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Abstract

Beginning at early stages, human Alzheimer’s disease (AD) brains manifest hyperexcitability,
contributing to subsequent extensive synapse loss, which has been linked to cognitive dysfunction.
No current therapy for AD is disease-modifying. Part of the problem with AD drug discovery

is that transgenic mouse models have been poor predictors of potential human treatment. While

it is undoubtedly important to test drugs in these animal models, additional evidence for drug
efficacy in a human context might improve our chances of success. Accordingly, in order to

test drugs in a human context, we have developed a platform of physiological assays using
patch-clamp electrophysiology, calcium imaging, and multielectrode array (MEA) experiments on
human (h)iPSC-derived 2D cortical neuronal cultures and 3D cerebral organoids. We compare
hiPSCs bearing familial AD mutations vs. their wild-type (WT) isogenic controls in order to

Users may view, print, copy, and download text and data-mine the content in such documents, for the purposes of academic research,
subject always to the full Conditions of use:http://www.nature.com/authors/editorial_policies/license.html#terms

T Corresponding Author: Stuart A. Lipton, MD, PhD, Scripps Research, 11119 North Torrey Pines Road, Suite 125, La Jolla, CA
92037, USA. Phone Number: (858) 242-1385; Fax number: (858) 242-1384; slipton@scripps.edu.

Present Address: National Institute on Aging, NIH, Bethesda, MD 20892, USA.
Author contributions: S.G., M.T., and S.A.L. designed the experiments, performed data analysis, and wrote the manuscript. S.G. and
M.T. performed electrophysiology, calcium imaging, and data analysis. R.G and B.V performed 1/f analysis on calcium imaging data.
N.D., S.G., D.T., A.S. and R.A prepared hiPSCs, performed molecular/biochemical experiments, and helped with data analysis. S.G.
and Y.W. prepared cerebral organoids and performed immunostaining. E.M., H.S. and T.N. performed and analyzed the transgenic AD
mouse experiments.

Competing interests: The authors declare that S.A.L. is an inventor on worldwide patents for the use of memantine and
NitroSynapsin for neurodegenerative and neurodevelopmental disorders. Per Harvard University guidelines, S.A.L. participates in

a royalty-sharing agreement with his former institution Boston Children’s Hospital/Harvard Medical School, which licensed the drug
memantine (Namenda®) to Forest Laboratories, Inc./Actavis/Allergan, Inc. NitroSynapsin is licensed to EuMentis Therapeutics, Inc.
The other authors declare no financial conflicts of interest.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Ghatak et al. Page 2

characterize the aberrant electrical activity in such a human context. Here, we show that these

AD neuronal cultures and organoids manifest increased spontaneous action potentials, slow
oscillatory events (~1 Hz), and hypersynchronous network activity. Importantly, the dual-allosteric
NMDAR antagonist NitroSynapsin, but not the FDA-approved drug memantine, abrogated this
hyperactivity. We propose a novel model of synaptic plasticity in which aberrant neural networks
are rebalanced by NitroSynapsin. We propose that hiPSC models may be useful for screening
drugs to treat hyperexcitability and related synaptic damage in AD.

Introduction

In human brains, neuronal hyperactivity is an early phenotype of Alzheimer’s disease (AD),
contributing to memory impairment and cognitive decline. Both sporadic (S) and familial (F)
AD patients show aberrant, hypersynchronous electrical activity at the initial stages of the
disease [1, 2]. Early-onset FAD, caused by genetic mutations in presenilin (PSEN or PS) 1/2
or amyloid precursor protein (APP) genes, increases amyloid-p (Ap) peptide levels, which
have been shown to contribute to hyperexcitability in cortical and hippocampal circuits
[3-5]. FAD patients also show an increased propensity for seizures [6]. Moreover, both AD
transgenic mouse models and human SAD patients manifest synaptic dysfunction leading to
epileptic discharges [7-9].

While AD transgenic animal models have proven useful in studying important aspects of the
disease, alone they have been of little predictive value in testing potential therapeutics for
humans [10]. In part, this may have occurred because drugs often exhibit unique properties
when tested on a human genetic background [10, 11]. Therefore, in the present study, we
study the effects of potential therapeutic drugs on human induced pluripotent stem cell
(hiPSC)-derived neurons in order to monitor pathophysiologically-relevant phenotypes in

a ‘human context.” We do this in the presence of AD patient-specific genetic mutations

in these hiPSC-derived neurons vs. wild-type (WT) isogenic controls. Along these lines,

we recently showed AD hiPSC-derived neuronal cultures and cerebral organoids compared
to isogenic controls manifest ion channel dysfunction, dystrophic neurites, and synaptic
damage in the face of elevated levels of Ap in many ways similar to human AD brain [12].
Thus, these hiPSC-based models complement those provided by AD transgenic mice. Based
on our results, we propose that concordance between transgenic mouse and hiPSC-based
models in proper disease context may provide a more sound basis for moving forward with a
novel therapeutic toward human clinical trials.

Although reductionist preparations such as hiPSC-based cultures may not be able to
replicate every feature of the abnormal circuits in AD brains, our 2D neuronal cultures

and 3D cerebral organoids contain both excitatory cerebrocortical neurons and inhibitory
interneurons, and our cerebral organoids manifest cortical-like layer formation. Both our 2D
neuronal cultures and 3D cerebral organoids exhibit neural network activity. For example,
the hiPSC-derived neurons display slow (theta range) oscillations [12], which are known to
spatially and temporally modulate cortical interactions as the travelling waves of the human
cortex [13]. Furthermore, we observe similar network abnormalities as have been described
in human AD brain EEGs in both our AD hiPSC-derived neuronal cultures and cerebral
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organoids with regard to aberrant excitatory bursting, hypersynchronicity, and increased
slow spontaneous fluctuations [14-16].

In terms of potentially treating this abnormal electrical activity in AD brains, prior

studies have shown that hyperactivity of extrasynaptic NMDA-type glutamate receptors
(eNMDARS) plays a critical role in synaptic damage in Alzheimer’s disease [5, 17].

