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Background and Purpose: Neurosteroids influence neuronal function and have multi-

ple promising clinical applications. Direct modulation of postsynaptic neurotransmit-

ter receptors by neurosteroids is well characterized, but presynaptic effects remain

poorly understood. Here, we report presynaptic glutamate release potentiation

by neurosteroids pregnanolone and pregnanolone sulfate and compare their

mechanisms of action to phorbol 12,13-dibutyrate (PDBu), a mimic of the second

messenger DAG.

Experimental Approach: We use whole-cell patch-clamp electrophysiology and

pharmacology in rat hippocampal microisland cultures and total internal reflection

fluorescence (TIRF) microscopy in HEK293 cells expressing GFP-tagged vesicle

priming protein Munc13-1, to explore the mechanisms of neurosteroid presynaptic

modulation.

Key Results: Pregnanolone sulfate and pregnanolone potentiate glutamate release

downstream of presynaptic Ca2+ influx, resembling the action of a phorbol ester

PDBu. PDBu partially occludes the effect of pregnanolone, but not of pregnanolone

sulfate. Calphostin C, an inhibitor that disrupts DAG binding to its targets, reduces

the effect PDBu and pregnanolone, but not of pregnanolone sulfate, suggesting that

pregnanolone might interact with a well-known DAG/phorbol ester target

Munc13-1. However, TIRF microscopy experiments found no evidence of

pregnanolone-induced membrane translocation of GFP-tagged Munc13-1,

suggesting that pregnanolone may regulate Munc13-1 indirectly or interact with

other DAG targets.

Conclusion and Implications: We describe a novel presynaptic effect of neu-

rosteroids pregnanolone and pregnanolone sulfate to potentiate glutamate release

downstream of presynaptic Ca2+ influx. The mechanism of action of pregnanolone,

Abbreviations: BAPTA-AM, 1,2-bis(2-aminophenoxy)ethane-N,N,N0 ,N0-tetraacetic acid tetrakis (acetoxymethyl ester); NBQX, 2,3-dioxo-6-nitro-1,2,3,4-tetrahydrobenzo[f]quinoxaline-7-

sulfonamide; PDBu, phorbol 12,13-dibutyrate; SERCA, sarcoplasmic/endoplasmic reticulum Ca2+ ATPase; TIRF, total internal reflection fluorescence; TTX, tetrodotoxin.
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but not of pregnanolone sulfate, partly overlaps with that of PDBu. Presynaptic

effects of neurosteroids may contribute to their therapeutic potential in the treat-

ment of disorders of the glutamate system.
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1 | INTRODUCTION

It has been recognized since the 1980s that certain steroids, termed

neurosteroids (Corpechot et al., 1981), may be produced locally in the

brain and act rapidly to influence neuronal physiology. Subsequent

research has revealed an intriguing complexity of neurosteroid

signalling—one type of neurosteroid often influences multiple molecu-

lar targets and a single target is often modulated by multiple neu-

rosteroids, sometimes in opposite directions.

Best characterized is the ability of neurosteroids to directly

modulate postsynaptic neurotransmitter receptors. At inhibitory

synapses, metabolites of progesterone, such as allopregnanolone and

pregnanolone, strongly potentiate GABAA receptors (Harrison

et al., 1987; Majewska et al., 1986; Puia et al., 1990), producing seda-

tive, anxiolytic and antidepressant effects (Belelli & Lambert, 2005;

Selye, 1941)—the line of research culminating in the recent Food and

Drug Administration (FDA) approval for allopregnanolone

(brexanolone) as a treatment for post-partum depression (Meltzer-

Brody et al., 2018). Interestingly, sulfation at the C3 carbon of the

steroid skeleton reverses the direction of GABAA receptor modula-

tion. Thus pregnanolone sulfate and pregnenolone sulfate, the sulfate

of the progesterone precursor pregnenolone, are GABAA receptor

inhibitors (Majewska et al., 1988; Majewska & Schwartz, 1987; Park-

Chung et al., 1999).

At excitatory synapses, neurosteroid modulation primarily targets

NMDA-type ionotropic glutamate receptors: pregnanolone sulfate is

an NMDA receptor inhibitor (Park-Chung et al., 1994; Petrovic

et al., 2005), whereas pregnenolone sulfate has a mixed effect, with

potentiation predominating (Horak et al., 2004; Wu et al., 1991).

NMDA receptor modulation by neurosteroids may have clinical

potential in the treatment of diseases associated with the dysfunction

of the glutamate system. NMDA receptor inhibition by neurosteroids

can be neuroprotective against excitotoxic neurodegeneration caused

by excessive NMDA receptor activation (Rambousek et al., 2011;

Vyklicky et al., 2016); conversely, positive modulation of NMDA

receptors by potentiating neurosteroids could compensate for insuffi-

cient NMDA receptor function associated with conditions such as

schizophrenia (Vyklicky et al., 2018).

GABAA and NMDA receptor-modulating neurosteroids are thus

poised to powerfully influence the balance of excitation and inhibition

in neuronal networks. Importantly, some of these compounds also

have presynaptic effects, particularly on the release of glutamate.

Metabolites of progesterone, including allopregnanolone, may

enhance glutamate release by potentiating GABAA receptors located

in presynaptic terminal membrane (Kim et al., 2011; Ruiz

et al., 2010). It is thought that Cl� current through presynaptic GABAA

receptors is depolarizing, enhancing presynaptic Ca2+ influx and

increasing glutamate release. NMDA receptor-potentiating neu-

rosteroid pregnenolone sulfate has also been shown to potentiate glu-

tamate release in a variety of preparations, targeting metabotropic σ1
receptors (Meyer et al., 2002), presynaptic NMDA receptors (Mameli

et al., 2005) or transient receptor potential channels (Drews

et al., 2014; Lee et al., 2010; Zamudio-Bulcock et al., 2011; Zamudio-

Bulcock & Valenzuela, 2011) to increase presynaptic Ca2+ influx and

enhance glutamate release.

Here, we use patch-clamp electrophysiology in hippocampal

microisland cultures to describe the potentiation of synaptic glutamate

release by NMDA receptor-inhibiting neurosteroid pregnanolone sul-

fate and we report for the first time a similar effect for the

nonsulfated pregnanolone. In contrast to presynaptic signalling by

What is already known

• Neurosteroids directly modulate postsynaptic GABAA

and NMDA receptors.

• Some neurosteroids, such as pregnenolone sulfate,

potentiate glutamate release by enhancing presynaptic

Ca2+ influx.

What does this study add

• Pregnanolone and pregnanolone sulfate potentiate gluta-

mate release acting downstream of presynaptic Ca2+

influx.

• Mechanism of action of pregnanolone partly overlaps

with that of phorbol esters.

What is the clinical significance

• NMDA receptor-modulating neurosteroids may be useful

in treating disorders of the glutamatergic system.

• Presynaptic effects may contribute to neurosteroid thera-

peutic advantage.
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allopregnanolone and pregnenolone sulfate, we show that pre-

gnanolone sulfate and pregnanolone enhance glutamate release

downstream of presynaptic Ca2+ influx. Interestingly, the mechanism

of action of pregnanolone, but not of pregnanolone sulfate, resembles

that of phorbol esters, mimics of an endogenous lipid second messen-

ger DAG. Our data suggest that neurosteroid presynaptic regulation

of glutamate signalling is more complex than previously appreciated

and needs to be considered in any study of neurosteroid physiological

functions or potential clinical applications.

