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Postsynaptic N-methyl-p-aspartate receptors (NMDARs) phasically activated by presynaptically released glutamate are critical for syn-
aptic transmission and plasticity. However, under pathological conditions, excessive activation of NMDARs by tonically increased
ambient glutamate contributes to excitotoxicity associated with various acute and chronic neurological disorders. Here, using heterolo-
gously expressed GluN1/GluN2A and GluN1/GluN2B receptors and rat autaptic hippocampal microisland cultures, we show that preg-
nanolone sulfate inhibits NMDAR currents induced by a prolonged glutamate application with a higher potency than the NMDAR
component of EPSCs. For synthetic pregnanolone derivatives substituted with a carboxylic acid moiety at the end of an aliphatic chain of
varying length and attached to the steroid skeleton at C3, the difference in potency between tonic and phasic inhibition increased with the
length of the residue. The steroid with the longest substituent, pregnanolone hemipimelate, had no effect on phasically activated recep-
tors while inhibiting tonically activated receptors. In behavioral tests, pregnanolone hemipimelate showed neuroprotective activity
without psychomimetic symptoms. These results provide insight into the influence of steroids on neuronal function and stress their

potential use in the development of novel therapeutics with neuroprotective action.
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ignificance Statement

classes of NMDAR inhibitors.

Synaptic activation of N-methyl-p-aspartate receptors (NMDARs) plays a key role in synaptic plasticity, but excessive tonic
NMDAR activation mediates excitotoxicity associated with many neurological disorders. Therefore, there is much interest in
pharmacological agents capable of selectively blocking tonically activated NMDARSs while leaving synaptically activated NMDARs
intact. Here, we show that an endogenous neurosteroid pregnanolone sulfate is more potent at inhibiting tonically than synapti-
cally activated NMDARs. Further, we report that a novel synthetic analog of pregnanolone sulfate, pregnanolone hemipimelate,
inhibits tonic NMDAR currents without inhibiting the NMDAR component of the EPSC and shows neuroprotective activity in vivo
without inducing psychomimetic side effects. These results suggest steroids may have a clinical advantage over other known
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Introduction
N-methyl-p-aspartate receptors (NMDARs) are a subtype of
ionotropic glutamate receptors that are highly permeable to cal-

Received Aug. 25, 2015; revised Dec. 11, 2015; accepted Jan. 4, 2016.

Author contributions: V.V., T.S., K.V., J.C, H.C, EK., and L.V. designed research; V.V., .S, B.K., A.B., MK., J.B.,
M.H., M.C,, LK., M.N., H.C, and E.K. performed research; V.V., T.S., B.K., A.B., MK, J.B.,, M.H., M.C,, LK, K.V, ).C,
MN., H.C, EK., and LV. analyzed data; V.V., T.S., K.V., J.C H.C., EK. and L.V. wrote the paper.

This work was supported by the Czech Science Foundation (Grants 303/12/1464 and P304/12/G069), the Tech-
nology Agency of the Czech Republic (Grant TE01020028), the Grant Agency of Charles University (Grant 1520-243-
253483; 800313/2012/2.LF, Research Project of the CAS (Grant RVO: 67985823, the Center of Biomedical Research
(€Z.1.07/2.3.00/30.0025 project supported by the European Science Foundation), Biotechnology and Biomedicine
Center of the Academy of Sciences and Charles University in Vestec (CZ.1.05/1.1.00/02.0109 project supported by
the European Regional Development Fund). The computational study by M.N. was supported by the Czech Science
Foundation (Grant P208/12/G016) and Research Project RVO: 61388963 of the Institute of Organic Chemistry and

cium and expressed by virtually all neurons in the mammalian
CNS. They are localized at a high density at postsynaptic regions,
but are also present in extrasynaptic membrane (Petralia, 2012).

Biochemistry, CAS. Molecular graphics and analyses were performed with the University of California—San Francisco
Chimera package, developed by the Resource for Biocomputing, Visualization, and Informatics (supported by Na-
tional Institute of General Medical Sciences Grant P41-GM103311). We thank M. Kuntosova for excellent technical
assistance and Grygoryi Tsenov for fruitful consultations.

The authors hold U.S. Patent No.: US8575376: “Steroid Anionic Compounds: Method of Their Production, Usage,
and Pharmaceutical Preparation Involving Them,” without direct corporate involvement at this time.

*V.V.and T.S. contributed equally to this work.

Correspondence should be addressed to Dr. Ladislav Vyklicky, Jr, Institute of Physiology CAS, Videnska 1083, 142
20 Prague 4, Czech Republic. E-mail: vyklicky@biomed.cas.cz.

DOI:10.1523/JNEUR0SCI.3181-15.2016
Copyright © 2016 the authors ~ 0270-6474/16/362161-15$15.00/0



2162 - J. Neurosci., February 17,2016 - 36(7):2161-2175

At excitatory synapses, glutamate is phasically released from pre-
synaptic terminals, producing a glutamate concentration tran-
sient with an estimated peak of ~1 mm and a decay time const-
ant of 1-2 ms (Clements et al., 1992). Synaptically activated
NMDARSs are vital for synaptogenesis, synaptic plasticity, learn-
ing, and memory (Lynch, 2004; Traynelis et al., 2010; Huganir
and Nicoll, 2013). Further, phasic/synaptic NMDAR activation
may promote cell survival under some conditions (Hardingham
et al., 2002; Léveillé et al., 2008; Papadia et al., 2008; but see
Wroge et al., 2012).

Tonic NMDAR activation, conversely, mediates excitotoxic-
ity. Glutamate transporters normally maintain glutamate con-
centration in the extracellular space at low levels. Estimates of the
“physiological” ambient glutamate concentration vary from as
low as 25 nM to 1-4 um (Sah et al., 1989; Wahl et al., 1994;
Cavelier etal., 2005; Herman and Jahr, 2007). Under pathological
conditions, however, ambient glutamate concentration in-
creases, resulting in tonic receptor activation that results in exci-
totoxicity (Olney, 1969). This form of neuronal death is
dependent on calcium influx through NMDARs (Choi, 1987)
and is implicated in a variety of neurological conditions (Parsons
and Raymond, 2014).

Given the different outcomes of tonic versus phasic/synaptic
NMDAR signaling, there is much interest in NMDAR inhibitors
capable of selectively blocking tonically activated NMDARs while
leaving phasically/synaptically activated NMDARs intact. Inhib-
itors of NMDARs have shown some promise in models of human
neurodegenerative diseases (Choi and Rothman, 1990), but their
broader use is limited by their side effects that typically include
psychomimetic symptoms, presumably due to the inhibition of
normal synaptic transmission (Lipton, 1993; Rogawski, 1993;
Rogawski and Wenk, 2003; Manahan-Vaughan et al., 2008). Me-
mantine, an NMDAR antagonist used in Alzheimer’s disease
therapy, has been suggested to block preferentially tonically acti-
vated extrasynaptic NMDARs rather than phasically activated
synaptic NMDARs, with a 2-fold difference in the ICy, values
(Xia et al., 2010), although other studies found a smaller differ-
ence (Emnett et al., 2013). Theoretical considerations predict
that, although NMDAR inhibitors with use-dependent onset and
offset of inhibition (“trapping” blockers), exemplified by me-
mantine, would show some preference for tonically versus pha-
sically activated NMDARs, the strongest selectivity would be
achieved by use-dependent inhibitors with slow onset and use-
independent offset of inhibition (“foot-in-the-door” block;
Vyklicky et al., 2014). Because an endogenous neurosteroid, 20-
ox0-5B-pregnan-3a-yl sulfate (PA-S; 3a,5B-pregnanolone sul-
fate), is an NMDAR inhibitor with a foot-in-the-door
mechanism of block (Petrovic et al., 2005; Vyklicky et al., 2015),
we have explored the effect of PA-S and novel synthetic PA-S
analogs on synaptically activated NMDARs and on receptors ac-
tivated by sustained glutamate applications.

The results of our experiments, in agreement with the predic-
tion, demonstrate that PA-S has a higher preference for tonically
activated NMDARs than for NMDARs activated during synaptic
transmission. All of the six structural analogs of PA-S tested
exhibited a higher preference for tonically activated receptors.
The most selective PA-S analog, pregnanolone hemipimelate
(PA-hPim), showed no inhibition of phasically and synaptically
activated receptors while inhibiting tonically activated receptors.
Behavioral tests demonstrate that PA-hPim has neuroprotective
activity without inducing psychomimetic symptoms. Overall,
our results provide a unique opportunity for the development of

VyKlicky, Smejkalova et al. ® Inhibition of NMDA Receptors by Steroids

new therapeutic neurosteroid-based ligands to treat diseases as-
sociated with the dysfunction of the glutamate system.

