pathways, effectuate gene expression 
which is of significance in developmen-
tal processes e.g. modulation of organi-
zation of body plan during early stages 
of development and organogenesis at 
later developmental stages. In mamma-
lian central nervous system (CNS), Wnt 
signalling is involved in neural induction 
and patterning in early stages of organo-
genesis.26 Among 19 mammalian genes 
cloned for Wnt, 10 membrane receptors 
and a myriad of cofactors and regulators, 
the most comprehensively understood 
mechanism for Wnt signal transduction is 
the β catenin pathway.27 

The Wnt-ligand binds to Frizzled recep-
tors, kicking off a cascade resulting in dis-
placement of the multifunctional kinase 
GSK-3β (glycogen synthase kinase 3 beta ) 
from the APC/Axin/GSK-3β-complex. In 
the absence of Wnt-signal (Off-state), 
β-catenin, an integral cell-cell adhesion 
adaptor protein and transcriptional co-
regulator, is targeted for degradation by 
the APC/Axin/GSK-3β-complex. Appropri-
ate phosphorylation of β-catenin by co-
ordinated action of CK1 and GSK-3β leads 
to its ubiquitination and proteasomal 
degradation through the β-TrCP/SKP com-
plex. In the presence of Wnt binding (On-
state), Dishevelled (Dvl) is activated by 
phosphorylation and poly-ubiquitination, 
which in turn recruits GSK-3β away from 
the degradation complex. This allows for 
stabilization of β-catenin levels, Rac1-
dependent nuclear translocation and re-
cruitment to the LEF/ TCF DNA-binding 
factors where it acts as an activator for 
transcription by displacement of Grou-
cho-HDAC co-repressors. Additionally, in 
complex with the homeodomain factor 
Prop1, β-catenin has also been shown to 

Fig. 1: Pathways in Neuron. Dll-Delta like Ligand; Jag-Jagged; NR-Notch receptor; NICD-Notch In-
tracellular Domain; CSL-CBF-1/ RBP-J/ Su-H/ lag-1; HES-Hairy & Enhancer of Split; HERP-Hes Related 
Repressor; Shh-Sonic Hedgehog; Ptc-Patched receptor; Smo-Smoothened receptor; Ci-Cubitus in-
terruptus; Wnt-Wingless integration; Fz-Frizzled receptor; Dvl-Disheveled; GSK3-Glycogen Synthase  
Kinase 3.
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act in context dependent activation as 
well as repression complexes. Importantly 
GSK-3β is involved in glycogen metabo-
lism and other key pathways, which has 
made its inhibition relevant to neurode-
generative disorders.28

In vitro data supports the role of Wnt/β-
catenin pathway in synaptic plasticity. In 
the amygdala during fear memory forma-
tion, in situ hybridization and RT PCR have 
revealed many Wnt-signalling genes to be 
dynamically regulated, with an immediate 
decrease, followed by an eventual nor-
malization during memory consolidation 
which suggest that dynamic modulation 
of Wnt/β-catenin signaling during con-
solidation is pivotal for the structural ba-
sis of longterm memory formation29 Wnt 
transmembrane signalling pathway in 
the adult plays a significant role, in post-
synaptic dendritic spine morphogenesis 
and presynaptic terminal neurotransmit-
ter release.30 Wnt has been found to be 
involved in spatial navigational learning. 
Water maze experiments have revealed 
selective elevation of the levels in hip-
pocampus of Wnt7 and Wnt5a, but not 
the Wnt3 isoform, indicating behavioural 
selectivity and isoform specificity in Wnt 
signalling. Wnt7 elevation was found in 
granule cells with no detectable change 
in CA3 neurons. Wnt7 elevation was not 
observed during training, but seven days 
and 30 days later. It is now thought that 
Wnt signaling pathways regulate long 
term information storage in a behavioural, 
cellular, and isoform specific manner.31 

