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ABSTRACT: For the last two decades, most efforts on new drug (B) CGP37157
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development to treat Alzheimer's disease have been focused to inhibit the Tfifunctional /ﬁ\g
S

synthesis of amyloid beta (Af3), to prevent Af deposition, or to clear up Af neuroprotective
plaques from the brain of Alzheimer's disease (AD) patients. Other pathogenic compound

mechanisms such as the hyperphosphorylation of the microtubular tau protein (A) Nimodipine

(that forms neurofibrillary tangles) have also been addressed as, for instance, @NOZ R

with inhibitors of the enzyme glycogen synthase-3 kinase beta (GSK3p). R 7 £ oo

However, in spite of their proven efficacy in animal models of AD, all these . o,

compounds have so far failed in clinical trials done in AD patients. It seems >
therefore desirable to explore new concepts and strategies in the field of drug v (C)Resveratrol "
development for AD. We analyze here our hypothesis that a trifunctional OH
chemical entity acting on the L subtype of voltage-dependent Ca®" channels L

(VDCCs) and on the mitochondrial Na*/Ca®* exchanger (MNCX), and

having additional antioxidant properties, may efficiently delay or stop the death of vulnerable neurons in the brain of AD patients.
In recent years, evidence has accumulated indicating that enhanced neuronal Ca®" cycling (NCC) and futile mitochondrial Ca**
cycling (MCC) are central stage in activating calpain and calcineurin, as well as the intrinsic mitochondrial pathway for apoptosis,
leading to death of vulnerable neurons. An additional contributing factor to neuronal death is the excess free radical production
linked to distortion of Ca** homeostasis. We propose that an hybrid compound containing a dihydropyridine moiety (to block L
channels and mitigate Ca®* entry) and a benzothiazepine moiety (to block the MNCX and slow down the rate of Ca*" efflux
from the mitochondrial matrix into the cytosol), as well as a polyphenol moiety (to sequester excess free radicals) could break
down the pathological enhanced NCC and MCC, thus delaying the initiation of apoptosis and the death of vulnerable neurons.
In so doing, such a trifunctional compound could eventually become a neuroprotective medicine capable of delaying disease
progression in AD patients.

KEYWORDS: Alzheimer's disease, neuronal calcium cycling, mitochondrial calcium cycling, calcium and cell death,

L-type calcium channel, mitochondrial sodium—calcium exchanger, functional tetrad, multitarget compounds, neurotoxicity,
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he calcium ion (Ca®*) acts as an ubiquitous intracellular Ca® pump and the Na/Ca®" exchanger. Thus, there are two

messenger to regulate a pleiad of physiological functions. “Ca’* circuits” that we will refer to in this review as neuronal
Being a divalent cation that binds to multiple proteins, ion Ca® cycling (NCC) and mitochondrial Ca** cycling (MCC).
channels, and receptors, together with the existence of a four These Ca?* circuits serve to regulate important neuronal
order magnitude gradient from the extracellular to the functions such as the synaptic release of neurotransmitters, or
intracellular space, makes Ca’ a suitable messenger. In the respiration rate of mitochondria by Ca?'-dependent
excitable cells and particularly in neurons of the central nervous dehydrogenases, that couple bioenergetics through ATP

system that are continuously firing action potentials at various
frequencies, Ca** ions undergo an endless cycling of Ca®" influx
through plasmalemmal Ca*" channels, its intracellular buffering
by Ca’* binding proteins (CBPs) and organelles, particularly

synthesis to neuronal activity. Disruption of NCC and/or
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MCC will enhance the vulnerability of neurons to various
stressors, leading to necrotic and/or apoptotic death of the
vulnerable neurons in neurodegenerative diseases and stroke.
To better understand how NCC and MCC are affected in those
vulnerable neurons, in this review we should first describe the
fine-tuning of the ion channels and transporters that maintain
the equilibrium of cell Ca** homeostasis under physiological
conditions. We will then focus on the implications of Ca®"
dysregulation in Alzheimer's disease (AD). Finally, we will
describe our hypothesis for the development of a novel
multitarget neuroprotective medicine for AD.

B CALCIUM SIGNALING AND CALCIUM CYCLING IN
NEURONS

The increase of local cytosolic Ca** concentrations ([Ca®*].)
during cell activation is determined by Ca** entry through
plasmalemmal Ca’* channels, by its sequestration into and its
subsequent release from organelles, and by Ca*" efflux through
plasmalemmal pumps (Figure 1). Ca®* signaling becomes

