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Abstract: Voltage-gated Ca?* channels (VGCCs) were reported to play a crucial role in neurotransmit-
ter release, dendritic resonance phenomena and integration, and the regulation of gene expression.
In the septohippocampal system, high- and low-voltage-activated (HVA, LVA) Ca?* channels were
shown to be involved in theta genesis, learning, and memory processes. In particular, HVA Cay2.3
R-type and LVA Cay3 T-type Ca’* channels are expressed in the medial septum-diagonal band of
Broca (MS-DBB), hippocampal interneurons, and pyramidal cells, and ablation of both channels was
proven to severely modulate theta activity. Importantly, Cay3 Ca?* channels contribute to rebound
burst firing in septal interneurons. Consequently, functional impairment of T-type Ca?* channels,
e.g., in null mutant mouse models, caused tonic disinhibition of the septohippocampal pathway
and subsequent enhancement of hippocampal theta activity. In addition, impairment of GABA A/B
receptor transcription, trafficking, and membrane translocation was observed within the septohip-
pocampal system. Given the recent findings that amyloid precursor protein (APP) forms complexes
with GABA B receptors (GBRs), it is hypothesized that T-type Ca?* current reduction, decrease in
GABA receptors, and APP destabilization generate complex functional interdependence that can
constitute a sophisticated proamyloidogenic environment, which could be of potential relevance in
the etiopathogenesis of Alzheimer’s disease (AD). The age-related downregulation of T-type Ca2*
channels in humans goes together with increased Ap levels that could further inhibit T-type channels
and aggravate the proamyloidogenic environment. The mechanistic model presented here sheds new
light on recent reports about the potential risks of T-type Ca?* channel blockers (CCBs) in dementia,
as observed upon antiepileptic drug application in the elderly.

Keywords: Alzheimer’s disease; APP; calcium channel; drugs; GABA; hippocampus; interneuron;
oscillation; pharmacoepidemiology; pharmacotherapy; septum; theta; T-type
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1. Preluding Remarks

This gap-bridging review integrates information from different scientific subfields,
including molecular biology, electrophysiological, pharmacological, pharmacoepidemio-
logical, and pharmacovigilance data. As a blueprint region for other brain areas, we start
with a structural and functional description of the septohippocampal system and the mech-
anisms of theta oscillation subtypes in this region relevant for cognitive processes. Next,
the functional implications of VGCCs in this system are elucidated, with a specific focus on
Ca,3.x T-type VGCCs and the lessons learned from studies in Ca,3.x mutant mouse lines.
The latter include alterations in GABAergic transmission and GABA receptor expression
and recently described associations with APP degradation and AD pathophysiology. Given
the functional interdependence of VGCCs, the GABAergic system, and APP processing,
experimental blockers/enhancers of Cay3.x channels, as well as licensed T-type modula-
tors, are discussed based on preclinical and pharmacoepidemiological studies. In the final
section, we provide a comprehensive mechanistic model proposal of how T-type VGCC
block could potentially enhance a proamyloidogenic environment and why this feature
warrants close pharmacovigilance observation of drugs with T-type blocking properties in
the future.

2. Hippocampal Theta Oscillations: Structural and Functional Aspects and Relevance
for Cognition and Memory

Hippocampal theta oscillations are characterized by species-specific frequencies and
are of high importance in various behavioral and cognitive processes, such as arousal,
voluntary movement, attention, exploration, sensorimotor integration, learning, memory
(including differential modulation of memory encoding and consolidation), and rapid eye
movement (REM) sleep [1-11]. Here, we will pay specific attention to memory formation,
in which the entorhinal cortex (EC) plays a crucial role, serving as an interface between
the cortex and hippocampus. During active learning, principal neurons in layers II and
III of the EC receive sensory inputs from the neocortex and project to the hippocampus
for memory encoding [12]. This process activates the trisynaptic pathway from the EC
to the dentate gyrus (DG), the CA3 area, and, ultimately, to the CAl-region (via Schaffer
collaterals) as part of the encoding pathway [13]. Alternatively, there is a direct projection to
the CA1 area using the temporoammonic pathway (EC-CA1), which is critical for memory
consolidation [14]. Conversely, principal neurons, predominantly from layer V of the
EC, receive direct hippocampal output and transfer information back to the cortex for
memory consolidation [15]. Various interneuronal cell types are involved in modulating
these processes [16]. For example, a negative-feedback mechanism for controlling the
hippocampal output of information involves oriens lacunosum-moleculare interneurons in
the CA1 region. For the generation of theta oscillations discussed here, other interneurons,
such as Basket/Chandelier cells, are more critical (Figure 1). Chandelier cells comprise up
to ~4% of CA1 hippocampal interneurons, whereas parvalbumin (PV)-positive Basket cells
are estimated to make up ~14% of CAl interneurons [16]. The major projecting target is
the perisomatic region of postsynaptic principal neurons (Figure 1). The resultant phase
relationship and relative magnitude of the perisomatic inhibitory and peripheral dendritic
excitatory dipoles of hippocampal pyramidal neurons are hypothesized to generate theta
(6) waves in the CA1 region [17,18]. As elaborated below, voltage-gated Ca?* channels
(VGCCs) and the GABAergic system play key roles in the establishment and maintenance
of theta oscillations in hippocampal pyramidal neurons [17,18]. Clearly, the hippocampus
is structurally interconnected in a complex fashion, and those subregions directly engaged
in theta genesis also receive innervation from numerous other brain areas. The latter
contribute to the coding of sensory and motor information and can link the modulation of
theta/alpha activity to behavioral states [6,19].
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Figure 1. T-type VGCCs in hippocampal theta genesis. Septal GABAergic interneurons express
both Cay3.1 and Ca,3.2 VGCCs and project on hippocampal interneurons. Ablation of both T-
type Ca?* channel entities significantly impairs burst activity and favors the tonic mode of action
in septal interneurons. The latter exert tonic inhibition of hippocampal GABAergic interneurons,
resulting in disinhibition of hippocampal pyramidal neurons. Consequently, hippocampal type II
theta oscillations are increased in Cay3.1~/~ and Cay3.2~/~ mice (MS-DBB, medial septum-diagonal
band of Broca; the illustration of the septohippocampal pathway was partially modified from Buzsaki
et al. (2002)). Note that other VGCCs such as HVA Cay2.3 R-type Ca?* channels are also expressed
in the septohippocampal system and likely contribute to theta genesis. This image focuses on
GABAergic transmission in the septohippocampal system. However, other transmitters such as ACh
(see cholinergic (c) neurons in the MS) or glutamate also play an important role in septohippocampal
rhythmicity and theta genesis.

3. Atropine-Insensitive Type I and Atropine-Sensitive Type II Theta Activity in
the Hippocampus

On the structural level, the medial septum-diagonal band of Broca (MS-DBB) and the
hippocampus emerged as the core substrate to trigger and maintain complex theta oscilla-
tions [20-25]. Although still under investigation, it has been proposed that the MS-DBB
initiates theta oscillations in the septohippocampal system. The related septal pacemaker-
hippocampal follower model is widely acknowledged and based, i.a., on investigations by
Hangya et al. (2009), which demonstrated that a subfraction of GABAergic medial septum
(MS) neurons exerts pacemaker function and projects rhythmic output on hippocampal
interneurons and pyramidal cells [26]. The exact anatomical position/origin of the theta
oscillator has been discussed scientifically for long, including both intrahippocampal and
extrahippocampal theories [27]. Notably, hippocampal theta operation is heterogeneous
in nature. Given the dualistic theory of theta oscillations, one can distinguish atropine-
insensitive type I theta from atropine-sensitive type II theta activity [17,18,28]. However,
we are still lacking detailed information on the exact molecular/biochemical, in vitro, and
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in vivo electrophysiological and behavioral characteristics of these hippocampal theta oscil-
latory entities [29]. Atropine-insensitive type I theta activity seems to predominate during
awakening, voluntary behavior, and movement and was proposed to be associated with
metabotropic group I glutamate receptor activity, as well as with x-amino-3-hydroxy-5-
methyl-4-isoxazolepropionic acid (AMPA) and N-methyl-D-aspartate (NMDA) receptor
modulation [17,18,29-31]. In contrast, atropine-sensitive type II theta oscillations usually
appear, i.a., during alert immobility and urethane-induced anesthesia [17,18,30,32,33]. Type
II theta activity can be triggered by stimulation of muscarinic type 1/3 (M1/M3) G-protein-
coupled receptors (GPCRs). The latter initiate the muscarinic signal transduction cascade,
including G protein q/11 alpha subunit (Getg/11), phospholipase C 1,4 (PLCB14), inositol
trisphosphate (InsP3), diacylglycerol (DAG), Ca%*, and protein kinase C (PKC) [28,34].
A number of downstream phenomena of this muscarinic cascade that are likely to be
involved in type II theta genesis have been proposed in the literature. The latter include,
i.e., suppression of a slowly activated K* current (Is,apzp), a voltage- and time-dependent
K* current (In), and a time- and voltage-independent leakage K* current (Kjeqx) [28,35,36].
In addition, the potentiation of a Ca?*-dependent, nonspecific cation current (Icat) and a
hyperpolarization and cyclic-nucleotide-gated current (I,) have also been favored [36,37].
Importantly, gene inactivation studies in mice affecting hippocampal PLCf3; or septal
PLCf4 caused complete loss or significant attenuation of synchronized cholinogenic theta
activity [34,38]. Overall, the potential downstream targets of muscarinic receptor activation,
effective in neuronal excitability and theta genesis, seem to incorporate a sophisticated and
well-organized armamentarium of ligand- and voltage-gated ion channels [36].