Hippocampal synapses abound in Wnt 
signalling proteins and cause release of 
Wnt 3a which in turn, activates Wnt/β 
catenin signalling and leads to augmenta-
tion of long term potentiation (LTP).32 Wnt 
regulated overactivity of GSK3 which is 
also potent inhibitor of Gli transcriptional 
factors of Shh signalling pathway, plays 
an important role in Alzheimer’s disease 
progression. This is accounted for GSK3 
mediated tau-hyperphosphorylation, in-
creased Aβ production, and microglia 
mediated inflammatory responses at the 
vicinity of plaque ultimately manifesting 
as memory deficits.33 

Nogo signalling

A group of evolutionary conserved mem-
brane proteins, Reticulons (RTNs) are cod-
ed by four different paralogs RTN 1 to 4. 
There are a number of proteins under RTN 
family but one of them which has gained 
particular prominence and detailed inves-
tigations is RTN 4 or Nogo. Alternative 

splicing and differential promoter usage 
of the single gene leads to three subtypes 
of Nogo protein products namely Nogo 
A, B, C. They have been found to be one 
of the most potent neurite growth inhibi-
tors in CNS and are being implicated as 
the principal molecules which abate ax-
onal regeneration following CNS injuries.34 
It is expressed in oligodendrocytes and is 
known to negatively regulate neuronal 
growth, leading to increased stabilization 
of neuronal arborisation but at the cost 
of extensive plastic rearrangements and 
regeneration post CNS injuries.35,36 The 
Nogo A, an inhibitory protein expressed in 
oligodendrocytes binds to glycophosphati-
dylinositol like  receptor which  is recog-
nised by Nogo 66 (a 66 amino acid frag-
ment). Nogo receptor (NgR) also has other 
ligands oligodendrocytes myelin glycopro-
tein (OMgp) and myelin associated glyco-
protein (MAG - a transmembrane protein 
of the Ig superfamily) but absence of cyto-
plasmic domain of the receptor implies in-
volvement of other molecules in the signal-
ling pathway (Figure 2). Crosstalk between 
NgR and p75 (a low affinity neurotrophin 
receptor), interaction being through extra-
cellular domains is known to affect axonal 
growth. This inhibitory effect of MAG and 
Nogo is resultant of p75 mediated insult, 
as evidence indicates absence of p75 is 
related with enhanced axonal growth and 
density.37 Out of the different proteins that 

bind to p75 RhoA is of utmost relevance 
in inhibiting neurite outgrowth hamper-
ing axonal lengthening.38 Recently Lingo1, 
an additional component of NgR receptor 
complex has been identified. Binding of 
Nogo/MAG on NgR activates p75 which 
causes phosphorylation and activation of 
Rho and subsequent activation of a down-
stream effector Rho associated Coiled-coil 
containing protein kinase (ROCK) which is 
a serine /threonine protein kinase; mediat-
ing growth cone collapse and neurite out-
growth inhibition. Isoquinoline derivatives 
like fausidil, hydroxylfausidil (a fausidil 
metaboloite), Y-27632 (4-aminopyridine 
derivative) are ROCK inhibitors being de-
veloped for axonal regeneration.39  

Conclusion

Developing parts of brain influence deci-
sions in the operation of cells belonging 
to complex circuits. The cascades dis-
cussed are some of the prime molecular 
dictators which lay down memory. The 
intertwined pathways are robust and 
resilient. Nevertheless, they are also deli-
cately balanced and are susceptible to 
dysregulation by various factors which 
lead to a collapse of the brilliantly orches-
trated flow of information across the grid 
which grossly manifests as neurodegen-
eration. The increasing ability to monitor 
the molecular events and the expertise to 
tweak them in these circuits ensure that 

Fig. 2: Pathways in oligodendrocyte: MAG-Myelin associated glycoprotein; OMgp-Oligodendrocyte 
myelin glycoprotein; ROCK-Rho associated Coiled coil containing protein; NGF-Nerve Growth Fac-
tor; CREB-cAMP Responsive Element Binding  Protein.
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we will witness a more detailed mapping 
of the entire landscape of memory and 
forgetfulness which should, in turn, usher 
in the moments when we should be able 
to unmask putative druggable targets to 
deal with neurodegeneration.
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