Figure 1. Changes of cytosolic Ca** concentrations ([Ca**].)
occurring during cell activation are determined by Ca* entry through
voltage-dependent Ca®* channels (VDCCs) or other plasmalemmal
Ca’* channels, its redistribution into endoplasmic reticulum (ER) and
mitochondria (MIT), and its ejection to the extracellular space
through Ca®* pumps. The rate of this Ca** cycling is a function of cell
activity and its bioenergetic demands, which are controlled by
mitochondrial Ca®* cycling,

quantal at the molecular level as very high [Ca®']. are required
for triggering certain Ca®* dependent processes for instance,
fast neurotransmitter release. Although the [Ca*']. peaks
measured with Ca** probes are usually underestimated, it is
accepted that highly localized and transient high [Ca®'],
microdomains occurs underneath the plasmalemma, nearby
the exocytotic machinery.'™* The likelihood for generation of a
high Ca** microdomain augments drastically with the
coincidence in time and space of the opening of various Ca*"
channels upon action potential firing. These localized [Ca®'].
transients may also be favored by Ca**-induced Ca’* release
(CICR) from the endoplasmic reticulum (ER), through both
ryanodine receptor (RyR) and inositol tris-phosphate receptor
(InsP;R) channels.” Furthermore, the formation of Ca>*
microdomains may also be favored by the geometric disposition
of ER, mitochondria, nucleus, secretory vesicles, or dendritic
spines.é_10 Thus, the Ca®" signaling system is organized to
favor the generation of large [Ca’*]. microdomains that are
highly localized in space and time. This allows the regulation of
several functions using the same triggering signal, but with
different subcellular locations and time patterns.

At each moment of cell activity, Ca** homeostasis is defined
by fluxes between three compartments, that is, the extracellular
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milieu, the cytosol, and the Ca“—storing organelles. Much
information on Ca® fluxes occurring during activation of
neurosecretory cells and their correlation with vesicle flow and
exocytosis have been obtained in adrenal medullary chromaffin
cells, that are excellent models of catecholaminergic neu-
rons. '? At rest, these fluxes are small, with exchange rates in
the range of 1-10 umol/L cells/s, both at the plasma
membrane and ER membrane. Mitochondrial Ca** uptake
through the uniporter (MCU) is very slow because of its low
Ca’" affinity and its exponential kinetics. The [Ca®*]. at steady
state is in the range of 1077 M in the cytosol and the
mitochondrial matrix, and around 10~ M at the extracellular
milieu and at the ER lumen; thus, very high gradients of about
10*fold exist favoring Ca** diffusion into the cytosol.

When voltage-dependent calcium channels (VDCCs) open
during an action potential, peak inward Ca®" currents of about
800 pA develop (equivalent to 2000—3000 pmol of Ca**/L
cells/s). At low stimulation, the rates of diffusion through the
cytosol and binding by endogenous buffers are the main
determinants of the Ca** signal; * under these low stimulation
conditions, the [Ca*"]. reaches the level of 107° M and
clearance by the high-affinity Ca** pumps (plasma membrane
and SERCA) dominates. At high stimulation rates, [Ca**]_ may
reach levels high enough to stimulate transport through MCU;
under this condition, most of the Ca** load is taken up by
mitochondria."*™*¢ For depolarizations with 10 s pulses of high
K', more than 90% of the Ca®>* load is taken up by
mitochondria during the stimulation period; once stimulation
ceases, mitochondrial Ca** is released into the cytosol during a
period of seconds or minutes.'*" In this manner, the [Ca®*].
remains discretely elevated during this period and this may help
to mobilize secretory vesicles from the reserve pool toward the
membrane, thus becoming ready to be used for the next
exocytotic episode.®> In addition, Ca?* accumulated in
mitochondria stimulates respiration and ATP synthesis.'”'®
This may help to provide extra energy for maintaining the
exocytotic release of neurotransmitters under intense stim-
ulation and to clear up the Ca® load, thus restoring cell
homeostasis after the activity period.

Since high-Ca®>" microdomains are particularly pronounced
nearby the inner mouth of VDCCs, mitochondrial Ca** uptake
could take place locally at these places during physiological
stimulation. This is suggested by the fact that anterior pituitary
cells that exhibit spontaneous action potentials and [Ca®*].
oscillations also show parallel oscillations of Ca®* concen-
trations inside the mitochondrial matrix ([Ca®*‘],)." Fur-
thermore, during stimulation of chromaffin cells, the Ca®"
entering through VDCCs is taken up by a pool of mitochondria
located close to the plasma membrane. This stops the
progression of the Ca** wave toward the cell core. The rate
of Ca’" uptake into subplasmalemmal mitochondria measured
as [Ca?"]. units is higher than 50 uM/s; this indicates that this
mitochondrial subpopulation, so-called MI, is seeing local
[Ca®*]. underneath the plasmalemma of as much as 30 M. On
the other hand, the inner mitochondria subpopulation, so-
called subpopulation M2, takes up Ca®" at a much lower rate,
namellzf,1 90.3 UM/s, equivalent to [Ca**]. of 2 uM at the cell
core. ”’

The CICR may modulate or amplify the Ca*" signals
generated by Ca’* entry through VDCCs. Thus, measurements
of the variations of the [Ca**] at the ER ([Ca®'],,) during
stimulation with high K* shows net decreases of 60—100 uM,
about 10—15% of the total ER Ca** content.” This may seem a
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small amount of Ca**; however, this averaged value may be
composed of strong liberation in some cell compartments that
is compensated by strong uptake in others. In addition, the
strength of CICR may be under regulation, since it was
sensitized by low caffeine concentrations or by increasing the
load of ER Ca*". On the other hand, fast confocal measure-
ments showed that the wave of Ca®* induced by 100 ms
depolarizing pulses was delayed and reduced in ryanodine-
treated chromaffin cells.”® CICR seems to colocalize with
plasmalemmal VDCCs and the mitochondrial M1 pool that
undergoes large [Ca®],, changes during depolarization.