4. Voltage-Gated Ca®* Channels in Type II Theta Genesis

Given the complex subcellular and cellular expression characteristics and functional
involvement in dendritic resonance procedures, VGCCs display key elements in theta
genesis, although the detailed mechanisms still need to be investigated [39,40]. For example,
the high-voltage-activated (HVA) Cay2.3 R-(resistant)-type Ca®* channel represents one
VGCC entity relevant for theta genesis and is known to be expressed in the hippocampus,
particularly in GABAergic interneurons and the somatodendritic region of pyramidal
cells [28,41-46]. In particular, Cay2.3 inactivation impaired type II theta genesis and altered
theta architecture in both spontaneous long-term EEG recordings and pharmacologically,
i.e., urethane-induced theta oscillations [28]. Cay2.3 VGCCs are of central importance
in proictogenicity and neuronal (hyper)excitability [47-49]. Furthermore, hippocampal
R-type Ca?* currents are primarily mediated by Cay2.3 «j-subunits [50-52] and enhanced
by Gq/11-coupled M; /M3 muscarinic acetylcholine receptor (mAChR) stimulation in both
hippocampal neurons [53-56] and recombinant systems [57,58]. It has been proposed that
stimulation of PKCS, which belongs to the Ca?*-independent group II PKCs, is engaged
in this process [59]. Tai et al. (2006) suggested earlier that M; /M3 mAChR activation via
carbachol is capable of triggering hippocampal theta oscillations most likely via the Gq/11,
PLCp1, and PKC-mediated activation of the Cay2.3 R-type VGCC [57,60-62]. Furthermore,
M;-M;5 activation has been shown to differentially modulate T-type VGCC as well [63-65].
Importantly, theta oscillations can also be modulated by divalent heavy metal ions such as
nickel (Ni2*), which exerts blocking effects on the Cay2.3 Ca2* channel [59,62]. Moreover,
low micromolar concentrations of Ni?* significantly impaired low-voltage-activated (LVA)
T-type Ca®* currents (see also Table 1). Based on these findings, it seemed unclear in
which way LVA T-type Ca?* channels could be functionally involved in hippocampal
theta genesis.
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Three different subtypes of T-type Ca?* channels have been cloned, i.e., Cay3.1 (1G),
Cay3.2 (¢ H), and Cay3.3 (oq1) [45,66-72]. Electrophysiologically, T-type VGCCs are char-
acterized by transient opening, fast voltage-dependent inactivation, and slow deactivation
kinetics. Within the Ca,3 subfamily, Ca3.3 Ca2* channels have relatively slow inactivation
kinetics, which makes this channel more prone to sustained burst firing than Ca3.1 and
Cay3.2 VGCCs (IUPHAR/BPS, https:/ /www.guidetopharmacology.org (accessed on 16
March 2022), see also Table 1). Importantly, T-type Ca?* channels open upon small depolar-
ization, and, as a result of overlapping steady-state inactivation and activation kinetics, they
own the capability to generate a so-called “window” current at resting membrane poten-
tials [73]. This phenomenon contributes to so-called bistability or excitatory destabilization
in some neuronal cell types and is critical for the establishment of rhythmic oscillatory
activity. The latter is involved in physiological processes such as sleep generation and
maintenance, as well as hypnosis, sedation, and anesthesia [74]. Cay3.x Ca?* channels
exhibit a broad expression pattern throughout the brain and mediate the modulation of
intracellular Ca%* homeostasis, neuronal excitability, and gene regulation [44,75-78]. In
addition, LVA Ca?* channels are engaged in action potential generation and propaga-
tion, Ca2+—dependent low-threshold currents (LTCs) and associated rhythmic (rebound)
burst firing activities in some brain regions, synaptic plasticity, and neurotransmitter re-
lease [44,46,72,79]. In addition, T-type Ca?* channels are relevant for numerous other
physiological processes, such as sleep regulation, pain perception/processing, and body
weight maintenance [66,67,75,80-84]. Furthermore, disruption of T-type VGCCs has been
related to various neurological and neuropsychiatric diseases, including insomnia, epilepsy;,
Parkinson’s disease (PD), depression, schizophrenia, chronic pain syndromes, and sleep
disorders [46,72,85-96]. However, detailed information available so far concerning the role
of T-type Ca?* channels in motor functions, affective, and cognitive processes is still limited.
Disruption of T-type Ca?* channel activity was shown to strongly modify the initiation
and maintenance of long-term potentiation (LTP) in the hippocampal area, visual cortex,
and cerebellum [97-99]. Given the fact that T-type Ca?* channels interact with the neuro-
transmitter vesicle docking, fusion, and release machinery, it underlines the notion of their
functional interdependence with synaptic transmission and LTP [100-102]. Furthermore,
mutations of the human CACNAIH gene coding for Cay3.2 have been associated with
autism spectrum disorders (ASDs) [103].
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Table 1. Biophysical, electrophysiological, and pharmacological characterization of LVA Ca,3.1-3.3
T-type VGCCs. Ten different pore-forming Cay o;-subunits have been cloned so far that are dif-
ferentiated into three subfamilies, i.e., the HVA, dihydropyridine (DHP)-sensitive, L-type Cay1.x
channels, the HVA, DHP-insensitive Non-L-type Cay2.x channels, and the LVA T-type Cay3.x chan-
nels. Note that some HVA channels, such as Cay1.3 and Cay2.3, were also reported to exhibit
moderate/mid-voltage activation thresholds and LVA characteristics under specific experimental
and (patho)physiological settings. Each pore-forming x;-subunit is composed of four homologous
domains (repeats I-IV), each of which contains six «-helical transmembrane segments (S1-S6). The
pore-forming area is built up by the region between S5 and S6 of the four domains. Voltage-dependent
gating of VGCCs is mediated by the voltage sensor, which is localized in the membrane spanning
54 segments and acts via highly conserved positive charges, predominantly arginine residues. Im-
portantly, all Cay &4-subunit transcripts are subject to alternative splicing, which can significantly
affect biochemical and electrophysiological properties. Various Cay «1-subunits coassemble with
auxiliary subunits such as 314, x»81_4, and y1_g subunits. The auxiliary subunits are capable of mod-
ifying the biochemical, electrophysiological, and pharmacological properties of the VGCC complex,
although this seems to be of less relevance in T-type Ca2* channel physiology compared to the other
subfamilies (Cay1.x, Cay2.x). This table summarizes a selection of genetic, biophysical, electrophys-
iological, and pharmacological properties of the Cay3 subfamily, which is the focus of this review.
In section (A), data on ion selectivity and conductance, gating inhibitors, and further Cay3.x CaZ*
channel blockers are listed, including the negative decimal logarithm of the inhibitory concentration
(50%) (pICsp) and the related holding potential(s) (mV). For details on the individual parameters,
see: [68,95,104-122]. (B) Voltage dependence of activation and inactivation kinetics of Cay3.x VGCCs
in different species. For details on the individual parameters, see: [71,113,117,118,123-128]. Abbrevia-
tions: DRG, dorsal root ganglion; Homo sapiens; Mm, Mus musculus; RN, Rattus norvegicus; Sp, species;
TCN, thalamocortical neuron; V0.5,¢t, half-maximum activation voltage; V0.5in,ct, half-maximum
inactivation voltage; 33-OH, neurosteroid analog (33,503,17)-3-hydroxyandrostane-17-carbonitrile.
*, Electrophysiological data from Ca,3.x transfected HEK293 cells were obtained from different stud-
ies (see above).

Cay3.1 (1 G)
Genes:
CACNA1G (Hs)

Cacnalg (Mm), Cacnalg (Rn)

Cay3.2 (i1H)
Genes:
CACNA1H (Hs)

Cacnalh (Mm), Cacnalh (Rn)

Cay3.3 (q])
Genes:
CACNAI1I (Hs)

Cacnali (Mm), Cacnali (Rn)

Ion selectivity and

Sr?* > Ca?* > Ba?* [7.3 pS] (Hs)

Ca?* [9.1 pS] = Ba®* (Hs)

Ca?* [11.0 pS] (Hs)

conductance BaZ* = Sr%* = Ca2* (Rn) Sr2* = Ba?* = Ca2* (Rn) Sr2+ = Ba?* = Ca2* (Rn)
Cza?élg nljllz)lllalitr?rs Kurtoxin Kurtoxin Kurtoxin
P50, & 7.3-7.8, —90.0 mV (Rn) 7.3-7.6, —90.0 mV (Rn) Kurtoxin not tested on Cay3.3
voltage, Sp.)
Pimozide Pimozide Pimozide
7.5, —100.0 mV (Rn) 7.3, —100.0 mV (Rn) 7.5, —100.0 mV (Hs)
7944 7944 7944
7.3, —80.0 mV (Hs) 6.8, —75.0 mV (Hs) 7.0, —=75.0 mV (Hs)
TTA-P2 TTA-P2 TTA-P2
(pICso, Holding TTA-A2 TTA-A2 TTA-A2
voltage, Sp.) 7.0, —75.0 mV (Hs) 8.0, —75.0 mV (Hs) 7.5, —75.0 mV (Hs)
ML218 ML218 ML218
6.5, —90.0 mV (Hs) 6.5, —90.0 mV (Hs) 6.5, —90.0 mV (Hs)
Mibefradil Mibefradil Mibefradil

6.0-6.6, —110.0-—100.0 mV (Hs)

5.9-7.2, —110.0-—80.0 mV (Hs)

Hs: 5.8, —110.0 mV (Hs)

NNC 55-0396
6.8-7, —70 mV (Hs)
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Table 1. Cont.

Cay3.1 (1 G)
Genes:
CACNA1G (Hs)

Cacnalg (Mm), Cacnalg (Rn)

Cay3.2 (ipH)
Genes:
CACNA1H (Hs)
Cacnalh (Mm), Cacnalh (Rn)

Cay3.3 (1])
Genes:
CACNAI1I (Hs)
Cacnali (Mm), Cacnali (Rn)

(-)-(R)-efonidipine
5.0-7.0, —100.0-—60.0 mV (Rn)

3.6-3.8, —90.0 mV (Rn)

4.9-5.2, —90.0 mV (Hs)

Anandamide Anandamide Anandamide
5.4, —80.0 mV (Hs) 6.5, —80.0 mV (Hs) 6.0, —80.0 mV (Hs)
ABT-639 ABT-639 ABT-639
5.0, —110.0 mV (Hs) 5.6, —110.0 mV (Hs) 5.0, —110.0 mV (Hs)

33-OH 33-OH
5.5, — (Rn) 5.7, — (Rn)
Ni2+ Ni2+ Ni2+

3.7-4.1, —90.0 mV (Rn)

