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Abstract 

Fast excitatory synaptic transmission that is contingent upon N-methyl D-aspartate 

receptor (NMDAR) function contributes to core information flow in the central nervous 

system (CNS) and to the plasticity of neural circuits that underlie cognition. Hypoactivity 

of excitatory NMDAR-mediated neurotransmission is hypothesized to underlie the 

pathophysiology of schizophrenia, including the associated cognitive deficits. The 

neurosteroid pregnenolone (PREG) and its metabolites pregnenolone sulfate (PregS) and 

allopregnanolone in serum are inversely associated with cognitive improvements 

following oral PREG therapy, raising the possibility that brain neurosteroid levels may be 

modulated therapeutically.  PregS is derived from PREG, the precursor of all 

neurosteroids, via a single sulfation step and is present at low nanomolar concentrations 

in the CNS.  PregS, but not PREG, augments LTP and cognitive performance in animal 

models of learning and memory. In this report, we communicate the first observation that 

PregS, but not PREG, is a potent (EC50 ~ 2 pM) enhancer of intracellular Ca2+ that is 

contingent upon neuronal activity, NMDAR-mediated synaptic activity, and L-type Ca2+ 

channel activity. Low pM PregS similarly activates CREB phosphorylation (within 10 

min), an essential memory molecule, via an ERK/MAPK signal transduction pathway.  

Taken together, the results are consistent with a novel biological role for the neurosteroid 

PregS that acts at picomolar concentrations to intensify the intracellular response to 

glutamatergic signaling at synaptic, but not extra-synaptic, NMDARs by differentially 

augmenting CREB activation.  This provides a genomic signal transduction mechanism 

by which PregS could participate in memory consolidation of relevance to cognitive 

function. 
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Introduction 

 The neurosteroid pregnenolone sulfate (PregS) has been known to act as a 

cognitive enhancer and modulator of neurotransmission for 20 years, yet aligning its 

pharmacological and physiological effects with reliable measurements of endogenous 

local concentrations has remained elusive (reviewed in Gibbs et al., 2006; Schumacher et 

al., 2008). Recent findings highlight the potential for neurosteroid treatment of 

neurological and neuropsychiatric disorders (Bibb et al., 2010; Collingridge et al., 2013)	  

via the action of a pregnenolone (PREG) metabolite(s) including PregS (Marx et al., 

2009). PREG is synthesized de novo in the brain from cholesterol and is enriched in 

nervous tissue compared to its levels in cerebrospinal fluid, serum and/or plasma in both 

humans and rodents (Weill-Engerer et al., 2002; Marx et al., 2006, 2009; Naylor et al., 

2008; Caruso et al., 2013).  PREG or one of its metabolites has also emerged as a 

negative feedback modulator of cannabinoid receptor subtype-1 signaling (Vallée et al., 

2014), raising the possibility that neurosteroids could be viable therapeutics for the 

treatment of cannabis intoxication.  

PREG improves cognitive deficits associated with schizophrenia in a way that 

correlates inversely with the lowest concentrations of its downstream neurosteroid 

metabolites in serum, including PregS, PREG, and allopregnanolone (Marx et al., 2009; 

Ritsner et al., 2010, 2014; Kreinin et al., 2014). PregS enhances the performance of 

rodents in models of cognition (Mayo et al., 1993; Flood et al., 1995; Vallée et al., 1997;  

Akwa et al., 2001; Darnaudéry et al., 2002), and NMDAR contingent spatial memory 

(Petit et al., 2011; Plescia et al., 2013).  PregS is present in rodent (Rustichelli et al., 

2013) and human brain (Weill-Engerer et al., 2002; Liere et al., 2004) at physiologically 
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relevant concentrations.  PregS enhances excitatory synaptic transmission by both 

presynaptic and postsynaptic mechanisms with potencies in the micromolar range (Wu et 

al., 1991; Park-Chung et al., 1997; Wagner et al., 2008).  PregS, but not PREG, 

potentiates NMDAR responses (Wu et al., 1991, Malayev et al. 2002), enhances 

NMDAR trafficking to the cell surface (Kostakis et al., 2013) via a Ca2+ dependent G-

protein coupled mechanism, and enhances LTP (Sliwinski et al., 2004; Chen et al., 2007) 

in an NMDAR dependent fashion.  It is also known that PregS can be released in a 

retrograde messenger-like fashion to increase presynaptic glutamate release (Mameli et 

al., 2005).  

 We sought to determine whether physiologically relevant concentrations of PregS 

could initiate a sequence of molecular events that potentially lead to cognitive 

enhancement.  The results demonstrate that, contingent upon synaptic NMDAR 

activation, PregS, but not PREG, increases the concentration of intracellular Ca2+ 

([Ca2+]i) with a potency of 2 pM in an NMDAR- and L-type Ca2+ channel (Ca2+
L) 

contingent manner. Moreover, neuronal activity, Ca2+
L, and functional synaptic but not 

extrasynaptic NMDAR activity are required for low pM PregS-activated CREB 

phosphorylation. 