On the basis of experiments performed on chromaffin cells,
we raised the hypothesis for the existence of complex functional
units clustering together the VDCCs, the cytosolic CBPs, the
MCU, and the ER RyR (Figure 2). This functional tetrad could

Figure 2. Chromaffin cell Ca®* cycling and its cytosolic concentration
([Ca®*],) at a given moment during cell activation are determined by a
functional tetrad composed of voltage-dependent Ca®* channels
(VDCCs), Ca**-binding proteins (CBPs), the endoplasmic reticulum
(ER), and mitochondria (MIT). This functional tetrad controls the
generation of high-Ca®" microdomains (HCMDs) at subplasmalemmal
exocytotic sites, to trigger the exocytotic release of catecholamine
during cell activation.

be responsible for the generation of the local high [Ca®].
transients that control the rate and extent of catecholamine
release. These transients may reach concentrations of about 50
UM at the subplasmalemmal region where the secretory vesicles
are docked. The Ca®" channel will act as the trigger, the RyR as
the signal amplifier, and the mitochondrion as a contention wall
that avoids propagation of the high-Ca®" tide to the cell core,
where such a large Ca* signal is not required. In addition, Ca**
taken up by mitochondria stimulates respiration, thus tuning up
energy production to support the increased requeriments of the
exocytotic activity. The respiratory activity will lag behind the
cessation of cell activity until the mitochondrial Ca** load is
completely cleared. Mitochondria from the M2 subpopulation
may play an additional role in redistributing Ca** to deep
regions of the cytosol. Thus, much of the Ca®" that enters
mitochondria at subplasmalemmal sites (pool M1) may diffuse
through the mitochondrial matrix to other cell locations and be
eventually extruded from mitochondria near the cell core. In so
doing, this mitochondrial Ca** release would contribute to keep
[Ca?"], discretely increased during the poststimulus period,
perhaps facilitating the transport of new vesicles from a reserve
pool to a ready-release vesicle pool and an immediate-release
vesicle pool to refill the ready-release vesicle pool underneath
the plasma membrane.”!
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We can speculate that if either the location or the Ca®*
uptake properties of mitochondria in those functional tetrads
could be modulated, this would be an effective strategy to
regulate the exocytotic process and, hence, the release of
neurotransmitters and synaptic plasticity. Thus, under patho-
logical conditions, that is, excitatory neurotoxicity, ischemia—
reperfusion in stroke, aging, or neurodegenerative diseases,
mitochondrial damage may reduce their ability to take up Ca*".
This could lead to increased secretion of excitatory neuro-
transmitters and increased neuronal activation, a vicious circle
that may trigger Ca*"-dependent processes leading to necrosis
or apoptosis. Changes in CICR could also modulate the
synaptic efficacy under physiological or pathophysiological

conditions.

B CALCIUM DYSREGULATION IN ALZHEIMER'S
DISEASE

AD is characterized by the progressive impairment of higher
cognitive function, memory loss, and altered behavior.*> The
pathological hallmarks were already described in the original
report of the disease;*> they are characterized by the presence
of senile plaques composed of extracellular amyloid beta (Af)
peptide aggregates, intracellular neurofibrillary tangles formed
by hyperphosphorylated tau protein deposits, and the shrinkage
of the cerebral cortex due to extensive neuronal loss.**

The mechanisms involved in the formation of Af and
hyperphosphorylated tau, and the relationship between them
are not yet clear. It is known that Ap aggregation and
neurotoxicity augment in the presence of acetylcholinesterase
(AChE).* On the other hand, when hyperphosphorylated by
glycogen synthase kinase-3-beta (GSK3f), tau detaches from
the microtubulules, disrupts axonal transport, and contributes
to Af neurotoxicity.26 In addition to GSK3p, Ap also elicits the
activation of cyclin-dependent kinase S (CDKS) and
extracellular signal-regulated kinase 2 (ERK2), leading to tau
hyperphosphorylation and ultimately to apoptosis.””

