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lating excitatory and inhibitory neurotransmission, including the endogenous choles-
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aspartate (NMDA) receptor positive allosteric modulator (PAM). NMDA receptor

PAMs are potentially an effective pharmacotherapeutic strategy to treat conditions
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associated with NMDA receptor hypofunction.

Funding information experiments and behavioural approaches, we evaluated the effect of SAGE-718, a
Sage Therapeutics novel neuroactive steroid NMDA receptor PAM currently in clinical development for
the treatment of cognitive impairment, on NMDA receptor function and endpoints
that are altered by NMDA receptor hypoactivity and assessed its safety profile.

Key Results: SAGE-718 potentiated GIuUN1/GIuN2A-D NMDA receptors with equi-
potency and increased NMDA receptor excitatory postsynaptic potential (EPSP)
amplitude without affecting decay kinetics in striatal medium spiny neurons. SAGE-
718 increased the rate of unblock of the NMDA receptor open channel blocker keta-
mine on GIuN1/GIuN2A in vitro and accelerated the rate of return on the ketamine-
evoked increase in gamma frequency band power, as measured with electroencepha-
logram (EEG), suggesting that PAM activity is driven by increased channel open prob-
ability. SAGE-718 ameliorated deficits due to NMDA receptor hypofunction,
including social deficits induced by subchronic administration of phencyclidine, and
behavioural and electrophysiological deficits from cholesterol and 24(S)-HC depletion
caused by 7-dehydrocholesterol reductase inhibition. Finally, SAGE-718 did not
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clamp; PTSD, post-traumatic stress disorder; PTZ, pentylenetetrazole; TEVC, two-electrode voltage clamp; Sl, social interaction; SLOS, Smith-Lemli-Opitz syndrome.
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chronic dosing.
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1 | INTRODUCTION

N-methyl-p-aspartate (NMDA) receptors are ionotropic glutamate
receptors expressed throughout the CNS and are critical for excitatory
synaptic signalling and synaptic plasticity (Traynelis et al., 2010).
Structurally, all known NMDA receptors are heterotetramers, consist-
ing of two obligatory GIluN1 subunits and two GIuN2 (A, B, C, D) or
GIuN3 (A, B) subunits (Lt et al., 2017). NMDA receptors containing dif-
ferent GIuN2 and GIuN3 subunits have distinct gating, permeation and
agonist affinities and are expressed differentially between cell types
and brain regions. GIuN2-containing NMDA receptors are unique
among the synaptic receptors, requiring binding of two ligands, glycine
and glutamate, in combination with the relief of voltage-dependent
magnesium (Mg2+) block to open an ion conductive pore that allows
the influx of Na™ and Ca?* ions. Flow of Ca?* through NMDA recep-
tors is particularly important for neuronal function because Ca®* ions
activate signalling cascades that lead to synaptic strengthening, which
is crucial for learning and memory (Nicoll & Roche, 2013). Conversely,
impaired NMDA receptor function can lead to altered synaptic trans-
mission, modified synaptic plasticity, and increased glutamate excito-
toxicity or cell death (Q. Zhou & Sheng, 2013).

Given the important role of NMDA receptors in neuronal signal-
ling, their dysfunction is linked to a range of neurological and psychi-
atric conditions, including schizophrenia, sudden-onset psychosis,
post-traumatic stress disorder (PTSD) and depression, and neurode-
generative diseases, such as Huntington's disease, Parkinson's disease,
Alzheimer's disease and several types of dementia (Anticevic
et al., 2012; Fernandes & Raymond, 2009). Potentiating the activity of
NMDA receptors is a promising therapeutic strategy for conditions
that are caused by their hypofunction, such as schizophrenia, enceph-
alopathies (e.g., anti-NMDA receptor encephalitis [NRE]) and forms of
dementia (Geoffroy et al., 2022). Positive modulators of NMDA
receptors have shown beneficial effects in preclinical models of Alz-
heimer's disease, Dravet syndrome (Hanson et al., 2020) and PTSD
(B. Lee et al., 2022). However, demonstration of efficacy with novel
treatments for cognitive impairment or other conditions associated
with NMDA receptor hypofunction in patient populations is needed.

Some neuroactive steroids derived from cholesterol or the con-
comitant biomimetic pathway tune the function of both excitatory
and inhibitory neurotransmission through allosteric modulation of
membrane-bound proteins (Paul et al., 2013). The primary metabolite
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produce epileptiform activity in a seizure model or neurodegeneration following

Conclusions and Implications: These findings provide strong evidence that SAGE-
718 is a neuroactive steroid NMDA receptor PAM with a mechanism that is well
suited as a treatment for conditions associated with NMDA receptor hypofunction.

cognitive dysfunction; neuroactive steroids; neuropharmacology, pharmacodynamics, allosteric
modulation; N-methyl-p-aspartate receptor; translational pharmacology

What is already known

e N-methyl-p-aspartate  (NMDA) receptor hypofunction
may be associated with cognitive impairment.
o SAGE-718 is a novel, investigational oral NMDAR recep-

tor positive allosteric modulator.

What does this study add

e SAGE-718 increases NMDA receptor activity across elec-
trophysiological platforms and rescues deficits in preclini-
cal NMDA receptor hypofunction models.

o SAGE-718 did not produce epileptiform activity or neuro-

degeneration in non-clinical models.

What is the clinical significance

o SAGE-718 is being evaluated for the treatment of cogni-
tive impairment associated with neurodegenerative

disorders.

of cholesterol in brain is the oxysterol 24(S)-hydroxycholesterol (24
(S)-HC), which is a potent positive allosteric modulator (PAM) of
NMDA receptors (Ishikawa et al., 2018; Paul et al., 2013). 24(S)-HC
plays an important role in maintaining neuronal activity (Sun
et al,, 2016), and mice lacking CYP46A1, the enzyme that produces
24(S)-HC, have significantly reduced 24(S)-HC levels and substantial
behavioural learning and memory deficits (Kotti et al., 2006). Impaired
synthesis and trafficking of neuroactive steroids have been implicated
in neurodegenerative disorders and other neurological conditions
(Gamba et al., 2021; Leoni et al., 2002, 2008). Specifically, reduced
levels of 24(S)-HC have been demonstrated in Huntington's disease
(Leoni et al., 2013) and in more severe cases of Alzheimer’s disease
(Papassotiropoulos et al., 2000).

We recently disclosed SAGE-718, which acts as a PAM of NMDA
receptors with drug-like properties (Hill et al., 2022; Figure 1a). Here, we
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FIGURE 1

SAGE-718 is a pan-NMDA receptor positive allosteric modulator (PAM). (a) 24(S)-hydroxycholesterol (24(S)-HC) (top) and SAGE-

718 (bottom) structure. (b) Concentration-response of SAGE-718 potentiation of GluN1/GIuN2A-D receptor-mediated currents recorded on the
lonWorks Barracuda automated patch-clamp platform with HEK cells stably expressing NMDA receptors. NMDA receptor currents were evoked
with submaximal 0.8 uM of glutamate and saturating 50 uM of glycine. Potency (ECsg in nM) and efficacy (Enax in percentage increase over
vehicle) values are reported in Hill et al. (2022) and are (with 95% confidence interval) GIuN1/2A: EC5o = 86 (56-130), E;,,ax = 310 (280-350),
Hill slope (h) = 1.4; GIuN1/2B: ECs¢ = 79 (42-150), Ejnax = 370 (320-410), h = 0.7; GluN1/2C: EC50 = 150 (63-350), Enax = 86 (62-110),

h = 2 (constrained); GIuN1/2D: ECsq = 430 (170-1100), E

max = 130 (90-170), h = 1.5 (n = 1-3 plates per subtype; 4 wells per concentration

per plate). (c) Concentration-response curve of SAGE-718 potentiation of NMDA receptor-mediated currents recorded under voltage clamp on

HEK cells stably expressing GIuN1/2A (n = 3-5 cells per concentration); ECsq = 46 (32-67),

Emax = 250 (210-280), h = 2 (constrained).

(d) Representative NMDA receptor traces evoked by submaximal 30 uM of NMDA and 5 uM of glycine (blue line; sub-saturating) in HEK cells,
with the addition of 10 (top) or 100 nM (bottom) of SAGE-718 for three evoked currents following two baseline applications without SAGE-718.

show that SAGE-718, with a mechanism in line with other neuroactive
steroid NMDA receptor PAMs and the endogenous PAM, 24(S)-HC
(Emnett et al., 2015; Paul et al., 2013; Tang et al., 2023), reverses beha-
vioural and in vivo electrophysiological impairments produced by acute
or persistent hypofunction of NMDA receptors, while maintaining a
wide safety margin. The data described here support SAGE-718 as an
efficacious neuroactive steroid NMDA receptor PAM that is well suited

to treat conditions associated with NMDA receptor hypofunction.

2 | METHODS
2.1 | Invitro pharmacology
2.1.1 | Automated patch-clamp electrophysiology

lonWorks Barracuda (IWB) automated electrophysiology platform
(Molecular Devices, San Jose, CA, USA) was used as previously

described (Althaus et al., 2020; La et al., 2019). Modulation of NMDA
receptors was assessed using electrophysiological recordings of
human embryonic kidney cells (HEK293) stably expressing recombi-
nant GIuN1/2A (Charles River Cat# CT6120; GenBank acc. nums
NM_007327.2 and NM_000833.2), GIuN1/2B (Charles River Cat#
CTN6121; NM_007327.2 and NM_000834.3), GluN1/2C (Charles
River Cat# CT6133; NM_007327.2 and NM_000835.3) or GIluN1/2D
(Charles River Cat# CT6134; NM_007327.2 and NM_000836.2)
receptors. Cell line validation information is available on file (Charles
River Laboratories, Cleveland, OH, USA). Whole-cell patch-clamp
recordings (—70 mV) were conducted at room temperature using an
intracellular solution containing (in mM) 50 CsCl, 90 CsF, 2 MgCl,,
5 EGTA and 10 HEPES, pH 7.2 (CsOH). Extracellular solution con-
tained (in mM) 137 NaCl, 1 KCl, 5 CaCl,, 10 HEPES and 10 glucose,
pH 7.4 (NaOH). Test articles were serially diluted from a stock solu-
tion to test concentrations of 3-10,000 nM, half-log increments with
final concentrations of 0.3%-0.6% DMSO and 0.01% Kolliphor
EL. Planar patch clamp (PPC) wells were loaded with 11 ul of
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extracellular solution and 9 pl of cell suspension. The holding potential
was stepped to —40 mV during application of the test compounds
and/or co-agonists, and currents (0.8 uM of glutamate [EC,o] and
30 uM of glycine [saturating]) were measured before and after a
5-min preincubation with 2x concentrated test article. Data acquisi-
tion and analysis was performed using the lonWorks software
(Molecular Devices Corporation, Union City, CA, USA). The effect of
each concentration (n = 4 per plate) of the test article was calculated
as a percentage increase in peak amplitude over the mean NMDA
receptor peak current from wells exposed to vehicle within the same
plate. For subtypes that were tested across multiple plates, the means
and variances of each test concentration were pooled.

