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Abstract: Background: Neurosteroids form the unique group because of their dual mechanism of 
action. Classically, they bind to specific intracellular and/or nuclear receptors, and next modify 
genes transcription. Another mode of action is linked with the rapid effects induced at the plasma 
membrane level within seconds or milliseconds. The key molecules in neurotransmission are 
calcium ions, thereby we focus on the recent advances in understanding of complex signaling 
crosstalk between action of neurosteroids and calcium-engaged events.  
Methods: Short-time effects of neurosteroids action have been reviewed for GABAA receptor 
complex, glycine receptor, NMDA receptor, AMPA receptor, G protein-coupled receptors and 
sigma-1 receptor, as well as for several membrane ion channels and plasma membrane enzymes, 
based on available published research.  
Results: The physiological relevance of neurosteroids results from the fact that they can be 
synthesized and accumulated in the central nervous system, independently from peripheral sources. 
Fast action of neurosteroids is a prerequisite for genomic effects and these early events can 
significantly modify intracellular downstream signaling pathways. Since they may exert either 
positive or negative effects on calcium homeostasis, their role in monitoring of spatio-temporal 
Ca2+ dynamics, and subsequently, Ca2+-dependent physiological processes or initiation of 
pathological events, is evident.  
Conclusion: Neurosteroids and calcium appear to be the integrated elements of signaling systems 
in neuronal cells under physiological and pathological conditions. A better understanding of 
cellular and molecular mechanisms of nongenomic, calcium-engaged neurosteroids action could 
open new ways for therapeutic interventions aimed to restore neuronal function in many 
neurological and psychiatric diseases. 
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1. INTRODUCTION 

 Steroid hormones affecting brain functions are called 
neuroactive steroids [1]. Generally, they are classified 
according to the site of their synthesis. All steroid hormones 
synthesized de novo from cholesterol inside the brain cells 
belong to a big group named neurosteroids. These compounds 
are generated from identical precursor – pregnenolone – by 
enzymes present in various brain regions (Fig. 1) [2, 3].  
 
 

*Address correspondence to these authors at the Department of Molecular 
Neurochemistry, Faculty of Health Sciences, Medical University: 92-
215Lodz, 6/8 Mazowiecka Street, Poland; Tel: +4842 272 5680; Fax: +4842 
2725679; E-mail: ludmila.zylinska@umed.lodz.pl 

Neurosteroids can exist in the free form or may be converted 
into sulfate derivatives or fatty acid esters. Sulfate derivatives 
of two most popular neurosteroids, DHEA and pregnenolone,
are even more active than their free forms. Some of typical 
neurosteroids (e.g. DHEAS, PregS, allopregnanolone, 
androstenedione, THDOC) are specific for various brain 
cells and their concentration in peripheral tissues is very low 
[4]. On the other hand, the steroids generated in peripheral 
glands can also modulate CNS functions, as they are able to 
cross blood-brain barrier due to their lipophilic nature. Some 
of them - particularly progesterone or estradiol - are present 
in the brain and peripheral tissues, and their level in blood 
can be higher or similar to the level in the brain.
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 Besides classical, genomic action of neurosteroids, their 
biologically important properties are their fast actions 
detected within seconds or minutes. In most cases, neuro- 
steroids directly affect the membrane specific receptors, but 
also interact with the receptors selective for various 
neurotransmitters and extracellular ligands. Action through 
classical intracellular receptors requires a time period 
between minutes and hours and involves transcriptional 
machinery. 

 Most neurosteroids do not exhibit high affinity to 
classical intracellular receptors, thus only a non-classical 
action is possible. Nongenomic pathways comprise the 
stimulation of numerous membrane receptors, i.e. GABA-, 
glycine-, NMDA- , AMPA/kainate- , sigma- and G-protein 
coupled receptors, but also directly activate several type of 
ion channels (VGCC, TRPC) and enzymes. It should be 
noted that this fast, non-classical effect appears to be, at least 
in part, a prerequisite step for further genomic processes. 
The level of neurosteroids fluctuates throughout life, as well 
as during pregnancy, stress and aging. Both, genomic and 
nongenomic activity of neurosteroids may contribute to the 
pathophysiology of various psychiatric disorders, but may 
also protect from neurodegenerative insults. Therefore, they 
are considered as potentially useful in the treatment of 
diseases such as depression and anxiety. 

 Calcium ions have been indisputably recognized as a 
crucial element of complex machinery regulating normal 
neuronal functions. The physiological effects of changes in 
Ca2 + concentration can be detected after short time (within 
seconds), but also after longer time period, when the altered 
gene expression becomes visible. It is now evident that Ca2+ 
concentration in neurons is tightly controlled by multiple 
mechanisms [5]. Many of them trigger different Ca2+-
dependent signaling pathways which may directly or indirectly 
stimulate downstream effectors, thereby controlling and/or 
inducing changes in neuronal activities. Moreover, the 
disturbances in calcium homeostasis have been documented 
to be associated with neurodegenerative processes and 
several psychiatric diseases [6, 7]. In this review, we focus 

on the crosstalk between nongenomic action of neurosteroids 
and intracellular calcium events. 

2. CALCIUM AND NEUROSTEROIDS 

2.1. GABAA Receptors 

 Among different γ-aminobutyric acid receptors, the type 
A (GABAA) is regulated by various neurosteroids. It consists 
of several subunits able to bind different agonists such as 
benzodiazepines, barbiturates, alcohols, anesthetics and some 
neuroactive steroids. Most neurosteroids with 3α-hydroxyl 
group within A-ring (mainly 3α-reduced metabolites of 
progesterone and deoxycorticosterone, allopregnanolone, 
3α,5α-THDOC or androstenediol) are positive allosteric 
modulators of GABAAR enhancing GABA-evoked chloride 
current [8]. This very fast action allows for influx of chloride 
and thus generation of physiological cell response within 
milliseconds to seconds. Neurosteroids acting as GABAAR 
agonists show similar properties to GABA including 
anticonvulsant, sedative-hypnotic, analgesic and anxiolytic 
effects [9]. Based on these observations, several synthetic 
neurosteroids (Alfaxalone, Minoxolone, Ganaxolone) are 
frequently used in medicine for premedication and anesthesia. 

 However, it has been established that in some cells, 
increased chloride current led to membrane depolarization 
and to activation of L-type of voltage-gated calcium channels 
[10]. Thereby, GABA may also exhibit non-typical, excitatory 
effect instead of most popular inhibitory action (Fig. 2). 
Such an atypical GABA role has been mainly observed in 
developing cortical neurons or in other immature CNS cells 
[11]. In primary cultures of rat cortical neurons, calcium 
influx induced by GABA was inhibited by PregS, and this 
effect was concentration-dependent with an IC50 of 30 µM. 
The authors suggested that the PregS site of action could be 
different from GABA binding site. Although PregS has 
mixed allosteric GABA-agonistic/antagonistic properties, it is 
rather considered as excitatory hormone with anxiogenic and 
proconvulsant action. The inhibition of GABA-induced 
calcium influx by PregS seems to confirm it [12]. Other 

 

Fig. (1). Schematic illustration of the main pathways of cholesterol conversion into neurosteroids. DHP-dehydropregnenolone,  
DHT-dihydrotestosterone 
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excitatory neurosteroids, DHEA and DHEAS, evoked 
similar effect in primary cultures of rat hippocampal neurons 
[13]. Interestingly, the inhibitory potency of DHEAS at a 
concentration of 30 µM was stronger than that of free form 
of this steroid. All neurosteroids acted via nongenomic way, 
because the effects were observed within 5 minutes. 

 The experimental data indicate that another typical 
neurosteroid, allopregnanolone, is able to induce the changes 
in cellular calcium homeostasis. Excitatory action of this 
hormone was prevented not only by inhibition of GABAAR, 
but also by nifedipine, a selective Ca2+ channel blocker, 
suggesting that allopregnanolone can generate membrane 
depolarization and calcium influx after activation of GABAA 
receptor [14, 15]. Similarly, allopregnanolone promoted  
a rapid, dose-dependent and developmentally regulated 
increase in intracellular Ca2+ concentration in rat embryonic 
hippocampal neurons via a mechanism that requires both, the 
GABAA receptor and L-type VGCC [16]. Application of 
bicuculline and picrotoxin, the competitive antagonists of 
GABAAR, completely abolished allopregnanolone-induced 
calcium rise. Excitatory GABA action was also observed in 
gonadotrope cells of anterior pituitary cells [17]. The allosteric 
ligand of GABAAR, 5α-pregnane-3α-ol-11, 20-dion, changed 
cytosolic Ca2+ concentration through GABAAR and L-
VGCC in a manner similar to allopregnanolone. This was 
confirmed using muscimol and nifedipine (as inhibitors of 
GABAAR and L-VGCC, respectively). The presence of 
phaclofen, another specific blocker of GABAB R, supported 

the involvement of this receptor in GABA- and neurosteroid-
induced calcium influx. 

 The GABA-induced Ca2+ increase can be affected by 
17βE, which was found to inhibit Ca2+ rise acting on VGCCs 
in a non-competitive manner [13]. Antagonist of classical 
estradiol receptor - tamoxifen - had no effect on 17βE 
modulation of GABA response, pointing out a nongenomic 
mechanism of action. 17βE also abolished positive 
modulatory effect of L-type VGCCs agonist, Bay K 8644, 
suggesting that the mechanism of action involved L-type 
VGCCs. It is worth of notice that excitatory GABA action 
comprising membrane depolarization and calcium signaling 
is characteristic for immature neurons, and excitatory vs. 
inhibitory GABA effect may serve as a major divergence 
point in estradiol-mediated sexual differentiation of the brain 
[18]. Stimulation of GABA-dependent calcium influx by 
17βE was demonstrated in neonatal hypothalamic neurons. 
No changes in GABA-induced intracellular calcium were 
observed in the presence of α-estradiol, corticosterone and 
androstenedione [13]. 

2.2. Glycine Receptor 

 The glycine receptor (GlyR) is a chloride channel protein 
forming homo- or heteropentamers assembled from various 
combinations of α1, α2, α3, α4 or β subunits [19]. Activation 
of this ionotropic receptor by agonists leads to channel 
opening allowing for chloride influx and membrane hyper- 

 

Fig. (2). The effect of neurosteroids on GABAA receptor-mediated changes in intracellular calcium concentration. GABAA receptor 
agonists, allopregnanolone and synthetic neurosteroid Alfaxalone stimulate GABA-evoked membrane depolarization and Ca2+ influx. GABA 
action is attenuated in the presence of DHEA, DHEAS, PregS and 17-β-estradiol. Excitatory function of GABA is characteristic for 
immature neuronal cells. 
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polarization. Because GlyR belongs to the same group of 
receptors as GABAA receptor, it can inhibited by non-
competitive inhibitors such as picrotoxin or ginkgolide B, 
but to a lesser degree than GABAAR [20]. 

 Amino acid glycine, along with GABA, is the primary 
fast inhibitory neurotransmitter in the CNS. In addition, it 
may exert positive modulatory action on glutamate via its 
co-agonist site on the NMDA receptors, but most of glycine 
effects are produced through specific ionotropic glycine 
receptor localized at the post synaptic membranes. GlyR is 
selectively blocked by the high-affinity competitive antagonist 
strychnine [20]. Three isoforms of GlyR can also bind 
agonists like taurine, anesthetics, glutamate, ethanol, divalent 
cations such as zinc and nickel (all having activating 
properties) but also compounds with mixed agonist/antagonist 
properties including ivermectin, endocannabinoids and 
tropeines [21, 22]. GlyR is thought to participate in alcohol 
addiction and, therefore, is a common target for drugs 
preventing alcohol relapse [22]. 

 The process of glycine release into the synaptic cleft is 
Ca2+-dependent and results in the activation of postsynaptic 
GlyRs, thereby increasing the chloride conductance of the 
postsynaptic cell [19]. On the other hand, the activation of 
glycine receptor can evoke changes in intracellular calcium. 

It has been demonstrated that potentiation of glycine-evoked 
current by intracellular calcium observed in spinal cord 
neurons and HEK cells was dependent on Ca2+ entry through 
NMDA, AMPA or VGCC channels but did not involve Ca2+-
dependent phosphorylation or G-protein activation [23]. 

 GlyR has also been reported to permeate Na+ and K+ 
[20]. Although glycine is a major inhibitory neurotransmitter 
in the adult CNS, its excitatory action resulting in membrane 
depolarization was reported during embryonic development 
[24]. Moreover, glycine increased cytosolic Ca2+ level in 
neocortex at embryonic day 13 (E13) of C57_Bl6 mouse 
embryos and this effect was completely abolished in the 
presence of strychnine. Activation of GlyR initiated the 
reaction cascade involving:(i) stimulation of Na+ channel, 
(ii) activation of Na+/Ca2+ exchanger and (iii) Ca2+ influx 
with subsequent Ca2+- dependent exocytosis and glutamate 
secretion [24]. The final output was autocrine or paracrine 
activation of NMDA and AMPA receptors. The other 
mechanism of glycine-evoked calcium influx involves 
membrane depolarization and subsequent activation of 
VGCC [25]. 