The results provide further support for PregS as a high affinity positive modulator 

of synaptic function consistent with its actions as a cognitive enhancer.  While the 

endogenous role of PregS in modulating synaptic activity remains an area of open 

investigation, the results reported here demonstrate that low pM concentrations of PregS 

induce increases in Ca2+ and pCREB in a manner that requires excitatory synaptic (but 

not extrasynaptic) transmission and is contingent upon NMDAR, likely NR2B subtype 
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selective, activation.  PregS might act to reduce cognitive dysfunction in schizophrenia 

by reducing NMDAR hypofunction (Javitt, 2007; Millan, 2005; Coyle, 2006; Rujescu et 

al., 2006) and activating CREB phosphorylation, a transcription factor critical in the 

maintenance of LTP (Bourtchuladze et al., 1994; Ahmed and Frey, 2005). 

 

Materials and Methods 

Neuronal cell culture: Embryonic (E18, mixed sex) rat cortical cells or 

hippocampal cells were isolated and cultured as in (Russek et al., 2000) for 6-8 days  

(cortical) or 21-28 days (hippocampal) ex vivo and used in confocal imaging or western 

blots  For analysis of pCREB and pERK, cells were plated on poly-L-lysinated (0.1 

mg/ml) 100 mm dishes (Nunc, MA), treated with drug (10 min at 37°C), rinsed once and 

harvested (ice-cold 1xPBS, pH 7.2, supplemented with cOmplete protease inhibitor 

cocktail and PhosSTOP phosphatase inhibitor cocktail (Roche, IN) and 1 mM PMSF).  

Whole cell extracts were prepared in lysis buffer (in mM) Tris-HCl 500, pH 7.4, NaCl 

1500, 2.5% deoxycholic acid, 10% NP-40, EDTA 10, PMSF 1, Na3VO4 1, NaF 1, 

supplemented with cOmplete protease and PhosSTOP phosphatase inhibitor cocktails, 

and processed for Western blot subject to the study inclusion criteria below: Cultures	  that 

were judged to be network functional by confocal were thus included in the analysis. 

 Confocal Ca2+ imaging of cortical and hippocampal neurons: The cells, 

cultured as above on confocal dishes, were incubated for 30 min at 37°C with the cell 

membrane-permeant calcium indicator Fluo-4 acetoxymethyl ester (Invitrogen, CA). The 

cells were imaged at room temperature in imaging buffer (in mM) NaCl 137, KCl 5, 

CaCl2 3, glucose 25, HEPES 10 in real time using a Zeiss Laser Scanning Microscope 

(LSM) 510, excitation 488 nm, emission 505-735 nm.  Images were captured at 1.57 s 
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per frame using a 40x water immersion objective. Regions of interest were selected for 

morphologically identified cells using Zeiss Axiovert software to determine changes in 

fluorescence intensity with a dynamic range of 0-255. The effect of drug application was 

quantified as the ratio of peak fluorescence above baseline during saline vs drug 

application ∆F/F  = [(F/Fo)drug - (F/Fo)baseline]. 

Both	  cortical	  and	  hippocampal	  neurons	  exhibited	  spontaneous	  sEPSCs,	  

bursting	  firing	  patterns	  consistent	  with	  action	  potentials,	  and	  oscillations	  of	  firing	  

rate	  indicative	  of	  effective	  synaptic	  local	  network	  function.	  	  Oscillatory	  network	  

activity	  in	  cortical	  and	  hippocampal	  cultures	  that	  exceeded	  20%	  of	  baseline	  average	  

had	  to	  be	  excluded	  from	  use	  as	  it	  was	  not	  possible	  to	  identify	  a	  true	  baseline	  level	  of	  

the	  F/F0. Neuronal cultures were subject to three criteria for inclusion in the study:  (1) 

ongoing network activity as judged by oscillatory fluctuations in F0 with some spiking 

activity were required, however, as noted above, (2) the average baseline slow waves 

were within 20% of F0, and (3) individual neurons were responsive to depolarization with 

50 mM KCl (at least 40% over baseline). 

In experiments designed for western blot analysis, sister cultures for each study 

group were first screened by confocal microscopy as described above.  To validate the 

measurements, cortical cells were exposed 50 mM KCl resulting in a significant increase 

in pCREB (relative to CREB) of ~ 90% when compared to VEH (p<0.05, unpaired t-

test). Experimental groups in which sister slices showed an increase in pCREB relative to 

CREB following 50 mM KCl treatment were determined to have passed the basic criteria 

for signal transduction, i.e., that pCREB could be formed by the cells, and thus the 

experimental group was included in the analysis.  When any part of plating failed either 
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the network activity test or signal transduction test all parts of the experiment were 

excluded from analysis.   