The 24(S)-HC interaction assay was conducted using the Syncro-
Patch 384i automated patch-clamp platform (Nanion, Munich,
Germany) with a HEK cell line expressing recombinant human GIuN1/
GIluN2A (GenBank acc. nums NP_015566.1 [GIuN1] and
NP_001127880 [GIuN2A]; RRID: CVCL_C9E4) under the control of a
tetracycline-inducible expression system. Cell line validation informa-
tion is available on file (SB Drug Discovery, Glasgow, UK). Extracellular
solution contained (in mM) 140 NaCl, 4 KCl, 5 CaCl,, 10 HEPES and
5 glucose, pH 7.4 (NaOH), and 0.2% DMSO and 0.01% Kolliphor
EL. Internal solution contained (in mM) 120 CsF, 10 EGTA, 10 NaCl,
10 HEPES, 4 NaATP and 2 MgCl,, pH 7.2 (CsOH). Automated whole-
cell patch-clamp recordings (—80 mV) were performed using multi-hole
high-resistance chips (2-3 MQ). Currents were leak corrected and sam-
pled at 5 kHz. A fast application protocol was used to elicit currents
with 1 uM of glutamate (sub-saturating)/100 uM of glycine (saturating)
twice to demonstrate reproducibility of the NMDA receptor current.
Next, 24(S)-HC (0, 0.001, 0.01, 0.1 or 1 uM) was added to the well for
60 s preincubation, and then currents were measured again with co-
agonists. SAGE-718 was then added at 1 nM to 3 uM, half-log incre-
ments; there were three to eight wells per concentration and NMDA
receptor currents were assayed again in the presence of both 24(S)-HC
and SAGE-718. After a washout period, a saturating concentration of
agonist (100 uM of glutamate/100 uM of glycine) was applied. The volt-
age protocol generation data collection and analysis were performed on
PatchControl 384/DataControl 384 Version 1.9 (Nanion). The change in

peak amplitude was determined using the following equation:

Change in Peak Amplitude = ((lcomp /lcontrol) — 1) * 100

where l.oniror is the NMDA receptor current amplitude in the presence
of 24(S)-HC only and lcomp, is the current amplitude in the presence of
both 24(S)-HC and the test compound.

2.1.2 | Manual patch-clamp electrophysiology
Whole-cell recordings

HEK293 cells stably transfected with NMDA GIuN1/GIuN2A recep-
tors (GenBank acc. nums NP_015566.1 [GIluN1] and NP_000824.1
[GIuN2A]; RRID: CVCL_C9D2), Ltk cells stably transfected with cDNA
for recombinant GABAA alf2y2 receptors (GenBank acc. nums
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NP_000797.2 [a1], NP_000804.1 [$2] and NP_000807.2 [y2]; RRID:
CVCL_C9E7) and Chinese hamster ovary (CHO) cells transiently trans-
fected with cDNA for recombinant GABAA a4p36 receptors (GenBank
acc. nums NP_000800.2 [o4], NP_000805.1 [p3] and NP_000806.2
[8]) were used to investigate the modulatory effects of SAGE-718 on
NMDA and GABA, receptors. Cell line validation information is avail-
able on file (B'SYS GmbH, Witterswil, Switzerland). Cell culture dishes
were placed on the dish holder under a microscope, and the bath solu-
tions were continuously perfused at 1 ml-min~—. Studies were con-
ducted at room temperature. Electrophysiological recordings were
performed using an extracellular solution containing (in mM) 137 NaCl,
4 KCl, 1.8 CaCl,, 1 MgCl,, 10 HEPES and 10 p-glucose, pH 7.4
(NaOH). Intracellular solution contained (in mM) 130 KCI, 1 MgCl,,
5 Mg-ATP, 10 HEPES and 5 EGTA, pH 7.2 (KOH). Compounds were
made into a 10-mM stock solution in DMSO with 0.02% Kolliphor
EL. A gigaohm seal was formed with a glass pipette (2.5-6.0 MQ of
resistance), and cells were held at —80 mV. For recordings from
NMDA receptors, once a stable seal was established, a Mg2+-free
extracellular solution was perfused into the chamber. Signal acquisi-
tion was performed using an EPC-10 amplifier (HEKA Electronics)
with PatchMaster software (HEKA Electronics). NMDA receptor cur-
rent was evoked twice with sub-saturating agonists of 30 uM of
NMDA and 5 pM of glycine so that baseline activity could be estab-
lished, and then a single concentration of SAGE-718 (0.003, 0.01,
0.03, 0.1, 0.3 or 10 uM; one concentration per cell; at least n = 3 per
concentration) was washed onto the cell for 30 s and then the NMDA
receptor current was evoked in the presence of SAGE-718. For
GABA, receptor recordings, each concentration of SAGE-718 (0.01,
0.1, 1 and 10 pM) was analysed in n = 3 isolated cells of each GABAA
receptor subtype. GABA, receptor inward currents were measured
upon application of submaximal GABA concentration (2 uM) to patch-
clamped cells. Both GABA, receptor subtypes were stimulated by
two applications of 2 UM of GABA, followed by increasing concentra-
tions of SAGE-718 and 2 uM of GABA. Recordings were analysed by
comparing the current amplitudes with those from control conditions
(only NMDA/Gly or only GABA) measured in the pre-treatment phase
of the same cell. The amount of current block/stimulation was calcu-
lated as percentage of control. Data from at least three individual
experiments for NMDA receptors and six experiments for GABAA
receptors per test item and application method were collected, and
the corresponding mean values and standard deviations were
calculated.

For electrophysiology experiments with ketamine, a 10-mM stock
of ketamine hydrochloride was diluted in Mg-free bath solution with
and without agonists and 10 uM of SAGE-718. Receptors were acti-
vated with ~ECyq of the partial agonist NMDA (300 uM) and the sat-
urating agonist glycine (100 uM), which is expected to activate
receptors ~70% compared with the full agonist glutamate (Hedegaard
et al., 2012). These agonist conditions were selected to maximize cur-
rent size to accurately measure ketamine blocking rates while also
leaving room for receptor modulation by SAGE-718. To maintain cell
viability during extended agonist applications, the effects of SAGE-
718 on ketamine block were compared with those of vehicle by
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preincubation in separate cells with either 10 uM of SAGE-718
(n=15) or vehicle (n=6) for 30s and SAGE-718 or vehicle was
included in all recording solutions. NMDA receptors were activated
with agonists for 10 s, and 0.6 uM of ketamine (ICso = 0.59 uM) was
applied for 10 s before a 20-s washout in the presence of agonists.
The time courses of the current decrease upon application of keta-
mine and increase with ketamine washout were fit with a mono-
exponential time course. The onset (block rate) and offset (unblock
rate) were calculated, and channel block kinetics were compared with
and without SAGE-718. Data from at least five individual experiments
per experiment type were collected, and the corresponding mean
values and standard error of the mean (SEM) were calculated.

Two-electrode voltage clamp

The effect of SAGE-718 on different NMDA receptor subtypes
(GIuN1/GIuN2A, 2B, 2C and 2D), as well as the response of SAGE-
718 to NMDA receptor co-agonists (glutamate, glycine and p-serine),
was evaluated on human NMDA receptors transiently expressed in
Xenopus oocytes. Xenopus laevis stage VI oocytes (Xenopus one Inc,
Dexter, MI, USA) were digested with Collagenase Type 4 (Worthing-
ton-Biochem, Lakewood, NJ, USA) solution (850 pg-ml~%, 15 ml for a
half ovary) in Ca®"-free Barth's solution that contained (in mM)
88 NaCl, 2.4 NaHCO3, 1 KCl, 0.33 Ca(NO3),, 0.41 CaCl,, 0.82 MgSO,
and 10 HEPES (pH 7.4 with NaOH) supplemented with 100 pg-ml~!
of gentamycin and 40 ug-ml~? of streptomycin. Oocytes were main-
tained in normal Barth's solution at 15°C. For experiments with
human and mouse receptors, injection of cDNA encoding human
GIuN1/2A-2D was performed at a ratio of 1:1 as previously described
(Hogg et al., 2008), and mRNA encoding GIuN1 and GIuN2A was
injected for dog and rat receptors.

Recordings were performed at 18°C and cells were perfused with
OR2 medium containing (in mM) 88 NaCl, 2.5 KCI, 5 HEPES and 2.5
BaCl,, pH 8. All solutions contained 0.2% Kolliphor EL to improve
SAGE-718 solubility and delivery. Currents evoked by glutamate or
other agonists were recorded by an automated process equipped with
standard two-electrode voltage-clamp (TEVC) configuration (—80 mV)
and a GeneClamp amplifier (Axon Instrument, Foster City, CA, USA).
NMDA receptor currents were first evoked with a test pulse of
100 uM of glutamate and 10 uM of glycine for 30 s. Cells displaying a
robust current were used for subsequent measurements. For NMDA
receptor subtype recordings, after recording the cells in control condi-
tion for 2 min, subsequent currents were evoked with subsaturating
concentration of glutamate (GIuUN2A: 0.3 uM; GIuN2B: 2 uM;
GIuN2C: 0.5 uM; GIuN2D: 3 uM) and saturating glycine (10 uM) and
escalating concentrations of SAGE-718, from 0.01 to 100 uM in log
increments. To avoid cumulative effects of contamination by the com-
pound penetrating the cell, a single oocyte was used for each mea-
surement. For co-agonists studies, oocytes expressing GIUN1/2A
were used. Examining the effects of SAGE-718 on the glutamate con-
centration activation curve was performed by evoking currents with
10 uM of glycine and escalating concentrations of glutamate, from
0.1-100 pM in log increments. The co-application of 10 uM of gly-
cine and escalating concentrations of glutamate was repeated a

second time in the presence of 10 uM of SAGE-718. To study the
effect of SAGE-718 on the concentration activation curves of other
co-agonists, cells were first assessed in control conditions without
SAGE-718 and in a presence of 100 uM of glutamate and escalating
concentrations of glycine or p-serine (0.1-10 uM in log increments).
Next, cells were exposed to a fixed concentration of SAGE-718
(10 uM) and escalating concentrations of the co-agonists (same range
as control condition: 0.1-10 uM of glycine or bp-serine). Currents
within a single recording were normalized to max amplitude in the
presence of the agonists and absence of SAGE-718. Data were cap-
tured using a HiQScreen propriety data acquisition (Multichannel Sys-
tems Reutlingen, Germany) and analysed by a script running on
MATLAB (MathWorks, Natick, MA, USA). All experiments were car-

ried out using at least four cells.

Acute slice whole-cell patch-clamp electrophysiology

Animal care and experimental procedures were performed in accor-
dance with the UK Animals (Scientific Procedures) Act of 1986 incor-
porating European Directive 2010/63/EU on the protection of
animals used for scientific purposes. Animal studies are reported in
compliance with the ARRIVE guidelines (Percie du Sert et al., 2020)
and with the recommendations made by the British Journal of Pharma-
cology (Lilley et al., 2020). Male Sprague-Dawley rats (6-8 weeks old)
were housed in a temperature-controlled room on a 12:12-h light/
dark cycle with food and water available ad libitum. Only male rats
were used for this study because the primary goal was to evaluate pri-
mary pharmacology at NMDA receptors, and sex differences were not
considered.