The aminoadamantane compound, memantine, is an uncompetitive, fast-off rate NMDAR
antagonist, is an FDA approved drug for AD that acts as an open channel-blocker

of NMDAR-associated channels, thus inhibiting excessive eNMDAR activation to some
degree [18-20]. However, memantine has limited symptomatic effects on the disease.
Therefore, our group developed a dramatically improved derivative of memantine designated
NitroSynapsin (a.k.a YQW-036 in a series of drugs known as NitroMemantines) [5, 18,

21]. NitroSynapsin is a chemical adduct between an aminoadamantane moiety and a nitro
group. Unlike memantine, NitroSynapsin acts as a dual-allosteric antagonist of eNMDARs,
with the aminoadamantane, which binds in the ion channel, serving to target the nitro

group to redox-modulatory/inhibitory sites on the extracellular surface of the receptor

via S-nitrosylation. In animal models, the new dual functional drug is dramatically more
efficacious than memantine in protecting synapses from neurodegenerative insult, providing
synaptic protection virtually to control levels after a three-month treatment in the 3xTg AD
transgenic mouse model [5, 18].

Nonetheless, heretofore it was not known whether NitroSynapsin could decrease the
hypersynchronous neural network activity that has been associated with seizures and
synaptic damage in a human context. Therefore, in the present study, we examined the
effect of NitroSynapsin on these parameters in hiPSC lines bearing AD-related mutations.

Materials and methods

hiPSC lines used in this study

We used PSEN1 M146V/WT and APPSWe/WT hiPSC lines and the associated WT isogenic
control [22], as well as the PSEN1 AE9/WT-hiPSC line and its WT isogenic control [23].
HiPSC lines were authenticated by DNA sequencing using primer sequences supplied by the
laboratories generating these lines. The hiPSC lines were regularly tested for mycoplasma
contamination using MycoAlert Plus kit (Lonza) and tested negative in each instance.

hiPSC maintenance and differentiation

Differentiation of hiPSCs was performed using standard protocols for generating
cerebrocortical neurons [5]. Briefly, feeder-free hiPSCs cultured on Matrigel in mTeSR 1
medium (StemCell Technologies) were induced to differentiate by exposure for one week

to a cocktail of small molecules: 2 uM each of A83-01, Dorsomorphin, and PNU74654 in
DMEM/F12 medium supplemented with 20% Knock Out Serum Replacement (Invitrogen).
Cells were then scraped manually to form PAX6" neurospheres and maintained for 2 weeks
in DMEM/F12 medium supplemented with N2 and B27 (Invitrogen) and 20 ng ml~1 of basic
FGF (R&D Systems). Subsequently neurospheres were seeded on polyornithine/laminin-
coated dishes to form rosettes of human neural progenitor cells (hNPCs) that were manually
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picked and expanded. For terminal differentiation into neurons, a 1:1 ratio of hNPCs and
neonatal mouse astrocytes were seeded onto polyornithine/laminin-coated glass coverslips
in DMEM/F12 medium supplemented with B27, N2, GDNF (20 ng mI~1) and BDNF (20
ng mi~1) (Peprotech), and 0.5% FBS (Invitrogen). Prior to electrophysiology experiments,
cells at week 3 of terminal differentiation were switched to BrainPhys medium (StemCell
Technologies), and experiments were conducted after a total of 5-6 weeks of differentiation.
Our protocol produced 8-15% inhibitory neurons, as monitored by immunocytochemistry
with anti-GABA antibody.

Cerebral organoid culture preparation

Differentiation of hiPSCs to generate cerebral organoids was performed using a cerebral
organoid kit (StemCell Technologies) and by following the manufacturer’s instructions.
Embryoid bodies with neuroepithelial buds (newly formed organoids) formed after 10
days of the differentiation protocol were transferred to maturation media for development
of cortical-like layers and other more mature phenotypes. The age of the organoids was
determined from the day they were placed in maturation medium. By 8 weeks of age, we
observed the formation of cortical-like layers. Cerebral organoids were maintained on an
orbital shaker until used in experiments.

Electrophysiology and pharmacology

Whole-cell recordings were performed using internal solution (in mM): K-gluconate, 120;
KCI, 5; MgCl,, 2; HEPES, 10; EGTA; 10; Mg-ATP, 4; pH 7.4 and mOsm 290. The

external solution was Ca?* and Mg?*-free Hank’s Balanced Salt Solution (HBSS; GIBCO)
with added CaCl,, 2 mM; HEPES, 10 mM; glycine, 20 uM; pH 7.4. All recordings were
performed using a Multiclamp 700B amplifier (Molecular Devices) at a data sampling rate
of 2 kHz with a Digidata 1440A (Molecular Devices). Voltage-clamp and current-clamp
protocols were applied using Clampex v10.6 (Molecular Devices). Preliminary analysis

and offline filtering at 500 Hz were achieved using Clampfit v10.6 (Molecular Devices).
Agonist-induced currents (glutamate-evoked and GABA-evoked) were recorded by applying
agonist via a rapid gravity-flow, local superfusion system with electronically-controlled
solenoid valves. In general, recordings were obtained at a holding potential of =70 mV

in the nominal absence of extracellular magnesium and in the presence of 20 uM glycine
(all chemicals from Sigma) and tetrodotoxin (TTX, 1 uM, Hello Bio) was added to inhibit
sodium channels and thus action potential-mediated spontaneous transmission. The internal
solution for these recordings was (in mM): CsCl, 135; MgCls, 2; HEPES, 10; EGTA, 1,
Mg-ATP, 4; pH 7.4 and mOsm 290. After obtaining a stable seal for whole-cell recording,
NMDAR antagonists (50 UM p-(2R)-amino-5-phosphonovalerate [APV, Tocris], 5-10 uM
memantine hydrochloride [Sigma] or 5-10 uM NitroSynapsin [aka YQW-036 or NMI-6979,
Panorama Research, Inc., Sunnyvale, CA]) were applied to assess the degree of inhibition of
glutamate-evoked currents.

