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Abstract

Introduction:The quest to identify an effective therapeutic strategy for neurodegener-

ative diseases, such as mild congitive impairment (MCI) and Alzheimer’s disease (AD),

suffers from the lack of good human-based models. Animals represent the most com-

monmodels used in basic research and drug discovery studies. However, safe and effec-

tive compounds identified in animal studies often translate poorly to humans, yielding

unsuccessful clinical trials.

Methods:A functional in vitro assay based on long-term potentiation (LTP) was used to

demonstrate that exposure to amyloid beta (A𝛽42) and tau oligomers, or brain extracts

from AD transgenic mice led to prominent changes in human induced pluripotent stem

cells (hiPSC)-derived cortical neurons, notably, without cell death.

Results: Impaired information processing was demonstrated by treatment of neuron-

MEA (microelectrode array) systems with the oligomers and brain extracts by reducing

the effects of LTP induction. These data confirm the neurotoxicity of molecules linked

to AD pathology and indicate the utility of this human-based system to model aspects

of AD in vitro and study LTP deficits without loss of viability; a phenotype that more

closely models the preclinical or early stage of AD.

Discussion: In this study, by combining multiple relevant and important molecular and

technical aspects of neuroscience research, we generated a new, fully human in vitro

system tomodel and study AD at the preclinical stage. This system can serve as a novel

drug discovery platform to identify compounds that rescue or alleviate the initial neu-

ronal deficits caused by A𝛽42 and/or tau oligomers, a main focus of clinical trials.
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1 BACKGROUND

Alzheimer’s disease (AD) is a chronic, progressive condition character-

ized by deterioration of memory and other cognitive domains leading

to death within 10 years of diagnosis. However, the onset of AD is

thought to beginwell in advance of disease diagnosis,≈20 years before
symptomsmanifest clinically,with accumulating protein deposits in the

brain (preclinical stage) giving rise to subtle behavioral changes and

impaired episodic memory not yet having reached the level of impair-

ment for clinical diagnosis.1 The early clinical stage, referred to as

mild cognitive impairment (MCI), has gained significant attention as

a focus for therapeutic intervention with several international trials

under way.2 Previously, most research and clinical trials have focused

on themild tomoderate dementia stage of the disease, but increasingly

studies are examining this pre-MCI or preclinical stage as secondary

prevention opportunities.

Over the past 20 years, brain-related diseases, such as stroke and

AD, have risen from not listed in the top 10 causes of death to the

5th and 6th leading cause of death (in the case of AD) globally and

in the United States, respectively, in 2018.3,4 AD and other forms of

dementia affect≈ 50million individuals worldwide and the costs asso-

ciated with treatment are close to 1 trillion U.S. dollars/year.5,6 More-

over, the number of projected dementia cases is expected to grow to

about 150 million by 2050, barring any major advancement in preven-

tion or treatment.7 Apart from the global rise in the aged population,

the increase in AD cases and related deaths can be attributed to the

paucity of effective treatment options.

To date, there are only four approved drugs used to treat AD

symptoms.8 In contrast, over 100 different potential therapeutics,

across several drug classes, were abandoned or failed during clincal

trials.9-11 Animals are the most commonly used models for disease

modeling and play a large role in preclinical drug development for

safety and efficacy investigations. However, despite their ubiquitous

role in drug discovery, lead compounds identified during animal stud-

ies often fail during the clinical phase of drug development. There are

many reasons for this failure. Transgenic animal models of disease fail

to accurately capture the full spectrum of the human disease pheno-

type.Murine orthologues of humanproteinsmaynot respond the same

as the human version. Moreover, animal drug safety data are often

not reproducible in humans due to differences in drug metabolism and

excretion.12 Additionally, the established treatment options are symp-

tomatic in nature, attempting to counter neurotransmitter imbalances

caused by neuronal dysfunction and cell death; existing therapeutics

are not disease-modifying.13 Consequently, the development of diag-

nostic criteria that identify patients in the very early stages of dis-

ease progression, ie, MCI or preclinical stages, is critical to effective

therapeutic intervention approaches.1 Furthermore, there is a need

to develop human-based models of the preclinical phase of AD and

develop disease-modifying strategies that can be adiministered prior

to extensive neuronal cell death to enable recovery from the effects of

this disease.

Due to the poor disease reproducibility and lack of translatable

compound efficacy and safety findings from current preclinical animal

RESEARCH INCONTEXT

1. Systematic review: The authors reviewed the literature

using traditional (eg, PubMed) sources. There is a lack of

good human-based in vitro models for Alzheimer’s dis-

ease (AD), espeically for reproducing cognitive functional

deficits at the preclinical stage. Relevant work reporting

the generation of cortical neurons from patient human

induced pluripotent stem cells (hiPSCs) has been cited.