Materials and Methods

Cell culture

HEK293 cells. Human embryonic kidney 293 (HEK293) cells were main-
tained in Opti-MEM I (Invitrogen) supplemented with 5% fetal bovine
serum (PAN Biotech) at 37°C in 5% CO,. Cells were plated at a density of
107 cells/cm* and 24 h later transiently transfected with expression vec-
tors containing the rat glutamate receptor subunits GluN1-1a (GenBank
accession no. U08261) and GluN2A (GenBank accession no. D13211) or
GluN2B (GenBank accession no. M91562) using Matra-A reagent (IBA)
(Borovska et al., 2012). Equal amounts (300 ug) of cDNAs encoding for
GluN1, GluN2A or GluN2B, and GFP (pQBI 25; Takara) were used.
After trypsinization, the cells were resuspended in Opti-MEM I contain-
ing 1% fetal bovine serum supplemented with 20 mm MgCl,, 1 mm
D,L-2-amino-5-phosphonopentanoic acid (D,L-AP5), and 3 mwm
kynurenic acid to prevent excitotoxicity.

Micro-island cultures. Micro-island cultures were prepared as de-
scribed previously (Burgalossi et al., 2012). Glass coverslips were coated
with 0.15% agarose (Serva) and stamped with an array of microdots
(~200 pwm in diameter, spaced ~200 wm apart) of permissive substrate
containing 0.1 mg/ml poly-p-lysine and 0.2 mg/ml collagen (Serva). Pri-
mary cortical astrocyte cultures were prepared from postnatal day 1 male
Wistar rat pups and grown for 1-2 weeks in DMEM with GlutaMax
(Invitrogen), 10% fetal bovine serum (Invitrogen) and pen/strep before
being plated on the microdot-stamped coverslips at 5000 cells/cm . Hip-
pocampal neurons were isolated from postnatal day 1 male Wistar rat
pups and plated on top of the astrocyte microislands at 3000 cells/cm? in
Neurobasal A medium with B27 Supplement (Invitrogen), GlutaMax,
and pen/strep. This protocol yields a large proportion of islands contain-
ing a solitary hippocampal neuron forming autapses.

Electrophysiology

HEK293 cells were used for electrophysiological recordings 24 —48 h after
transfection. Whole-cell voltage-clamp recordings were made at room
temperature at a holding potential of —60 mV, with capacitance and
series resistance (<10 M{)) compensation of 80-90%. Data were ac-
quired with an Axopatch 200B amplifier, sampled at 10 kHz, and filtered
at 2 kHz. Patch pipettes (3—5 M{)) were filled with a solution containing
the following (in mm): 120 gluconic acid, 15 CsCl, 10 BAPTA, 10 HEPES,
3 MgCl,, 1 CaCl,, and 2 ATP-Mg salt, pH adjusted to 7.2 with CsOH.
Extracellular solution contained the following (in mm): 160 NaCl, 2.5
KCI, 10 HEPES, 10 glucose, 0.2 EDTA, and 0.7 CaCl,, pH adjusted to 7.3
with NaOH. Glycine (10 uM) was present in the control and test solu-
tions. Drug applications were made with a microprocessor-controlled
multibarrel fast perfusion system. The solution exchange rate was
~10 ms.

Whole-cell voltage-clamp recordings of autaptic EPSCs were obtained
at room temperature at a holding potential of —70 mV from solitary
excitatory hippocampal neurons at 11-16 d in vitro. Intracellular solu-
tion contained the following (in mwm): 125 gluconic acid, 15 KCl, 10
HEPES, 5 EGTA, 0.5 CaCl,, 2 ATP-Mg salt, 0.3 GTP-Na salt, and 10
creatine phosphate, pH adjusted to 7.2 with KOH. Autaptic EPSCs were
evoked by 1 ms depolarization to 0 mV every 15 s. Evoked dual AMPA
and NMDA EPSCs were recorded in extracellular solution containing the
following (in mm): 160 NaCl, 2.5 KCl, 10 glucose, 10 HEPES, 2 CaCl,,
0.01 glycine, and 0.01 bicuculline methochloride, pH adjusted to 7.3 with
NaOH. To assess presynaptic effects of steroids, 50 um pD-AP5 was added
to the above extracellular solution to isolate AMPA EPSCs and paired-
pulse stimulation with 50 ms interpulse interval was used to evoke a pair
of EPSCs every 15s. To isolate AMPA mEPSCs, 0.5 um TTX was added to
the extracellular solution. Solutions were applied using a gravity-fed fast
perfusion system with a manifold connecting to a single solution outlet.
During the recordings of evoked EPSCs (but not miniature EPSCs) series
resistance (<20 M{2) was 80% compensated. Data were acquired with an
Axopatch 200B amplifier, sampled at 20 kHz, filtered at 2 kHz, and
analyzed with pClamp software. The AMPA component of the dual
EPSC was estimated as the peak of the response. The NMDA component
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Figure 1. Chemical structures of steroids tested for their biological activity at NMDARs. The

structure of PA and the residues substituted in position « of carbon (3 are shown.

of the dual EPSC was estimated from the double-exponential fit to the
decay of the later portion of the EPSC (starting at 40 ms after stimulation,
after the AMPA component had decayed to baseline) and extrapolated to
the expected time of NMDA EPSC peak (14 ms after stimulation, as
determined from control NMDA EPSCs recorded in the presence of 10
M CNQX).

Steroids were dissolved in DMSO and added to the extracellular solu-
tion at the indicated concentrations, with the final DMSO concentration
of 1%. An equivalent amount of DMSO was present in control solutions.
All drugs, unless otherwise stated, were purchased from Sigma-Aldrich.

Data analysis
1C5, was determined from a fit to the following logistic equation:

100

. 1+ ICo_)'
[steroid]

or from a single dose of steroid using the following formula:

#100 — I

1Cs = [steroid] X i

Where I is the relative degree of inhibition in %, [steroid] is the steroid
concentration used and h fixed at 1.0 for peak and 1.2 for steady state,
based on the dose-response curves for PA-S (see Fig. 2B). Calculations of
IC;, were made assuming 100% inhibition at a saturating steroid
concentration.

Steroid synthesis
3a,5B-pregnanolone (PA-OH; Steraloids) was the starting material for the
preparation of the majority of the steroids studied (Fig. 1). Pyridine sulfur
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trioxide complex with pregnanolone afforded PA-S (Stastna et al., 2009).
Then, PA-OH treated with oxalic acid dichloride gave hemioxalate (PA-
hOxa). Treatment by 2,2-dimethyl-1,3-dioxane-4,6-dione (Meldrum’s
acid) gave hemimalonate (PA-hMal). Reactions of PA-OH with succinic or
glutaric anhydrides afforded-hemisuccinate (PA-hSuc; Stastna et al., 2009)
and -hemiglutarate (PA-hGlu), respectively. Selective monoesterification of
PA-OH with adipic or pimelic acids catalyzed by N, N'-dicyclohexylcarbo-
diimide and N, N-dimethyl-4-aminopyridine yielded steroid-hemiadipate
(PA-hAdi) and -hemipimelate (PA-hPim), respectively (see below).

Melting points (Mp) were determined on a micro-melting point ap-
paratus (Helmut Hund) and are uncorrected. Optical rotations were
measured in chloroform using an Autopol IV (Rudolf Research Analyt-
ical). [@]p, values are given in degrees (10 ' deg cm? g !). IR spectra
were recorded on a Bruker IFS 55 spectrometer (wave numbers in
cm ). Proton and carbon NMR spectra were measured on an FT NMR
spectrometer Bruker AVANCE-400 (400 MHz, 101 MHz) in CDCl; with
tetramethylsilane as the internal standard (unless otherwise stated).
Chemical shifts are given in parts per million (delta scale). Coupling
constants (J) and width of multiplets ( W) are given in Hertz. Mass spec-
tra were obtained with spectrometers ZAB-EQ (at 70 eV) or LCQ Classic
(Thermo-Finnigan). Thin-layer chromatography (TLC) was performed
on silica gel (ICN Biochemicals). Preparative TLC (prep-TLC) was per-
formed on 200 mm X 200 mm plates coated with a 0.4-mm-thick layer of
the same material. For column chromatography, neutral silica gel 60 um
(Merck) was used. Analytical samples were dried over phosphorus pen-
toxide at 50°C/100 Pa. Anhydrous THF was prepared by distillation with
benzophenone/Na immediately before use.

PA-S. For details of PA-S preparation, please see Stastna et al. (2009).

PA-hOxa. A mixture of PA-OH (320 mg, 1 mmol), dry dichlorometh-
ane (4 ml), triethylamine (0.14 ml), and 1 drop of previously prepared
solution (2 ml of dry dichloromethane and 1 drop dimethylformamide)
was added to a cooled (0°C) mixture of dichloromethane (2 ml) and
oxalic acid dichloride (0.26 ml, 3 mmol). The mixture was allowed to
attain 10°C and then stirred for 2 h under these conditions. Then, 20 ml
of water was added to decompose excess of the reagent and the mixture
was stirred for 30 min at room temperature. The organic layer was sep-
arated and ethyl acetate (20 ml) was added to the dichloromethane ex-
tract. Then, aqueous solution of potassium carbonate was added (10%,
50 ml), the organic layer with undesired by-products was separated and,
subsequently, aqueous solution of HCI (1 N, to pH ~4) was cautiously
added to the aqueous layer. The crude product was obtained by extrac-
tion with ethyl acetate (2 X 25 ml) and dried. Crystallization from
acetone/n-heptane gave 230 mg (59%) of hemioxalate (PA-hOxa): Mp
112-114°C. (@]}, +110 (¢ 0.37, CHCL,). '"H NMR: § 0.60 (°H, s, H-18),
0.96 (°H, s, H-19), 2.14 (*H, s, H-21), 2.55 ('H, t, ] = 8.8, H-17), 4.96
("H, m, H-3). >*C NMR: § 211.0 (C-20), 157.9 (COOH), 157.8 (CO-0),
79.0 (C-3),64.0 (C-17), 56.9, 44.69, 42.0, 40.5, 39.3, 35.9, 35.0, 34.8,31.9,
31.6,27.0,26.4,26.3,24.6, 23.3,23.1, 21.0, 13.6. IR (CHCl,): 2938, 2873,
1735, 1699, 1238, 1231, 1194. MS: ESI m/z 317.3 (100%, M-COCOOH),
389.3 (25%, M-1). HR-MS (ESI) m/z for C,3;H;;05 [M-1] calculated
389.2334, found 389.2334.

