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Abstract

Alzheimer’s disease (AD) is characterized by slow, progressive neurodegeneration leading to
severe neurological impairment, but current drug development efforts are limited by the lack of
robust, human-based disease models. Amyloid-p (Ap) is known to play an integral role in AD
progression as it has been shown to interfere with neurological function. However, studies into AD
pathology commonly apply AP to neurons for short durations at non-physiological concentrations
to induce an exaggerated dysfunctional phenotype. Such methods are unlikely to elucidate early-
stage disease dysfunction, when treatment is still possible, since damage to neurons by these high
concentrations is extensive. In this study, we investigated chronic, pathologically-relevant A
oligomer concentrations to induce an electrophysiological phenotype that is more representative of
early AD progression compared to an acute high-dose application in human cortical neurons. The
high, acute oligomer dose resulted in severe neuronal toxicity as well as upregulation of tau and
phosphorylated tau. Chronic, low-dose treatment produced significant functional impairment
without increased cell death or accumulation of tau protein. This /n vitro phenotype more closely
mirrors the status of early-stage neural decline in AD pathology and could provide a valuable tool
to further understanding of early-stage AD pathophysiology and for screening potential
therapeutic compounds.
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Introduction

Alzheimer’s disease (AD) is a worldwide pandemic estimated to have affected 26.6 million
people in 2006. By the year 2050, this figure is projected to quadruple without
pharmacological interventionl. Given the increased rate of diagnosis and the rising expense
associated with long-term personal care, the cost of treating AD is estimated to reach $1
trillion in the U.S. alone by 20502. Only five FDA-approved medications are currently on the
market in the U.S. Though these medications are widely prescribed to treat the cognitive
symptoms of AD, they do not affect the underlying disease progression and there is debate
over their effectiveness~'. In spite of the significant progress in elucidating the biological
mechanisms of AD8:, no practical treatments exist which prevent or significantly delay its
progression.

Contributing to the dearth of effective medications for treating AD is the lack of robust,
biomimetic models that accurately recapitulate the pathophysiology of the condition in
human tissue. Without a reliable humanized model, progress in therapy development and
testing is seriously hindered. Current animal models, including a wide variety of
speciesi®11 poorly represent complex human neurochemistry and neurodegeneration2.
More than three dozen drugs have failed in AD clinical trials despite positive pre-clinical
data from over two dozen transgenic models!®. With recent advances in the development of
robust, neuronal human induced pluripotent stem cell (hiPSC) lines13-15 there is an
opportunity to develop a human-based /in vitro disease model for AD which may lead to
better translation of lab research to clinical results.

In an attempt to recapitulate AD’s /in vivo pathophysiology in a controlled /n vitro
environment, investigators have studied the role of amyloid beta (Ap) in disrupting neural
function by applying various forms of the protein to cultured neurons. Amyloid-p is known
to be a crucial causative protein in AD development6:17 Disease progression is linked to
accumulation of Ap and formation of plaques and phosphorylated tau tangles, leading to
reduced neuronal activity and eventually cell death®18. Evidence indicates that the most
toxic forms of Ap are not the aggregated fibrils commonly associated with AD pathology, or
even its monomeric form, but that low-weight, soluble Ap (1-42) oligomers are the most
harmful agents of synaptic dysfunction and neurodegeneration!®-27 Specifically, dimers of
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AB have been shown to have the most profound effect!6-28, However, it is unclear what the
role of this protein is in the earliest stages of AD pathology. Moreover, poor translation of /n
vitro studies to the clinic2? suggests current AB-based models offer poor representations of
the disease®0. Studies commonly use acute doses of non-physiological Ap concentrations to
achieve neuronal impairment /n vitro?2:31-35 This is problematic because opposing effects
have been reported when investigating higher than physiologic concentrations of Ap and
may confound conclusions drawn from these studies36. Furthermore, the high rates of cell
death and expression of tau tangles in response to such treatments appear to be a better
representative of late-stage AD37:38 Targeting therapeutics to treatment of this late-stage
phenotype may be inappropriate since neurological damage is already severe, and likely to
be irreversible3°. Moreover, acute treatment with nonphysiologically relevant doses of
monomers and oligomers to promote rapid neurodegeneration is fundamentally
unrepresentative of AD progression /n vivo, and thus poorly suited to mechanistic studies of
early disease states. We have previously shown that acute application of low physiological
doses of Ap oligomers have functional effects without significant cell death in cultured rat
hippocampal neurons, which could be ameliorated by curcumin®?, but no studies of low dose
treatment of AP oligomers have been done with human cells derived from iPSCs, and
certainly no chronic studies have been performed.

