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ABSTRACT: The serine/threonine phosphatase calcineurin (CaN)
is a unique but confounding calcium/calmodulin-mediated enzyme.
CaN has shown to play essential roles from regulating calcium homeo-
stasis to being an intricate part of learning and memory formation.
Neurological disorders, despite differing in their etiology, share similar
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signaling may lead to forming better neurotherapy. This Outlook
attempts to explore the various neuronal functions of CaN and
investigate its pervasive role through the gamut of neurological disorders.

1. CALCINEURIN: A PROLOGUE

Even 40 years after its initial discovery by Wang and Desai as a
column fraction, calcineurin (CaN) continues to intrigue the
scientific community with its vast biological role." In its initial
findings, CaN was often referred to as an “affinity-purified
phosphodiesterase”.” Klee and Krinks were the first to purify
CaN and presumed it to be a regulatory subunit of a phospho-
diesterase based on its ability to inhibit the same.’ Wallace and
Lynch further purified CaN from bovine brain extracts using a
two-column approach and found its activity to hinder the ade-
nylate cyclase and nucleotide phosphodiesterases.”” Due to
similarity in biological activity traced by various research
groups, it was therefore speculated that CaN may possibly be a
regulatory enzyme. Its abundant allocation in the nervous sys-
tem prompted Klee et al. to coin the term “calcineurin”.® Klee’s
version of CaN was corroborated by the work of Philip Cohen
in which he found a fraction in cellular extracts that dephos-
phorylated the a-/f-subunits of phosphorylase kinase; the
fraction revealed to be nearly identical to the CaN discovered
by Klee.”*

As per consensus, CaN is deemed as a calcium/calmodulin-
dependent (Ca?*/CaM) serine-threonine phosphatase, also
known as protein phosphatase 2B (PP2B), ubiquitous in most
mammalian tissues but predominating in the brain.” It is the
only reported phosphatase thus far known to be completely
dependent on CaM. From the initial presumption as being a
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calmodulin-dependent cyclic nucleotide phosphodiesterase
inhibitor to the radical revelation of being the target of immu-
nosuppressant drugs such as cyclosporin A in organ trans-
plants, CaN seems to manifest itself in key biological pathways
throughout various tissues in the body and necess1tates a
deeper investigation in its intricate physiological function."” Its
prevalence in the nervous tissue has recently made it a target of
investigation for many neurological disorders, particularly
those constituted by calcium excitotoxicity and neurotrans-
mitter imbalance.'""” It is believed that CaN plays a major
role in bridging Ca* homeostasis to brain function; studies
even point to CaN being the link between aging and brain
dysregulation."’

CaN is deemed as a calcium/
calmodulin-dependent (Ca?*/CaM)
serine-threonine phosphatase, also
known as protein phosphatase 2B

(PP2B), ubiquitous in most
mammalian tissues but
predominating in the brain.
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Though discussing the vast role of CaN in all the tissues
is far beyond the realm of this Outlook, an attempt shall
be made to delve into the CaN’s role in the brain and across
the spectrum of neurological disorders such as stroke,
Alzheimer’s disease, Parkinson’s disease, and other neuro-
degenerative disorders involving CaN. This crosstalk may
clarify the extent of CaN’s involvement in these perplexing
disorders.

2. CALCINEURIN: CLASSIFICATION AND STRUCTURE

The classification of serine/threonine phosphatases was estab-
lished by Cohen in which he proposed two categories: type 1
and type 2 protein phosphatases (PPs).'* Type 1 PPs dephos-
phorylate the f-subunit of phosphorylase kinase while type 2
act on the a-subunit. The two PPs can be distinguished by
their inhibition study in which phosphopeptide inhibitors act
on type 1 but are unable to inhibit type 2 PPs. Cohen also later
subclassified type 2 PPs according to the dependence on
divalent ions for activity.15 He designated PP2A, PP2B, and
PP2C as having no requirement for divalent ions, requiring
Ca’* (CaN), and requiring Mg** for activity, respectively. Evolu-
tionarily speaking, PP1, PP2A, and PP2B (CaN) are some of the
most highly conserved PP families throughout nature.'®
Human CaN is a heterodimeric serine/threonine phospha-
tase, comprising a unique structure composed of two subunits
connected jointly: a 61 kDa catalytic A subunit (though varia-
tions between species ranges from 58 to 64 kDa) and a 19 kDa
regulatory B subunit.'” The B subunit, although smaller in size,
consists of a helical B-binding segment, a calmodulin-binding
(CaM-binding) segment, and an autoinhibitory domain.'® The
B-binding segment tightly adheres to the A subunit. Half of
CaN appears to be cytosolic while the amino terminal glycine
of the B subunit is believed to be myristoylated for greater
association with the plasma membrane.'® Furthermore, the
B segment consists of four Ca**-binding sites (EF-motifs).”>
Two Ca®" sites reside on the N-terminal and have lower affin-
ity (dissociation constant in the micromolar range). These
seemingly serve as sensors for the fluctuations in intracellular
Ca®" levels and thereby serve a regulatory role, especially for
the binding of CaM to the CaM-binding segment of subunit B.
Another two Ca®* sites reside on the C-terminal of the B sub-
unit. These have much higher affinity (have dissociation con-
stants in the nanomolar range) and act as stabilizers to keep
both subunits intact and confer structural stability to the
entirety of CaN.”> The CaM-binding segment relies on Ca*" to
help associate with subunit A, the catalytic site. This structure
therefore stands to reason how CaN is able to couple Ca**
signals to cellular responses. However, the enzyme undergoes
complicated conformations to reach the active state. In pre-
vious studies, the conformational shift from inactive to active
enzymatic states raised several questions. After all, the auto-
inhibitory site of subunit B (residues 467—486) lies at a rela-
tive distance from the B-binding site (341—372) and the CaM-
binding segment (391—414). These questions were answered
through studies done by Shen et al. in which the group dis-
covered there are a separate sequence of conformational shifts
that eventually lead to the fully activated enzyme.*® They
found that, during elevated levels, Ca®" initially binds to the
lower-affinity Ca®" sites, thereby causing a conformation which
exposes the CaM-binding site. This fulfills subunit B’s main
role as a regulator. When CaM binds to its respective site, another
conformational change stabilizes subunit B by releasing the
autoinhibitory peptide and renders the enzyme fully active.
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In summary, when the enzyme is inactive (resting Ca*" levels),
influx (micromolar) of Ca** binding to subunit B causes a con-
formational change to reveal the CaM-binding site on subunit
A (partial activation), which upon binding to CaM displaces
the autoinhibitory peptide and stabilizes and fully activates the
enzyme (see Figure 1).