2. Interpretation: In this human-on-a-chip model, long-term

potentiation (LTP) was induced in hiPSC-derived cortical

neuronal cultures onmicroelectrode arrays and the treat-

ment of amyloid beta, tau oligomers, or brain extracts

from AD transgenic mice caused deficits in LTP and other

neuronal electrical andmorphological characteristics, but

not cell viability. Thisworkpresentedahuman-basedphe-

notypicmodel recapturing pre-mild cognitive impairment

AD pathology.

3. Future direction: This model can be utilized in investi-

gating AD etiology and therapeutic testing to understand

genetic mutations or the role of inflammation on AD ini-

tiation and progression, and testing drugs for mechansim

and efficacy in a preclinical model of AD.

Highlights

• Cortical neurons derived fromhuman induced pluripotent

stem cells were used

• Functional human in vitro model based on long-term

potentiation (LTP)

• Utilized LTP to evaluate functional toxicity of amyloid beta

(A𝛽42) and tau oligomers

• Neuronal viability is not affected so is a correlate for pre-

mild cognitive impairment

• Functional screen for drug candidates to reverse cognitive

deficits

models there has been growing interest in adding the use of human-

based, microphysiological systems (MPS) or human-on-a-chip (HoaC)

systems for disease modeling and drug discovery.14,15 These systems

offer several advantages over traditional preclinical drug discovery

models. For example, by combining a human liver module with effi-

cacy and relevant safety/toxicity targets they can be used to investi-

gate the pharmacodynamics and pharmacokinetics of potential ther-

apeutics in the same system.16-18 Additionally, when integrated with

functional readouts such as microelectrode arrays (MEAs) and devices

to measure mechanical function, these systems can provide physi-

ological data in response to drug treatment that can be more sen-

sitive than viability or biomarker data alone and mimic aspects of
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clinical measurements.19,20 Finally, establishing MPS systems using

human induced pluripotent stem cells (hiPSCs) faciliates the investiga-

tion of the role of specific gene mutations on drug metabolism or dis-

ease progression and lays the foundation for personalized, precision

medicine. Specifically, in the area of brain research, several MPS sys-

tems have been developed using organoids and iPSCs. In fact, there is

now emerging evidence from many studies in support of using hiPSCs

for AD and other neurodegenerative disorders research.21-23 Human

iPSCs combined with MPS offer a more relevant cell-based model to

investigate AD pathology and drug discovery.21,24

Alzheimer’s disease is characterized by two main pathological fea-

tures, the deposition of toxic amyloid beta (A𝛽), leading to extracellu-

lar plaque formation, and tau hyperphosphorylation, which leads to tau

aggregation and neurofibrillary tangle formation. The oligomerization

or aggregation of these proteins is postulated to trigger the activation

or inactivation of various downstream pathways, which leads to neu-

ronal cell dysfunction and eventual death in the brain.25 Recent find-

ings, both in vivo and in vitro, have indicated that the oligomeric forms

of A𝛽 and tau are required for this neurotoxicity in AD.26-35 For exam-

ple, extracelluar tau oligomers were shown to impair long-term poten-

tiation (LTP) in mouse hippocampal neurons.26 In an embryonic mouse

cell–MEAmodel,Charkhkar et al. showed thatA𝛽42 treatment reduced

spontaneous network activity in primary neuronal cultures.36 Addi-

tionally, in previous works done in this laboratory, Berry et al. showed

that treatment of hiPSC-derived neurons with A𝛽42 significantly sup-

pressed neurons’ electrophysiological activity without concomit neu-

ral death, whereas Varghese et al. demonstrated that the addition of

A𝛽42 to an embryonic rat hippocampal neurons–MEA system greatly

diminished spontaneous firing in the neuronal cells but was reversed

by curcumin treatment.37,38 While those findings highlight the patho-

logical mechanisms of A𝛽- and tau-induced pathology in AD, the use

of animal cells hinders the translation of those models for human drug

development.39-43

In this study, a coculture of primary human astrocytes and hiPSCs-

derived cortical neurons was treated with A𝛽42 oligomers, tau

oligomers (the twomain pathological features of AD), or brain extracts

from AD transgenic mice. This human-based approach represents the

early stages of AD in the human brain.21,22,44,45 The astrocyte-cortical

neuron coculture was established on MEAs facilitating the long-term

monitoring of populational neuron physiology, something not possi-

ble with patch clamp electrophysiology.46,47 The findings presented

here provide strong support for the use of this model to study AD

pathology at the pre-MCI or preclinical stage with the potential to

be a drug discovery platform for the current focus on AD clinical

studies.26,27,38,48-51

2 METHODS

2.1 Neuronal cells

Cortical neurons derived from hiPSC cells were used to study the

effects of both A𝛽 and tau in inducing neuronal cell dysfunction. The

cells were purchased from Cellular Dynamics International (CDI, iCell

GlutaNeurons, Cat. #: C1033,Madison,WI, USA) and are derived from

hiPSCs from healthy individuals. They consisted of a mixed popula-

tion of post-mitotic cells containing bothGABAergic and glutamatergic

neurons. These cells were previously characterized in the lab for their

suitability, including their viability and functionandconsidered suitable

for research purpose, including the study of neurodegenerative condi-

tions, such as AD, and for drug screening.21,52

2.2 Cell culture

Cortical neurons were seeded on both coverslips and on MEAs. For

morphology analysis and patch-clampelectrophysiology, the cellswere

plated initially at a density of 160 cells/mm2 on acid washed, poly-L-

ornithine and laminin (PLO/LM, 20 µg/mL and 10 µg/mL, respectively)

coated coverslips and incubated for 14 to 28 days prior to treatment.