Most efforts on new drug development are being made in the
context of the dominant model to explain the pathogenesis of
AD, the amyloid hypothesis, which attributes the increased
production of Af,, (or increase in Af,,—Ap,, ratio), the major
cause of neural and synaptic loss.”® In support of the hypothesis
are the following findings: (1) accumulation of amyloid plaques
in the brain of AD patients; (2) the familial AD cases that result
from missense mutations in amyloid precursor protein (APP);
and (3) the familial cases resulting from missense mutations in
presenilins, which form a catalytic subunit of the APP-cleaving
enzyme y-secretase. The amyloid-targeting therapies have been
the main focus of AD drug development for the last 20 years.
However, clinical trials with compounds targeting Af have
repeatedly failed; thus, additional targets beyond Af need to be
seriously considered for developing new medicines to treat AD
patients..29

Since the initial proposal of a Ca** imbalance as a cause of
neuronal degeneration in AD,*® much evidence has accumu-
lated to substantiate this hypothesis.>' >® One potential
connection between Ca’* and AD pathogenesis comes from
the observation that Af oligomers can form Ca**-permeable
channels in membranes®’ (Figure 3). Vulnerable cells in
conditions of energy deficit, enhance the ability of Af to
associate with membranes.®® This is consistent with the fact
that neurons with reduced cytosolic ATP levels are particularly
vulnerable to Af toxicity.”> This is in line with recent data
obtained with in vivo Ca®* imaging experiments performed with
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[Ca™ ],

Figure 3. Ca” dysregulation is central stage in neuronal vulnerability
and death in AD. Various distorted Ca®* entry pathways in the
plasmalemma can give rise to neuronal Ca?* overload, that is, amyloid
beta (Af), the newly discovered Ca** channel CALHM1, NMDA, and
AMPA receptors for glutamate (NMDAR and AMPAR), and the
neuronal L subtype of voltage-dependent Ca** channels (VDCCs).
Ca*" release from the endoplasmic reticulum (ER) may also contribute
to [Ca?*]. elevation by enhanced Ca**-induced Ca®* release (CICR)
through ryanodine receptor channels (RyR) or IP; channels, as well as
through Ca®* leak channels formed by mutated presenilins. Finally, this
excess [Ca**]. is taken up by the mitochondrial Ca** uniporter
(MCU) and released back into the cytosol through the mitochondrial
Na*/Ca** exchanger (MNCX), thus creating and endless futile
mitochondrial Ca®* cycling (MCC) that eventually will cause energy
depletion, opening of the mitochondrial transition pore (MPTP),
apoptosis, and neuronal death.

APP transgenic mice. This study shows that resting [Ca®*]_ is
significantly elevated in 35% of neurites located in the
immediate vicinity of Af plaques.*® This is probably due to
the formation of Ca**-permeable channels in the area of the
neuronal plasma membrane close to Af plaques, due to the
high concentration of Af oligomers. The neurites with elevated
[Ca?"], lack spines and display an abnormal morphology, that is
reduced by the calcineurin inhibitor FK-506. Af oligomers also
affect neuronal Ca** homeostasis by modulating the activity of
NMDA rece:pt01'5.4l’42

Recently, presenilin-1 (PS1) has emerged as central stage in
the regulation of ER Ca?*.*~* PS1 was originally identified in
a genetic screen for causative factors of familial AD.* Since
then, over 150 mutations of PS1 have been identified. The
involvement of PS1 in AD pathology has been primarily
ascribed to altered processing of APP by y-secretase, a
multiprotein complex containing PS1.¥ Mutations in PS1
have been suggested to cause both overloading and underfilling
of ER Ca’" stores, and to both increase and decrease Ca®*
release from the ER.**348752

Fibroblasts from familial AD patients release supranormal
amounts of ER Ca’**® This was reproduced in oocytes
expressing mutant presenilins®> and in cortical neurons of
knock-in mice.**>* The mechanism responsible for this
enhanced Ca®" release has been associated to effects of
mutated presenilins on Ca** influx through store-operated
Ca®* channels (SOCs),>"** increased activity and/or expression
of RyR channels®**®*” and InsP;R channels.**® Also,
presenilins themselves may function as ER Ca**-leak channels
and their mutations cause the loss of such channel function,
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leading to ER Ca’** overload and supranormal ER Ca®"
release.*’

Various Ca**-dependent neurotoxic effects may be derived
from [Ca’']. augmentation as a result of enhanced Ca*" entry
through Af channels or excessive ER Ca’* release associated
presenilin mutations. This is the case for the activation of
calcineurin and neurite atrophy described above,* or the
calpain activation and degradation of signaling enzymes
involved in learning and memory.*”*®® On the other hand, a
tight correlation exists between the reduction in expression of
CBPs in the hié)pocampal dentate gyrus and onset of cognitive
deficits in AD."