3. CALCINEURIN: VITAL HOMEOSTATIC
MECHANISMS

3.1. Ca** Homeostasis. As CaN is ubiquitous throughout
the body (several isoforms exist among different tissues), its
roles are accordingly highly diversified. However, this Outlook
will focus on CaN’s roles solely in the brain, where the highest
levels can be found.”* CaN is known to constitute slightly more
than 1% of total protein in the brain,”” and it is most densely
populated in the caudate putamen and hippocampus but
distributed throughout other regions of the brain.”® CaN is
also found at the level of dendrites, axons, neuronal spines,
presynaptic terminals, and postsynaptic densities. Magnifying
the grandeur of CaN’s role in neuronal homeostasis is its very
existence as the sole phosphatase heavily dependent on Ca**/
CaM signaling. It is well-established that calcium and its
various calcium channels play a major and intricate role in
neuronal function and activity. Calcium is arguably one of the
most important secondary messengers capable of initiating
pivotal cellular events.”” Calcium plays an essential role in
many biological pathways that may be operating simulta-
neously within the neuron; drastic changes in its levels are
associated with numerous neurological disorders.”**” As Ca**
relays synaptic signals to the nucleus then to synapse again, it is
immensely responsible for turning on and off the various
genetic expressions necessary for normal neuronal activity.*’
Therefore, dysregulation (excess and deficient Ca** stimulation)
in the Ca*" synapse-to-nucleus signaling can cause breakdown in
essential gene expressions that underlie most neurologi-
cal pathologies, both degenerative and psychiatric in nature.

CaN is an integral member of the Ca*" signaling pathway on
both sides of the synapse.”’ It behaves as a sensor and is
vigilant of the intracellular levels of Ca** and maintains the
proper equilibria necessary for cell maintenance and operation.
There are several mechanisms CaN deploys to regulate
intracellular Ca** levels and the downstream activities that
maintain an optimum neuronal microenvironment.

CaN is an integral member of the
Ca** signaling pathway on both
sides of the synapse. It behaves

as a sensor and is vigilant of the
intracellular levels of Ca®* and
maintains the proper equilibria
necessary for cell maintenance

and operation.

3.2. Synaptic Exocytosis. Presynaptically, CaN and cyclin-
dependent kinase S (CDKS) oversee vesicular release of
neurotransmitters and prevent excessive exocytosis to maintain
an adequate amount of neurotransmitters reaching the post-
synaptic sites.”” These exocytotic processes require an ensem-
ble of proteins that coordinate action potential and Ca*" sig-
naling to neurotransmitter release. CDKS is able to phosphorylate
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Figure 1. Activation of calcineurin (CaN). The phosphatase is activated through the sequence of two subsequent conformations. Initially, the influx
of calcium (Ca®) raises the intracellular calcium load. At the nanomolar range, Ca®" first binds to the two higher-affinity EF motifs (H,) of
subunit B, tightly adhering subunit B to subunit A and stabilizing the enzyme. As Ca** levels rise to the micromolecular threshold, it binds to the
lower-affinity EF motifs (L,), spurring a conformational change that unveils the calmodulin (CaM) site to which CaM binds and initiates a
second conformational change responsible for displacing the autoinhibitory peptide. The final conformation stabilizes and fully renders CaN

active.

proteins, like synapsin 1 which attaches to synaptic vesicles and
sequesters them to the release-reluctant resting pool.”” Studies
have shown that CDKS knockout accelerates synaptic cycling
and exocytotic kinetics; similarly, CaN knockout has shown to
slow down exocytosis rates.”* CaN counteracts this effect,
dephosphorylates synapsin 1, and is able to reverse the
suppression of exocytosis and synaptic cycling induced by
CDKS.*® Therefore, during greater Ca*" influx, CaN is able to
increase the amount of neurotransmitters released into the
synaptic cleft’ (see Figure 2a).

3.3. Synaptic Endocytosis. CaN also participates in endo-
cytosis as it facilitates clathrin-dependent recycling by targeting
different dephosphins, endocytic proteins, one in particular
called dynamin 1.>” The interaction with dynamin 1 is based
on CaN’s sensitivity toward Ca** and spurs the depolarization-
induced vesicular recycling; disturbance to such an interaction
blocks endocytosis.”® However, such a role has been under
controversy as CaN has shown to be implicated at different
endocytic sites catalyzing different and opposing events.’”
Regardless, studies continue to confirm that CaN is a key role
player in endocytotic processes at both nerve terminals as well
as in non-neuronal cells*’ (see Figure 2a).

3.4. Ca®* Influx and Regulation. Postsynaptically, CaN
manages the Ca** homeostasis in the neuron by modulating its
influx rates. The entry of Ca®" activates the cell and triggers a
cascade of a wide variety of biomolecular events. This
intracytoplasmic Ca*" influx is either via voltage-gated calcium
channels (VGCCs) or ligand-gated channels such as the
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N-methyl-p-aspartate receptors (NMDARs).*"** For NMDARs,
CaN is located in the postsynaptic densities, near the cytoplasm
and colocalized with NMDA receptors.*’ The high affinity of
CaN for the incoming Ca" activates it to dephosphorylate the
C-terminal of the NR2A subunits of NMDARs, leading to
glycine-independent desensitization and weakening of Ca®"
currents into the cell by decreasing the average duration of
opened Ca®* channels as well as their frequency.**

It has also been documented that VGCCs are directly involved
in synaptic plasticity and dendritic excitability.**** VGCCs,
specifically the L-type CCs and to some extent the N-type CCs,
are phosphorylated.”” CaN is targeted toward these channels
through A-kinase anchoring protein 79/150 (AKAP) when
calcium-dependent inactivation (CDI) is stimulated by the Ca®"
influx. CDI then further triggers microtubule-associated pro-
tein 2B (MAP2B) to guide protein kinase A (PKA) toward the
VGCCs for priming and reinitiating Ca** current."**’ CaN is able
to reduce the Ca®" influx through this negative feedback effect and
utilizes it to keep a check on the amount of Ca®" entering the cell.