2 | METHODS

2.1 | Animals

All animal protocols were in accordance with the guidelines of the

European Union Directive 2010/63/EU and approved by the Animal

Care and Use Committee of the Institute of Physiology, Czech

Academy of Sciences. Animal studies are reported in compliance with

the ARRIVE guidelines (Percie du Sert et al., 2020) and with the rec-

ommendations made by the British Journal of Pharmacology (Lilley

et al., 2020). Newborn (P0–P2) male albino Wistar rats bred by the

Institute of Physiology, Czech Academy of Sciences, were used to

prepare primary hippocampal microisland cultures and primary

hippocampal mass cultures as described below. Given the relevance

of sex as a biological variable, cultures derived from animals of one

sex (male), rather than mixed cultures combining cells from male and

female animals, were used to allow for potential future sex-based

comparisons.

2.2 | Primary hippocampal microisland cultures

Primary hippocampal microisland cultures were prepared according to

the protocol of Burgalossi et al. (2012). Briefly, glass coverslips

(Glaswarenfabrik Karl Hecht) were coated with 0.15% agarose (Serva)

and stamped with an array of microdots (�200 μm in diameter, spaced

�200 μm apart) of growth-permissive substrate containing

0.1-mg�ml�1 poly-D-lysine (Sigma) and 0.2-mg�ml�1 collagen (Serva).

P0–P2 male Wistar rat pups were killed by decapitation and cerebral

cortices and hippocampi were dissected. Primary cortical astrocyte

cultures were prepared and grown for 12 days in astrocyte growth

medium consisting of DMEM with GlutaMAX (Gibco/Invitrogen), 10%

FBS (Gibco/Invitrogen) and pen/strep (Sigma) at 37�C in 5% CO2.

Subsequently, astrocytes were trypsinized, plated on the microdot-

stamped coverslips at a density of �6000 cells per cm2 and allowed

to grow to confluence (2 days). Further astrocyte growth was limited

by replacing the astrocyte growth medium with neuronal medium

consisting of Neurobasal A medium with B27 Supplement and

GlutaMAX (Gibco/Invitrogen) and pen/strep (Sigma). Primary

hippocampal cultures were prepared with cells plated at a low density

of �300 cells per cm2 on top of the confluent astrocyte microislands

in the neuronal medium and grown at 37�C in 5% CO2. This protocol

yields a large proportion of microislands containing a solitary

hippocampal neuron forming autapses.

2.3 | Primary hippocampal mass cultures

Astrocytes were cultured as described above for 12 days, then

trypsinized, plated at a density of �6000 cells per cm2 on glass cover-

slips coated with 0.1-mg�ml�1 poly-D-lysine (Sigma) and 0.2-mg�ml�1

collagen (Serva) and allowed to grow to confluence (2 days). Primary

hippocampal cultures were prepared from P0–P2 male Wistar rat

pups as described above, with cells plated at a density of 50,000 cells

per cm2 on top of the confluent astrocyte layer in the neuronal

medium and grown at 37�C in 5% CO2. At 4 days in vitro, the mass

cultures were treated with 5-μM cytosine β-D-arabinofuranoside

(Sigma) for 24 h to inhibit excessive glial cell proliferation.

2.4 | Electrophysiology

Whole-cell voltage-clamp recordings of autaptic excitatory postsynap-

tic currents (EPSCs) were obtained at room temperature at a holding

potential of �70 mV from solitary excitatory hippocampal neurons at

10–15 days in vitro. Patch electrodes (4–6 MΩ) were fabricated from

thick-walled borosilicate glass capillaries (Science Products GmbH)

using a P-1000 micropipette puller (Sutter Instruments). Intracellular

solution contained the following (in mM): 125 gluconic acid, 15 KCl,

10 HEPES, 5 EGTA, 0.5 CaCl2, 2 ATP Mg salt, 0.3 GTP Na salt and

10 creatine phosphate, pH adjusted to 7.2 with KOH. Standard extra-

cellular solution contained (in mM): 160 NaCl, 2.5 KCl, 10 glucose, 10

HEPES, 2 CaCl2 and 1 MgCl2, pH adjusted to 7.3 with NaOH. NMDA

receptor-mediated currents were recorded in extracellular solution

with MgCl2 omitted. In some experiments, Ca2+-free extracellular

solution was used (in mM): 160 NaCl, 2.5 KCl, 10 glucose, 10 HEPES,

0 CaCl2, 1 MgCl2 and 1 EGTA, pH adjusted to 7.3 with NaOH.

Bicuculline methochloride (10 μM) was always included in the extra-

cellular solution to block GABAA receptors. AMPA receptor-mediated

EPSCs were isolated by recording in the absence of added glycine and

in the presence of Mg2+ at �70 mV. NMDA receptor-mediated EPSCs

were recorded at �70 mV in Mg2+-free extracellular solution in the

presence of 10-μM glycine, 5-μM strychnine and 1-μM 2,3-dioxo-6-

nitro-1,2,3,4-tetrahydrobenzo[f]quinoxaline-7-sulfonamide (NBQX).

Agonist-evoked NMDA receptor-mediated whole-cell currents were

recorded under identical conditions but with 0.5-μM tetrodotoxin

(TTX) added to the extracellular solution.

A voltage-clamped solitary autaptic neuron does not fire sponta-

neous action potentials; therefore, we considered spontaneous AMPA

receptor-mediated EPSCs recorded under our conditions to corre-

spond to miniature EPSCs (mEPSCs); TTX was not used (Basu

et al., 2007; Mennerick & Zorumski, 1995). We also recorded AMPA

receptor-mediated mEPSCs from primary hippocampal mass cultures

at 12–15 days in vitro in the presence of 0.5-μM TTX. The average

baseline amplitude of mass-culture mEPSCs in TTX was not different
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from the average baseline amplitude of spontaneous autaptic EPSCs

in the absence of TTX, supporting the assumption that spontaneous

autaptic EPSCs in our experiments correspond to mEPSCs. Autaptic

evoked EPSCs (eEPSCs) were triggered by 1-ms depolarization to

+10 mV every 15 s. Typically, paired-pulse stimulation with a 50-ms

interpulse interval was used to evoke a pair of eEPSCs every 15 s.

While recording eEPSCs (but not mEPSCs), series resistance (<20 MΩ)

was ≥80% compensated. EPSC data were acquired with a MultiClamp

700B amplifier (Axon Instruments/Molecular Devices), sampled at

20 kHz, filtered at 2 kHz and analysed offline using pClamp software

(Molecular Devices; RRID:SCR_011323). Agonist-evoked whole-cell

currents were recorded using Axopatch 200B amplifier (Axon Instru-

ments/Molecular Devices), sampled at 5 kHz and filtered at 2 kHz.

Figures display individual sweeps recorded under the conditions indi-

cated; in traces of eEPSCs, stimulus artefacts have been removed.

Solutions were applied using a custom-built microprocessor-

controlled multibarrel fast perfusion system. For NMDA receptor-

mediated agonist-evoked currents, brief synaptic-like agonist

application was achieved by stepping between two outer barrels con-

taining extracellular solution without the agonist across a middle bar-

rel containing 1-mM glutamate. Stock solutions of steroids and other

drugs were prepared in DMSO and added to the extracellular solution;

the final total DMSO concentration (0.3%) was equal in control and in

test solutions. We have confirmed that this DMSO concentration has

no effect on any of the synaptic parameters studied. Stock solutions

of pregnanolone sulfate, pregnenolone sulfate and pregnanolone in

DMSO were prepared fresh on the day of the recording; other stock

solutions in DMSO were kept in aliquots at �20�C.