Animals were deeply anaesthetized with isoflurane and then
decapitated, and the brain was removed. Coronal slices containing the
striatum (350-400 mm) were cut using the VT1000S vibratome (Leica
Biosystems, Buffalo Grove, IL, USA) in ice-cold artificial cerebrospinal
fluid (aCSF) containing (in mM) 127 NaCl, 1.9 KCI, 1.2 KH,PO,, 2.4
CaCl,, 1.2 MgCl,, 26 NaHCO3; and 10 p-glucose, 310-315 mOsm,
bubbled with 95%/5% O,/CO.. Slices were maintained at room tem-
perature. For recording, slices were transferred to a recording cham-
ber continuously perfused with aCSF at a rate of 3-5 ml-min~?! at
room temperature. Whole-cell patch-clamp recordings were per-
formed on striatal neurons using the ‘blind’ technique. Thin-walled
borosilicate glass recording pipettes with a resistance of 5-8 MQ
were filled with internal solution containing (in mM) 140 KGlu,
1 EGTA-Na, 10 HEPES, 4 Na,ATP and 0.3 NaGTP, 305-310 mOsm,
pH 7.3. A bipolar stimulating electrode was placed in the corpus
callosum to stimulate corticostriatal glutamatergic inputs. NMDA
receptor-mediated excitatory postsynaptic potentials (EPSPs) were
pharmacologically isolated in Mg?*-free aCSF (same as above but with
no MgCl,) supplemented with AMPA receptor antagonist NBQX
(10 uM), GABAA receptor antagonist GABAzine (10 uM), GABAg
receptor antagonist CGP55485 (400 nM) and 0.01% Kolliphor
EL. NMDA receptor EPSPs were evoked every 30 s at a resting mem-
brane/holding potential between —70 and —80 mV, and the target
amplitude at baseline was 4-8 mV. Following stabilization of the base-
line NMDA receptor EPSP, increasing concentrations of SAGE-718
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were perfused onto the slice, from 10 nM to 10 uM in log increments.
Each concentration was applied for 20 min. At the end of the experi-
ment, p-APV (d-AP5; 20 uM) was perfused onto the slice to confirm
the NMDA receptor-evoked EPSPs.

Data were acquired at 20-100 kHz using a MultiClamp 700B
amplifier and an Axon Digidata 1550B digitizer controlled by pClamp
Clampex 9 software (Molecular Devices, San Jose, CA, USA). EPSPs
were averaged over the final 12-16 consecutive episodes for each
condition during a recording, and the mean peak amplitude for
each test article concentration was normalized to baseline peak ampli-
tude. The half-decay time was measured manually from the peak
response to half of the peak EPSP amplitude.

2.1.3 | Multi-electrode array (MEA)
Experiments and data analyses were performed as previously
described (Gramowski-VoRB et al., 2015; Hammond et al., 2017). All ani-
mal care and experimental procedures were carried out in accordance
with the EU Directive 2010/63/EU on the protection of animals used
for scientific purposes (certification file number 7221.3-2) and the Ger-
man Animal Protection Act §4. Timed-pregnant NMRI mice were pur-
chased from Charles River Laboratories (Sulzfeld, Germany). At
Embryonic Day 15/16, the pregnant mice were killed by cervical dislo-
cation and the embryo pups were decapitated. Primary frontal cortex
tissues from the pups were collected and plated on poly-b-lysine and
laminin-coated multi-electrode arrays (MEAs; Axion Biosystems).
Cultures were incubated at 37°C in a 10% CO, atmosphere and
maintained in DMEM containing 10% horse serum, with 48 h of treat-
ment with 5-fluoro-2’-deoxyuridine (25 uM) and uridine (63 uM) on
Day 5 to prevent glial proliferation. Multichannel recordings were col-
lected with the Plexon system (Dallas, TX, USA) using electrode MEA
neurochips provided by the Center for Network Neuroscience
(CNNS) at the University of North Texas. Recordings were performed
on cultures at 27-34 days in vitro, and a stable activity pattern was
established for 4 weeks. Recordings were made at 37°C in
DMEM/10% heat-inactivated horse serum. Signals were sampled at
40 kHz and were recorded in a range of 15-1800 pV. Spike bursts
were quantified with NeuroExplorer (Plexon Inc., Dallas, TX, USA) and
NPWaveX (NeuroProof GmbH, Rostock, Germany). Bursts were
defined by the beginning and end of short spike events. A measure of
burst synchronicity (SynAll) was defined as the average distance
of individual bursts within a population burst from the population
burst centre. To assess the relative effect of SAGE-718 on burst syn-
chronicity, the change in SynAll was normalized to the change in spike
rate. The normalization corrects for the fact that a reduction in
spike rate can increase individual burst duration and thus impact
apparent burst synchronicity. To examine the effects of SAGE-718 on
cultures, eight cumulatively increasing concentrations were adminis-
tered after recording the native activity profile of the individual cul-
tures. The analysis of the network activity was characterized in four
categories: spike rate, burst duration, inter-burst interval (IBl) and
SynAll. All compound-induced network activity was normalized to the
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related spontaneous native activity, set at 100% for each experiment.
Values were derived from 60-s bin data taken from a 30-min span
after a 30-min stabilization of activity, and data are presented as
mean = SEM.

2.2 | Invivo pharmacokinetics in rats

221 | Animal dosing

These experiments were carried out at ChemPartner. Co. Ltd., Shang-
hai, China. Animal care and experimental studies complied with the
relevant protocols which were reviewed and approved by the Institu-
tional Animal Care and Use Committee at ChemPartner. All proce-
dures in this protocol were in compliance with local animal welfare
legislation, ChemPartner policies and procedures, national standards
GB14925, Euthanasia AVMA guidelines and the Guide for the Care
and Use of Laboratory Animals. Male Sprague-Dawley rats
(210-240g; supplied by the Shanghai Laboratory Animal Center
[SLAC], Shanghai, China) were given a single i.p. dose of SAGE-718
(10 mg-kg™1) formulated in 30% Captisol (sulfobutylether-p-cyclodex-
trin). Male rats were used in this initial study to enable pharmacody-
namic  experiments; male and female pharmacokinetics
(PK) experiments were conducted in a later stage of non-clinical
development. Animals were had access to food and water ad libitum.
Three animals were anaesthetized with inhaled isoflurane (2-3%) and
then killed by cardiac puncture for blood collection, per time point
(1, 4, 8, 12, 24, 48 and 72 h post dose). A 150-ul aliquot of whole
blood was collected via cardiac puncture and, within 15 min of collec-
tion, was centrifuged at 2000 g for 5 min at 4°C to obtain plasma.
Brain was collected, rinsed with cold saline and immediately snap fro-

zen at —70°C until analysis.

2.2.2 | Sample preparation and bioanalysis

Brain tissues from untreated (control) rats and from animals dosed
with SAGE-718 were first homogenized in 3:1 (v/w) PBS. Standard
calibrators and quality control plasma and brain homogenate samples
were prepared by adding SAGE-718 solutions (in DMSO) of known
concentrations.

A 30-ul aliquot of plasma or brain homogenate sample was
extracted via protein precipitation by addition of 100 ul of internal
standard solution in acetonitrile (ACN). The mixture was vortex-mixed
for 10 min and centrifuged at 5228 x g for 10 min. The supernatant
was transferred to a 96-well plate for liquid chromatography tandem
mass spectrometry (LC-MS/MS) analysis.

A 10-ul aliquot of supernatant was injected into an API5500
QTrap (Sciex, Framingham, MA, USA) coupled with an Acquity UPLC
system (Waters, Milford, MA, USA) using electrospray positive ioniza-
tion mode, monitoring mass transitions for SAGE-718 and internal
standard. Plasma and brain concentrations were measured against

standard calibration curves in each respective matrix.
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Actual PK values are reported for studies where terminal samples
were collected at the end of the experiments. Estimated PK values are
reported for experiments where animals were not killed at the time of
the behavioural testing and are extrapolated from definitive PK exper-
iments that were completed during the preclinical development of
SAGE-718. The methods for the definitive PK experiments were iden-

tical to those employed in the current experiments.

2.3 | Invivo pharmacology

2.3.1 | PharmacoEEG
This study was conducted in an Association for Assessment and
Accreditation of Laboratory Animal Care (AAALAC)-approved facility
(ChemPartner. Co. Ltd., Shanghai, China), under relevant protocols
that were reviewed and approved by the vendor's Institutional Animal
Care and Use Committee (see section 2.2.1). Male Sprague-Dawley
rats (SLAC; 250-350 g; n = 12 per group) were singly housed under
controlled conditions (temperature of 20-26°C, humidity of 40%-
70% and 12:12-h light/dark cycle). Water and standard chow diet
were available ad libitum. Animals were acclimated for 1 week to
these conditions prior to electroencephalogram (EEG) implantation
surgery. Male rats were used for this study as experimental parame-
ters, such as ketamine doses required to modulate EEG, were previ-
ously validated in rats of this sex.

Rats were anaesthetized with 30 mg-kg~! of zoletil and

3 mgkg™?

of xylazine for electrode implant surgery. Two epidural
recording electrodes were implanted (negative at +2.0 mm AP,
—1.5 mm ML from bregma, and positive at —5 AP, +2.5 mm ML from
bregma). An additional ground electrode was implanted over the cere-
bellum, and electromyography (EMG) electrodes were embedded in
the cervical trapezius muscle. Electrodes were connected to a head
stage that was cemented to the skull using dental acrylic. Rats were
administered antibiotic (ceftriaxone sodium, 100 mg~kg*1, ip; Shang-
hai Xinya Pharmaceutical Gouyou Co., Ltd, Shanghai, China) and anal-
gesia (buprenorphine, 0.3 mgkg™!, ip; TIPR Pharmaceutical
Responsible Co., Ltd, Tianjin, China) immediately after surgery. Rats
were placed on a thermal pad (35°C) until regaining normal posture.
Rats were allowed 1 week of recovery prior to EEG recordings.

For EEG recordings, rats were acclimated to the recording cham-
ber (35 x 35 x 30 cm) for at least 45 min prior to 2 h of continuous
EEG recording to establish baseline. Following baseline recording,
each rat was injected with either SAGE-718 (1, 3 or 10 mg-kg™2, ip) or
vehicle (30% Captisol 4+ 0.01% Tween 80), and then continuous EEG
was recorded for 6 h. Next, all rats received injections of ketamine
(15 mg-kg™?, ip), and then continuous EEG was recorded for an addi-
tional 2 h. EEG was recorded using A-M Systems Differential AC
Amplifier (Model 1700) and CED Micro 1401 with Spike 2 (Version
7.0, CED, Cambridge, UK). EEG recordings took place from a subset of
rats, balanced across groups, each day for seven consecutive days.
Recordings always began at a similar time each day, and the recording

order with each day was also balanced across groups. At the end of

the experiment, animals were killed by asphyxiation with CO,, fol-
lowed by cardiac puncture to collect blood.

EEG and EMG signals were digitized at a sampling rate of 512 Hz
and band-pass filtered (0.1-500 Hz) with 50 Hz of notch filter off.
The power spectrum was computed using fast Fourier transform (FFT)
across time with sections of length 10 s and a Hanning window. EEG
power was measured in the following frequencies: delta, 1-6 Hz;
theta, 6-9 Hz; alpha, 9-13 Hz; beta, 13-30 Hz; gamma 1, 30-47 Hz;
and gamma 2, 53-70 Hz. For each 10-s epoch of the recording, rats
were characterized as waking or sleeping using SleepSign software
(Kissei Comtec Co., Japan) combined with manual inspection, with
wake defined based on a combination of EMG power (sleep corre-
sponding to EMG power below an empirical threshold) and EEG
power (sleep defined as delta power or theta/delta ratio above an
empirical threshold). Changes in EEG power were normalized to the
pre-injection baseline period to correct for baseline differences in
EEG power across rats, which are standardly observed. Baseline-
normalized changes in EEG power were plotted in 1-h bins and were
calculated separately using data only from the wake state and sleep
state or using all data without wake and sleep separation. For inclu-
sion in separate wake and sleep analyses, each rat was required to
spend a minimum of 5 min per 1-h bin in the respective wake or sleep

category.