ST101
at 0.1 nM (Mm)

sig. Ca®* current increase

Channel activators SAK3 SAK3 SAK3
0.1-10 nM 0.1-10 nM 0.1-10 nM
sig. Ca?* current increase no increase in Ca2* current sig. Ca?* current increase
(Mm) (Mm) (Mm)
B
Voltage dependence
TCN (Rn): DRG (Rn): —
V0.5t —63.0 mV —47.4 mV
Tact 2.0-8.0 ms 2.0-7.0 ms
V0.5inact —83.5mV —-70.8 mV
Tinact 20.0-50.0 ms 25.0-75.0 ms
HEK 293 (Hs) *: HEK 293 (Hs) *: HEK 293 (Hs) *:
V0.5,ct —56.0-—46.0 mV —-59.9--51.8 mV —449-—41.8 mV
Tact 1.0-7.0 ms 1.6-8.4 ms 5.9-53.0 ms
V0.5inact —78.0-—62.0 mV —86.5-—81.7 mV —72.0--71.5mV
Tinact 15.0-40.0 ms 12.9-32.6 ms 68.0-127.0 ms
HEK 293 (Hs) *: HEK 293 (Hs) *: HEK 293 (Hs) *:
V0.5t —51.2-—45.7mV —43.7 mV —38.7--372mV
Tact no values 1.8-9.9 ms 5.0-45.0 ms
V0.5inact —80.6——65.0 mV —78.8 mV —-731-—71.0 mV
Tinact 11.1-21.8 ms 15.0-28.0 ms 66.0-111.0 ms
HEK 293 (Hs) *: HEK 293 (Hs) *: HEK 293 (Hs) *:
V0.5t —452 mV —44.0-—-38.6 mV —40.6 mV
Tact 1.1-8.2 ms 2.0-10.0 ms No values
V0.5inact —-76.9 mV —56.6-—46.9 mV —68.9 mV
Tinact 16.0-62.0 ms 20.0-120.0 ms 89.1-272.9 ms
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Recently, Gangadharan et al. (2016) investigated theta activity in global Ca,3.17/~
mice and mice with MS-specific inactivation of the Ca,3.1 gene, focusing on potential
neural processes mediating exploratory behavior [129]. Selective Ca,3.1 knockdown in
the MS augmented object exploration. In contrast, the global Cay3.1 null mutant mice
exhibited both improved object and open-field exploration [129]. Importantly, only type
II hippocampal theta activity was augmented in the MS Ca,3.1 knockdown animals. In
global Cay3.17/~ mice, however, both type I and type II hippocampal theta rhythms
were enhanced. This specific phenomenon seemed to be related to a severe increase in
excitability of septohippocampal GABAergic interneurons and a balance shift from the
burst to the tonic firing mode [129]. LVA T-type Ca®* channels, such as Cay3.1, are known
to trigger and generate low-threshold Ca®* spikes (LTCSs) and burst activity (rebound burst
firing) in various neuronal cell types [130-133]. Thus, ablation of Cay3.1 VGCCs caused
tonic inhibition of hippocampal GABAergic interneurons via tonic activation of projecting
GABAergic interneurons in the MS (Figure 1). Consequently, perisomatic disinhibition
of hippocampal pyramidal cells was speculated to increase theta activity in Ca,3.1 null
mutant mice [129,134,135].

It should be noted that other Cay3 T-type Ca?* channels are also expressed in the
septohippocampal system at higher levels, particularly Ca,3.2, which is coexpressed with
Cay3.1 VGCCs, in some structures involved in theta genesis even exceeding expression
levels of Cay3.1 [136]. Therefore, a more detailed look at the functional implications of
Cay3.2 VGCCs in theta genesis seems worthwhile.

In the brain, immunoreactivity for Ca,3.2 Ca>* channels was generally more widely
distributed than for Ca,3.1. Overall, intense Ca,3.2 immunoreactivity was detected in the
hippocampus, cerebellum, septum, nucleus caudatus/putamen, and cortex, with moderate
labeling in the thalamus, faint labeling in the midbrain nuclei, and no expression in the
corpus callosum. In the hippocampus, immunoreactivity for Ca,3.2 was predominant
in the stratum oriens and stratum radiatum of the CA1 and CA3 region and the stratum
lucidum of the CA3 area [136]. In the dentate gyrus, immunoreactivity for Ca,3.2 was very
prominent in the outer part of the stratum moleculare. Moderate labeling was observed
in the inner 2/3 of the stratum moleculare of the dentate gyrus and weaker labeling also
in the stratum lacunosum-moleculare of the CA1 and CAS3 regions. Notably, the weakest
intensity was detected in the stratum pyramidale of the CA1l and CA3 regions and the
granule cell layer of the dentate gyrus [136]. On the subcellular hippocampal level, Ca,3.2
was detected in all dendritic subfields of the CA1 region. Cay3.2 was observed in the
extrasynaptic plasma membrane of dendritic spines and shafts, as well as in intracellular
membranes [136]. Importantly, dendritic spines in the stratum oriens and stratum radiatum
exhibited strong labeling for Ca,3.2, but this intense labeling decreased severely in the
stratum lacunosum-moleculare. Apart from pyramidal neurons, Cay3.2 VGCCs were also
observed in dendritic shafts of interneurons. Presynaptically, Cay3.2 was observed in axon
terminals forming asymmetrical synapses with dendritic spines throughout all dendritic
layers [136]. Overall, the expression pattern of Cay3.2 VGCCs allows for sophisticated
neuronal synaptic, dendritic, and somatic integration and complex involvement in theta
genesis. In this context, previous studies demonstrated that Cay3.2 Ca?* channels are
of central relevance for hippocampal LTP, cued-context fear conditioning, and passive
avoidance tasks [98]. Furthermore, deletion of Cay3.2 was demonstrated to facilitate
anxiety-related behavior, impair learning and memory formation, and result in reduced
sensitivity to psychostimulants [137].

Recently, we investigated the role of Cay3.2 T-type Ca2* channels in initiation, main-
tenance, and modulation of hippocampal theta oscillations and the immanent molecu-
lar/biochemical and in vivo electrophysiological mechanisms. We showed that Cay3.27/~
mice display enhanced type II theta activity in spontaneous 24 h long-term EEG record-
ings [138]. Importantly, the increase in theta/alpha relative EEG power was most prominent
during the inactive state of the light cycle, as well as the dark cycle. This inactive state is
typically associated with stages of alert immobility, a physiological status characterized
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by hippocampal type II theta activity. Therefore, alterations in theta activity observed in
Cay3.27/~ mice are likely to be based on the atropine-sensitive subtype II theta entity. These
results were further confirmed by urethane injection studies, which revealed a significant
increase in type II theta activity in Ca,3.2-deficient mice compared to controls [138]. Phar-
macodynamically, urethane exhibits a multitarget character, exerting both stimulatory and
inhibitory action on various voltage- and ligand-gated ion channels. Although urethane
serves as an agonist on muscarinic and nicotinic AChR, GABA A receptors, and glycine
receptors, it exerts antagonistic effects on NMDA and AMPA receptors as well [139,140]. It
is important to stress that both Cay3.2*/* and Cay3.27/~ mice displayed typical circadian
activity profiles. No significant differences in motor activity were detected between both
genotypes, indicating that alterations in the hippocampal theta/alpha band were not based
on changes in locomotion [138].

5. T-Type Ca?* Channel Inactivation and Implications for the GABAergic System

Previously, detailed transcriptome studies from the hippocampus of both Cay3.2*/*
and Ca,3.27/~ mice were performed [141]. Subsequent qPCR analysis of transcriptome
gene candidates elicited a significant reduction in dynein light chain Tctex-type 1 (Dynltlb)
in Cay3.27/~ mice [138]. The latter serves as part of the GABA receptor transportome
complex, which mediates the translocation of GABA receptors to the subsynaptic or ex-
trasynaptic membrane areas [142-144]. This finding pointed to alterations of GABAergic
transmission in the septohippocampal system of Ca,3.2-deficient mice (Figure 2). Arshaad
etal. (2021) further analyzed the transcript levels of GABA A and GABA B receptors (GBRs)
in the hippocampus. In Cay3.2 null mutant mice, GABA A receptor 6 subunits and GABA
B1 receptor subunits exhibited a significant reduction in transcript levels [138]. These
results strongly support our GABA-based hypothesis of enhanced theta/alpha activity in
Cay3.27/~ mice: Within the CNS, GABA A receptor-mediated inhibition was proven to
occur by fast synaptic neurotransmission and sustained tonic inhibition [145]. Studies in
dentate gyrus granule cells and thalamic neurons further demonstrated that extrasynapti-
cally localized GABA A receptors that contain, e.g., 5-subunits, mediate tonic current that
is critical for excitatory phenomena in neurons/interneurons in response to circumjacent
GABA concentrations [146-148]. On the other hand, slow postsynaptic inhibition observed
in dendritic spines can be mediated by GABA B1 subunit containing receptors [149,150].

Importantly, results from microarray analysis or qPCR studies did not favor the inter-
ference of potential compensatory transcriptional alterations of other T-type Ca®* channels,
i, Cay3.1 and Cay3.3 in the hippocampus of Cav3.2’/ ~ mice [138]. In addition, transcrip-
tome analysis did not reveal alterations in other voltage- and ligand-gated ion channels,
despite the GABAergic system [141]. However, electrophysiological changes in the latter
systems, e.g., in voltage-gated Na* channels/currents, cannot be excluded, as ion channel
regulation also depends on alternative splicing, post-translational modification, subunit
composition, and further complex regulation via signaling cascades. Thus, the theta/alpha
alterations observed in Ca,3.2 null mutant mice seemed to be solely attributable to Ca,3.2
ablation itself [138]. In summary, transcriptome data and qPCR findings suggest that
both subsynaptic/postsynaptic and extrasynaptic GABA receptor transcripts are dimin-
ished upon tonic inhibition of GABAergic hippocampal interneurons in Cay3.2~/~ mice
and that decreased plasma membrane density of GABA receptors is based on malfunc-
tion/insufficiency of a dynein/GABA receptor containing transportome complex and its
related trafficking (Figures 2 and 3).
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Figure 2. Altered GABAergic physiology in the septohippocampal system upon Cay3 VGCC ablation.
(A) This 3D illustration of the mouse brain including the septohippocampal system/pathway was
generated using the “Scalable Brain Atlas” [151]. Blue, medial septal complex, diagonal band of
Broca; green, hippocampus; yellow, fornix system/fimbria. (B) Increased GABA release from septal
interneurons upon tonic firing (1) is supposed to enhance GABA release into the synaptic cleft
(2) and decrease GABA receptor density in hippocampal interneurons. This hypothesis is supported
by a reduction of Dynltlb transcripts (3). Dynein-containing cellular transportomes were reported to
mediate GABA receptor transfer and integration into the sub- and postsynaptic membrane (4). In
addition, Cay3.2 ablation was associated with a reduction of GABA A receptor 5 subunit and GABA
B1 receptor subunit transcripts (5). Importantly, 6 subunit containing GABA A receptors are also
localized extrasynaptically and are known to mediate tonic inhibition. As APP forms complexes
with GBRs, it is speculated that APP/GBR microassemblies are destabilized in Cay3.2-deficient mice
as well. In consequence, T-type Ca2* channel/current reduction with age or by pharmacological
interference could generate a proamyloidogenic environment relevant in the etiopathogenesis of AD
and its progression.

