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Summary statement

The pathophysiological excitability was revealed for human cells in dementia. This
provides a major advance in understanding of tau-induced brain neuropathology and

sheds new light on human models of dementia.

Abstract

Frontotemporal dementia and parkinsonism (FTDP-17) caused by the 10+16 splice-
site mutation in the MAPT provides an established platform to model tau-related
dementia in vitro. Human iPSC-derived neurons have been shown to recapitulate the
neurodevelopmental profile of tau pathology during in vitro corticogenesis as in the
adult human brain. However, the neurophysiological phenotype of these cells has
remained unknown, leaving unanswered questions over the functional relevance and
the gnostic power of this disease model. Here we used electrophysiology to explore
the membrane properties and intrinsic excitability of the generated neurons to find
that human cells mature by ~150 days of neurogenesis to become compatible with
matured cortical neurons. In earlier FTDP-17, neurons, however, exhibited a
depolarized resting membrane potential associated with increased resistance and
reduced voltage-gated Na*- and K*-channel-mediated conductance. The Nay1.6
protein was reduced in FTDP-17. These led to a reduced cell capability of induced
firing and changed action potential waveform in FTDP-17. The revealed
neuropathology may thus contribute to the clinicopathological profile of the disease.

This sheds new light on the significance of human models of dementia in vitro.
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Introduction

A recurrent problem in dementia research is that the generated animal models do not
show neuropathological profiles that match pathological changes found in the human
brain (Van Dam and De Deyn, 2006, Irwin et al., 2018, Rohrer et al., 2011, Gotz and
Ittner, 2008). While the wide use of animal models (~180 models of Alzheimer’'s
disease are currently available) remains under scrutiny, the latest advances in
generating patient-specific nerve cells from induced pluripotent stem cells (iPSC)
have enabled studies in live human cells (Livesey, 2014, Shi et al., 2012b). Because
such model systems are ideally suited for exploring the mechanistic basis of cellular
pathogenesis in live cells, they could provide an essential tool for exploring the cell
and molecular biology of dementia (lovino et al., 2015, Ortiz-Virumbrales et al., 2017,
Sposito et al., 2015).

Various types of dementia share common functional impairments that occur in
nerve cells as the disease progresses. This suggests that different dementia forms
have a similar cellular basis. As an example, a class of tauopathies that includes,
among others, Alzheimer’s disease, Pick’s disease, the inherited frontotemporal
dementia and parkinsonism linked to chromosome 17 (FTDP-17), has featured the
abnormal tau protein, which appears to underlie the pathology at the neuronal level.
The primary molecular mechanism involving a  self-aggregation  of
hyperphosphorylated tau includes toxicity of the tau deposits, and eventually
neuronal death in Alzheimer’s disease (Goedert et al., 1989, Matsuo et al., 1994) and
FTDP-17 (Hutton et al., 1998, Pickering-Brown et al., 2002, Poorkaj et al., 1998).
However, how exactly tau pathology affects human nerve cell function leading to cell
death remains unknown for the whole class of tauopathies.

We therefore sought to understand changes, if any, in the neurophysiological
properties of human cells in tau-related dementia, in particular, in a human iPSC
model of FTDP-17 caused by the 10+16 intronic mutation in the gene coding the
microtubule-associated protein tau (MAPT). This experimental model recapitulates
the developmental changes in tau-splicing pathology (increased splicing of 4R tau
isoforms) as found in the adult human brain (Sposito et al., 2015, Verheyen et al.,
2018, Paonessa et al., 2019). Because very little is known about neurophysiology of
human cells with tau pathology at any stage of earlier or overt symptoms, we sought
to establish firstly the timeline of functional neuronal maturation in vitro. Having
established the timing of well-developed neurophysiological properties of human

iPSC-derived neurons in control (healthy donor iPSC lines), we next examined the
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biophysical properties of neurons with the 10+16 MAPT mutation to document the
pathophysiological phenotype of intrinsic excitability for human cells in FTDP-17.