 Rat hippocampal brain slices: Adult male Sprague Dawley rats aged	  P16-‐P30	  

were	  housed	  at	  room	  temperature	  in	  a	  light-‐controlled	  room	  with	  free	  access	  to	  

food	  and	  water.	  The	  rats	  were	  anesthetized	  using	  isoflurane	  and	  decapitated.	  The	  

brain	  was	  removed	  during	  dissection,	  while	  the	  head	  was	  submerged	  in	  ice-‐cold	  (4-‐

5°C)	  artificial	  cerebrospinal	  fluid	  (aCSF),	  which	  was	  oxygenated	  with	  a	  gas	  mixture	  

of	  95%	  O2/5%	  CO2.The	  aCSF	  contained	  (in	  mM):	  2.5	  KCl,	  1.25	  NaH2PO4,	  10	  MgSO4,	  

0.5	  CaCl2,	  234	  sucrose,	  11	  glucose,	  and	  26	  NaHCO3,	  pH	  =	  7.4	  (310	  Osm).	  Hemisected 

coronal slices (400 µm) containing	  the	  hippocampus	  were	  cut	  on	  a	  Leica	  vibratome	  

and	  transferred	  to	  a recording chamber containing oxygenated aCSF at room 

temperature.  This	  aCSF	  contained	  (in	  mM):	  126	  NaCl,	  2.5	  KCl,	  1.25	  NaH2PO4,	  1	  

MgSO4,	  2	  CaCl2,	  10	  glucose,	  and	  26	  NaHCO3,	  pH	  =	  7.4	  (310	  Osm).	  Brain	  slices	  were	  

allowed	  to	  recover	  for	  1	  hour	  before	  recording/drug	  treatment	  and	  then	  placed	  in	  a	  

submerged	  thermostat-‐controlled	  recording	  chamber	  (28-‐29°C),	  which	  was	  

continuously	  perfused	  with	  oxygenated	  aCSF	  at	  a	  flow	  rate	  of	  2	  ml/min.	  Slices	  were	  

perfused	  with	  VEH	  (aCSF	  +	  0.05%	  DMSO),	  50	  pM	  PregS	  (50	  pM	  PregS	  in	  VEH),	  or	  50	  

mM	  KCl	  (aCSF	  containing	  50	  mM	  KCl)	  for	  10	  min.	  For	  measurement	  of	  paired	  pulse	  

facilitation	  (PPF)	  to	  confirm	  slice	  health	  and	  intact	  hippocampal	  circuitry,	  we	  used	  

current	  pulses	  (0.1	  ms)	  at	  interstimulus	  intervals	  (ISIs)	  of	  10,	  50,	  and	  100	  ms.	  Field	  

excitatory	  postsynaptic	  potentials	  (fEPSPs)	  were	  elicited	  by	  stimulating	  Schaffer	  

collaterals	  using	  a	  platinum	  concentric	  bipolor	  stimulating	  electrode	  and	  recorded	  

with	  a	  glass	  microelectrode	  filled	  with	  aCSF	  (~1	  MΩ)	  placed	  in	  the	  stratum	  radiatum	  
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of	  the	  CA1	  region	  at	  a	  depth	  of	  about	  100	  μm.	  Data	  was	  acquired	  with	  EPC-‐9	  patch-‐

clamp	  amplifier	  (HEKA	  Electronics,	  Germany)	  and	  analyzed	  with	  Pulse-‐PulseFit	  

software	  (version	  8.11,	  HEKA	  Electronics).	  	  

	   Hippocampal	  slices	  that did not exhibit facilitation (slope of the second fEPSP 

was not larger than of first fEPSP for all three ISIs) and did not have a higher slope ratio 

for 50 ms ISI compared to the 10 and 100 ms ISIs, consistent with the residual Ca2+ 

hypothesis, were not judged to be network functional and thus not included in the 

analysis. The application	  of	  aCSF containing 50 mM KCl resulted in a significant 

increase in pCREB (relative to CREB) of 87.9% when compared to VEH (p<0.05, 

unpaired t-test). Experimental groups in which sister slices showed an increase in pCREB 

relative to CREB following 50 mM KCl treatment were determined to have passed the 

basic criteria for signal transduction and thus the experimental group was included in the 

analysis.  

 Hippocampal tissue dissected for western blot was frozen at -80°C, sonicated in 

ice cold phosphate buffered saline (PBS) solution (1 mM PMSF, protease+phosphatase 

inhibitors (Roche) in PBS) for 1 s, and centrifuged (1 s, 4,000 rpm, 5 min, 4°C). The 

pellet was resuspended in 50 µL of homogenization buffer (RIPA (Cell Signaling 

Technology, MA), 1 mM PMSF, protease+phosphatase inhibitors cocktail (Roche), 1 

mM Na3VO4, 1 mM NaF). The resuspended pellet was incubated at 4°C for 15 min, 

centrifuged at 13,000 rpm for 10 min at 4°C, and the supernatant processed by Western 

blot. 