To assess cell function extracellularly, cortical neurons were cocul-

tured on fibronectin and laminin (FB/LM, 10 µg/mL each for 2 hours at

room temperature [RT]) coatedMEAswith human astrocytes. The neu-

ronal cells were plated at a density of 2000 cells/mm2 and the astro-

cytes at 1000 cells/mm2. Initially, the cellswere incubated in themanu-

facturer’s (CDI) recommended medium (BrainPhys Neuronal Medium

supplemented with N-2 supplement, laminin, pen/strep, and CDI sup-

plemented kit) for ≈ 24-hours at 37◦C, 5% CO2. On the ensuing day,

half of the CDI medium was replaced with an equal (1×) volume of

neuromuscular junction (NMJ) media.53 After 48 hours in the mixed

CDI/NMJ medium, a full medium change was peformed with NMJ

medium only and the cells were maintained in that medium thereafter.

Prior to cell platingon theMEAs, hiPSC-derivedastrocyteswereplated

and cultured for 2 days. On the day of cell plating, the astrocytes were

harvested using acutase for≈15minutes at room temperature.

2.3 A𝜷 and tau oligomer preparation

The oligomerization of A𝛽 and tau peptides are considered to be the

primary neurotoxic species of these proteins and perhaps the cata-

lysts in the development and progression of AD.54-56 Therefore, to

study the effects of these proteins, the oligomeric forms were used

in this study. The synthetic A𝛽 and tau oligomers were obtained from

Dr. DavidMorgan, MSU, and were prepared as described previously.57

The toxic A𝛽 oligomers were prepared using peptides from rPeptide

(A𝛽42 catalog numberA-1002-2; A𝛽-scrambled A-1004-2). First, the pep-

tideswere resuspended in 500 µL of hexafluoroisopropanol (HFIP; cat-

alog number AC445820100; Fisher Scientific) and left to dry overnight

under a ventilated hood. The next day the samples were spun in a

SpeedVac until dry (≈30minutes). Theywere then stored desiccated at

−20◦Cuntil use. Recombinant human tau (hT40 or 2N4R isoform, with

a C-terminal His tag) was produced as described.58 The tau-O were

made by incubating 8 µM tau with 150 µM arachidonic acid (catalog

number 90010.1; Cayman Chemicals) for 15 minutes and stopping the

reaction by freezing and then stored at 80◦C until use.59,60 The aggre-

gation buffer solution (tau BC, without tau oligomers) was used as
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control. Prior to using, the solution was sonicated for 5 minutes and

centrifuged at 1400 × g for 5minutes.

2.4 Mouse brain extracts preparation

Brain extracts from two different AD mouse models and their age-

, background-matched wild-type mice were used in this study, APP

(Tg2576, 24-month-old) transgenic mice and tau (Tg4510, 12-month-

old) transgenic mouse model. The APP mice express the human APP

gene, which harbors the Swedish mutation (K670N/M671L). The tau

transgenic mice carry a mutant human tau gene harboring the P301L

mutation.61 After thebrainswereharvestedanddissected, the cortices

were homogenized in Dulbecco’s Modified Eagle Medium (DMEM)

using a pestle gun for 10 seconds twice, followed by sonication on ice

with a 2-second pulse three times. The suspensions were then spun

down for 10 minutes at 700 × g. The supernatant was collected and

stored at –80◦C until the day of the experiment. Prior to use, the sam-

ples were centrifuged at 1400 × g for 5 minutes and the supernatant

was used for cell dosing.

2.5 A𝜷 , tau oligomers and brain extract dosing

On the day of treatment, a full medium change was performed, fol-

lowed by the administration of either tau or beta amyloid oligomers,

or mouse brain extracts. For oligomeric A𝛽 or tau treatment, the cells

were dosed with a final concentration of either 1 µM or 5 µM of A𝛽42,

or A𝛽scrambled (A𝛽scr), or 100 nM of Tau oligomers or tau-BC in the cul-

ture, or left untreated. For brain extract dosing, the cells were dosed

with a final concentration of either 10 or 20 µg/mL of brain extracts

from transgenic and wild-typemice in the culture. To examine the neu-

rotoxic effects of A𝛽 and tau on cell morphology and electrophysio-

logical function, the cells were either incubated for 1 hour (MEAs),

24 hours (patch-clamp), or 3 to 6 days (immunocytochemistry) after

treatment.