Results

Time-dependent maturation of intrinsic excitability of human iPSC-derived
cortical neurons

Human iPSC-derived cells were positively stained for several cortical layers neuronal
markers, detectable following 80 days of in vitro neurogenesis in control lines
(healthy donors) and those obtained from patients with FTDP-17 caused by the
10+16 intronic mutation in MAPT (Sposito et al., 2015). Consistently, cells displayed
a clear neuronal morphology at 100 days of corticogenesis in these cell lines (Fig.
1A). Hence, patch-clamp recordings were performed from iPSC-derived neurons to
trace the maturation of their biophysical properties over an extended period of
neurogenesis — at 100 and 150 DIV - for the anticipated neurophysiological
maturation of the differentiated neurons. At this developmental stage, iPSC-derived
neurons with the mutation express both 3R and 4R tau isoforms, while control cells
only the 3R tau isoform (Sposito et al., 2015).

Intrinsic membrane properties determine key aspects of neuronal function and
behaviour. We, therefore, started by comparing the passive membrane properties of
the generated cells between different time-points in control lines. Firstly, there was a
substantial increase in the membrane capacitance (Cm) — an almost twofold —
between 100 and 150 DIV (from 29.6 £ 2.6 pF, n = 17 to 61.0 £ 6.9 pF, n = 37,
respectively, p < 0.001; Fig. 1B). Secondly, other passive properties of the
membrane, such as the input resistance (Ri, indicating membrane conductance — a
pool of readily available functional ion channels) and the time constant (tm, referring
to the time for neuron's membrane potential to reach 63% of its resting value) were
also markedly improved by the age of ~150 DIV (Ri, 196.5 + 33.4 MQ, n = 17 vs.
690.2 £ 90.9 MQ, n = 37, p < 0.001 at 100 and 150 DIV, respectively; tm, 5.6 = 1.0
ms, n = 17 vs. 43.4 + 55 ms, n = 37, p < 0.001, respectively; Figs 4B and 4C).
Thirdly, we measured the resting membrane potential (Vies, immediately after
membrane breakthrough). At 100 DIV, Viest Was relatively depolarized, as observed
in all tested cells (a range from =17 mV to =32 mV, an average of -25.3 + 1.8 mV, n
= 10; Fig. 1C). This suggests that the generated neurons at this developmental age

remain underdeveloped. Indeed, only a proportion of iPSC-derived neurons at the
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age of 100 DIV (6 out of 18) enabled generating a single action potential (AP) in
response to current injection (Vrest held at -60 mV to =70 mV; Fig. 1D). We never
observed a cell capable of generating a train of induced APs at 100 DIV. The Vrest
markedly developed by ~150 DIV (a range from —43 mV to =70 mV, average —-54.7
2.5mV, n = 23; Fig. 1C). Consistent with the 'maturation’ of V(est, neurons developed
their capability for a high-frequency discharge (Fig. 1D).

Next, we assessed the voltage-dependent membrane properties underlying
the intrinsic excitability of differentiated cells. Because the hyperpolarization-activated
cation current (In), @ mixed current carried by both K* and Na*, makes an important
contribution to setting of the Vst (Biel et al., 2009, Ludwig et al., 1998), hence
reflects a maturation level, we measured cell responses to hyperpolarizing current
steps. For quantitative comparisons, we calculated the Vgrop and the sag response
(the ratio of the peak to steady-state) for the hyperpolarizing current pulse of =150 pA
(Fig. 2A). The iPSC-derived neurons showed a much prominent Vgrop at 150 DIV than
at 100 DIV (120.9 + 14.0 mV, n = 18 vs. 46.3 £ 12.6 mV, n = 17, respectively, p <
0.001; Fig. 2B). In line with this, neurons at the age of 150 DIV exhibited the larger
voltage sag, which followed in some cells by a rebound spike on termination of the
hyperpolarization step (Fig. 2A), while cells at 100 DIV had a minor or no sag
response (0.31 £ 0.05 vs. 0.10 % 0.04, respectively, p < 0.01; Fig. 2B). Since HCN
channels largely mediate In (Bennett et al., 2000, Biel et al., 2009), the increased In
(three-fold increase in the sag ratio) indicates an increased HCN channel density by
~150 DIV (improved neuronal maturation).