 Most of the endogenous neurosteroids exhibit weak 
modulatory action on glycine receptors with the exception  
of 3α,5β-THPROG and pregnenolone sulphate having 

 

Fig. (3). The effect of neurosteroids on glycine receptor-mediated changes in intracellular calcium concentration. 3α5βTHProg and 
pregnenolone sulphate inhibit glycine receptor current by direct binding to the receptor. 17βE, allopregnanolone and synthetic neurosteroids 
activate GlyR and stimulate GlyR-induced membrane hyperpolarization what may inhibit Ca2+-entry through VGCCs. 
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significant inhibitory effect [21]. PregS appeared to be more 
potent toward α1 than α2 subunit-containing receptors and 
can be used to distinguish between these two isoforms [19]. 
Pregnenolone has also been shown to inhibit GlyR (Fig. 3). 
It decreased the glycine-induced current in a dose-dependent 
manner in neurons isolated from rat spinal dorsal horn [26]. 
By contrast, allopregnanolone and synthetic neurosteroids, 
such as alphaxalone, Org20599 and minaxalone, seem to be 
powerful effectors of GlyRα1 and α3, and potentiate GlyR 
currents [21, 27]. Interaction of these neurosteroids with 
glycine receptor was direct and voltage-independent [26]. 
Stimulatory effect of 17β-estradiol on glycine-evoked 
current was confirmed in cultured rat hippocampal and 
spinal dorsal horn neurons. Using staurosporine, tamoxifen 
and G-protein modulators, the authors excluded the genomic 
mechanism of steroid action and suggested a direct action of 
estradiol on GlyR. However, the site of estradiol binding 
seems to be different from pregnenolone binding site [28]. 

2.3. NMDA Receptors 

 Exposure of neurons to the excitatory neurotransmitter 
glutamate causes an increase in the concentration of intra- 
cellular Ca2+ and activates the selected calcium-dependent 

signaling pathways. However, over-activation of the receptors 
and subsequent Ca2+ overload may initiate the process of 
excitotoxic cell death. There are four pharmacologically 
distinct ionotropic glutamate receptors that differ by their 
sensitivity to the selective agonists. Based on structural 
features, they have been grouped into distinct classes – 
NMDA receptors, AMPA receptors, kainate receptors and 
delta receptors [29, 30]. Except for the last one, neuro- 
steroids have been shown to regulate the activity of these 
receptors and both, positive and negative modulation was 
observed suggesting different ways of neurosteroid action. 

 NMDA receptors are heteromeric complexes permeable 
for calcium and composed of four transmembrane subunits 
represented by three subtypes: NR1 (GluN1), NR2 (GluN2A, 
B, C and D) and NR3 (GluN3A and B). The first report 
describing the action of pregnenolone sulfate on NMDA 
receptors was published 25 years ago [31]. Since then, PregS 
has become one of the most widely examined neurosteroids. 
It is now well documented that its action strongly depends on 
NMDA subunit composition, as well as PregS concentration. 
The inhibition of NMDA receptors by neurosteroids involves 
binding to the extracellular ion channel entry, but the 
efficacy of inhibition depends on the receptor activation state 

 

Fig. (4). Modulation of NMDA receptor by neurosteroids. Sulfate derivatives of DHEA and Preg bind to NMDA receptor promoting Ca2+ 
influx and subsequently activate intracellular signaling cascades involving PKC, Ras, Raf, MEKs, ERK and CREB pathways. 3α5β-
pregnanolone glutamate, pregnanolone sulfate (3α5βS) and its hemisuccinate derivative (3α5βHS) act as direct antagonists and block NMDA 
receptor activity. 
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and a proper channel structure conformation [32]. Preg is 
neutral and can permeate the membrane easily, while a 
sulfate derivative - PregS is negatively charged and can be 
compartmentalized intracellularly. 

 Modulatory effect of PregS has been observed from 
picomolar to micromolar concentrations indicating the 
multiple mechanisms of action (Fig. 4). Potentiation by 
PregS is believed to be exerted allosterically by its binding to 
a specific site on the NMDA receptor [33]. At micromolar 
range PregS significantly enhanced the activity of NMDAR 
containing GluN2A and GluN2B subunits, but exhibited 
lower efficacy on receptors composed from GluN2C and 
GluN2D variants [34-37]. The direct action of PregS on 
NMDA receptors was shown to alter channel opening time 
and to increase the receptor desensitization [33, 34]. 
Moreover, in the hippocampal dentate gyrus of adult rats, 
PregS activated Src tyrosine kinases which are important 
regulators of NMDAR [38, 39]. In hippocampal slices, 
PregS induced an acute increase in the NR2B tyrosine 
phosphorylation enhancing Ca2+ influx through NMDAR, 
followed by an activation of ERK/CREB signaling cascade, 
which is crucial for the LTP [40]. The potentiation of 
NMDA-induced currents by PregS was also modulated by 
the phosphorylation state of the receptors monitored by 
serine/threonine kinases [41]. An interesting, potentially 
physiological role of PregS has been reported in striatal 
synaptic terminals, where it modulated dopamine release at 
concentrations in the low pM range [42]. 

 PregS acting as a positive allosteric modulator of 
NMDAR increased inward currents and cytoplasmic free 
Ca2+, whereas another endogenous steroid 3α5βS(20-oxo-5β-
pregnan-3α-yl sulfate), despite the structural similarity, acted 
as a negative modulator and inhibited NMDA-stimulated 
Ca2+ increase [43]. Although PregS and 3α5βS are structurally 
related, they do not interact competitively, arguing that their 
respective positive and negative modulatory effects are 
exerted through different sites or associated with NMDA 
receptors [43]. Interestingly, a synthetic analog of the 3α5βS 
- 3α5βHS (a hemisuccinate derivative) inhibited NMDA-
induced currents in vitro and in vivo, showing a neuro- 
protective activity. 3α5βS was a two times more potent 
inhibitor of responses mediated by GluN1/GluN2C-D 
receptors than those mediated by GluN1/GluN2A-B [44]. 
Both steroids may be potentially useful as the therapeutic 
agents for the treatment of neurodegenerative diseases 
initiated by over-activation of NMDA receptors. Another 
synthetic NMDAR antagonist derived from naturally 
occurring neurosteroids - 3α5β-pregnanolone glutamate 
(3α5βP-Glu) that is able to cross the blood-brain barrier, has 
been shown to preferentially inhibit activated NMDAR and 
to reduce an excitotoxic damage of rat brain tissue [45-47]. 
Recently, a series of structural analogs of NMDAR inhibitors 
have been developed, i.e. pregnanolone hemipimelate or new 
class of amide-based inhibitors, which appear to be 
promising therapeutic drugs for neuroprotection [48-50]. 

 Some endogenous pregnenolone metabolites synthesized 
in the nervous tissue i.e. allopregnanolone, pregnanolone, 
epipregnanolone and etiocholanone can be sulfated in the 
C3-position. These derivatives are also able to modulate 

local neuronal activity. NMDA-induced excitotoxicity was 
diminished by allopregnanolone in several models including 
hippocampal neurons, rat embryonic cerebral cortical 
neurons and human NT2 neurons [51-53]. Furthermore, P19-
N differentiated neurons treated with allopregnanolone were 
protected from NMDA-induced apoptotic cell death, preserving 
cytochrome c in the mitochondrion and Bax in the cytoplasm 
[54]. Another study has evidenced that allopregnanolone and 
DHEA exerted their neuroprotective effects on P19-derived 
neurons through the PI3K/Akt signaling pathway [55]. These 
data highlight the neurosteroid inhibitory sites on NMDA 
receptors as a valuable therapeutic target against excitotoxic 
pathologies including acute and chronic neurodegeneration. 

 Dehydroepiandrosterone (DHEA) and its sulfate ester 
(DHEAS) are the most abundant steroid hormones and DHEA 
was described as the first neurosteroid produced in the brain. 
Both forms have been shown to participate in multiple 
events in the brain, including protection of hippocampal 
neurons from glutamate-induced neurotoxicity and ischemia 
[56-58]. DHEAS level in the plasma is about 100-fold higher 
than DHEA. It also has longer half-life. Moreover, DHEAS 
concentration in the brain is higher than in peripheral system 
[59]. DHEAS has been shown to act as a positive modulator 
of NMDA receptors and facilitate glutamatergic neuro- 
transmission through central sigma receptors [60, 61]. In 
mouse neocortical neuronal cultures, DHEAS potentiated 
intracellular Ca2+ fluxes mediated by NMDAR channels 
[62]. In opposite to PregS, DHEAS potentiated the NMDA-
evoked catecholaminergic release and firing activity of CA3 
hippocampal neurons [63, 64]. In rat CA1 pyramidal neurons 
treated with DHEAS, NMDA-induced intracellular Ca2+ 
transients were significantly potentiated [39]. Subsequent 
activation of ERK2, a downstream effector of Src family 
kinases, was required for DHEAS-facilitated LTP. 

2.4. AMPA/Kainate Receptors 

 Few studies have been conducted to describe neurosteroid 
action on α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic 
acid (AMPA) and kainate receptors. However, some sulfated 
steroids, such as PregS, pregnanolone sulfate and pregnenolone 
hemisuccinate were shown to inhibit GluA1 and GluA3 
AMPA receptors and GluK2 kainate receptors [65-67]. 

 AMPA receptors are represented by four subunits termed 
GluA1–4, whereas kainate receptors (KARs) are multimeric 
structures and possess five subunits named GluK1-GluK5 
[48, 68]. Sulfated steroid-mediated inhibition of AMPAR 
appears to be voltage independent and noncompetitive, 
reducing agonist efficacy, but not potency [69, 70]. PregS at 
micromolar concentrations induced an increase in AMPA 
receptor-mediated miniature excitatory postsynaptic current 
frequency in rat cerebellar slices, suggesting its participation 
in development of cerebellar Purkinje cells [71]. 

 Recently, the ability of PregS to bind the AMPAR amino 
terminal domain has been reported thus supporting the 
allosteric modulation AMPAR signaling [72]. An interesting 
model proposed by Valenzuela et al. [73] suggested that 
PregS- induced presynaptic Ca2+ influx enhanced presynaptic 
glutamate release and promoted insertion of AMPARs to the 
postsynaptic membrane, thereby activating silent synapses. 
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 KARs are distributed throughout the brain, but unlike 
AMPA and NMDA receptors, they act principally as 
modulators of synaptic transmission and neuronal excitability 
(Fig. 5). Glutamate release activates presynaptic KARs, thus 
potentiating calcium signal which, in part, also originates 
from stimulation of Ca2+ release from internal stores [74-76]. 
The dose-response study demonstrated that PregS reduced 
the AMPA/kainate receptor-mediated maximum current 
response to kainate application without affecting the EC50, 
indicating clearly that the mechanism of action was 
noncompetitive [65]. In cultured neurons, PregS and 3α5βS 
were shown to inhibit AMPA/kainate receptors decreasing 
the current response induced by AMPA and kainate [31]. 
Similarly, recombinant AMPA receptors were equally inhibited 
by PregS and pregnenolone hemisuccinate, but kainate 
receptors were less sensitive to 3α5βHS than to PregS. 
Moreover, pregnenolone hemisuccinate was reported to have 
no significant effect on AMPA-induced currents in cultured 
cortical neurons whereas PregS acted as an inhibitor [66]. 
Synaptic transmission mediated by AMPA receptors is also 
affected by sulfated steroids. However, the underlying 
mechanism of this action seems to involve indirect modulation 
of receptor activity. PregS application increased the frequency 
of AMPAR-mediated mEPSCs in cultured hippocampal 
neurons, as well as in acute hippocampal slices of P3-4 rats 
[77, 78]. 

2.5. Sigma-1 Receptor 
 The intriguing functional proteins, which mediate signal 
transmission between neurosteroids and calcium, are sigma 
receptors (sigma-1, σ1R and sigma-2, σ2R). They are 
expressed in many different tissues including central nervous 
system, especially in neurons, microglia and astrocytes [79]. 
These receptors belong to a class of protein that can 
modulate various Ca2+-dependent physiological processes, as 
well as some pathological mechanisms related to neuro- 
degeneration or development of some drug addiction [80]. 
For that reason they are a potential target for pharmacological 
interventions. However, it should be noted that σ1R ligands 
may be involved in neuroprotection, not only by regulation 
of intracellular calcium homeostasis, but owing to reduction 
of ROS accumulation [81, 82]. 

 At a molecular level, sigma receptors are associated with 
inositol triphosphate receptor and can form complexes 
distributed mainly in endoplasmic reticulum membrane, as 
well as in plasma, nuclear and mitochondrial membranes 
[83]. Interaction of σ1R sites with neurosteroids is now 
considered as ligand-regulated molecular chaperones, 
modulating intracellular calcium signaling (Fig. 6). Formation 
of σ1R/agonists complex caused translocation of the receptor 
protein from endoplasmic reticulum to the cell membrane, 
where the receptor can regulate the activity of voltage- and 

 

Fig. (5). Regulation of Ca2+ influx through AMPA /kainate receptors by neurosteroids. Pregnanolone sulfate, pregnenolone sulfate and 
its hemisuccinate derivative reduce glutamate-induced Ca2+ influx. 
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ligand-gated ion channels [84, 85]. Under physiological 
conditions, DHEA and Preg acted as positive modulators of 
this receptor, whereas progesterone was a potent antagonist 
[61]. Activation of σ1R and increased Ca2+ level may trigger 
downstream signaling pathways mediated by calcium-
dependent proteins, including a group of protein kinases. 