 Proteins were resolved under reducing conditions (100 mM DTT) using SDS-

PAGE and transferred to nitrocellulose membranes (Invitrogen, CA). Membranes were 

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on July 23, 2014 as DOI: 10.1124/mol.114.094128

 at A
SPE

T
 Journals on M

ay 24, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


MOL #94128    
 

	   10	  

incubated in anti-sera raised against phospho-CREB (pCREB) or CREB (both 1:1000; 

Cell Signaling, MA) followed by incubation in HRP-conjugated secondary antibody 

(1:2000; Santa Cruz Biotechnology, CA). Blots were stripped and incubated in anti-sera 

raised against β-actin (1:30,000; Sigma-Aldrich, MO) followed by incubation in 

peroxidase-conjugated secondary antibody (1:15,000; Vector Laboratories, CA), and 

visualized using ECL Plus (GE Healthcare, WI). 

 Drugs: Steroids (Steraloids (RI)) were prepared as stock solutions in DMSO and 

diluted into imaging buffer (final [DMSO] = 0.05%).  D(-)-2-amino-5-

phosphonopentanoic acid (D-AP5), ifenprodil, MK-801, bicuculline (BIC), tetrodotoxin 

(TTX), diethylstilbestrol (DES), KN-93, and nifedipine were from Sigma-Aldrich (MO), 

Ro 25-6981 and BD 1063 were from Tocris (MO), 6-cyano-7-nitroquinoxaline-2,3-dione 

(CNQX) was from Abcam (MA), and U0126 was from EMD Millipore (MA).  

 Potency determinations: PregS like all hydrophobic molecules likely binds 

cellular components and surfaces in addition to degradation by sulfatases that may 

reduce the effective “free” concentration of ligand in solution.  The potency for PregS of 

2 pM could thus represent an upper limit.   

 Statistics: Except where otherwise noted, Tukey's multiple comparison test was 

used for all p values.  When two comparisons were made the Student's t-test was used. 

The mean EC50 and 95% confidence limits (CI) for PregS induced-increase of [Ca2+]i 

were estimated by nonlinear logistic regression using GraphPad Prism.  

 
Results 

We previously reported the phenomenon of delayed onset potentiation of the 

NMDAR response by PregS and that this was a Ca2+ dependent process that results in the 
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movement of functional receptors to the cell surface of cortical neurons and Xenopus 

oocytes stimulated via a non-canonical G-protein coupled mechanism (Kostakis et al., 

2013). Here we sought to determine whether the effect of PregS could exert functionally 

significant effects on excitatory synaptic transmission at physiological concentrations and 

couple to a downstream signal transduction mechanism associated with learning and 

memory.   

 Cortical neurons were loaded with the fluorescent Ca2+ indicator fluo-4 

(Grienberger and Konnerth, 2012), imaged using confocal microscopy, and tested for the 

effect of various steroids with or without signal transduction inhibitors. A physiological 

concentration of PregS (50 pM) induces a transient elevation of F/Fo in the soma (Fig. 

1a-c), indicating the existence of a high potency mechanism for increasing neuronal 

[Ca2+]i. PREG (50 pM ) has no effect on [Ca2+]i, while the subsequent co-application of 

PregS (50 pM) + PREG (50 pM) increases [Ca2+]i (Fig. 1d). 50 pM PregS also increases 

[Ca2+]i in cultured hippocampal neurons but to a smaller magnitude (Fig. 1e). Dose-

response analysis with PregS concentrations ranging from 500 fM to 5 nM yields an EC50 

of 2 pM (Fig. 2a), which is about six orders of magnitude more potent than PregS (Wu et 

al., 1991) as positive allosteric modulators of NMDA induced current.  

 NMDAR or AMPAR blockade by dAP5 or CNQX (Itazawa et al., 1997) inhibits 

PregS-induced [Ca2+]i increase (Fig. 2c, d) and an NR2B-specific antagonist, Ro 25-6981 

(Fischer et al., 1997), blocks PregS-induced increases in [Ca2+]i with IC50 = 3 µM (Fig. 

2b),  The results are consistent with a requirement for excitatory NR2B subunit and 

AMPAR containing NMDAR-dependent synaptic activity upstream of the PregS induced 

increase in [Ca2+]i. Inhibition of 20 µM NMDA-induced [Ca2+]i increase by the NR2B-
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specific antagonist ifenprodil (IFEN) (Williams, 1993) was compared to inhibition of the 

50 pM PregS-induced [Ca2+]i increase by IFEN and Ro25-6981 (Fig. 2b). Whereas 

inhibition of the NMDA-induced [Ca2+]i increase by IFEN was consistent with previous 

published findings (Church et al., 1994), IFEN	  inhibits	  PregS-‐induced	  [Ca2+]i	  increases	  

with	  an	  IC50	  =	  10 pM, while Ro-256981 inhibits the PregS-‐induced	  [Ca2+]i	  increase 

with IC50 = 3 µM, a 5-order of magnitude difference in potency. The difference in 

potency between IFEN inhibition of 50 pM PregS vs. 20 µM NMDA is consistent with 

the identification of a novel high affinity site for   IFEN associated with the pM PregS 

binding site, suggesting a potential novel site of action for high potency IFEN modulation 

of NMDARs. 