To assess the functional expression of fast-activating Na* channels underlying
cell firing activity, we next examined the AP upstroke in the generated neurons (Fig.
2C). Further to a cell's capability of generating a train of induced APs at 150 DIV (as
compared to a generated single AP spike by iPSC-derived neurons at 100 DIV; Figs
1D, 2C left traces), the AP spike was of a larger amplitude at 150 DIV (Fig. 2C right).
Importantly, the AP threshold has further developed, as revealed by an analysis of
the first AP in a train induced by a slow-injecting ramp current (-20.9 + 6.4 mV at 100
DIV vs. =429 £ 2.0 mV at 150 DIV, n = 9, p < 0.05; Fig. 2D), that the threshold
became thus comparable to that of primary brain neurons (Kopach et al., 2018b,
Kopach et al., 2018a). The slow after-hyperpolarization (SAHP) mediated by K*-
channels which largely contribute to AP repolarization and spike shaping (Wilson and
Goldberg, 2006) was also developed. The sAHP, measured at the end of a square

depolarizing pulse train (Fig. 2C), markedly increased by ~150 DIV, with a clear
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difference between ~100 and ~150 DIV detectable for all depolarizing currents
tested, including relatively small currents (a range of 0 to 450 pA; Fig. 2E). This
reflects a time-dependent increase in the K*-channel density, especially Ca?*-
activated K*-channel subtypes, as an ionic basis of the sAHP component in
pyramidal neurons (Andrade et al., 2012, King et al., 2015).

Altogether, human iPSC-derived cortical neurons require ~150 DIV to mature

intrinsic excitability up to a common neurophysiological level.

Human iPSC-derived neurons with the MAPT mutation display normal
development but changed intrinsic excitability

Having established the time of maturation of neurophysiological excitability for control
human cells (hon-demented group) as ~150 DIV, we next investigated the intrinsic
excitability of cells with the 10+16 intronic mutation in MAPT (FTDP-17 group).

Firstly, we assessed iPSC-derived neurons with the mutation for their
morphological development at an earlier stage of corticogenesis, at ~100 DIV. For
the analysis of neuronal morphology, cells were immunostained for B-tubulin Il and
GFAP, together with nuclear staining, and two parameters of the area and the
diameter of neuronal somata were both quantified in control and FTDP-17 lines (Fig.
3A). We analyzed a total of 367 neurons derived from the two control lines and 431
neurons derived from iPSC lines obtained from two FTDP-17 patients with the 10+16
MAPT mutation (at least 6 independent preparations per group tested). The
guantitative analysis of the neuronal somata area revealed a similar distribution in the
density (number of cells) between pooled control and FTDP-17 groups (Fig. 3B).
Similarly, the soma diameter did not also differ between the groups (median, ~8.8 um
in control and ~8.3 um in FTDP-17, p = 0.359 Mood's median test; Fig. 3C). These
results demonstrate that human cells with the mutation develop neuronal morphology
to a similar extent as control ones at the age of ~100 DIV.