Recently, novel Ca** influx channel CALHM1 (Ca®*
homeostasis modulator 1) has been associated to increased
late-onset AD;** however, other studies did not find such
association.® Expression of CALHM1 mutation P86L in HeLa
cells led to an impaired capacity of mitochondria to clear up a
[Ca®*]. load.®* Furthermore, this mutation impairs Ca®*
handling by neurons.”> This, together with the supranormal
[Ca®"], signals described above, could lead to mitochondrial
Ca’" overload and activation of apoptotic neuronal death. Thus,
the neuroprotective actions of nonsteroidal anti-inflammatory
drugs could be related to their ability to reduce mitochondrial
Ca** uptake.%

A Ca** channels are an attractive target to develop
inhibitory compounds.66 On the other hand, Af increases
Ca* influx elicited upon glutamate activation of NMDARs.%’
This is in line with the observation that NMDAR blocker
memantine (the first noncholinergic drug approved to treat
AD)%® blocks Af-induced Ca®* influx, indicating that drug
restoring the Ca*" balance in neurons might indeed generate
therapeutic options for the disease.”” Thus, NMDAR blockers
more specific than memantine such as nitromemantines are
being developed.”" On the other hand, the NR2B-specific
antagonist E-VT-101 was recently developed by Evotec.
Furthermore, the L VDCC blocker MEM-1003 has completed
phase II clinical trials in AD patients. Other potential largely
unexplored targets include RyR and InsP;R channels, SERCA,
calcineurin and the mitochondrial transporters to regulate Ca®"
cycling and bioenergetics.

B MULTITARGET STABILIZERS OF NEURONAL AND
MITOCHONDRIAL CALCIUM CYCLING

To communicate between them, neurons are in a continuous
state of action potential firing at different frequencies. So, Ca**
influx from the extracellular space into the cytosol is an endless
activity that must be counterbalanced by a continuous Ca®*
efflux through plasmalemmal Ca** pump and NCX. This NCC
is connected with a second intracellular MCC mechanism that
is mainly controlled by mitochondrial Ca®" uptake through the
MCU and Ca®* release through its MNCX; this intracellular
Ca’ circulation is tightly regulated by the Ca®* buffering
capacity of each neuron, linked to their CBP contents, as well as
by the intimate association of ER InsP;R and RyR channels
with the MCU. The rates of both Ca®* cycling mechanisms are
interdependent in such a manner that slowing down the NCC
by decreasing action potential firing will result in smaller
[Ca®*]. transients and, hence, diminished mitochondrial Ca*"
uptake through the low-Ca’* affinity of the MCU. Conversely, a
higher discharge rate of action potentials will enhance the rates
of both NCC and MCC. This harmonious coordination
between the two Ca®' circuits permits the coupling of
mitochondrial rate of respiration and ATP synthesis to the
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requirements of the degree of neuronal activity under different
physiological and pathological situations.

As discussed above, in the pathogenesis of AD two main
mechanisms have been considered: (i) alteration of specific
protein functions that in the case of familial disease are linked
to various mutations; and (ii) a pathway downstream of such
protein alterations that involves a disruption of the delicate
coupling between the rates of neuronal and intracellular Ca**
circuits, leading to a deficit in mitochondrial bioenergetics and
to a state of greater susceptibility for these vulnerable neurons
to enter in apoptosis and die.

It is interesting that although damage of specific proteins
constitutes the hallmarks of AD, disruption of Ca’*
homeostastic mechanisms and mitochondrial damage are
critical pathogenic mechanisms, as recently reviewed.”” Given
the complexity of these pathogenic pathways, it seems
understandable that, during the last two decades, clinical trials
with single-target drugs generally directed to disease-specific
pathological proteins, enzymes, or receptors have repeatedly
failed to show a therapeutic effect. Therefore, the hypothesis
that a multifunctional compound may be more effective as a
neuroprotective, disease-modifying medicine is gaining in-
creased interest. This medicine should target the neuronal
and/or intracellular Ca** circuits to preserve mitochondrial
functioning of vulnerable neurons as long as possible. We can
call this class of compounds as multitarget stabilizers of
neuronal Ca** cycling.

Slow-inactivating L-type VDCCs have been the focus of
attention in the design and synthesis of multitarget neuro-
protective compounds. Hybrid compounds having the moieties
of tacrine and 1,4-dihydropyridines (DHPs) inhibit both AChE
and Ca’*" entry through L channels in neuroblastoma cells;
furthermore, they exhibit neuroprotection on in vitro models of
neurotoxicity elicited by Ca®* overload and oxidative stress.”®
Another naftiridine family, exemplified by compound ITH4012,
caused AChE inhibition but mildly enhanced Ca®* influx
through L channels; the compound afforded neuroprotection
against oxidative stress, Ca®" overload, and AS toxicity and
induced the expression of antiapoptotic Bcl-2.* In a third
generation of these multitarget tacripyrines, it was found that
they behaved as dual inhibitors of AChE, at catalytic and
peripheral sites, decreased AChE and Af-self-aggregation,
inhibited L channels, and caused neuroprotection against
oxidative stress and Ca®* overload toxicity.”