2.6 Cell viability assessment

Toassess theeffects ofA𝛽 and/or tauoligomerson cell survivability, the

cells were fluorescence-activated cell (FAC) sorted at 3 days post A𝛽

or tau oligomers dosing using a live and dead cell assay kit from Ther-

moFisher (LIVE/DEADViability/Cytotoxicity Kit, L3224).

2.7 Immunocytochemistry and confocal microscopy

For morphological analysis, the cells were fixed in 4% paraformalde-

hyde (PFA) for 10 minutes at room temperature followed by three

rinses in phosphate buffered saline (PBS). The cells were then per-

meabilized in 0.25% Triton X-100 for 10 minutes at RT, followed by

threewashes in PBS, and incubation in a blocking solution of 3%bovine

serum albumin (BSA), 3% normal goat serum (NGS), 0.1% Tween 20

(T20), for 1 hour at RT. Soon after, the cells were incubated with pri-

mary antibodies for 1 hour at RT or overnight at 4◦C. Thereafter,

the cells were again washed three times with PBS, followed by incu-

bation with fluorescently conjugated secondary antibodies (diluted

in BSA/NGS/T20). To stain the nuclei, the cells were counterstained

withDAPI (4′,6-diamidino-2-phenylindole) andmountedonglass slides

for analysis. To measure axon length and compute neurite densities,

images were taken using a confocal microscope (Zeiss, Axioskop 2,

Germany) followed by quantification analyses using ImageJ software.

The following primary antibodies (at 1/1000 dilution) were used: Rab-

bit Anti-Microtubule-Associated Protein 2 (Millipore, Cat. #: AB5622),

Mouse Anti-Tau-1 (Millipore, Cat. # MAB3420). The secondary anti-

bodies used: Alexa-Fluor 488 goat anti-rabbit (ThermoFisher, Cat. #

A11034), and AlexFluor 568Donkey anti-mouse (ThermoFisher Cat. #

A10037).

2.8 Evaluation of cortical neuron physiology by
patch-clamp electrophysiology

Neurons physiological activity was evaluated at day 28. For whole cell

patch-clamp electrophysiology, the recording was carried out using

a Zeiss, upright microscope (Axioscope, FS2, Carl Zeiss, Germany)

equiped with a multiclamp 700B amplifier as described previously.21

An intracellular solution consisting of 140 mM K-gluconate, 4 mM

NaCl, 0.5 mM CaCl2, 1 mM MgCl2, 1 mM EGTA, 5 mM HEPES

Acid, 5 mM HEPES base, and 5 mM Na2ATP was used for record-

ing. Depolarization-evoked inward and outward currents were exam-

ined in voltage-clamp mode. Depolarization-evoked action potentials

(APs) were recorded in current-clampmode. Spontaneous activity was

recorded at gap-free condition. The data were analyzed using pClamp

10 software (Axon Instrument, Foster City, CA, USA) and quantified

usingMicrosoft Excel.

2.9 Long-term potentiation induction onMEAs

To induce LTP on cortical neurons cultured on MEAs, a high frequency

stimulation (HFS) protocol was used as described previously.37,62 Test

stimuli were delivered to all the electrodes as follows: 10 repetitions of

4× biphasic voltage pulses at 500 mV and 5 ms duration. The evoked

response or recorded cell activity was then analyzed using Anaconda

with Python software. The waveforms (eg, action potential spikes and

frequency) were high-pass filtered at 200 Hz and five standard devi-

ations. Any electrodes or cells with firing frequency <0.1 Hz were

excluded from the data analysis.

2.10 Evaluation of cortical neuron physiology on
MEAs

The MEAs system consists of the MEA chips, which are comprised

of a silicon base outfitted with several electrodes made of titanium

nitride37 and the rig that is comprised of a temperature controller, a
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stimulator for LTP induction, an amplifier, and MC_Rack data acquisi-

tion software. The cells were maintained in culture for 14 to 21 days

before acute treatment with A𝛽 or tau oligomers, or brain extracts.

Prior to treatment, spontaneous activities (baseline) of the cells were

measured followed immediately by stimulation (LTP induction). Imme-

diately after LTP induction, the cells were treated with either 5 µM of

A𝛽 or 100 nM of tau oligomers or their controls, or 20 µg/mL of brain

extracts, followed by incubation for 1 hour. Next, the neuron’s action

potential firing frequency was recorded and the data were analyzed

using Anacondawith Python software.

2.11 Statistical analysis

Comparison of the mean of at least three replicates or more between

groups was performed. For computational analyses, Microsoft Excel

software was used. Student t-tests was used for statistical comparison

analysis betweeen two experimental groups, whereas one-way analy-

sis of variance (ANOVA) followed by Tukey’s post hoc (multiple com-

parison) test was used for multiple experimental groups. The standard

error of the mean (SEM) was used for statistical significance at P ≤.05.

For axon lengthmeasurements, a minimum of 20 cells were counted.