Secondly, we made patch-clamp recordings from the iPSC-derived neurons
with the mutation. In full agreement with morphological assessment,
electrophysiological studies showed no significant difference in the Cn of iPSC-
derived neurons in FTDP-17, as compared to the age-matching control at 100 DIV,
but a trend to increase in FTDP-17 (29.6 = 2.6 pF, n = 17 in control vs. 44.6 £ 9.6 pF,
n=7in FTDP-17, p = 0.175; Fig. 4A). Neither was observed over an extended period
of neurogenesis, at 150 DIV, regardless of comparison between the pooled groups
(61.0 £ 6.9 pF, n = 37 in control vs. 60.3 £ 5.1 pF, n =66 in FTDP-17, p = 0.935; Fig.
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4A left) or per individual case (median, ~43.3 pF, n = 37 control neurons vs. ~45.6
pF, n = 31 neurons from patient 1, p = 0.667 vs. ~52.73, n = 34 neurons from patient
2, p = 0.797, Mann-Whitney test; Fig. 4A right).

Thirdly, one of the other passive properties of membrane, tm, did not also
change in neurons between FTDP-17 and the age-matched control at any time-point
tested. The Ty was 5.6 £ 1.0 ms (n = 17) in control vs. 13.9 45 ms (n =7, p =
0.120) in FTDP-17 at 100 DIV and 43.4 +5.5ms (n =37) vs. 46.2 £ 3.7 ms (n =66, p
= 0.665), respectively, at 150 DIV (Fig. 4B). Collectively, this suggests a ‘normal’
development of iPSC-derived neurons with the 10+16 mutation in MAPT (i.e. similar
to the age-matched control) over the examined period of neurogenesis.

However, neurons with the mutation exhibited changed membrane excitability
by ~150 DIV. In comparison to control group, neurons with the mutation had an
increased Rin (690.2 + 90.9 MQ, n = 37 in control vs. 1000.6 + 112.7 MQ, n = 66 in
FTDP-17, p < 0.05; Fig. 4C), although no difference was found at the age of 100 DIV
(196.5 £ 33.4 MQ, n =17 in control vs. 270.7 £ 42.3 MQ, n =7 in FTDP-17, p = 0.190;
Fig. 4C). Further, neurons with the mutation displayed a depolarized Viest at 150 DIV,
as compared to the age-matched control (Fig. 4D), significant for each individual
case (median value, =53 mV, n = 23 in control vs. =39.0 mV, n = 22, patient 1, p <
0.001 and vs. —-41.5 mV, n = 24, patient 2, p < 0.001, Mann-Whitney test; Fig. 4D).
Again, such a depolarized Viest could not be due to a slower Vit maturation in
neurons with the mutation because at 100 DIV these cells developed their Viest even
more hyperpolarized than control cells (-25.3 £ 1.8 mV, n = 10 in control vs. -45.9 +
7.0mV,n=5in FTDP-17, p < 0.05; Fig. 4D left).

To assess whether such an increase in membrane excitability of human cells
in FTDP-17 could be due to impairments in the voltage-dependent conductance
mediated by HCN channels, we recorded the In. Surprisingly, there was no significant
difference in the In between control and FTDP-17 at 150 DIV (Vdrop, N = 17 in control
and n = 32 in FTDP-17, p = 0.190; the sag ratio, n = 16 and 32, respectively, p =
0.798, Mann-Whitney test; Fig. 5A), nor at 100 DIV (Vdrop, N = 17 in control and n = 6
in FTDP-17, p = 0.403; the sag ratio, n = 17 in control and n = 6 in FTDP-17, p =
0.806; Fig. 5A). Western-blot analysis further confirmed a similar level of the HCN1
protein expression between control and neurons with the MAPT mutation at ~150
DIV (Fig. 5B). This suggests that other voltage-gated conductance, instead of HCN
channels, is to be involved in an increased membrane excitability of neurons with the
MAPT mutation by the age of ~150 DIV.
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Functional down-regulation of voltage-gated Na*- and K*-channels in human
cells with tau pathology: implication of neuronal Na,1.6 channel in FTDP-17