2.3.2 | Phencyclidine (PCP)-induced deficits in
social interaction (SI) model (PCP Sl)

This study was conducted under EU and French animal welfare regu-
lations for animal use (European Directive 2010/63/EEC and French
decree and orders of 1 February 2013) and was approved by the
laboratory's ethics committee. Male Long-Evans rats (Janvier Labs,
France; 160-220 g; n = 105; 12-15 per dose) were housed in groups
of two to four animals with water and food ad libitum on a light/dark
cycle of 12/12 h. Male rats were used for this study, as experimental
parameters were validated using male rats only. The study was
designed to generate groups of equal size, with randomization used to
allocate animals to treatment groups. Rats were allowed to acclimate
to environmental conditions for at least 5 days prior to experimenta-
tion in the Sl test. Rats were treated with either 0.9% saline or
5 mg-kg~? of PCP by i.p. injection twice daily (morning and afternoon)
from Days 1 to 7. From Days 8 to 14, animals were housed in their
home cages without any treatment. On the day prior to Sl testing
(from Day 13), rats underwent a 10-min habituation session, where
they were allowed to freely explore the testing arena
(90 x 90 x 40 cm of square wooden box) in a dark room (approxi-
mately 60 lux). Animals were habituated to the testing room for at
least 30 min prior to testing. On the experimental day (starting on
Day 14), rats were administered vehicle (30% Captisol + 0.1% Tween
80) or SAGE-718 (0.3, 1, 3 or 10 mg-kg™1) by i.p. injection (5 mg-ml~1)
60 min prior to the Sl test. Treated rats were placed with a partner
animal (age-matched, socially unfamiliar male Long-Evans rats) in the

arena for a 10-min session (testing between 9:00 AM and 1:00 PM;
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during the light phase). Time spent in SI was scored by an experi-
menter blind to drug treatment. SI was defined as non-aggressive
social behaviour such as sniffing, following, grooming, kicking, mount-
ing, jumping on, wrestling and crawling under and over the partner. All
experimental groups were represented on each experimental day.
SAGE-718 drug concentrations in plasma and brain were determined
in satellite rats (n = 3 per group). At the end of the experiment, ani-

mals were killed with an overdose of pentobarbital (160 mg-kg™2, i.p.).

233 | AY9944 studies

These studies were carried out at ChemPartner. Co. Ltd., Shanghai,
China, in conditions fully compliant with the relevant protocols and
regulations (see section 2.2.1). Sixteen timed pregnant female
Sprague-Dawley rats were obtained from SLAC. The arrival date of
the animals was counted as PO. The rats were housed under con-
trolled conditions (temperature of 21.0 + 2°C, humidity of 40%-70%
and 12:12-h light/dark cycle with lights on at 5:00 AM). Water and
normal chow diet were available ad libitum. Pups were housed with
their mothers until P21 and then group housed by sex for the remain-
der of the study. The pups received a series of subcutaneous (s.c.)
injections of AY9944 or physiological saline every 6 days from P2 to
P86. Siblings from the same mother received the same treatment
(either AY9944 [7.5 mg-kg™!] or 0.9% saline, administered s.c.). For
locomotor testing, females were used as they demonstrated the most
robust alterations in activity during pilot testing, and the males were

used for EEG recordings.

Locomotor activity testing

The female rats used in these experiments were the females that had
been were born in-house (see section 2.3.3 above) and locomotor
activity testing was carried out between P69-P76. The rats were
placed individually in clean testing cages with free access to food and
water. All rats were allowed to habituate to the testing room/cages
for 30 min before compound administration. Animals (n = 12-23 per
group) were removed from the home cage and injected with SAGE-
718 (3 or 20 mg-kg™?, i.p.) and placed back in the home cage for
180 min. At 180 min after dosing with compounds, each rat was
placed in the testing cages that were mounted into a LABORAS
(Metris Systems) behavioural recording system that codes vibrations/
movements into behavioural outputs for continuous non-video-based
monitoring. Rats were continuously monitored for an additional
180 min after compound administration. The digital signals were pro-
cessed offline to classify spontaneous activity into seven categories:
rearing, eating, drinking, climbing, immobility, grooming and circling.
At the end of the experiment, animals were killed by asphyxiation with
CO,, followed by cardiac puncture to collect blood.

Surgery for EEG recordings in the AY9944 studies

Head stage electrodes were implanted in male rats (see section 2.3.3.
above), 10-14 days before EEG recordings, at P62-P69. Body
weights were taken, and rats were anaesthetized with sodium
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pentobarbital (60 mg-kg™1, 2 ml-kg™?%, i.p.). The head was shaved, and
the rat was securely mounted in a stereotaxic frame. The scalp was
cleaned with 75% ethanol and medical iodine prior to making a 2- to
2.5-cm incision followed by application of 3% hydrogen peroxide
to remove the membrane surrounding the skull and identification of
bregma. Two frontal and two parietal monopolar epidural electrodes
were surgically implanted at the following coordinates: 3 mm lateral
from midline and 2.2 mm anterior or posterior to bregma for the two
frontal or parietal electrodes, respectively. An additional ground elec-
trode was inserted towards the back of the skull over the cerebellum.
Four screws were then inserted, electrode wires were tightly wound
around each of their respective electrodes, and the head stage and all
electrode wires were secured with dental cement to the skull. The
scalp was then sutured, and all rats were treated with benzylpenicillin

sodium (30 mg-kg ™2, i.p.) and the analgesic carprofen (5 mg-kg ™%, s.c.).

Electrocorticogram (EcoG) recordings

The EcoG recordings were taken from unrestrained animals (n = 9-20
per group) that were placed in individual recording chambers for a
15-min adaptation period prior to the baseline recording to minimize
movement artefacts. Each rat was recorded continuously for a 2-h
baseline EEG. All drugs were administered i.p. to each rat immediately
after the 2-h baseline. Following compound administration, each rat
was recorded continuously for four additional hours for a total contin-
uous recording duration of 6 h. Video was recorded during the 6 h of
EEG recording. The EcoG signal was band-pass filtered (2.6-96 Hz)
and processed with Spike 2 software to automatically recognize sharp
wave discharges (SWDs). AY9944-induced absence seizures were
quantified by measuring the total duration and number of SWDs for
every consecutive 30-min epoch over the 6-h recording period. SWD
in the ECoG was identified as 4-6 Hz of activity, amplitude of at least
1.6-fold higher than baseline, inter-spike intervals > 0.25 s and num-
ber of spikes in an SWD train > 4. At the end of the experiment, ani-
mals were killed by asphyxiation with CO,, followed by cardiac

puncture for blood collection.

Determination of plasma cholesterol and 24(S)-HC in plasma and
brain, using LC-MS/MS

The LC system comprised a Shimadzu (Shimadzu Co., Japan) liquid
chromatography equipped with a binary pump (LC-30AD), an auto-
sampler (SIL-30AC), a column oven (CTO-20A), a system controller
(CBM-20A) and a degasser (DGU-20A). Mass spectrometric analysis
was performed using an AB SCIEX API6500+ triple-quadrupole
(Ontario, Canada) instrument with an electrospray ionization (ESI)
interface. The data acquisition and control system was equipped with
Analyst 1.6.2 software from AB SCIEX.

Chromatographic separation was on a C18 column (Waters BEH
C18; 2.1 x 50 mm, 1.7 um), where mobile phase A was water (con-
taining 0.05% formic acid [FA]) and mobile phase B was ACN (contain-
ing 0.05% FA). The column was eluted at a flow rate of 0.5 ml-min—?1
in a gradient programme consisting of 5% phase B (0-0.3 min), from
5% to 45% B (0.3-1.0 min), from 45% to 80% B (1.0-3.50 min), 80%
B (3.50-6.00 min), from 80% to 5% B (6.00-6.01 min) and 5% B
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(6.01-7.50 min). For 24(S)-HC, the retention time for the analyte and
IS (SGE-102) was 3.70 and 2.76 min, respectively; the injection vol-
ume was 3 pl. The precursor product ion pair was m/z 367.2 — 147.2
for 24(S)-HC and m/z 319.1 — 283.3 for SGE-102.

Standard curve preparation

Stock solutions of 24(S)-HC were prepared at 1 mg-ml~! in DMSO.
The stock solution was diluted with MeOH to prepare serial working
solution (60, 100, 200, 600, 2000, 6000, 20,000, 60,000 and
2,000,000 ng-ml~2), and an aliquot of 10 ul of working solution was
added to 190 ul of PBS to obtain calibration standard curve (3, 5,
10, 30, 100, 300, 1000, 3000 and 10,000 ng-ml~?).

Sample preparation

The brain tissues were homogenized for 2 min with 3 volumes (v/w)
of homogenizing solution (PBS). An aliquot of 10 ul of brain homoge-
nate sample was diluted with 90 ul of PBS. An aliquot of 30 ul of sam-
ple (plasma or brain homogenates) was added to 150 pl of IS (IS-102,
200 ng-ml~1) in ACN. The mixture was vortexed for 5 min and centri-
fuged at 20,817 x g for 5 min. An aliquot of 3 pl of supernatant was
injected for LC-MS/MS analysis.

2.34 | Pentylenetetrazole (PTZ) infusion
seizure model

This study was conducted at Melior Discovery Inc. (Exton, PA. USA),
in an AAALAC-approved facility with Office of Laboratory Animal
Welfare (OLAW) assurance under relevant protocols that were
reviewed and approved by the Institutional Animal Care and Use
Committee. Male CD1 mice (8-10 weeks of age; Charles River Labo-
ratories, Kingston, NY, USA) were group housed (no more than four
mice per cage) on a 12-h light/dark cycle (lights on at 7:00 AM) and
acclimated for at least 3 days prior to evaluation. Male mice were
used for this study, as experimental parameters were validated for
male mice only. The study was designed to generate groups of equal
size, with randomization used to allocate animals to treatment groups.
Mice were acclimated to the procedure room for at least 30 min. Mice
were restrained in hard plastic restrainers, and PTZ (Sigma-Aldrich,
St. Louis, MO, USA; 10 mg'mI*1 formulated in dH,O) was infused
intravenously (i.v.) with a syringe pump at 0.3 ml-min—! via a butterfly
cannula placed in a superficial tail vein, with a cut-off of 2 min. On the
day of PTZ seizure assay, mice (n = 14-15 per group) were treated
(i.p., 10 ml-kg™?) with vehicle (30% SBECD + 0.01% Tween 80),
SAGE-718 (10, 30 and 50 mg-kg™?) or theophylline (120 mg-kg™%;
formulated in dH,0) or orally (p.0.) with diazepam (10 mg-kg™?; for-
mulated in 0.5% MC:0.2% Tween 80) and subsequently assessed for
PTZ seizure threshold, 30 min (diazepam and theophylline) or 4 h
(SAGE-718 and vehicle) prior to PTZ administration. Latency to onset
of a myoclonic twitch/running-bouncing clonus and tonic hindlimb
extension seizure was recorded during the 1-day study duration by an
experimenter who was blinded to the treatment groups. One mouse
of the theophylline group died between dosing and PTZ evaluation.

One mouse in each 30 mgkg™! of SAGE-718, 50 mg-kg~! of SAGE-
718 and diazepam group was excluded due to a technical issue. Imme-
diately after the PTZ seizure assay, animals were killed using isoflur-
ane, followed by cardiac puncture for blood collection and then
cervical dislocation. Plasma and brain samples were collected from

three animals per drug-treated group.