2.5 | HEK293 cell culture

HEK293 cells (ATCC; RRID:CVCL_0045) were maintained in

Opti-MEM I (Gibco/Invitrogen) supplemented with 5% FBS

(PAN-Biotech) at 37�C in 5% CO2. Cells were transiently transfected

with pEGFP-N1 expression vectors containing GFP-tagged Munc13-1

wild-type (WT) or GFP-tagged Munc13-1(H567K) (a generous gift

from Prof Nils Brose, Max Planck Institute of Experimental Medicine,

Göttingen, Germany) using MATra-A Reagent (IBA). Following trans-

fection, cells were grown in poly-L-lysine-coated #1 glass-bottom

dishes (glass thickness �0.15 mm; Cellvis).

2.6 | Total internal reflection fluorescence
microscopy

Total internal reflection fluorescence (TIRF) images were acquired

�24 h after transfection from live cells at room temperature in stan-

dard extracellular solution, using a LEICA DMi8 microscope controlled

by LAS X software (Leica Microsystems). The system was equipped

with a HC PLAPO 63�/1.47 oil objective and a Leica DFC 9000 GTC

camera. TIRF was excited by a 488-nm laser line using a QSP-T filter

cube in 90-nm TIRF mode. For each experiment, 3–10 regions of

interest containing transfected cells were imaged repeatedly every

2–5 min. After a 30-min baseline recording, a tested compound was

bath applied for 40 min. Fluorescence was analysed offline using

ImageJ software (NIH, MD, USA; RRID:SCR_003070).

2.7 | Data and statistical analysis

The data and statistical analysis comply with the recommendations of

the British Journal of Pharmacology on experimental design and analy-

sis in pharmacology (Curtis et al., 2018).

2.7.1 | Experimental design and data normalization

Evoked or miniature EPSCs or agonist-evoked currents were first

recorded under baseline conditions and then, in the same cell, in the

presence of the tested drug (applied for 2 min, unless stated otherwise),

followed in most cases by a period of washout. To compare eEPSC,

mEPSC or agonist-evoked current parameters during baseline versus in

the presence of a drug, we used absolute parameter values for statisti-

cal comparisons; for each cell, we compared the average of values over

the 2-min period of baseline recording immediately prior to drug appli-

cation with the average of values over the last 1 min of recording in the

presence of the drug. For display purposes and to compare the size of

an effect of a given drug under different conditions, each parameter

was normalized to its mean baseline value (the average of values over

the 2-min period of baseline recording immediately prior to drug

application) for the given cell. In case of paired-pulse ratios, absolute

values were used in statistical comparisons; normalized values are

sometimes also presented for easier comparison. TIRF signal intensities

were normalized for each cell by the cell's mean baseline fluorescence

(the average of values over the 30-min baseline recording).

Data being compared (i.e. drug effect under control

vs. experimental conditions or for WT vs. mutant genotype) were col-

lected on the same days in random order, with an effort to keep group

sizes similar (slightly unbalanced sample sizes are due to days with an

odd number of successful recordings); n refers to the number of cells

tested and the values are given in figures or figure legends. Sample

sizes were not estimated prospectively; post hoc power analysis con-

firmed that sample sizes in the range used were appropriate to detect

meaningful differences in our experiments. Blinding was not feasible

for two reasons: first, different drugs often required different handling

during solution preparation and second, in many cases, solutions or

drug effects were clearly distinguishable.

2.7.2 | Statistical analysis

Data in figures are presented as mean ± SEM. Statistical analysis was

performed with SigmaPlot 10.0 or 14.0 (RRID:SCR_003210). Data

distribution was assessed using the Shapiro–Wilk normality test. We

used parametric statistics (paired Student's t-test or ANOVA) if data
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distribution was normal and non-parametric statistics (Wilcoxon

signed-rank test or Mann–Whitney rank-sum test) if data did not have

a normal distribution. Post hoc tests were conducted only if F in

ANOVA achieved P ≤ 0.05. Groups were subjected to statistical analy-

sis only with sample sizes n ≥ 5, where n is the number of indepen-

dent values. P ≤ .05 was considered statistically significant throughout

the study.

2.8 | Materials

Pregnanolone (3α-hydroxy-5β-pregnan-20-one) was from Sigma.

Pregnanolone sulfate (20-oxo-5β-pregnan-3α-yl 3-sulfate) and preg-

nenolone sulfate (20-oxo-pregn-5-en-3β-yl 3-sulfate) were prepared

as pyridinium salts, as described previously (Stastna et al., 2009, for

pregnanolone sulfate; Krausova et al., 2018, for pregnenolone sulfate;

method based on Arnostova et al., 1992). Bicuculline methochloride,

TTX, NBQX, phorbol 12,13-dibutyrate (PDBu), thapsigargin,

bisindolylmaleimide I (GF109203X) and calphostin C were obtained

from Tocris. 1,2-Bis(2-aminophenoxy)ethane-N,N,N0,N0-tetraacetic

acid tetrakis (acetoxymethyl ester) (BAPTA-AM) was purchased from

Invitrogen. Reagents for the preparation of extracellular and intracel-

lular solution, and glutamate, glycine, strychnine and ionomycin were

from Sigma or AnalaR. Cell culture media and solutions were from

Gibco/Invitrogen and Serva. Molecular biology reagents were from

Biolife and Geneaid.

2.9 | Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked to

corresponding entries in the IUPHAR/BPS Guide to PHARMACOL-

OGY http://www.guidetopharmacology.org and are permanently

archived in the Concise Guide to PHARMACOLOGY 2019/20

(Alexander et al., 2019).

3 | RESULTS

3.1 | Pregnanolone sulfate and pregnanolone
potentiate spontaneous and evoked synaptic
glutamate release

We used whole-cell voltage-clamp recording of AMPA receptor-

mediated EPSCs in solitary excitatory hippocampal neurons in micro-

island cultures to characterize the influence of several endogenous

neurosteroids on glutamate release. First, we examined spontaneous

glutamate release reflected in the frequency of mEPSCs (see Section 2).

We observed that neurosteroid pregnanolone sulfate at 100 μM

(Figure 1a) rapidly and reversibly potentiated the frequency of mEPSCs

�3-fold, while slightly decreasing mEPSC amplitude (Table 1), the latter

being consistent with modest inhibition of postsynaptic AMPA/kainate

receptors by pregnanolone sulfate (Park-Chung et al., 1994). Because

sulfation at the C3 carbon of the steroid skeleton is an important struc-

tural feature with consequences for neurosteroid modulatory actions,

we also tested nonsulfated pregnanolone. Remarkably, pregnanolone at

10 μM (Figure 1b) also robustly and reversibly increased mEPSC fre-

quency �3.5-fold, with a slightly slower time course; the amplitude of

mEPSCs was unchanged (Table 1). Both neurosteroids (100-μM pre-

gnanolone sulfate and 10-μM pregnanolone) also potentiated mEPSC

frequency in hippocampal mass cultures �2.5-fold, not significantly dif-

ferent from their effects in microisland cultures.

We next triggered unclamped action potentials in the patched neu-

rons by delivering 1-ms step depolarizations to +10 mV; such action

potentials induce autaptic eEPSCs in the same neuron. We delivered

two depolarizations 50 ms apart every 15 s and monitored the ampli-

tudes of the eEPSCs as well as paired-pulse ratio = eEPSC1/eEPSC2, a

parameter largely determined by presynaptic release properties

(Mennerick & Zorumski, 1995). As shown in Figure 1c and Table 1,

100-μM pregnanolone sulfate rapidly and reversibly potentiated eEPSC

amplitude and decreased the paired-pulse ratio. Similarly (Figure 1d and

Table 1), 10-μM pregnanolone robustly and reversibly potentiated

eEPSC amplitude and decreased the paired-pulse ratio, modestly but

significantly. Together, these results argue that pregnanolone sulfate

and pregnanolone act presynaptically to enhance spontaneous and

evoked glutamate release at excitatory hippocampal synapses.