 Stimulation of the sigma-1 receptor by DHEA has  
been shown to improve cognitive function by activating 
CaMKII, PKC and ERK in olfactory bulbectomized mouse 
hippocampus [86]. Further study has revealed that DHEA 
acting by σ1R was able to improve LTP in mice subgranular 
zone of the hippocampal dentate gyrus [87]. DHEA increased 
the phosphorylation level of CaMKII, PKCα and ERK in 
hippocampal CA1 region, as well as phosphorylation of their 
substrates e.g. MARCKS and NR1 by PKCα, and CREB 
protein by ERK. Because PKC is essential for LTP induction 
and phosphorylation of NR1 by PKC is necessary for 
regulation of NMDAR function, σ1R activation by DHEA and 
stimulation of PKC may improve memory-related behaviors. 
In ischemic mice, DHEA-stimulated σ1R prevented neuronal 

cell death by activation of CaMKII, thereby recovering 
cognitive deficits, and this effect was blocked in the presence 
of σ1R antagonist, NE-100 [88]. 

 The participation of sigma receptor ligands and some 
neurosteroids in bradykinin-induced intracellular Ca2+ changes 
was investigated using SH-SY5Y neuroblastoma cells [89]. 
Bradykinin alone caused the transient rises in Ca2+ level, and 
the presence of Pregor DHEA enhanced this effect after 10 
min of incubation. Co-incubation with haloperidol, a blocker 
of σ1R, eliminated the effect of Preg. Interestingly, whereas 
Prog alone did not alter bradykinin-induced Ca2+ increase, its 
co-application with Preg or DHEA abolished enhancing 
effects of both steroids. 

 An interesting function of PregS has been assessed in 
adult mice hippocampal dentate gyrus, where the steroid was 
shown to enhance the survival of newborn neurons through 
the potentiation of synaptic input activity [90]. PregS-
induced presynaptic potentiation required a co-activation of 
α7nAChR (α7 nicotinic acetylcholine receptor), NMDAR 
and σ1R, which were critical to keep the enhanced neurons 

 

Fig. (6). Neurosteroids-mediated regulation of sigma-1-receptor. DHEA, Preg and their sulfate derivatives act as direct positive 
modulators of sigma-1 receptor. Activation of this receptor initiates Ca2+ influx through VGCC or Ca2+ release from endoplasmic reticulum 
via IP3 receptors. Increased Ca2+ can stimulate intracellular signaling pathways involving PKC, CaMKII, ERK and Akt. Progesterone does 
not act alone but it abolishes the effect of other neurosteroids. 
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survival in NMDAR-dependent way. Cooperation of σ1R 
with NMDA receptor initiated by neurosteroids appears to be 
more universal process, since intrathecally administered 
DHEAS has been found to significantly potentiate NMDA-
induced spontaneous pain behaviours in mice [91]. This effect 
was mediated by the activation of spinal sigma-1 receptors 
with subsequent PKC and PKA-dependent phosphorylation 
of the NMDA receptor subunit NR1. 

2.6. G Protein-Coupled Receptors 

 G protein-coupled receptors family comprises of 
receptors regulating many cellular processes including 
neurotransmitter release and the function of ion channels 
[92]. Various extracellular factors can reduce intracellular 
Ca2+ concentration through G protein-dependent mechanism 
and associated calcium channels [92, 93]. The possible 
mechanisms of GPCR-mediated action are summarized in 
Fig. (7). It has been demonstrated that Preg, PregS, and 
THCC inhibited calcium channels current in pyramidal 
neurons obtained from adult guinea pig hippocampal CA1 
region. The participation of G-protein coupled receptor was 
confirmed by using pertussis toxin (PTX) and GDP-β-S, the 
inhibitors of G-protein mediated signaling. In neurons from 
PTX-treated animals or in cells injected with GDP-β-S, the 
effect of neurosteroids was abolished. Additionally, authors 
verified the involvement of N-Type Ca2+ channels in steroid 
action by applying specific VGCC blockers. These studies 
also showed that mechanism of steroid action was associated 
with activation of PKC [94]. 

 The membrane-located G-protein-coupled estrogen 
receptor (GPER) has been identified recently [95]. GPER 
(formerly GPR30) is expressed in various tissues including 
brain and blood vessels. Extracellular (but not intracellular) 
17-βE administration increased cytosolic Ca2+ and simultaneous 
treatment with tamoxifen, selective blocker of classical 
estrogen receptors, did not change steroid-evoked calcium 
rise in brain microvascular endothelial cells [96]. Similarly, 
rise in Ca2+ was observed when G-1, a GPER agonist, was 
used and this effect was reduced by PKA antagonist H-89. 
The effect of hormone action was also abolished in the 
presence of L-type VGCC blocker suggesting GPER-
dependent activation of PKA and subsequent opening of L-
VGCC. 

 In cortical neurons, PregS action was linked with PLC 
activation. This involved the generation of diacylglycerol 
and IP3 leading to Ca2+ release from intracellular stores, 
independently from NMDA receptor activation. PregS-
induced potentiation was diminished in the presence of PTX 
confirming the involvement of G-protein in PregS action 
[97]. 

 Another important mechanism of steroid action involves 
metabotropic glutamate receptors (mGluR), which belong to 
the GPCRs, and are coupled to the variety of second 
messenger systems. A family of mGlu receptors consists of 8 
members organized in three subfamilies [98]. The group I 
(mGluR1 and mGluR5) activates PLC by Gq protein resulting 
in generation of DAG and IP3. Group II (mGluR2 and 

 

Fig. (7). 17-β-estradiol effect on G-protein coupled receptors. 17-βE regulates intracellular Ca2+ by its release from endoplasmic reticulum 
(precluded by activation of mGluR1, PLC and IP3 receptor) and/or by modulation of VGCC-dependent influx associated with G-protein-
coupled estrogen receptor, metabotropic glutamate receptor type 2,3 and membrane estrogen receptors ERα or ERβ. Increased Ca2+ activates 
the kinase cascade pathways and CREB phosphorylation or stimulates progesterone synthesis. 
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mGluR3) and group III (mGluR4, mGluR6, mGluR7, 
mGluR8) are linked to Gi/Go [99]. mGluR are localized in 
many tissues and organs including central nervous system 
and can be detected in both presynaptic and postsynaptic 
cells [100]. 

 A number of studies have shown a modulatory effect of 
estradiol and their membrane-localized receptors - ERα and 
ERβ - on mGluR functioning. For example, estradiol acting 
through mGluR1 initiated signaling pathways via PKC, IP3 
and MEK and finally led to CREB phosphorylation [98]. On 
the other hand, activation of mGluR2 and/or mGluR3 
through ERα or ERβ diminished cAMP concentration and 
reduced PKA activity in hippocampal pyramidal neurons. 
Activation of these receptors resulted in dephosphorylation 
of L-type VGCC and reduction of VGCC-mediated CREB 
phosphorylation [101]. CREB phosphorylation level could 
be also regulated by membrane ERα linked with mGluR5 
with subsequent activation of MAP kinase [102]. In the same 
study both estrogen receptors activated mGluR3 to attenuate 
L-type VGCC-dependent CREB signaling. The mGluR5 also 
participated in the regulation of synaptic transmission by 
DHEAS in hippocampal dentate gyrus [103]. Short-term 
potentiation evoked by DHEAS was abolished by mGluR 
antagonist (MPEP) or by inhibitors of ryanodine receptors 
(ryanodine and ruthenium red) suggesting the contribution of 
mGluR5-RyR cascade to postsynaptic neuron functioning. 

 Among diverse processes modified by estradiol in the 
brain, Ca2+-regulated synthesis of progesterone in astrocytes 
appears to be particularly interesting. Mechanism of estradiol 
action involves activation of PKC followed by generation  
of IP3 and finally, Ca2+ release from intracellular stores. 
Progesterone synthesis was stimulated not only by 17-β-E, 
but also by 17α form [104]. This process required mGluR1, 
because the presence of selective mGluR1 blocker prevented 
Ca2+ increase. Moreover, binding of estradiol to its receptor 
promoted transactivation of mGluR, initiating signaling  
without the requirement of glutamate [105]. In dorsal root 
ganglia, estradiol inhibited ATP-mediated calcium influx 
that engaged both, ERα and mGluR [101]. Opening of ATP-
dependent P2X receptor led to membrane depolarization  
and calcium influx via VGCC. Inhibition of P2X receptor 
required the interaction of membrane ERα with mGluR2/3, 
as was demonstrated by a lack of response in ERα knockout 
mice. 

 A close cooperation of mGlu receptors and neurosteroids 
appears to be a widespread mechanism regulating neuronal 
activity but the presence of a different set of mGluRs as well 
as diversity of structurally distinct neurosteroids make their 
action more complex. 

2.7. Voltage-Gated Calcium Channels 

 Regulation by neurosteroids has also been reported for 
members of voltage-gated calcium channels family (VGCC). 
The first work on modulation of VGCC by neurosteroids was 
conducted in the early 1990s. Several reports demonstrated 
that among four main types of VGCC known as L-, N-, P/Q- 
and R, the activity of L-type seems to be highly sensitive to 
neurosteroid action. 

 The effects of Preg, PregS and Prog on VGCC were 
examined in acutely isolated adult guinea-pig hippocampal 
CA1 neurons using the whole-cell patch clamp technique 
[106]. Whereas progesterone had no effect on Ca2+ current, 
pregnenolone and its sulfate derivative applied at low 
micromolar concentrations slowed down calcium current, 
also in the presence of 10 µM picrotoxin, the inhibitor of 
GABAA receptor. The specific, rapid action of PregS on 
VGCC has been confirmed in a clonal pituitary cell line – 
GH3 [107]. However, the increase in Ca2+ influx was 
observed at 30 µM PregS and this effect was markedly 
blocked by nicardipine and methoxyverapamil suggesting 
the principal contribution of L-type VGCC. Using optical 
recording technique in rat hippocampal slices stained with 
voltage-sensitive dyes it was shown that application of PregS 
to the bath solution resulted in an acute augmentation of 
excitatory postsynaptic potential (EPSP) in a dose-dependent 
manner [108]. The presynaptic effect of PregS was partially 
attenuated by nifedipine, an inhibitor of L-type VGCC. 
Moreover, this neurosteroid sensitized presynaptic α7nACh 
receptors and led to activation of L-type VGCC to increase 
the presynaptic glutamate release. Facilitation of glutamatergic 
transmission by PregS has also been reported in the study on 
a giant axosomatic synapse in the auditory brainstem slices 
(calyx of Held) [109]. The neurotransmission was blocked 
by PregS scavenger - 2-hydroxypropyl-β-cyclodextrin applied 
extracellularly. This led to the conclusion that PregS may 
directly modulate VGCCs acting on their extracellular 
domain, thus enhancing neurotransmitter release. 

 Contrary, another Preg derivative – allopregnanolone, 
was reported to reduce PKA activation (a necessary 
upstream event) and presynaptic glutamate release in rat 
medial prefrontal cortex [110]. This was verified by using L-
type calcium channel antagonists, verapamil and nimodipine, 
which blocked the effect of allopregnanolone. Interestingly, 
no similar effect was observed for unstimulated presynaptic  
terminals, however after stimulation, allopregnanolone 
inhibited the glutamate release. This could explain the 
possible antipsychotic effect of allopregnanolone. 

 Some interesting data related to neurosteroid action on 
VGCC have been obtained using rat hippocampal slices. 
Accordingly, PregS selectively facilitated the induction of 
slow-developing LTP in response to high-frequency afferent 
stimulation (100 Hz), which was dependent on functional L-
type VGCC and sigma-receptors [111]. In addition, PregS 
promoted further increase in presynaptic function downstream 
to LTP induction. Further experiments revealed more 
sophisticated modulation of LTP by showing that the 
transient elevation required a sustained activation of ERK2 
in a L-type VGCC dependent manner [112]. 