A family of dicarboxylic amino acid derivatives was
synthesized taking L-glutamic acid as a linker for different
bioactive moieties. They are potent inhibitors of catalytic and
peripheral sites of AChE, with potential Af antiaggregating
effects and exhibit neuroprotective properties on various in
vitro models of oxidative stress.”® Compound ITH33/IQM9.21
from this family reduces infarct volume in a photothrombotic
model of permanent focal cerebral ischemia in mice (Silvia
Lorrio, personal communication) and causes a gradual, slow-
developing reversible blockade of VDCCs.”’

Multitarget compounds acting on NMDAR Ca** channels
have also been synthesized, inspired by carvedilol, a vasodilator
beta-blocker having antioxidant and neuroprotective proper-
ties.”® In this report, the tetrahydroacridine moiety from tacrine
and the carbazole core from carvedilol were linked. The
resulting dimeric molecules were expected to inhibit Af fibril
formation, since carbazols are efficient inhibitors of Af
aggregation.”” The compound carbacrine from this family
blocked both the catalytic and PAS sites of AChE and inhibited
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both AChE- and self-induced Af aggregation. Its potency to
inhibit the NMDAR was higher than that of the reference
compound carvedilol, behaving as a noncompetitive open-
channel blocker; as the case is for memantine, this property
may result in blockade of pathological excessive NMDAR
activity without affecting normal synaptic glutamatergic trans-
mission. Finally, carbacrine was more potent than trolox as an
antioxidant and affords neuroprotection against oxidative
stress.”® Another family of NMDAR blockers was inspired in
the monovalent S-carbolines structure, known to be potent
AChE inhibitors.*® Bivalent f-carboline compound blocked
ACHE as well as the [Ca®*]. transients elicited by glutamate by
inhibiting NMDARs.*!

Destabilization of microctubules through tau hyperphosphor-
ylation distorts axonal transport and contributes to neuronal
death in AD.** Such hyperphosphorylation is carried out by
various kinases, i.e. cyclin-dependent kinase S (CDKS),
glycogen synthase 3/ (GSK3f), extracellular signal regulated
kinase 2 (ERK2) and casein kinase 1 (CK1). Roscovitine is a
purine-based inhibitor of CDKs and other kinases.*”® In
addition to this AD-specific target, roscovitine also targets the
N and PQ VDCCs, delaying their deactivation.** "% Whether
this dual action leads to activation of neuroprotection signaling
pathways remains to be elucidated.

Other Ca®' targets are InsP;R, RyR, SERCA pump, and
store-operated Ca®" influx channels (SOC). Development of
more specific inhibitors of those targets combined with a
disease-specific target could possibly be achieved in the next
years. Another question is whether the MCU, the MPTP, or
the MNCX is a drugable target for AD. Finally, the
pharmacological manipulation of CBPs and hence the neuronal
Ca’ buffering capacity, or the intracellular Ca** clearance
mechanisms, should also be considered as potential targets for
pharmacological neuroprotection.

B REGULATION OF MITOCHONDRIAL CALCIUM
CYCLING AS A STRATEGY TO DEVELOP NOVEL
MULTITARGET NEUROPROTECTIVE COMPOUNDS

As discussed before, Ca®* uptake into mitochondria is mediated
by the electrophoretic MCU, that uses the large electrochemical
gradient across the inner membrane (negative on the inside) to
drive Ca®* from the cytosol into the mitochondrial matrix; Ca®"
ejection from the mitochondrial matrix into the cytosol occurs
through an electrochemical MNCX that uses a large driving
force for Na* influx in exchange for Ca** efflux.*” The existence
of these two independent pathways for Ca** uptake and release
permits Ca** cycling to occur across the inner mitochondrial
membrane (Figure 4). The discovery that several intra-
mitochondrial dehydrogenases are regulated by the [Ca**],
suggested that MCC could regulate NADH production and an
increase in the overall rate of oxidative ATP synthesis. This led
to the proposition that the role of the mitochondrial Ca®*
transport processes is to regulate the [Ca®*],.*° Hence, this
MCC provides a mechanism by which increases and decreases
of [Ca®]. during cell activity can be translated into parallel
changes in [Ca*"],. This allows the activities of the Ca®'-
sensitive dehydrogenases to be sensitive to changes of [Ca®*],
and hence to couple cell activity to ATP synthesis. In this
manner, neurons may use Ca®" as a dual signal, for instance,
stimulating neurotransmitter release, neuronal firing of action
potentials, and ATP utilization in the cytosol, while stimulating
oxidative ATP synthesis in mitochondria; this will balance the
demand and supply of ATP.
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Figure 4. Futile mitochondrial Ca** cycling (MCC) may lead to
energy waste and ATP depletion. Under physiological conditions, the
rate of MCC is coupled to neuronal activity; in this manner, the Ca*'-
dependent dehydrogenases of the respiratory chain and ATP synthesis
will be tightly coupled to cell activity to cope with its bioenergetic
needs. Under pathological conditions such as excess glutamate-
activated NMDA channels or other plasmalemmal Ca** channels,
excess Ca** entry, accompanied by augmented ER Ca’* release will
cause an acceleration of mitochondrial Ca®* uptake through its
uniporter (MCU) and excess mitochondrial Ca** release through the
Na*/Ca® exchanger (MNCX). This would lead to a futile MCC
(arrows) with ATP waste, ATP depletion, and apoptotic death of
vulnerable neurons.