2.4 | Chronic rat toxicity

This study was conducted at Charles River Laboratories (Ashland, OH,
USA) in AAALAC-accredited facilities. The protocol and amendments
were approved by the CRL Ashland IACUC committee and complied
with all applicable sections of the Final Rules of the Animal Welfare
Act regulations (Code of Federal Regulations, Title 9), the Public
Health Service Policy on Humane Care and Use of Laboratory Animals
from the Office of Laboratory Animal Welfare (Office of Laboratory
Animal Welfare, 2015), and the Guide for the Care and Use of Labora-
tory Animals from the National Research Council, 2011. Sprague
Dawley rats (Crl:CD(SD)) were supplied by CRL (Raleigh, NC). The
rats were approximately 8 weeks old and weighed 175-267 g for male
rats and 144-211 g for female rats, on day 1 of dosing.

The potential toxicity of SAGE-718 was evaluated in a 6-month
rat toxicity study where SAGE-718 was administered once daily via
oral gavage to groups of male and female rats at dose levels of 0.8,
2.5 and 7 mg-kg~-day~?! to male rats and 2, 6 and 15 mg-kg~*.day~?!
to female rats. All doses were formulated in 20% hydroxypropyl-
B-cyclodextrin (HPBCD) in deionized water and administered at a dose
volume of 4 ml-kg~%. A separate group of male and female rats was
used as a control group and received once daily doses of the vehicle
(20% HPBCD in deionized water). All animals were observed at least
once daily for clinical signs, and body weights and food consumption
were recorded weekly. Plasma samples for toxicokinetic analysis were
collected from satellite animals on Days 1, 91 and 182. Following the
completion of the dose administration period, the main study rats
were killed by asphyxiation with CO, and a full set of tissues, includ-
ing eight transverse sections of the brain, were collected, embedded
in paraffin, sectioned, mounted on glass slides and stained with hae-
matoxylin and eosin for microscopic analysis. The full set of tissues
were examined from the control and high-dose animals, and gross
lesions and target tissues were examined for the low- and mid-dose
animals and animals assigned to the recovery necropsy.

2.5 | 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, 2022). For all experiments, P-
values < 0.05 were considered statistically significant. Declared group
size in individual studies reflects the number of independent values
(n) that were used for statistical analysis; where n<5, data are explor-

atory and were not subjected to statistical analysis. In multigroup
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studies with parametric variables, post hoc tests were conducted only
if the analysis of variance (ANOVA) achieved statistical significance

(P < 0.05) and there was no significant variance in homogeneity.

2.5.1 | Invitro electrophysiological experiments

Concentration-response curves were generated by fitting the data
normalized to baseline or vehicle peak current amplitude with a four-
parameter logistic curve fit with the bottom constrained to O and the
Hill slope limited to a maximum of 2 using least squares regression
(GraphPad Prism Version 8, San Diego, CA, USA). Potency (half maxi-
mal effective concentration [ECsg]) and efficacy (maximal efficacy
[Emax], percentage change from baseline) were derived from curve fits
with a symmetrical approximate 95% confidence interval (Cl). When
appropriate, the concentration-response curves were compared by
the extra-sum-of-squares F test, using LogECso to measure the differ-
ence between datasets. For the ketamine inhibition kinetics experi-
ment, statistical significance between vehicle and SAGE-718 blocking
kinetics was assessed with a two-way mixed ANOVA using Bonferro-
ni's correction for multiple comparisons. For the acute slice electro-
physiology experiment, peak amplitude (in millivolts) and half decay
(in milliseconds) were analysed using a mixed-effects restricted maxi-
mum likelihood (REML) model with Geisser-Greenhouse's correction
and Dunnett's multiple-comparisons test to compare each test con-
centration to baseline control. The mixed-effects model was used
instead of repeated-measures ANOVA because one cell was not eval-
uated against all test concentrations. For the MEA experiment, the
effects of SAGE-718 versus vehicle were analysed using two-way

ANOVA and Bonferroni's multiple-comparisons tests.

2.52 | Invivo pharmacology experiments

For the pharmacoEEG experiment, changes in frequency band power
were analysed using two-way ANOVA (SAGE-718 dose x time) with
post hoc Dunnett's test. A secondary analysis was performed on a finer
time scale to examine effects of the ketamine challenge on frequency
oscillations in the gamma band and was designed specifically to address
return to previous state of the EEG at the level of the individual animal.
For each rat, the power spectrum was computed as a function of time
using multitaper spectral methods (Multitaper Toolbox; Prerau
et al., 2017). The parameters for the multitaper analysis were window
length T = 10 s with no overlap, time-bandwidth product TW = 5 and
number of tapers K = 9. Sections of EEG reported to be recorded dur-
ing sleep were removed. At each resulting 10-s time bin, the gamma
1 band was computed as the average signal between 31 and 47 Hz and
the gamma 2 band as the average signal between 53- to 70-Hz. To
reduce noise in the signal, the time series was then smoothed using a
10-min rolling mean. Time to return to pre-ketamine levels was com-
puted as follows. For each rat, the mean and standard deviation in each
gamma band level were estimated in the 2-h period before ketamine

challenge. Time to return to pre-level was then computed as the time
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between application of ketamine and the time for the mean EEG power
to return to 2 standard deviations above this initial mean value. The
motivation of a choice of a slighter higher threshold than the original
mean was to generate slightly higher likelihood of getting an actual
return time rather than having the return data censored at 2 h, when
the experiment was stopped. Comparison of return times as a function
of dose was performed using Cox proportional hazards regression
(R package, Version 4.1.1, survival_3.2-11).

For the PCP Sl study, Sl time from all animals was analysed using
SAS software with the following comparisons: (1) vehicle (Veh)/saline
versus Veh/PCP using a two-tailed Student's t test to demonstrate
PCP-induced social deficit and (2) comparison of Veh/PCP versus
doses of SAGE-718/PCP using a one-way ANOVA with a post hoc
Dunnett's test to determine an effect of SAGE-718 on PCP-induced SI
deficits.

To examine effects of SAGE-718 on locomotor activity and SWD
in AY9944- and vehicle-treated rats, one-way ANOVA was utilized to
compare compound treatment relative to AY9944 treatment only,
with post hoc Dunnett's analyses employed to examine pairwise com-
parisons. Simple linear regression was employed to examine the rela-
tionship between 24(S)-HC and locomotor activity. For EcoG
recordings in AY9944- and vehicle-treated rats, t tests of means were
utilized to examine differences between AY9944- and vehicle-treated
animals.

For the PTZ seizure model, clonic and tonic latency data were
analysed using GraphPad Prism, with the following comparisons:
(1) Veh versus SAGE-718 using a one-way ANOVA followed by
post hoc Dunnett's test (vs. vehicle control), (2) Veh versus diazepam
using a Student's t test for clonic latency and a Mann-Whitney test
for tonic latency and (3) Veh versus theophylline using a Student's
t test.

2.6 | Materials

SAGE-718 was prepared as previously described (Hill et al., 2022).
24(S)-HC was prepared similarly as described previously (Zhang
et al.,, 2002). Kolliphor EL and PTZ were obtained from Sigma-Aldrich.
NBQX, GABAzine, CGP55485 and p-APV were obtained from Tocris
(Abingdon, UK). Ketamine hydrochloride (Ketalar) was acquired from
Pfizer (Surrey, UK) or Zhong Mu Bei Kang Pharmaceutical Co. Ltd.
(Jiangsu, China). PCP was acquired from HPC Pharmaceuticals
(Rennes, France). AY9944 dihydrochloride was acquired from Tocris
(Minneapolis, MN, USA).

2.7 | Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked to corre-
sponding entries in http://www.guidetopharmacology.org and are
permanently archived in the Concise Guide to PHARMACOLOGY
2021/22 (Alexander, Christopoulos et al., 2021; Alexander, Fabbro
et al,, 2021; Alexander, Mathie, et al., 2021).
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3 | RESULTS

3.1 | SAGE-718 is a neuroactive steroid NMDA
receptor PAM

SAGE-718 was evaluated for effects on NMDA receptor activity,
using recombinant GIuN1/GIuN2 subtypes expressed in HEK293 cells
on the IWB automated patch-clamp platform. NMDA receptor cur-
rents were activated by EC,q glutamate (0.8 uM) and maximal glycine
(30 uM). The potency (ECsp) and efficacy (Emax) Oof SAGE-718 on
GIuN1/GIuN2 subtypes have been previously reported (Hill
et al., 2022). SAGE-718 potentiated co-agonist evoked NMDA recep-
tor currents on all GIuN1/2 subtypes in a dose-dependent manner
with higher efficacy levels on 2A and 2B (n = 8 per group) (Figures 1b
and S1). In an assessment of GIuN1/2A-2D on Xenopus oocytes using
TEVC, SAGE-718 potentiated currents on the four di-heteromeric
GIuN1 and GIuN2 subunit combinations with near equivalent efficacy
(Figure S2A). In a manual whole-cell patch-clamp study on GIuN1/
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GIuN2A recombinantly expressed in HEK293 cells, SAGE-718 poten-
tiated NMDA receptor currents evoked with submaximal NMDA
(30 uM) and glycine (5 uM) (Figure 1c). SAGE-718 produced similar
levels of potentiation on GIuUN1/GIuN2A from human, mouse, rat and
dog (Figure S2B). Because some neuroactive steroids, such as preg-
nenolone sulfate, modulate both NMDA and GABA, receptors (Akk
et al., 2001; Wu et al., 1991), SAGE-718 activity was evaluated on
GABA, receptor subtypes a1$2y2 and o438, stably expressed in Ltk
and transiently transfected in CHO cells, respectively, using manual
patch clamp. SAGE-718 potentiated GABAA receptor a1p2y2 currents
evoked by submaximal GABA (2 uM), with an ECsg of 570 nM (95%
Cl, 270-1200) and an E,.x of 310% potentiation over baseline
(260%-360%), while having no effect on a4p38 currents (Figure S3).
These data show that SAGE-718 is a potent pan-selective PAM of
NMDA receptors, with >10-fold selectivity over GABA, receptors
alp2y2 subtype.

To evaluate activity in a more biologically integrated preparation,
SAGE-718 activity was assessed on adult rat dorsal striatal medium
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SAGE-718 potentiates evoked NMDA receptor excitatory postsynaptic potentials (EPSPs) in rat striatal medium spiny neurons.

(a) Concentration-response of SAGE-718 potentiation of an evoked NMDA receptor EPSP (n = 9 neurons from 4 rats). EC5o = 47 nM (95% ClI,
25-890); Ermax = 330% (140-520). (b) Representative EPSP traces recorded from neurons at baseline and with 0.01, 0.1, 1 and 10 uM of SAGE-
718 and 20 uM of APV. (c) Peak EPSP amplitude (millivolts) at baseline (BL) and each SAGE-718 concentration, for each individual cell (symbols)
and mean (bars). Dunnett's multiple-comparisons test: *P < 0.05, significantly different from baseline (BL). (d) Half-decay (in milliseconds) at BL

and each SAGE-718 concentration.
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spiny neurons in an acute slice brain preparation. SAGE-718 dose-
dependently increased NMDA receptor EPSPs (Figure 2a). NMDA
receptor EPSPs were fully blocked by application of d-AP5
(Figure 2b). SAGE-718 produced significant increases in EPSP ampli-
tude at all concentrations except 10 uM, a concentration at which
precipitation was evident (Figure 2c). SAGE-718 had no effect on
EPSP half-decay time (Figure 2d). These results show that SAGE-718
has similar potency and efficacy on recombinantly expressed and

native NMDA receptors.
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3.2 | SAGE-718 mechanism of action

To evaluate the potential mechanism that underlies SAGE-718 activ-
ity, we measured the effect of 10 uM of SAGE-718 on the NMDA
receptor co-agonist concentration-response relationship. In an
exploratory study, SAGE-718 produced a leftward shift in the
concentration-response curve in the three co-agonists, glutamate
(n=7), glycine (n=4) and b-serine (n=4) (Figure 3a-c and
Table S1). In addition, SAGE-718 appeared to increase the NMDA
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FIGURE 3 SAGE-718 increases the potency of endogenous NMDA receptor co-agonists. (a-c) Representative traces (top) and
concentration-response relationship of NMDA receptor co-agonists (bottom) glutamate (a, n = 7 cells), glycine (b, n = 4 cells) and p-serine (c,
n = 4 cells) in the absence (blue) or presence of 10 uM of SAGE-718. Two-electrode voltage-clamp configuration recordings conducted on
oocytes expressing GIuN1/GIuN2A. NMDA receptor currents evoked by 10 uM of glycine (saturating) with increasing concentrations of
glutamate (a) and 100 uM of glutamate (saturating) with increasing concentrations of glycine (b) or p-serine (c). Traces are shown offset to
visualize peak current + SAGE-718; bars indicate where agonist was added; SAGE-718 was continuously applied throughout experiment.