We performed a dose–response analysis of the presynaptic effects

of pregnanolone sulfate and pregnanolone, recording autaptic mEPSCs

and eEPSCs in the presence of 1- to 100-μM pregnanolone sulfate or

0.1- to 10-μM pregnanolone (Figure 1e,f). The effects were likely not

saturated at the highest concentrations tested, but concentrations

>100 μM for pregnanolone sulfate and >10 μM for pregnanolone could

not be reliably dissolved. We found that pregnanolone was �10-fold

more potent than pregnanolone sulfate at potentiating both the mEPSC

frequency and the eEPSC amplitude. For each steroid, the effects on

mEPSCs and eEPSCs had a similar dose dependence and a similar time

course, suggesting that, for a given steroid, a common mechanism may

underlie the modulation of spontaneous and evoked release.

In contrast to AMPA receptor-mediated eEPSCs that primarily

reflect neurosteroid presynaptic effects, because postsynaptic AMPA

receptor modulation by neurosteroids is minimal (Park-Chung

et al., 1994; Table 1), NMDA receptor-mediated eEPSCs would likely

be influenced both by the presynaptic enhancement of glutamate

release and by the postsynaptic modulation of NMDA receptor func-

tion (Park-Chung et al., 1994; Petrovic et al., 2005). To examine the

relative contribution of presynaptic versus postsynaptic mechanisms

of neurosteroid modulation of NMDA receptor-mediated synaptic

transmission, we compared neurosteroid effects on NMDA receptor

eEPSCs (presumably reflecting presynaptic and postsynaptic

modulation) with neurosteroid effects on NMDA receptor-mediated

whole-cell currents evoked by fast synaptic-like glutamate application

(postsynaptic modulation only). As shown in Figure 2a and Table 1,

pregnanolone sulfate (100 μM) strongly reduced the amplitude of

NMDA receptor-mediated responses to fast glutamate application,

consistent with its inhibitory effect on NMDA receptors (Vyklicky

et al., 2016). In contrast, pregnanolone sulfate had no consistent
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effect on peak NMDA receptor-mediated eEPSC, suggesting that the

presynaptic enhancement of glutamate release compensates for

the postsynaptic NMDA receptor inhibition. In the case of pre-

gnanolone (10 μM; Figure 2b and Table 1), we observed a moderate

reduction of NMDA receptor-mediated responses to fast glutamate

application, but a potentiation of NMDA receptor-mediated eEPSCs,

suggesting that, for pregnanolone, the presynaptic modulation is dom-

inant. Together, these data confirm robust enhancement of glutamate

release by pregnanolone sulfate and pregnanolone in cultured hippo-

campal neurons.

3.2 | Pregnanolone sulfate and pregnanolone
potentiate glutamate release independently of
presynaptic Ca2+ influx or Ca2+ release from internal
stores

Presynaptic effects of neurosteroids allopregnanolone or pregneno-

lone sulfate are consistently eliminated by manipulations that inter-

fere with Ca2+ influx into the presynaptic terminal (Kim et al., 2011;

Lee et al., 2010; Meyer et al., 2002; Zamudio-Bulcock & Valenzuela,

2011). To test whether the presynaptic effect of pregnanolone

F IGURE 1 Neurosteroids
pregnanolone sulfate (PA-S) and
pregnanolone (PA) potentiate
spontaneous and evoked synaptic
glutamate release in hippocampal
microisland cultures. (a) Top, structure of
PA-S. Bottom, plot of mean ± SEM
(n = 6) normalized mEPSC frequency and
mEPSC amplitude before, during and

after the application of 100-μM PA-S for
2 min (period of PA-S application is
indicated by the blue bar). Inset, sample
mEPSC traces recorded during baseline
and in the presence of PA-S. (b) Top,
structure of PA. Bottom, plot of mean
± SEM (n = 5) normalized mEPSC
frequency and mEPSC amplitude before,
during and after the application of 10-μM
PA for 2 min (period of PA application is
indicated by the red bar). Inset, sample
traces recorded during baseline and in
the presence of PA. (c) Top, sample
eEPSC traces recorded during baseline
and in the presence of 100-μM PA-S.
Bottom, plot of mean ± SEM (n = 7)
normalized eEPSC1 amplitude and
paired-pulse ratio before, during and
after the application of 100-μM PA-S for
2 min (period of PA-S application is
indicated by the blue bar). (d) Top, sample
eEPSC traces recorded during baseline
and in the presence of 10-μM
PA. Bottom, plot of mean ± SEM (n = 7)
normalized eEPSC1 amplitude and
paired-pulse ratio before, during and
after the application of 10-μM PA for
2 min (period of PA application is
indicated by the red bar). (e) Mean ± SEM
normalized mEPSC frequency in the
presence of the indicated steroid
concentrations; n = 5–8. (f) Mean ± SEM
normalized eEPSC1 amplitude in the
presence of the indicated steroid

concentrations; n = 5–7
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sulfate and pregnanolone may rely on presynaptic Ca2+ influx, we

recorded AMPA receptor-mediated EPSCs in extracellular solution

containing 0-mM Ca2+ and 1-mM EGTA. First, we performed a series

of controls to confirm that the removal of extracellular Ca2+

selectively interferes with processes known to depend on Ca2+ influx.

As shown in Figure 3a, evoked release was completely abolished in

the Ca2+-free extracellular solution, whereas spontaneous release

was reduced approximately by half, consistent with the role of Ca2+

F IGURE 2 Neurosteroid modulation of NMDA receptor (NMDAR)-mediated eEPSCs combines presynaptic glutamate (glu) release
potentiation and postsynaptic NMDA receptor inhibition. (a) Top left, sample NMDA receptor-mediated eEPSC traces recorded at baseline (black)
and in the presence of 100-μM PA-S (blue). Top right, sample traces of NMDA receptor-mediated responses to fast glutamate application
recorded at baseline (black) and in the presence of 100-μM pregnanolone sulfate (PA-S;blue). Bottom, plot of mean ± SEM normalized peak
eEPSC amplitude (n = 7) and peak glutamate-evoked current amplitude (n = 8) before, during and after the application of 100-μM PA-S (blue
bar). (b) Top left, sample NMDA receptor-mediated eEPSC traces recorded at baseline (black) and in the presence of 10-μM PA (red). Top right,
sample traces of NMDA receptor-mediated responses to fast glutamate application recorded at baseline (black) and in the presence of 10-μM
pregnanolone (red). Bottom, plot of mean ± SEM normalized peak eEPSC amplitude (n = 8) and peak glutamate-evoked current amplitude (n = 6)
before, during and after the application of 100-μM PA-S (red bar)

TABLE 1 Raw current amplitudes
and paired-pulse ratios at baseline and in
the presence of pregnanolone sulfate
(PA-S) or pregnanolone (PA)

Treatment Parameter Baseline Steroid P value (n)

AMPAR mEPSC

PA-S (100 μM) Amplitude 22.86 ± 2.65 pA 21.14 ± 2.82 pA <0.05a (6)

Frequency 3.76 ± 1.88 Hz 11.37 ± 6.32 Hz <0.05b (6)

PA (10 μM) Amplitude 23.65 ± 1.94 pA 23.90 ± 2.39 pA >0.05a (5)

Frequency 6.08 ± 1.58 Hz 21.88 ± 6.08 Hz <0.05a (5)

AMPAR eEPSC

PA-S (100 μM) Amplitude 3111 ± 707 pA 5239 ± 1374 pA <0.05a (7)

Paired-pulse ratio 0.80 ± 0.06 0.62 ± 0.05 <0.05a (7)

PA (10 μM) Amplitude 3841 ± 542 pA 6640 ± 839 pA <0.05b (7)

Paired-pulse ratio 0.83 ± 0.02 0.73 ± 0.02 <0.05a (7)

NMDAR current

PA-S (100 μM) eEPSC amplitude 3697 ± 1014 pA 3424 ± 820 pA >0.05a (7)

Glu-evoked amplitude 7849 ± 584 pA 4784 ± 532 pA <0.05a (8)

PA (10 μM) eEPSC amplitude 4811 ± 1057 pA 6123 ± 1274 pA <0.05a (8)

Glu-evoked amplitude 6479 ± 1451 pA 5104 ± 1264 pA <0.05a (6)

Note: Values presented are mean ± SEM.