CaN also regulates the Ca*-induced Ca®* release (CICR), a
universal mechanism by which cells are able to couple the
inositol triphosphate receptors (IP3Rs) and ryanodine recep-
tors (RyRs) to Ca®" channels to trigger the release of Ca®"
from intracellular stores.””*" Intracellular stores of Ca’" reside
in the sarcoplasmic reticulum and are mediated by IP3Rs and
RyRs.” It is believed this is another way CDI can be initiated
alternatively to VGCC dephosphorylation due to the intimate
association of VGCCs and the CCs opened through RyRs
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Figure 2. (a) Presynaptic homeostatic functions of calcineurin (CaN). (A) CaN plays an integral role in vesicle exocytosis by regulating the release in
coordination with neurotransmission signaling. The influx of calcium (Ca®") activates CaN and causes it to dephosphorylate synapsin 1, removing its
suppression of vesicles and allowing them to move from the release-reluctant resting pool toward the axonal terminal for release. The process is
reversed by the phosphorylation by cyclin-dependent kinase 5 (CDKS). (B) CaN also plays a role in endocytosis of vesicles after activation by Ca**
and then dephosphorylation of dynamin 1. CaN and dynamin 1 form a complex and move toward the endocytotic packaging assembly where involved
proteins allow for the packaging of the vesicle at the axonal terminal, its uptake, and delivery of the vesicle toward the vesicle pool for recycling. This
series of synaptic cycling and recycling by CaN is tightly coordinated and coupled to the Ca**-dependent signaling along with the crosstalk of involved
proteins. Interruptions in the processes can disturb the equilibria of neurotransmission and often lead to neuronal impair. (b) Postsynaptic homeostatic
functions of calcineurin (CaN). Postsynaptically, CaN tightly regulates several functions. It controls intracellular Ca** levels through modulation of
voltage-gated calcium channels (VGCCs), NMDA (N-methly-p-aspartate), and AMPA (@-amino-3-hydroxy-S-methyl-4-isoxazolepropionic acid)
receptors. Influx of Ca®* through VGCCs tends to trigger the release of more Ca®* from the endoplasmic reticulum (calcium-induced calcium release)
via ryanodine and inositol triphosphate receptors (RyRs and IP3Rs). The increased Ca®* load activates CaN, and through a negative feedback control,
it dephosphorylates VGCCs, RyRs, and IP3Rs, decreasing the duration of opening and frequency as well as weakening the incoming cationic currents.
Ca?* influx via NMDA receptors (NMDARs) and the Ca**-permeable AMPA receptors (AMPARs) follows a similar pathway of Ca** regulation and
decreases long-term potentiation (LTP) through internalization and reduced NMDAR and AMPAR expression and increasing long-term
depotentiation (LTD). This Ca?*-dependent inactivation (CDI) reinitiates the opening of these channels by triggering kinases, like protein kinase A
(PKA) which complexes with A-kinase anchoring protein 79/150 (AKAP79/150) after guided by microtubule-associated protein 2B (MAP2B), that
cause rephosphorylation. In the case of voltage-gated A-type potassium 4.2 (Kv4.2) channels, however, phosphorylation of the channels results in
internalization and increased long-term potentiation (LTP) while the process is reversed after dephosphorylation by CaN.

located on the sarcoplasmic reticulum (SR).** CaN is able to
dephosphorylate a phosphokinase C (PKC) phosphosite on
both IP3Rs and RyRs and reduce their sensitivity toward
alterations in intracellular Ca** concentrations and the sub-
sequent affinity for their ligands (IP3 and Ry, respectively),
thereby preventing the mechanism of CICR™’(see Figure 2b).

4. SYNAPTIC PLASTICITY

In conjunction to maintaining homeostatic Ca** levels through-
out the neuronal network, CaN also facilitates homeostasis to
synaptic plasticity, a term that denotes the flexibility and versa-
tility of the neuronal network to change the synaptic strength
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in a direction that opposes the elevation or reduction in
activity.”* This synaptic scaling often tends to be a negative
teedback process and responds to altered synaptic strength to
stabilize the neuronal network.>*® CaN has been shown to be
an important mediator of synaptic plasticity as its activation or
inhibition can block or initiate synaptic scaling which further
tends to enhance synaptic strength. CaN is able to regulate this
through Ca®* signaling, but at times even Ca®* signaling can be
disrupted and in turn can disrupt CaN activity. For the neu-
ronal network to function properly synaptic plasticity must be
sustained, and in such cases restoring Ca®* signals becomes
imperative. Studies suggest that chronic Ca**-dependent inhi-
bition (CDI) can lead to an attenuation of neuronal firing and
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decrease neuronal activity. As Ca** influx decreases, CaN activ-
ity also decreases and sets off a compensatory mechanism involv-
ing the phosphorylation of serine 845 of GluAl by PKA bound
to AKAP79/150 and the elevated expression of a-amino-3-
hydroxy-S-methyl-4-isoxazolepropionic acid receptors (AM-
PARs) which are more sensitive and permeable to Ca*',
thereby restoring Ca*" signaling®” (see Figure 2b). Upon resto-
ration of Ca?* signals, CaN is reactivated and reverts to facil-
itating proper neuronal signaling.

In conjunction to maintaining
homeostatic Ca** levels through-
out the neuronal network, CaN
also facilitates homeostasis to
synaptic plasticity, a term that
denotes the flexibility and versa-
tility of the neuronal network to
change the synaptic strength in a
direction that opposes the ele-
vation or reduction in activity.

CaN has proven to modulate synaptic activity through Ca**
influx through VGCCs and NMDARs.*® Furthermore, CaN
has proven to confer bidirectional plasticity toward memory
and learning while its deficiency has shown to impair working
memory.” This faculty of CaN to control bidirectional syn-
aptic plasticity has great implications in memory and learn-
ing.60 Both phosphorylation and dephosphorylation play vital
roles in memory formation and, respectively, trigger long-term
potentiation (LTP) and long-term depression (LTD).°" Phos-
phokinases such as CaMKII, PKA, PKC, and MAPK have been
involved in producing LTP, a phenomenon marked by both
presynaptic and postsynaptic stimulations occurring at higher
than normal frequencies or basically an enhanced synaptic
transmission (the presynaptic stimulation often precedes the
postsynaptic by varying milliseconds).”> Phosphatases, such as
CaN, tend to depress this high-frequency stimulation and work
in an opposing manner. Overexpression of CaN has shown to
impair LTP while its inhibition can disrupt depotentiation.®®
Whereas LTP will produce greater NMDARs/AMPARs
expression, LTD will tend to decrease the same.®* CaN can
indirectly also enhance LTP by reducing the LTD through its
extensive manipulation of inhibitory synapses. Its affinity for
GABA-A receptors and their subsequent dephosphorylation
renders them for disinhibition as less GABA firing leads to less
inhibition of the excitatory neurotransmission, thereby raising
the LTP and overall synaptic efficacy.”>~®” This is exemplary of
the sophistication of CaN and its unique command over its
own actions and the ability to adjust them as per subcellu-
lar requirements via downstream dephosphorylation. How-
ever, even though LTP may offer a larger collection of studies
supporting its role in memory formation (particularly in the
CAl re§ion of the hippocampus), LTD may be just as
integral. %69 Therefore, regardless of which direction the
debate on LTP and LTD swings, CaN has forged its own niche
in the continuous quest to elucidate memory formation and
learning.””