We next asked whether the voltage-gated membrane conductance mediated by Na*-
and K*-channels could be affected in human cells by the mutation in MAPT. To
assess this, we recorded Na*- (Ina) and K*-currents (Ik) in differentiated neurons at
150 DIV at different membrane potentials and plotted the current-voltage (I-V)
relationships for both channels to compare between control and FTDP-17. A majority
of recorded cells displayed the robust voltage-activated Ina and Ik (Fig. 6A). The |-
V relationship showed that Ina activation occurs at a range of membrane potentials
more positive than approximately —50 mV, with no bias in the |-V curve shape, but a
clear reduction in the Ina density in neurons with the mutation (n = 12 in control and n
= 36 in FTDP-17; Fig. 6B). The peak of Ina density was dramatically decreased in
cells with the mutation (median, ~7.39 pA/pF in control vs. ~1.9 pA/pF in FTDP-17, p
< 0.05 Mann-Whitney test; Fig. 6B). Also, there was a decrease in the density of Ik
(consisting of fast and slow non-inactivating components) in FTDP-17 — the reduction
appeared at membrane potentials more positive than —30 mV (n = 7 in control and n
= 30 in FTDP-17; Fig. 6C). This indicates the functional down-regulation of Na*- and
K*-channels in FTDP-17.

To evaluate the mechanism for tau-related functional down-regulation of Na*-
channels, we examined the protein expression in iPSC-derived neurons in control
and FTDP-17 at 130-165 DIV. Western blot experiments demonstrated the reduced
expression of Nay1.6 channel in neurons with the mutation (n = 6 samples in control
and n = 8 in FTDP-17, 4 independent experiments performed, p < 0.05 Mann-
Whitney test; Fig. 6D). This indicates a loss of neuronal Nay,1.6 channel as a
mechanism contributing to changed intrinsic excitability of human cells in FTDP-17.

Since voltage-gated Na*- and K*-channels are largely responsible for neuronal
firing, functional down-regulation of these channels would lead to impaired cell
function — changes in firing activity. Therefore, we examined changes in AP
discharge by neurons with the mutation at 150 DIV, using two different experimental
protocols: eliciting firing by injecting a slow ramp current (200 pA/s; Fig. 7A) and by
injecting a series of short, square depolarizing pulses (Fig. 7C). Firstly, we found that
neurons with the mutation exhibited a depolarized AP threshold (measured for the
first AP spike in a train elicited by a ramp protocol), as compared to that in age-

matched control neurons (-42.4 + 2.3 mV, n =4 in control vs. -31.1£2.6 mV, n=9
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in FTDP-17, p < 0.05; Fig. 7A). Thus, a shift in the threshold was by ~11 mV
(depolarizing shift). Secondly, there was a reduction in the amplitude of induced AP
spike (from 46.9 £ 2.9 mV, n = 14 in control to 35.5 + 2.5 mV, n = 36 in FTDP-17, p <
0.05; Fig. 7B). Thirdly, neurons with the mutation exhibited an increased rheobase —
the magnitude of depolarizing current required to shift membrane potential to the
spike threshold to drive firing (Fig. 7C). The two-fold stronger current was needed to
bring neurons with tau pathology to firing (96.1 + 11.5 pA, n = 41 whereas in control
neurons current sufficient to elicit firing was on average of 48.2 + 8.2 pA, n =11, p <
0.05; Fig. 7C). The latter indicates that neurons with tau pathology need near a twice
stronger stimulus to drive firing. Finally, neurons with the mutation had a decreased
SAHP, as observed at different depolarizing current pulses (50 to 250 pA; Fig. 7D),
consistent with a reduced K*-channel density in these neurons. Overall, these
changes attribute to the phenotypic spectrum of pathological neuronal excitability of
human cells in FTDP-17.

Discussion

Human stem cell models that employ patient-specific cell types have been a
milestone in dementia research. However, physiological studies of iPSC-derived
neurons are challenging and sparse. Here, we show that human iPSC-derived
cortical neurons require ~150 days of neurogenesis to match the physiological traits
of mature cortical neurons. For the first time, we reveal the phenotypic
pathophysiological intrinsic excitability of human cells in frontotemporal dementia and

parkinsonism related to tau protein pathology.