Abbreviations: AMPAR, AMPA receptor; eEPSC, evoked excitatory postsynaptic current; Glu, glutamate;

mEPSC, miniature excitatory postsynaptic current; NMDAR, NMDA receptor; PA-S, pregnanolone

sulfate; PA, pregnanolone.
aGroups compared by Student's paired t-test.
bGroups compared by Wilcoxon signed-rank test.
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in spontaneous release (Groffen et al., 2010). The application of Ca2+

ionophore ionomycin (2 μM for 1 min; Capogna et al., 1996) in control

extracellular solution robustly increased mEPSC frequency and as

expected, this effect was significantly smaller in Ca2+-free extracellu-

lar solution (Figure 3b). Further, we tested PDBu, a compound that

potentiates release by modulating vesicle release machinery down-

stream of presynaptic Ca2+ influx (Capogna et al., 1997; Lou

et al., 2005). Accordingly, the application of 100-nM PDBu increased

mEPSC frequency �6-fold and a similar increase was observed even

in the absence of extracellular Ca2+ (Figure 3b).

Next, we examined the role of presynaptic Ca2+ influx in neu-

rosteroid effects. When applying 30-μM pregnenolone sulfate in con-

trol extracellular solution, we observed a rather variable increase in

mEPSC frequency, which, however, was significantly smaller in Ca2

+-free extracellular solution (Figure 3b). This confirms previous

reports that presynaptic effects of neurosteroid pregnenolone sulfate

are dependent on presynaptic Ca2+ influx (Lee et al., 2010; Meyer

et al., 2002; Zamudio-Bulcock & Valenzuela, 2011). Surprisingly, in

contrast to the effect of pregnenolone sulfate, neurosteroids pre-

gnanolone sulfate (100 μM) and pregnanolone (10 μM) both

F IGURE 3 Pregnanolone sulfate (PA-S) and pregnanolone (PA) potentiate glutamate release downstream of presynaptic Ca2+ influx. (a) Top
left, sample AMPA receptor-mediated eEPSC traces recorded in control extracellular solution (Ctrl ECS) containing 2-mM Ca2+ or in Ca2+-free
extracellular solution (Ca2+-free ECS) containing nominally 0-mM Ca2+ and 1-mM EGTA. Top right, sample AMPA receptor-mediated mEPSC
traces recorded in control ECS or in Ca2+-free ECS. Bottom, plot of mean ± SEM normalized eEPSC amplitude (n = 5) and mEPSC frequency and
amplitude (n = 17) recorded in control ECS followed by Ca2+-free ECS as indicated. (b) Top, sample mEPSC traces recorded in Ca2+-free ECS
before and during the application of 2-μM ionomycin (left), 100-nM PDBu (middle) or 30-μM pregnenolone sulfate, PE-S (right). Bottom left, plot
of mean ± SEM (n values are indicated in the figure) normalized mEPSC frequency in the presence of 2-μM ionomycin recorded in control ECS or

in Ca2+-free ECS. *P <.05 , Mann–Whitney rank-sum test. Bottom middle, plot of mean ± SEM (n values as indicated) normalized mEPSC
frequency in the presence of 100-nM PDBu recorded in control ECS or in Ca2+-free ECS. Bottom right, plot of mean ± SEM (n values as
indicated) normalized mEPSC frequency in the presence of 30-μM PE-S recorded in control ECS or in Ca2+-free ECS. *P <.05 , Mann–Whitney
rank-sum test. (c) Left, sample mEPSC traces recorded before and in the presence of 100-μM PA-S in control ECS or in Ca2+-free ECS as
indicated. Right, mean ± SEM (n values as indicated) normalized mEPSC frequency in the presence of 100-μM PA-S in control ECS or in Ca2+-free
ECS. (d) Left, sample mEPSC traces recorded before and in the presence of 10-μM PA in control ECS or in Ca2+-free ECS as indicated. Right,
mean ± SEM (n values as indicated) normalized mEPSC frequency in the presence of 10-μM PA in control ECS or in Ca2+-free ECS

SMEJKALOVA ET AL. 3895



potentiated mEPSC frequency equally in control and in Ca2+-free

extracellular solution (Figure 3c,d), suggesting that their presynaptic

action is downstream of presynaptic Ca2+ influx.

An alternative source of presynaptic Ca2+ that could play a role in

neurosteroid-induced potentiation of glutamate release is the system

of presynaptic Ca2+ stores—endoplasmic reticulum-related organelles

that use sarcoplasmic/endoplasmic reticulum Ca2+ ATPase (SERCA)

pumps to sequester cytoplasmic Ca2+ and can release it to modulate

neurotransmitter release (Emptage et al., 2001), including in response

to neurosteroid pregnenolone sulfate (Lee et al., 2010). To prevent a

potential increase in presynaptic Ca2+ concentration regardless of the

source, we preincubated cells with a cell-permeable Ca2+ chelator

BAPTA-AM (10 μM) for 15 min before recording. Applying a SERCA

pump inhibitor thapsigargin (2 μM) as a positive control, we observed

�3-fold increase in mEPSC frequency (Figure 4a), presumably due to

impaired Ca2+ clearance leading to presynaptic Ca2+ accumulation

(Emptage et al., 2001). As expected, BAPTA-AM preincubation

prevented the thapsigargin-induced mEPSC frequency increase. In

contrast, pregnanolone sulfate (100 μM) and pregnanolone (10 μM)

increased mEPSC frequency even following BAPTA-AM preincubation

(Figure 4b,c), suggesting that the effect of these neurosteroids on

glutamate release does not require an elevation of presynaptic

Ca2+—whether coming from the extracellular space or from the

internal stores.

3.3 | Presynaptic effects of pregnanolone sulfate
and pregnanolone compared with PDBu

Phorbol esters, including PDBu, are a family of lipophilic compounds

known to mimic the actions of a lipid second messenger DAG by

binding to DAG-sensitive C1 domains of target proteins (Brose &

Rosemund, 2002; Newton, 2018). Our observation that neurosteroids

pregnanolone sulfate and pregnanolone resemble PDBu in their presyn-

aptic action downstream of Ca2+ influx (Figure 3) suggested that these

neurosteroids may potentiate glutamate release via a mechanism

related to phorbol ester/DAG signalling. We recorded mEPSCs and

eEPSCs in the presence of 1-nM to 1-μM PDBu (Figure 5a). Similar to

our results with pregnanolone sulfate and pregnanolone, PDBu

potently and robustly enhanced both spontaneous and evoked gluta-

mate release. It has been proposed that the same mechanism down-

stream of Ca2+ influx mediates PDBu-induced enhancement of both

spontaneous and evoked release (Basu et al., 2007; Lou et al., 2005).