Based on these results we hypothesized that chronic exposure of human neurons to
physiologically representative doses of AB oligomers*1=43 would produce an in vitro
phenotype that may more closely represents early-stage AD pathology, and therefore a more
appropriate model for evaluating novel AD therapeutics. To investigate this hypothesis, we
evaluated both high dose acute and low dose acute and chronic application of A oligomers
on human cortical neurons derived from iPSCs. Electrophysiological and metabolic analysis
of the treatment models indicate significant functional impairment and decreased viability
with acute high doses of AB, but chronic low doses produce functional impairment without
affecting cell survival. In addition, immunocytochemical analysis suggests tau expression is
upregulated in cells exposed to the acute high dose, but not in cells given the chronic low
dose treatment. We believe these results establish an /in vitro model that may be more
indicative of early AD pathology.

Cell morphology and viability

In all conditions, phase-contrast microscopy revealed cells which appeared healthy and had
extensive neuritic outgrowth over the 4-week culture period. Phase images indicated similar
gross morphology across all conditions, with no obvious aberrant morphological changes
upon addition of AR (Figure 1A). This was expected as profound morphological changes
were not reported at the concentrations utilized herein*. Assessment of cell viability by
MTT assay yielded no significant differences between control and treatment with 10 nM AR,
both acute and chronic (p > 0.05. Figure 1B). However, treatment with 5 uM AR
significantly reduced cell viability compared to control cultures (p = 0.005). In 5 pM AB-
treated cultures, viability dropped by 35.66% (£ 5.75). Viability in acute and chronic 10 nM
treated cultures were 103.93% (£ 2.83) and 99.07% (z 3.96) respectively compared to
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untreated controls (Figure 1B), and differences were not significant (p = 0.986 and p=0.141,
respectively). These results indicate that chronic exposure to a pathological concentration of
AP was insufficient to induce significant levels of cell death over a 4-week culture period.
Acute A treatment, with concentrations not representative of levels reported in human
tissue, led to significant cell death after just 48 hours in culture.

Electrophysiological function

Representative electrophysiological recordings of control and treated neurons (Figure
2A,B,C) highlight the major differences in electrophysiological function of the acute vs
chronic low dose application of Ap oligomers (quantified in Figure 3, all values reported in
Supplemental Table 1). The resting membrane potential of the cultured neurons was
significantly reduced in 5 uM Ap-treated cultures compared to untreated controls (p = 0.034,
Figure 3A). Conversely, no significant difference in resting membrane potential was
observed for either acute or chronic 10 nM treatments (p = 0.980 and p = 0.309,
respectively). Inward sodium and outward potassium currents were significantly reduced in
the 5 UM ApB-treated cultures compared to the controls (p < 0.05) but were not significantly
different among control and 10 nM-treated cultures (p > 0.05, Figure 3B,C).

The maximum number of action potentials (APs) fired during stimulation while holding the
membrane potential at =70 mV was calculated for each condition. No significant differences
were observed between control and 10 nM treated cultures (p > 0.05); however, 5 uM AB-
treated cultures were significantly lower than all other conditions (p < 0.007, Figure 3D).
Despite this difference, AP amplitudes were not significantly different between any
condition tested (p = 0.410, Figure 3E). Membrane resistance was also not significantly
different between any condition (data not shown, p = 0.239). However, while the membrane
resistance and AP amplitude was unaffected, AP waveforms were altered in 5 pM AB-
treated cultures. Specifically, AP rise time (Figure 3F), calculated full width at half
maximum (FWHM) (Figure 3G), and the maximum rate of rise (Vmax) (Figure 3H) were
significantly different in 5 pM ApB-treated cultures compared with control and 10 nM treated
cells (p < 0.05), indicating that supraphysiolgical doses of Ap trigger a widening of APs in
cultured neurons. Decay slope and decay time were not significantly different between
conditions (p < 0.05; Supplemental Table 1).