3 RESULTS

3.1 Morphological defects in A𝜷 oligomer or tau
oligomer-treated hiPSC-cortical neurons

Initially, evaluation of neurons for AD-related phenotypes in the pres-

ence or absence of A𝛽 oligomers or tau oligomers (tau-O) was per-

formed. hiPSC-derived cortical neurons were treated with different

concentrations of A𝛽42 and A𝛽scrambled, or tau oligomers (tau-O) and

tau buffer (tau-BC). After 3 to 4 days of treatment and 18 days total

in culture, pronounced defects were observed in cell morphology in

the 5 µM A𝛽42-treated samples compared to A𝛽scrambled-treated and

untreated controls (Figure S1A, S1B in supporting information). To

characterize and quantify these changes, the cells were fixed and incu-

bated with antibodies to MAP2, followed by analysis of various AD-

associated neuropathologies, including axon outgrowths and neurite

density for each group (Figure S1C). As expected, the results indicated

that exposure to A𝛽42 oligomers at 5 µM (≈22.5 µg/mL) led to promi-

nent cell damage, including a decrease in the number of neurites per

cell (Figure S1D). Also, neurite outgrowth was strongly inhibited by

5 µM treatment of A𝛽42 oligomers, leading to shorter axon length in

the A𝛽42-treated samples compared to control groups (A𝛽 scrambled

and untreated groups; Figure S1E). Similar to the A𝛽42 results, 100

nm (≈4.59 µg/mL) tau oligomer-treated neurons showed a significant

deficit in morphology (Figure S2A, S2B in supporting information) and

a reduction in the average number of neurites per cell (Figure S2C) and

a decrease in axon length compared to tau-BC treated samples (Figure

S2D). These results are consistent with data from studies using rodent

models or other cell types.27 Having demonstrated significant cellmor-

phology defects using 5 µM A𝛽42, and 100 nM tau-O, the remaining

experiments were conducted using 5 µM A𝛽42 oligomers and 100 nM

tau. All concentrations reported here represent final concentration in

culture.

3.2 Electrophysiological dysfunction in
hiPSC-cortical neurons treatedwith A𝜷 oligomers and
tau aggregates

Multiple studies have implicated altered synaptic function and plastic-

ity in AD pathogenesis.63,64 We investigated the effects of exposure to

A𝛽 or tau oligomers on electrical activity of the hiPSC-derived cortical

neurons by whole cell patch-clamp electrophysiology. The cells were

maintained in culture for 22 to 28 days and after 24-hours incubation

with either 5 µMA𝛽42, 5 µMA𝛽scrambled, 100 nM tau oligomers, or 100

nM tau-BC, the electrical activity of the neurons was evaluated. Analy-

sis of the data revealed a prominent loss in cell function caused by both

A𝛽42 oligomers and tau oligomers (Figures 1 and 2). More specifically,

a marked decrease in sodium (inward) currents was observed for A𝛽42
and tau oligomer-treated hiPSC-derived cortical neurons (Figures 1A,

B and 2A, B). Exposure to either A𝛽42 oligomers or tau oligomers

also led to a marked reduction in induced APs under depolarization

in comparison to the A𝛽scrambled or tau-BC (Figures 1A, C and 2A, C).

Furthermore, the cells displayed a significant reduction in the firing

rate and peak amplitudes for spontaneous firing in the presence of

A𝛽42 oligomers and tau oligomers compared to samples treated with

A𝛽scrambled oligomers and tau-BC, respectively (Figures 1A, D and 2A,

D). However, no significant changes in cell viability was observed after

A𝛽42 treatment for 3 days (Figure S3 in supporting information).

3.3 A𝜷42 or tau treatment of hiPSC-cortical neurons
abolishes HFS-induced LTP

MEA electrophysiological recordings enable measurement of neuron

electrophysiological activity extracellularly. To evaluate hiPSC-derived

cortical neurons physiological activity onMEAs, baseline spontaneous

activity wasmeasured followed byHFS. LTP inductionwas determined

bymeasuring the spontaneous activity at 1 hour post-stimulation com-

pared to baseline activity. The pathophysiological effects of 5 µM

A𝛽42 oligomers and 100 nM tau oligomers on induced cortical neu-

ron LTP was measured and compared to A𝛽scrambled, or tau-BC. A sig-

nificant increase in spontaneous firing frequency was observed com-

pared to baseline levels after LTP induction (Figures 3A, B and 4A,

B). This change in cell activity persisted at 1 hour post-treatment

with scrambled A𝛽 oligomers or tau-BC; however, the LTP-induced

increases in cell activity were abolished after treatment with 5 µM

of A𝛽42 oligomers or 100 nM of tau oligomers at 1 hour post-dose

measurement (Figures 3C and 4C). In summary, these results indi-

cate the deleterious effects of A𝛽42 oligomers and tau oligomers

on the hiPSC-derived cortical neurons after HFS-mediated LTP

induction.
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F IGURE 1 Amyloid beta (A𝛽42) oligomer-induced human induced pluripotent stem cell-cortical neuron electrophysiological dysfunction.
Representative images of patched cells (22-28DIV) after A𝛽scrambled (A𝛽scr) or A𝛽42 oligomers treatment. Application of A𝛽42 oligomers (at 5 µM,
final concentration) led to defects in cortical neuron function (firing potential) at 24 hours post-treatment, including cell current, induced action
potentials under depolarization, and spontaneous firing (A). Importantly, the cells indicated a significant reduction in peak inward current (A-i, B),
absence of repetitive firing (action potential) (A-ii, C), and spontaneous activity (A-iii, D) in the presence of A𝛽42 treatment compared to the control
samples that were treated with A𝛽scr. Statistical analysis was computed using student’s t-test. Error bars represent standard error of themean
and P≤ .05 is considered statistically significant