 VGCCs appear to be a sensitive target not only for PregS, 
but also for a rapid, nongenomic action which has been 
reported in the presence of estrogens (Fig. 8). Surprisingly, 
these hormones have been shown to exert the opposite 
effects. Using whole-cell patch-clamp technique, a dose-
dependent reduction of electrical activity in rat dorsal root 
ganglion neurons (DRG) has been documented after application 
of 17-βE. Similar level of inhibition was produced by bovine  
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serum albumin-conjugated estradiol, which does not diffuse 
through the plasma membrane [113]. The control experiments 
with selective blockers revealed that 17-βE acted mainly on 
L- and N-type VGCC-generated Ca2+ currents. Estrogen may 
also act on primary afferent neurons, whose cell bodies are 
located within the dorsal root ganglia. The changes in 
intracellular Ca2+ due to the activation of purinergic 2X 
receptors and VGCCs, were blocked after short-time (5 min) 
incubation with 100 nM 17-βE [114]. Co-administration of 
the blockers for VGCCs – nifedipine for L-, omega-conotoxin 
for N- and omega-agatoxin IVA for P-type channels, 
attenuated the ATP-induced Ca2+ influx but also revealed 
that estradiol primarily blocked L-type VGCC. More details 
related to the mechanisms of 17-βE action became available 
after analysis of its neurotrophic and neuroprotective responses 
in hippocampal and cortical neurons. 17-βE triggered rapid 
Ca2+ influx in hippocampal neurons with subsequent 
activation of Src/ERK and CREB cascades, followed by an 
up-regulation of Bcl-2 expression [115] which was, in turn, 
blocked by 10 µM nifedipine. Neuroprotective effect of 17-
βE has also been demonstrated in primary cultures of 
Sprague-Dawley rat retinal cells after hydrogen peroxide-
induced apoptosis [116]. The transient Ca2+ increase induced 
by 10 μM 17-βE treatment for 0.5 h was mediated by the 
PI3K and gated by the L-type VGCC. 
 The neuroprotection, neuronal development, modulation 
of synaptic plasticity and memory formation may be 
attributed to estrogen action on L-type VGCC. The results of 
electrophysiological studies done after administration of 
extremely low estrogen concentrations showed a rapid Ca2+ 
increase in hippocampal neurons and slices, as well as in 
HEK-293 cells transfected with neuronal L-type VGCC 
[117]. Estrogen was shown to directly interact with VGCC 
and the downstream effects were independent from estrogen 
receptors. 

 The action of estrogens appears to be more complex, as 
their effects can be also mediated by membrane-located 
estrogen receptors what has been recently reviewed by Vega 
et al. [118]. 

2.8. Transient Receptor Potential Channels 
 Another group of membrane targets for neurosteroids 
includes a family of transient receptor potential channels 
(TRPC) mediating the influx of cations across cell membranes 
and thus playing an important role in cellular signaling. TRP 
channels share a common structure with six transmembrane 
domains and a re-entrant P-loop, which forms the pore of the 
channel [119]. 

 The TRP channels superfamily has approximately 30 
members and consists of seven subfamilies which are named 
TRPA (ankyrin), TRPCn (canonical), TRPM (melastatin), 
TRPML (mucolipin), TRPP (polycystin), and TRPV (vanilloid) 
and TRPN (no mechanopotential), based on the sequence 
homology [120, 121]. In the brain, TRP expression has been 
detected in neurons, astrocytes, oligodendrocytes, microglia and 
ependymal cells as well as in the cerebral vascular endothelium 
and smooth muscles [122]. TRP channels regulate intra- 
cellular Ca2+ concentration acting as calcium-permeable 
channels in the plasma membrane or via modulation of driving 
force for Ca2+ entry [123]. 

 Several studies showed the modulation of TRP channels 
by neurosteroids. Most of them focused, however, on PregS, 
and only a few TRP channels have been characterized in 
details [124]. For example, in acutely isolated hippocampal 
dentate gyrus hilar neurons PregS significantly increased 
spontaneous excitatory postsynaptic current (sEPSC) frequency 
in a concentration-dependent manner, without affecting the 
current amplitude [125]. Presynaptic action of PregS increased 
the probability of spontaneous glutamate release but this 

 
Fig. (8). Regulation of L-type VGCC by neurosteroids. PregS by direct interaction with extracellular domain of L-type VGCC can 
increase Ca2+ influx in a concentration-dependent manner, but 17-β-estradiol exerts inhibitory effect. Allopregnanolone modifies L-type 
VGCC function acting on PKA-mediated signaling pathway. 
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process was completely blocked by TRP channel blockers. It 
appears that PregS increased glutamate release via presynaptic 
“calcium induce – calcium release” mechanism, which was 
triggered by the influx of Ca2+ through presynaptic TRP 
channels, most likely the subtype C (Fig. 9). 

 In acutely isolated rat medullary dorsal horn neurons 
PregS significantly intensified the frequency of glycinergic 
spontaneous miniature inhibitory postsynaptic currents 
(mIPSCs) in a concentration-dependent manner, and this 
effect was completely attenuated in the presence of general 
TRP channel blockers - SKF96365 (specific for TRPC3, 
TRPC5, TRPC6, and TRPC7), ruthenium red and La3+ [126]. 
In that case, PregS acted probably on the presynaptic TRP 
channels triggering Ca2+ influx and increasing calcium in 
glycinergic nerve terminals. Further experiments on TRPC5-
expressing HEK 293 cells showed that the TRPC5 channel 
currents were strongly suppressed by Preg, PregS, Prog, 
dihydrotestosterone and 17-βE, although to a different extent 
[127]. These results strongly suggest that neurosteroids could 
serve as direct and reversible negative modulators of TRPC5 
channel activity at the membrane. 

 The effects of neurosteroids on melastatin type 3 receptor 
have been intensively studied not only in neuronal cells. 
TRPM3 channel that is expressed in the developing rat 
cerebellar cortex and at glutamatergic synapses in neonatal 
Purkinje cells, has been stimulated with micromolar 
concentrations of PregS, DHEAS and epipregnanolone 
sulfate [128-130]. It has also been established that TRPM3 is 
activated when PregS binds to a specific, chirally selective 
binding site on a protein, but cannot be activated by a non-
specific membrane effect [131, 132]. 

 The activity of TRPV1 receptor, which is also known as 
capsaicin receptor and is expressed predominantly by sensory  
neurons, has been reported to be modulated by neurosteroids 
as well. In rat dorsal root ganglion neurons, PregS at 
concentration of 50 μM rapidly and reversibly inhibited the 
spontaneous excitatory postsynaptic currents induced by 100 
nM capsaicin in a non-competitive, but concentration-
dependent manner [133]. 

2.9. Plasma Membrane Calcium Pump 

 The concentration of calcium ions must be precisely 
controlled to keep an appropriate gradient across the membrane. 
Inside the cell, free Ca2+ concentration is below 100 nM, 
whereas it is 104 times higher outside [134]. Therefore, a 
little increase in cytoplasmic Ca2+ can exert a huge effect  
on neuronal activity, even despite spatial restriction of 
calcium signal to functional microdomains. There are several 
mechanisms that operate to increase Ca2+, as well as several 
other responsible for Ca2+ removal to extracellular milieu or 
its sequestration to intracellular stores. Plasma membrane 
Ca2+-ATPase (PMCA) is an enzyme with the highest affinity 
for calcium and plays a prominent role in restoration of basal 
intracellular Ca2+ [135]. PMCA not only keeps calcium 
transients and local Ca2+ concentration under tight control, 
but also acts as the first line of defense from calcium 
overload. PMCA exists in four isoforms. PMCA1 and 
PMCA4 are ubiquitous, while PMCA2 and PMCA3 are 
specific for excitable cells [136]. 

 It is well documented that neurosteroids are capable to 
modify neuronal function via the mechanisms using a 
nongenomic way. The nerve cells appear to be under 

 

Fig. (9). Modulation of transient receptor potential channels by neurosteroids. The TRPM type 3 is directly affected by sulfate 
derivatives of pregnenolone, DHEA and epipregnanolone causing intracellular Ca2+ increase. Calcium influx through other transient receptor 
potential channels like TRPC 5 or TRPV1 can be inhibited in the presence of Preg, PregS, Prog, DHT and 17-βE. 
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permanent influence of steroids, including regulation of 
calcium homeostasis. Our first observation regarding the 
effect of estradiol and pregnenolone sulfate on synaptosomal 
PMCA activity was reported more than 20 years ago [137]. 
In the next few years, we demonstrated that the action of 
neurosteroids on PMCA seems to be more complex and may 
involve both genomic and nongenomic effect. Thus, we 
subsequently evaluated whether PMCA purified from 
synaptosomal membranes of rat cortex could be directly 
regulated by neurosteroids - PregS, DHEAS, testosterone, 
and 17-βE at concentrations ranging from nM to µM [138]. 
Our results have shown a dose-dependent activation of the 
enzyme at physiologically relevant concentrations of examined 
hormones. However, higher steroid concentrations produced 
differential mode of regulation. Testosterone increased Ca2+-
ATPase activity in a gradual manner, 17-β-estradiol provided 
no further enhancement, but PregS and DHEAS decreased 
the activity of the enzyme. These data suggest structure-
specific and concentration-dependent effect of different 
hormones on PMCA activity. Further experiments additionally 
confirmed that neurosteroids can also modulate ATP-powered 
Ca2+ transport in neuronal membranes, erythrocyte ghosts and 
PC12 cell membranes, but their efficiency was dependent on 
PMCA isoform composition [139, 140]. Thus, neurosteroids 
could be potentially useful as therapeutic agents when elongated 
calcium signal is needed to initiate proper neurotransmission 
or when Ca2+ signal should be terminated. Moreover, this 
indicates the promising role of neurosteroids in restoration of 
Ca2+ homeostasis under some pathological conditions. 

CONCLUSION 
 The available data largely support the view that neuro- 
steroids and calcium are integrated elements of signaling 
systems in neuronal cells. Although neurosteroids may exert 
either positive or negative effects on calcium homeostasis, 
their role in the regulation of spatiotemporal Ca2+ dynamics, 
and subsequently, Ca2+-dependent physiological or pathological 
processes, is evident. A better understanding of cellular and 
molecular mechanisms of nongenomic, calcium-engaged 
neurosteroids action could open new ways for therapeutic 
interventions aimed to restore neuronal function in many 
neurological and psychiatric diseases. 

LIST OF ABBREVIATIONS 
Akt = protein kinase B 
AMPA = α-amino-3-hydroxy-5-methyl-4-

isoxazolepropionic acid 
CaMK II = Ca2+/calmodulin-dependent protein 

kinase II 
CREB = cyclic-AMP response element binding 

protein 
DHEA = dehydroepiandrosterone 
DHEAS = dehydroepiandrosterone sulfate 
DHT = dihydrotestosterone 
ERK 1/2 = extracellular signal-regulated kinase 1/2 
17βE = 17-β-estradiol 

GABA = γ-aminobutyric acid 
GABAA R = GABAA receptor 
GlyR = glycine receptor 
GPCR = G-protein coupled receptor 
IP3 = inositol triphosphate 
KAR = kainate receptor 
LTP = long term potentiation 
NMDA = N-methyl-D-aspartate 
PI3K = phosphatidylinositol-3-kinase 
PLC = phospholipase C 
Preg = pregnenolone 
PregS = pregnenolone sulfate 
Prog = progesterone 
PKA = protein kinase A 
PKC = protein kinase C 
PMCA = plasma membrane Ca2+-ATPase 
3α5βS = pregnanolone sulphate 
3α5βHS = 3α5βS hemisuccinate derivative 
σ1R = sigma-1 receptor 
σ2R = sigma-2 receptor 
THCC = allotetrahydrocorticosterone 
THDOC = tetrahydrodeoxycorticosterone 
TRPC = transient receptor potential channels 
VGCC = voltage-gated calcium channels 

CONSENT FOR PUBLICATION 
 Not applicable. 

CONFLICT OF INTEREST 
 The authors declare no conflict of interest, financial or 
otherwise. 

ACKNOWLEDGEMENTS 
 This work was supported by the grants no. 503/6-086-
02/503-61-001 and 502-03/6-086-02/502-64-061 from 
Medical University of Lodz. 

REFERENCES 
[1] Baulieu, E.E. Neurosteroids: an overview. Adv. Biochem. 