(d) Summary of effects of 10 uM of SAGE-718 on peak amplitude evoked by maximal co-agonist, normalized to the peak current in the absence
of SAGE-718. (e) Concentration-response curves of 24(S)-HC only (dotted line) and SAGE-718 on NMDA receptor currents in the absence or
presence of 1, 10, 100 or 1000 nM of 24(S)-hydroxycholesterol (24(S)-HC).Whole-cell recordings conducted on HEK cells expressing GIluN1/
GIluN2A and measured on the SyncroPatch automated platform. NMDA receptor currents evoked by 1 uM of glutamate (sub-saturating) and
100 uM of glycine (saturating). n = 3-8 wells per concentration. Data shown are means + SEM.
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receptor current at maximal p-serine (Figure 3d). These data suggest
that SAGE-718 enhances the potency of the NMDA receptor endoge-
nous co-agonists but only increases efficacy at maximal agonist con-
centration with p-serine.

The endogenous neuroactive steroid 24(S)-HC is a PAM of
NMDA receptors and is dynamically regulated in the brain in a
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FIGURE 4 SAGE-718 accelerates the unblock rate of ketamine.

(a) Top: Representative current trace from two HEK cells expressing
GIluN1/GIuN2A in the absence or presence of SAGE-718 (10 uM).
NMDA receptor current is evoked by 300 uM of NMDA (sub-
saturating) and 100 uM of glycine (saturating) and then partially
blocked by 0.6 uM of ketamine. The display traces were chosen
because these two cells have similar current amplitudes, which
enabled comparison of current decay and recovery in the presence
and absence of ketamine. Bottom: Current trace during ketamine
perfusion showing fit of block rate and unblock rate in the absence or
presence of SAGE-718 (10 uM). (b) Summary of effect of SAGE-718
on block and unblock rates of ketamine. Data shown are means +SEM
from n = 5-6 cells. *P < 0.05, significantly different from vehicle; two
-way mixed ANOVA with Bonferroni's multiple-comparisons test.

regionally specific manner (Popiolek et al., 2020). To evaluate whether
SAGE-718 and 24(S)-HC share common structural determinants on
NMDA receptors, the ability of 24(S)-HC to compete with SAGE-718
modulation was examined. 24(S)-HC, used alone, displayed potent
PAM activity at NMDA receptors (ECso, mean [95% Cl] = 8.8 nM
[4.3-18]; Enax = 80 [68-92] %,; Figure 3e). When 24(S)-HC was added
to the extracellular solution at 1000 nM, a concentration > 100x over
the ECso, SAGE-718 modestly potentiated NMDA receptor activity,
and as 24(S)-HC levels were decreased, SAGE-718 efficacy increased
(Figure 3e). These data suggest that SAGE-718 and 24(S)-HC are likely
to bind to overlapping sites on GIuN1/GIuN2A.

To further understand the mechanism by which SAGE-718
increases the activity of NMDA receptors, the rates of block and
unblock by ketamine were evaluated in the presence and absence of
SAGE-718. Because ketamine is an open channel blocker of NMDA
receptors, altering the ketamine block and unblock rates would pro-
vide evidence that SAGE-718 can change the open probability of
NMDA receptors (Linsenbardt et al., 2014; Orser et al., 1997). In addi-
tion, understanding the interaction between SAGE-718 and ketamine
can be translated to both preclinical and clinical models of target
engagement. NMDA receptor currents were elicited with 300 uM of
NMDA and 100 uM of glycine in the presence or absence of 10 uM
of SAGE-718. Ketamine (~ICso, 0.6 uM) was applied after the NMDA
receptor current amplitude began to reach a steady state (Figure 4a).
The current decay during ketamine application and recovery following
ketamine removal were each fit with a single exponential for vehicle
and SAGE-718 conditions (Figure 4a). SAGE-718 significantly acceler-
ated the rate of unblock by ketamine with a trend towards increasing
the block rate (Figure 4b), suggesting that SAGE-718 increases the
open probability of NMDA receptors similarly to other neuroactive
steroid PAMs of these receptors (Linsenbardt et al., 2014). The extent
of potentiation by SAGE-718 was not measured in these experiments
due to differences in channel expression between cells.

We next evaluated whether SAGE-718 alters channel activity and
block by ketamine in vivo. To determine dose selection, rat
pharmacokinetics were first characterized. A single 10 mgkg™*
i.p. administration of SAGE-718 in male SD rats resulted in sustained
exposure through 72 h post dose in plasma and brain (Figure S4).
Brain t,.x was reached at 12 h post dose at a Cpay Of 2674 ng-g ™%,
and brain-to-plasma ratio determined across 0-72 h was 5.31. Phar-
macokinetic properties of this dose of SAGE-718 are summarized in
Table 1. To determine the effects of SAGE-718 on ketamine in vivo,
we measured the effects of SAGE-718 (1, 3 and 10 mg-kg™?, ip) on
EEG recorded from awake non-anaesthetized rodents, both prior to

and following a ketamine challenge (15 mg-kg™?, ip). EEG was

TABLE 1 Pharmacokinetic properties of SAGE-718 in male SD rats following 10 mg-kg™? i.p. injection.
Matrix tmax () tiast (h) Crmax (ng-ml~2 or ng-g™?) B:P Crnax Terminal t/» (h) AUC, _¢ (h-pg tml™?) B:P AUC, .
Plasma 1.0 72 1425 NA 26.3 20.6 NA
Brain 12 72 2674 1.88 30.7 109.5 5.31

Note: Data shown are derived from 3 rats per time point; parameters fit through mean concentrations at each sampling time point.
Abbreviations: AUC, area under the curve; B:P, brain-to-plasma ratio; i.p., intraperitoneal; NA, not applicable; SD, Sprague-Dawley.
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FIGURE 5 SAGE-718 boosts initial response to ketamine in
gamma band and accelerates return to pre-ketamine at the highest
dose. (a) Time course of wake electroencephalogram (EEG) power in
the gamma 1 band (30-47 Hz) following administration of SAGE-718
and ketamine. EEG power density is normalized to the baseline
recording before SAGE-718 injection and plotted in 1-h bins.
Ketamine injection increased gamma power, which was enhanced by
SAGE-718 (1 mg-kg™1); 1-2 h after ketamine injection, SAGE-718
(10 mg-kg™Y) significantly decreased gamma power. Data are plotted
as mean + SEM for each group (n = 12-13 per group); error bars are
within the size of the symbols for most data points. *P < 0.05,
significantly different from Vehicle/Ketamine. (b) Wake time courses
of raw, unnormalized gamma 1 band (31-47 Hz) for all rats in the
pharmacoEEG study showing a 4-h time window centred around the
injection of ketamine. Dots show the earliest time point where the
signal returns to 2 standard deviations above the pre-ketamine signal.
Mean time to return to pre-ketamine levels decreases with increasing
dose of SAGE-718 and is significantly below vehicle for the highest
10 mg-kg~? dose (Table 52). (c) After ketamine challenge, time to
return to pre-levels decreases significantly as a function of brain
exposure to SAGE-718 in rats (linear model, R? = 0.26, F[1,47]

= 18.24, P < 0.05, beta = —3.55e-4). Key to different doses of SAGE-
718 as in Figure 5a.
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continuously recorded for 2 h prior to any injection and used to estab-
lish baseline EEG power. SAGE-718 had no detectable effect on EEG
power in awake rats in any frequency band prior to ketamine injection
(Figures S5 and Sé). The ketamine injection caused a characteristic
increase in gamma power (Kocsis, 2012). When analysed in broad
(1 h) time bins, SAGE-718 caused a dose-dependent modulation of
ketamine's effect on gamma power (Figure 5a). In the first hour after
ketamine injection when its peak effect on gamma was observed,
SAGE-718 at 1 mg-kg™? enhanced the effect of ketamine on gamma
1 power. On the other hand, during the second hour after ketamine
injection when gamma power is returning to baseline, SAGE-718 at
10 mg-kg~* lowered gamma relative to ketamine alone.

Based on the observations above, a secondary analysis was per-
formed on a finer time scale to examine effects of the ketamine chal-
lenge on frequency oscillations in the gamma band and was designed
specifically to address return to previous state of the EEG at the level
of the individual animal. Figure 5b shows the raw, unnormalized
gamma 1 power estimated for each rat using multitaper spectral
methods. Dots marked on each time course correspond to the first
return time to a level that is 2 standard deviations above the signal
before ketamine dosing. This return time was significantly higher at
the 10 mgkg™* dose of SAGE-718 when compared with vehicle
(Table S2). Figure 5c shows the relationship between time to return
to pre-ketamine baseline and SAGE-718 brain exposure measured in
the same animals 2 h after the ketamine challenge. There was a sig-
nificant trend for faster return to baseline with increased brain expo-
sure. A similar relationship was observed between the gamma 2 band
and brain exposure (see Figure S7 and Table S3). These results are
consistent with the accelerated recovery from ketamine block
in vitro with SAGE-718 (Figure 4) and, importantly, also provide evi-
dence that SAGE-718 modulates NMDA receptor function in vivo.

3.3 | SAGE-718 improves Sl deficits produced by
subchronic PCP administration

We next evaluated the activity of SAGE-718 in a preclinical model of
NMDA receptor hypofunction. PCP administered daily for 7 days pro-
duces a range of behavioural deficits in rats including impaired SI
(Grayson et al., 2007; Jenkins et al., 2008; Paul et al., 2013; Snigdha &
Neill, 2008). We evaluated whether SAGE-718 could reverse S| defi-
cits in rats administered subchronic PCP (PCP SI). Vehicle-treated rats
previously administered PCP spent significantly less time in active SI
than animals previously administered saline (Figure 6), indicating that
subchronic PCP administration induced a social impairment. SAGE-
718 (0.3, 1, 3 and 10 mg-kg™?) increased Sl time at all doses, com-
pared with Veh/PCP-treated rats, with significant effects at 0.3, 1 and
3 mg-kg ™! (Figure 6). SAGE-718 plasma concentrations increased in a
dose-dependent manner at 1, 3 and 10 mg-kg~%, with concentrations
within a range of 30-71 ng:ml™! (n=2; n=1 below the level of
quantification [BLQ]), 58-145ngml™ (n=2; n=1 BLQ) and
259 + 104 ng'ml~! (n = 3, mean * SD), respectively. SAGE-718 brain
concentrations were detectable at 3 mg-kg ™t (46 ngg L;n=1;n=2
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FIGURE 6 SAGE-718 increased social interaction (Sl) time in the

phencyclidine (PCP)-induced Sl deficit model. Summary of effect of
SAGE-718 (i.p., 60 min prior to Sl test) on Sl time in rats treated with
PCP for 7 days followed by a 7-day washout period. Doses are
expressed as mg kgt. Veh, vehicle. Data are shown as mean + SEM
from n = 12-15 animals per group. *P < 0.05, PCP significantly
different from saline; Student's t test; or significant effect of SAGE-
718 on PCP response; one-way ANOVA with Dunnett's test.