Immunocytochemistry of neuronal cultures and cerebral organoids

For 2D neuronal cultures, cells were fixed with 4% paraformaldehyde (PFA) for 20 min,
washed with PBS, and blocked with 3% BSA/0.3% Triton X-100 in PBS for 30 min. Cells
were incubated with primary antibody overnight, and the appropriate Alexa Fluor (488, 555,
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647) conjugated secondary antibody was used at a 1:1000 dilution. Primary antibodies and
dilutions were as follows: Tujl (1:200; Abcam, Cat. #ab41489), FOXG1 (1:250; Abcam,
Cat. #ab18259), GABA (1:100, Sigma, Cat. #A2052). Cells were counterstained with DAPI
(1:500; Invitrogen, Cat. #D1306).

For cerebral organoids, after 2 months of development, cells were fixed in 4% PFA at

4 °C overnight followed by serial incubation in 15% and 30% sucrose/PBS overnight.

Fixed organoids were embedded in tissue freezing medium (General Data) and flash frozen
with isopentane and liquid nitrogen and stored at —80 °C. Frozen organoids were mounted
in optimal cutting temperature (OCT) compound and sectioned at 20-um in a cryostat.
Sections were stained with antibodies to Ctip2 (1:200; Abcam, Cat. #ab18465), Thr2 (1:300;
Abcam, Cat. #ab23345), Nestin (1:200; Abcam, Cat. #ab22035), Tuj1 (1:200; Abcam, Cat.
#ab41489), or AP peptide (1:2000; BioLegend, Cat. #803001), GABA (1:100, Sigma, Cat.
#A2052) and imaged with a Nikon Al laser scanning confocal fluorescence microscope by
an observer blinded to the experimental group.

Calcium Imaging.—Two methods for calcium imaging in neurons were used in these
studies.

a) Fura-2 AM Calcium Imaging.: For quantification of intracellular calcium
concentrations, we used the ratiometric dye Fura-2. In brief, hiPSC derived cortical neurons
were incubated for 30 min in a loading solution containing HBSS with the following
additions: CaCl,, 2 mM; MgCl,, 1 mM; Fura-2 AM (Life Technologies), 5 uM; pluronic
acid, 0.05% (Life Technologies); HEPES, 10 mM; pH 7.4. The cells were subsequently
washed with Ca/Mg-containing HBSS and incubated at RT for 20 min for de-esterification.

Fura-2-based measurements of intracellular calcium were performed using a Lambda DG4
(Sutter Instruments) with an optimized Fura-2 filter set for the 340/380 nm excitation ratio.
Images were collected using a CCD camera on a Zeiss Axiovert 100M microscope with

a 63X oil objective; exposure time 100 ms. Images were obtained from randomly selected
fields of comparable cell density. For determination of intracellular calcium levels, several
regions of interest (ROI) of equal area were analyzed using MetaFluor software (Molecular
Devices). Values for Fura-2 AM imaging were calculated as ratios of fluorescence recorded
at 340 nm and 380 nm for each ROI.

b) Fluo-4 AM Calcium Imaging.: For monitoring the relative change in intracellular
calcium concentration vs. time at high video-rate resolution, the non-ratiometric dye fluo-4
(Life Technologies) was used to allow for better temporal resolution than possible with
fura-2. In brief, hiPSC-derived cortical neurons were incubated for 1 hour at RT in a
loading solution containing HBSS plus: CaCl,, 2 mM; MgCl,, 1 mM; fluo-4AM, 8 uM;
pluronic acid, 0.05%; HEPES, 10 mM; pH 7.4. The cells were subsequently washed with
Ca/Mg-containing HBSS and incubated at RT for 1 hour for de-esterification.

To monitor fluo-4 fluorescence changes, we excited at 480 nm, imaged using a 40X
oil objective and analyzed with MetaMorph software (Molecular Devices). The exposure
time for recording spontaneous calcium transients was 30 ms, and images were captured
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at 33 frames per second. Images were of randomly selected fields of comparable cell
density. Changes in intracellular calcium from baseline (Fp) to peak fluorescence (AF) were
expressed as fractional changes above baseline (AF/Fg). Events with AF/F rise times of
<500 ms were considered neuronal transients; most of these transients had rise times of
100-200 ms [24]. Neurons could be distinguished from astrocytes morphologically and by
their responses to NMDA. To verify this identification, in some cases immunostaining was
used for class 11 B-tubulin (Tujl) or microtubule associated protein 2 (MAP2) to identify
neurons and glial fibrillary associated protein (GFAP) or S100 for astrocytes. To study
the contribution of various receptors to spontaneous calcium activity, we applied specific
inhibitors: APV for NMDARs, 6,7-dinitroquinoxaline-2,3-dione (DNQX, Hello Bio) for
non-NMDARs, and bicuculline (Tocris) for GABAARS.

Movies of the fluo-4 calcium imaging were prepared at 500 frames per second using ImageJ
(NIH).

Oscillatory spectral power analysis

All spectral analyses were performed with custom MATLAB (MathWorks) code. The
calcium imaging recordings were acquired at a sampling rate of 33, 50, or 55 Hz, and
linearly detrended (detrend.m). Power spectral densities (PSDs) for each dataset were
computed using Welch’s method (pwelch.m, 10-second window, 8-second overlap), and
standardized across recordings by removing (dividing through) the high-frequency 1/f
baseline (5-15 Hz). Finally, low-frequency power was computed by summing the log
power from 0.2-1 Hz and averaged across groups (WT vs. AD). To compare results pre-
and post-NitroSynapsin and bicuculline application, the power ratio was computed at each
frequency, and low-frequency power subsequently logged and summed.

Code availability

Custom MATLAB (MathWorks) code used for oscillatory spectral power analysis is
available online for public use.