Although mainly associated with LTD, CaN has shown
its ability to control neuronal excitability via regulation of
voltage-gated A-type potassium (K*) Kv4.2 channels.”"””
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These channels are highly populated in postsynaptic terminals
as well as dendrites.””’* Their role is repolarization after the
passage of action potentials and preventing their reverse prop-
agation into dendritic regions.”*’® Overexpressed Kv4.2 chan-
nels have shown to shorten action potentials and mitigate LTP;
this negative regulation of LTP resonates with that of CaN'’s.
Increase in NR2B/NR2A subunit ratio has been shown to
facilitate synaptic plasticity, and LTP ensues. Overexpressed
Kv4.2 channels reduce this ratio and trigger LTD.”” It has been
shown that CaN modulates the activity of these channels in
arms with the PKA/AKAP79/150 complex. The dephosphor-
ylation by CaN stabilizes Kv4.2 channels at the postsynaptic
terminal, dampening of neurotransmission (LTD). PKA
counters this activity through phosphorylation of the channels
by binding to AKAP79/150 to induce their internalization into
the cytoplasm.”® This presents fewer Kv4.2 channels at the
postsynaptic terminal and leads to LTP. Deficits in Kv4.2 chan-
nels have shown to produce spatial learning deficits and mem-
ory impairment”” (see Figure 2b).

5. RECEPTOR SIGNALING

AMPARs are the most abundant excitatory receptors through-
out the nervous system when it comes to fast synaptic trans-
mission.”” Their expansive distribution and association with
postsynaptic protein complexes grant them a high-level priority
in regards to synaptic transmission and the electrophysiology
of neurons.”' Their dynamic nature is conducive for changes in
synaptic plasticity and therefore generates acute responsiveness
within cells toward extracellular signals. Similar to metabo-
tropic glutamate receptors and NMDARSs, these receptors are
also governed by phosphorylation (by PKA bound to
AKAP79/150) and dephosphorylation (CaN), both targeting
the highly sensitive s845 residue of the receptor.®” Phosphor-
ylation increases greater expressions of the GluAl on the post-
synaptic membrane and the amount of current flowing through
the AMPARs, thereby strengthening synaptic transmission.*>"*
Dephosphorylation of s845 sequesters the receptor and
induces LTD.*> PKA and CaN regulate synaptic plasticity at
AMPARs and serve a vital role in maintaining the optimum
signaling throughout the neural circuitry.

CaN also serves another regulatory role by dephosphorylat-
ing the metabotropic glutamate receptor S (mGluRS) which
is responsible for augmenting the responsiveness of neurons
to different signals from their microenvironment.*® In other
words, mGluRS elevates LTP. Belonging to group I of mGluRs
and located postsynaptically, mGIuRS works via the G,
pathway: it stimulates phospholipase C to hydrolyze phosph-
atidylinositol biphosphate (PIP2) into IP3 and diacylglycerol
(DAG) and further leads to the opening of Ca®" stores via
IP3Rs and RyRs and alteration in activities of various voltage-
gated channels.”” In the process, it triggers a Ca*" influx
through NMDARs and becomes desensitized. CaN, after being
activated by the NMDAR-mediated influx of Ca®*, resensi-
tizes mGIluRS by dephosphorylation of its C-terminus and
prolongs its activity; this is an important aspect of synaptic
plasticity.*

6. TRANSCRIPTION REGULATION

One of the major associations of CaN involves the nuclear
factor for activated T-cell (NFAT) transcription factor. This
family consists of five NFAT downstream targets residing in

the cytoplasm in a hyperphosphorylated idle state (NFAT 1-4,
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NEATS/TonEBP).*”*° The CaN-NFAT signaling contributes
to a wide array of biological developments such as cardiac and
lung morphogenesis, differentiation and the growth of skeletal
muscle, and immune responses like T-cell activation.”’ As CaN
is enriched throughout the brain regions, the tightly regulated
signaling makes NFAT as proportionally and deeply integrated
in many neuronal responses and activities such as axonal
growth, memory formation, and neuronal apoptosis.92 Further-
more, the pathway is heavily involved in the development of
the nervous system (synaptogenesis, corticogenesis), main-
tenance (myelination, neuronal survival), and nervous system
operation (synaptic connectivity, plasticity, and neurotrans-
mission).”> CaN-NFAT pathway begins when Ca?* influx
activates CaN to dephosphorylate the CaN-phosphosites from
the N-terminal of NFAT, subunits, exposing their nuclear
sites.”* Once within the nucleus, these NFAT, subunits partner
with their NFAT, counterparts on their specific response ele-
ments and promote various transcription sequences necessary
for the homeostatic functioning of the neuron. However, the
Ca®" that activates CaN may not be sufficient to trigger this
pathway. Rather, a greater influx of Ca* is provided by unique
Ca** release activated Ca** (CRAC) channels.”” Some studies
also suggest that the NFAT complexes induce a positive feed-
back loop to increase the intracellular Ca** levels via IP3R-
RyRs Ca** release.”® Their job is to sustain the Ca?* threshold
necessary to maintain the NFAT —NFAT, complexes within
the nucleus for extended transcription to fulfill cellular needs at
specified time points. A drop-off in intracellular Ca** levels sig-
nals the rephosphorylation of the NFAT complexes by initial
priming by dual-specificity tyrosine-phosphorylation regulated
kinases (DYRKs) particularly DYRK1A and DYRK2, recently
discovered regulators of NFAT.”” Once primed, they are fur-
ther subjected to rephosphorylation for export to the cyto-
plasm by glycogen synthase kinase 3 # (GSK-3), which acts to
fine-tune the NFAT signalingg8 (see Figure 3).

7. CaN-MITOCHONDRIA CONNECTION

The intrinsic and paramount role of mitochondria in orches-
trating cell survival and apoptosis has been well-documented.” %!
Studies over time have delineated several mechanistic pathways
of mitochondria and their tightly regulated control over cell
v1'ability.102 Members of the Bcl-2 family, BAX and BAD,
remain in an inactive state after phosphorylation by phos-
phokinases such as PKA, Akt, and Raf-1.'%7'% Therefore,
phosphorylation promotes cell survival and is employed by
various growth factors. CaN has been postulated to be a key
element in several of these pathways, particularly those favor-
ing apoptosis.'*® Its ability to dephosphorylate BAD activates
the pro-apoptotic factor to bind and complex with the mito-
chondrial membrane-bound anti-apoptotic factors, Bcl-2 and
BclxL.'"”” The dephosphorylation occurs at primarily two
serine residues of human BAD, s75 and $99.'”® This dephos-
phorylation causes BAD to dissociate from the protein 14-3-3
and relocate to the outer mitochondrial membrane (OMM).
The dimerization of BAD with Bcl-2 and Bcl-xL, (suppression
of pro-survival signals) prompt the translocation of BAX to the
OMM to initiate the formation of mitochondrial permeability
transition pores (mPTP) which exacerbate the apoptotic
cascade through the release of cytochrome ¢ from the mito-
chondria and result in execution of cell death by caspases 3, 6,
and 7.'%