PA-hMal. PA-OH (320 mg, 1 mmol) in dry toluene was added to a dry
reaction vessel with 2,2-dimethyl-4,6-dioxo-1,3-dioxolane (Meldrum’s
acid, 160 mg, 1.1 mmol). The reaction mixture was stirred and heated to
reflux for 4 h. Solvent was evaporated under reduced pressure. Chroma-
tography of the crude product (422 mg) on a small (10 g) silica gel
column (10% acetone in petroleum ether) gave 230 mg of oily product,
which after crystallization (ether/petroleum ether) afforded (PA-hMal)
as white crystals 190 mg (47%): Mp 118-120°C. [a], +116 (c 0.23,
CHCl,). 'H NMR: 8 0.60 (°H, s, H-18), 0.95 (°H, s, H-19), 2.11 (°H, s,
H-21),2.53 ('H, t,] = 8.8, H-17), 3.41 (*H, s, H-2'), 4.84 ('H, m, H-3).
3CNMR: 8§209.8 (C-20), 178.0 (COOH), 173.0 (COO), 73.8 (C-3), 64.0
(C-17),56.8,44.5,42.0, 40.6, 39.3, 35.9, 35.1, 34.83, 32.2, 31.7, 26.9, 26.6,
26.4, 24.6, 23.4, 23.1, 21.0, 13.6. IR (CHCI,): 3509, 3090, 2701 (OH);
1735,1700 (C=0, carboxyl); 1718 (C=0, 20-ketone), 1194, 1156 (C-O).
MS: ESI m/z427.2 (100%, M + Na). HR-MS (ESI) m/z for C,,H;,O;Na
(M + Na) calculated 427.2455, found 427.2455. For C,,H;,O5 (404.5)
calculated: 71.26% C, 8.97% H; found: 71.30% C, 9.10% H. As a side
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product (132 mg, 40%) was isolated less polar dipregnanolone malonyl
ester.

PA-hSuc. For details of PA-hSuc preparation, please see Stastna et al.
(2009).

PA-hGlu. A mixture of PA-OH (320 mg, 1 mmol) and glutaric acid
anhydride (573 mg, 5 mmol) was dried overnight at 50°C. Dry pyridine
(6 ml) and 4-(dimethylamino)pyridine (184 mg, 1.5 mmol) were added.
The mixture was refluxed for 36 h. The reaction mixture was poured into
water and extracted with chloroform (3 X 20 ml), combined organic
extracts were washed with brine and dried. Solvents were evaporated and
the brown residue was purified by column chromatography (10% of
acetone in petroleum ether) to afford white solids. Crystallization from
ethyl acetate/acetone/petroleum ether gave 178 mg (48%) of the desired
hemiester (PA-hGlu): Mp 128 —130°C. [a]}, +100 (¢ 0.27, CHCl,). 'H
NMR: § 0.60 (°H, s, H-18), 0.94 (°H, s, H-19), 1.96 (2H, p, ] = 14.6,
H-3"),2.12 (°H, s, H-21),2.38 (*H, t,] = 7.3, H-2"), 2.44 (°H, t,] = 7.3,
H-4"),2.54 ('H, 1, ], 8.8, H-17), 4.75 ('H, m, H-3). ’C NMR: & 209.8
(C-20),178.4 (COOH), 172.5 (COO), 74.6 (C-3), 64.1 (C-17), 56.9, 44.5,
42.0, 40.6, 39.4, 36.0, 35.2, 34.8, 33.8, 33.1, 32.4, 31.7, 27.1, 26.8, 26.5,
24.6,23.4,23.1, 21.0, 20.1, 13.6. IR (CHCL,): 3516 (OH); 1711 (C=0),
593 (CH5CO). MS: ESI m/z 455.3 (100%, M + Na), 477.3 (35%, M + Na
+ H). For C,;H,,O5 (432.3) calculated: 72.19% C, 9.32% H; found:
72.14% C, 9.45% H.

PA-hAdi. N,N'-Dicyclohexylcarbodiimide (410 mg, 2 mmol) in dry
benzene (10 ml) was added into a solution of adipic acid (300 mg, 2
mmol) in dry THF (10 ml) under inert atmosphere and the mixture was
stirred for 1 h. Then, a solution of PA-OH (320 mg, 1 mmol) and
4-(dimethylamino)pyridine (10 mg, 0.08 mmol) in dry benzene (10 ml)
was added dropwise over 15 min. This reaction mixture was stirred at
room temperature for 16 h and then the solvents were evaporated. The
residue was purified on a column ofsilica gel (petroleum ether/ether, 9:1)
to afford noncrystalizing hemiester (350 mg, 78%): [a], + 89 (¢ 0.49,
CHCl,). "H-NMR: 8 0.60 (s, *H (H-18); 0.92 (s, °H, H-19); 2.11 (s, °H,
H-21); 2.30 (m, *H, W~20, H-adipate); 2.37 (m, *H, W~20, H-adi-
pate); 2.53 (¢, '"H,J = 9, H-17); 4.73 (m, 1H, W = 35, H-3).IR (CHCL,):
1727, 1706 (C=0); 1358 (CH,C=0); 1233, 1193, 1183 (C-O). For
C,,H,,0; (446.6) calculated: 72.61% C; 9.48% H; found: 72.13% C;
9.53% H.

PA-hPim. The same procedure as for PA-hAdi was used. Instead of
adipic acid, pimelic acid (heptanedioic acid) was used to produce PA-
hPim. Oily, [a]p, 4+ 72.3 (c0.33, CHCL,). "H-NMR: § 0.60 (s, *H, H-18);
0.93 (s, °H, H-19); 2.11 (s, °H, H-21); 2.30 (m, 2H, W~20, H-pimelate);
2.37 (m, 2H, W~20, H-pimelate); 2.53 (#, 1H, ] = 8.8); 4.74 (m, 1H, W =
35, H-3). '?C NMR (MeOD): & 209.6 (C-20), 178.6 (COO), 173.2
(COO0-),74.1,63.9,56.7,44.8,44.3,41.9,40.4, 39.2, 35.8, 35.1, 34.6, 34.6,
32.3,31.5,28.7, 26.9, 26.7, 26.3, 24.74, 24.70, 24.4, 23.3, 22.9, 20.9, 13.4
(C-18).1R (CHCl,): 3516 (COOH, monomer), 1725 (C=0, ester), 1705
(C=0, COCH,), 1261 (C-O, ester). MS: (ESI): 460 (4%, M). HR-MS
(+ESI) calculated for C,gH,,0;Na [M+Na] 483.3081, found 483.3080.

Computational methods

The relevant physicochemical properties of neuroactive steroids were
calculated by quantum mechanics computational methods and by phys-
icochemical properties predictor.

Preparation of structures. The geometries of steroids were obtained by
the modeling of the ligand taken from the x-ray structure (3CAV PDB
code; Faucher et al.,, 2008) using PyMOL program (version 1.5.0.4;
Schrédinger) and were optimized by the RI-DFT/B-LYP/SVP method
with the Turbomole program (Ahlrichs et al., 1989). The empirical dis-
persion correction (Dj; Jurecka et al., 2007) and COSMO continuum
solvation model (Klamt and Schuurmann, 1993) were used on the gra-
dient optimization. The most stable local minima of the steroids were
generated by the quenched molecular dynamics simulation with Amber
14 (Salomon-Ferrer et al., 2013) in explicit water solvent (the simulation
was run for 30 ns; the constant temperature was 303 K). The parameters
were obtained from the GAFF force field. The charges were calculated
using the RESP procedure at the HF/6—-31G* level (Bayly et al., 1993).
The resulting geometries were minimized by the RI-DFT-D/B-LYP/
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SVP//COSMO method and their single-point energies were calculated at
the RI-DFT-D3/B-LYP/TZVPP level (Grimme et al., 2010).