Psychopharmacol., 1992, 47, 1-16. [PMID: 1354912] 
[2] Paul, S.M.; Purdy, R.H. Neuroactive steroids. FASEB J., 1992, 

6(6), 2311-2322. [PMID: 1347506] 
[3] Weng, J.H.; Chung, B.C. Nongenomic actions of neurosteroid 

pregnenolone and its metabolites. Steroids, 2016, 111, 54-59. 
[http://dx.doi.org/10.1016/j.steroids.2016.01.017] [PMID: 26844377] 

[4] Rupprecht, R.; Holsboer, F. Neuroactive steroids: mechanisms of 
action and neuropsychopharmacological perspectives. Trends 
Neurosci., 1999, 22(9), 410-416. [http://dx.doi.org/10.1016/S0166-
2236(99)01399-5] [PMID: 10441302] 

[5] Burgoyne, R.D.; Haynes, L.P. Sense and specificity in neuronal 
calcium signalling. Biochim. Biophys. Acta, 2015, 1853(9), 1921-



Calcium-engaged Mechanisms of Nongenomic Action of Neurosteroids Current Neuropharmacology, 2017, Vol. 15, No. 8    1187 

1932. [http://dx.doi.org/10.1016/j.bbamcr.2014.10.029] [PMID: 
25447549] 

[6] Berridge, M.J. Calcium signalling remodelling and disease. 
Biochem. Soc. Trans., 2012, 40(2), 297-309. [http://dx.doi.org/ 
10.1042/BST20110766] [PMID: 22435804] 

[7] Brini, M.; Calì, T.; Ottolini, D.; Carafoli, E. Neuronal calcium 
signaling: function and dysfunction. Cell. Mol. Life Sci., 2014, 
71(15), 2787-2814. [http://dx.doi.org/10.1007/s00018-013-1550-7] 
[PMID: 24442513] 

[8] Belelli, D.; Lambert, J.J. Neurosteroids: endogenous regulators of 
the GABA(A) receptor. Nat. Rev. Neurosci., 2005, 6(7), 565-575. 
[http://dx.doi.org/10.1038/nrn1703] [PMID: 15959466] 

[9] Reddy, D.S. Pharmacology of endogenous neuroactive steroids. 
Crit. Rev. Neurobiol., 2003, 15(3-4), 197-234. [http://dx.doi.org/ 
10.1615/CritRevNeurobiol.v15.i34.20] [PMID: 15248811] 

[10] Xie, Z.; Currie, K.P.; Cahill, A.L.; Fox, A.P. Role of Cl- co-
transporters in the excitation produced by GABAA receptors in 
juvenile bovine adrenal chromaffin cells. J. Neurophysiol., 2003, 
90(6), 3828-3837. [http://dx.doi.org/10.1152/jn.00617.2003] [PMID: 
12968012] 

[11] Takebayashi, M.; Kagaya, A.; Hayashi, T.; Motohashi, N.; 
Yamawaki, S. gamma-Aminobutyric acid increases intracellular 
Ca2+ concentration in cultured cortical neurons: role of Cl- 
transport. Eur. J. Pharmacol., 1996, 297(1-2), 137-143. [http://dx. 
doi.org/10.1016/0014-2999(95)00734-2] [PMID: 8851177] 

[12] Takebayashi, M.; Kagaya, A.; Uchitomi, Y.; Yokota, N.; Horiguchi, 
J.; Yamawaki, S. Differential regulation by pregnenolone sulfate of 
intracellular Ca2+ increase by amino acids in primary cultured rat 
cortical neurons. Neurochem. Int., 1998, 32(2), 205-211. [http:// 
dx.doi.org/10.1016/S0197-0186(97)00070-3] [PMID: 9542732] 

[13] Kurata, K.; Takebayashi, M.; Kagaya, A.; Morinobu, S.; Yamawaki, 
S. Effect of β-estradiol on voltage-gated Ca(2+) channels in rat 
hippocampal neurons: a comparison with dehydroepiandrosterone. 
Eur. J. Pharmacol., 2001, 416(3), 203-212. [http://dx.doi.org/ 
10.1016/S0014-2999(01)00880-9] [PMID: 11290370] 

[14] Jang, I-S.; Jeong, H-J.; Akaike, N. Contribution of the Na-K-Cl 
cotransporter on GABA(A) receptor-mediated presynaptic 
depolarization in excitatory nerve terminals. J. Neurosci., 2001, 
21(16), 5962-5972. [PMID: 11487619] 

[15] Bali, A.; Jaggi, A.S. Multifunctional aspects of allopregnanolone in 
stress and related disorders. Prog. Neuropsychopharmacol. Biol. 
Psychiatry, 2014, 48, 64-78. [http://dx.doi.org/10.1016/j.pnpbp. 
2013.09.005] [PMID: 24044974] 

[16] Wang, J.M.; Brinton, R.D. Allopregnanolone-induced rise in 
intracellular calcium in embryonic hippocampal neurons parallels 
their proliferative potential. BMC Neurosci., 2008, 9(Suppl. 2), S11. 
[http://dx.doi.org/10.1186/1471-2202-9-S2-S11] [PMID: 19090984] 

[17] Williams, B.; Bence, M.; Everest, H.; Forrest-Owen, W.; Lightman, 
S.L.; McArdle, C.A. GABAA receptor mediated elevation of Ca2+ 
and modulation of gonadotrophin-releasing hormone action in 
alphaT3-1 gonadotropes. J. Neuroendocrinol., 2000, 12(2), 159-
166. [http://dx.doi.org/10.1046/j.1365-2826.2000.00432.x] [PMID: 
10718911] 

[18] Perrot-Sinal, T.S.; Davis, A.M.; Gregerson, K.A.; Kao, J.P.; 
McCarthy, M.M. Estradiol enhances excitatory gamma-aminobutyric 
[corrected] acid-mediated calcium signaling in neonatal hypothalamic 
neurons. Endocrinology, 2001, 142(6), 2238-2243. [http://dx.doi. 
org/10.1210/endo.142.6.8180] [PMID: 11356668] 

[19] Betz, H.; Laube, B. Glycine receptors: recent insights into their 
structural organization and functional diversity. J. Neurochem., 
2006, 97(6), 1600-1610. [http://dx.doi.org/10.1111/j.1471-4159. 
2006.03908.x] [PMID: 16805771] 

[20] Dutertre, S.; Becker, C.M.; Betz, H. Inhibitory glycine receptors: 
an update. J. Biol. Chem., 2012, 287(48), 40216-40223. [http://dx. 
doi.org/10.1074/jbc.R112.408229] [PMID: 23038260] 

[21] Yevenes, G.E.; Zeilhofer, H.U. Allosteric modulation of glycine 
receptors. Br. J. Pharmacol., 2011, 164(2), 224-236. [http://dx.doi. 
org/10.1111/j.1476-5381.2011.01471.x] [PMID: 21557733] 

[22] Burgos, C.F.; Muñoz, B.; Guzman, L.; Aguayo, L.G. Ethanol 
effects on glycinergic transmission: From molecular pharmacology 
to behavior responses. Pharmacol. Res., 2015, 101, 18-29. [http:// 
dx.doi.org/10.1016/j.phrs.2015.07.002] [PMID: 26158502] 

[23] Fucile, S.; De Saint Jan, D.; de Carvalho, L.P.; Bregestovski, P. 
Fast potentiation of glycine receptor channels of intracellular 
calcium in neurons and transfected cells. Neuron, 2000, 28(2), 571-

583. [http://dx.doi.org/10.1016/S0896-6273(00)00134-3] [PMID: 
11144365] 

[24] Platel, J.C.; Boisseau, S.; Dupuis, A.; Brocard, J.; Poupard, A.; 
Savasta, M.; Villaz, M.; Albrieux, M. Na+ channel-mediated Ca2+ 
entry leads to glutamate secretion in mouse neocortical preplate. 
Proc. Natl. Acad. Sci. USA, 2005, 102(52), 19174-19179. [http:// 
dx.doi.org/10.1073/pnas.0504540102] [PMID: 16357207] 

[25] Avila, A.; Nguyen, L.; Rigo, J.M. Glycine receptors and brain 
development. Front. Cell. Neurosci., 2013, 7, 184. [http://dx. 
doi.org/10.3389/fncel.2013.00184] [PMID: 24155690] 

[26] Jiang, P.; Yang, C.X.; Wang, Y.T.; Xu, T.L. Mechanisms of 
modulation of pregnanolone on glycinergic response in cultured 
spinal dorsal horn neurons of rat. Neuroscience, 2006, 141(4), 
2041-2050. [http://dx.doi.org/10.1016/j.neuroscience.2006.05.009] 
[PMID: 16806717] 

[27] Jin, X.; Covey, D.F.; Steinbach, J.H. Kinetic analysis of voltage-
dependent potentiation and block of the glycine alpha 3 receptor  
by a neuroactive steroid analogue. J. Physiol., 2009, 587(Pt 5), 
981-997. [http://dx.doi.org/10.1113/jphysiol.2008.159343] [PMID: 
19124545] 

[28] Jiang, P.; Kong, Y.; Zhang, X-B.; Wang, W.; Liu, C-F.; Xu,  
T.L. Glycine receptor in rat hippocampal and spinal cord neurons 
as a molecular target for rapid actions of 17-β-estradiol. Mol.  
Pain, 2009, 5, 2. [http://dx.doi.org/10.1186/1744-8069-5-2] [PMID: 
19138413] 

[29] Traynelis, S.F.; Wollmuth, L.P.; McBain, C.J.; Menniti, F.S.; 
Vance, K.M.; Ogden, K.K.; Hansen, K.B.; Yuan, H.; Myers, S.J.; 
Dingledine, R. Glutamate receptor ion channels: structure, 
regulation, and function. Pharmacol. Rev., 2010, 62(3), 405-496. 
[http://dx.doi.org/10.1124/pr.109.002451] [PMID: 20716669] 

[30] Alexander, S.P.; Peters, J.A.; Kelly, E.; Marrion, N.; Benson, H.E.; 
Faccenda, E.; Pawson, A.J.; Sharman, J.L.; Southan, C.; Davies, 
J.A.; Collaborators, C. The Concise Guide to PHARMACOLOGY 
2015/16: Ligand-gated ion channels. Br. J. Pharmacol., 2015, 
172(24), 5870-5903. [http://dx.doi.org/10.1111/bph.13350] [PMID: 
26650440] 

[31] Wu, F.S.; Gibbs, T.T.; Farb, D.H. Pregnenolone sulfate: a positive 
allosteric modulator at the N-methyl-D-aspartate receptor. Mol. 
Pharmacol., 1991, 40(3), 333-336. [PMID: 1654510] 

[32] Kussius, C.L.; Kaur, N.; Popescu, G.K. Pregnanolone sulfate 
promotes desensitization of activated NMDA receptors. J. 
Neurosci., 2009, 29(21), 6819-6827. [http://dx.doi.org/10.1523/ 
JNEUROSCI.0281-09.2009] [PMID: 19474309] 

[33] Park-Chung, M.; Wu, F.S.; Purdy, R.H.; Malayev, A.A.; Gibbs, 
T.T.; Farb, D.H. Distinct sites for inverse modulation of N-methyl-
D-aspartate receptors by sulfated steroids. Mol. Pharmacol., 1997, 
52(6), 1113-1123. [PMID: 9396781] 

[34] Malayev, A.; Gibbs, T.T.; Farb, D.H. Inhibition of the NMDA 
response by pregnenolone sulphate reveals subtype selective 
modulation of NMDA receptors by sulphated steroids. Br. J. 
Pharmacol., 2002, 135(4), 901-909. [http://dx.doi.org/10.1038/ 
sj.bjp.0704543] [PMID: 11861317] 

[35] Jang, M.K.; Mierke, D.F.; Russek, S.J.; Farb, D.H. A steroid 
modulatory domain on NR2B controls N-methyl-D-aspartate 
receptor proton sensitivity. Proc. Natl. Acad. Sci. USA, 2004, 
101(21), 8198-8203. [http://dx.doi.org/10.1073/pnas.0401838101] 
[PMID: 15150412] 

[36] Horak, M.; Vlcek, K.; Chodounska, H.; Vyklicky, L., Jr. Subtype-
dependence of N-methyl-D-aspartate receptor modulation by 
pregnenolone sulfate. Neuroscience, 2006, 137(1), 93-102. [http:// 
dx.doi.org/10.1016/j.neuroscience.2005.08.058] [PMID: 16257494] 

[37] Stoll, L.; Hall, J.; Van Buren, N.; Hall, A.; Knight, L.; Morgan, A.; 
Zuger, S.; Van Deusen, H.; Gentile, L. Differential regulation of 
ionotropic glutamate receptors. Biophys. J., 2007, 92(4), 1343-
1349. [http://dx.doi.org/10.1529/biophysj.106.089896] [PMID: 
17114218] 

[38] Salter, M.W.; Kalia, L.V. Src kinases: a hub for NMDA receptor 
regulation. Nat. Rev. Neurosci., 2004, 5(4), 317-328. [http://dx. 
doi.org/10.1038/nrn1368] [PMID: 15034556] 

[39] Chen, L.; Miyamoto, Y.; Furuya, K.; Dai, X.N.; Mori, N.; Sokabe, 
M. Chronic DHEAS administration facilitates hippocampal long-
term potentiation via an amplification of Src-dependent NMDA 
receptor signaling. Neuropharmacology, 2006, 51(3), 659-670. 
[http://dx.doi.org/10.1016/j.neuropharm.2006.05.011] [PMID: 
16806295] 



1188    Current Neuropharmacology, 2017, Vol. 15, No. 8 Rebas et al. 

[40] Chen, L.; Miyamoto, Y.; Furuya, K.; Mori, N.; Sokabe, M. PREGS 
induces LTP in the hippocampal dentate gyrus of adult rats via the 
tyrosine phosphorylation of NR2B coupled to ERK/CREB 
[corrected] signaling. J. Neurophysiol., 2007, 98(3), 1538-1548. 
[http://dx.doi.org/10.1152/jn.01151.2006] [PMID: 17625058] 

[41] Petrovic, M.; Sedlacek, M.; Cais, O.; Horak, M.; Chodounska, H.; 
Vyklicky, L., Jr. Pregnenolone sulfate modulation of N-methyl-D-
aspartate receptors is phosphorylation dependent. Neuroscience, 
2009, 160(3), 616-628. [http://dx.doi.org/10.1016/j.neuroscience. 
2009.02.052] [PMID: 19272423] 