Spontaneous APs were recorded from patch-clamped cells with a gap-free protocol where
current was held between —35 and —40 mV (Figure 3H). Again, 5 uM AB-treated cultures
were significantly hindered in function (p < 0.001). Similarly, chronic 10 nM treatment was
significantly lower than control and 10 nM acute conditions (p = 0.02), suggesting impaired
functional performance in both 5 uM acute and 10 nM chronic conditions. This reduction in
spontaneous activity in both conditions was suggested as we have previously shown similar
findings in rat cultures treated with 100 nM A over just 24 hrs0,

Immunocytochemical analysis of tau expression levels

Immunocytochemical analysis by confocal microscopy highlighted the presence of tau
protein in cultured neurons under all examined conditions (Figure 4A). Control and Ap
treated cultures were stained for the presence of total tau protein as early-stage tauopathies
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may include not only hyperphosphorylated tau but other toxic oligomers#>46. The anti-tau
antibody used detected both phosphorylated and nonphosphorylated tau. Analysis of positive
staining intensity revealed increases in tau accumulation in response to Ap treatment,
mimicking previously-reported Ap-tau protein interactions*’~49. Calculation of statistical
differences suggested an upregulation of tau expression in 5 UM treated cultures with a
greater than 90% confidence interval (Figure 4B, p = 0.057). The slight increase observed in
10 nM treated cultures was more modest, and insufficient to suggest any significant changes
in tau expression over the time-frame investigated.

Discussion

A human-based neuronal culture system incorporating an accurate AD pathophysiological
phenotype would be of considerable value to drug development and disease modeling
applications. While patient derived iPSC models of AD are available135051 cell line
variability may inhibit the widespread applicability of conclusions drawn from specific lines.
Commercially available iPSC-derived human cells offer an extremely reproducible
alternative for general screening purposes. Study of Ap-mediated phenotypic responses in
cultured wild type neurons offers a widely available platform for generalized assessment of
neurodegeneration in human tissues. Therapeutic screens and/or mechanistic studies of AD
progression, once tested in a generalized model, could then be advanced to specific patient
iPSC lines for continued personalized evaluation. Many previous studies have used acute,
high doses of AB to model AD effects on cells /7 vitro. However, our results indicate that
although such treatments induce severe pathological phenotypes rapidly in cultured human
neurons, this method may not best recapitulate the AD disease state as it occurs /n vivo.

AD patients undergo a slow neurodegenerative process which takes years to manifest in a
detectable phenotype®2:53, In the early-stages of AD pathology, patients exhibit synaptic
dysfunction, amyloid beta accumulation in the brain but low concentrations of AB1_45 in the
cerebral spinal fluid (CSF), a high tau/p-tau ratio in the CSF, and beginning stages of
cortical/hippocampal diminishment®#-56, This alteration in functional performance precedes
significant cell death, which usually only occurs in later stages of AD progression37:38 Acute
high doses of Ap /n vitro are more closely related to late-stage AD modeling and do little to
accurately recapitulate the slow, progressive nature of the condition. A model system that
more closely mimics the mild cognitive impairment stage of the disease would therefore be
more suitable for studies on early AD pathophysiology. Furthermore, such a system would
be beneficial for screening compounds for their capacity to prevent disease progression
before late-stage cell death occurs.