Docking. Docking with AutoDock was used to sample the conforma-
tional variability of steroid molecules in the confined space within the
NMDAR. AutoDock 4.2.3 calculations were prepared and analyzed in
AutoDockTools (ADT) 1.5.6rc3 (Sanner, 1999). Protein and ligand
charges were assigned by ADT using Gasteiger charges. To assess the
relative rate of the steroid inhibition onset (the steroid distribution in the
channel vestibule), genetic algorithm runs of 50 steps were used within
an 80 X 80 X 60 grid (1 A spacing) surrounding the extracellular mouth
of the model of NMDAR in its activated state (Vyklicky et al., 2015).
Combined results of 30 runs (resulting in 675-1400 poses after cluster-
ing) were analyzed for each steroid molecule. The electrostatic potential
of NMDAR was calculated using the APBS program (Baker et al., 2001)
and visualized with the UCSF Chimera package (Pettersen et al., 2004).

Predictions of thermodynamic properties. The solvation free energy
(8G,,,) of steroids was calculated in the SMD continuum solvation
model (the transfer from vacuum to water and from n-octanol to water)
at the HF/6-31G* level with Gaussian software. The partition-coefficients
(logP) of water/n-octanol phase were calculated at the M06-2X/6-31G*
level in SMD with Gaussian as the difference between the total energies in
water and in n-octanol. The distribution coefficients (logD) of water/n-
octanol phase were predicted by the MarvinSketch program (Marvin
15.1.19, 2015; ChemAxon).

Behavioral methods

Animals. Experiments were performed on adult albino male Wistar rats
(250—-350 g) bred by the Institute of Physiology at the Czech Academy of
Sciences (CAS). Rats were housed in a controlled environment (temper-
ature 22 = 1°C, humidity 50—60%, lights on 06:00-18:00 h) with free
access to food and water. Experiments were conducted 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 CAS and by The Central Committee of the CAS. The Institute
of Physiology possesses the National Institutes of Health Statement of
Compliance with Standards for Humane Care and Use of Laboratory
Animals.

Open-field test. Spontaneous locomotor activity was recorded in a
soundproof MultiConditioning System arena (45 cm X 45 cm; TSE Sys-
tems), and expressed as the total distance traveled during 30 min.
PA-hPim at a dose of 1 or 10 mg/kg was dissolved in 1 ml of 88 mm
hydroxypropyl-B-cyclodextrine (3-CDX), pH 7.4. MK-801 was dis-
solved in PBS and given ata dose of 0.1, 0.2, or 0.3 mg/kg. The drugs were
applied intraperitoneally 40 min before behavioral observations; control
animals were injected with a corresponding volume of B-CDX or saline,
respectively.

Passive avoidance. The passive avoidance apparatus (45 cm X 45 cm)
consisted of two equally large compartments divided by a sliding door
(Multi Conditioning system; TSE Systems). The rats were treated intra-
peritoneally with saline, 8-CDX, PA-hPim (at 1 or 10 mg/kg), or MK-801
(at 0.1, 0.2, or 0.3 mg/kg) 30 min before a habituation session. At the
beginning of each session, the rat was placed into the highly illuminated
compartment and could avoid this aversive stimulus by crossing to the
dark compartment. During the habituation session, the sliding door was
lifted and the rat could move freely between the compartments for 5 min.
Thirty minutes later, the rat was placed into the arena again for a training
session. This time, after crossing to the dark compartment, the sliding
door fell down and the rat received a mild electric foot shock (1.5 mA, 5s
duration) through the stainless steel grid floor. A testing session took
place 1 h after the training session and was conducted in the same way
except that the footshock was not activated. The latency to cross into the
dark compartment was analyzed.

Spontaneous alternation task in a Y-maze. The maze was constructed
from Plexiglas with three arms of the same length (40 cm X 11 c¢m)
interconnected at a 120° angle. Each rat was placed at the center of the
maze at the beginning of the experiment and allowed to explore the maze
freely for 10 min. An alternation was defined as sequentially entering all
three arms without reentry into a previously visited arm. Percentage
alternation was calculated as follows: (alternations/total entries — 2) X
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100. Thirty minutes before experimental testing, rats were treated
intraperitoneally with saline, 8-CDX, PA-hPim (at the doses of 1 or
10 mg/kg), or MK-801 (at the doses of 0.1, 0.2, or 0.3 mg/kg). At the
dose of 0.3 mg/kg, MK-801 induced stereotypical behavior precluding
data evaluation.

Neuroprotection. Intrahippocampal lesion was induced by a bilateral
infusion of 1 ul of 25 mm NMDA (Abcam) dissolved in PBS into the
dorsal hippocampus (AP = 4; L = 2.5; DV = 4.8 mm). The infusions
were performed with a syringe pump (model 540310 plus; TSE Systems)
ata constant flow rate of 0.25 ul/min. Control animals were either intact,
or received an intrahippocampal infusion of 1 ul of PBS. Because the two
control groups were not statistically different in terms of their perfor-
mance, they were pooled for subsequent analysis. PA-hPim (1 mg/kg in
1 ml of 88 mm B-CDX) was injected intraperitoneally 5 min after the
NMDA infusion. NMDA-infused animals received either the corre-
sponding volume of intraperitoneal B-CDX or no treatment; because
these two groups were not statistically different, they were pooled for
analysis. The animals recovered for 1 week before starting the Morris
water maze (MWM) procedures. All drugs, unless otherwise stated, were
purchased from Sigma-Aldrich.

MWM experiments were performed as described previously (Mi-
kulecka et al., 2014). The maze was a black-painted circular plastic pool
(210 ¢cm in diameter, 40 cm high) filled with water (21°C). Rats were
released from one of eight compass points (NW, NE, SE, W, S, N, SW,
and E, in this order) at the periphery of the pool and allowed to swim
until they found a transparent circular platform (10 cm in diameter
submerged 1 cm below the water surface in the center of an arbitrarily
chosen quadrant of the pool, SW) or until 60 s elapsed. Training con-
sisted of 8 trials a day for 4 d. The position of the platform was stable
throughout the experiment. Training was recorded by a camera placed
above the center of the MWM. The videos were analyzed offline by Etho-
vision XT10 software (Noldus).

Statistical methods

In electrophysiology experiments, statistical comparisons of groups were
performed using Student’s t test (p < 0.05 was used to determine signif-
icance). Cumulative distributions of mEPSC amplitudes and interevent
intervals were compared using Kolmogorov—Smirnov (K-S) test using a
conservative value of p < 0.001 to determine significance. For behavioral
experiments, one-way ANOVA followed by Holms-Sidak post hoc com-
parisons versus control group or two-way ANOVA followed by Student-
Newman—Keuls post hoc tests were used. The results are presented as
means = SEM, with n indicating the number of cells (electrophysiology
experiments) or animals (behavioral experiments).

Results

Recombinant receptors

NMDARSs are activated phasically by synaptically released gluta-
mate or tonically by extracellular glutamate elevated under path-
ological conditions. Kinetic simulations indicate that, based on
the pharmacological mode of inhibitor action at the NMDAR, a
different ratio of phasic over tonic inhibition is expected.
Compounds such as PA-S with use-dependent and voltage-
independent block and use-independent unblock are likely to
preferentially inhibit tonically over phasically activated NMDAR
and therefore may have a desirable therapeutic profile (Vyklicky
et al., 2014). First, we tested the simulation predictions for PA-S
at recombinant GluN1/GluN2B receptors expressed in HEK293
cells and activated by fast agonist application. Figure 2A shows an
experiment in which we compared the ability of PA-S (50 uM) to
inhibit the peak (phasic) response induced by fast 1 mm gluta-
mate application (solution exchange rate ~10 ms) versus the
steady-state response after glutamate application for 5 s. A dose—
response analysis indicates that PA-S inhibited the peak re-
sponses less than the steady-state responses, with a 2-fold
difference in potency (Fig. 2B, C; peak IC5, = 46 = 3 puM; n = 4;
steady-state IC5, = 23 £ 2 uM; n = 4; p < 0.001). We have also
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tested recombinant GluN1/GluN2A receptors and found an even
stronger (~6-fold) selectivity of PA-S for steady-state over peak
inhibition (Fig. 2C; peak IC5, = 296 * 34 uM; steady-state IC5, =
53 £ 7 uM; 1 = 6; p < 0.001). In an effort to identify novel steroid
NMDAR inhibitors with desirable pharmacological properties,
we have synthesized a series of 20-oxo0-58-pregnanes substituted
in the position a of carbon C3 by carboxyl acids of increasing
length (Fig. 1). We then tested these compounds for their ability
to inhibit the peak versus the steady-state NMDAR response.
Figure 2D illustrates an experiment in which PA-hPim (30 um)
was tested for its potency to inhibit peak and steady-state re-
sponses of GluN1/GluN2B receptors. Although the steady-state
response to glutamate (1 mm) was inhibited by 66 * 4%, the peak
response was virtually unaffected (+0.02 = 1.76%; n = 8) in the
continuous presence of PA-hPim. The inhibitory effect was fully
reversible within seconds of the steroid wash-out and the degree
of the steroid-induced peak inhibition was the same for the first
and the subsequent responses made in the presence of the steroid.
Remarkably, the ICy, values for the steady-state response inhibi-
tion decreased with the length of the substituent aliphatic chain
from PA-hOxa to PA-hPim (Fig. 2E), whereas the values of the
ICs, for the peak response inhibition remained high. In fact, in
the case of PA-hPim, peak response inhibition was so weak, the
peak IC;, could not be determined accurately (Fig. 2, legend).
The strong selectivity of PA-hPim for steady-state over peak re-
sponses was also observed for recombinant GluN1/GluN2A re-
ceptors (Fig. 2E).