Multielectrode array (MEA) recording

For MEA recordings, cells were plated as described above on CytoView 12 well

plates (Axion Biosystems) coated with 0.1% polyethyleneimine (PEI). Experiments were
conducted after 5-6 weeks of hiPSC differentiation. For MEA recordings of cerebral
organoids, 6-week-old organoids were plated on CytoView 12-well plates coated with 0.1%
polyethyleneimine (PEI) and laminin (10 pg/ml). Recordings were performed in BrainPhys
medium at 37 °C using the ‘neural spikes analog mode’ setting with a sampling frequency of
12.5 kHz at baseline (prior to) and after 5 uM NitroSynapsin treatment (Axion Biosystems
Maestro Axis Software version 2.4.2) on a Maestro MEA (Axion Biosystems). For firing
frequency calculations, an electrode was considered active if it displayed >5 spikes per min.
A network burst was characterized by a minimum of 25 electrodes displaying >10 spikes
per electrode at an inter-spike interval of <100 ms. Network burst frequency was defined

as total number of network bursts divided by duration of analysis expressed in Hz. For
determining synchronous firing, windows of 20 ms duration were analyzed. A synchrony
window is defined as the window of time around zero that is used to compute the area under
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the cross-correlation curve. Synchrony index is defined as a unitless measure of synchrony
between 0 and 1 derived from well-wide, pooled interelectrode cross-correlation. Values
closer to 1 indicate higher synchrony.

AD transgenic mice

All animal procedures were approved by the IACUC at Sanford Burnham Prebys Medical
Discovery Institute, University of California, San Diego, or The Scripps Research Institute.
For animal studies, age- and sex-matched mice were randomly chosen and assigned to

the various experimental treatment groups. hAPP-J20 mice express a transgene encoding
pathogenic human APP (with Swedish and Indiana mutations), producing a high-level of
AP42 peptide. hAPP-J20 AD mice (or WT littermate controls) were treated with vehicle
(V), memantine (M) or NitroSynapsin (N) starting at 90 days of age, a time when they are
beginning to display abnormal phenotypes. Initial treatment was an equimolar loading dose
(20 mg/kg M; 28 mg/kg N) followed by twice daily equimolar maintenance doses (1 mg/kg
M; 1.4 mg/kg N) for 3 months.

Immunohistochemistry of mouse brain

Immunohistochemistry was performed on hAPP-J20 AD mouse brains and compared to
WT littermate controls. Brains were fixed in freshly prepared 4% PFA and cut into 40
um-thick vibratome sections. Immunolabeling was performed using mouse monoclonal
antibodies against neuronal-specific proteins: microtubule associated protein 2 (MAP2,
1:100; Millipore) and synaptophysin (1:500; Millipore). After overnight incubation with
primary antibody, sections were incubated with Texas red or FITC-conjugated horse
anti-mouse 1gG secondary antibody (1:75; Vector Laboratories) and mounted with anti-
fading media (\Vector). Immunosignals were analyzed by quantitative immunofluorescence
using blind-coded sections, serially imaged on a laser-scanning confocal microscope, and
quantified using NIH Image 1.43 software. At least three sections for each brain and four
fields for each section were analyzed in each brain area.

Biotin-switch assay for detection of S-nitrosylated proteins

Five to eight-month-old hAPP-J20 mice were administered intraperitoneal NitroSynapsin
(1.4 mg/kg) every 12 hours for 5 days to approximate steady-state [5, 18, 21]. Between 6-
to-12 hr after the final injection, the mice were anesthetized and transcardially perfused with
saline solution. Mouse brains were then collected, snap-frozen, and stored at —80 °C until
assayed. Biotin-switch assay was performed on lysates prepared as previously described
[25-27] to detect S-nitrosylation of the NMDAR or off target proteins. S-Nitrosylation of
the principal subunit of the NMDAR, GluN1, was detected with subunit-specific antibodies.
In brief, brain tissue samples were homogenized in 0.5 mL HEN buffer (100 mM Hepes

pH 7.2, 1 mM EDTA, 0.1 mM neocuproine) with 1% Triton X-100 and 0.1% SDS. A

total of 500 pug of protein per sample was used for the assay. Free thiol groups were

blocked by incubation with 2 mM S-methyl methanethiosulfonate (Millipore-Sigma) for

20 min at 42°C. Cell extracts were then precipitated with acetone and resuspended in

HEN buffer with 1% SDS. S-Nitrosothiol groups were then selectively reduced with 50
mM ascorbate to free thiols, which were subsequently biotinylated with 1 mM biotin

HPDP WS (Dojindo Molecular Technologies). The biotinylated proteins were pulled down
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with high-capacity NeutrAvidin-agarose beads (Thermo Fisher Scientific) and analyzed by
immunoblotting. Total and S-nitrosylated (SNO-)GIuN1 were detected with anti-GIuN1
antibody (Cell Signaling Technology, rabbit monoclonal Cat #5704). For quantification of
immunoblots, images were scanned with a LICOR Odyssey CLx imaging system. Total
protein as a loading control was also quantified by standard immunoblot analysis. Results
were expressed as the ratio of SNO-GIuN1 to total GIuN1 protein.

Data analysis and statistics

Results

We used 3-5 independent sets of neuronal cultures from separate differentiations and 4
independent groups of cerebral organoids from separate differentiations for patch clamp,
calcium imaging, and MEA recordings. Sample size was determined from prior power
analyses based on prior data obtained in our laboratory. All data was acquired by an
investigator blinded to the sample groups. Data are presented as mean + SEM. Statistical
analyses were performed using GraphPad Prism software. Statistical significance was
determined by a two-tailed unpaired Student’s t-test for single comparisons, by a two-tailed
ANOVA followed by a post-hoc test for multiple comparisons, or by a Sidak’s test corrected
for multiple comparisons between selected pairs. Statistical significance was determined

by one-sample t-test for comparison of the mean log power before vs. after application of
bicuculline; this test was run separately for WT and AD neurons. A p value < 0.05 was
considered to be statistically significant. In general, the variance was similar between groups
being compared. No samples or data were excluded from the analysis.