As it has been elucidated that CaN plays a major role in
programmed cell death, would the changes in CaN expression
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Nucleus

Figure 3. Regulation of NFAT by CaN. CaN drives the transcrip-
tional role of the nuclear factor of activated T-cells (NFAT) following
activation by the calcium (Ca®") influx via voltage-gated calcium
channels (VGCCs). NFAT is hyperphosphorylated and therefore idle
in the cytoplasm (hence, NFAT.). CaN dephosphorylates its
N-terminal phosphosites and reveals its element binding domain
(EB). The Ca® influx triggers further release of Ca** from the
endoplasmic reticulum, driving the translocation of NFAT, into the
nucleus to partner with its nuclear counterpart, NFAT,. The complex
binds to its DNA site and transcribes neuronal requisites essential for
growth, maintenance, and survival. The transcription remains as long
as intracellular Ca** levels remain high (further maintained by calcium
release activated Ca®* channels or CRAC). The fall of Ca®* levels
activates dual-specificity tyrosine-phosphorylation regulated kinases
(DYRKs) and triggers the cessation of transcription by the NFAT .—
NFAT, complex. DYRKs dissociate the complex and prime NFAT,
for rephosphorylation by glycogen synthase kinase 3 8 (GSK-3”) and
relocation to the cytoplasm, where the next cycle begins contingent to
the next calcium drive.

affect this role? Such a query arises from the relatively higher
concentrations of the PP2B distributed in the brain. What role
would a denser population of constitutive CaN play in influ-
encing neuronal survival? Asai et al. went on to address this in
a study where they investigated how deeply integrated CaN
was in the intrinsic cell death pathway.''® What the group dis-
covered was that CaN predisposes neurons to the cyt c-caspase
3 dependent pathway more frequently in comparison to other
cells in the body. The elevated CaN levels (due to Ca®*
overload) render neurons to undergo apoptosis under even
normal cell conditions. Thus, Ca**-induced excitotoxicity
through NMDARs increased the probability of inducing cell
death due to the greater expression and sensitivity of CaN in
neurons.

Despite establishing CaN’s role in apoptosis, its inhibition
alone is not enough to prevent the same, and therefore other
mechanisms independent of CaN’s dephosphorylation of BAD
must exist.'"”” This curiosity fueled the search for alternative
CaN-linked pathways related to apoptosis. Falling in line with
CaN’s role in the intrinsic pathway of apoptosis is another
recently discovered component of mitochondrial dysfunction
also facilitated by CaN during cellular duress: dynamin-related
peptide 1 (DRP1). A cytosolic dynamin GTPase, DRP1 was
one of the initial fission proteins to be discovered, but an
understanding of its function still remains unclear.''’ Mito-
chondrial fission is often necessary during biogenesis of new
mitochondria, but it may also indicate dysfunction in the
organelle and trigger apoptosis.''> DRP1 is proposed to trigger

DOI: 10.1021/acscentsci.8b00230
ACS Cent. Sci. 2018, 4, 805-819


http://dx.doi.org/10.1021/acscentsci.8b00230

ACS Central Science

Caspase
cascade Fission

Apoptosis
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Figure 4. Calcineurin—mitochondrial (CaN—mitochondrial) connection. (A) At abnormally high calcium (Ca®") influx rates, such as during
elevated glutamate signaling, calcineurin (CaN) becomes highly active and triggers the pathway of apoptosis by dephosphorylating the pro-
apoptotic factor Bcl-2-associated death promoter (BAD) which translocates to the outer mitochondrial membrane (OMM) and dimerizes with the
anti-apoptotic factors B-cell lymphphoma-2 (Bcl-2) and B-cell lymphoma-extra large (Bcl-xL). The event spurs another pro-apoptotic factor, Bcl-2-
associated-X (BAX), to transition to the OMM and catalyze the formation of the mitochondrial permeability transition pore (mPTP). The
sustained high Ca’* load continues to maintain the opening of the mPTP, leading to the release of cytochrome ¢ and formation of the apoptosome,
culminating in the caspase cascade leading to apoptosis. (B) CaN has also shown to be involved in triggering mitochondrial fission by
dephosphorylating the dynamin-related protein 1 (DRP1). DRP1 translocates to the OMM, forms puncta, and constricts the mitochondria with an
oligomeric chain and splices the organelle similar to vesicular cleavage by dynamin. The fission of mitochondria is thought to come before the
release of cytochrome c, leading to dysfunction and triggering apoptosis or necrosis based on the rate and severity of the event. Evidence has shown
that mitochondrial fission is indicative of mitochondrial dysfunction, and the spherical mitochondrial debris void of cytochrome c implicates the
occurrence of cell death pathways.

mitochondrial fission by transferring to the OMM surface and 8. CALCINEURIN: ROLE IN NEUROLOGICAL
forming puncta of DRPI to form an oligomeric chain that DISORDERS

constricts mitochondria to facilitate fission.''® This event resem- . . . o
. ) 4 o The complexity of neurological disorders makes it difficult to
bles to the way dynamin cleaves endocytic vessels. * Being a

GTPase i ‘ DRP1 GTP-hvdrolvsis ¢ s dissect and diagnose the underlying etiology. However, certain
ase in nature, ses -hydrolysis to cause scission . . ; ) .
of mitochondria through tille isting r}rllover);ulent of t}lie chainll s etiologies ranging from dysfunctional VGCCs to disturbed

) i ) mitochondrial dynamics have been common hallmarks of sev-
CaN mediates  the dephosphorxlatlon at s637 requlFefiA to eral neurological disorders.'”>'** Keeping in perspective that
activate DRP1 and translocate it to the OMM to initiate

e o Ca’" is the engine the drives nearly all neuronal processes it is
fission.” " However, controversy surrounds whether it is BAD- therefore worth investigating mediators that are intimately and
BclxL dimerization or mitochondrial fission that transpires

- et e > heavily dependent on Ca** signaling, such as CaN.*' CaN, being
prior to eliciting cell death.””” Some studies suggest that BAX an integral sensor and regulator of Ca’* flux, may be deeply

activation and cytochrome ¢ release follow fission in mam- involved in many neurodegenerative disorders. The following
malian cells.""® Other studies point to the overexpression of sections explore the involvement of CaN through the spectrum