It was of interest to compare the action of steroid inhibitors
with that of memantine, which is approved for the treatment of
Alzheimer’s disease. Even though both memantine and steroids
are use-dependent inhibitors, they differ in the voltage depen-
dency of block and in the trapping versus foot-in-the-door mech-
anism of action (Blanpied et al., 1997; Petrovic et al., 2005;
VyKklicky et al., 2015). Figure 3A shows that both memantine
(10 pm) and PA-S (300 M) inhibited steady-state GluN1/
GluN2B receptor responses and exhibited pharmacodynamic
similarities characterized by a slow offset of inhibition. Impor-
tantly, their actions differed when glutamate responses were in-
duced in the continuous presence of the inhibitor to simulate the
situation in vivo. In contrast to PA-S (Fig. 2A), the peak responses
to glutamate made in the presence of memantine (10 um) were
progressively more inhibited with each glutamate application.
This eventually eliminated the difference between the IC5, values
for the peak versus the steady-state inhibition by memantine
(peak IC5, = 3.1 = 0.5 uM; steady-state IC5, = 2.7 = 0.4 um; p =
0.125; n = 4), with the ratio of the IC;, values being 1.14 * 0.04
(Fig. 3B), confirming the advantage of steroid NMDAR inhibi-
tors over memantine.

Structure—function relationship of the steroid inhibition

of NMDAR

The complex process of steroid access to the NMDAR can be
divided into three steps: (1) the micelles that occur in the extra-
cellular liquid fuse with the membrane, (2) single molecules leave
the membrane, and (3) molecules enter into the channel vesti-
bule (Vyklicky et al., 2015). The physicochemical properties
relevant to single molecules in water and in the membrane envi-
ronment are listed in Table 1. As expected, we found a correlation
between binding free energies 8G.,,, calculated from the experi-
mentally determined steady-state ICs, values (Fig. 2E) and the
length of the aliphatic chain. We also found a correlation between
8G.,,, and solvation energies 8G,,, in the case of the transfer of

exp

the steroid molecule from vacuum to water and between 8G,,,
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Figure2. PA-Sanditsesteranalogs are more potent atinhibiting steady-state than peak responses mediated by GIuN1/GIuN2B or GluN1/GluN2A receptors. A, Responses evoked in a HEK293 cell

expressing GluN1/GluN2B receptors by fast application of glutamate (1 mm) for 0.5 and 5 s in the absence and in the continuous presence of PA-S (50 ). The duration of glutamate and steroid
applicationsisindicated by filled and open bars, respectively. Right, Control response to glutamate (black) and a response made in the presence of PA-S (red) are shown overlaid and normalized with
respect to their peak amplitude. B, Dose—response curves for PA-S (10, 50, or 300 wum) inhibition of peak NMDAR responses (open symbols) and steady-state NMDAR responses (filled symbols). Data
were fitted to Equation 1and the smooth curves were calculated from the mean ICs, values. ¢, Mean == SEM of the IC;,, values determined using Equation 2 for PA-Sinhibition of the peak responses
(open bars) and the steady-state responses (filled bars) of GluN1/GIuN2A and GluN1/GIuN2B receptors. D, Responses induced by glutamate (1 mm) in the absence and in the continuous presence of
PA-hPim (30 wum). The duration of glutamate and steroid applications is indicated by filled and open bars, respectively. Right, Control response (black) and a response recorded in the presence of
PA-hPim (red) are shown normalized with respect to their peak and overlaid. £, Mean == SEM of the (5, values determined using Equation 2 for each hemiester-PA analog from the relative steroid
inhibition of the peak responses (open bars) and the steady-state responses (filled bars). The ICs, values for peak inhibition by PA-hPim were calculated from cells in which the steroid induced

inhibition (5/8 for GluN1/GIuN2B receptors and 5/6 for GluN1/GIuN2A receptors).

and logD. 8G,,, is probably influenced by a change of the con-
formation during the transfer of the steroids from n-octanol to
water, which is not possible to describe accurately because of a
large numbers of conformers (local minima). Together, these
results indicate the importance of solvation energy and lipophi-
licity (Kudova et al., 2015) for steady-state inhibition.

Two major reasons contribute to the weaker inhibitory effect
of steroids at phasically than at tonically activated NMDARs: the
first is the use-dependent mechanism of steroid action (binding
can start only after receptor activation), shared by all steroids in
this study; the second is the slow onset of steroid-induced inhi-
bition, which varies for different steroids (tens to hundreds of
miliseconds). We wanted to explore in more detail how steroid
structure may influence the rate of the onset of inhibition. The
behavior of the steroids inside the NMDAR was modeled by their
docking into the NMDAR channel (see Materials and Methods
for details). We have used the model of the agonist-induced con-
formation of the channel vestibule based on our previous analysis
of the role of Thr in the SYTAN motif combining experimental
and modeling approaches (Vyklicky et al., 2015). The full model
of the NMDAR was prepared by homology modeling based on
the available crystal structures of AMPA and NMDARs (Sobo-
levsky et al., 2009; Karakas and Furukawa, 2014; Lee et al., 2014)
using the MODELLER 9v6 software suite (Sali and Blundell,

1993). The opening of the channel was modeled by elongating the
distance between the pairs of the corresponding Ca atoms of the
topmost residues within the pore-forming helices of the GluN1
and GluN2B M3 domains. For the docking study, we selected
PA-hOxa and PA-hPim, representing the steroids with the small-
est and the largest difference in the peak versus the steady-state
ICs, respectively (Fig. 2E). Our modeling results suggest that the
cumulative distribution near the Thr ring, the narrowest portion
of the channel vestibule and likely the site of inhibitory steroid
action (Vyklicky et al., 2015), is higher for PA-hOxa than for
PA-hPim (Fig. 4B). Modeling suggests several factors affecting
the cumulative distribution (which, as calculated, is indicative of
the rate of the steroid inhibition onset). Both hemiester-PA de-
rivatives interact with the whole nonpolar (Fig. 4 A, B) inner sur-
face of the NMDAR channel, mostly through van der Waals
interactions. These interactions are influenced by partial desol-
vation in the place of the interaction, the character of the charged
and polar parts of the steroid in the nonpolar surroundings (Bar-
ratt et al., 2006), and changes of the steroid conformation. Over-
all, these interactions result in slowing the rate of steroid access to
the site of inhibitory action, particularly for the steroids with
longer aliphatic chains, reducing their peak NMDAR current in-
hibition. To better understand the behavior of steroids inside of
the NMDAR channel vestibule, we have investigated the flexibil-



Vyklicky, Smejkalova et al. @ Inhibition of NMDA Receptors by Steroids

PA-S

A Mg.‘ Glu — Glu

[LrA [0.5 nA
5s e
Bou , Mem, o . 8u
] 2s
I1_nA
5s
Figure 3. Memantine is only weakly selective for inhibiting tonically over phasically acti-

vated GluN1/GluN2B receptors. A, Responses evoked by long glutamate (1 mm) applications in
HEK293 cells expressing GIuN1/GIuN2B receptors. Memantine (10 ) or PA-S (300 wum) were
coapplied with glutamate as indicated. B, Responses evoked by fast applications of glutamate
(1 mm) for 0.5 and 5 s in the absence and in the continuous presence of memantine (10 ).
Right, Control response to glutamate (black) and a response made in the presence of meman-
tine (red) are shown overlaid and normalized with respect to their peak amplitude.

ity and conformer stability of steroids in the NMDAR channel
and in the water phase. We present changes of the conformation
of the single molecule of PA-hPim and of PA-hOxa obtained
using a quenched MD simulation in the explicit water phase (Fig.
4C). The deformation energy is expressed as the difference of the
single point energies between the global minimum (extended
form of the steroid; Fig. 4C) and the local minimum (compact
conformer inside the NMDAR). For PA-hPim, the deformation
energy is 5.87 kcal/mol for permittivity ¢ = 78.4, but only 3.91
kcal/mol for € = 4, and 5.16 kcal/mol for € = 10 (the & values
characterize the permittivity of implicit solvents; the first de-
scribes the water phase and the other two are commonly used for
protein interior). The cumulative distribution of the compact
local minimum is ~5% in the explicit water phase and ~30%
inside the NMDAR channel for PA-hPim (Fig. 4C). These data
indicate that PA-hPim is flexible and tends to adopt a more com-
pact conformation inside the NMDAR through an intramolecu-
lar interaction of the aliphatic chain to the steroid skeleton. This
intramolecular interaction has an adverse energy effect, but facil-
itates steroid passage to the gating Thr residues (Beck et al., 1999;
Sobolevsky et al., 2002; Vyklicky et al., 2015). In contrast, the
conformation of PA-hOxa inside the channel vestibule remains
mostly extended (Fig. 4C). Together, our results suggest that in-
teractions of steroids with the longer aliphatic chains with the
nonpolar receptor interior, together with their flexibility, influ-
ence their rate of access to the site of their inhibitory action.