6. GABAergic Neurotransmission and APP/A3 Processing in Alzheimer’s Disease

The amyloid precursor protein (APP) serves as the key polypeptide originator from
which all amyloid-beta (Ap) peptide variants are finally derived from upon sequential
proteolytic processing via (3-site APP cleaving enzyme (BACE) and y-secretases [152-154].
A detailed elaboration of the etiopathogenesis of AD has been given in various excellent
reviews [155-160] and will not be further addressed here. Instead, this review focuses
on the modulation of APP/Af processing in the context of a proamyloidogenic environ-
ment. Notably, APP exerts important physiological functions in the mammalian brain
which are specifically related to the modulation of synaptic transmission and neuronal
survival [161-163]. This phenomenon is based on the interaction of APP/A{ with different
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voltage- and ligand-gated ion channel subgroups, two of which will be addressed in this
review, i.e., the GABAergic system and VGCCs.

Evidence has been provided that alterations in the GABAergic system, e.g., down-
regulation of presynaptic GBRs, can occur in response to neuronal activity [164-166] and
in different diseases, such as the Fragile-X syndrome [167], epilepsies [168], Parkinson’s
disease [169], and AD [170-173]. This GBR downregulation was often interpreted as a
consequence or secondary effect of the disease, e.g., based on excessive GABA release by
reactive astrocytes and subsequent enhanced GBR activation [174,175]. Similarly, altered
axonal transport, which serves as a pathological feature of AD and is related to increased
Ap levels [176,177], was also shown to diminish GABA B receptor 1a/2 (GBR1a/2) expres-
sion on glutamatergic synaptic terminals and to enhance NMDA-receptor-mediated GBR
degradation [164,178]. Conversely, NMDA receptor inhibition prevented GBR degrada-
tion and led to stabilization of APP/GBR1a complexes [164,165,178]. Notably, it has been
speculated that downregulation of GBR [171,172] may not only increase A{3 levels but also
enhance excitotoxic effects and thus contribute to seizure activity and memory impairment
in AD [179]. In this context, Memantine, a noncompetitive NMDA receptor antagonist
used in the treatment of AD, was suggested to stabilize APP in the cell membrane and
reduce Af processing [180]. In particular, it was hypothesized that Memantine stabilizes
APP in the cell membrane by inhibition of NMDA-receptor-mediated GBR internaliza-
tion [164,165,178]. In addition, GBR antagonists were also shown to stabilize GBRs at the
cell surface by precluding GBR degradation [181]. Thus, it is not astonishing that GBR
antagonists are also promising targets in drug research and development as potential
novel therapeutics in AD, as they might promote proper synaptic processing relevant for
cognition, learning, and memory [174,181].

Studies, particularly in the last decade, have given a detailed insight into the functional
interplay between APP/Af and GABA neurotransmission in two ways: (i) APP seems
to modulate KCC2/SLC12A5, a neuron-specific K* /Cl™ cotransporter. This transporter
significantly contributes to the maintenance of the intracellular neuronal CI™ concentration
and the related reversal potential and is thus essential for postsynaptic inhibitory processes
mediated by ionotropic GABA A receptors [154]. (ii) In addition, APP interacts with the
sushi domain of metabotropic GABA B receptor 1a (GBR1a). Most neurons in the brain ex-
press GBR1a. Within this complex, APP is cotransported with GBR dimers including GBR1a
to the axonal presynaptic plasma membrane. Interestingly, secreted APP (sAPP) generated
by secretase cleavage also seems to interfere with GBR1a and modulate the presynaptic
vesicle release machinery [154]. In general, GBRs are known as key regulators of synaptic
release [182,183]. Presynaptically, GBRs impair the liberation of various neurotransmitters,
while postsynaptic GBRs generate hyperpolarizing inhibitory K* currents and impede
neuronal activity [154,184]. On the cellular level, the heterodimeric GBR1a/2 and GBR1b/2
assemblies accumulate at excitatory terminals and in the somatodendritic compartment,
respectively [150,182,184-186]. It has been demonstrated that the selective genetic ablation
of APP significantly impaired GBR-related presynaptic inhibition and axonal GBR expres-
sion [187]. Interestingly, further proteomic and functional analyses revealed that APP
associates with other components, e.g., c-Jun N-terminal kinase-interacting protein (JIP)
and calsyntenin, that bridge the functional and structural gap between the APP/GBR com-
plex to cargo vesicles mediating axonal trafficking [187]. Additionally, APP was reported
to link cargo vesicles via adaptor molecules to axonal kinesin-1 motor proteins [188-190].
Importantly, APP/GBR1a complexes do not only traffic anterogradely in axons as outlined
above but additionally effectuate retrograde trafficking of APP/GBR1a complexes, proba-
bly mediated by dynein motors. Consequently, APP/GBR1a microassemblies were found
in dendritic shafts as well [187,189]. This is not astonishing per se, as axonal proteins are
not restricted to axons since both the Golgi apparatus and the endoplasmic reticulum (ER)
extend into dendrites. However, it cannot be excluded that APP/GBR1a complexes are
partially internalized in axons and transcytosed to the dendrites, as it has been proposed for
APP [191,192]. The most striking phenomenon, however, is that GBRs stabilize APP in com-
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plexes at the cell surface and reduce the proteolysis of APP to Af3, the latter serving as the
critical step in the formation of senile plaques in AD patients [152,153,187,193]. Dinamarca
et al. (2019) concluded that APP/GBR complex formation provides a sophisticated linkage
between presynaptic and dendritic GBR trafficking and A formation and that dysfunction
in axonal trafficking and reduced GBR expression can be related to AD based on increased
AP formation [187]. The latter is related to the fact that APP/GBR1a microassemblies
limit the availability of APP for endosomal processing to A3 under physiological con-
ditions [187]. In addition to its protective role, GBR1a also keeps APP out of dendritic
spines that are highly enriched with recycling endosomes [194]. Furthermore, APP links
GBR1a/2 to vesicular trafficking and, upon deletion, mediates a significant impairment of
GBR-mediated inhibition of glutamate release [187].

It is not astonishing that GABA receptors have been linked to the etiopathogenesis of
numerous human traits and diseases, e.g., encephalitis, AD, PD, Rett syndrome, epileptic
encephalopathy, generalized epilepsy, brain size alterations, pain, bipolar disorder, major
depressive disorder, schizophrenia, migraine, glioblastoma multiforme, type 2 diabetes,
and gastrointestinal tumors [195].

The functional implications of both GBR and APP outlined above were demonstrated
in various studies using GBR1a and APP null mutant mice. Given the structural APP/GBR
coassembly and functional interaction of both partners, the mutant models exert several
phenotypical /symptomatic overlaps, such as impaired GBR-related presynaptic inhibi-
tion [150], enhanced seizure susceptibility [153,182], negative effects on LTP [150,153,196],
cognitive impairment [150,182,196], dysregulated oscillatory network activity [197-199],
and altered circadian locomotion [182,196]. Accordingly, cultured hippocampal neurons
from GBR1a null mutant mice displayed a ~40% increase in released Af levels compared
to control mice [187].

Obviously, there is a complex functional interdependence between GBRs and APP that
seems to play a substantial role in the etiopathogenesis of AD and is capable of generating
a complex proamyloidogenic environment. A central question remains: which factors
could positively or negatively affect the stability of GBR/APP complexes, modulate Af3
production, and contribute to a proamyloidogenic or antiamyloidogenic environment? As
outlined above, recent findings suggest that VGCCs, e.g., in the septohippocampal system,
affect GABAergic transmission and GABA receptor trafficking. Therefore, the potential
role of VGCCs in this context will be elucidated in the next section.

7. Functional Interdependence of VGCCs and APP/Af Processing

Although numerous cellular targets of A have been reported in the past, the present
review focuses on its functional interdependence with VGCCs. An indirect mechanism of
action on VGCCs via modulation of membrane potentials and Ca?* homeostasis is related
to the inhibitory effect of Af on K*-channels, and recent findings suggested that voltage-
gated K* channels could be involved in AB-mediated neurodegenerative processes [200].
In particular, a transient A-type K* current, with a complex spatial distribution pattern with
increased plasma density from soma to dendrites in hippocampal CA1 pyramidal neurons,
was proven to contribute to dendritic membrane excitability [200]. The persistent inhibition
of the A-type K* current due to A accumulation in the dendritic arbor was suggested to
mediate a sustained increase in dendritic Ca%* levels and disturb Ca%* homeostasis [200].
Notably, this mechanism may act not only on hippocampal pyramidal neurons but on
other cellular components of the MS-DBB as well. Here, depolarization due to K*-channel
inhibition and initially increased Ca?*-influx/Ca®* dyshomeostasis could finally inactivate
LVA VGCCs and lead to a shift from the (rebound) burst firing mode to the tonic mode as
outlined above. Similar to the downregulation or genetic ablation of an LVA Ca,3 Ca2*
channel [129,138,201], these constellations would again favor tonic disinhibition in the
septohippocampal pathway [129,138].