Previous studies have used human cell sources to investigate the effect of high
(nonphysiologic), acute doses on AB-induced cytotoxicity and cell cycle induction®’ and low
(more physiologic) concentrations of AR over acute periods®®. However, assessment of the
functional response of these cells to physiologically representative levels of AR over
extended culture periods has not been performed in human cells. We therefore investigated
treatment of hiPSC-derived neurons with low-doses of Ap over extended time-courses to
evaluate the ability for these cells to mimic the /n vivo pathophysiology of early AD
progression more closely.
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Our results more likely closely mirror the /n vivo effects of A in human neural tissue at
early stages of AD progression. The collected data highlight that chronic treatment of A at
a physiologic dose results in impaired neuronal firing capacities without significant cell
death. Acute, high dose A(3 treatment produced a more pronounced reduction in
spontaneous activity, but this was coupled with a significant reduction in cell viability,
indicating a more rapid progress toward cell death than is typically seen in AD patients. No
significant differences were seen in AP amplitudes when under current clamp, indicating
treated cells were capable of firing APs as compared to healthy control cells, but only when
membrane potentials were artificially maintained. AP waveforms were unaltered by chronic
or acute 10 nM treatment, but AP rise time and FWHM were significantly increased when
acutely treated with a high dose of AB. These results are supported by previous studies
which demonstrate how different AB doses result in significant and conflicting
electrophysiological responses in cultured rodent neurons*®: 59, Furthermore, changes in AP
rise time, Vmax and FWHM in acute high dose Ap treated cells may indicate a change in
sodium conductance and rectifying potassium channel activity in this condition89. Such
drastic functional changes are poorly representative of the early AD phenotype. A recent /in
vivo study examining cortical and thalamic electrophysiology in a rat model of AD
demonstrated that the disease state produced a significant reduction in neural activity
without alterations in AP waveform metrics61. Our presented data correlate with the findings
of this study and support the hypothesis that chronic low dose A treatment produces
functional phenotypes in cultured human neurons that more closely recapitulate AD
pathology. Furthermore, these findings confirm that acute high dose Ap treatment induces
functional phenotypic changes in cultured neurons that are not observed in /n vivo models of
AD.

Tau is a major structural protein in neurons responsible for stabilizing axonal microtubules,
and has been shown to be constitutively expressed in iCell neurons specifically*S.
Neurodegenerative tauopathies, concomitant with AD, include a reduced association of tau
with microtubules, the accumulation of intracellular bundles of highly insoluble, straight or
paired helical tau filaments, and the hyperphosphorylation of tau and the subsequent
formation of neurofibrillary tangles (NFTs)*2. Moreover, in stages leading up to (and
during) the appearance of NFTSs, neurotoxic tau oligomers are present and have been shown
to contribute to neurodegeneration in drosophila and transgenic mice models of AD#1.62-64,
As such, the increased presence of tau aggregates in neurons is an established hall mark of
neuronal degeneration in AD and associated tauopathies.

In this study, immunocytochemical analysis of tau protein in cultured cells indicated a
significant increase in tau accumulation in response to acute high doses of Ap. Conversely,
neither acute, nor chronic 10 nM AP treatments produced significant increases of tau
protein. This result was consistent with clinical observations as Ap-mediated impairment of
electrophysiological function is known to precede accumulation of tau in the brain during
early AD progression®. These data provide further evidence to support the hypothesis that
chronic low-dose A is more appropriate for modeling early AD stages /7 vitro. Previous
studies have demonstrated that the increased presence of AP does not upregulate tau gene
expression, but rather promotes the formation of larger tau aggregates through
hyperphosphorylation of specific sites#”:66-69_ Given this, the observed increase from tau
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immunocytochemical analysis detected in these experiments is believed to result from
increased aggregation of the protein within cultured neurons, thereby increasing the
detection of the positive fluorescence signal above background levels.

Taken together these results suggest that acute, non-physiological doses of Ap poorly
represent early AD phenotypes, in terms of modeling electrophysiological function, cell
death, and tau aggregation. Chronic, physiological levels of Ap more accurately recreate the
mild functional impairment of neurons likely present during initial neurodegenerative stages
of AD. The stability of these commercial hiPSC-derived neurons over extended time
courses, and the more accurate representation of disease phenotype, demonstrate the utility
of the described system for modeling early AD progression in vitro. As such, this system is
highly amenable to studies designed to further our understanding of AD progression and
provide a valuable potential tool for therapeutic drug screening.