Bik, triggering CICR that fission occurs following Ca2".""? The of neurological disorders.
lack of evidence of elongated mitochondrial void of cyto- 8.1. Ischemic Stroke. The global burden of stroke is a
chrome ¢ resulting from mitochondrial fusion suggests that major medical concern that continues to rise in the oncoming
fission, not fusion, is more involved in apoptosis.'*” This makes years.'>* It currently ranks as the second highest cause of mor-
sense as healthy cells require the fusion process to create a tality worldwide for the elderly population aged 60 years or
dynamic interconnected network and therefore take on an older."”® Ischemic stroke accounts for nearly 83% of strokes
elongated morphology in contrast to the spherical shapes (the rest being hemorrhagic and transient in nature).'** Needless
encountered in mitochondrial fission'?’ (see Figure 4). to say, more efficient therapy is in dire need to treat patients
This pivotal role of CaN in the intrinsic apoptotic signaling facing a narrow therapeutic window. A glance at the etiology
pathway further emphasizes the importance of the balance shows that stroke, particularly ischemic stroke, is encompassed
between phosphorylating and dephosphorylating events that by excitotoxicity, oxidative and nitrosative stress, inflammation,
dictate the fate of a cell. and edema.'””~"*” Cerebral ischemia expresses a cumbersome
811 DOI: 10.1021/acscentsci.8b00230
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pathology that threatens neuronal viability not only during
ischemia but after reperfusion as well; the underlying mecha-
nisms have been well-delineated over the years."””'*°~"** The
ischemic phase sets the stage for cell damage as acidic condi-
tions trigger various membrane pumps to dysfunction and
thereby elicit heightened depolarization (Na*—H" exchanger
pumps more Na*, the Na*/K" ATPase slows down, while Na*/
Ca®" exchanger reverses and raises intracellular Ca** levels).
Due to the elevated intracellular Ca®>" load, CaN has been
reported to be elevated during cerebral ischemia.''® Reperfu-
sion also entails Ca** overload (by reduction of extracellular
H" levels and therefore accelerating Na*/H" exchange and in
turn more Ca®" loading via Na*/Ca®" exchange) and conse-
quently further elevates CaN activation. There is also greater
Ca’" uptake by the mitochondria beyond the capacity via the
mitochondrial Ca** uniporter (MCU) due to restoration of the
electrochemical potential.'*® Often referred to as the “oxygen
paradox”, this oxidative burst has been believed to be the
culprit behind mPTP formation, and reperfusion often sends
the cell mainly through necrotic/necroptotic signaling along
with apoptotic signaling contingent on the extent of Ca** load-
ing along with duration and severity of the ischemic milieu.'**

During the reperfusion phase, studies have discerned CaN’s
ability to dephosphorylate BAD and induce apoptosis.'”” Fur-
thermore, CaN also dephosphorylates DRP-1 to induce
mitochondrial fission and trigger apoptosis (see Table 1).1¢
Many of the mechanistic pathways still remain cryptic, and an
understanding of CaN’s behavior throughout not only cerebral
ischemia but also other neurodegenerative pathologies is diffi-
cult to pinpoint. However, a crosstalk of CaN with other biologi-
cal molecules during cerebral ischemia may be proposed. In
summary, CaN seems to play an integral role in ischemic
stroke through the elevated Ca** influx, by virtue of activating
several markers involved in mitochondrial and subsequent
apoptotic signaling,

CaN seems to play an integral
role in ischemic stroke through
the elevated Ca®" influx, by virtue
of activating several markers
involved in mitochondrial and
subsequent apoptotic signaling.

8.2. Alzheimer’s Disease (AD). The global burden of
Alzheimer’s disease (AD) is a major concern as 47 million AD
patients have been diagnosed worldwide.'>> The most preva-
lent neurodegenerative disease (and predominant cause of
dementia) is projected to grow to 76 million cases by 2030.
Often reported to impair brain histology, cognitive functions,
and behavior as well as deeply impacting the physical, emo-
tional, and financial lifestyle of patients and their close ones,
AD is the most lethal and complicated cause of dementia.'*
The ever-controversial pathology of AD has been hallmarked
by accumulative lesions of two degenerate proteins, amyloid-f
(Ap) and 7, and have been extensively studied."*”"** As AD is
a disease where memories become lost, and CaN is a crucial
protein deeply associated with learning and memory, this link
therefore warrants a deeper investigation. Several studies
honing on amyloidosis have detected abnormally high levels of
CaN localized around the Af lesions and furthermore have
detected the same in astrocytic processes enveloping amyloid
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Table 1. Summary of Calcineurin’S Role in Neurodegenerative Disorders

neurodegenerative

potential role of calcineurin (CaN)

pathology involved

disorder

calcium-driven BAD and DRP1 dephosphorylation leading to mitochondrial dysfunction and cell death pathways;

ischemia/reperfusion injury, excitotoxicity, oxidative stress,

stroke

116

107

elevated neurotransmitter exocytotic kinetics

inflammation, mitochondrial dysfunction

141

mediated LTP"*’

dysfunction and neuronal death; CaN accelerates dendritic spine loss and neuritic dystrophy; CaN increases
elevated nuclear translocation of NFAT by CaN and increased inflammatory cascade

Ap lesions trigger greater glutamate signaling and calcium excitotoxicity and drives CaN toward mitochondrial
CaMKII dephosphorylation, decreasing AMPAR-

proteinopathy: neurofibrillary tangles, f-amyloid (Af) plaques,
neurotransmitter imbalance, inflammation

Alzheimer’s disease

98,145

proteinopathy: a-synuclein, neurotransmitter imbalance

Parkinson’s disease

n; greater dephosphorylation at s421

50

1
)

1

ngti

mitochondrial dysfunction due to excessive NMDAR activation by hunti
of huntingtin shows disrupted axonal disruption and BDNF transport

CAG expansion repeats leading to mutant huntingtin
accumulation

Huntington’s disease

; CaN fails to dephosphorylate TDP-43 after

N via calcium overload,

Y’ 'Ci% 57

mitochondrial dysfunction driven b
poorly binding to mutant SOD 1"°

excitotoxicity

SOD 199%%),
autoimmune inflammatory demyelination,

proteinopathy: TDP-43, C9orf72, and mutant superoxide
dismutase (

amyotrophic lateral
sclerosis

1 ysfunction and

es; mitochondrial d

neuroinflammation through CaN-activated NFAT transcription of cytokin

CaN is involved in a the cycle of autoimmune T-cell-induced glutamate excitotoxicity that exacerbates
apoptosis; CaN may also drive exocytosis of glutamate at axonal terminals

multiple sclerosis

159

36,10

161

7

160,162
ry milieu by signaling for cytokine release and astrocyte and microglial

37

9

in the subsequent excessive neurotransmitter due to contributions to exo-/endocytosis processes

greater glutamate signaling and calcium excitotoxicity

CaNy subunit absence

CaN initiates astrocyte activation by NFAT transcription and worsens the inflammation; it may also be involved
activation

altered synaptic cycling and exocytotic kinetics of neurotransmitters like dopamine, glutamate, and GABA by
CaN may sequester GABA, receptors and increase neuronal excitability; mitochondrial dysfunction through