Maturation of neurophysiological properties of human cells in vitro

Despite that dementia is a disorder gradually progressing over a considerably
prolonged time, at present, there is no precise treatment to cease or modify the
disease. The major challenge in developing therapies has been the lack of a clear
understanding of the mechanistic basis underlying the neuropathology. Since animal
models appear to not fully replicate neuronal loss as it occurs in the human brain
being associated with a clear clinicopathological profile of memory loss and cognitive
decline (as somewhat debatable for animal species), human stem cell models have
been implicated to modelling genetic forms of Alzheimer- and non-Alzheimer-type

dementias for the studies of patient-specific cells directly. This study provides the
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electrophysiological expertise of human iPSC-derived cortical neurons to establish, in
the first instance, neuronal maturation of human cells in control and FTDP-17 with
tau pathology.

The timing of iPSC-derived neurons mature and set neurophysiological activity
has always been a challenge that most studies overcome via routine use of various
antigens/markers. Whereas immunocyto(histo)chemistry can document a firm
expression of receptors/proteins in generated nerve cells, it won’t prove the cell
function, with regard to a constitutive level of neurophysiological activity (Kopach,
2019). To the neurophysiological point of view, the biophysical properties of human
iIPSC-derived cortical neurons at 150 days of neurogenesis in control (non-demented
cell lines) confirm these cells are physiologically credible. The matured intrinsic
excitability of generated neurons was confirmed cumulatively by their Viest and the AP
threshold — both comparable to that of primary brain neurons (Kopach et al., 2018b)
— and a cell capability of high-frequency firing by the age of ~150 DIV. In comparison
to control, neurons with the mutation in MAPT (demented group) did not appear to
have the underdeveloped biophysical properties when being examined at the age of
100 DIV, nor at 150 DIV. For instance, the I, (reflecting the functional HCN channel
expression responsible for the recovery from hyperpolarization) was comparable to
that in control neurons, consistently with a similar level of HCN1 protein expression
(Fig. 5). Likewise, some of the passive membrane properties, such as the
capacitance and the time constant were also similar between the groups (Fig. 4).
Quantification of neuronal morphology (the somata size) further confirmed neuronal
development to a similar extend between the groups, using a different to
electrophysiology approach (Fig. 3).

Overall, varied tests (quantitative comparison of morphological or
electrophysiological parameters) indicate that human iPSC-derived neurons mature
intrinsic excitability to a constitutive neurophysiological level by ~150 days of

corticogenesis, in control and FTDP-17 cell lines.

Pathophysiological neuronal excitability of human cells in FTDP-17

The established biophysical properties of the generated neurons suggest the reliable
model use for functional studies of genetic forms of tauopathy. In this stem cell
model, the developmental changes in tau splicing pathology have been already
confirmed (Paonessa et al., 2019, Sposito et al., 2015, lovino et al., 2015), detecting

both 3R and 4R adult brain tau isoforms after a few months of in vitro corticogenesis
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in FTDP-17 while only 3R in control (non-demented) cell lines. This study documents
the tau-related neuropathological phenotype of human cell function through detecting
the pathophysiological intrinsic excitability of neurons with the mutation at the
development stage between ~100 and 150 DIV. The phenotype could be described
by i) a depolarized Viest, ii) an increased Rin, iii) a downregulated Na*- and K-
channel-mediated conductance, leading to iv) functional impairments in firing activity
and v) changed waveform of APs in FTDP-17. At this earlier stage of the pathology,
cells exhibited a depolarized AP threshold (depolarizing shift in ~11 mV) and
generated APs of a smaller amplitude and altered shape, and displayed a reduced
capability of induced firing (a near twice stronger stimulus needed to drive firing).