Recently, Gavello et al. (2018) analyzed the effects of A342 on the Caz*—dependent
excitability profile of hippocampal neurons. Experiments were carried out on cultured
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hippocampal networks and revealed that A342 differently modulates ryanodine receptors
(RyRs), NMDA receptors (NMDARs), and VGCCs with enhanced Ca?* release via RyRs
and inhibition of Ca?* influx via NMDARs and VGCCs [202]. In total, Ap caused an
increase in cytosolic Ca* concentration, which resulted in an activation of big conduc-
tance Ca”*-activated K* channels (BK channels) and inhibition of hippocampal network
firing [202]. Obviously, increased internal Ca?* levels upon Af} exposure seem to be a
common feature in all experiments and are based on various ion channel entities. The Af3
effects on different CaZ* channels, however, are more sophisticated, partially opposing, and
may also be affected by the experimental settings. They will be elaborated and discussed
in the following, starting with the functional interdependence between A3 and VGCCs.
Kim and Rhim (2011) demonstrated that A[325-35 acutely and chronically upregulates
the HVA L-type Ca,1.3 VGCC in the rat hippocampus and HEK293 cells [203]. These
findings suggested that Cay1.3, along with Ca,1.2, another HVA VGCC, plays a potential
role in the pathogenesis of AD [203]. Interestingly, Daschil et al. (2013) elaborated that
the formation of AP plaques in AD mouse models is associated with Cay1.2 Ca?* channel
expression also in reactive astrocytes [204]. Early in 2004, Bobich et al. (2004) demonstrated
that incubation of nerve endings with a physiological concentration of A31-42 activates
Cay2.2 (N-Type) VGCCs and acutely increases glutamate and noradrenaline release [205].
Later, Hermann et al. (2013) illustrated that synthetic A oligomers (Ap1-42 globulomers)
modulate/activate presynaptic Ca?* currents, and the authors concluded that AB-induced
synaptic deficits could be avoided by Ca?* channel blockers (CCBs) [206]. It has been
suggested that A oligomers directly compromise synaptic function, thereby causing cog-
nitive deficits in AD. The synthetic A oligomers were shown to directly modulate Cay2.1
P/Q-type Ca?* channels, possibly triggering excitotoxic cascades and subsequent synaptic
decline [206]. On the electrophysiological level, Af3 globulomers shifted the half-activation
voltage of Cay2.1 P/Q-type and Cay2.2 N-type Ca?* channels to more hyperpolarized val-
ues. Interestingly, application of nonaggregated A3 peptides exhibited no effect. Specific
blockage of Cay2.1 P/Q-type or Cay2.2 N-type Ca?* channels with peptide toxins fully
reversed AP globulomer-induced impairment in glutamatergic neurotransmission [206].
However, inhibition of L-type VGCCs was not capable of reversing this deficit. Hermann
et al. (2013) further demonstrated that A3 globulomers directly modulate recombinant
Cay2.1 P/Q-type and Cay2.2 N-type VGCCs in HEK293 cells. Blockage of these presynaptic
Ca?* channels with both state-dependent and state-independent modulators was capable
of reversing A{3-induced functional deficits in synaptic transmission [206]. These findings
suggested that presynaptic CCBs may constitute a therapeutic strategy for the treatment of
AD in the future. In contrast to the above findings, Sadleir et al. (2021) found that prega-
balin, which binds to the auxiliary a6 subunit of Cay2.1 P/Q-type VGCCs, had no impact
on amyloid pathology in the 5XFAD mouse model. Consequently, the authors concluded
that HVA Ca2* channel modulation does not seem to influence amyloid pathology [207].

Interestingly, Ishii et al. (2019) reported that in young Tg2576 transgenic mice over-
expressing mutated APP, A3 results in dysfunction in neuropeptide Y (NPY)-expressing
hypothalamic arcuate neurons prior to plaque formation [208]. In this setting, the di-
hydropyridine (DHP) nimodipine was shown to hyperpolarize the neural membrane
potential, reduce spontaneous activity, and decrease intracellular Ca?* concentrations in
arcuate NPY neurons from Tg2576 brain slices. In addition, there was a shift from high- to
low-voltage-activated Cay1.x L-type Ca?* currents, causing an increased Ca?* influx closer
to the resting membrane potential, an effect recapitulated by Ap1-42 and reversed upon
nimodipine application [208]. The data also suggested that dysregulation of intracellular
Ca?* is only reversible during the early stages of AP pathology. Concisely, these findings
provided evidence for a key role of low-threshold activated Cay1.x L-type Ca* channels in
Ap-mediated neuronal dysfunction.

It is important to note that other VGCCs, i.e., LVA Cay3.1 VGCCs, are also affected by
AB. Notably, Ap was reported to block T-type Ca?* channels and cause blockage of the
new synaptic assembly via Nogo receptors [209]. In the presence of Af3, neurons were not
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able to form new synapses, causing significant impairment of learning in vivo. Zhao et al.
(2017) also demonstrated that the Nogo receptor family (NgR1-3) serves as Af3 receptors
and mediates inhibition of synaptic assembly, plasticity, and, finally, learning. Furthermore,
these processes were associated with inhibition of Ca,3 T-type VGCCs. Thus, A3 exerts
dysregulation of Ca?* homeostasis and impairment of synaptic physiology via two modes
of action: (i) direct antagonistic effects on T-type Ca®* channels and (ii) AB-NgR mediated
signaling [209]. These findings by Zhao et al. (2017) are striking, as the accumulation of Af3
and blockage of T-type Ca** channels would mimic the conditions observed in Cay3.1 and
Cay 3.2 knockout mice outlined above and further promote the destabilization of APP/GBR
complexes in terms of a vicious cycle.

Importantly, APP directly interacts with VGCCs as well. Yang et al. (2009) reported
the critical role of APP in the regulation of HVA Ca,1.x L-type Ca?* channels in GABAergic
inhibitory neurons in both the hippocampus and striatum. Interestingly, APP deletion
in mice led to an increase in Cay1.2 VGCCs. The upregulated Cay1.2 levels caused a
reduction in GABAergic paired-pulse inhibition (reflecting GABA A receptor-mediated
inhibition of principal neurons through local interneurons) and an increase in GABAergic
post-tetanic potentiation in both hippocampal and striatal neurons. The latter indicates that
APP modulates synaptic properties of GABAergic neurons via regulation of Cay1.2 Ca?*
channels [210]. The authors further suggested that APP physically interferes with Cay1.2
channels. In consequence, loss of APP could lead to an inappropriate accumulation and
aberrant activity of Cay1.2 VGCCs [210].

In addition, APP was shown to regulate depolarization-induced Ca?*-mediated synap-
tic signaling in brain slices via modification of trafficking to synapses and promotion of
their formation [211]. On the synaptic level, APP interacts with synaptic proteins engaged
in vesicle exocytosis and modulates Ca?* channel function. In the absence of APP, de-
creased pCaMKII and pERK levels were also observed. This decrement was susceptible
to the inhibition of Cay,2.1 P/Q- and Cay2.2 N-type VGCCs by w-conotoxin GVIA and
w-conotoxin MVIIC, respectively. However, it turned out to be insensitive to inhibition
of L-type VGCCs by the DHP nifedipine [211]. These findings illustrate that APP also
regulates synaptic-activity-mediated neuronal signaling by affecting P/Q- and N-type
VGCCs. Interestingly, in specific clinical settings, e.g., acute hypoxia, selective expression of
the secreted extracellular fragment sAPPx or pharmacological blockage of L-type VGCCs
channels increased neuronal resistance [212].

8. VGCCs, GABAergic Neurotransmission, and APP Processing-Lessons Learned from
Animal Models

Studies in APP/PS1 AD mice revealed changes in GABA synthesis and transport.
Further investigations in the hippocampus from these mice exhibited a reduction in GBR
receptor subunits on both the mRNA and protein levels (Salazar et al., 2021). Interest-
ingly, these alterations in GABA receptor expression parallel those observed in Cay3.27/~
mice [138]. Notably, four-month-old APP/PS1 mice did not exhibit deficits in spatial
learning and memory or changes in GABA signaling compared to controls. Within six
months, however, significant alterations in GABA-associated targets, e.g., GBR, were de-
tected that coincided with spatial learning deficits [213]. These findings illustrate that
the APP/PS1 AD mouse model displays altered GABAergic signaling and consistent AD-
related deficits [213]. The question arises if there is any indication that VGCCs contribute
to this GABA phenotype in APP/PS1 mutant mice.

Yang et al. (2019) investigated molecular alterations in early-stage (seven months old)
and late-stage (18 months old) APP/PS1 AD mice [214]. Analysis of differentially expressed
genes in the hippocampus revealed significant upregulation of transcripts of 14 different
Ca?%* channel subtypes in aged mice [214]. The latter included HVA VGCC, i.e., Cay1.2 (o1 C,
Cacnalc), Cay1.3 (1D, Cacnald), Cay1.4 (x1F, Cacnalf), Cay2.1 (1A, Cacnala), Cay2.2
(01 B, Cacnalb), and Cay2.3 (x1E, Cacnale). These changes in Ca?* channel genes turned
out to be the prominent features in aged APP/PS1 mice [214] and once again point to a
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shift in the HVA-to-LVA Ca?* channel ratio, which could trigger tonic inhibition in septal
neurons and disinhibition in the septohippocampal pathway. Given the model presented
in this review (Figures 2 and 3), these changes in network activity can explain the reduced
GBR expression and APP/GBR destabilization and might contribute to the AD symptoms
in APP/PS1 mice.

The most striking results confirming our model were published by Rice et al. (2014).
The authors demonstrated that age-dependent downregulation of the Cay 3.1 T-type VGCCs
indeed served as a mediator of Af3 production [201]. It is well-known that age-related
dysregulation in Ca?* homeostasis occurs before and throughout the course of AD and that
Ca?* dyshomeostasis contributes to altered processing of APP, facilitation of AR production,
and thus AD pathogenesis [215-218]. Rice et al. (2014) proved that downregulation of LVA
Ca?* current in murine Neuro 2a (N2a) cells and the 3xTg-AD mouse model by pharmaco-
logical inhibition via NNC-55-0396 (a highly selective T-type CCB) dramatically facilitated
AP production. Consequently, APP expressing HEK-269 cells overexpressing Cay3.1 Ca®*
channels exhibited contrary effects, i.e., nonamyloidogenic processing with an almost 3-fold
increase in sAPP-«. Furthermore, T phosphorylation remained unchanged [201].

Importantly, Rice et al. (2014) also analyzed human microarray data sets from young
(20-59 a old)/aged (7495 a old) nondemented and demented individuals revealing a
consistent and dramatic age-related impairment of CACNA1G gene expression, which
encodes for the human Ca,3.1 T-type VGCC. The tissue for microarray data was obtained
from different brain regions, including the entorhinal cortex (EC), the hippocampus (HC),
the posterior cingulate gyrus (PCG), and the superior frontal gyrus (SFG). The mRNA
expression levels of Ca,3.1 VGCCs exhibited an age-related reduction of 41%, 49%, 45%,
and 46% in the EC, HC, PCG, and SFG, respectively [201]. Strikingly, the additional decrease
in Cay3.1 expression in AD patients characterizes Cay3.1 (CACNAI1G) as a critical factor
of Ca?* homeostasis and facilitates cognitive impairment. Overall, there is an age-related
reduction of the Cay3.1 T-type VGCC at the mRNA and protein level in both humans and
mice. The latter exacerbates in the presence of AD and is associated with a rapid increase in
Ap levels [201]. Consequently, the age-related decrease in Cay3.1 expression may contribute
to a proamyloidogenic environment in the aging brain. Moreover, T-type Ca?* channels
may represent a novel opportunity to interfere with the etiopathogenesis and progression
of AD and serve as a novel target in its pharmacotherapeutic intervention [201].