Materials and Methods

Cell culture

Human iPSC-derived neurons (Cellular Dynamics International, iCell Neurons
NRC-100-010-001) were plated at 700 cells per mm? according to manufacturer’s
instructions. Cells were plated in maintenance medium (NRM-100-121-001 with
NRM-100-031-001) and incubated overnight at 37°C 5% CO,. Plated cells were changed to
Hybrid Systems Laboratory Medium 1 (HSL1, see Supplemental Table 2) without phenol
red as phenol red may interact with amyloidogenic compounds’?. HSL1 was specifically
developed to facilitate the long-term survival and maturation of hippocampal neurons’1:72
Medium was changed every 3—-4 days and maintained over 28-30 days /n vitro (DIV).
Chronic treatment of 10 nM AR, a dose close to physiological Ap concentrations#1-43,
began at 7 DIV to give cellular networks enough time to establish robust connections’?.
Medium was changed completely with freshly prepared oligomers to eliminate any
possibility of buildup of higher-weight oligomers. Acute, 48 hr treatments of 10 nM and 5
UM AR were performed 2 days prior to patch clamp electrophysiology (26-28 DIV).

Surface modification

Cells were plated onto laminin-coated (Sigma, L2020, 3.3 pg/mL) coverslips which had
been treated with the self-assembled monolayer, N-1(3-[trimethoxysilyl]propyl)-
diethylenetriamine (DETA, United Chemical Technologies Inc., Bristol, PA, T2910KG).
Briefly, plasma-cleaned glass coverslips (Thomas Scientific 1217N81, 18 mm, no. 1.5) were
silanized with a 0.1% (v/v) mixture of DETA in freshly distilled toluene (Fisher T2904) as
described previously’3. The DETA-treated glass was heated to just below the boiling point
of toluene (70°C), rinsed with toluene, reheated to 70°C, and then dried in an oven overnight
at (100-105°C). Surfaces were validated via contact angle measurement and X-ray
photoelectron spectroscopy as described previously’4. Laminin was added to DETA-treated
glass overnight at 4°C. DETA has previously been used for long-term culture of multiple cell
types, including neurons’274=77 and enhances the adsorption of laminin onto the culture
surfaces (see Supplemental Figure 1).
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Amyloid-B oligomer preparation

Amyloid-p oligomers (Bachem, H-1368) were prepared as described previously’8. Briefly,
AP peptide was monomerized using HFIP (Sigma-Aldrich, 105228) and dried overnight.
Peptide films were further dehydrated with dry nitrogen and stored under desiccant at —80°C
until use. Peptide films were resuspended in dimethylsulphoxide (DMSO) and diluted to 100
UM in Neurobasal A medium without phenol red (Invitrogen, 12349-015). Peptide
suspensions were allowed to oligomerize for 24 hrs at 5°C before use. Preparations of
AB1_42 were centrifuged at 14,000 rpm to remove any large fibrils and the supernatant was
then diluted in phenol red-free medium for immediate use. The final concentration of DMSO
was < 0.1%.

Oligomer characterization

MTT assay

AB protein was prepared using a protocol known to produce low-weight oligomers’®. To
confirm the success and quality of our oligomerization protocol, gel electrophoresis of pure
AP protein was performed, followed by a coomassie blue stain. Mini-PROTEAN® 10-20%
Tris-Tricine Precast Gels (Bio-Rad, 456-3113) were loaded with the purified Ap peptide
suspended in Tricine Sample Buffer (Bio-Rad, #161-0739), and electrophoresed for 1-2 hrs
at 120 V in Tris-Tricine SDS buffer (Sigma-Aldrich, T1165). Gels were then stained with
Coomassie Brilliant Blue (Bio-Rad, 161-0786), and destained (Bio-Rad, Coomassie Brilliant
Blue R-250 Destaining Solution 161-0438161-0438) to evaluate low-weight oligomer
formation (Supplemental Figure 2).

MTT solution (Thiazolyl Blue Tetrazolium Bromide (Sigma, M5655) at 5 mg/mL in PBS)
was added to cultures at a 1:5 ratio and incubated for 2-3 hrs. The MTT solution/culture
medium was then removed and fresh lysis buffer (1% SDS and 0.57% glacial acetic acid in
DMSO) was added to wells, triturated, and transferred to a 96-well plate (Falcon, 3-353070).
Cell viability was then assessed using a plate reader (Bio-Tek, KC4 Synergy FIT) to detect
emission levels at 570 nm and thereby quantify purple formazan byproduct levels in each
sample. Emission levels were normalized to background levels achieved when measuring
MTT/culture medium solution from wells with no cells plated.