[42] Whittaker, M.T.; Gibbs, T.T.; Farb, D.H. Pregnenolone sulfate 
induces NMDA receptor dependent release of dopamine from 
synaptic terminals in the striatum. J. Neurochem., 2008, 107(2), 510-
521. [http://dx.doi.org/10.1111/j.1471-4159.2008.05627.x] [PMID: 
18710414] 

[43] Weaver, C.E., Jr.; Marek, P.; Park-Chung, M.; Tam, S.W.; Farb, 
D.H. Neuroprotective activity of a new class of steroidal inhibitors 
of the N-methyl-D-aspartate receptor. Proc. Natl. Acad. Sci. USA, 
1997, 94(19), 10450-10454. [http://dx.doi.org/10.1073/pnas.94.19. 
10450] [PMID: 9294231] 

[44] Petrović, M.; Horák, M.; Sedlácek, M.; Vyklický, L., Jr. Physiology 
and pathology of NMDA receptors. Prague Med. Rep., 2005, 
106(2), 113-136. [PMID: 16315761] 

[45] Rambousek, L.; Bubenikova-Valesova, V.; Kacer, P.; Syslova, K.; 
Kenney, J.; Holubova, K.; Najmanova, V.; Zach, P.; Svoboda, J.; 
Stuchlik, A.; Chodounska, H.; Kapras, V.; Adamusova, E.; 
Borovska, J.; Vyklicky, L.; Vales, K. Cellular and behavioural 
effects of a new steroidal inhibitor of the N-methyl-d-aspartate 
receptor 3α5β-pregnanolone glutamate. Neuropharmacology, 2011, 
61(1-2), 61-68. [http://dx.doi.org/10.1016/j.neuropharm.2011.02. 
018] [PMID: 21354187] 

[46] Vales, K.; Rambousek, L.; Holubova, K.; Svoboda, J.; Bubenikova-
Valesova, V.; Chodounska, H.; Vyklicky, L.; Stuchlik, A. 3α5β-
Pregnanolone glutamate, a use-dependent NMDA antagonist, 
reversed spatial learning deficit in an animal model of schizophrenia. 
Behav. Brain Res., 2012, 235(1), 82-88. [http://dx.doi.org/ 
10.1016/j.bbr.2012.07.020] [PMID: 22820236] 

[47] Kleteckova, L.; Tsenov, G.; Kubova, H.; Stuchlik, A.; Vales, K. 
Neuroprotective effect of the 3α5β-pregnanolone glutamate 
treatment in the model of focal cerebral ischemia in immature rats. 
Neurosci. Lett., 2014, 564, 11-15. [http://dx.doi.org/10.1016/ 
j.neulet.2014.01.057] [PMID: 24513236] 

[48] Kudova, E.; Chodounska, H.; Slavikova, B.; Budesinsky, M.; 
Nekardova, M.; Vyklicky, V.; Krausova, B.; Svehla, P.; Vyklicky, 
L. A new class of potent N-methyl-D-aspartate receptor inhibitors: 
Sulfated neuroactive steroids with lipophilic D-ring modifications. 
J. Med. Chem., 2015, 58(15), 5950-5966. [http://dx.doi.org/10. 
1021/acs.jmedchem.5b00570] [PMID: 26171651] 

[49] Slavikova, B.; Chodounska, H.; Nekardova, M.; Vyklicky, V.; 
Ladislav, M.; Hubalkova, P.; Krausova, B.; Vyklicky, L.; Kudova, 
E. Neurosteroid-like Inhibitors of N-Methyl-d-aspartate Receptor: 
Substituted 2-Sulfates and 2-Hemisuccinates of Perhydro- 
phenanthrene. J. Med. Chem., 2016, 59(10), 4724-4739. [http://dx. 
doi.org/10.1021/acs.jmedchem.6b00079] [PMID: 27064517] 

[50] Vyklicky, V.; Smejkalova, T.; Krausova, B.; Balik, A.; Korinek, 
M.; Borovska, J.; Horak, M.; Chvojkova, M.; Kleteckova, L.; 
Vales, K.; Cerny, J.; Nekardova, M.; Chodounska, H.; Kudova, E.; 
Vyklicky, L. Preferential inhibition of tonically over phasically 
activated NMDA receptors by pregnane derivatives. J. Neurosci., 
2016, 36(7), 2161-2175. [http://dx.doi.org/10.1523/JNEUROSCI. 
3181-15.2016] [PMID: 26888927] 

[51] Frank, C.; Sagratella, S. Neuroprotective effects of allopre- 
gnenolone on hippocampal irreversible neurotoxicity in vitro.  
Prog. Neuropsychopharmacol. Biol. Psychiatry, 2000, 24(7), 1117-
1126. [http://dx.doi.org/10.1016/S0278-5846(00)00124-X] [PMID: 
11131176] 

[52] Marx, C.E.; Jarskog, L.F.; Lauder, J.M.; Gilmore, J.H.; Lieberman, 
J.A.; Morrow, A.L. Neurosteroid modulation of embryonic 
neuronal survival in vitro following anoxia. Brain Res., 2000, 
871(1), 104-112. [http://dx.doi.org/10.1016/S0006-8993(00)02452-
5] [PMID: 10882789] 

[53] Lockhart, E.M.; Warner, D.S.; Pearlstein, R.D.; Penning, D.H.; 
Mehrabani, S.; Boustany, R.M. Allopregnanolone attenuates N-
methyl-D-aspartate-induced excitotoxicity and apoptosis in the 
human NT2 cell line in culture. Neurosci. Lett., 2002, 328(1),  

33-36. [http://dx.doi.org/10.1016/S0304-3940(02)00448-2] [PMID: 
12123853] 

[54] Xilouri, M.; Papazafiri, P. Anti-apoptotic effects of allopregnanolone 
on P19 neurons. Eur. J. Neurosci., 2006, 23(1), 43-54. [http://dx. 
doi.org/10.1111/j.1460-9568.2005.04548.x] [PMID: 16420414] 

[55] Xilouri, M.; Papazafiri, P. Induction of Akt by endogenous 
neurosteroids and calcium sequestration in P19 derived neurons. 
Neurotox. Res., 2008, 13(3-4), 209-219. [http://dx.doi.org/10.1007/ 
BF03033504] [PMID: 18522900] 

[56] Kimonides, V.G.; Khatibi, N.H.; Svendsen, C.N.; Sofroniew, M.V.; 
Herbert, J. Dehydroepiandrosterone (DHEA) and DHEA-sulfate 
(DHEAS) protect hippocampal neurons against excitatory amino 
acid-induced neurotoxicity. Proc. Natl. Acad. Sci. USA, 1998, 
95(4), 1852-1857. [http://dx.doi.org/10.1073/pnas.95.4.1852] [PMID: 
9465106] 

[57] Charalampopoulos, I.; Tsatsanis, C.; Dermitzaki, E.; Alexaki,  
V.I.; Castanas, E.; Margioris, A.N.; Gravanis, A. 
Dehydroepiandrosterone and allopregnanolone protect 
sympathoadrenal medulla cells against apoptosis via antiapoptotic 
Bcl-2 proteins. Proc. Natl. Acad. Sci. USA, 2004, 101(21), 8209-8214. 
[http://dx.doi.org/10.1073/pnas.0306631101] [PMID: 15148390] 

[58] Li, H.; Klein, G.; Sun, P.; Buchan, A.M. Dehydroepiandrosterone 
(DHEA) reduces neuronal injury in a rat model of global cerebral 
ischemia. Brain Res., 2001, 888(2), 263-266. [http://dx.doi.org/10. 
1016/S0006-8993(00)03077-8] [PMID: 11150483] 

[59] Dong, Y.; Zheng, P. Dehydroepiandrosterone sulphate: action  
and mechanism in the brain. J. Neuroendocrinol., 2012, 24(1), 215-
224. [http://dx.doi.org/10.1111/j.1365-2826.2011.02256.x] [PMID: 
22145821] 

[60] Irwin, R.P.; Lin, S.Z.; Rogawski, M.A.; Purdy, R.H.; Paul, S.M. 
Steroid potentiation and inhibition of N-methyl-D-aspartate 
receptor-mediated intracellular Ca++ responses: structure-activity 
studies. J. Pharmacol. Exp. Ther., 1994, 271(2), 677-682. [PMID: 
7965782] 

[61] Monnet, F.P.; Maurice, T. The sigma1 protein as a target for  
the non-genomic effects of neuro(active)steroids: molecular, 
physiological, and behavioral aspects. J. Pharmacol. Sci., 2006, 
100(2), 93-118. [http://dx.doi.org/10.1254/jphs.CR0050032] [PMID: 
16474209] 

[62] Compagnone, N.A.; Mellon, S.H. Dehydroepiandrosterone: a 
potential signalling molecule for neocortical organization during 
development. Proc. Natl. Acad. Sci. USA, 1998, 95(8), 4678-4683. 
[http://dx.doi.org/10.1073/pnas.95.8.4678] [PMID: 9539798] 

[63] Monnet, F.P.; Mahé, V.; Robel, P.; Baulieu, E.E. Neurosteroids, via 
sigma receptors, modulate the [3H]norepinephrine release evoked 
by N-methyl-D-aspartate in the rat hippocampus. Proc. Natl. Acad. 
Sci. USA, 1995, 92(9), 3774-3778. [http://dx.doi.org/10.1073/pnas. 
92.9.3774] [PMID: 7731982] 

[64] Bergeron, R.; de Montigny, C.; Debonnel, G. Potentiation of 
neuronal NMDA response induced by dehydroepiandrosterone and 
its suppression by progesterone: effects mediated via sigma 
receptors. J. Neurosci., 1996, 16(3), 1193-1202. [PMID: 8558248] 

[65] Yaghoubi, N.; Malayev, A.; Russek, S.J.; Gibbs, T.T.; Farb, D.H. 
Neurosteroid modulation of recombinant ionotropic glutamate 
receptors. Brain Res., 1998, 803(1-2), 153-160. [http://dx.doi.org/ 
10.1016/S0006-8993(98)00644-1] [PMID: 9729352] 

[66] Shirakawa, H.; Katsuki, H.; Kume, T.; Kaneko, S.; Akaike, A. 
Pregnenolone sulphate attenuates AMPA cytotoxicity on rat 
cortical neurons. Eur. J. Neurosci., 2005, 21(9), 2329-2335. [http:// 
dx.doi.org/10.1111/j.1460-9568.2005.04079.x] [PMID: 15932592] 

[67] Sedlácek, M.; Korínek, M.; Petrovic, M.; Cais, O.; Adamusová, E.; 
Chodounská, H.; Vyklický, L., Jr. Neurosteroid modulation of 
ionotropic glutamate receptors and excitatory synaptic transmission. 
Physiol. Res., 2008, 57(Suppl. 3), S49-S57. [PMID: 18481915] 

[68] Mayer, M.L. Structural biology of glutamate receptor ion channel 
complexes. Curr. Opin. Struct. Biol., 2016, 41, 119-127. [http://dx. 
doi.org/10.1016/j.sbi.2016.07.002] [PMID: 27454049] 

[69] Park-Chung, M.; Wu, F.S.; Farb, D.H. 3 alpha-Hydroxy-5 beta-
pregnan-20-one sulfate: a negative modulator of the NMDA-
induced current in cultured neurons. Mol. Pharmacol., 1994, 46(1), 
146-150. [PMID: 7520124] 

[70] Spivak, V.; Lin, A.; Beebe, P.; Stoll, L.; Gentile, L. Identification 
of a neurosteroid binding site contained within the GluR2-S1S2 
domain. Lipids, 2004, 39(8), 811-819. [PMID: 15638252] 



Calcium-engaged Mechanisms of Nongenomic Action of Neurosteroids Current Neuropharmacology, 2017, Vol. 15, No. 8    1189 

[71] Zamudio-Bulcock, P.A.; Valenzuela, C.F. Pregnenolone sulfate 
increases glutamate release at neonatal climbing fiber-to-Purkinje 
cell synapses. Neuroscience, 2011, 175, 24-36. [http://dx.doi.org/ 
10.1016/j.neuroscience.2010.11.063] [PMID: 21130844] 

[72] Cameron, K.; Bartle, E.; Roark, R.; Fanelli, D.; Pham, M.; Pollard, 
B.; Borkowski, B.; Rhoads, S.; Kim, J.; Rocha, M.; Kahlson, M.; 
Kangala, M.; Gentile, L. Neurosteroid binding to the amino 
terminal and glutamate binding domains of ionotropic glutamate 
receptors. Steroids, 2012, 77(7), 774-779. [http://dx.doi.org/10. 
1016/j.steroids.2012.03.011] [PMID: 22504555] 

[73] Valenzuela, C.F.; Partridge, L.D.; Mameli, M.; Meyer, D.A. 
Modulation of glutamatergic transmission by sulfated steroids: role 
in fetal alcohol spectrum disorder. Brain Res. Brain Res. Rev., 
2008, 57(2), 506-519. [http://dx.doi.org/10.1016/j.brainresrev.2007. 
04.009] [PMID: 17597219] 

[74] Contractor, A.; Swanson, G.; Heinemann, S.F. Kainate receptors 
are involved in short- and long-term plasticity at mossy fiber 
synapses in the hippocampus. Neuron, 2001, 29(1), 209-216. [http:// 
dx.doi.org/10.1016/S0896-6273(01)00191-X] [PMID: 11182092] 