 Modulation of NMDA-induced [Ca2+]i by neuroactive steroids depends on 

geometry and charge and PREG, the uncharged precursor to PregS, does not modulate 

NMDAR function (Weaver et al., 2000). PregHS, a synthetic chemical mimic of PregS 

with a succinate group substituted for the sulfate group at the C3 carbon, increases 

[Ca2+]i, indicating that the C3 negative charge (and its structure (sulfate vs. succinate) ) is 

essential to activate PREG for high potency [Ca2+]i
 increases (Fig. 2e).  A C5-6 double 

bond confers a planar structure to PregS. In contrast, pregnanolone sulfate (PAS) at 50 

pM, a B-ring saturated steroid with a bent configuration, did not increase [Ca2+]i , 

indicating that the C5-C6 double bond is required for the high potency PregS-induced 

[Ca2+]i  increase (Fig. 2e). The lack of effect of B-ring saturated steroids was confirmed by 

PAHS (50 pM), a chemical mimic of PAS with a negatively charged succinate group 

substituted for the C3 sulfate, which did not increase [Ca2+]i (Fig. 2e).  Thus neither the 

reduced metabolite pregnanolone (PA) nor its downstream sulfated metabolites had any 
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effect on [Ca2+]i  at 50 pM steroid (Fig. 2e). Taken together, the results are consistent 

with a binding site for PregS-induced [Ca2+]i  increase that requires a negatively charged 

C3 group (sulfate > succinate) restricted to a planar pregnene and not a reduced pregnane 

metabolite. 

 Tetrodotoxin (TTX, 30 min) eliminated the PregS-induced [Ca2+]i increase (Fig. 

3a), demonstrating a requirement for NaV dependent neuronal activity (Romano-Silva et 

al., 1994). This also indicates that PregS does not induce presynaptic Ca2+ influx coupled 

to glutamate release because this mechanism would not be blocked by TTX. Consistent 

with this mechanism, nifedipine blocks PregS [Ca2+]i increases (Fig. 3b),  indicating 

Ca2+
L activation and post-synaptic membrane depolarization is an obligatory step.  

 The sigma-R subtype 1 antagonist BD1063 (1 µM) (Matsumoto et al., 1995) had 

no effect on PregS-induced [Ca2+]i increases. DES, a store-operated calcium channel 

inhibitor (Zakharov et al., 2004) does not block 50 pM PregS-induced [Ca2+]i increases 

(Fig. 3c,d). PregS-induced [Ca2+]i increase requires Ca2+
L, and induces CREB 

phosphorylation (pCREB) in primary cultured cortical neurons and hippocampal brain 

slices (Fig. 4a-c). Brain slices were shown to be active via concomitant slice 

electrophysiology. Field recording electrophysiology demonstrated functional network 

activity, consistent with the hypothesis that the rapid effect of 50 pM PregS as an 

activator of CREB is mediated via systems level synaptic activity.  These results above 

indicate that PregS induces pCREB, and may be associated with long-term changes in 

synaptic potentiation via Ca2+
L activity (Shaywitz and Greenberg, 1999).  

 The observation that PregS but not PREG increases [Ca2+]i (Fig. 2e) demonstrates 

that the response requires a negative charge at C3 and B-ring saturation. To determine 
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whether the effect of PregS on pCREB exhibits similar structural specificity, the effects 

of PAS, PAHS, and PregHS were tested. Only PregHS reproduced the effect of PregS, 

confirming the requirement for B-ring saturation. In addition, neither 

dehydroepiandrosterone (DHEA) nor its sulfate ester, DHEAS, increased pCREB (Fig. 

4b). This result indicates that while B-ring saturation is required, a C3 negative charge 

alone is not sufficient to confer neuroactive steroid-pCREB activity, and that additional 

structural constraints such as the length of the C-17 group may also play a role in PregS 

activation of pCREB. 

 Activation of glutamate receptors can lead to calmodulin (CaM) activation 

(Bading et al., 1993) and subsequent CaM kinase II (CaMKII) phosphorylation of CREB 

(Fukunaga and Miyamoto, 2000). However, the CaMKII inhibitor KN93 (0.25 µM) 

(Sumi et al., 1991) did not abolish PregS-induced increases in pCREB (Fig. 5a) 

Alternatively, the MAPK signaling pathway may be activated by NMDARs or by Ca2+ 

influx through Ca2+
L (Thomas and Huganir, 2004); therefore, if activation of the MAPK 

pathway by either the NMDAR or Ca2+
L is occurring during PregS application, blockade 

of the MAPK pathway would eliminate PregS increases in pCREB levels. Inhibition of 

MEK using U0126 (Favata et al., 1998) blocks PregS-induced pCREB increases (Fig 

5b). PregS also induces an increase in the ratio of phospho-ERK (pERK) to total ERK 

(Fig. 5c), demonstrating that PregS directly activates pERK. Together, these results 

indicate that PregS activation of the MAPK signaling pathway is required for PregS-

elevation of pCREB levels.  