Because previous pharmacological characterization of presynaptic

phorbol ester action has largely focused on eEPSCs (Hori et al., 1999;

Lou et al., 2008; Wierda et al., 2007), we turned to eEPSCs in our sub-

sequent experiments. First, we selected a subsaturating concentration

of 10-nM PDBu, which closely matched 10-μM pregnanolone and

100-μM pregnanolone sulfate in terms of the effect on mEPSC fre-

quency and on eEPSC amplitude. Remarkably, pregnanolone sulfate

consistently depressed paired-pulse ratio more strongly than did either

pregnanolone or PDBu (Figure 5b). Comparison of the effects on abso-

lute eEPSC amplitudes and paired-pulse ratio is shown in Figure 5c.

If the presynaptic mechanism of action of neurosteroids pre-

gnanolone and/or pregnanolone sulfate overlaps with that of PDBu, a

saturating concentration of PDBu should occlude further EPSC poten-

tiation by the steroids. As shown in Figure 5a, a 10-fold increase in

PDBu concentration from 100 nM to 1 μM induced no further

increase in eEPSC amplitude, suggesting that the potentiation of

evoked release is saturated at 100-nM PDBu. Thus, we proceeded to

compare the increase in eEPSC amplitude induced by each steroid

when applied either alone or in the presence of 100-nM PDBu. As

F IGURE 4 Potentiation of glutamate release by pregnanolone sulfate (PA-S) or pregnanolone (PA) does not require increased presynaptic
Ca2+ concentration. (a) Left, sample mEPSC traces recorded before and in the presence of 2-μM thapsigargin after preincubation of cells in

control extracellular solution (ECS) or in 10-μM BAPTA-AM as indicated. Right, mean ± SEM (n values as indicated) normalized mEPSC frequency
in the presence of 2-μM thapsigargin after control ECS or BAPTA-AM preincubation. *P <.05, Mann–Whitney rank-sum test. (b) Left, sample
mEPSC traces recorded before and in the presence of 100-μM PA-S after preincubation of cells in control ECS or in 10-μM BAPTA-AM as
indicated. Right, mean ± SEM (n values as indicated) normalized mEPSC frequency in the presence of 100-μM PA-S after control ECS or
BAPTA-AM preincubation. (c) Left, sample mEPSC traces recorded before and in the presence of 10-μM PA after preincubation of cells in control
ECS or in 10-μM BAPTA-AM as indicated. Right, mean ± SEM (n values as indicated) normalized mEPSC frequency in the presence of 10-μM PA
after control ECS or BAPTA-AM preincubation
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shown in Figure 6a–c, pregnanolone sulfate alone potentiated eEPSCs

by 56 ± 6% of baseline and when applied to the same cells in the pres-

ence of PDBu, it still potentiated eEPSCs robustly, by 71 ± 14% of the

pre-PDBu baseline. In contrast, whereas pregnanolone alone potenti-

ated eEPSCs by 62 ± 8%, its effect was significantly smaller in the

presence of PDBu, with eEPSCs potentiated only by 41 ± 11% of the

pre-PDBu baseline (Figure 6d–f). It is unlikely that the diminished

effect of pregnanolone in the presence of PDBu is due to a ceiling

effect, given that the effects of pregnanolone sulfate and PDBu (pre-

sumably involving distinct mechanisms) are fully additive. Our results

support the notion that the mechanism of action of pregnanolone,

unlike pregnanolone sulfate, may partly overlap with that of PDBu.

3.4 | Calphostin C, a competitive blocker of
phorbol ester/DAG binding to target C1 domains,
inhibits glutamate release potentiation by
pregnanolone, but not by pregnanolone sulfate

Literature suggests two main presynaptic targets for phorbol ester/

DAG signalling: PKC and/or Munc13 vesicle priming proteins (Betz

et al., 1998; Hori et al., 1999; Lou et al., 2008; Rhee et al., 2002). In

either case, the interaction is mediated by a phorbol ester/

DAG-binding C1 domain of the target protein. We used a pharmaco-

logical approach to explore possible mechanisms of action of pre-

gnanolone sulfate and pregnanolone compared with PDBu. We used

bisindolylmaleimide I, a selective PKC inhibitor that interacts with the

ATP-binding site of the kinase catalytic domain or calphostin C, an

inhibitor that interacts with the DAG-binding C1 domains of either

PKC or Munc13-1 (Betz et al., 1998; Hori et al., 1999). Cells were pat-

ched and incubated for ≥15 min with control extracellular solution,

2-μM bisindolylmaleimide I or 1-μM calphostin C before the applica-

tion of 100-nM PDBu or one of the steroids in the continued pres-

ence of either control extracellular solution or the inhibitor.

As shown in Figure 7a,b, PDBu-induced eEPSC potentiation was

significantly reduced by either calphostin C or bisindolylmaleimide

I. In contrast, as shown in Figure 7c,d, eEPSC potentiation by pre-

gnanolone sulfate was unaffected by either inhibitor. Interestingly,

the effect of PA on eEPSC amplitude was significantly reduced

calphostin C, but not by bisindolylmaleimide I (Figure 7e,f). Our results

thus support some involvement of PKC in the PDBu effect in our

preparation and confirm an interaction between PDBu and a phorbol

ester/DAG-binding C1 domain of either PKC or another target pro-

tein. Interestingly, it appears that neurosteroid pregnanolone binds to

a phorbol ester/DAG-binding C1 domain of some presynaptic target

other than PKC to potentiate glutamate release.

3.5 | Neurosteroids fail to translocate GFP-tagged
Munc13-1 to the plasma membrane in HEK293 cells

The ability of calphostin C but not bisindolylmaleimide I to inhibit the

presynaptic effect of pregnanolone (Figure 7e,f) pointed to Munc13

as a possible target of pregnanolone action. Proteins of the

F IGURE 5 Pregnanolone sulfate (PA-S) depresses paired-pulse ratio more strongly than pregnanolone (PA) or phorbol 12,13-dibutyrate
(PDBu). (a) Dose–response analysis of the potentiation of synaptic glutamate release by PDBu. Plot shows mean ± SEM normalized eEPSC
amplitude (empty symbols) and normalized mEPSC frequency (filled symbols) in the presence of the indicated PDBu concentrations; n = 4–7.
Curves are fits to the data according the equation: normalized value of the parameter = minimum value (set to 1) + [maximum value � minimum
value]∕[1 + (EC50/PDBu concentration)h], where h represents the Hill coefficient and EC50 represents PDBu concentration inducing a half-
maximal effect. For eEPSC amplitude, the fit gave the maximal normalized eEPSC amplitude of 2.01, EC50 = 4.52 nM and h = 0.68. For mEPSC
frequency, the fit gave the maximal normalized mEPSC frequency of 9.95, EC50 = 29.92 nM and h = 0.79. Insets show representative eEPSC and
mEPSC traces recorded during baseline (Bsln) and in the presence of 100-nM PDBu. (b) Representative eEPSC traces recorded before and during
the application of 100-μM PA-S (top), 10-μM PA (middle) or 10-nM PDBu (bottom). Note the strong paired-pulse depression in the presence of
PA-S. (c) Left, mean ± SEM eEPSC1 amplitude before and in the presence of 100-μM PA-S (n = 13), 10-μM PA (n = 12) or 10-nM PDBu (n = 13).
*P <.05, two-way repeated measures ANOVA (one-factor repetition), main effect of modulator application. Right, mean ± SEM paired-pulse ratio
before and in the presence of the indicated treatments from the same cells as on the left. *P <.05, two-way repeated measures ANOVA
(one-factor repetition), main effect of modulator application; #P <.05, interaction between modulator application and experiment
(i.e., the type of modulator applied)
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Munc13 family are essential for vesicle docking/priming and their