Since long, the pharmacological regulation of MCC has been
attempted as a strategy to augment ATP synthesis and to
improve the cell functioning. This was exemplified by
pioneering experiments showing that [Ca*"],, levels increase
in response to inotropic stimulation of perfused hearts” and
isolated myocytes.”” This has been associated with a stimulation
of Ca**-sensitive dehydrogenase activity.91 Furthermore, the
MCU blocker ruthenium red inhibited these responses,”
emphasizing the relevance of the Ca** uniporter in transmitting
this signal. But the [Ca*"],, may also be increased by mitigating
the rate of Ca** efflux via the MNCX. Since the primary role of
this exchanger is to maintain a low [Ca**],, by extruding Ca*,
it follows that a MNCX blocker could be expected to increase
the [Ca®*],, and, as a result, possibly stimulate the rate of ATP
synthesis. By delaying mitochondrial Ca®* efflux into the
cytosol, this MNCX blocker could also decrease the rate of
ATP breakdown that is associated to [Ca’*], increases during
cell activation. Thus, interest in developing blockers of the
MNCX arose near three decades ago.”*

For instance, some Ca** antagonists were found to inhibit
the MNCX,” with p-cis-diltiazem being the most potent.”®
Also, certain benzodiazepines such as clonazepam inhibited the
MNCX in isolated heart mitochondria, with the same potency
as p-cis-diltiazem.”®®” In contrast to D-cis-diltiazem, clonazepam
did not block the heart L VDCCs.”® Although this may be
taken as clonazepam exhibiting more specificity to block the
MNCX, it still requires more than 100 #M to completely block
the transporter.”® Screening of a series of compounds with
structures similar to diltiazem and clonazepam led to the more
potent MNCX blocker CGP37157.%° It was later on shown that
this compound enhances the [Ca**],, as well as the rate of
NADH formation by the Krebs cycle and the overall rate of
oxidative ATP synthesis in isolated heart mitochondria;
CGP37157 was 20-fold more potent than clonazepam and p-
cis-diltiazem in inhibiting the MNCX.'*
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From the standpoint of mitochondrial Ca** overload as a
signal to produce the MPTP opening and the activation of the
apoptotic cascade, it may seem paradoxical to look for a
therapeutic application of MNCX inhibition. In fact, certain
mutations or PINK1 knockout (a gene associated with familial
PD) show impaired MNCX activity; this results in mitochon-
drial Ca®* overload that sensitizes mitochondria to MPTP
opening, impairing resPiration and renderig neurons vulnerable
to undergo cell death. %! Hence, the extent of inhibition of the
MNCX under in vivo conditions is a relevant consideration.
Complete blockade will prevent any efflux of Ca®* once it has
entered into the mitochondrial matrix, and may convert
mitochondria into Ca** sinks. However, partiall MNCX
inhibition would lead to [Ca’'], augmentation to a higher
physiological steady-state level that could stimulate Ca*-
sensitive dehydrogenase activity and the rate of ATP synthesis.
This may be particularly true in vulnerable neurons where
mitochondrial dysfunction causes a decreased ATP synthesis.

In evaluating the role of Ca®" in activating cell survival or cell
death signaling pathways, we should consider the overall
neuronal Ca*" cycling as well as the local MNCX. The precise
coupling between these two Ca®* circuits is essential for
functioning and adaptation of ATP production to neuronal
activity. Ca** may behave both as a supporter of cell survival or
as an inducer of cell death. For instance, mild cell
depolarisation and subsequent Ca’* entry into the cytosol
helps to sustain the survival of cerebellar granule cells'® and
bovine chromaffin cells.'”® Conversely, by reducing the [Ca*],
Ca®" antagonists may also cause neuronal death'® and
chromaffin cell death.'”® These apparent contradictory findings
may be explained in the frame of the hypothesis suggesting that
the [Ca®"]. changes occurring during cell activation must move
within a critical set point; beyond this Ipoint, a cytoprotective
signal might turn into a cytotoxic one.' In this context, the
suggestion of Nicholls'”” and White and Reynolds'®® that Ca**
accumulation into mitochondria could play a neuroprotective
role by removing Ca** from the cytoplasm, fits well in the
hypothesis.