NitroSynapsin abrogates AD neuronal hyperexcitability

We studied AD hiPSC-derived cerebrocortical neuronal cultures with one allele bearing
the PS1 AE9 mutation (AE9/WT), PS1M146V mutation (M146V/WT), or APPSWe
mutation (APPSWE/WT) vs. WT/WT isogenic controls. Within 5 weeks of culture and
continuing thereafter, AD hiPSC-derived neurons displayed the forebrain marker, FOXG1
(Supplementary Fig. 1a). In addition to excitatory neurons, our hiPSC-derived neuronal
cultures contained 5-10% GABAergic interneurons (Supplementary Fig. 1b). We first
investigated neuronal excitability at the single-cell level during patch-clamp recordings and
found a 2-3-fold increase in the frequency of spontaneous action potentials in AD neurons
compared to WT isogenic controls (Fig. 1a, b, Supplementary Fig. 2a, b). Notably, the
majority of neurons reported in this study were excitatory based on the fact that very few
neurons stained positively with anti-GABA antibody (Supplementary Fig. 1b).

Considering ligand-gated currents, we found glutamate-evoked current density in whole-cell
recordings to be ~2.5-fold greater in AD neurons versus WT (Fig. 1c, d, Supplementary
Fig. 2c, d). A maximally effective concentration of the NMDAR antagonist APV (50 uM)
inhibited 75-80% of the glutamate-induced current in both PS1 mutant AD neurons and

in WT isogenic neurons (Supplementary Fig. 2e, f). However, the improved eNMDAR
antagonist NitroSynapsin (e.g., at 10 uM) blocked 50-80% but only ~20% of the AD
mutant and WT isogenic currents, respectively (Fig. 1e, f, Supplementary Fig. 2g, h). The
NMDAR antagonist approved by the FDA for treatment of AD, memantine (at 5 or 10
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uM), manifested a significantly smaller effect than NitroSynapsin at blocking the increased
glutamatergic currents manifested by AD mutant neurons (Fig. 1e, f, Supplementary

Fig. 2g, h). These drug concentrations were chosen from our previously published dose-
response curves for both memantine and NitroSynapsin, which found that the 10 uM
concentration was maximally potent for each, with NitroSynapsin manifesting greater
efficacy, i.e., reaching greater percent inhibition [5, 18-20, 28-30]. As we had demonstrated
previously, an important feature of both of these uncompetitive aminoadamantane NMDAR
open-channel blockers is their ability to relatively spare smaller/physiological glutamatergic
currents (e.g., phasic synaptic activity), while inhibiting larger/pathological responses (e.g.,
tonic extrasynaptic activity) [5, 17, 19, 20, 26, 31, 32]. Accordingly, in contrast to their
effect on AD neurons, in the present study we observed only a minor degree of blockade of
the smaller, glutamate-induced currents of the WT isogenic neurons treated with memantine
or NitroSynapsin (Fig. 1e, f, Supplementary Fig. 2g, h).

We also observed a decrease in the magnitude of maximal GABA-evoked currents in AD
neurons compared to WT isogenic neurons (Supplementary Fig. 2i, j). This is in agreement
with prior studies reporting decreased GABA-evoked currents in membranes from AD
human brains due to loss of functional GABA receptors [33].

Aberrant glutamate-related responses monitored with Ca2* imaging

Similar to glutamate-evoked current responses, using the calcium indicator fluo-4, we
observed a 2.5-fold increase in glutamate-evoked Ca2* levels in AD neurons compared to
WT isogenic controls (Fig. 2a, b, Supplementary Fig. 3a, b). To permit better estimates

of absolute intracellular calcium levels [Ca2*]; during the resting state, we used the
ratiometric calcium indicator fura-2, and found significantly higher basal [Ca2*]; in AD
hiPSC neurons and in contiguous astrocytes than in their WT isogenic control cultures (Fig.
2c, d, Supplementary Fig. 3c, d). We had previously shown that exogenously applied ABa4»
oligomers increased [CaZ*]; in WT neurons and astrocytes [5]. Thus, the known increase in
AP inour AD hiPSC cultures [22, 23] may account for the elevated basal [Ca2*]; that we
observed here. Moreover, recent studies using calcium imaging on mouse brain also reported
an increase in basal activity after application of human AR dimers [34], providing in vivo
validation for our approach with hiPSC-based models.

Additionally, AD hiPSC-derived neuronal cell bodies displayed a 2—3-fold increase in
spontaneous Ca2* transients compared to WT neurons. In this case, we monitored calcium
with fluo-4, which was used instead of fura-2 to enhance temporal resolution of the signal
(Fig. 2e, f, Supplementary Fig. 3e, f, Supplementary Movies 1 and 2). One possible
explanation for the elevated calcium levels under these conditions is Ap-induced inhibition
of glutamate re-uptake or increased release from astrocytes as well as neurons, which in
turn promotes hyperactivity in the neurons, as discussed previously [4, 5, 29, 34, 35]. In
support of aberrant glutamate release, we found that application of 50 nM tetanus toxin
[36], which is known to inhibit vesicular release, abrogated the increase in spontaneous
calcium transient activity in PS1 mutant AD hiPSC neuronal cultures (Supplementary Fig.
39, h). The preventive action of tetanus toxin also indicates that the observed aberrant
activity did not occur merely because of agonal glutamate release, for example during cell
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death, reinforcing the fact that this aberrant activity represents a true pathophysiological
phenotype of the mutant AD cells. We also found that 1 uM TTX could significantly
inhibit spontaneous calcium transients in both AD and WT neuronal cultures, suggesting
that the calcium responses were dependent, at least in part, on the spontaneous, sodium
channel-mediated action potentials in the neuronal network (Supplementary Fig. 4a, b).

In addition to NMDARs, AMPA receptors (AMPARS) are also implicated in the
pathogenesis of AD [37, 38]. Therefore, to ascertain the contribution of AMPARS in the
aberrant activity of AD cultures, we treated our AD and WT cultures with 20 uM DNQX,

a non-NMDAR antagonist. DNQX significantly inhibited the calcium responses in both

AD and WT cultures, suggesting that AMPARSs play a role in mediating this neuronal
activity (Supplementary Fig. 4c—e). However, the decrease in both calcium transient
frequency and intracellular calcium levels was significantly greater with maximally-effective
concentrations of APV than with DNQX in the AD neurons, suggesting a greater
contribution of NMDARs than AMPARSs to the pathological hyperactivity observed in AD
(Supplementary Fig. 4c—-e). AMPARs may be important, for example, to glutamate-mediated
depolarization of the neuronal membrane, thus relieving Mg?* block of NMDARS to allow
calcium entry via their receptor-operated channels.