function is enhanced by phorbol esters or by endogenous DAG (Basu

et al., 2007; Betz et al., 1998; Xu et al., 2017); the importance of the

DAG–Munc13 interaction is underscored by the fact that mice with a

single amino acid substitution in Munc13-1(H567K) that disrupts

phorbol ester/DAG binding to Munc13-1 die within hours after birth

(Rhee et al., 2002). To test for a potential direct interaction between

pregnanolone (and/or pregnanolone sulfate) and the phorbol ester/

DAG-binding C1 domain of Munc13-1 (the isoform important for

glutamate release from excitatory synapses; Augustin et al., 1999), we

examined the ability of pregnanolone or pregnanolone sulfate to

translocate GFP-tagged Munc13-1 from cytosol to the plasma

membrane in HEK293 cells, an effect well documented for phorbol

esters (Andrews-Zwilling et al., 2006; Betz et al., 1998). We

transfected HEK293 cells with constructs encoding either GFP-tagged

WT Munc13-1 or GFP-tagged phorbol ester-insensitive Munc13-1

(H567K). We used TIRF microscopy in live HEK293 cells to monitor

the intensity of GFP fluorescence in the immediate vicinity of the

plasma membrane before and after treatment with PDBu or one of

the neurosteroids (Figure 8).

As expected, 100-nM PDBu applied for 40 min robustly increased

the TIRF signal in cells expressing WT Munc13-1, but not in cells

expressing the phorbol ester-insensitive Munc13-1(H567K)

(Figure 8a,b). A similar experiment with 100-μM pregnanolone sulfate

showed no effect of the steroid on membrane-associated GFP fluo-

rescence either in WT Munc13-1-expressing cells or in cells

expressing the Munc13-1(H567K) mutant (Figure 8c,d). Based on our

observation that calphostin C, an inhibitor of phorbol ester/DAG

binding to C1 domains of target proteins, partly blocks glutamate

release potentiation by pregnanolone (Figure 7e,f), we hypothesized

F IGURE 6 Phorbol 12,13-dibutyrate (PDBu) partially occludes eEPSC potentiation by pregnanolone (PA) but not by pregnanolone sulfate
(PA-S). (a) Mean ± SEM normalized eEPSC amplitude before and in the presence of 100-μM PA-S applied alone (as indicated). Inset shows
representative traces recorded during baseline (Bsln) and in PA-S as indicated. (b) Mean ± SEM normalized eEPSC amplitude from the same cells

as in (a), recorded before and in the presence of 100-nM PDBu and in the presence of 100-μM PA-S applied together with 100-nM PDBu
(as indicated). Inset shows representative traces recorded in indicated conditions. Traces in (a) and (b) are from the same cell. (c) Plot of % eEPSC
potentiation by 100-μM PA-S applied either alone or in the presence of 100-nM PDBu. Empty symbols show data from individual experiments.
Blue-filled symbols show mean ± SEM (n = 8). (d) Mean ± SEM normalized eEPSC amplitude before and in the presence of 10-μM PA applied
alone (as indicated). Inset shows representative eEPSC traces. (e) Mean ± SEM normalized eEPSC amplitude from the same cells as in (d),
recorded before and in the presence of 100-nM PDBu and in the presence of 10-μM PA applied together with 100-nM PDBu (as indicated). Inset
shows representative traces recorded in indicated conditions. Traces in (d) and (e) are from the same cell. (f) Plot of % eEPSC potentiation by
10-μM PA applied either alone or in the presence of 100-nM PDBu. Empty symbols show data from individual experiments. Red-filled symbols
show mean ± SEM (n = 8). *P <.05, paired Student;s t-test
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that pregnanolone might induce Munc13-1 translocation to the mem-

brane in HEK293 cells, similar to the effect of PDBu. However, we

observed no effect of 10-μM pregnanolone on membrane-associated

GFP fluorescence either in WT Munc13-1-expressing cells or in cells

expressing the Munc13-1(H567K) mutant (Figure 8e,f). Thus, our TIRF

imaging experiments found no evidence of neurosteroid-induced

translocation of the vesicle priming protein Munc13-1 in HEK293

cells. Together, our data suggest that neurosteroid pregnanolone may

F IGURE 7 Calphostin C, a blocker of phorbol ester/DAG binding to C1 domains, inhibits eEPSC potentiation by pregnanolone (PA), but not
by pregnanolone sulfate (PA-S). (a) Mean ± SEM normalized eEPSC amplitude from experiments where 100-nM PDBu was applied after a 15-min
pretreatment and in the continued presence of control extracellular solution (ECS), calphostin C (CalphC; 1 μM) or bisindolylmaleimide I (BisI;
2 μM). Inset shows representative eEPSC traces at baseline (Bsln) and in PDBu from indicated experiments. (b) Summary plot of mean ± SEM
eEPSC amplitudes in the presence of 100-nM PDBu in the indicated inhibitors; n values are as shown. One-way ANOVA p <.05; *Significant
Holm–Sidak post hoc comparison versus control. (c) Mean ± SEM normalized eEPSC amplitude from experiments where 100-μM PA-S was
applied after a 15-min pretreatment and in the continued presence of control ECS, calphostin C (1 μM) or bisindolylmaleimide I (2 μM). Inset
shows representative eEPSC traces from indicated experiments. (d) Summary plot of mean ± SEM eEPSC amplitudes in the presence of 100-μM
PA-S in the indicated inhibitors; n values are as shown. (e) Mean ± SEM normalized eEPSC amplitude from experiments where 10-μM PA was
applied after a 15-min pretreatment and in the continued presence of control ECS, calphostin C (1 μM) or bisindolylmaleimide I (2 μM). Inset
shows representative eEPSC traces from indicated experiments. (f) Summary plot of mean ± SEM eEPSC amplitudes in the presence of 10-μM PA
in the indicated inhibitors; n values are as shown. One-way ANOVA P <.05; *Significant Holm–Sidak post hoc comparison versus control
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potentiate glutamate release by influencing Munc13-1 function indi-

rectly or by interacting with some other C1 domain-containing DAG

target.

4 | DISCUSSION

We describe novel presynaptic modes of action of GABAA/NMDA

receptor-modulating neurosteroids pregnanolone sulfate and pre-

gnanolone to potentiate spontaneous and evoked synaptic

glutamate release in primary hippocampal cultures from male rats. In

contrast to reported presynaptic effects of other neurosteroids such

as pregnenolone sulfate, pregnanolone sulfate and pregnanolone

potentiate glutamate release downstream of presynaptic Ca2+ influx.

Interestingly, the effects of pregnanolone sulfate and pregnanolone

appear distinct; the mechanism of action of pregnanolone, but not of

pregnanolone sulfate, partially overlaps with that of a phorbol ester

PDBu. Our findings suggest the possibility that the neurosteroid pre-

gnanolone signals via a phorbol ester/DAG-binding C1 domain of a

presynaptic target protein to enhance the release of glutamate from

excitatory synapses.