elevated NFAT exacerbates the inflammato

and impairment, consequential neurotransmitter imbalance

activation, oxidative and nitrative stress

mitochondrial dysfunction

neurotransmitter imbalance (dopamine, glutamate, and GABA),
impairment

neurotransmitter imbalance, cerebrovascular injury and
focal/global physical injury, axonal injury, cerebrovascular injury
astrocytic and microglial activation, cytokine release and T-cell
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deposits."*” Certain studies report CaN to become aberrant
due to the calcium overload triggered by Af oligomer manipu-
lation of glutamate—degendent cascades, though the mecha-
nisms remain unclear."*” CaN seems to become dysregulated,
upregulating the NFAT translocation and transcription,
causing dendritic spine loss and neuritic dystrophy, changes
that lie in complete contrast to homeostatic CaN-dependent
NFAT that underlies axonal growth, elevated dendritic branching,
and overall neuronal survival. Deregulated CaN also increases
CaMKII dephosphorylation, which downregulates AMPAR-
dependent LTP. This imbalance between the two enzymes
results in greater LTD, synapse weakening, and memory loss
(see Table 1)."*" Thus, deregulated CaN may spur dendritic
spine loss, dysregulate AMPAR-mediated LTP, and trigger
apoptosis through mitochondrial-mediated pathways.

8.3. Parkinson’s Disease (PD). PD follows AD as the
second most burdensome neurodegenerative disease world-
wide affecting a wide range of age groups: from 41 per 100 000
in the fourth decade to over 1900 per 100000 for elderly
above 80 years of age.'*

PD is the most notorious movement disorder plagued by
inclusions of aberrant a-synuclein in both the perikaryon and
the processes of dopaminergic distributed throughout the sub-
stantia nigra pars compacta region.'*’ Studies have reported
altered and abnormal Ca’' signaling induced by the syn-
ucleinopathy en route to weakening of LTP and memory
impairment.'** CaN, deeply involved with LTP and memory
formation, compellingly points to a link in PD. A study elicited
CaN’s confounding switch between protective Ca** regulation
to a cascade of downstream sequences that exacerbate the tox-
icity perpetuated by a-synuclein.'** The study also witnessed
enhanced nuclear localization of NFAT 4 in the brains of PD
patients. This association of NFAT to PD further bolsters
elevated cytosolic Ca®* load and the failure of CaN. This may
be due to several mechanisms unexplored at the time. How-
ever, it may be proposed that elevated Ca®* due to a-synuclein
may be responsible for overactivating CaN which drives it
toward LTP weakening.44 Meanwhile, sustained Ca®* load
prevents the rephosphorylation of NFAT and may explain its
retention in the nucleus.”® The consequent inflammatory sig-
naling interferes with synaptic connectivity and neurotrans-
mission, exacerbating neuronal survival (see Table 1). Thus,
CaN seems to entail LTP weakening, prolonged NFAT-
mediated inflammation, and the consequential breakdown of
neurotransmission.

8.4. Huntington’s Disease (HD). Hallmarked by the death
of medium spiny neurons of the striatum and the consequen-
tial aggressive progression of motor, cognitive, and behavioral
decline, HD is now the most common monogenic brain
disorder in developed nations (Europe and North America)
with a prevalence of nearly 10 times more than that of Asian
nations.'** The CAG expansion (beyond 35 repeats) in the
gene responsible for the production of huntingtin (HTT)
protein has been discovered in nearly 90% of HD patients.
Pathology manifests through the aberrant splicing pattern of
HTT fragments, particularly those accumulating in HTT exon
1 protein.147 However, the pathology comprises proteins
involved in a vast array of neuronal functions, from regulating
the cell cycle to cell signaling, emphasizing the complexity of
HD and the quest for more promising therapeutic targets. A
link between CaN and HD, associating elevated levels of the
phosphatase in the disease after NMDAR activation triggering
the intrinsic apoptotic pathway, has been reported."*” Studies
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have pointed to the phosphorylation of s421 evincing an
inverse relationship with disease susceptibility."** Greater dephos-
phorylation of s421 seems to disrupt the axonal transport and
diminished BDNF transport, promoting neurodegeneration;
the inhibition of CaN increased phosphorylation of s421
thereby restoring antero- and retrograde axonal transport in
mutant HTT."*" Mutant HTT has also shown to downregulate
CaN and trigger hyperphosphorylation of 7 protein in another
study without any noticeable changes in 7 kinases (see Table 1).">!
It can therefore be proposed that elevated CaN, due to hyper-
activation of NMDARs (induced by mutant HTT), seems to
disrupt axonal and BDNF transport and triggers mitochon-
drial-mediated apoptotic pathways.

8.5. Amyotrophic Lateral Sclerosis (ALS). ALS is an
age-dependent insidious and fatal motor neuron (MN) disease
of the cortex, brain stem, and spinal cord, encompassing
damage to both upper and lower motoneurons. It has a current
global prevalence of 1.9 per 100 000 that threatens to amass by
69% by 2040.">* Along with the recent breakthrough discovery
of a genetic culprit of ALS (an intronic hexanucleotide expan-
sion in the C9orf72 gene), the predominance of pathological
studies revolve around proteinopathies and Ca®* overload
excitotoxicity brought about hyperactivated glutamatergic
signaling, mainly a ramification of the lack of GluR2 subunits
and heightened permeability in AMPARs.">>'** The altered
intracellular Ca®" milieu sets off a Ca®"-dependent cascade, still
not clearly understood, which culminates in cell death. The
affected neurons eventually lose their Ca** buffering capacities,
and therefore, mitochondrial dysfunction and apoptosis via the
intrinsic pathway have been reported.'>> CaN has shown to be
highly involved in triggering this pathway during Ca®* over-
load. Plaques of trans-activating response region DNA binding
protein (TDP-43) have been depicted in nearly 90% of ALS
cases, and Liachko et al. have found that dephosphorylation of
TDP-43 at sites s409/410 by CaN helps to limit toxic protein
accumulation.”*® Kim et al. shed further light on the inter-
action between TDP-43 and CaN when the group observed
weakened dephosphorylation of TDP-43 by CaN after its poor
binding with mutated superoxide dismutase 1 (SOD 16934 157
Furthermore, TDP-43 pathology is now believed to drive ALS
progression along with being a factor in other proteinopathies
like AD and PD (see Table 1). CaN seems to therefore exac-
erbate neuronal damage through its role in mitochondrial
dysfunction as well through its failure of limiting the intra-
cellular toxic TDP-43 levels due to interfering binding by
SOD 169