Native receptors

Next, we tested the effects of steroids on native NMDARs acti-
vated during synaptic transmission. We recorded autaptic EPSCs
from solitary hippocampal neurons grown on micro-islands. To
facilitate comparisons with recombinant receptor experiments,
we conducted synaptic experiments at room temperature. In the
presence of 2 mm Ca** and no added Mg>", we detected both the
AMPAR and the NMDAR components of EPSCs. PA-S (100 uMm)
applied for 1.5 min increased the amplitude of the AMPAR com-
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ponent of the EPSCby 51 = 5% (p = 0.001; n = 8) while decreas-
ing the amplitude of the NMDAR component of the EPSC by
26 = 5% (p = 0.002; n = 8) compared with baseline (Fig. 5A).
The time course of deactivation of the NMDAR component of
the EPSC was typically best fit by a double exponential function,
from which we calculated . Consistent with its use-dependent
NMDAR block, PA-S (100 uM) significantly decreased T, from
177 = 16 msto 156 = 13 ms (p = 0.014; n = 8). This was largely
due to a decrease in 7, (p = 0.040); there was no significant effect
on 7¢(p = 0.071) or the relative proportion of 7 (p = 0.413).

We wanted to determine whether the mechanism underlying
the potentiation of the AMPA EPSC amplitude was presynaptic
or postsynaptic. To examine steroid effects on release probability,
we examined the paired-pulse ratio of pharmacologically iso-
lated, AMPAR-mediated evoked EPSCs. The amplitude of pure
AMPAR EPSCs increased during 100 um PA-S application to the
same extent as was observed for the AMPAR component of the
dual EPSCs (Fig. 5B, 66 = 11%; p = 0.219 for the comparison
between the potentiation of AMPAR component of the dual
EPSC vs pure AMPAR EPSC). The paired-pulse ratio of AMPAR
EPSCs was 0.81 = 0.06 before steroid application and declined to
0.48 = 0.05 (p = 0.001; n = 5) after 1.5 min PA-S (100 um)
application, suggesting that PA-S potentiates AMPAR EPSCs
through a presynaptic mechanism. To confirm this, we recorded
AMPA mEPSCs in the presence of TTX (Fig. 5C,D). In agreement
with the decrease in the paired-pulse ratio (indicating a presyn-
aptic effect), the frequency of AMPA mEPSCs was significantly
increased by 100 uM PA-S (by 194 * 41% of baseline; p = 0.006;
n = 6). K-S tests confirmed that PA-S significantly shortened
interevent intervals in 5/6 cells (Fig. 5D). In contrast, PA-S had no
effect on AMPA mEPSC amplitude (—0.8 = 5.3%; p = 0.662; n =
6). Cumulative distribution of AMPA mEPSC amplitudes was
significantly altered in only 1/6 cells (Fig. 5D). The lack of a
postsynaptic effect of PA-S on AMPARs was confirmed by exam-
ining responses induced by AMPA (5 uMm) application to cultured
hippocampal neurons. Responses to AMPA recorded in the pres-
ence of cyclothiazide (10 um) were inhibited by PA-S (100 um) by
only 7.2 = 1.0% of control (n = 6; Fig. 5E).

Next, we compared the inhibition of tonically versus synapti-
cally activated native NMDARs by PA-S. PA-S (100 uMm) strongly
inhibited tonic currents evoked by 300 um NMDA (Fig. 5F), on
average by 81 £ 1% (n = 14; red symbol in Fig. 5G). These data
were used to determine the PA-S IC,, for tonic inhibition of
native NMDARs (30 = 1 uMm; n = 14). Given our result that PA-S
potentiates glutamate release without affecting AMPARs post-
synaptically, the ratio of the NMDAR/AMPAR component of the
dual EPSC can be used as an indicator of the steroid effect at
postsynaptic NMDARs (independent of its presynaptic effect).
Figure 5G shows that the normalized amplitude of NMDAR
EPSC decreased in the presence of 100 uM PA-Sby 51 = 3% (p <
0.001; n = 8). This was significantly different from the degree of
the tonic current inhibition (Fig. 5F and red symbol in Fig. 5G;
p < 0.001). We used the degree of NMDAR EPSC inhibition by
100 um PA-S (Eq. 2) to calculate the PA-S IC,, at postsynaptic
NMDARs (100 = 10 uM; n = 8). These results demonstrate that
PA-S is ~3-fold more potent at inhibiting tonically over synap-
tically activated NMDARs. We also examined PA-S inhibition of
tonic currents evoked by 10 um NMDA (data not shown) because
the degree of inhibition is expected to depend on agonist concen-
tration. PA-S (100 um) inhibited tonic currents evoked by 10 um
NMDA by 71 = 3% (n = 9), so a more conservative estimate of
the PA-SIC4, for tonic current inhibition is 50 = 7 um, still 2-fold
lower than the ICs, for PA-S inhibition of NMDAR EPSCs.
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Table 1. Quantitative characteristics of PA analogs

Vyklicky, Smejkalova et al. ® Inhibition of NMDA Receptors by Steroids

Ay, (kcal/mol SMD) transfer:

Vacuum to water n-octanol to water

Steroid AGy, (kcal/mol) Neutral Charged Neutral Charged LogP LogD Steroid length (A)
PA-hOxa —5.92 —16.17 —75.48 3.57 —4.59 515 1.12 29

PA-hMal —5.87 —20.80 —81.07 333 —5.19 4.96 127 45

PA-hSuc —6.18 —24.67 —84.72 3.3 =51 4.95 1.16 6.3

PA-hGlu —6.49 —26.56 —87.64 3.34 —5.12 5.25 1.68 7.6

PA-hAdi —6.41 —25.91 —87.65 418 —4.28 5.96 2.12 89

PA-hPim —6.51 —26.50 —88.25 462 —3.84 6.44 249 102

Correlation coefficient; p (0.9; 0.020) (0.9; 0.015) (—0.5; >0.050) (—0.5; >0.050) (—0.7; >0.050) (—0.8; 0.0488) (—0.9; 0.011)

The experimental binding free energies (AG,,, ) expressed from the ICs, values via the equation 86,,, = RTIn(IC5, ) were compared with the calculated values of AG,, , LogP, and LogD. The negative values of AG,, indicate
the energy gained and the positive values indicate the energy required during the transfer from the first phase to the second phase. Linear regression was used for the correlation between AG,,, and the calculated data. The
Pearson correlation coefficient was used to determine how well the calculated data approximate the experimental data; the values of rand p are given in parentheses. Steroid length indicates the distance spanning the carboxyl
moiety and the (3 carbon.
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Effects of PA-S on native receptors and synaptic transmission. 4, Plot of the normalized amplitude of the AMPAR and the NMDAR component of dual EPSCs recorded before, during, and

after 100 m PA-S application. Inset, Sample dual EPSC traces recorded in control (black) and in the presence of 100 wm PA-S (red). B, Plot of the normalized amplitude and paired-pulse ratio of
pharmacologically isolated AMPAR EPSCs recorded before, during, and after PA-S (100 rum) application. Inset, Sample AMPAR EPSC traces recorded in control (black) and in the presence of 100 um
PA-S (red). C, Plot of the normalized AMPA mEPSC amplitude and frequency recorded before, during, and after PA-S (100 wm) application. Inset, Sample traces (Figure legend continues.)
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The degree of PA-S selectivity for tonic over synaptic inhibi-
tion is similar to or higher than that reported for memantine (Xia
etal., 2010; Emnett et al., 2013) and we wanted to confirm this in
our system. Memantine (5 uM) inhibited tonic currents evoked
in cultured hippocampal neurons by 300 um NMDA by 80 * 2%
(Fig. 5H; n = 6), so the resulting memantine ICs, for tonic inhi-
bition was 1.6 = 0.2 uM. To examine synaptic effects of meman-
tine, we again recorded dual EPSCs. The AMPAR component of
the dual EPSC (data not shown) was unaffected by memantine (5
uM) applied for 2.5 min (+2.4 * 1.3%; n = 6) and remained
stable throughout the 10 min recording. In contrast, memantine
inhibited the NMDAR component of the dual EPSC by 67 % 2%
(p < 0.001; n = 6). This effect had a slow onset and was only
partially reversible in the time of the experiment. The degree of
the NMDAR EPSC inhibition by memantine (Fig. 5I) was used to
calculate the memantine IC;, at postsynaptic NMDARs (2.5 =
0.1 uM; n = 6). Therefore, under our conditions, memantine is
~1.5-fold more potent at inhibiting tonic over synaptic NMDAR
currents.