It is important to consider that Rice et al. (2014) also reported a significant, but lower,
age-related decrease for (i) Cay1.3 and Cay2.3 in the EC, (ii) Cay2.1, Cay2.2 and Cay1.3 in
the PCG, and (iii) Cay2.2, Cay1.3, Ca,2.3 and Ca,3.3 in the SFG, i.e., from young to aged
nondemented individuals [201]. As outlined above, some of these channels also contribute
to the neuronal balancing of tonic and (rebound) burst firing that seems critical in GABA
regulation and GBR/APP stabilization.

9. Implications for Pharmacoepidemiology and Pharmacotherapy

Numerous studies suggest that Ca?* dysregulation within the cytosol, the internal
stores (ER), and other cell organelles (mitochondria) plays an essential role in AD and
causes additional AD-related abnormalities, e.g., inflammatory processes, elevated levels
of reactive oxygen species (ROS), impaired autophagy, neurodegeneration, synaptic dys-
function, and cognitive decline. Pharmacotherapeutic approaches to restore proper Ca%*
homeostasis in AD are thus judged to be promising based on studies in preclinical mod-
els [219,220]. Several studies investigated the effects of VGCC blockers in AD. Anekonda
et al. (2011) suggested that L-type VGCC blockade, e.g., with isradipine, could serve as
a therapeutic strategy for AD [221,222]. Yagami et al. (2012) systematically reviewed the
role of L-type VGCCs as therapeutic targets for neurodegenerative diseases with a specific
focus on biochemical characterizations, physiological functions, pathological roles, and
pharmacological applications [223]. As outlined above, presynaptic Ca,2.1 P/Q-, Cay2.2
N-, and Cay2.3 R-type VGCCs trigger neurotransmitter release, and Ca,3.x T-type VGCCs
support neuronal rhythmic burst firing. A, a causative factor and pathological hallmark
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for AD, potentiates the influx of Ca?* into neurons via L-type VGCCs. Thus, L-type VGCC
blockers were suggested to prevent neurons from undergoing A3-induced apoptosis [223].
Goodison et al. (2012) also investigated CCBs in AD. Based on the assumption that Af3
peptides result in an increase in intracellular Ca?* via VGCCs, Goodison et al. (2012) also
suggested that CCB action in the brain could potentially delay the onset and progression
of AD [224]. Cataldi et al. (2013) analyzed the changing landscape of VGCCs in neurode-
generative diseases and elaborated that VGCCs can mediate the influx of toxic amounts
of CaZ* into neurons. This toxic Ca%* influx depends on Ca?* channel density and/or
activity and increases during aging, chronic hypoxia, or exposure to A3 peptides. Some
data demonstrated a beneficial effect of drugs blocking VGCCs in various neurovascular
and neurodegenerative diseases [225]. However, the differentiation between potentially
“harmless” and “dangerous” VGCCs in neurodegenerative diseases and AD in particular
turned out to be a sophisticated issue.

Several studies have suggested that soluble forms of A facilitate influx through
Ca?*-conducting ion channels into the plasma membrane, leading to excitotoxic neurode-
generation [226]. CCBs can attenuate Af-induced neuronal damage in vitro and turned
out to be neuroprotective in animal models [226]. Interestingly, several CCBs have been
evaluated in clinical trials of dementia, and the outcome was heterogeneous. Some DHPs,
such as nimodipine or nilvadipine, prevented cognitive decline in various trials, whereas
other CCBs failed to do so [206]. Importantly, in trials with a positive outcome, reduction of
blood pressure did not seem to be effective in preventing dementia, suggesting an intrinsic
protective impact on neurons. An optimization of CCBs for the treatment of dementia
may involve increased selectivity for presynaptic VGCCs and improved affinity to the
inactivated channel state [226]. Peters et al. (2014) carried out a systematic literature review
on the use of CCBs and the relation to cognitive decline/dementia in older patients. The
authors also concluded that there is no obvious evidence that administration of CCBs
increases or decreases the susceptibility of cognitive decline or dementia in patients of older
age and that robust clinical trials are necessary for the future to address this question [227].
Contemporaneously, Saravanaraman et al. (2014) reviewed the potential role of CCBs as
cognitive enhancers and their use as drugs in the prevention or treatment of AD. CCBs
were judged to genuinely exhibit cognitive-enhancing properties and diminish the risk
of dementia, particularly in AD [228]. Lovell et al. (2015) illustrated that previous epi-
demiologic studies suggested a protective role of antihypertensive drugs against cognitive
decline. The authors demonstrated that treatment with DHPs such as nifedipine led to a
significant reduction of Ap1-42 levels without an obvious decrease in cell viability [229].
In summary, these data suggest that the use of CCBs significantly diminishes the degree of
progression to dementia and may minimize Ap1-42 formation [229]. Again, these findings
could be explained by a shift from the tonic mode to the burst mode upon DHP treatment
leading to decreased tonic inhibition in the septohippocampal system, less reduction in
GBRs, stabilization of APP/GBR complexes, and, consequently, diminished A production.

Interestingly, support has recently emerged from clinical trials using T-type CCBs to
treat AD, after some success with L-type CCBs in animal models of AD [230]. Furthermore,
the assumption that antihypertensive drugs reduce the risk of dementia remains contro-
versial. Recently, a database study of antihypertensives elaborated that while angiotensin-
converting enzyme inhibitor and beta-blocker use was inversely associated with incident
dementia, CCB use was positively associated with cognitive deficits [231]. The complex
etiopathogenesis of AD and the multiple functional implications of VGCCs might have
led to the misconception that cardiovascular manipulation is the only strategical target of
CCBs relevant for AD. Instead, specific VGCC subgroups and entities differentially affect
A pathogenesis by influencing the amyloidogenic environment.

In the Cochrane review by Liu and Wang (2021), the authors assessed the efficacy
and tolerability of pharmacological interventions via antiepileptic drugs (AEDs) for the
treatment of epilepsy in people with AD. The Cochrane Register of Studies (CRS Web) and
MEDLINE (Ovid, 1946 to 31 July 2020) include randomized or quasi-randomized controlled
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trials (RCTs) from PubMed, EMBASE, ClinicalTrials.gov, the World Health Organization
International Clinical Trials Registry Platform (ICTRP), the Cochrane Central Register of
Controlled Trials (CENTRAL), and the Specialized Registers of Cochrane Review Groups,
including Cochrane Epilepsy. Further published, unpublished, and ongoing trials were
identified by contacting trial authors and pharmaceutical companies [232]. It was found
that levetiracetam could lead to improvement in cognition and lamotrigine to a relief in
depression. On the other hand, phenobarbital and lamotrigine could aggravate cognition,
and levetiracetam and phenobarbital could deteriorate mood [232]. The risk of bias due
to allocation, blinding, and selective reporting was indistinct. The authors concluded
that there is currently insufficient evidence to support levetiracetam, phenobarbital, or
lamotrigine for the pharmacological treatment of epilepsy in patients suffering from AD. No
significant differences were found between levetiracetam, phenobarbital, and lamotrigine
in efficacy and tolerability in the specific therapeutic settings [232].

Seibert et al. (2021) carried out a literature search in MEDLINE, Embase, and CEN-
TRAL for RCTs of drug therapy of AD in patients with severe functional impairments
to evaluate the efficacy and safety of pharmacotherapy. From this study, there is strong
evidence for increased risk of drug-induced adverse reactions in these patients [233]. Re-
garding anticonvulsants, four studies were included for evaluation of safety and efficacy for
aggressive or agitated behavior in patients with AD, vascular, or mixed dementia. Three of
the RCTs were related to carbamazepine treatment [234-236], and the fourth one assessed
the implications of valproate administration [237]. Seibert et al. (2021) also concluded that
there is still a lack of evidence, which makes it hard to provide valid recommendations
for drug therapy of AD with behavioral and psychological symptoms. There is still a
strong need for additional clinical trials in the future [233]. Apart from clinical trials, the
question of neuroprotective or pro-neurodegenerative effects of CCBs can be evaluated
via in vitro and in vivo models. These models include, i.e., the ischemia model (via the
oxygen-glucose deprivation), neuronal cell line models, peripheral neuropathy models,
and hearing loss models.

Given these findings, special attention needs to be paid to the application of T-type
CCBs in the elderly. In general, T-type CCBs could be beneficial in various CNS-related
diseases, such as neuropathic pain, epilepsy (e.g., absence epilepsy), PD, sleep disorder
(sleep cycle dysregulation, insomnia), autism, and essential tremor, as well as cancer /tumor
cycle regulation [93,94,103,238-242].

Many blockers with predominant T-type antagonism are indeed used for the treat-
ment of various human diseases, and, in many instances, the T-type blocking properties
constitute only one aspect of their pharmacodynamic profile. Importantly, only with one
exception [243], the neuroprotective effect of CCBs is not solely related to direct blockage
of T-type mediated Ca®* currents. On the contrary, for most T-type CCBs, T-type inhibition
represents only one pharmacodynamic aspect, whereas multiple other ion channels and/or
signaling cascades are also targeted [119]. Thus, it must be noted that the classification of
drugs as T-type Ca®* channel blockers is critical and potentially misleading. Clearly, it is
mandatory to differentiate the putative neuroprotective effects of some so-called T-type
CCBs from the inhibitory effects on T-type VGCCs, based on multiple additional competi-
tive/overlapping mechanisms. The latter has been summarized, for example, in detail for
zonisamide [119].

