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BY VARUN UPADHYAY

THE PHENOMENON OF MEMORY

hink back on a happy memory.

While you may not be able to re-
call the details vividly, you will probably be
able to remember what made you happy, as
well as a general recollection of the event’s
context. Now try to think back to what you
ate for lunch two weeks ago—odds are you
will not remember. The concept of long-
term memory formation is an incredible
phenomena. It is the biological process of
storing and retrieving information that,
although seemingly trivial and second-na-
ture, functions as the foundation for shap-
ing one’s identity and informing one’s de-
cision-making. However, the mechanisms
and neurobiology behind this remarkable
ability remain far from understood. How is
it possible for the assembly of atoms and
molecules that comprises the human brain
to have the capacity to “remember?” Nov-
el research in this branch of neuroscience
may provide a glimpse into exactly how
a collection of neurons across the brain’s
neural network work in tandem to make
this process possible.

HOW DO MEMORIES FORM?

While scientific research on long-term
memory formation has been underway
for decades, the underlying mechanisms
by which this process occurs have yet to

be definitively proven. However, an abun-
dance of cutting-edge research supports
the current dominating theory on long-
term memory formation, which revolves
around a revolutionary concept termed
“synaptic plasticity”

Synaptic plasticity refers to the ability
for neurons to strengthen or weaken their
connections with one another in response
to an increase or decrease in their activity.
Essentially, if neuron 1 consistently suc-
ceeds in activating neuron 2, the connec-
tion between the two becomes stronger.
Likewise, if neuron 1 fails in activating

Dendrites
(receive messages
from other cells)

Axon

neuron 2, the connection becomes weaker.
As these connections are developed, mem-
ories become encoded within the brain’s
neural network. These lasting increases or
decreases in synaptic strength are called
“long-term potentiation” (LTP) and “long-
term depression” (LTD) respectively and
are influenced by a variety of neurobiolog-
ical factors.!

One such factor recently discovered
to play an important role in long-term
memory formation is the neuronal PAS
domain protein 4 (Npas4). Within the hip-
pocampal region of the brain—the region
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Figure 1: An overview of a neural cell with brief descriptions of important regions. At the cell’s
dendrites, messages are received from other neurons, and at the terminal branches, the nerve

impulses are transmitted to another cell.
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Figure 2: A diagram showing the process that occurs at the synapse
— the junction between neurons where the impulse is transmitted
via neurotransmitters. The signal travels from the terminal branch-
es of the axon from the presynaptic neuron to the dendrites of the
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Figure 3: An overview of various functions associated with specif-
ic regions of the brain. The hippocampus is the primary region in-
volved with memory formation and storage.

postsynaptic neuron.

"Although Staufen?
and Npas4 are both
examples of proteins

that play a pivotal
role in the process of
memory formation, it

IS important to note
they are but a small
part of the molecular
machinery involved

with memory. "

primarily responsible for learning, mem-
ory formation, and storage—Npas4 was
found to be directly responsible for synap-
tic maintenance. Npas4 plays an important
role in memory formation through its reg-
ulation of plk2, a gene responsible for con-
trolling the shrinking of the postsynaptic

structures of neurons. As Npas4 activates
plk2, synaptic size and strength decreases.
This suggests that without Npas4, synapses
would become excessively strong, inhib-
iting their capacity to encode memories
through further strengthening.? Due to its
remarkable ability to control the strength
of connections between neurons, Npas4
plays an integral role in synaptic plastici-
ty and the complex process of long-term
memory formation.

An additional neurobiological factor
with important ties to memory formation
is the protein Staufen2. While studying
this protein, researchers were able to pin-
point its impact on the efficiency of signal
transmission across synapses in the hip-
pocampus. It was found that synthetically
reduced levels of Staufen2 within mice en-
hanced LTP and impaired LTD, which had
a negative impact on memory. This im-
plies that the deficiency of Staufen2 makes
synapses more responsive than normal.
Researchers hypothesize that as synaps-
es become highly responsive, not enough
become suppressed during the process of
memory consolidation in which experi-
ences are encoded into long-term memory.
These findings illustrate that the absence of

Staufen2 and the consequent imbalance in
LTP and LTD may lead to the destabiliza-
tion of long-term memory formation.?

Although Staufen2 and Npas4 are
both examples of proteins that play a piv-
otal role in the process of memory forma-
tion, it is important to note they are but a
small part of the molecular machinery in-
volved with memory. The complex process
of long-term memory formation relies on
an incredible array of intricate interactions
between neurobiological processes that
work in tandem to strengthen connections
across the neural network and encode a
person’s experiences into long-term mem-
ories. Understanding how synaptic plas-
ticity works may provide the foundation
for not only understanding human mem-
ory but also the neurodegenerative disor-
ders that can result from a fault in these
complex processes.

WHERE CAN MEMORY FORMATION
AND RETENTION GO WRONG?

Alzheimer’s disease (AD) 1is one
of the most common forms of a neural
network malfunction in which brain cells
degenerate and die. This neurodegenerative
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Figure 4: A graphic representation depicting
the two different pathways of APP cleavage.
On the left side, illustrating the non-am-
yloidogenic pathway, APP is cleaved and
becomes p3 and CTFy. On the right side, il-
lustrating the amyloidogenic pathway, APP
is cleaved and becomes CTFy and the toxic
protein Af.

disease may cause symptoms such as
severe memory loss, the inability to form
new memories, and erratic changes in
behavior. Moreover, Alzheimer’s disease is
the cause of 60%-80% of all dementia cases
and typically leads to a fatal prognosis
after 10 years of onset.* The hallmarks and
neurobiology of AD are centered around
the development of two toxic proteins:
amyloid-beta proteins and tau proteins.
These result in the problematic growth of
amyloid-beta plaques and neurofibrillary
tangles respectively. Although it is not clear
to what extent each of these pathologies—
plaques or tangles—causes AD, both are
suspected to contribute to the deterioration
of cognitive functions, including the ability
to form and recall memories.