NitroSynapsin normalizes calcium network signaling in AD hiPSC-derived neurons

Compared to equimolar memantine, we found that NitroSynapsin abrogated to a
significantly greater degree not only the spontaneous bursts of calcium transients, but also
the increased basal neuronal calcium levels in AD cultures (Fig. 3a—e, Supplementary Movie
2). In contrast to the effect of these drugs on AD neurons, we found no significant difference
between basal calcium levels in WT neurons before or after exposure to either 5 pM
NitroSynapsin or equimolar memantine (Fig. 3a—e, Supplementary Movie 1).

Analysis of the power spectrum of the spontaneous calcium transients revealed bursts of low
frequency events (<1 Hz) in both WT and AD cultures (Fig. 3f). Additionally, in a subset

of the cultures, we observed theta (~6 Hz) oscillations (Fig. 3f), which are known to arise
spontaneously in both normal and AD human brains [13]. Such spontaneous synchronous
events are known to reflect dynamic excitatory/inhibitory (E/1) balance in the network

and contribute to very slow oscillations that constitute the default activity pattern of the
cortical network observed in vivo [39, 40]. The peaks of spontaneous calcium transients in
actively firing neurons coincide with the “up-state’ of these slow oscillations, and the silent
troughs coincide with the ‘down-state.” Greater spontaneous calcium transients would mean
up-state elongation and down-state shortening, potentially causing network dysfunction

and contributing to dynamic E/I imbalance [39, 40]. We found significantly greater power
(corresponding to amplitude) of spontaneous calcium transients in the 0.2-1 Hz range in
hiPSC-derived AD cultures, indicative of a disrupted and hyperexcitable cortical network
(Fig. 3f, g). Of potential therapeutic importance in correcting E/I imbalance, application of
5 UM NitroSynapsin reduced the low frequency power to a far greater degree in AD cultures
than in WT (Fig. 3h).

Next, we studied the contribution of inhibitory neurons to the low frequency power in
AD cultures. Interestingly, we did not find a change in the low frequency power in AD
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cultures in the presence of 50 uM bicuculline (BIC, a selective GABA receptor antagonist).
Nonetheless, BIC did significantly increase the low frequency power in WT cultures,
suggesting a greater role of inhibitory neurons under WT conditions (Supplementary Fig.

4f, i). Accordingly, although BIC significantly increased the calcium transient frequency and
intracellular calcium levels in AD neurons, the increase was much greater in WT neurons
(Supplementary Fig. 4f-h), consistent with the recently-reported decrease in inhibitory drive
in AD mutant hAPP knock-in mice compared to WT [41].

NitroSynapsin corrects hypersynchrony in AD neurons and cerebral organoids

Interestingly, we also observed hypersynchronous burst activity among neurons at the
network level in AD cultures during multielectrode array (MEA) recordings. In AD cultures
compared to WT, network burst synchrony, frequency, and mean firing rate within a burst
were all significantly increased 2-8 fold (Fig. 4a—f). Such synchrony has previously been
attributed, at least in part, to astrocytic release of glutamate [42, 43], which occurs in
response to AR oligomer exposure [5]. NitroSynapsin decreased this aberrant activity

in a concentration-dependent manner (Fig. 4a—f, Supplementary Fig. 5a—€). Importantly,
NitroSynapsin (5 pM) normalized the dramatically increased firing frequency, network burst
frequency and synchrony of AD cultures to a level similar to that of WT cultures (Fig.

4a—f, Supplementary Fig. 5a—€). Moreover, treatment with 5 uM NitroSynapsin manifested
no significant effect on spike rate or network activity in the WT cultures (Fig. 4a, d—f,
Supplementary Fig. 5a—e).

Additionally, we studied AD-related hyperactivity in M146V/WT, APPSWe/WT, and WT/WT
hiPSC-derived 3D cerebral organoids. These organoids manifested reproducible cortical-
like layer formation and contained mature GABAergic interneurons under our conditions
(Fig. 5a, Supplementary Fig. 6b). We found an increase in AR immunostaining, and
electrical activity in AD organoids compared to WT (Fig. 5b, ¢, Supplementary Fig. 6a).
Similar to our 2D cultures, AD organoids showed increased network burst frequency and
firing synchrony compared to WT (Fig. 5b, e, f). Conventional NMDAR blockers like

APV prevented the hyperactivity, showing that it is caused by dysregulation of NMDA.-
type glutamate receptors (Supplementary Fig.7); NitroSynapsin (10 pM) normalized the
excessive mean firing rate, network burst frequency, and firing synchrony of the AD
organoids, while having minimal effect on WT organoids (Fig. 5b—f). In contrast, equimolar
memantine was not effective in decreasing the hyperactivity (Fig. 5b—f).

NitroSynapsin rescues dendritic circuits and synaptic damage in mouse AD models in vivo
while targeting the nitro group to the NMDAR

Previously, we had reported that NitroSynapsin at similar micromolar concentrations can
protect synapses, preserve plasticity circuits, and improve memory in the triple transgenic
AD mouse model (3xTg-AD), which harbors the PSIM146V, APPSWe, and tau(P301L)
transgenes [5, 44]. Since in the current study we used hiPSC-derived AD neuronal cultures
manifesting increased AP [12], we wanted to test the effect of NitroSynapsin in a transgenic
mouse model with similar findings, e.g., with genetic alteration in hAPP alone. Thus, we
used hAPP-J20 AD mice, which bear the APPSWe/APPINd transgenes [45] and are known to
display excessive excitability [46]. We found that treatment with NitroSynapsin protected
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dendritic networks and presynaptic endings in the hAPP-J20 AD mice (Supplementary
Fig. 8a—d). These data are consistent with our previous findings that, mechanistically, this
damage is predominantly due to excessive NMDAR activity [5].