BLQ) and 10 mg-kg™? (61 +11.1ng-g % n=3). SAGE-718 levels
were BLQ 1 h after i.p. administration in plasma at 0.3 mg-kg~* and in

~1in all satellite rats; the lowest level of

brain at 0.3 and 1 mg-kg
quantification (LLOQ) was 10 ng-ml~! in plasma and 40 ng-g~! in
brain. A minimally effective brain concentration range at 0.3 mg-kg™*
was extrapolated from the 3 and 10 mg-kg~! doses and, therefore,
was estimated to be 1.8-4.6 ng-.g”! (4-10 nM). At brain exposure
levels associated with efficacy in the PCP SI model, the estimated
NMDA receptor potentiation level with SAGE-718 was approximately
40% (EC19-EC»0), while GABAA receptor coverage and potentiation
were negligible (<10% potentiation), suggesting an on-target
mechanism. Together, these data demonstrate that SAGE-718
improved social deficits induced by the NMDA receptor

antagonist PCP.

3.4 | SAGE-718 attenuates behavioural
manifestations of systemic cholesterol depletion

Cholesterol dysregulation is associated with a number of severe brain
disorders (Vance, 2012). For example, Smith-Lemli-Opitz syndrome
(SLOS) is caused by a mutation in the enzyme (7-dehydrocholesterol
reductase) which converts 7-dehydrocholesterol to cholesterol, and is
characterized by intellectual disability and a range of physical malfor-
mations  (Nowaczyk & lrons, 2012). Low levels of
7-dehydrocholesterol reductase lead not only to reduced cholesterol
levels but also decreased 24(S)-HC levels (Bjorkhem et al., 2001),
which are likely to decrease NMDA receptor activity (Sun
et al., 2016). We pharmacologically reproduced the decreased activity

of 7-dehydrocholesterol reductase in SLOS, using subchronic

administration of the enzyme inhibitor AY9944 (7.5 mg»kgfl, s.C.;
once daily every 6 days from Post-natal Day 2). Subchronic treatment
with AY9944 produces SWDs (Figure 7a), and in AY9944-treated rats,
there was a significant correlation between 24(S)-HC brain levels and
SWDs as measured by EEG (Figure 7b). Chronic AY9944 treatment
increased SWDs as measured by the total number and duration of dis-
charges. Post hoc analysis revealed that acute treatment with SAGE-
718 significantly reduced AY9944-induced increases in both the total
number and duration of SWDs (Figure 7c,d). There was also a signifi-
cant correlation between 24(S)-HC levels and locomotor activity
(Figure 7e). AY9944 treatment also caused a significant increase in
both locomotor activity and rearing behaviour, compared with the
vehicle group (Figure 7f,g), which is in line with the actions of NMDA
receptor open channel blockers on locomotor behaviour (Chartoff
et al., 2005). There was a statistically significant effect of SAGE-718
treatment on reducing both AY9944-evoked locomotor activity and
rearing behaviour. Post hoc analysis revealed that both 3 and
20 mgkg™? significantly attenuated AY9944-induced hyperactivity
and increased rearing. These data suggest that SAGE-718 attenuates
the deficits produced by cholesterol dysregulation and/or reductions
in 24(S)-HC levels.

3.5 | SAGE-718 is well tolerated

PAMs of NMDA receptors are promising therapeutic agents for condi-
tions caused by NMDA receptor hypofunction, but excessive glutama-
tergic transmission can produce deleterious effects such as
epileptogenic activity and excitotoxicity. To evaluate the nonclinical
safety profile of SAGE-718, we first measured neural activity in
rodent cortical cultures with MEA, as these recordings can be used to
predict drug-induced epileptiform activity by analysing synchroniza-
tion (Avoli & Jefferys, 2016). The effect of SAGE-718 on network
activity was compared with the effect of vehicle (including up to
0.64% DMSO) to control for drift in activity over the long recording
period. Representative raster plots for vehicle and after incubation
with SAGE-718 are shown in Figure 8a. SAGE-718 dose-dependently
increased spike rate (Figure S8A) and also increased the duration of
bursts (Figure S8B). Interestingly, SAGE-718 dose-dependently
reduced the number of bursts, as shown by an increase in the IBI
(Figure S8C). SAGE-718 did not affect SynAll when compared with a
vehicle control (Figure 8b), suggesting that SAGE-718 does not alter
synchronicity. These data provide evidence that SAGE-718 enhanced
network activity as reflected by increased firing rate and burst dura-
tion but did not alter network synchronization, a predictor of epilepti-
form activity.

To further evaluate epileptogenic potential, SAGE-718 was evalu-
ated in the PTZ-induced seizure model. SAGE-718 (10, 30 and
50 mg-kg™?) did not significantly affect clonic or tonic seizure latency
compared with vehicle-treated mice (Table S4; Figure 8c) at the doses
measured. In contrast, diazepam, a benzodiazepine and GABAA
receptor PAM, significantly increased latency to both tonic and clonic

seizures compared with vehicle-treated mice, while theophylline, an
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10 mg~kg'1, 281.3 2274 347 ND ND ND
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FIGURE 7 SAGE-718 effects on locomotor activity and sharp wave discharges in the AY9944 model. (a) Representative traces of

AY9944-induced sharp wave discharges (SWD). (b) 24(S)-hydroxycholesterol (24(S)-HC) was positively correlated with the number of sharp wave
discharges. AY9944 administration increased the number (c) and duration (d) of sharp waves observed on electroencephalogram (EEG) in male
rats. SAGE-718 attenuated both the total number and duration of sharp wave discharges at 1 mg-kg~L. Pooled group includes both 3 and

10 mg-kg~? cohorts because brain Cax values for each dose group were nearly equal. (e) 24(S)-HC was positively correlated with locomotor
activity (LMA). AY9944 significantly increased both distance travelled (f) and rearing behaviour (g) in female rats. SAGE-718 attenuated
AY9944-induced changes in locomotor activity at 3 and 20 mg-kg™?. (h) Exposures measured from test animals in the locomotor activity and EEG
experiments. Data shown are means + SEM from the number of animals as follows: for the SWD assays (in c and d): AY9944, n = 9; SAGE-718
(Img/kg), n = 10; SAGE-718 (pooled), n = 20. For the assays of locomotor activity (in f and g): Vehicle n = 23; AY9944, n = 12; SAGE-718

(3mg/kg), n = 13; SAGE-718 (20mg/kg), n = 14. *P < 0.05 significantly different from AY9944.

adenosine receptor antagonist and proconvulsant (Breidenbach
et al,, 2020), significantly decreased latency to tonic, but not clonic,
seizures compared with vehicle-treated mice. In test mice, SAGE-718
doses of 10, 30 and 50 mg-kg™! reached plasma concentrations of
330+ 80, 338+204 and 445 + 324 ng-ml™%, respectively (n=3,
mean = SD), while brain concentrations were 336 + 102, 303 = 195
and 304 + 236 ng-g~ %, respectively. SAGE-718 had neither pro- nor

anti-convulsant effects on PTZ-induced seizures at brain concentra-
tions at least 70-fold higher than the minimally effect brain concentra-
tion in the PCP SI model. Furthermore, the lack of effect in the PTZ
assay, which is sensitive to neuroactive steroids that are PAMs of
GABA, receptors (Althaus et al., 2020; Hammond et al., 2017), sug-
gests that the primary pharmacological action of SAGE-718 is modula-
tion of NMDA receptors.
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FIGURE 8

SAGE-718 does not produce epileptogenic activity. (a) Representative raster plots of spontaneous activity from cortical cultures

with vehicle, 100 nM and 1 uM of SAGE-718. (b) Effects on synchronicity, a measure of the distance of an individual burst away from the
population burst centre (n = 8-9 wells per group). (c) Summary of effect of SAGE-718 (i.p., 4 h prior to pentylenetetrazole [PTZ] infusion) on
clonic and tonic seizures in mice i.v. infused with PTZ. Diazepam (p.o., 30 min prior to PTZ) and theophylline (i.p., 30 min prior to PTZ) were used

as positive controls. Data are shown as mean = SEM. Doses are expressed as mg-kg ™!

.s = seconds. n = 14-15 animals per group. *P < 0.05,

significantly different from vehicle; vehicle versus diazepam: clonic latency, Student's t test; tonic latency, Mann-Whitney test; vehicle versus

theophylline: tonic latency, Student's t test.

Prolonged activation of NMDA receptors can produce excitotox-
ity (X. Zhou et al., 2013), so it is critical to evaluate PAMs of these
receptors with chronic dosing toxicology testing to rule out potential
neurotoxic effects. SAGE-718 was administered once daily oral at
dose levels of 0.8, 2.5 and 7 mg-kg~*-day~* to male rats and 2, 6 and
15 mg-kg t.day~? to female rats for a period of 6 months. Peak
plasma concentrations were observed from 2 to 6 h post dose in
males and from 0.5 to 2 h post dose in females across all dose levels
and evaluation days. Exposure to SAGE-718 increased with overall
dose in an approximately dose-proportional manner in males and a
less than dose-proportional manner in females on all evaluation days.
Accumulation of SAGE-718 in terms of area under the curve at the
last time point (AUC,t) Was not observed for males and females, with
values that were generally similar on Days 91 and 182 versus Day
1. Administration of SAGE-718 by once daily oral gavage to rats at

1

dose levels of 0.8, 2.5 and 7 mg-kg™*-day™! in males and 2, 6 and

15 mg-kg t-day~! in females for 182 consecutive days was well

tolerated at all doses. There were no SAGE-718-related effects on
survival or adverse findings, including no signs of neurodegeneration
or neurotoxicity. The no-observed-adverse-effect level (NOAEL) was

1 1 in females, which

7 mg-kg~t-day™? in males and 15 mg-kg™t-day”
corresponded to mean plasma Cp.x values of 839 and 607 ng-ml~!
for males and females, respectively, on Day 182. The estimated brain
Cumax for SAGE-718 at the NOAEL was 1574 ng-g~! for males, which
is >300-fold higher than the minimally effective brain concentration in
the PCP S| model, clearly demonstrating that SAGE-718 is safe and
well tolerated in the target coverage range required for efficacy in a

model of NMDA receptor hypofunction (Figure 9).

4 | DISCUSSION

We have characterized the pharmacology of SAGE-718, a novel neu-
roactive steroid NMDA receptor PAM currently in clinical
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FIGURE 9 Pharmacodynamic profile of SAGE-718. Exposuregram summarizing effects of SAGE-718 on pharmacodynamic and safety
studies. No effect—grey; SAGE-718 significantly accelerated return to baseline electroencephalogram (EEG) gamma after ketamine, in rats—
orange (solid—significant effect; gradient—pharmacokinetic/pharmacodynamic trend); SAGE-718 reduced sharp wave discharge (SWD) in
AY9944-treated rats—yellow; SAGE-718 reduced AY9944-induced hyperactivity—blue; SAGE-718 improved social behaviour in a subchronic
phencyclidine (PCP) model in rats—green. Minimally effective brain concentration in the PCP social interaction (SI) model was taken from the high
end of the extrapolated concentration range due to drug measurements being below the level of quantification. No effect on MEA synchronicity
at any concentration tested or in the pentylenetetrazole (PTZ) seizure model in mice up to a brain exposure of 336 ng-g~. GluN1/GIuN2A ECsq
as measured with manual patch clamp (ECso = 46 nM or 21 ng-g~%; Figure 1c). As a reference, GABA, receptor alp2y2 ECso = 570 nM or

260 ng-g~ L. Estimated brain exposure at rat no-observed-adverse-effect level (NOAEL) was 1574.4 ng-g~* and was calculated by multiplying the
plasma C,ay following 7 mg-kg~*-day~* in male rats (839 ng-ml™2) by the calculated C,,.« B:P ratio (B:P = 1.88) in the rat pharmacokinetic study.