8.6. Multiple Sclerosis (MS). MS is a chronic, autoimmune
inflammatory neurodegenerative disease that plagues about
2.5 million people worldwide.">® Glutamate-induced excitotox-
icity has been implicated to be a driving force in neuronal
death. Studies report that inflammatory cells in foci ensuing
autoimmune inflammatory insult are a major source of extra-
cellular glutamate, releasing it via cysteine/glutamate trans-
porters Xc™.">” The surplus glutamate not only further acti-
vates more T-cells via their upregulated expression of NMDAR:s,
but it also triggers the rapid influx of Ca®" in neuronal cells that
accelerates pro-apoptotic signaling. CaN is speculated to play a
role in MS by virtue of the large intracellular Ca** load driving
it to facilitate the intrinsic pathway and mitochondrial dysfunc-
tion.'”” Tt also can be postulated that excitotoxicity drives the
exocytotic kinetics through the activated CaN and synapsin 1
complex to release greater glutamate, which fuels the vicious
T-cell-mediated autoimmunity and exacerbates excitotoxic milieu
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in neighboring neurons (see Table 1).*>"*” CaN, by virtue of
Ca’ overload, seems to accelerate pro-apoptotic signaling as
well drive the excess exocytosis of glutamate into the synapse,
exacerbating inflammation-induced neurodegeneration. Such a
cascade may deserve deeper investigation in future studies
concerning MS and the role of CaN.

9. OTHER NEURODEGENERATIVE DISORDERS

CaN is involved in other intricate neurological pathologies
(Table 1). Knockdown of the CaNy subunit has shown to alter
synaptic vesicle cycling and has shown to cause psychiatric
disorders like schizophrenia.”” In an epileptic study, CaN has
shown to augment neuronal excitability by greater endocytosis
and internalization of GABA, receptors, disturbing the
excitatory/inhibitory equilibrium to prevent inhibitory actions
of GABA that mitigate the synchronous neuronal discharge
responsible for seizure activity. ®” The same study also showed
the prevention of mitochondrial dysfunction by inhibition of
CaN with cyclosporin A (CsA), a cyclophilin D binding drug
that complexes with CaN to render it inactive and thereby
preventing the opening of mPTP. A study based on traumatic
brain injury (TBI) showed how the CaN/NFAT pathway
following TBI induced astrocyte activation that further com-
pounded the inflammatory environment and escalated neuro-
nal damage.161 Neuroinflammation is a major component in
CNS disorders and acute and chronic brain injury. Inhibition
of CaN mitigated the detrimental activation of NFAT that
transcribes inflammatory markers and recruits astrocytes and
glial cells to the site of injury. In neuroinflammation studies,
CaN plays both anti- and pro-inflammatory roles based on its
interactions with transcription factors and displays a complex
but unique dichotomy in mediating inflammatory milieu. For
instance, it can associate with NFAT and activator protein 1
(AP1) to activate T-cells while inducing their anergy and toler-
ance by associating NFAT with forkhead box P3 (FOXP3).” In
conjunction, activation of Nuclear Factor kB (NFxkB) and
NFAT triggers the transcription of cytokines, activating astro-
cytes and microglia while promoting T-cell expansion in the
CNS tissue, ultimately leading to inflammation-mediated neu-
ronal damage and cell death.'®

10. IMMUNOSUPPRESSION OF CaN AND ITS
EFFECTS ON THE BRAIN

CaN inhibitors (CNIs), namely, cyclosporine A and tacrolimus,
have been immensely utilized in the field of organ trans-
plantation, becoming the cornerstone therapy for preventing
immune rejections.163 However, their effects on the brain
remain a concern. CNI therapy used in kidney transplant
patients has elicited neurological symptoms such as recurrent
headaches, tremors, seizures, extrapyramidal syndrome,
encephalopathy, and posterior encephalopathy syndrome.'®*
Other clinical studies have shown neurotoxicity with the
initiation of CNI therapy.'®>'% A recent study focusing on the
neural effects of CNIs in orthotopic liver transplant patients by
Pflugrad et al. showcased cognitive decline and altered brain
structure.'®® The neurological adverse reactions observed in
CNI therapy further emphasize the complex role of CaN in the
brain. Inhibiting CaN with CNIs alone to treat neurological
disorders is still up for debate and requires extensive investi-
gation to overcome the associated neurotoxicity. Furthermore,
safer drugs void of neurotoxic side effects are desperately
required in organ transplantation.
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There are certain risk factors that can be assessed prior to
organ transplantation that may help avoid possible neurologic
complications. Encephalopathy, although often indicated in
solid organ transplant patients, can be assessed by varying
characteristic abnormalities observed in magnetic resonance
imaging (MRI). For instance, altered signal changes can be
observed in the insular and cingulated cortices with relatively
lesser changes in occipital and perirolandic cortex may indicate
possible neurotoxicity.'°® Other diagnostic suggestions involve
the requirement for more sensitive Doppler devices to monitor
intracranial pressure noninvasively, monitoring of EEG levels
post-transplant, and impaired verbal and motor responsiveness
without electrolyte imbalance, tinnitus, or hearing loss
(improved after discontinuation of tacrolimus).'®”Alternative
therapies to CNI involve monoclonal antibodies (belatacept),'**
combinations of mycophenolate mofetil and sirolimus,'®” along
with newer CNI-free therapies in the pipeline.'”” CNI-free
immunosuppressant therapy may prove to be beneficial in
organ transplant patients in the future.'”"

11. CONCLUSION

Neurodegenerative disorders present a major conundrum in
medical science. The complex neuropathologies, despite shar-
ing common pathological manifestations, arise from dysregu-
lated crosstalk and genetic expressions that are difficult to
trace. Some biological molecules involved in regulating much
of the neuronal functions may be honed in on as potential
therapeutic targets. CaN is one such target that is inveterate to
running essential neuronal components such as regulating Ca>*
homeostasis and Ca®*-dependent downstream processes,
synaptic plasticity, neurotransmission release, and synaptic
cycling. Furthermore, it is involved in regulating transcription
processes and the overall neuronal survival, operation, and
maintenance. Due to such a diversified and crucial biological
role, CaN may lie at the crux of many neurodegenerative disor-
ders. From stroke to proteinopathies to inflammatory patholo-
gies, CaN has been reported in underlying mechanistic path-
ways. However, it is rather perplexing to pinpoint whether
CaN serves to protect and salvage neurons during neurological
disorders or whether it perpetuates neuronal damage. The
convoluted pathways of CaN exhibit its rescue of one aspect of
the cell while deteriorating another during neuropathic con-
ditions. Furthermore, some pathways are not truly delineated
due to their erratic and volatile dispositions. Retentive in mind
should also be that simple inhibition of an endogenous mole-
cule as vital as CaN is to neuronal function alone may bring
more harm than good in neurotherapy. Although many of the
signaling cascades remain to be elucidated, and manipulating
CaN may seem daunting, CaN warrants a deeper investigation.
By bringing a greater focus to understanding its roles, it may be
possible to strategize methods to modulate CaN as a potential
therapeutic target to alleviate neurological disorders.
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