In amyloid-beta plaque formation,
the gradual buildup of plaque from small
molecules of amyloid-beta (A) proteins
covers large portions of the brain. This
serves as a marker for the progression of
AD and possibly leads to neural cell death
as well. AB proteins are formed when a
large protein involved in neural growth
and neurorepair, amyloid-beta precursor
protein (APP), is broken down via two
distinct pathways.’

In the first pathway—generally
regarded as “non-amyloidogenic” for
its hypothesized non-toxic products—
APP is cleaved in two by the enzyme
a-secretase. This results in the formation
of the protein fragments C83 and sAPPa,

the latter of which is hypothesized to
have neuroprotective effects. C83 is again
cleaved by y-secretase, resulting in a
new protein called p3. Although largely
regarded as benign, research is starting
to shed light on the specific effects of the
accumulation of p3, as it may actually have
toxic, amyloidogenic properties. Previous
studies have found that this protein may be
linked to the formation of aggregates and
amyloid fibrils, and thus may not be non-
amyloidogenic as previously thought.®

" The hallmarks and
neurobiology of AD are
centered around the
development of two
toxic proteins: amyloid-
beta proteins and tau
proteins.”

In the second pathway—which may
be associated with genetic abnormalities—
APP is instead cleaved by a different
enzyme, B-secretase, forming sAPPB and a
protein fragment called C99.” Next, C99 is
cleaved by y-secretase, resulting in another
protein fragment and the 42-amino acid
AP peptide. As the function of a protein
is determined by its specific amino acid
sequence and how these amino acids

Microtubule

Tau hyper-
phosphorylation

organize, AP is considered toxic due to
its resulting insolubility and its tendency
to form long fibrils that create dense
plaques on neural cells, which interfere
with synaptic function.® This gradual
accumulation of plaque in the brain may
result in decreased cognitive function and
ultimately lead to neural cell death.’

An additional characteristic of
Alzheimer’s disease is the presence of
neurofibrillary tangles (NFTs), which are
the result of the aggregation of tau proteins
within neurons. The normal function of
tau proteins is to form the cytoskeleton, or
the framework, of a neuron. Tau proteins
carry out this function by promoting
the development and stabilization of
microtubules—structures which provide
support for a mneuron and facilitate
transportation of  substances, such
as neurotransmitters, across the cell.
However, as tau proteins become impaired
during the progression of AD, its function
changes and its capacity to bind to and
support microtubules becomes hindered.
As it falls off the microtubule, it then
begins to aggregate, forming a series of
tangles which negatively affect neuronal
function.”

Although ~ the  neurobiological
mechanisms facilitating the progression
of tau pathology are still unclear, evidence
suggests the presence of abnormal tau
proteins with extra phosphate groups
attached (termed hyperphosphorylated)
may be a contributing factor. In fact,
following studies by Ksiezak-Reding et

PHF  SF

Tau neurofibrillary
tangles (NFTs)

Figure 5: When tau proteins aggregate, they form loosely intertwined paired helical filaments
(PHFs) and tightly wrapped straight filaments (SFs). The result is a deviation from normal
microtubule structures (as shown on the leftmost picture) and the formation of neurofibrillary

tangles (NFTs).
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Figure 6: A graphic showing the differences between a healthy neuron and a diseased neuron.

al., 6-8 mol of phosphate per molecule of
tau were found in the autopsied brain of
an individual suffering from Alzheimer’s,
as opposed to 2-3 mol in a healthy
brain.’? Because tau phosphorylation
is regulated by the activities of cellular
enzymes and protein  kinases—the
molecules which facilitate the attachment
of phosphate groups—an imbalance
could potentially result in the neurotoxic
hyperphosphorylation of tau proteins, and
the subsequent impairment of cognitive
function.”

CONCLUSION

The mechanism by which memories
are encoded via the synaptic plasticity of
the brain’s neural network is an incred-
ible process—it brings to light various
questions revolving around the molecular
machinery which makes this function of
memory possible. Moreover, by studying
the intertwining nature of synaptic plas-
ticity and neurodegenerative diseases,
promising possibilities exist in developing
therapies for common pathologies such as
Alzheimer’s disease. Although no cure has
been developed for AD, a treatment does
exist that helps slow its progression. The
aducanumab medication, the only current-

ly approved treatment, is a form of immu-
notherapy which targets the AP protein to
reduce the formation of amyloid plaques in
the brain.™*

Although it may seem diminutive to
reduce one’s most defining memories to
mere electrical impulses and interactions
of proteins, it is fascinating to realize that
these neurobiological phenomena serve as
the foundational mechanisms which gov-
ern one’s identity and thinking. Uncover-
ing the complexities of what allows us to
remember is an essential stepping stone;
it provides the key towards unlocking not
only a greater hope for effectively treating
those with neurodegenerative diseases, but
also towards providing a greater under-
standing of human thinking and the basis
of what makes us who we are.
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