In comparing the effects of pregnanolone and PDBu, multiple

observations suggest that their mechanisms of action may overlap,

but are not the same. First, the occlusion of the pregnanolone-

induced eEPSC potentiation by PDBu, although significant, is incom-

plete (Figure 6), suggesting that pregnanolone potentiates release in

part through an independent mechanism. Second, although the poten-

tiation of eEPSCs by PDBu is reduced by two different PKC inhibitors

calphostin C and bisindolylmaleimide I, the effect of pregnanolone is

inhibited by calphostin C but unaffected by bisindolylmaleimide I

(Figure 7). These data support a role of PKC in the PDBu-induced

presynaptic potentiation of hippocampal excitatory synapses

(Wierda et al., 2007) and confirm the involvement of a phorbol ester/

DAG-binding C1 domain, of PKC and/or another target protein, in

F IGURE 8 Neurosteroids pregnanolone
sulfate (PA-S) and pregnanolone (PA) fail to
translocate GFP-tagged Munc13-1 to the plasma
membrane in HEK293 cells. (a) Representative
images of TIRF signal from HEK293 cells
expressing GFP-tagged Munc13-1 WT or
Munc13-1(H567K) during baseline and in the
presence of 100-nM PDBu. Scale bar corresponds
to 10 μm and applies to all images in (a), (c) and

(e). (b) Mean ± SEM normalized TIRF intensity in
100-nM PDBu in cells expressing Munc13-1 WT
or Munc13-1(H567K). *P <.05, Mann–Whitney
rank-sum test; n values are indicated in the figure.
(c) Representative images of TIRF signal from
HEK293 cells expressing GFP-tagged Munc13-1
WT or Munc13-1(H567K) during baseline and in
the presence of 100-μM PA-S. (d) Mean ± SEM
normalized TIRF intensity in 100-μM PA-S in cells
expressing Munc13-1 WT or Munc13-1(H567K);
n values are indicated. (e) Representative images
of TIRF signal from HEK293 cells expressing GFP-
tagged Munc13-1 WT or Munc13-1(H567K)
during baseline and in the presence of 10-μM
PA. (f) Mean ± SEM normalized TIRF intensity in
10-μM PA in cells expressing Munc13-1 WT or
Munc13-1(H567K); n values are indicated
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PDBu signalling. Pregnanolone effect, however, seems to involve an

interaction with a C1 domain of a target protein other than PKC.

Third, our TIRF imaging experiment (Figure 8) clearly demonstrates

that PDBu interacts with a phorbol ester/DAG-binding C1 domain of

Munc13-1 protein and translocates it into the plasma membrane in

HEK293 cells (Andrews-Zwilling et al., 2006; Betz et al., 1998), but we

found no evidence of a similar direct interaction between Munc13-1

and neurosteroid pregnanolone. Together, our results suggest that

pregnanolone and PDBu share the ability to robustly potentiate

synaptic glutamate release via a signalling process involving a

DAG-sensitive C1 domain of a target protein, but exactly how neu-

rosteroid pregnanolone achieves this is still unclear.

The observation that pregnanolone treatment is not sufficient to

translocate Munc13-1 to the membrane in HEK293 cells does not rule

out the possibility that pregnanolone may influence Munc13-1 func-

tion in neurons. At synapses, a significant portion of Munc13-1 and

Munc13-2 resides in association with membranes (Brose et al., 1995).

Munc13-1 contains several structural features that likely cooperate in

anchoring the protein to the plasma membrane: the DAG-binding C1

domain is found near the C2B domain that binds phosphatidylinositol

4,5-biphosphate-containing membranes in a Ca2+-dependent manner

and the region is rich in basic residues that may interact with the

membrane even in the absence of DAG or elevated Ca2+ (Liu

et al., 2016; Xu et al., 2017); thus, it is conceivable that neurosteroid

pregnanolone could interact with Munc13-1 already associated with

presynaptic plasma membrane. Another possibility consistent with our

findings is that pregnanolone could enhance endogenous DAG

production in neurons and thus activate Munc13-1 (and/or other

DAG-sensitive targets) indirectly. This would account for the observed

similarity between pregnanolone and PDBu effects and might explain

the inability of pregnanolone to translocate Munc13-1 to the mem-

brane in HEK293 cells that presumably lack some necessary upstream

signalling component(s). Alternatively, pregnanolone may interact with

a C1 domain-containing DAG-sensitive target protein other than PKC

or Munc13-1 (Brose & Rosemund, 2002; Newton, 2018).

Specific presynaptic mechanism(s) of neurosteroid action could

have important implications in the context of short-term and

long-term synaptic plasticity. Although pregnanolone sulfate and pre-

gnanolone both enhance glutamate release, their effects on synaptic

plasticity could differ. We find that pregnanolone sulfate has a stron-

ger effect on paired-pulse depression than pregnanolone or PDBu

(Figure 5), suggesting that pregnanolone sulfate may produce a partic-

ularly strong short-term depression of high-frequency input. Short-

term plasticity is believed to optimize information transfer within

neuronal circuits (Rotman et al., 2011) and recent modelling studies

propose that short-term depression enhances the capacity of circuits

to accommodate long-term synaptic plasticity (Hiratani & Fukai, 2014;

Zeng et al., 2019). Changes in short-term and long-term plasticity

have been implicated in various neuropathologies associated with

altered glutamatergic transmission, including neurodevelopmental dis-

orders such as schizophrenia and autism (Crabtree & Gogos, 2014),

and neurodegenerative disorders such as Alzheimer's disease

(Chakroborty et al., 2019). It will be important to determine how the

modulation of synaptic plasticity by neurosteroids may affect their

therapeutic potential.

Interestingly, some mechanisms of neuromodulation may differ

between the sexes and this may be particularly important in the con-

text of neurosteroids (e.g., Jain et al., 2019). Despite recent clinical

advances (Meltzer-Brody et al., 2018), physiological roles of neu-

rosteroids in males and females are poorly understood. Here, we stud-

ied single-sex (male) rather than mixed-sex cultures, so as not to lose

information about sex as a biological variable. Potential sex differ-

ences in presynaptic modulation by pregnanolone sulfate and pre-

gnanolone should be explicitly addressed in future studies.

For any given neurosteroid, its presynaptic and postsynaptic

effects presumably combine to exert corresponding synaptic, circuit-

level and behavioural changes. The mechanism of antidepressant

action of GABAA receptor-potentiating nonsulfated neurosteroids,

such as allopregnanolone, is still not completely clear (Zorumski

et al., 2019). Although the GABAA receptor modulation is probably

key for the neurosteroid therapeutic effect, affective disorders have

been associated with impaired GABAergic as well as glutamatergic

synaptic transmission (Duman et al., 2019) and a contribution of

increased presynaptic glutamate release to neurosteroid modulation

of mood and anxiety cannot be ruled out.

The specific combinations of synaptic effects of sulfated neu-

rosteroids could be particularly beneficial. Due to use-dependent

NMDA receptor inhibition, pregnanolone sulfate and its synthetic

analogues are neuroprotective against excitotoxic neurodegeneration

(Rambousek et al., 2011). Importantly, pregnanolone sulfate analogue

pregnanolone hemipimelate is remarkably selective for blocking tonic

but not synaptic NMDA receptor activation in vitro and is neuro-

protective without inducing psychomimetic side effects in vivo

(Vyklicky et al., 2016). The preservation of synaptic transmission may

be in part due to presynaptic glutamate release potentiation compen-

sating for postsynaptic NMDA receptor inhibition, as shown here for

pregnanolone sulfate. Further, our present finding that the presynap-

tic potentiation by pregnanolone sulfate does not involve presynaptic

Ca2+ influx or Ca2+ release from internal stores is relevant, because a

compound elevating intracellular Ca2+ concentration might be less

compatible with neuroprotection. On the other hand, presynaptic

effects of NMDA receptor-potentiating neurosteroids, such as preg-

nenolone sulfate, could strongly amplify their ability to compensate

for insufficient NMDA receptor function (Vyklicky et al., 2018) associ-

ated with schizophrenia or other neurodevelopmental disorders. Thus,

the presynaptic dimension of neurosteroid action, far from rep-

resenting an irrelevant or an undesirable side effect, may actually con-

tribute to neurosteroid therapeutic advantage.
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