Antiepileptic drugs represent a group of pharmaceuticals that often affect T-type
VGCCs. However, it must be emphasized that most AEDs exert polypharmacodynamic
properties, i.e., they have a multitarget character, and drug-dependently affect, e.g., voltage-
gated sodium channels, potassium channels, glutamate receptors, etc. Here, we selectively
focus on the T-type Ca®* channel blocking properties. Beghi and Beghi (2020) provided
a comprehensive overview to illustrate the frequency and trends of the comorbidity of
epilepsy and dementia and the effects of AEDs on cognitive functions [244]. Importantly,
Taipale et al. (2018) evaluated the association between regular AED use and incident
dementia based on a case—control analysis from a Finnish public health register and Ger-
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man health insurance data. This analysis included individuals with dementia of any type
(German data, N = 20,325) and AD (Finnish data, N = 70,718) [245]. The analysis of the
association between AED use and dementia elicited that AED administration was more
frequent in individuals with dementia compared to controls. The latter is in line with
previous observations of increased incidence of epilepsy in AD patients (see above). Strik-
ingly, the regular use of AEDs was accompanied by a significantly greater risk of incident
dementia compared to no AED use. Additionally, the increased risk of dementia upon AED
use turned out to be dose-dependent and was more prominent in those AEDs that exhibit
cognitive adverse effects [245]. Taipale et al. (2018) speculated that effects on GABAergic
neurotransmission might account for these phenomena. Given the new findings on the
functional interdependence between T-type VGCCs, the GABAergic system, APP/GBR
complexes, and A formation outlined in this review, it seems likely that pharmacolog-
ical blockage of LVA T-type VGCCs is a critical factor in the proamyloidogenic scenario
associated with increased risk of developing AD, although this needs to be clearly proven
in the future. Whereas blockage of LVA T-Type Ca®* channels apparently increases the
risk of developing AD and aggravates its progression based on the model developed here,
augmentation of LVA T-type Ca?* currents might successfully counteract this devastating
process. Notably, studies from cancer research that identified the cacnalg gene encoding
Cay3.1 as a tumor suppressor gene point in this direction. It has been shown that age-related
cacnalg promoter hypermethylation causes a decrease in Cay3.1 expression in a number of
peripheral cancers [246,247]. Interestingly, the new anticancer compound ST101 (a small
peptide antagonist of C/EBP[3) was reported to inhibit A3 generation and enhance cogni-
tion processes in 3xTg-AD mice. Strikingly, it turned out that ST101 acts via enhancement
of T-type VGCCs [121,248]. In 3xTg AD mice carrying APPKM670/671NL, PS1M146V, and
TAUP301L mutations, 2-month administration of ST101 was reported to diminish A accu-
mulation and enhance spatial memory [248]. Interestingly, ST101 triggered APP processing
at a new cleavage site, which resulted in a novel C-terminal 17 kDa fragment [248]. A phase
II clinical trial in the US suggested that ST101 should be effective and safe in combination
treatment of AD [249]. A spiroimidazopyridine derivative of ST101, i.e., SAK3, turned out
to be an even more potent enhancer of T-type Ca?* current [250]. Chronic three months
treatment of 8- and 12-month-old APP23 (APP KM670/671NL) mice using SAK3 resulted in
reduced soluble and insoluble A levels and A deposits. The novel therapeutic candidate
SAK3 was reported to stimulate neuronal Ca,3.1 and Ca3.3 VGCCs [122]. In addition,
SAK3 was shown to inhibit both accumulation and aggregation of A3 in APP mutant
mice [251]. SAK3 was speculated to serve as a novel disease-modifying drug candidate
in AD therapy. Fukunaga et al. (2019) proposed a potential mechanism of how T-type
Ca?* channel stimulation could prevent A deposit formation [250]. Given the functional
expression of T-type VGCCs in GABAergic neurons, inhibition of these channels can impair
ACh- or dopamine-evoked GABA release in the cortex and hippocampus [100,250,252,253].
Importantly, this phenomenon would further aggravate the functional disinhibition in the
septohippocampal system, as described in our model (see also Figure 1). On the other hand,
stimulation of T-Type VGCCs, e.g., via ST101 or SAK3, enhanced ACh-mediated GABA
release in the rat hippocampus [254]. Furthermore, T-type VGCC activation can increase
ACh release from cholinergic neurons and trigger enhanced cholinergic and/or glutamater-
gic transmission on postsynaptic cells. The latter can lead to stimulation of CaMKII and
enhance proteasome activation. Notably, soluble A3 /Af oligomers can significantly impair
the ubiquitin-proteasome system (UPS) in the AD brain and diminish prompt degradation
of A oligomers and aggregated tau [255-258]. UPS was further shown to serve as a
potential target in AD treatment [259-261]. Importantly, CaMKII activation can stimulate
proteasomes and eliminate misfolded proteins/aggregates in neurodegenerative diseases.
Clearly, additional studies are necessary to further elaborate the detailed mechanisms of
CaMKII-mediated proteasome stimulation and subsequent proteolytic degradation of Af3
oligomers or larger aggregates. It should be noted that administration of NNC 55-0396, a
structural analog of mibefradil, which serves as a T-type VGCC antagonist (Cay3.1: ICs
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7 umol/L [262]), resulted in increased CNS levels of AB1-40/42 in 3xTg Alzheimer mice,
accordingly [201].

Besides the direct potential role of Ca,3.x VGCCS in APP/GBR stabilization and
CaMKII/proteasome-mediated AB degradation, T-type Ca?* channel activation was re-
ported to be involved in hippocampal neurogenesis as well. In AD patients, behavioral and
psychological symptoms of dementia (BPSD) were speculated to result from impaired neu-
rogenesis, e.g., in the dentate gyrus [263-265]. In mice, administration of mecamylamine,
which serves as a nonselective nicotinic ACh receptor antagonist, was shown to inhibit
ST101-mediated neurogenesis in the dentate gyrus [264,266]. The T-type VGCC stimulator
SAK3 was further demonstrated to trigger proliferation of hippocampal dentate gyrus cells
and support their survival [267]. With ST101 and SAKS3 serving as potential therapeutic
candidates for future AD treatment, the modulation, i.e., enhancement, of Ca,3.x T-type
Ca?* current has to move into a broad focus in drug research and development in AD.

It is important to note that, given the pathophysiological implications of T-type
Ca?* channels in many neuropsychiatric disorders, strong efforts are being made to
establish novel T-type CCBs. Mibefradil was the first compound marketed for selec-
tive blockage of T-type VGCCs but was withdrawn soon after initial licensing. Since
that time, substantial efforts have been made to identify and characterize selective T-
type VGCC blockers [268-270]. Nam (2018) reviewed 43 patents describing organic
small molecules as T-type Ca?* channel blockers published since 2012 [268]. A simi-
lar patent review was published in 2011 [271]. Recent patents include (i) fused bicyclic
pyridine/pyrimidine derivatives, (ii) phenylpyrimidinone and phenyltetrahydropyridine
derivatives, (iii) triazinone derivatives, (iv) phenylflavone/tetrahydronaphthalene deriva-
tives, (v) carbazole/piperidine/piperazine-bearing derivatives, (vi) arylsulfonamide deriva-
tives, and (vii) heteroaromatic amides. Triazinone derivatives, carbazole compounds, and
aryl triazole/imidazole amide derivatives were identified as potential blockers of Cay3.1
and Cay3.2 T-type VGCCs [268]. There are ongoing clinical trials for some of these promis-
ing candidates. However, given the model presented here, only T-type Ca?* channel
enhancers/activators harbor the capability to stabilize APP/GBR receptors (and promote
A degradation via CaMKII-mediated proteasome activation) and generate an antiamy-
loidogenic environment. Thus, it is mandatory to put a specific focus also on T-type Ca**
channel enhancers in drug research and development in the future.

10. Conclusions

Ablation of Ca,3 T-type VGCCs such as Ca,3.1 and Cay3.2 has been related to altered
atropine-sensitive type II theta activity and modified theta architecture in the CA1 region
of mice. In this review, we bridged the gap between VGCCs and the GABAergic system by
demonstrating that tonic inhibition of hippocampal GABAergic interneurons and subse-
quent disinhibition of pyramidal cells account for theta alterations and cause compensatory
changes in the GABAergic receptor and transmission system.

Based on the preclinical and clinical findings depicted above, we propose a specific
model of functional disinhibition within the septohippocampal GABAergic pathway that
is responsible for the observed increase in atropine-sensitive type II theta upon ablation
of LVA Cay3 Ca2* channels. These alterations could serve as a blueprint in other brain
regions as well and have tremendous proamyloidogenic implications for the entire CNS.
The detailed sequential steps of our model in causal assumption are as follows (see also
Figures 2 and 3):

(i) Cay3.2 VGCCs are dominantly expressed (>Cay3.1 VGCCs) in the septum and hippocampus.

(ii) Global ablation and septum-specific inactivation of Cay3.1 results in a functional shift
from the (rebound) burst firing mode to the tonic mode in GABAergic interneurons.

(iii) As LVA Cay3 T-type Ca?* channels generate the low-threshold Ca?* current (LTCC)
underlying LTCS, ablation of Cay3.1 and Ca,3.2 is hypothesized to dramatically
impair the (rebound) burst firing mode (facultative neuronal pacemaker activity) in
septal GABAergic interneurons as well.
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(iv) Consequently, ablation of Cay3.2 and/or Cay3.1 in septal inhibitory GABAergic
neurons favors the tonic firing mode and tonic inhibition of hippocampal interneurons.

(v) Itis hypothesized that the tonic inhibition of hippocampal GABAergic interneurons
(e.g., Chandelier cells, Basket cells) mediates functional disinhibition in the septo-
hippocampal system with enhanced activation pattern in pyramidal neurons and
augmented theta activity.

(vi) This phenomenon exhibits clear sensitivity towards muscarinic receptor modulation
(e.g., via urethane) and suggests that atropine-sensitive type II theta is likely to
be affected.

(vii) Cay3.2 VGCC ablation causes a reduction of GABA receptor subunit transcript levels
and presumably affects expression/protein levels as well.

(viii) As GBRs were shown to form microcomplexes with APP and be involved in APP
stabilization, Cay3.2 ablation potentially destabilizes GBR1a/APP microassemblies.

(ix) This destabilization is supposed to increase A levels and generate a proamyloido-
genic effect/proamyloidogenic environment.

(x) Invivo and in vitro long-term studies in Ca,3.2-deficient mice might reveal the po-
tential role of Cay3.2 VGCCs in a proamyloidogenic environment composed of LVA T-
type Ca?* channels, GABA A and B receptors and APP in the septohippocampal system.

(xi) AR, as a cleavage product of APP, was shown to exert differential effects on VGCCs.
Given the hypothesis presented above it might be speculated that destabilization
of GBR/APP complexes increases APP cleavage, A generation and T-type VGCC
inhibition. The latter might further aggravate neuronal degradation in a type of
vicious cycle.