Aminoadamantanes are known to inhibit excessive NMDAR activity via uncompetitive,
open-channel block. Additionally, we previously reported that NitroSynapsin target a nitro
group to redox-active/inhibitory sites on the NMDAR via a chemical reaction known as
S-nitrosylation, while avoiding off-target nitrosylation [26]. To prove targeting empirically
in AD transgenic mice, we performed biotin-switch assays to assess the presence of an
‘NO group’ on GIuN1, the principal subunit of the NMDAR, in hAPP-J20 mouse brain
after treatment with NitroSynapsin. Notably, diseases associated with increased RNS, such
as AD transgenic mice, would be expected to show somewhat increased nitrosylation of
the NMDAR compared to WT littermate controls, and we found that to be the case here.
Importantly, however, treatment with NitroSynapsin significantly increased S-nitrosylation
of the NMDAR over basal levels, and this effect lasted at least 6-12 hours after the last dose
of drug (Supplementary Fig 8e, ).

Discussion

hiPSC-derived neurons/organoids model hyperactivity in human AD

Although in vitro systems cannot be expected to simulate all of the complex characteristics
of a neurodegenerative disorder such as AD, we reasoned that hiPSC models might allow us
to study aspects of the electrical properties of AD neurons in a human context. The fact that
our cultures manifest complex in vivo neural network properties similar to those recently
reported in living mouse models of oligomeric Ap-induced activity [34] gave us confidence
that the system might faithfully recapitulate at least some of the features of the disease state.
Additionally, after differentiating the hiPSC-derived neurons for ~5 weeks, they showed
stable, mature phenotypes, allowing us to examine early aspects of the disease in the cells
that bear AD-causing mutations. Moreover, after >2 months of maturation, our WT and AD
cerebral organoids manifested cortical-like layer formation, contained both excitatory and
inhibitory neurons, and displayed neural network properties that allowed us to probe the
etiology and potential treatment of the hyperexcitability observed early in the pathogenesis
of AD. In particular, we were interested in studying electrophysiological and synaptic
dysfunction that might occur prior to the synapse loss, which represents the hallmark of
more advanced stages of AD. In this regard, our hiPSC AD models yielded results in
concordance with EEG findings in human AD patients. Thus, our findings potentially yield
insight into the origin and potential treatment of the observed hyperexcitable phenotype that
occurs in both human AD patients and our hiPSC model system.

NitroSynapsin ameliorates hyperexcitability

Hyperexcitability and the involvement of glutamate receptor dysfunction have been
implicated in the pathophysiology of AD in prior studies on a variety of animal and
cell-based models [5, 9, 34, 46, 47]. Mechanistically, for example, AR oligomers have
been shown to enhance neuronal NMDAR responses and to inhibit glutamate re-uptake
by astrocytes [35, 48, 49], which would result in larger glutamate-evoked currents in AD
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cultures compared to WT controls, as observed here. Moreover, positive clinical trials with
the NMDAR antagonist memantine provided additional evidence for NMDAR hyperactivity
in the AD brain that contributes to symptoms [18, 50]. However, a critical question in the
field is whether targeting NMDARs might be sufficient for a disease-modifying therapy (i.e.,
a drug that can reverse synapse loss and behavioral/cognitive abnormalities). If treatment
with improved NMDAR antagonists could achieve this level of protection, it would mean
that prior drugs like memantine were simply not sufficiently efficacious.

The new, more effective NMDAR antagonist, NitroSynapsin, manifests dual-allosteric
inhibitory action -- in addition to blocking excessively open NMDAR-associated ion
channels like memantine, it also provides targeted S-nitrosylation of NMDARs [26]. S-
Nitrosylation of the NMDAR represents a physiological negative-feedback system to limit
excessive ion influx through the receptor [51]. In the presence of excessive NMDAR
activity, generating increased levels of NO, the receptor subunits display some degree of
protein S-nitrosylation (see, for example, [26] in the setting of cerebrovascular disease).
However, the degree of protein S-nitrosylation is not maximal even under pathological
circumstances, so further increasing the percentage of S-nitrosylated NMDARs can offer
additional inhibition of the receptors. NitroSynapsin works by augmenting the targeting

of NO to the NMDAR, as evidenced in biotin-switch blots for S-nitrosylated proteins

after NitroSynapsin treatment; this redox modification appears to result in channel
desensitization. Moreover, we have shown in our previous studies that excessive activity of
extrasynaptic (€)NMDARs (as opposed to synaptic receptors) in AD leads to pathologically
increased NO production in neurons, which in turn contributes to a modest but significant
increase in S-nitrosylation of the NMDAR [52, 53]. Collectively, the redox effect mediated
by protein S-nitrosylation added to the open-channel block of NitroSynapsin leads to

more effective inhibition of the NMDARSs than memantine, which only provides open-
channel block of the NMDAR. Furthermore, inhibition by memantine can be relieved by
depolarization of the neuron, as occurs with increasing pathological insult, whereas the
inhibitor effect of protein S-nitrosylation of the NMDAR is not relieved by depolarization
since the affected redox sites are outside of the membrane voltage field [51].

While prior studies on mouse transgenic AD models suggest that NitroSynapsin, might

be capable of rescuing synapses and cognitive behavioral deficits to reverse the disease
process, results in AD mouse models have been notoriously unreliable in predicting human
clinical outcomes [53, 54]. Thus, the shortcomings of current AD mouse models mandate
that additional model systems, such as hiPSC-based models, are necessary for the purpose of
screening potential drugs for human clinical trials.