Immunocytochemistry

Cultures were fixed using 4% paraformaldehyde for 20 mins before being rinsed with
phosphate-buffered saline (PBS) at 4°C. Cells were then permeabilized for 20 mins with
0.2% Triton X-100 in PBS and incubated at room temperature for 2 hrs in blocking buffer
(2.5% donkey serum, 2.5% goat serum, and 0.5% BSA) to prevent non-specific antigen
binding. Primary antibodies rabbit monoclonal anti-microtubule associated protein tau
(abcam, ab32057, 1:250), and chicken polyclonal anti-beta-ill tubulin (Millipore, ab9354,
1:1,000) were diluted in blocking buffer then added to the permeabilized cultures and
maintained overnight at 4°C. Cells were then rinsed four times with PBS and incubated with
their respective secondary antibodies diluted in blocking serum: goat anti-chicken Alexa 568
(A11041) and donkey anti-rabbit Alexa 488 (A21206) at 1:200 (Molecular Probes) for 2 hrs
at room temperature. After rinsing four times in PBS, cells were mounted with ProLong®
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antifade reagent (Life Technologies, P36930) onto glass slides. The cells were imaged using
a Zeiss LSM 510 confocal microscope. Expression of the respective antibodies was then
quantified with ImageJ’® by measuring the integrated density and normalizing to cell
number. Results are expressed relative to values recorded for untreated controls. A minimum
of 50 fields of view at 40x magnification were quantified per condition.

Patch-clamp electrophysiology

Electrophysiological properties of hiPSC-derived neurons were investigated after 28-30
DIV. Whole-cell patch clamp recordings were performed on the 37°C heated stage of an
upright microscope (Axioscope FS2, Carl Zeiss, Géttingen, Germany). Extracellular
recordings were performed in the same medium used for cell culture (+10 mM HEPES
buffer), including drug treatments. The intracellular recording solution (140 mM K-
gluconate, 4 mM NacCl, 0.5 mM CaCl,, 1 mM MgCl,, 1 mM EGTA, 5 mM HEPES acid, 5
mM HEPES base, and 5 mM Na,ATP) was loaded into borosilicate glass patch pipettes
(BF150-86-10; Sutter, Novato, CA) produced with a pipette puller (Sutter, P97). Patch
pipettes with a resistance in the range of 6-10 MQ were used for all recordings. Voltage-
clamp and current-clamp experiments were performed with a Multiclamp 700B amplifier
(Axon Instruments, Foster City, CA, USA). Signals were filtered at 2 kHz and digitized at
20 kHz with an Axon Digidata 1322A interface. Offset potentials were nulled before
formation of a gigaQ seal and fast and slow capacitance was compensated for in all
recordings. Membrane potentials were corrected by subtraction of a 15 mV tip potential,
calculated using Axon’s pClamp 10 software (Axon Instrument, Foster City, CA, USA).
Recordings with an access resistance of less than 22 MQ were not included as a high access
resistance indicates poor patch quality/insufficient access to the interior of the cell. To
generate a single action potential (AP), a 3 ms depolarizing current pulse of sufficient
intensity (1-2 nA) was applied. Inward and outward currents were evoked by a series of 250
ms depolarizing steps from =70 to +170 mV with +10 mV increments. Depolarization-
evoked repetitive firing was recorded in current clamp mode. Gap-free recordings of
spontaneous activity of patched neurons were performed for up to 5 m while holding the cell
membrane at optimal threshold (between -45 and —50 mV). Cells which required more than
200 pA of current to maintain voltage clamp were excluded as excessive application of
current is indicative of poor patch quality or membrane integrity. All recordings and analysis
were performed using the pClamp 10 software suite. Action potential rise times were
calculated as the time taken to reach 90% maximum AP amplitude from 10% of the
maximum amplitude. Decay slope and time were calculated from 90% to 10% of the action
potential. Full width at half maximum was calculated as the width of the action potential (in
ms) at half the maximum amplitude. Action potential rise time and FWHM were calculated
during the flattest portion of the AP to allow for easy comparison between conditions.