 If pCREB activation is a physiological consequence of PregS-induced [Ca2+]i 

increase, the phenomenon should also depend on excitatory neurotransmission.  To 
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determine if PregS-induced pCREB increases are dependent on action potentials the 

cultures were treated with TTX prior to PregS application, which eliminated PregS-

induced elevations of pCREB (Fig. 6a). Synaptic NMDAR activation leads to increased 

pCREB, whereas extrasynaptic NMDAR activation leads to pCREB dephosphorylation 

(Hardingham et al., 2002). We hypothesized that selective blockade of synaptic 

NMDARs should block the effect of PregS on pCREB while avoiding extrasynaptic 

NMDAR-mediated disinhibition of pCREB activation. Prior to PregS application, we 

blocked GABAARs using bicuculline (BIC) that instantaneously induces synaptic 

glutamate release via disinhibition. The activated NMDARs were blocked with MK-801, 

leaving only extrasynaptic NMDARs activatable (Hardingham et al., 2002).  We 

determined that synaptic NMDAR inhibition blocked PregS-induced pCREB increases 

(Fig. 6b), indicating dependence upon synaptic but not extrasynaptic NMDAR activity.  

 The effects of PregS on excitatory synaptic transmission are modeled in Figure 7.  

PregS, acting either on presynaptic glutamate release or at post-synaptic receptors 

enhances NMDAR signaling and pCREB activation contingent upon a MAPK signal 

transduction pathway.  

 

Discussion 

PregS at µM concentrations enhances NMDA-induced membrane current (Wu et 

al., 1991) and increases [Ca2+]i (Irwin et al., 1992); however, it is unlikely that PregS at 

micromolar concentrations  occur naturally in widespread brain regions as bulk 

concentrations of PregS in rat and human brain occur at low-nM or sub-nM levels (Liere 

et al., 2004). However, a recent study using an improved method of mass-spectrometry 

without solvolysis found bulk levels as high as 25 nM in rat hippocampus and 11 nM in 

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on July 23, 2014 as DOI: 10.1124/mol.114.094128

 at A
SPE

T
 Journals on M

ay 24, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


MOL #94128    
 

	   16	  

cortex (Rustichelli et al., 2013). The ability of nerve terminals and glial cells to 

concentrate neurotransmitters and ions at local concentrations in large excess over bulk 

cellular levels is well established, leaving the question of synaptic function and 

modulation of synaptic function by PregS open.  

Although reports of low brain levels of PregS have raised questions as to whether 

PregS modulation of NMDAR function occurs in vivo, the modulatory effects of PregS 

occurs in the striatum of awake rats at 10 nM, increasing DA overflow (Sadri-Vakili et 

al., 2008).  Moreover, efflux of [3H]DA from striatal synaptosomes is enhanced by PregS 

at concentrations as low as 25 pM (Whittaker et al., 2008). Notably, in both cases there is 

evidence for involvement of NMDARs.  

We now report that PregS stimulates a NMDAR-dependent increase in [Ca2+]i in 

cortical neurons with an EC50 of 2 pM. This concentration is well below the most 

sensitive detection limit reported for determination of PregS in rodent brain (~50 pM, 

(Jäntti et al., 2010)), and suggests that endogenous PregS modulation of synaptic 

transmission could be occurring in rat brain.  

We recently reported that PregS, at high nM to low µM concentrations, releases 

Ca2+ from intracellular stores in Xenopus oocytes expressing NR1/NR2A or NR1/NR2B 

receptors via a noncanonical mechanism that requires NMDARs but does not involve 

activation of the NMDAR ion channel (Kostakis et al., 2013). Pharmacological evidence 

indicates that PregS-induced release of intracellular Ca2+ is mediated by G-protein 

coupled activation of phospholipase C. It is unclear whether the increase in neuronal 

[Ca2+]i  elicited by pM concentrations of PregS is related to that finding. In addition to the 

large difference in potency, the increase in [Ca2+]i produced by in neurons by pM PregS 
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is dependent upon the involvement of Ca2+
L, suggesting a role for entry of extracellular 

Ca2+. 

Whether the recognition site at which pM PregS acts to increase [Ca2+]i is 

different from the site that µM PregS acts to potentiate the NMDA response (Jang et al., 

2004) remains a provocative question. Inhibition of increased [Ca2+]i by 50 pM PregS by 

D-AP5, ifenprodil, and Ro 25-6981 strongly suggests involvement of NMDARs. The 

failure of CNQX to fully block the PregS-induced [Ca2+]i increase indicates that 

membrane depolarization by AMPARs contributes, but is not an absolute requirement for 

NMDAR and Ca2+
L -mediated PregS-induced increases in [Ca+2]i. There may be 

incomplete Mg2+ block of NMDARs or contribution by an additional ion channel 

activated by PregS.  