LMA, locomotor activity.

development for the treatment of cognitive impairment. SAGE-718
increases currents through all di-heteromeric GluN2-containing recep-
tors with near equipotency and produces a leftward shift in the gluta-
mate, glycine and p-serine concentration-response. This mechanism
of action, including the <3-fold shift in agonist potency and potentia-
tion of saturating p-serine but not saturating glutamate or glycine,
may minimize some of the safety risks associated with positive modu-
lation of NMDA receptors (Hackos & Hanson, 2017). SAGE-718 likely
increases channel open probability, which is consistent with faster
rates of ketamine block and unblock. Other oxysterol molecules simi-
larly increase the channel open probability of NMDA receptors and
rates of channel block and unblock with other NMDA receptor open
channel blockers (Emnett et al., 2015; Linsenbardt et al., 2014; Paul
et al., 2013). The binding site of SAGE-718 on the channel is likely to
overlap with that of 24(S)-HC, with structural determinants including
residues in the transmembrane domain of both GluN1 and GIluN2
receptor subunits (Tang et al., 2023). SAGE-718 increases NMDA
receptor EPSP amplitude in rat striatal medium spiny neurons and net-
work activity in cultured cortical neurons, indicating that activity in
recombinant cell lines translates to enhanced synaptic activity and
spiking in neurons. Although effects of SAGE-718 on tri-heteromeric
receptors were not characterized in this study, the lack of discrimina-
tion between GIuN2 subunits and potentiation of EPSPs in striatal
neurons, which are likely to contain triheteromeric receptors (Dunah
et al.,, 1998; Logan et al., 2007), suggests that these receptors are also
sensitive to SAGE-718. Further studies will be needed to understand
additional mechanistic details of the mechanism of potentiation.

In line with the in vitro mechanism of action, SAGE-718 acceler-
ates the return to baseline gamma power following administration of

ketamine in an EEG study in awake rats. This change in gamma power

provides evidence for target engagement in vivo in an NMDA recep-
tor hypofunction state and, beneficially, is a translational endpoint
that can be tested clinically (Murck et al., 2019). Prior to ketamine
administration, SAGE-718 had no effect on the EEG power spectrum
in the wake state. In a previous study profiling an NMDA receptor
PAM in EEG, the GIuN2A-specific GNE-0723 modulated EEG oscilla-
tions across several frequency bands in awake mice (Hanson
et al.,, 2020). The distinct EEG effects of GNE-0273 compared with
those of SAGE-718 may relate to structural differences and distinct
mechanisms of action and NMDA receptor subtype-selective profiles
between the compounds (Geoffroy et al., 2022). While SAGE-718 has
modest PAM activity on GABA, receptors in vitro, at relatively high
concentrations (>1 uM), there was no evidence of a GABA, receptor-
driven EEG signal in the beta frequency band (Figure S5C; Althaus
et al., 2020; Mandema & Danhof, 1992), nor were there behavioural
signs of sedation, suggesting that GABA, receptors were not signifi-
cantly modulated at pharmacologically relevant SAGE-718 doses.
Combined with no secondary pharmacology hits on a broad binding
target panel or cardiac ion channel panel (Hill et al., 2022), our data
provide strong evidence that the behavioural and in vivo electrophysi-
ological effects of SAGE-718 are driven by on-target potentiation of
NMDA receptors.

SAGE-718 improved deficits in two preclinical models of NMDA
receptor hypofunction: enduring inhibition of NMDA receptors with
subchronic PCP administration and reduction of cholesterol and
24(S)-HC with AY9944 administration. Specifically, SAGE-718
increased Sl in rats that previously received subchronic PCP, reversing
deficits in behaviour produced by sustained NMDA receptor hypo-
function, a result comparable to other NMDA receptor PAMs (La
et al., 2019; Paul et al., 2013). Subchronic PCP administration is an

95UB917 SUOLLLOD aA a1 9|deol|dde ay) Aq peuseAob afe sopiLe VO ‘SN J0 S3|NJ 10 AleiqiTauljuQ 48]\ UO (SUONIPUOD-PpUe-SLLLIB)W0Y A3 | 1M Aleig 1 [puluo//SAny) SUONIPUOD pue Wi 1 au) 885 *[5202/90/5Z] Uo AriqiauliuQ A8|IM ‘SE29T Yda/TTTT 0T/I0p/wod A3 | Areiq i jputjuo sgndsda//sdny wouy pepeojumod ‘2 ‘v20Z ‘T8ES9L YT



BECKLEY ET AL.

1046 BRITISH
PHARMACOLOGICAL:
SOCIETY

established model of schizophrenia, in particular of the negative and
cognitive symptoms (G. Lee & Zhou, 2019), and prolonged inhibition
of NMDA receptors with PCP produces long-lasting neural maladap-
tations and concomitant cognitive deficits (Dawson et al., 2014;
Jenkins et al., 2008; McKibben et al., 2010). In Huntington's disease,
cognitive impairment can include deficits in social cognition, such as
recognition of emotions in response to facial and vocal stimuli, which
can precede the onset of motor symptoms (Bora et al., 2016; Cavallo
et al., 2022; Henley et al., 2012). Furthermore, in individuals with
Huntington's disease, 24(S)-HC levels are correlated with several cog-
nitive tasks, including negative emotional processing in the Eckman
faces task (Lewis et al., 2020). The impairment in social behaviour pro-
duced by persistent NMDA receptor hypofunction may be relevant to
a range of neuropsychiatric disorders with observable deficits in social
cognition, such as Huntington's disease.

Several disorders, including Huntington's disease and SLOS, are
characterized by cholesterol processing deficits (Kreilaus et al., 2016;
Leoni et al., 2011). In a model of cholesterol depletion, inhibition of
7-dehydrocholesterol reductase with AY9944 resulted in reduced
serum cholesterol levels and decreased plasma and brain 24(S)-HC
levels that were negatively correlated with electrophysiological and
behavioural changes. Cholesterol depletion reduces hippocampal
long-term potentiation (LTP) and deficits in hippocampal-dependent
learning (Chan et al., 2004), similar to animals lacking CYP46A1, the
enzyme that produces 24(S)-HC (Kotti et al., 2006). These deficits are
likely to be linked to NMDA receptor hypofunction, as CYP46A1
knockout mice have greatly reduced 24(S)-HC levels in brain and
attenuated synaptic NMDA receptor activity (Sun et al., 2016). Impor-
tantly, the alterations produced by AY9944 were reversed with
SAGE-718, suggesting that treatment with neuroactive steroid NMDA
receptor PAMs may have therapeutic benefit in diseases in which a
key pathophysiological feature is dysregulated cholesterol processing.

Alterations in cholesterol and 24(S)-HC levels, NMDA receptor
function and cognitive impairment are also evident in Parkinson's and
Alzheimer’s diseases (Dai et al., 2021; Gamba et al., 2021; Leoni
et al., 2013; Papassotiropoulos et al., 2000; Petrov & Pikuleva, 2019).
In Huntington's and Parkinson's diseases, mild cognitive symptoms
usually occur before the onset of motor disturbances (Marder
et al., 2000; Ross & Tabrizi, 2011). Most available therapies will allevi-
ate motor and psychiatric symptoms (Ross & Tabrizi, 2011), and there
is an urgent unmet need for therapeutic agents targeting early cogni-
tive impairment. In Huntington's disease, a reduction in 24(S)-HC can
be detected in early stages of disease (Leoni et al., 2013), and genetic
testing can confirm disease inheritance prior to any symptoms, provid-
ing an opportunity for early therapeutic intervention (Kacher
et al., 2022). By all measures we have undertaken, SAGE-718 modu-
lates NMDA receptors by a mechanism similar to that of 24(S)-HC
(Paul et al.,, 2013), so SAGE-718 may compensate for the loss of
24(S)-HC modulation of NMDA receptor activity. Further, because
of the role that NMDA receptors have been shown to play in neural
plasticity, SAGE-718 may improve cognitive impairment and poten-
tially slow cognitive decline associated with neurodegeneration
(Geoffroy et al., 2022). In Alzheimer’s disease, NMDA receptor

antagonists are used to reduce excitotoxicity and neuronal death,
which is thought to be due to extrasynaptic GIuN2B-containing
NMDA receptors (Hardingham et al., 2002; Q. Zhou & Sheng, 2013).
These compounds are likely also to block synaptic NMDA receptors,
limiting their use for improving cognitive function. Because NMDA
receptor PAMs such as SAGE-718 increase receptor activity only in
the presence of agonists, they should preferentially activate synaptic
receptors and limit excitotoxicity. Consistent with this idea, a
GluN2A-specific PAM has been shown to improve cognitive function
in preclinical models of Alzheimer’s disease (Hanson et al., 2020).

Excessive glutamatergic and NMDA receptor drive can produce
epileptogenic activity and excitotoxicity (Hanada, 2020), and some
compounds that have PAM activity against other glutamatergic recep-
tors, such as mGlus, have produced seizures in animal models (Yang
et al., 2016). The mechanism of SAGE-718 potentiation should mini-
mize excessive NMDA receptor drive because channel potentiation is
diminished when channels are already highly active, as in the presence
of maximal agonists or high 24(S)-HC levels. In the MEA assay, while
SAGE-718 increased firing rate and burst duration, it had no effect on
neural synchronization, an in vitro correlate of epileptiform activity
(Avoli & Jefferys, 2016). SAGE-718 did not alter the latency to tonic
or clonic seizures in the PTZ infusion assay at brain concentrations up
to 336 ng-g~!, which is at least 70-fold higher than the minimally
effective brain concentration in the PCP SI model. Furthermore, there
was no evidence of neurotoxicity in rats administered SAGE-718 once
daily for 6 months, and brain exposure at the NOAEL was estimated
to be over 300-fold higher than exposures required for efficacy in the
PCP SI model. These data provide compelling evidence that SAGE-
718 is safe and well tolerated and positively modulates NMDA recep-
tor activity in preclinical models of NMDA receptor hypofunction.

SAGE-718 increases the activity of NMDA receptors via a mecha-
nism similar to that of 24(S)-HC and under conditions of reduced
receptor activation, whether due to submaximal agonist concentra-
tions or NMDA receptor hypofunction. Positive modulation of NMDA
receptor activity rescued Sl deficits due to NMDA receptor hypofunc-
tion and changes in EEG activity due to acute NMDA receptor block.
Given the role of NMDA receptors in neuronal plasticity and memory
formation, SAGE-718 may improve cognitive impairment in patients
with neurodegenerative diseases and other behavioural deficits due
to NMDA receptor hypofunction and potentially afford a novel treat-
ment for a number of debilitating diseases. Currently, SAGE-718 has
received Fast Track Designation by Food and Drug Administration
(FDA) and Orphan Drug Designation by the European Medicines
Agency for treatment of cognitive deficits in Huntington's disease and
is being investigated clinically (NCT05107128). Modulation of NMDA
receptors with SAGE-718 may therefore be a promising new therapy
for treating cognitive impairment associated with a variety of neuro-
degenerative diseases.
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