3.4 Morphological defects in hiPSC-cortical neurons
treatedwith APP or tau transgenicmice brain extract

The neurotoxic effects of A𝛽 and tau from different sources (eg, brain

extracts prepared from APP or tau transgenic [Tg] mice) were also

examined to further evaluate the effectiveness of the system. Both

APP and TAU transgenic animal models have been used extensively

to reproduce typical AD pathologies and therefore provide invaluable

models in deciphering AD etiology as well as for drug evaluation. To

investigate theneurotoxic effects of brain extracts onhumanbrain cells

and determine whether the results with the synthetic oligomers were

reproduceable, hiPSC-cortical neurons (at 14 DIV) were dosed with

final concentration of 10 or 20 µg/mL of brain extract solution and har-

vested at 3 days post-treatment. Compared to untreated cells or cells

treated with brain extracts from wild-type mice (WT-be), cells treated

with 20 µg/mL of APP or tau transgenic mice brain extracts (APP-be

and tau-be, respectively) showed a significantly higher percentage of

cells with broken neurites and/or axonal vericosities, and shorter axon
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F IGURE 2 Tau oligomer-induced human induced pluripotent stem cell-cortical neuron electrophysiological dysfunction. Application of tau
oligomers (tau-O) at 100 nM (final concentration) led to altered physiology in neurons (22-28DIV) after 24 hour of treatment. In particular, a
pronounced decrease in current, induced repetitive firing under depolarization, and spontaneous firing (A) was observed. Moreover, quantitative
analysis revealed a significant reduction in peak inward current (A-i, B), a sharp decrease in the firing frequency of action potentials (A-ii, C), and
spontaneous activity (A-i, D) in the samples treated with tau oligomers compared to controls (ie, untreated and tau-BC). Statistical analysis was
computed using student’s t-test. Error bars represent standard error of themean and P≤.05 is considered statistically significant

length (Figure S4 in supporting information). Similar to the oligomer

data, the brain extracts caused an adverse effect on cell morphology,

including changes in neurites complexity, changes in axon outgrowth,

and the presence of either axonal varicosities or broken axons (Fig-

ure S4A–C). In particular, the quantified data demonstrated that treat-

mentwith theAPP-be led to a slight but significant reduction in neurite

branches in theAPP-be treated samples relative to controls (untreated

and WT-be; Figure S4D). In addition, a significant decrease in axon

length was observed in the APP-be and tau-be treated samples com-

pared to controls (Figure S4E). These results also indicated a signifi-

cantly higher percentage of cells with broken neurites when exposed

to 20 µg/mL APP-be or tau-be compared toWT-be (Figure S4F). Taken

together, these results indicate that A𝛽 and tau, whether in the syn-

thetic form or prepared from brain tissue, are neurotoxic and confirm

what has been suggested previously in the literature regarding A𝛽 and

tau toxicity.
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F IGURE 3 Effects of amyloid beta (A𝛽42) oligomers on long-term potentiation (LTP) maintenance in cortical neurons (A). The LTP induction
protocol increased spontaneous firing frequency in hiPSC-derived cortical neurons (14-21DIV) onmicroelectrode arrays (MEAs) (B). The LTP
effects continued 1 hour post-A𝛽scr (control) dosing while the LTP effects were abolished by 1 hour of A𝛽42 dosing (C). RepresentativeMEA
measured action potential traces and frequency for the A𝛽oligomers dosed systems indicated LTP induction and no change in LTP after A𝛽Scr
dosing and representativeMEAmeasured action potential traces and frequency for the A𝛽42 dosed systems indicated LTP induction and reduction
of LTP after A𝛽42 dosing (A). Alpha level was set at P≤.05

3.5 Electrohysiological dysfunction in
hiPSC-cortical neurons treatedwith brain extracts
fromAPP Tgmice

The effects of APP-be on hiPSC cortical neuron intracellular activity

was analyzed by patch-clamp electrophysiology after a 24-hour treat-

ment with 20 µg/mL brain extracts from APP Tg mice or wild-type

mice. As shown in Figure 5, the addition of brain extracts from APP Tg

mice (APP-be) to the hiPSC neuronal cultures (28 DIV) led to a marked

decrease, and sometimes a complete lack, of cell activity. Notably, a sig-

nificant decrease in both sodium and potassium currentswas observed

in cells exposed to APP-be compared to WT-be treated cells (Fig-

ure 5A-i, 5B). Furthermore, the APP-be treatment also blocked action

potential firing compared toWT-be, including an elimination in repeti-

tive firing of induced action potential (Figures 5A-ii and 5C). Addition-

ally, exposure to APP-be almost completely abolished spontaneous fir-

ing in thehiPSCcortical neurons, resulting in significantly reducedpeak

amplitudes (Figures 5A-iii and 5D).