Statistical analysis

One-way analysis of variance (ANOVA) tests were performed to assess differences between
treatments of hiPSC-derived neurons followed by Student-Newman-Keuls Method tests.
Post hoc Student-Newman-Keuls Method tests were also performed on data sets that did not
have equal variance (resting membrane potential, MTT) but had a normal distribution of
data. Data that had equal variance but were not normally distributed were analyzed using

ACS Chem Neurosci. Author manuscript; available in PMC 2019 July 18.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Berry et al.

Page 10

ANOVA on ranks, followed by the Dunn’s method for multiple comparisons (inward and

ou

tward currents, max rep firing, rise time). Square root transformations were performed on

the spontaneous firing and maximum repetitive firing data sets and log transformations were

performed on decay slope and decay time data sets to properly condition them for ANOVA
analysis. Statistical differences in tau protein staining intensity between each Ap treatment
and untreated controls were independently assessed via student’s t-test. Each experiment
included data collected from at least 3 independent cultures. Data is presented as mean *

standard error of the mean.
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Figure 1. Treatment of hiPSC derived neuronswith physiological doses of AB does not induce
changesin gross cell morphology or viability

A) Representative phase contrast images of hiPSC-derived neurons comparing untreated,
chronic, and acute Ap treated cells at 30 DIV. Scale = 50 um. B) Viability of hiPSC-derived
neurons determined by MTT assay at 30 DIV following treatment with Ap. Acute 5 uM
treatment significantly reduced cell viability (P < 0.05) whereas acute and chronic 10 nM
treatments had no significant effect on cell survival.
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Figure 2. Electrophysiological evaluation of untreated, acute and chronic Ap-treated hiPSC-
derived neurons
Patch-clamp recordings were taken between 28-30 DIV in control (column A), 10 nM

chronic (column B), and 5 uM acute (column C) treated cortical neurons. Recordings from
cells acutely treated with 10 nM Ap were also taken but there were no significant difference
from the control (p > 0.05). (Top row) Voltage-clamp recording of inward sodium and
outward potassium currents (=70 mV holding potential, 10 mV steps). (Second row)
Neurons fired repeatedly in response to depolarizing current injections at a =70 mV holding
potential. (Third row). A single AP was generated using a 3 ms depolarizing current pulse of
1-2 nA. (Bottom row) Gap free recordings were performed for up to 5 m to measure
spontaneous activity of patched cells. (Inset) Phase contrast image of patched neuron. Scale
=20 uM.
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Figure 3. Changesin electrophysiological characteristics of hiPSC-derived neuronstreated with
either acute or chronic Ap

A) Resting membrane potential, B) peak inward current, C) peak outward current, D)
maximum APs fired in response to depolarizing current injections at =70 mV, E) and peak
action AP are represented at 28 DIV. Whereas the resting membrane potential, peak inward
and outward currents, and maximum number of APs were maintained across control and 10
nM conditions, these parameters were significantly reduced in acute, 5 uM treated cultures
(p < 0.05). Treatment with 5 uM of Ap resulted in an even more significant drop in
spontaneous neural firing activity (p < 0.01). Time to peak AP and AP duration, and
represented by rise time (F) and FWHM (G) respectively was significantly increased in 5
UM treatment of AB (p < 0.05). Inversely, the maximum rate of rise (Vmax; H) was
significantly reduced in 5 uM treatment of AP but was unaffected in other conditions (p <
0.03). 10 nM AP acute treatment did not have a significant effect on spontaneous APs fired
during gap-free recordings (1) but chronic 10 nM AP resulted in a significant drop in the
spontaneous activity of these cultures (p = 0.02). Error bars represent SEM.
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Figure 4. Tau protein isupregulated in hiPSC-derived neuronstreated with higher-than-
physiologic concentrations of Ap

(A) Cells were fixed at culture endpoints (28—-30 DIV) and stained for beta-ill tubulin (red),

tau (green), and DAPI (blue). Scale bar = 20 um. (B) Image analysis of tau protein intensity
was analyzed relative to control tau positive staining while accounting for differences in cell
viability (p = 0.057).
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