The steroid structure-activity relationship for the PregS-induced [Ca2+]i increase is 

consistent with that previously described for rapid allosteric modulation of NMDA-

induced [Ca2+]i increase by PregS (Weaver et al., 2000), but the EC50 for PregS 

potentiation of [Ca2+]i is over 6 orders of magnitude lower (higher potency), which argues 

for a distinct binding site. On the other hand, PregS is lipophilic and charged so the 

observed potency could be substantially enhanced if PregS accesses its recognition site 

from within or at the lipid bilayer.   

This leaves the intriguing possibility that a single novel receptor might trigger 

diverse downstream cellular signaling events by coupling to NMDARs, GPCRs, and Ca2+ 

channels, leading to long-term changes in neuronal gene expression via CREB 

phosphorylation. PregS and PAHS increase [Ca2+]i  and pCREB but PREG, PA, PAS, 

and PAHS do not, consistent with the hypothesis that the same structural features (a 
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negative charge at C-3 and C-5,6 double bond) are required for both and linking the 

increase in [Ca2+]i  with the increase in pCREB. 

 The Ca2+ imaging and pCREB data are also consistent with a requirement for 

synaptic activity for high-potency PregS effects. If PregS were acting directly on 

presynaptic Ca2+channels, TTX would not be expected to block the effect of PregS on 

Ca2+.  Blockade of the PregS-induced [Ca2+]i increase by the NMDAR antagonist D-AP5, 

as well as inhibition of PregS-induced pCREB by blockade of synaptic NMDARs with 

BIC/MK-801, further support the hypothesis that PregS effects on Ca2+ and pCREB 

require synaptic activity. The Ca2+
L inhibitor nifedipine blocked PregS-induced increases 

in [Ca2+]i, consistent with the entry of extracellular Ca2+ via Ca2+
L activation leading to 

pCREB increases (Dolmetsch et al., 2001). Although F/Fo remains slightly elevated after 

the initial increase in [Ca2+], the results do not support the co-involvement SOCC 

(Zakharov et al., 2004) in the PregS response.  

 As there are numerous pathways by which pCREB is activated by extracellular 

signals (Shaywitz and Greenberg, 1999), we sought to determine which pathway is 

involved in PregS-induced pCREB. PregS was found to induce ERK phosphorylation, 

while inhibition of MAPK blocked PregS-induced pCREB, implicating the MAPK 

pathway in PregS-induced pCREB via modulation of synaptic transmission. Inhibition of 

CaMKII did not eliminate the effect of PregS, and the complete inhibition of the effect of 

PregS on pCREB by MAPK blockade virtually rules out other pathways leading to 

pCREB activation. 50 pM PregS is sufficient to activate CREB via an NR2B and Ca2+ 

contingent synaptic mechanism, a signal transduction mechanism known to be involved 

in LTP and cognition.   
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 The data provide further support for the possible biological role of the neurosteroid 

PregS, acting at picomolar concentrations to intensify the intracellular response to 

glutamatergic signaling at synaptic, but not extra-synaptic, NMDA receptors (see Fig. 7 

for summary).  This adds a modulatory dimension to information processing via chemical 

signaling and a potential new pathway toward the therapeutics of neuropsychiatric 

disorders, such as schizophrenia. It is interesting to wonder whether the biological 

relevance of endogenous PregS to brain function may be a window on neurosteroid 

modulation of synaptic events that lead to enhanced cognitive performance. 
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Figure Legends 

Fig. 1. Picomolar concentrations of PregS increase [Ca2+]i in primary cultured 

cortical neurons. (A) Phase-contrast (left), fluorescence (middle) and merged (right) 

image of a field of cortical neurons. (B) Before (top, 0 s) and after (bottom, 19 s) 

application of 50 pM PregS. Regions of interest defined morphologically as neuronal cell 

bodies are outlined in white. (C) Mean ± SEM fluorescence intensity normalized to 

average initial intensity of the same cell (F/Fo) for 3 neurons in (B). (D) Baseline Ca2+ 

fluorescence is shown in the (left) trace. 50 pM PREG does not increase [Ca2+]I (middle 

trace), while a subsequent application of 50 pM PregS in the presence of 50 pM PREG 

increases [Ca2+]i. (right trace) (Mean ± SEM, 30 neurons). (E) 50 pM PregS increases 

[Ca2+]i in primary cultured hippocampal neurons. Scale bar for (A, B): 10µm.  

 

Fig. 2. PregS induces a [Ca2+]i increase in a dose-dependent and structure-specific 

manner. (A) Effect of PregS on levels of [Ca2+]i (mean ± SEM) in monolayers of primary 

cultured cortical neurons. Concentration-response data was fit using nonlinear regression. 