3.6 Effects of APP or tau Tgmouse brain extract
treatment on iPSC-cortical neurons utilizing
HFS-induced LTP

To evaluate the effects of brain extracts from wild-type, APP, or tau Tg

mice on hiPSC-derived cortical neurons, cortical-HoaC systems were

established andmaintained for 22 to 30 days and then treatedwith the

brain extracts after LTP induction. HFS-induced LTP resulted in signifi-

cant increase in cell firing frequency as indicated in Figures 6A, C, E, G.

APP-be treatment of hiPSC-cortical neurons reduced post-LTP spon-
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F IGURE 4 Effects of tau oligomers on long-term potentiation (LTP) maintenance in cortical neurons (A). The LTP induction protocol increased
hiPSC-derived cortical neuron spontaneous firing frequency onmicroelectrode arrays (MEAs; 14-21DIV) (B), this increase in LTPwasmaintained
at 1 hour post-dosing in the samples treated with the buffer control solution, whereas LTPwas completely abolished by 1 hour of tau oligomer
dosing (C). RepresentativeMEAmeasured action potential traces and firing frequency bar graphs showed an increase in LTP after LTP induction
and no significant changes in the samples dosedwith the buffer control whereas tau oligomer dosing led to a significant reduction in LTP after 1
hour of dosing (A). Error bars represent standard error of themean and alpha level was set at P≤.05

taneous firing frequency within 1 hour compared to WT-be treated

systems (Figures 6B, D). Similarly, tau Tg-be treatment of hiPSC-

cortical neurons significantly reduced the post-LTP spontaneous firing

frequency at 1 hour compared to WT-be treated systems (Figures 6F,

H). Taken together, these data indicate that exposure to A𝛽 (whether

the synthetic form or from brain extracts) can interfere with LTPmain-

tenance after HFS.

4 DISCUSSION

The paucity of treatment options for AD and many other neurologi-

cal diseases can be attributed, in part, to a lack of effective transla-

tional models for drug discovery. Animal models represent the stan-

dard and most commonly used models in drug discovery. But, due to

species differences, data from animal models oftentimes are not trans-

ferable to humans, which usually results in a low success rate of new

therapeutic agents in human clinical trials. It is imperative to develop

translational models that are capable of reproducing aspects of AD-

associated pathology and accelerate the drug screening process for

disease-modifying therapies especially in the early stages of AD. In this

study, we combined two important concepts in the study of neurode-

generative disorders and drug discovery, hiPSC-derived cortical neu-

rons andMEAs, to study the functions of human cortical neurons in the

presence ofA𝛽 and tau oligometric peptides, and evaluatewhether this

systemcanbecomeakey component of the drug evaluation process for

AD treatment.

Synthetic A𝛽 oligomers and brain extracts from APP transgenic

mice were used to investigate A𝛽-induced neurotoxicity on hiPSC-

derived cortical neurons in vitro. This study indicated that the addition
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F IGURE 5 Inhibition of cortical neuron electrophysiological function after brain extract dosing. The addition of brain extracts fromAPP
transgenic mice (APP-be) at 20 µg/mL to cultures of human induced pluripotent stem cell-derived cortical neurons (28DIV) resulted in a significant
decrease in cell electrophysiological function at 24 hours post-treatment. Specifically, the application of APP-be significantly reduced the voltage
induced currents (A-i, B) of cortical neurons in comparison to the brain extracts fromwild-type (WT-be) mice. Additionally, both the repetitive
firing frequency (A-ii, C) and the peak amplitude of the cell spontaneous firing (A-iii, D) were drastically diminished in the presence of APP-be at
24-hour post-dosing compared to when the cells were treated with brain extracts fromWT-bemice. Error bars represent standard error of the
mean. Statistical significance was computed using student’s t-test and the alpha level was set at P≤ .05