We tested the most promising PA-S analog, PA-hPim, at na-
tive NMDARSs activated phasically during synaptic transmission
versus tonically by prolonged agonist application. After PA-hPim
(15 uMm) application for 1.5 min, the amplitude of both compo-
nents of the dual EPSC increased slightly relative to baseline (by
9.3 = 9.0% for AMPA and by 21 = 10% for NMDA; n = 10; Fig.
6A). At the same time, PA-hPim significantly decreased 7,, of the
NMDAR component of the dual EPSC from 213 = 5ms to 170 =
13 ms (p = 0.007; n = 10). This was due to a decrease in 7, (p =
0.006) and 7; (p = 0.002), without a change in the relative pro-
portion of 7 (p = 0.876). To distinguish presynaptic and
postsynaptic effects of PA-hPim, we again examined pharmaco-
logically isolated AMPAR EPSCs. The amplitude of AMPAR
EPSCs increased during 15 uM PA-hPim application (Fig. 6B, by
30 = 11%; p = 0.201 for the comparison between the potentia-
tion of AMPAR component of the dual EPSC vs pure AMPAR
EPSC). The paired-pulse ratio of AMPAR EPSCs was 0.67 = 0.05
before steroid application and tended to decrease to 0.61 = 0.06
(p = 0.084; n = 7) after 1.5 min of PA-hPim application. In
agreement with the tendency to decrease the paired-pulse ratio,
PA-hPim increased the frequency of AMPAR mEPSCs by 206 =
90% of baseline (p = 0.031; n = 6; Fig. 6C), with a minimal effect
on AMPAR mEPSC amplitude (+5.4 = 2.0%, p = 0.065; n = 6).
The analysis of the cumulative distribution of interevent intervals
by the K-S test showed a significant shift toward lower values in
the presence of PA-hPim in 5/6 cells. In contrast, the cumulative

<«

(Figure legend continued.)  recorded in control (black), in the presence of 100 um PA-S (red),
and after PA-S washout (gray). D, Mean cumulative probability plots of AMPA mEPSC ampli-
tudes and interevent intervals. E, Response of a cultured hippocampal neuron to AMPA (5 rum,
in the presence of 10 um CTZ), illustrating the small steady-state AMPAR current inhibition by
PA-S (100 pm). F, Response of a cultured hippocampal neuron to NMDA (300 um) illustrating
the robust steady-state NMDAR current inhibition by PA-S (100 m). G, Plot of the normalized
ratio of the NMDAR/AMPAR EPSCamplitude calculated from data shown in 4 (synaptic NMDAR
currents, black symbols). Mean %= SEM of the normalized steady-state NMDA-evoked currentin
the presence of 100 um PA-S obtained from experimentsillustrated in F (tonic NMDAR currents,
red symbol). Inset shows dual EPSC traces in control and in the presence of PA-S (100 um)
normalized to the control peak (AMPA) EPSCamplitude. H, Response of a cultured hippocampal
neuron to NMDA (300 wm) illustrating the steady-state current inhibition by memantine (5
um). I, Plot of the normalized ratio of the NMDAR/AMPAR EPSC amplitude (synaptic NMDAR
currents, black symbols). Also shown is the mean == SEM of the normalized steady-state NMDA-
evoked current in the presence of 5 um memantine obtained from experiments illustrated in H
(tonic NMDAR currents, red symbol). Inset, Dual EPSC traces in control and in the presence of
memantine (5 um) normalized to the control peak (AMPA) EPSC amplitude.
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distribution of mEPSC amplitudes was altered in only 2/6 cells
tested (Fig. 6D). Together, these data indicate that PA-hPim, like
PA-S, potentiates AMPAR EPSCs largely through a presynaptic
mechanism. Accordingly, responses to AMPA (5 uM) recorded in
the presence of cyclothiazide (10 um) were inhibited by PA-hPim
(15 uMm) by only 3.7 = 1.0% of control (n = 6; Fig. 6E).

Next, we compared the inhibition of tonically versus synapti-
cally activated native NMDARs by PA-hPim. PA-hPim (15 um)
robustly inhibited tonic 300 uM NMDA-evoked currents (Fig.
6F), on average by 70 = 2% (n = 6; red symbol in Fig. 6G). These
data were used to determine the PA-hPim ICs, for tonic inhibi-
tion of native NMDARs (7.4 = 0.6 uM; n = 6). A more conser-
vative estimate, determined from PA-hPim (15 uMm) inhibition of
tonic currents evoked by 10 um NMDA, was 12 = 1 uM (n = 6).
To examine the effect of PA-hPim on synaptically activated
NMDARSs, we again used the ratio of the NMDAR/AMPAR com-
ponent of the dual EPSC as an indicator of the steroid effect at
postsynaptic NMDARs. Similarly to experiments on recombi-
nant receptors, PA-hPim did not inhibit synaptically activated
NMDARs (Fig. 6G). In fact, the normalized amplitude of
NMDAR EPSCs increased slightly in the presence of 15 uMm PA-
hPim, by 12 = 4% (p = 0.011; n = 10). It was therefore not
possible to calculate the IC,, for PA-hPim inhibition of synapti-
cally activated NMDARs, further emphasizing the remarkable
selectivity of this novel synthetic steroid for inhibiting tonically
activated NMDARs.

Behavioral experiments

Neuroprotective effects have been described for different classes
of NMDAR antagonists, but their systemic application often
leads to serious side effects ranging from motor impairment to
the induction of schizophrenic-like psychosis (Krystal et al.,
1994; Newcomer and Krystal, 2001). Therefore, we examined
behavioral effects of systemic PA-hPim administration with the
aim of testing its psychomimetic and neuroprotective activity.
Psychomimetic symptoms were assessed first by monitoring lo-
comotor activity in the open field (Bubser et al., 1992). Systemic
PA-hPim administration (1 mg/kg or 10 mg/kg) did not induce
hyperlocomotion (Fig. 7A). The higher dose tended to decrease
the total distance traveled (ANOVA: p = 0.022), but the post hoc
comparisons of PA-hPim versus 8-CDX detected no significant
differences. In contrast, the administration of MK-801 (0.2 and
0.3 mg/kg) caused a robust increase in locomotion (Fig. 7A;
ANOVA: p = 0.023). Potential cognitive side effects of PA-hPim
were assessed by testing spatial cognition in a step-through pas-
sive avoidance task and by testing working memory in a sponta-
neous alternation task in the Y-maze (Parada-Turska and Turski,
1990). The administration of PA-hPim (1 or 10 mg/kg) had no
effect on performance in the step-through passive avoidance test
(Fig. 7B; ANOVA: p = 0.057). In contrast, MK-801 completely
disrupted learning in the passive avoidance task at all doses tested
(Fig. 7B; ANOVA: p < 0.001). Similarly, PA-hPim (1 mg/kg or 10
mg/kg) had no effect on spontaneous alternation in the Y-maze
(Fig. 7C; ANOVA: p = 0.067), whereas MK-801 reduced perfor-
mance (Fig. 7C; ANOVA: p = 0.015). Together, these tests con-
firm the lack of undesirable psychomimetic and cognitive side
effects of PA-hPim, in contrast to the NMDAR channel blocker
MK-801, which causes significant hyperlocomotion and cogni-
tive impairment.

We tested PA-hPim neuroprotective potential in a model of
NMDA-induced hippocampal lesion. We tested spatial learning
in the MWM for three groups of animals (see Materials and
Methods): controls, animals with an intrahippocampal infusion
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Effects of PA-hPim on native receptors and synaptic transmission. 4, Plot of the normalized amplitude of the AMPAR and the NMDAR component of the dual EPSCs recorded before,

during, and after 15 pm PA-hPim application. Inset, Sample dual EPSC traces recorded in control (black) and in the presence of 15 um PA-hPim (red). B, Plot of the normalized AMPAR EPSCamplitude
and paired-pulse ratio recorded before, during, and after PA-hPim (15 wum) application. Inset, Sample AMPAR EPSC traces recorded in control (black) and in the presence of 15 pum PA-hPim (red). C,
Plot of the normalized AMPAR mEPSC amplitude and frequency recorded before, during, and after PA-hPim (15 wum) application. Inset, Sample traces recorded in control (black), in the presence of
15 M PA-hPim (red), and after PA-hPim washout (gray). D, Mean cumulative probability plots of AMPAR mEPSCamplitudes and interevent intervals. E, Response of a cultured hippocampal neuron
to AMPA (5 um, in the presence of 10 um CTZ) illustrating the small steady-state AMPAR current inhibition by PA-hPim (15 wum). F, Response of a cultured hippocampal neuron to NMDA (300 um)
illustrating the robust steady-state NMDAR current inhibition by PA-hPim (15 wm). G, Plot of the normalized ratio of the NMDAR/AMPAR EPSC amplitude calculated from data shown in A4 (synaptic
NMDAR currents, black symbols). Also shown is the mean == SEM of the normalized steady-state NMDA-evoked current in the presence of 15 m PA-hPim obtained from experimentsiillustrated in
F (tonic NMDAR currents, red symbol). Inset, Dual EPSC traces in control and in the presence of PA-hPim (15 wm) normalized to the control peak (AMPA) EPSCamplitude.

of NMDA, and animals with an intrahippocampal infusion of
NMDA followed by a systemic administration of 1 mg/kg PA-
hPim (Fig. 7D). Our results indicate that all groups successfully
learned to navigate to the hidden goal in the MWM, but the
NMDA-lesioned group showed slower learning and this was es-
pecially apparent on day 2 of the training. Systemic administra-
tion of PA-hPim (1 mg/kg) after the NMDA infusion eliminated
this learning deficit (Fig. 7D; two-way RM ANOVA: effect of
training day p < 0.001; effect of group p = 0.113; interaction p =

0.004). Together, our behavioral results show that PA-hPim has
neuroprotective properties without psychomimetic side effects.