Neurons derived from hiPSCs bearing human AD-related mutations show many of the
molecular markers of the disease [22, 23]. To date, however, there have been no detailed
functional studies of their electrophysiology. Here, we show that AD hiPSC-derived
cerebrocortical neurons exhibit hyperexcitability phenotypes similar to those observed in
human AD patients [9, 16]. The AD hiPSC neurons we used exhibit high basal levels of
intracellular calcium and increased spontaneous activity compared to WT isogenic controls.
Spontaneous resting state activity (0.2 — 1 Hz) has been widely used to evaluate brain
network properties [39]. Recently, this hyperexcitable state has been associated with non-
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convulsive epileptic events and decreased cognition in humans with AD [16]. Understanding
the mechanism(s) contributing to this hyperactivity could possibly lead to the development
of better treatment regimens. In our AD hiPSC neuronal model system, NitroSynapsin
normalized these aberrant spontaneous electrical events to a significantly greater extent than
by memantine, while leaving the properties of WT neurons, which manifest smaller currents,
relatively unaffected. These results suggest that NitroSynapsin may be more effective than
memantine as a human AD drug with similar clinical tolerability. Moreover, this study
establishes the feasibility of using patient-derived hiPSC neuronal cultures and cerebral
organoids as electrophysiological models of neuronal plasticity in which neuronal networks
can be studied and used for screening novel therapeutic compounds.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. AD neurons manifest increased spontaneous action potentials and glutamate-evoked

currents compared to WT neurons.

a Spontaneous action potentials (SAP) at resting membrane potential (RMP). WT/WT

hiPSC-derived cerebrocortical neuron data in black, M146V/WT and APPSWE/WT in red. b
Quantification of SAP frequency. ¢ Representative traces of glutamate-evoked currents from
neurons voltage-clamped at —70 mV. d Glutamate-evoked current density. e, f Inhibition

by 5-10 uM memantine or NitroSynapsin. Representative traces of WT/WT, M146V/WT
and APPSWE/WT neurons clamped at =70 mV (e). Percent inhibition by memantine (Mem)
or NitroSynapsin (NitroSyn) in M146V/WT and APPSWE/\WT neurons vs. their respective
WT/WT isogenic controls (f). Sample size represents total number of neurons recorded and
is listed above bars. Data are mean = SEM. Exact p values are listed above bars in this and
subsequent figures unless otherwise specified. Statistical significance analyzed by ANOVA
with post hoc Dunnett’s test.
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Fig. 2. AD neurons manifest enhanced intracellular calcium levels and spontaneous transients
compared to WT isogenic neurons.

a Glutamate evoked calcium responses. Fluo-4 calcium indicator fluorescence over

time after exposure to glutamate in M146V/WT, APPSWE/WT vs. WT/WT neurons. b
Quantification of difference in total calcium response to glutamate. ¢ Fura-2 340/380 nm
ratio images showing representative basal intracellular calcium levels. d Quantification of
basal [Ca2*]; in astrocytes and neurons. e Spontaneous neuronal calcium transients. Calcium
responses recorded from individual neurons loaded with fluo-4 AM. Neuronal calcium
transients with rise times <500 ms are highlighted in green. f Quantification of calcium
transient frequency. Sample size represents total number of cells analyzed/total number of
independent experiments. Data are mean + SEM. Each cell was considered separate data
point. Statistical significance was analyzed by ANOVA with post hoc Dunnett’s test.
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Fig. 3. NitroSynapsin inhibits spontaneous calcium activity and 0.2-1 Hz events in AD neurons.
WT/WT hiPSC-derived cerebrocortical neuron data in black, M146V/WT and APPSWe/WT

in red. a Representative calcium imaging traces showing decrease in [Ca2*]; and

transients after application of 5 uM NitroSynapsin. Dotted line represents decrease

in [Ca2*];. b Quantification of difference in normalized fluorescence (AF/Fopryg - AF/
Focontrol) in response to 5 pM memantine (Mem) or equimolar NitroSynapsin (NitroSyn).
¢ Quantification of calcium event frequency before and after application of 5 pM
NitroSynapsin. d Fluo-4 images of WT/WT and AE9/WT cultures showing [Ca%*]; before
(control) and after application of NitroSynapsin (5 uM NitroSyn). Scale bar; 10 pm.

e Quantification of difference in normalized fluorescence (AF/Foprug - AF/Focontrol) i
response to 5 pM memantine (Mem) or equimolar NitroSynapsin (NitroSyn). f Noise-floor
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normalized power spectrum showing concentration of power in low frequencies (<1 Hz) and
at 6 Hz (theta oscillation). WT in black; AD in red. g Quantification of mean log power
(0.2-1 Hz) in WT and AD cultures. h Quantification of mean log power difference (0.2-1
Hz) after treatment with 5 uM NitroSynapsin in WT and AD cultures (post - pre). Data are
mean + SEM. Statistical significance analyzed by two-tailed unpaired Student’s t-test (*) in
b, e, g and h; by ANOVA with post hoc Dunnett’s test (*) for multiple comparisons to WT;
and by Sidak’s test (#) corrected for multiple comparisons between selected pairs in c.
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Fig. 4. NitroSynapsin decreases network burst frequency, synchrony, and firing rate in AD
neurons in a concentration-dependent manner.

a-c Representative heat maps and raster plots of MEA recordings in WT/WT (a),
M146V/WT (b), and APPSWE/WT (c) cultures before (/eff) and after (center and right)
treatment with 5 and 10 uM NitroSynapsin, respectively. Red boxes represent examples of
network bursts. d-f Quantification of MEA recordings. Mean firing rate (d). Network burst
frequency quantification (e). Quantification of synchrony index (f). Data are mean + SEM.
Sample size listed above bar graphs (*,p < 0.05; ** #p < 0.01; *** ##p < 0.001; ## p <
0.0001 by ANOVA with post-hoc Dunnett’s test (*) for multiple comparisons to WT and
Sidak’s test (¥) corrected for multiple comparisons between selected pairs).
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Fig. 5. AD cerebral organoids show hypersynchronous burst activity compared to WT.
a Representative images of 2-month old WT/WT, M146V/WT, and APPSW&/WT organoids

stained for Nestin, TBR2, and CTIP2 showing cortical layers. b Representative raster plots
of MEA recordings in 3-month old WT/WT, M146V/WT, and APPSWe/\WT organoids before
(left) and after treatment with 10 pM memantine (center) or 10 pM NitroSynapsin (right).
Red boxes represent examples of network bursts. c-f Quantification of MEA recordings.
Mean firing rate; percentage inhibition with 10 pM memantine or NitroSynapsin; network
burst frequency, and synchrony index. Data are mean + SEM. Sample size listed in the bar
graphs (*,*p < 0.05; ** #p < 0.01 by ANOVA with post-hoc Dunnett’s test (*) for multiple
comparisons to WT and Sidak’s test () corrected for multiple comparisons between selected

pairs).
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