The question on whether the inhibition of the MNCX by
CGP37157 could produce neuroprotection was first explored in
bovine chromaffin cells stressed with veratridine, a model of
neuronal death associated to Na* and Ca** overload.'®” By
slowing down Na* channel inactivation, veratridine causes Na*
accumulation in the cy’cosol,“o’111 cell depolarization,'
opening of VDCCs, and increased [Ca?*].M* "™ This will
cause mitochondrial Ca** overload and activation by enhanced
cytosolic [Na*] of the MNCX, thereby producing a futile MCC
with a concomitant excessive production of ROS; this could be
the signal to initiate the process of neuronal death and
neurodegeneration.'’> Slowing down this futile MCC with
CGP37157 could partially lead to delay or prevention of cell
death; this supposition was demonstrated to be true in bovine
chromaffin cells'"* and rat hippocampal slices''® stressed with
veratridine.

One limitation to clearly explain the neuroprotective action
of CGP37157 is its capacity to block the voltage-dependent
Na* and Ca?* channels.!'* However, the compound seems to
be more efficacious than various blockers of L, N or PQ
VDCCs in hippocampal slices stressed with veratridine;' "¢ this
suggests that, in eliciting neuroprotection, CGP37157 could in
fact be mitigating the rates of both Ca*" circuits, namely, the
NCC and the MCC. We have previously commented that,
under physiological conditions, the two Ca** cycling mecha-
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nisms are tightly coupled in order to secure neuronal
functioning and bioenergetics. In vulnerable neurons such as
those stressed by veratridine, a dual-acting compound such as
CGP37157 could restore the coupling between NCC (by
partially blocking the VDCCs) and MCC (by partial blockade
of MNCX), thereby enhancing ATP synthesis and improving
the viability of neurons. Whether this hypothesis can be
extrapolated to relevant in vitro and in vivo models of
neurodegenerative diseases and stroke remains to be explored.
Nevertheless, it could be interesting to design and synthesize
multitarget compounds that could add to the Ca**-stabilizing
properties of CGP37157 if endowed with additional disease-
specific properties and/or antioxidant effects. Some of those
compounds are described next.

B MULTITARGET NEUROPROTECTIVE COMPOUNDS
TO CORRECT THE DISRUPTION OF CALCIUM
HOMEOSTASIS AND OXIDATIVE STRESS

As discussed above, disruption of Ca®>* homeostasis enhances
oxidative stress and leads to death of vulnerable neurons in AD.
Therefore, we raise the hypothesis that a multitarget compound
having the capacity to slow down futile NCC and MCC, and
endowed with an additional antioxidant activity, could have the
potential to rescue from death those vulnerable neurons.

We have previously used L-glutamic acid as a linker for
different bioactive moieties.”®”” Here we propose a similar
approach, also using L-glutamic acid as a linker for the following
bioactive moieties: (1) a DHP group (i.e., nimodipine-like) to
target the L-type VDCCs, thus mitigating the excess Ca’" entry
into the soma of vulnerable neurons; (2) a benzothiazepine
group (i.e, CGP37157-like) to target the MNCX and abort the
futile MCC in vulnerable neurons; and (3) a polyphenolic
group (ie., resveratrol-like) to combat excess free radical
production in vulnerable neurons (Figure S). An aliphatic
group linked with an ester bond could facilitate the crossing of
the blood-brain barrier (BBB) of this multifunctional
compound.

(B) CGP37157

Trifunctional N
neuroprotective °'
compound O

(A) Nimodipine

NO, _ewsernnfrea,
cH; 0 Y o
e 0T

Ho. (C) Resveratrol

PN -

>
OH

Figure 5. Multitarget compounds acting on L-type VDCCs of soma of
vulnerable neurons (A, a DHP-like moiety to mitigate excess Ca®*
entry) and on the MNCX (B, a benzothiazepine moiety to abort the
futile MCC) as well as on oxidative stress linked to distorted Ca*"
homeostasis (C, a polyphenol-like moiety to sequester excess free
radicals) could be a more efficacious strategy to rescue neurons from
death in AD. In this scheme, we propose that a trifunctional
compound (i.e., a hybrid molecule with dihydropyridine, benzothia-
zepine, and polyphenol moieties) could effectively mitigate the
augmented neuronal (NCC) and mitochondrial Ca®* cycling
(MCC), thereby exerting a protective survival effects on vulnerable
neurons in AD.
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B CONCLUSIONS AND PERSPECTIVES

Single-target ligands for specific disease-linked proteins and
altered signaling pathways have shown neuroprotection efficacy
on in vitro and in vivo models of AD; however, they have
repeatedly failed in clinical trials. Thus, multitarget compounds
acting on specific disease proteins and pathways, but also on
distal pathways (i.e, dysregulation of neuronal and mitochon-
drial Ca®* cycling, oxidative stress, and impairment of
mitochondrial bioenergetics), could be more efficacious to
rescue vulnerable neurons from death in AD (Figure $).
Whether this supposition may be true requires much research
efforts in the coming years, both in preclinical and clinical
setups.
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