Discussion

Our study demonstrates that endogenous neurosteroid PA-S and
its analogs are effective antagonists of tonically activated
NMDARs with a smaller or no effect on the amplitude of
NMDAR EPSCs. Further, we show that steroids have a neuropro-
tective effect against cognitive deficits induced by NMDA infu-
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(tens of milliseconds). This difference,
together with the fact that PA-S binding
to the NMDAR can occur only in the
presence of the agonist (i.e., it is use de-
pendent; Petrovic et al., 2005; Kussius et
al., 2009; Vyklicky et al., 2015), underlie
the lower sensitivity of the peak versus
the steady-state NMDAR response to
inhibitory steroids.

PA derivatives with longer aliphatic chains show slower onset
of inhibition compared with PA-S, which is important for their
strong selectivity for steady-state over peak NMDAR responses.
Our computational study suggests that steroids have a nonspe-
cific affinity to the whole inner surface of the NMDAR channel
vestibule. These nonpolar steroid—receptor interactions are ac-
companied by an induced change of the conformation of the
steroids in the channel vestibule. The inhibitor with the longest
chain (PA-hPim) forms intramolecular interactions between the
steroid skeleton and the aliphatic chain, which enables it to attain
a more compact conformation. The character of the inhibition
(Fig. 2D) can be explained by the balance between the effect of the
conformation change and the increase of the interaction energy
due to the growing number of the interacting atoms. This process
is slow because of a series of successive associations and dissoci-
ations and causes the slow onset of the steroid inhibition.

There are two additional pharmacodynamic properties of
steroid-induced NMDAR inhibition that are likely to be clinically
relevant. First, the peak amplitude and the ratio of the steady-
state/peak were not significantly changed for the first and the
subsequent NMDAR response made in the presence of steroid.
This indicates that, in contrast to the onset of inhibition, which

pal NMDA infusion. 4, Effect of PA-hPim (1 and 10 mg/kg) and MK-801 (0.1, 0.2, and 0.3 mg/kg) on locomotor activity in a novel
environment in an open-field test. B, Effect of PA-hPim (1 and 10 mg/kg) and MK-801(0.1, 0.2, and 0.3 mg/kg) on step-through
passive avoidance. C, Effect of PA-hPim (1and 10 mg/kg) and MK-801 (0.1and 0.2 mg/kg) on spontaneous alternation in a Y-maze.
D, Effect of intrahippocampal NMDA infusion with or without subsequent systemic PA-hPim (1 mg/kg) treatment on spatial
learning in the MWM. Plot shows the total path traveled to find the hidden platform. On day 2, NMDA infusion deteriorated spatial
learning and PA-hPim prevented this learning deficit. One-way ANOVA was used to compare data in A—Cand two-way ANOVA was
used in D. *Significant difference detected with a post hoc test.

requires NMDAR activation, steroid dissociation proceeds at the
same rate independently of receptor activation (Petrovic et al.,
2005). This foot-in-the-door mechanism of inhibition (Sobo-
levskii and Khodorov, 2002; Vyklicky et al., 2014, 2015) is critical
for the ability of steroids to inhibit steady-state responses while
leaving the peak relatively intact. In contrast, trapping blockers
such as memantine cannot dissociate from the receptor in the
absence of the agonist, progressively inhibiting peak responses
more strongly with repeated receptor activation. The second use-
ful property of steroid-induced NMDAR inhibition is its voltage
independence (Petrovic et al., 2005), which ensures that steroids
would remain effective even in pathologically depolarized cells.
In contrast, NMDAR inhibition by memantine becomes weaker
at depolarized potentials (Chen et al., 1992).

Steroid modulation of synaptic transmission

We show that steroids (PA-S and PA-hPim) have multiple effects
on synaptic transmission. Consistent with the results obtained on
recombinant receptors, the postsynaptic effects were character-
ized by a lower degree of inhibition of NMDAR EPSCs than of
tonic NMDA currents, with no postsynaptic effect on the AMPA
EPSC. The decrease in the paired-pulse ratio and the increase in
the frequency of AMPA mEPSC are consistent with a presynaptic
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increase in the probability of glutamate release by PA-S and its
synthetic analogs. A similar presynaptic potentiation has been
described in various preparations for pregnenolone sulfate, a
positive NMDAR modulator (Meyer et al., 2002; Mameli et al.,
2005; Zamudio-Bulcock and Valenzuela, 2011), but the cellular
mechanisms of steroid presynaptic actions are not well under-
stood. Interestingly, the presynaptic potentiation further ampli-
fies the selectivity of NMDAR inhibitory steroids for tonically
over synaptically activated NMDARs and may contribute to their
lack of undesirable side effects. It is not clear how the presynaptic
potentiation may influence steroid neuroprotective properties.
The potentiation of synaptic glutamate release could contribute
to extracellular glutamate accumulation under pathological con-
ditions (Wroge etal., 2012) and thus reduce steroid neuroprotec-
tive potential. Conversely, synaptic NMDAR stimulation via the
presynaptic mechanism, combined with the selective inhibition
of tonic NMDAR signaling, may be particularly effective at shift-
ing the balance of synaptic versus extrasynaptic NMDAR signal-
ing toward promoting cell survival (Hardingham and Bading,
2010). Potential advantages or disadvantages of presynaptic
modulation by steroids will thus be an important issue to address
in future studies.

We find that the endogenous neurosteroid PA-S inhibits ton-
ically activated native NMDARs with ~3-fold higher potency
than synaptically activated NMDARs. This difference in potency
is at least as good as that reported previously (Xia et al., 2010) for
therapeutic doses of memantine, which was suggested to underlie
the tolerability of this clinically approved drug in patients suffer-
ing from Alzheimer’s disease. However, others (Emnett et al.,
2013) show that, in the continuous presence of memantine, syn-
aptic NMDAR responses to repeated stimulation become pro-
gressively more inhibited, eventually resulting in minimal
memantine selectivity for tonically over synaptically activated re-
ceptors. Our own results are more in agreement with Emnett et al.
(2013) and confirm that PA-S is more selective than memantine
for tonically over synaptically activated NMDARs. Further, our
data show that the synthetic PA-S analog PA-hPim with the high-
est selectivity for inhibiting tonically over phasically activated
recombinant receptors does not inhibit synaptically activated
native NMDARs at all and in fact slightly potentiates their
responses. Steroids thus represent a very promising therapeutic
agent for excitotoxicity associated with acute and chronic
NMDAR overstimulation.

Steroid neuroprotective action in vivo

Application of drugs inhibiting the NMDAR often shows a pro-
tective effect on the behavioral consequences of excitatory dam-
age. However, many such drugs are excluded from the search for
potential human neuroprotectants due to their significant side
effects ranging from sensory and motor disturbances to the in-
duction of schizophrenia-like symptoms such as hyperlocomo-
tion and cognitive deficit. In fact, acute administration of
noncompetitive NMDAR antagonists, such as dizocilpine (MK-
801), to laboratory rodents is a commonly used and extensively
validated animal model of schizophrenia (Young et al., 2010;
Micale et al., 2013). Memantine appears to be well tolerated clin-
ically, but in animal studies, the neuroprotective dose of 20 mg/kg
memantine (Chen et al., 1992) does cause hyperlocomotion
(Bubser et al., 1992) and even lower doses induce cognitive im-
pairments (Dix et al., 2010). After systemic administration of
PA-hPim at 2 doses (1 mg/kg or 10 mg/kg), we found no evidence
of hyperlocomotion in the open field and no cognitive impair-
ment in the passive avoidance task or in the spontaneous alt-
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ernation test in the Y-maze. In contrast, MK-801, which is
neuroprotective in the dose range 0.1-1 mg/kg (McDonald et al.,
1990), caused severe cognitive impairment at doses =0.1 mg/kg
and induced hyperlocomotion at doses =0.2 mg/kg. We evalu-
ated the neuroprotective effect of PA-hPim (1 mg/kg) on spatial
learning performance in rats with NMDA-induced bilateral le-
sion of the hippocampus, a model of excitotoxic neurodegenera-
tion (Wang et al., 1991). The performance of NMDA-lesioned
animals treated with PA-hPim was significantly better than the
performance of animals with the NMDA lesion and no different
from the performance of control animals. The neuroprotective
effect of PA-hPim is consistent with several reports of neuropro-
tective properties of other neuroactive steroid derivatives such as
preganolone hemisuccinate (Weaver et al., 1997; Lapchak, 2004,
2006), pregnanolone glutamate (Rambousek et al., 2011), or
pregnanolone valinate (MacNevin et al., 2009).

In summary, we show that PA-S and its synthetic analogs
inhibit tonically activated NMDARs with a higher potency than
excitatory neurotransmission and that steroid neuroprotective
activity in behavioral tests is devoid of psychomimetic side ef-
fects. Our results provide valuable insights into the influence of
neurosteroids on neuronal function and emphasize their poten-
tial use in the development of novel therapeutics with neuropro-
tective action.
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