[75] Lauri, S.E.; Bortolotto, Z.A.; Nistico, R.; Bleakman, D.; Ornstein, 
P.L.; Lodge, D.; Isaac, J.T.; Collingridge, G.L. A role for Ca2+ 
stores in kainate receptor-dependent synaptic facilitation and LTP 
at mossy fiber synapses in the hippocampus. Neuron, 2003, 39(2), 
327-341. [http://dx.doi.org/10.1016/S0896-6273(03)00369-6] [PMID: 
12873388] 

[76] Scott, R.; Lalic, T.; Kullmann, D.M.; Capogna, M.; Rusakov, D.A. 
Target-cell specificity of kainate autoreceptor and Ca2+-store-
dependent short-term plasticity at hippocampal mossy fiber synapses. 
J. Neurosci., 2008, 28(49), 13139-13149. [http://dx.doi.org/10. 
1523/JNEUROSCI.2932-08.2008] [PMID: 19052205] 

[77] Meyer, D.A.; Carta, M.; Partridge, L.D.; Covey, D.F.; Valenzuela, 
C.F. Neurosteroids enhance spontaneous glutamate release in 
hippocampal neurons. Possible role of metabotropic sigma1-like 
receptors. J. Biol. Chem., 2002, 277(32), 28725-28732. [http://dx. 
doi.org/10.1074/jbc.M202592200] [PMID: 12042305] 

[78] Mameli, M.; Carta, M.; Partridge, L.D.; Valenzuela, C.F. 
Neurosteroid-induced plasticity of immature synapses via 
retrograde modulation of presynaptic NMDA receptors. J. Neurosci., 
2005, 25(9), 2285-2294. [http://dx.doi.org/10.1523/JNEUROSCI. 
3877-04.2005] [PMID: 15745954] 

[79] Ruscher, K.; Wieloch, T. The involvement of the sigma-1 receptor 
in neurodegeneration and neurorestoration. J. Pharmacol. Sci., 
2015, 127(1), 30-35. [http://dx.doi.org/10.1016/j.jphs.2014.11.011] 
[PMID: 25704015] 

[80] Maurice, T.; Martin-Fardon, R.; Romieu, P.; Matsumoto, R.R. 
Sigma(1) (sigma(1)) receptor antagonists represent a new strategy 
against cocaine addiction and toxicity. Neurosci. Biobehav. Rev., 
2002, 26(4), 499-527. [http://dx.doi.org/10.1016/S0149-7634(02) 
00017-9] [PMID: 12204195] 

[81] Nguyen, L.; Lucke-Wold, B.P.; Mookerjee, S.A.; Cavendish, J.Z.; 
Robson, M.J.; Scandinaro, A.L.; Matsumoto, R.R. Role of sigma-1 
receptors in neurodegenerative diseases. J. Pharmacol. Sci., 2015, 
127(1), 17-29. [http://dx.doi.org/10.1016/j.jphs.2014.12.005] [PMID: 
25704014] 

[82] Hayashi, T. Sigma-1 receptor: the novel intracellular target of 
neuropsychotherapeutic drugs. J. Pharmacol. Sci., 2015, 127(1), 2-5. 
[http://dx.doi.org/10.1016/j.jphs.2014.07.001] [PMID: 25704011] 

[83] Prole, D.L.; Taylor, C.W. Inositol 1,4,5-trisphosphate receptors and 
their protein partners as signalling hubs. J. Physiol., 2016, 594(11), 
2849-2866. [http://dx.doi.org/10.1113/JP271139] [PMID: 26830355] 

[84] Hayashi, T.; Su, T.P. Intracellular dynamics of sigma-1 receptors 
(sigma(1) binding sites) in NG108-15 cells. J. Pharmacol. Exp. 
Ther., 2003, 306(2), 726-733. [http://dx.doi.org/10.1124/jpet.103. 
051292] [PMID: 12730356] 

[85] Hayashi, T.; Su, T.P. Sigma-1 receptor chaperones at the ER-
mitochondrion interface regulate Ca(2+) signaling and cell survival. 
Cell, 2007, 131(3), 596-610. [http://dx.doi.org/10.1016/j.cell.2007. 
08.036] [PMID: 17981125] 

[86] Moriguchi, S.; Yamamoto, Y.; Ikuno, T.; Fukunaga, K. Sigma-1 
receptor stimulation by dehydroepiandrosterone ameliorates cognitive 
impairment through activation of CaM kinase II, protein kinase C 
and extracellular signal-regulated kinase in olfactory bulbectomized 
mice. J. Neurochem., 2011, 117(5), 879-891. [http://dx.doi.org/ 
10.1111/j.1471-4159.2011.07256.x] [PMID: 21434925] 

[87] Moriguchi, S.; Shinoda, Y.; Yamamoto, Y.; Sasaki, Y.; Miyajima, 
K.; Tagashira, H.; Fukunaga, K. Stimulation of the sigma-1 
receptor by DHEA enhances synaptic efficacy and neurogenesis in 
the hippocampal dentate gyrus of olfactory bulbectomized mice. 
PLoS One, 2013, 8(4), e60863. [http://dx.doi.org/10.1371/journal. 
pone.0060863] [PMID: 23593332] 

[88] Yabuki, Y.; Shinoda, Y.; Izumi, H.; Ikuno, T.; Shioda, N.; 
Fukunaga, K. Dehydroepiandrosterone administration improves 
memory deficits following transient brain ischemia through sigma-1 
receptor stimulation. Brain Res., 2015, 1622, 102-113. [http:// 
dx.doi.org/10.1016/j.brainres.2015.05.006] [PMID: 26119915] 

[89] Hong, W.; Nuwayhid, S.J.; Werling, L.L. Modulation of 
bradykinin-induced calcium changes in SH-SY5Y cells by 
neurosteroids and sigma receptor ligands via a shared mechanism. 
Synapse, 2004, 54(2), 102-110. [http://dx.doi.org/10.1002/syn. 
20069] [PMID: 15352135] 

[90] Yang, R.; Zhou, R.; Chen, L.; Cai, W.; Tomimoto, H.; Sokabe, M.; 
Chen, L. Pregnenolone sulfate enhances survival of adult-generated 
hippocampal granule cells via sustained presynaptic potentiation. 
Neuropharmacology, 2011, 60(2-3), 529-541. [http://dx.doi.org/ 
10.1016/j.neuropharm.2010.11.017] [PMID: 21111750] 

[91] Yoon, S.Y.; Roh, D.H.; Seo, H.S.; Kang, S.Y.; Moon, J.Y.;  
Song, S.; Beitz, A.J.; Lee, J.H. An increase in spinal dehydro- 
epiandrosterone sulfate (DHEAS) enhances NMDA-induced pain 
via phosphorylation of the NR1 subunit in mice: involvement of the 
sigma-1 receptor. Neuropharmacology, 2010, 59(6), 460-467. [http:// 
dx.doi.org/10.1016/j.neuropharm.2010.06.007] [PMID: 20600171] 

[92] Hille, B. G protein-coupled mechanisms and nervous signaling. 
Neuron, 1992, 9(2), 187-195. [http://dx.doi.org/10.1016/0896-
6273(92)90158-A] [PMID: 1353972] 

[93] Brown, A.M.; Birnbaumer, L. Direct G protein gating of ion 
channels. Am. J. Physiol., 1988, 254(3 Pt 2), H401-H410. [PMID: 
2450476] 

[94] ffrench-Mullen, J.M.; Danks, P.; Spence, K.T. Neurosteroids 
modulate calcium currents in hippocampal CA1 neurons via a 
pertussis toxin-sensitive G-protein-coupled mechanism. J. Neurosci., 
1994, 14(4), 1963-1977. [PMID: 8158251] 

[95] Prossnitz, E.R.; Barton, M. Estrogen biology: new insights into 
GPER function and clinical opportunities. Mol. Cell. Endocrinol., 
2014, 389(1-2), 71-83. [http://dx.doi.org/10.1016/j.mce.2014.02.002] 
[PMID: 24530924] 

[96] Altmann, J.B.; Yan, G.; Meeks, J.F.; Abood, M.E.; Brailoiu, E.; 
Brailoiu, G.C. G protein-coupled estrogen receptor-mediated effects 
on cytosolic calcium and nanomechanics in brain microvascular 
endothelial cells. J. Neurochem., 2015, 133(5), 629-639. [http://dx. 
doi.org/10.1111/jnc.13066] [PMID: 25703621] 

[97] Kostakis, E.; Smith, C.; Jang, M.K.; Martin, S.C.; Richards, K.G.; 
Russek, S.J.; Gibbs, T.T.; Farb, D.H. The neuroactive steroid 
pregnenolone sulfate stimulates trafficking of functional N-methyl 
D-aspartate receptors to the cell surface via a noncanonical, G 
protein, and Ca2+-dependent mechanism. Mol. Pharmacol., 2013, 
84(2), 261-274. [http://dx.doi.org/10.1124/mol.113.085696] [PMID: 
23716622] 

[98] Meitzen, J.; Mermelstein, P.G. Estrogen receptors stimulate brain 
region specific metabotropic glutamate receptors to rapidly initiate 
signal transduction pathways. J. Chem. Neuroanat., 2011, 42(4), 
236-241. [http://dx.doi.org/10.1016/j.jchemneu.2011.02.002] [PMID: 
21458561] 

[99] Willard, S.S.; Koochekpour, S. Glutamate, glutamate receptors, and 
downstream signaling pathways. Int. J. Biol. Sci., 2013, 9(9), 948-
959. [http://dx.doi.org/10.7150/ijbs.6426] [PMID: 24155668] 

[100] Niswender, C.M.; Conn, P.J. Metabotropic glutamate receptors: 
physiology, pharmacology, and disease. Annu. Rev. Pharmacol. 
Toxicol., 2010, 50, 295-322. [http://dx.doi.org/10.1146/annurev. 
pharmtox.011008.145533] [PMID: 20055706] 

[101] Boulware, M.I.; Weick, J.P.; Becklund, B.R.; Kuo, S.P.; Groth, 
R.D.; Mermelstein, P.G. Estradiol activates group I and II 
metabotropic glutamate receptor signaling, leading to opposing 
influences on cAMP response element-binding protein. J. 
Neurosci., 2005, 25(20), 5066-5078. [http://dx.doi.org/10.1523/ 
JNEUROSCI.1427-05.2005] [PMID: 15901789] 

[102] Grove-Strawser, D.; Boulware, M.I.; Mermelstein, P.G. Membrane 
estrogen receptors activate the metabotropic glutamate receptors 
mGluR5 and mGluR3 to bidirectionally regulate CREB 
phosphorylation in female rat striatal neurons. Neuroscience, 2010, 



1190    Current Neuropharmacology, 2017, Vol. 15, No. 8 Rebas et al. 

170(4), 1045-1055. [http://dx.doi.org/10.1016/j.neuroscience.2010. 
08.012] [PMID: 20709161] 

[103] Xu, Y.; Tanaka, M.; Chen, L.; Sokabe, M. DHEAS induces short-
term potentiation via the activation of a metabotropic glutamate 
receptor in the rat hippocampus. Hippocampus, 2012, 22(4), 707-
722. [http://dx.doi.org/10.1002/hipo.20932] [PMID: 21484933] 

[104] Chaban, V.V.; Lakhter, A.J.; Micevych, P. A membrane estrogen 
receptor mediates intracellular calcium release in astrocytes. 
Endocrinology, 2004, 145(8), 3788-3795. [http://dx.doi.org/ 
10.1210/en.2004-0149] [PMID: 15131017] 

[105] Mermelstein, P.G.; Micevych, P.E. Nervous system physiology 
regulated by membrane estrogen receptors. Rev. Neurosci., 2008, 
19(6), 413-424. [http://dx.doi.org/10.1515/REVNEURO.2008.19.6. 
413] [PMID: 19317180] 

[106] Spence, K.T.; Plata-Salaman, C.R.; ffrench-Mullen, J.M. The 
neurosteroids pregnenolone and pregnenolone-sulfate but not 
progesterone, block Ca2+ currents in acutely isolated hippocampal 
CA1 neurons. Life Sci., 1991, 49(26), PL235-PL239. [http://dx.doi. 
org/10.1016/0024-3205(91)90649-V] [PMID: 1660951] 

[107] Büküşoğlu, C.; Sarlak, F. Pregnenolone sulfate increases intra- 
cellular Ca2+ levels in a pituitary cell line. Eur. J. Pharmacol., 1996, 
298(1), 79-85. [http://dx.doi.org/10.1016/0014-2999(95)00772-5] 
[PMID: 8867923] 

[108] Chen, L.; Sokabe, M. Presynaptic modulation of synaptic 
transmission by pregnenolone sulfate as studied by optical 
recordings. J. Neurophysiol., 2005, 94(6), 4131-4144. [http://dx. 
doi.org/10.1152/jn.00755.2004] [PMID: 15972828] 