Fitted values for the concentration-response curve include EC50 = 2 pM (indicated on the 

y-axis by green arrowhead). 95% confidence interval range: 1 – 5 pM, Hill slope = 0.7 ± 

0.2, Emax = 0.45 ± 0.03. (B) IFEN displays high potency inhibition of PregS-induced 

[Ca+2]i signal.  The dose-inhibition curve for 50 pM PregS in the presence of IFEN (green 

circle, IC50 = 10 pM, 95% CI 6-17 pM) or Ro-256981 (green triangle, IC50 = 3 µM , 95% 

CI 0.2-49 mM), and NMDA (20µM) in the presence of IFEN (blue square, IC50 = 524 nM 

(95% CI 82 nM - 3350 nM). Results are normalized to PregS (50 pM) or NMDA (20 

µM) controls in the absence of antagonist and fit using nonlinear regression. (n) = 
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number of cells. (C) D-AP5 (100 µM) an NMDAR antagonist inhibited the 50 pM PregS 

effect while  (D) CNQX (2.5 µM) an AMPAR antagonist partially inhibited F/Fo.  (E) 

Structural specificity of neuroactive steroid-induced [Ca2+]i signal.  All compounds were 

tested at 50 pM.  One-way ANOVA p<0.0001 between all groups and Student’s t-test 

(***p<0.0001, **p<0.01,  (n.s.) not significant p > 0.05).  PREG, PA, PAHS and PAS (p 

> 0.05, not shown). (n) = number of cells tested 

 

Fig. 3. 50 pM PregS-induced [Ca2+]i increase requires presynaptic action potentials, 

Ca2+
L  and NMDAR activation  Primary cortical cultures were pretreated with drug at 

the indicated concentration or Veh for 30 min prior to acute application of 50 pM PregS ± 

drug and F/Fo measured.  F/Fo was: (A) inhibited by TTX (1µM) the sodium channel 

(NaV) blocker (B) inhibited by nifedipine (NIF, 10 µM) the Ca2+
L (CaV) inhibitor, but 

(C) not clearly inhibited by DES (100 nM) an SOCC inhibitor, or (D) BD1063 (1 µM) a 

sigma receptor (σR) antagonist. In (A-D) one-way ANOVA p<0.05 for all groups tested 

and post-hoc with Tukey's (*p < 0.05, **p < 0.01, ***p < 0.001). n.s. for (A) p = 0.3, (B) 

p=0.6, (C) p=0.1, (D) p=0.2.  

 

Fig. 4. 50 pM PregS increases pCREB in primary cortical neurons and in 

hippocampal brain slice (A) Cortical neurons were treated with 0.05% DMSO (VEH) or 

PregS (50 pM) for 10 min at 37°C. Proteins were separated by SDS-PAGE followed by 

immunoblot with antibodies raised against pCREB or CREB.  (B) Structural specificity 

of sulfated steroid pCREB induction (in primary cortical neurons).  Neurons were treated 
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with steroids as indicated, all at 50 pM concentration. Of steroids tested, only PregS and 

PHS increased pCREB. Comparison with one-way ANOVA p < 0.05 between all groups; 

post-hoc: *p < 0.05 vs. VEH, **p < 0.01 vs. VEH, #p < 0.01 vs. PregS). (n) = number of 

independent cultures.  (C) 50 pM PregS increases pCREB in hippocampal slice by 65 ± 

27% (*p < 0.05, Student’s unpaired t-test). (n) = number of brain slices.  

 

Fig. 5. 50 pM PregS increases pCREB via a MAPK signaling pathway (A) 

Representative pCREB and CREB protein bands following 30 min pretreatment with 

KN93 (250 nM) followed by 10 min 50 pM PregS treatment of primary cultured neurons.  

(B) Pretreatment for 30 min with the MEK1/MEK2 inhibitor U0126 (20 µM) prevents 50 

pM PregS-induced pCREB increases. In (A) and (B), one-way ANOVA: p < 0.05 

between all groups, post-hoc comparison: *p < 0.05 vs. VEH, #p < 0.05, ##p < 0.01 vs. 

PregS,  (C) 50 pM PregS increases pERK. Treatments were as in (A), 50 pM PregS 

induces a 42 ± 12% increase in pERK. Pair-wise comparisons were performed with 

students t-test.  (*p < 0.05). (n) = number of independent cultures. 

 

Fig. 6. Inhibition of presynaptic action potentials blocks 50 pM PregS-induced 

pCREB (A) Primary cortical cultures were pretreated with TTX (1µM) or control for 30 

min prior to a 10 min application of 50 pM PregS ± TTX. TTX eliminates PregS induced 

pCREB increase. Comparison by one-way ANOVA:  p < 0.05 between all groups, post 

hoc comparison: *p < 0.05 (B) Synaptic NMDAR blockade by BIC (50 µM) and MK-

801 (10µM) prevents 50 pM PregS activation of CREB. One-way ANOVA:  p < 0.05 
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between all groups, pair-wise comparisons (Student’s t-test): *p < 0.05. (n) = number of 

independent cultures.   

 

Fig. 7. Schematic illustrating pathways that may underlie pM PregS-induced [Ca2+]i  

and pCREB increases. Diagram illustrates 50 pM PregS-stimulated increase in [Ca2+]i  

via voltage gated Na+ channels, NMDARs and Ca2+
L, and  50 pM PregS-induced pCREB 

increases via synaptic NMDAR and ERK activation. Inhibitors used in the study are in 

bold. *KN93 did not inhibit PregS-induced pCREB increases. 
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