of A𝛽 oligomers and brain extracts to the cultures caused prominent

neuronal dysfunctions in the cortical neurons in vitro. In particular,

treatment with A𝛽42 oligomers, or APP brain extracts from transgenic

mice, led to a marked reduction in axon length and neurite complex-

ity in human cortical neurons (Figures S1 and S4). These results were

in line with previous findings by other groups who have shown altered

cellmorphology in rat primary cultures.65,66 In addition to causingmor-

phological damage, A𝛽42 has also been implicated in numerous other

molecular processes, including disruption of axonal transport, block-

ing of synaptic recruitment of receptors (eg, NMDAR, AMPAR), and

altered gene expression, all ofwhich have been implicated inADpatho-

genesis and are expected to alter cell function.63,64 In this study, a

noticeable reduction in spontaneous neuronal activity was observed,

where both the peak amplitude and firing frequency were greatly

reduced in A𝛽42 and APP-be treated samples compared to controls

(Figures 1, 5, 6 and Figure S3). These results are consistent with find-

ings fromother studies inwhich rodent neuronal cultures, animalmod-

els, or iPS cells derived fromAD patients were used.38,64

In addition to A𝛽 deposition and plaque formation, AD is also char-

acterized by tau hyperphosphorylation and aggregation, which then
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F IGURE 6 Effects of transgenic mice brain extracts on long-term potentiation (LTP) maintenance in cortical neurons. Representative images
showing cell baseline activities in iPSC-derived cortical neurons and an increased activity thereafter after LTP induction, and at 1 hour
post-treatment with brain extracts fromwild-type (WT-be; A) and APP transgenic (APP-be) (B) mice as indicated by their action potential traces.
The LTP induction protocol generated a significant increase in neuron firing frequency (C, G); however, while LTP persisted 1 hour afterWT brain
extract treatment, application of APP brain extract (APP-be) led to amarked decrease in spontaneous activity at 1-hour post LTP induction (D).
Similarly, brain extracts from tau transgenic mice (tau-be; F) adversely affected human induced pluripotent stem cell firing ability as indicated by a
reduction in the amplitude of the action potential traces (F) compared toWT-be (E). The firing frequency was quantified, and the results revealed a
significant decrease in cell firing frequency at 1 hour post tau-be treatment relative to cells treatedwith brain extracts fromWT-be (H). The results
represent themean values from three to four replicates and the error bars indicate standard error of themean. Student’s t-test was used for
comparison analyses and the alpha level was set at P≤ .05

leads to tangle formation.67,68 In fact, A𝛽-induced tau phosphorylation,

resulting in neurofibrillary tangle formation and accumulation, is con-

sidered to be one of the key events in AD pathogenesis.69 To inves-

tigate the deleterious effects of tau oligomers on cortical neurons in

vitro, in parallel experiments with the A𝛽 studies, hiPSC-derived cor-

tical neurons were dosed with tau oligomers and brain extracts from

tau Tg mice. Similar to the A𝛽 results, tau treatment led to significant

morphological alterations in the hiPSC-derived cortical neurons (Fig-

ure S2). After further analysis, we observed a slight decrease in neuritic

complexity and an increase in the number of cells with axonal varicosi-

ties caused by the addition of brain extracts from tau transgenic mice.

Furthermore, the analysis of tau oligomers’ deleterious actions on cor-

tical neuronal activity, after acute treatment, as noted from the MEA

recordings, revealed a significant reduction in cell activity (ie, reduced

rate of firing frequency) but without significant loss in cellular viability

(Figures 2, 4, and 6). This is especially important as it is now hypoth-

esized that treatment of AD after the MCI stage of the disease may

be too late to rescue the phenotype. Clinical trials are now moving to

recruitment of patients in the preclinical andMCI stages of the disease

and a large effort is under way to identify biomarkers that can pre-

dict AD pathology even before the MCI stage.[1] It is now becoming

more apparent that the preclinical/pre-MCI stage, without extensive

cell death, offers the best option for treating and potentially recover-

ing healthy brain physiology. Thus, preclinicalmodels using humanneu-

ronswith loss of function, butwithout cell death, are needed todevelop

the next generation of therapeutics for AD. In summary, the results, in

cortical neurons derived from human induced pluoripotent stem cells,

offer strong support for the use of hiPSCs and a HoaC system as an

alternative and relevant model for AD research and for drug testing.

5 CONCLUSION

Given the prevelance, severity, and cost of treating AD, plus the pro-

jected increase in the number of cases by the year of 2050, it is impor-

tant that we not only clarify the etiology of AD, but also develop

effective human-based models for all stages of the disease to improve

the drug development process. In this study, we developed a HoaC

sytem composed of hiPSC-derived cortical neurons cocultured with

human astrocytes on MEAs to examine the effects of A𝛽 oligomers,

tau oligomers, and brain extracts from AD transgenic mice on neuron

physiology and structure. We showed that treatment with oligomers
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or brain extracts rapidly (within 1 hour) decreased LTP-mediated

increases in spontaneous action potential firing frequencey. Further,

these treatments led to dysfunctional neuronal electrical characteris-

tics as determined by patch-clamp electrophysiology and changes to

axonal length and branching compared to control-treated cultures but

without commensurate losses in cell viability. While more studies are

needed to evaluate the system’s ability to reproduce the effects of

known therapeutic agents to improve AD symptoms, the findings pre-

sentedhere confirm themodel’s ability to reproduce important aspects

ofADpathology, especially LTPdisruption. These findings highlight this

HoaC system’s potential as a drug discovery platform for early stages

of AD.
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