[109] Hige, T.; Fujiyoshi, Y.; Takahashi, T. Neurosteroid pregnenolone 
sulfate enhances glutamatergic synaptic transmission by facilitating 
presynaptic calcium currents at the calyx of Held of immature rats. 
Eur. J. Neurosci., 2006, 24(7), 1955-1966. [http://dx.doi.org/10. 
1111/j.1460-9568.2006.05080.x] [PMID: 17040476] 

[110] Hu, A.Q.; Wang, Z.M.; Lan, D.M.; Fu, Y.M.; Zhu, Y.H.; Dong, Y.; 
Zheng, P. Inhibition of evoked glutamate release by neurosteroid 
allopregnanolone via inhibition of L-type calcium channels in rat 
medial prefrontal cortex. Neuropsychopharmacology, 2007, 32(7), 
1477-1489. [http://dx.doi.org/10.1038/sj.npp.1301261] [PMID: 
17151597] 

[111] Sabeti, J.; Nelson, T.E.; Purdy, R.H.; Gruol, D.L. Steroid 
pregnenolone sulfate enhances NMDA-receptor-independent long-
term potentiation at hippocampal CA1 synapses: role for L-type 
calcium channels and sigma-receptors. Hippocampus, 2007, 17(5), 
349-369. [http://dx.doi.org/10.1002/hipo.20273] [PMID: 17330865] 

[112] Chen, L.; Cai, W.; Chen, L.; Zhou, R.; Furuya, K.; Sokabe, M. 
Modulatory metaplasticity induced by pregnenolone sulfate in the 
rat hippocampus: a leftward shift in LTP/LTD-frequency curve. 
Hippocampus, 2010, 20(4), 499-512. [PMID: 19475651] 

[113] Lee, D.Y.; Chai, Y.G.; Lee, E.B.; Kim, K.W.; Nah, S.Y.; Oh, T.H.; 
Rhim, H. 17Beta-estradiol inhibits high-voltage-activated calcium 
channel currents in rat sensory neurons via a non-genomic 
mechanism. Life Sci., 2002, 70(17), 2047-2059. [http://dx.doi.org/ 
10.1016/S0024-3205(01)01534-X] [PMID: 12148697] 

[114] Chaban, V.V.; Mayer, E.A.; Ennes, H.S.; Micevych, P.E. Estradiol 
inhibits atp-induced intracellular calcium concentration increase  
in dorsal root ganglia neurons. Neuroscience, 2003, 118(4), 941-
948. [http://dx.doi.org/10.1016/S0306-4522(02)00915-6] [PMID: 
12732239] 

[115] Wu, T.W.; Wang, J.M.; Chen, S.; Brinton, R.D. 17Beta-estradiol 
induced Ca2+ influx via L-type calcium channels activates the 
Src/ERK/cyclic-AMP response element binding protein signal 
pathway and BCL-2 expression in rat hippocampal neurons: a 
potential initiation mechanism for estrogen-induced neuroprotection. 
Neuroscience, 2005, 135(1), 59-72. [http://dx.doi.org/10.1016/ 
j.neuroscience.2004.12.027] [PMID: 16084662] 

[116] Feng, Y.; Wang, B.; Du, F.; Li, H.; Wang, S.; Hu, C.; Zhu, C.; Yu, 
X. The involvement of PI3K-mediated and L-VGCC-gated 
transient Ca2+ influx in 17β-estradiol-mediated protection of retinal 
cells from H2O2-induced apoptosis with Ca2+ overload. PLoS One, 
2013, 8(11), e77218. [http://dx.doi.org/10.1371/journal.pone.0077218] 
[PMID: 24223708] 

[117] Sarkar, S.N.; Huang, R-Q.; Logan, S.M.; Yi, K.D.; Dillon, G.H.; 
Simpkins, J.W. Estrogens directly potentiate neuronal L-type Ca2+ 
channels. Proc. Natl. Acad. Sci. USA, 2008, 105(39), 15148-15153. 
[http://dx.doi.org/10.1073/pnas.0802379105] [PMID: 18815371] 

[118] Vega-Vela, N.E.; Osorio, D.; Avila-Rodriguez, M.; Gonzalez, J.; 
Garcia-Segura, L.M.; Echeverria, V.; Barreto, G.E. L-type calcium 
channels modulation by estradiol. Mol. Neurobiol., 2016, 
[http://dx.doi.org/10.1007/s12035-016-0045-6] [PMID: 27525676] 

[119] Venkatachalam, K.; Montell, C. TRP channels. Annu. Rev. 
Biochem., 2007, 76, 387-417. [http://dx.doi.org/10.1146/annurev. 
biochem.75.103004.142819] [PMID: 17579562] 

[120] Morelli, M.B.; Amantini, C.; Liberati, S.; Santoni, M.; Nabissi, M. 
TRP channels: new potential therapeutic approaches in CNS 
neuropathies. CNS Neurol. Disord. Drug Targets, 2013, 12(2), 274-
293. [http://dx.doi.org/10.2174/18715273113129990056] [PMID: 
23469844] 

[121] Zeng, C.; Tian, F.; Xiao, B. TRPC channels: Prominent candidates 
of underlying mechanism in neuropsychiatric diseases. Mol. 
Neurobiol., 2016, 53(1), 631-647. [http://dx.doi.org/10.1007/s12035-
014-9004-2] [PMID: 25502458] 

[122] Zhang, E.; Liao, P. Brain transient receptor potential channels and 
stroke. J. Neurosci. Res., 2015, 93(8), 1165-1183. [http://dx.doi. 
org/10.1002/jnr.23529] [PMID: 25502473] 

[123] Nilius, B.; Owsianik, G.; Voets, T.; Peters, J.A. Transient receptor 
potential cation channels in disease. Physiol. Rev., 2007, 87(1), 
165-217. [http://dx.doi.org/10.1152/physrev.00021.2006] [PMID: 
17237345] 

[124] Harteneck, C. Pregnenolone sulfate: from steroid metabolite  
to TRP channel ligand. Molecules, 2013, 18(10), 12012-12028. 
[http://dx.doi.org/10.3390/molecules181012012] [PMID: 24084011] 

[125] Lee, K.H.; Cho, J.H.; Choi, I.S.; Park, H.M.; Lee, M.G.; Choi, B.J.; 
Jang, I.S. Pregnenolone sulfate enhances spontaneous glutamate 
release by inducing presynaptic Ca2+-induced Ca2+ release. 
Neuroscience, 2010, 171(1), 106-116. [http://dx.doi.org/10.1016/ 
j.neuroscience.2010.07.057] [PMID: 20816925] 

[126] Hong, J.S.; Cho, J.H.; Choi, I.S.; Lee, M.G.; Jang, I.S. 
Pregnenolone sulfate modulates glycinergic transmission in rat 
medullary dorsal horn neurons. Eur. J. Pharmacol., 2013, 712(1-3), 
30-38. [http://dx.doi.org/10.1016/j.ejphar.2013.04.039] [PMID: 
23665111] 

[127] Majeed, Y.; Amer, M.S.; Agarwal, A.K.; McKeown, L.; Porter, 
K.E.; O’Regan, D.J.; Naylor, J.; Fishwick, C.W.; Muraki, K.; 
Beech, D.J. Stereo-selective inhibition of transient receptor 
potential TRPC5 cation channels by neuroactive steroids. Br. J. 
Pharmacol., 2011, 162(7), 1509-1520. [http://dx.doi.org/10.1111/ 
j.1476-5381.2010.01136.x] [PMID: 21108630] 

[128] Wagner, T.F.; Loch, S.; Lambert, S.; Straub, I.; Mannebach, S.; 
Mathar, I.; Düfer, M.; Lis, A.; Flockerzi, V.; Philipp, S.E.; 
Oberwinkler, J. Transient receptor potential M3 channels are 
ionotropic steroid receptors in pancreatic beta cells. Nat. Cell Biol., 
2008, 10(12), 1421-1430. [http://dx.doi.org/10.1038/ncb1801] 
[PMID: 18978782] 

[129] Majeed, Y.; Agarwal, A.K.; Naylor, J.; Seymour, V.A.; Jiang, S.; 
Muraki, K.; Fishwick, C.W.; Beech, D.J. Cis-isomerism and other 
chemical requirements of steroidal agonists and partial agonists 
acting at TRPM3 channels. Br. J. Pharmacol., 2010, 161(2), 430-
441. [http://dx.doi.org/10.1111/j.1476-5381.2010.00892.x] [PMID: 
20735426] 

[130] Majeed, Y.; Tumova, S.; Green, B.L.; Seymour, V.A.; Woods, 
D.M.; Agarwal, A.K.; Naylor, J.; Jiang, S.; Picton, H.M.; Porter, 
K.E.; O’Regan, D.J.; Muraki, K.; Fishwick, C.W.; Beech, D.J. 
Pregnenolone sulphate-independent inhibition of TRPM3 channels 
by progesterone. Cell Calcium, 2012, 51(1), 1-11. [http://dx. 
doi.org/10.1016/j.ceca.2011.09.005] [PMID: 22000496] 

[131] Drews, A.; Mohr, F.; Rizun, O.; Wagner, T.F.; Dembla, S.; 
Rudolph, S.; Lambert, S.; Konrad, M.; Philipp, S.E.; Behrendt, M.; 
Marchais-Oberwinkler, S.; Covey, D.F.; Oberwinkler, J. Structural 
requirements of steroidal agonists of transient receptor potential 
melastatin 3 (TRPM3) cation channels. Br. J. Pharmacol., 2014, 
171(4), 1019-1032. [http://dx.doi.org/10.1111/bph.12521] [PMID: 
24251620] 

[132] Uchida, K.; Demirkhanyan, L.; Asuthkar, S.; Cohen, A.; Tominaga, 
M.; Zakharian, E. Stimulation-dependent gating of TRPM3 channel 
in planar lipid bilayers. FASEB J., 2016, 30(3), 1306-1316. 
[http://dx.doi.org/10.1096/fj.15-281576] [PMID: 26655382] 

[133] Chen, S.C.; Wu, F.S. Mechanism underlying inhibition of  
the capsaicin receptor-mediated current by pregnenolone sulfate  
in rat dorsal root ganglion neurons. Brain Res., 2004, 1027(1-2), 



Calcium-engaged Mechanisms of Nongenomic Action of Neurosteroids Current Neuropharmacology, 2017, Vol. 15, No. 8    1191 

196-200. [http://dx.doi.org/10.1016/j.brainres.2004.08.053] [PMID: 
15494172] 

[134] Berridge, M.J.; Bootman, M.D.; Roderick, H.L. Calcium 
signalling: dynamics, homeostasis and remodelling. Nat. Rev. Mol. 
Cell Biol., 2003, 4(7), 517-529. [http://dx.doi.org/10.1038/nrm1155] 
[PMID: 12838335] 

[135] Brini, M.; Carafoli, E. Calcium pumps in health and disease. 
Physiol. Rev., 2009, 89(4), 1341-1378. [http://dx.doi.org/10.1152/ 
physrev.00032.2008] [PMID: 19789383] 

[136] Strehler, E.E.; Zacharias, D.A. Role of alternative splicing in 
generating isoform diversity among plasma membrane calcium 
pumps. Physiol. Rev., 2001, 81(1), 21-50. [PMID: 11152753] 

[137] Zylińska, L.; Rebas, E.; Gromadzińska, E.; Lachowicz, L. 
Neuroactive steroids modulate in vivo the Mg2+/Ca(2+)-ATPase 

activity in rat cortical and cerebellar synaptosomal membranes. 
Biochem. Biophys. Res. Commun., 1995, 212(1), 178-183. 
[http://dx.doi.org/10.1006/bbrc.1995.1953] [PMID: 7612004] 

[138] Zylińska, L.; Gromadzińska, E.; Lachowicz, L. Short-time effects 
of neuroactive steroids on rat cortical Ca2+-ATPase activity. 
Biochim. Biophys. Acta, 1999, 1437(2), 257-264. [http://dx.doi.org/ 
10.1016/S1388-1981(99)00015-3] [PMID: 10064908] 

[139] Szemraj, J.; Kawecka, I.; Lachowicz, L.; Zylińska, L. Non-genomic 
effect of estradiol on plasma membrane calcium pump activity in 
vitro. Pol. J. Pharmacol., 2003, 55(5), 887-893. [PMID: 14704483] 

[140] Zylinska, L.; Kowalska, I.; Kozaczuk, A. Fast action of neuroactive 
steroids on plasma membrane calcium pump in PC12 cells. Ann. N. 
Y. Acad. Sci., 2008, 1148, 515-519. [http://dx.doi.org/10.1196/ 
annals.1410.077] [PMID: 19120150] 

 

 


	Calcium-engaged Mechanisms of Nongenomic Action of Neurosteroids
	1. INTRODUCTION
	Fig. (1).
	2. CALCIUM AND NEUROSTEROIDS
	Fig. (2).
	Fig. (3).
	Fig. (4).
	Fig. (5).
	Fig. (6).
	Fig. (7).
	Fig. (8).
	Fig. (9).
	CONCLUSION
	CONSENT FOR PUBLICATION
	LIST OF ABBREVIATIONS
	CONFLICT OF INTEREST
	ACKNOWLEDGEMENTS
	REFERENCES