It needs to be emphasized that the model proposed above has not yet been proven by
the use of Ca,3.x T-type CCBs described in this review. It is also important to consider that
dysregulation of Ca,3 VGCCs in this setting could be related to alterations, e.g., in voltage-
gated Na* channels or other Ca?* channel entities. However, the model outlined above
might turn out to be clinically relevant. Notably, the functional age-related interdepen-
dence between AB and LVA Cay3.x T-type Ca?* channels is critical on three different levels:
(i) pharmaceutical agents with Ca,3.x T-type blocking properties are used worldwide. The
fact that Cay3 channels exhibit an age-related reduction in expression, particularly in the
brain, can have a substantial influence on the effectiveness in the elderly and might be a
reason why such drugs are less effective in older age. (ii) Numerous drugs that have been
approved by (supra)national competent authorities exhibit T-type blocking properties. This
includes drugs, e.g., in the cardiovascular field, as well as in neuropsychiatry. In the latter,
a specific focus is on AEDs, most of which exert multitarget properties. Importantly, some
of them, such as suximides (e.g., ethosuximide, methsuximide, and its active metabolite
a-methyl-o-phenylsuccinimide), zonisamide, trimethadione, and valproate, have Ca,3.x
T-type blocking characteristics [272,273] (see also Table 2). There are pharmacoepidemi-
ological signals suggesting that drugs with a T-type blocking pharmacodynamic profile
could increase the risk of developing dementia. Studies of others and from our own group
propose that reduction in T-type Ca?" current affects GABAergic transmission with de-
creased GBR expression, tonic disinhibition, and APP/GBR destabilization (Figure 3A).
The model presented here could thus explain why administration of drugs with T-type
blocking properties could be associated with an increased risk of dementia. Although
T-type blockade was judged to be potentially beneficial in T pathogenesis, it is generally
accepted that Ap accumulation precedes T hyperphosphorylation. Therefore, T-type Ca?*
channel blockade is likely to exert a net proamyloidogenic environment in older adults [201].
(iii) Conversely, agonistic pharmacological interference with Cay3.x T-type Ca?* channels
in the aged brain may provide innovative therapeutic approaches for the prevention of AD.
This strategy is further strengthened by the T-type Ca?*-channel-mediated stimulation of
CaMKII, proteasome activation, and, subsequently, enhanced A3 degradation (see also
Figure 3B). Based on our model proposed here, Ca,3.1 and Ca,3.2 VGCC downregulation
could trigger the accumulation of Af in a proamyloidogenic environment. Thus, LVA
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Cay3.x T-type agonists could exert preventive therapeutic action in AD and serve as novel
targets in drug research and development in the future.

Table 2. Effects of antiepileptic drugs, general anesthetics, and antipsychotics on Cay3.1, Cay3.2,
and Cay3.3 VGCCs. This table lists a selection of AEDs, anesthetics, and antipsychotics that were
reported to exert antagonistic effects on Cay3.x T-type VGCCs. In addition, ICsy values are listed
for the individual drugs, together with drug-related therapeutic plasma concentrations. Some
experimental and licensed CCBs, e.g., mibefradil, amlodipine, nimodipine, isradipine, nifedipine, and
verapamil, exhibit IC5( values for Cay3.1-3.3 in the micromolar range, which is above the therapeutic
plasma concentrations. Note that blockage of Ca,3.x VGCCs is known to be state-dependent for
many drugs (e.g., for ethosuximides or MPS), with higher affinity for the inactive state. Thus, the
membrane potential (or holding potential) has a tremendous impact on steady-state inactivation and
ICs5¢ values, which needs to be considered when interpreting ICs, values and therapeutic plasma
concentrations. Clearly, most of the drugs listed here, particularly AEDs, have a multitarget character
and modulate other voltage-gated ion channels or ligand-gated ionotropic and metabotropic ion

channels as well [274]. For references, see [105,115,119,272,273,275-285].

Therapeutic
Cay3.1 Cay3.2 Ca,3.3 Cay3.x Plasma
Concentration
AED
Phenytoin ICs0 = 74 pumol/L —_— —_— —_— 80 umol /L
Ethosuximide ICs5p > 3 mmol/L 1Csp < 300 umol/L —_— 1Csp = 0.3-1 mmol/L 700 umol/L
MPS ICs50 = 1.95 mmol /L 1Cs0 = 3.03 mmol/L 1Cs59 = 1.82 mmol /L —_— 700 umol /L
Zonisamide Lo lodk at 11%65111?3( i 1o °u‘;11%ﬁljft ICsp = 0.05-0.5 mmol/L  50-100 mmol /L.
Lamotrigine 11%(3"51];)8%( /it — no effect — 40 umol/L
Sipatrigine ICs50 ~ 15 umol/L ICsp ~ 15 umol/L IC5p = 14 pmol/L — —_—
Valproate n:ixl. g{gfgl}%o/ ° — — — 300-600 umol /L
Anaesthetics
Propofol ICs50 =21 umol/L — — — 50 umol /L
Etomidate ICs0 = 161 umol /L — — — 2 umol/L
Isoflurane ICs0 = 277 umol /L — — — 100 umol/L
Ketamine 1C59 = 1.2 mmol/L — — — 20 umol/L
Thiopental ICsp = 280 umol /L — — — 20 umol /L
Pentobarbital ICs0 = 310 umol /L — — — 22 umol/L
Phenobarbital 1Cs59 = 1.5 mmol/L — — — 170 umol/L
Antipsychotics
ICs50 = 35 nmol /L 1Cs59 = 54 nmol /L ICs50 = 30 nmol /L
Pimozide ICs59 = 2 umol/L ICs59 = 15 umol /L 1Cs5p = 1.6 umol/L —_— 40 nmol/L
max. block 40% max. block 30% max. block 25%
ICs0 ~ 1 umol/L IC50 ~ 1 umol/L 1Cs59 ~ 1 umol/L
Haloperidol ICs9 = 1.5 umol /L ICs0 =3 umol/L 1Cs0 = 35 umol/L —_— 0.5 umol/L
max. block 60% max. block 55% max. block 86%
Fluspirilene Kri{r)g: glzotllI(ng)OléoL IrSlg(;(: b7loPcL:Il?§%){’/E IICn5ng g12051?6021‘40L T T
Flunarizine IC59 < 1 umol/L ICs0 > 1 umol /L IC50 < 1 umol/L — 0.25 umol/L
Penfluoridol 1Cs59 =93 nmol/L ICs50 = 64 nmol/L 1C50 =72 nmol /L — 40 nmol/L
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Figure 3. Ca,3.x VGCC activation and inhibition and the potential consequences for anti- and proamy-
loidogenic effects. The 3D illustrations present (i) the hippocampus, the MS-DBB, and the connecting
fibers; (ii) the 3D projection of Cay3.1 (1 G) transcript data/expression; (iii) the 3D projection of
Cay3.2 (¢ H) transcript data/expression; and (iv) the 3D projection of the APP transcript/expression
profile. Transcript data points are displayed in sagittal sections for the left brain. Three-dimensional
(3D) illustrations and integration of transcript data were done using Allen Brain Mouse Atlas -
Brain Explorer® 2 [286]. Note that no 3D representation of Cay3.3 (c¢;I) expression is presented,
as transcript data were not available using Brain Explorer® 2. (A) Cay3.x VGCCs can be blocked
by various antagonists with different specificities. As outlined in our proposed model, inhibition
of T-type VGCCs can favor tonic firing in parvalbumin (PV)-positive interneurons in the medial
septum (MS). Subsequently, increased GABAergic projection on PV-positive hippocampal GABAergic
interneurons results in functional disinhibition of hippocampal pyramidal neurons (Py). A reduction
in GBR expression and/or cell surface expression could lead to destabilization of the APP/GBR
complex as described previously. In total, inhibition of Cay3.x T-type VGCCs might constitute a
proamyloidogenic environment. (B) Activation of T-type VGCCs, e.g., via ST101 or SAK3, was shown
to enhance ACh release from septal cholinergic neurons. The latter can project on somatostatin
(SST)-positive GABAergic interneurons or pyramidal neurons (Py) in the hippocampus. It has been
suggested that Ca,3.x mediated enhancement of ACh release might trigger CaMKII- and proteasome
activation with subsequent enhancement of protein degradation. Thus, activation of T-type Ca?*
channels might generate an antiamyloidogenic environment. In summary, inhibition of Cay3.x is
suggested to trigger A synthesis and plaque formation via destabilization of APP/GBRs assemblies
and reduced CaMKII/proteasome activation. In contrast, stimulation of Cay3.x is likely to stabilize
APP/GBR microcomplexes and to enhance CaMKII/proteasome-mediated A3 /plaque degradation.

Clearly, additional studies are mandatory to unravel the potential functional interde-
pendence between T-type VGCCs, the GABAergic system, and APP and their role in the
etiopathogenesis of AD. Furthermore, one should be aware that other voltage-gated ion
channels and transmitter systems, e.g., the cholinergic and glutamatergic system, interfere
with the model presented here. However, for reasons of lucidity, this interaction was not
further elaborated here. From a future pharmacovigilance perspective, it is essential to
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further analyze and monitor the potential pharmacoepidemiological and mechanistic link
between LVA Ca,3.x T-type VGCCs, the GABAergic system, and APP/Af that might be
involved in generating a proamyloidogenic environment in the brain. Thus, the applica-
tion of Cay3.x T-type channel blockers should be critically monitored and evaluated for
their potential proamyloidogenic action, particularly when used in older patients or those
already suffering from mild cognitive impairment (MCI) or AD.
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Abbreviations

AR amyloid-beta

AChR acetylcholine receptor

AD Alzheimer’s disease

AED antiepileptic drug

AHP afterhyperpolarization

AMPA a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
APP amyloid precursor protein

ASD autism spectrum disorder

BACE [3-site APP cleaving enzyme

BK big conductance K* channels

CA cornu ammonis

CENTRAL  Cochrane Central Register of Controlled Trials
CCB calcium channel blocker

CNS central nervous system

CRS Cochrane Register of Studies

DAG diacylglycerol

Dynltlb dynein light chain Tctex-type 1

DHP dihydropyridine

EC entorhinal cortex

ER endoplasmic reticulum

Gaq/11 a-subunit of the heterotrimeric G,/11 protein
GABA gamma-aminobutyric acid

GBR GABA B receptor

GPCR G-protein-coupled receptor

HC hippocampus

HVA high voltage-activated

ICTRP International Clinical Trials Registry Platform
InsP3 inositoltrisphosphate

JIP c-Jun N-terminal kinase-interacting protein
LTCC low-threshold Ca?* current

LTCS low-threshold Ca?* spike

LTP long-term potentiation

LVA low voltage-activated
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mAChR  muscarinic acetylcholine receptor

MCI mild cognitive impairment

M1/M3  muscarinic receptor type 1/3

MS medial septum

MS-DBB  medial septum-diagonal band of Broca
NgR Nogo receptor family

NMDA  N-methyl-D-aspartate

NPY neuropeptide Y

OLM outer lacunosum-moleculare layer
PCG posterior cingulate gyrus

PD Parkinson’s disease

PKC protein kinase C

PLC phospholipase C

4% parvalbumin

gqPCR quantitative polymerase chain reaction
RCT randomized controlled trial

RyR ryanodine receptor

REM rapid eye movement

ROS reactive oxygen species

R-type “resistant”-type Ca?* channel
sAPP secreted APP

SST somatostatin

SFG superior frontal gyrus

T-type “transient”-type Ca?* channel
VGCC voltage-gated Ca®* channel
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