Numerous experimental studies showed the tau-related neuronal dysfunction
using animal models, at either earlier or advanced stages of the pathology. It
includes (but not limited to) a reduced firing of neocortical neurons reported in a
transgenic model of tauopathy in vivo (Menkes-Caspi et al., 2015), frontotemporal
dementia and amyotrophic lateral sclerosis (Radzicki et al., 2016), Alzheimer models
(Busche et al., 2019) and parkinsonism (Fieblinger et al., 2014) that opposes
neuronal hyperexcitability in aged animals (Crimins et al., 2012). The emerged
discrepancy could relate to severe morphological impairments (regression of the
brain structure) at later stages, i.e. the loss of synapses and cell death (Crimins et al.,
2011) and, in general, to careful interpolation of obtained phenotypes in transgenic
models by considering the important physiological role of tau in neuronal excitability
(DeVos et al.,, 2013) and synaptic plasticity (Kimura et al., 2014) because tau
overexpression would rapidly shift neurons to hyperexcitability.

The revealed phenotype of pathological neuronal excitability of human cells in
FTDP-17 has emerged, at least partially, due to a loss-of-function of voltage-gated
Na*-channels, in particular neuronal Nay1.6 channel as one of the predominant
candidates. The role of Na,1.6 channel in the AP initiation and propagation in cortical
excitatory pyramidal neurons (Hu et al., 2009) implies the impaired AP parameters
and firing discharge by neurons with the MAPT mutation. Dysfunction of Nayl.6-
mediated currents was associated with altered learning and memory, being linked to
a number of neurological and psychiatric brain disorders, such as epilepsy,
intellectual disability and sudden unexpected death in epilepsy (Estacion et al., 2014,
Lopez-Santiago et al., 2017, Wagnon et al., 2017). Thus far, we have only revealed a
reduced Nay1.6 channel expression in FTDP-17, while other voltage-gated channels

could also be involved in this neuropathology. For example, our data indicate that K*-
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channels are very like to contribute to the phenotypic pattern of human cell
excitability in FTDP-17. Since the slow component of AHP that lasts hundreds of ms
to seconds is Ca?*-dependent (Azouz et al., 1996, Power et al., 2002), the reduced
sAHP in FTDP-17 suggests a functional down-regulation of Ca?*-dependent K*-
channels (Andrade et al.,, 2012, King et al., 2015) those mediate the AP
repolarization (Azouz et al.,, 1996, King et al.,, 2015) and are essential for the
generation of rhythmic bursts (Wilson and Goldberg, 2006). Taking into account that
slowly inactivating, voltage-gated K*-conductance could be mediated by several
channel types, not limited to the Kvl, Kv2, Kv3, and Kv7 subfamilies, numerous
candidates are to be considered at the moment as potential contributors to the
pathophysiological excitability of human cells with the MAPT mutation. Most
promising ones apparently refer to Kvl subfamily (containing Kv1.1, Kv1.2, and
Kv1.6) whose expression contributes to changed rheobase, AP threshold and the
spike waveform (Wykes et al., 2012, Brew et al., 2003).

The tau-induced impairments in intrinsic neuronal excitability can be
accompanied by changes in synaptic excitability. The abnormal synaptic function was
observed in transgenic animal models before tau aggregates appeared (Van der
Jeugd et al.,, 2012) and prior to neurodegeneration (Menkes-Caspi et al.,, 2015).
Whether this phenotype of intrinsic neuronal excitability of human cells in FTDP-17 is
associated with altered synaptic excitation (transmission) remains to be determined,
to decipher in detail the tau-related changes in human cell function at the neuronal
network level.

Altogether, this study provides evidence for the time-dependent maturation of
neurophysiological properties of human iPSC-derived cortical neurons during in vitro
neurogenesis, essential for the reliable model use in studies of tau-related dementia
in vitro. The pathophysiological phenotype of intrinsic neuronal excitability of human
cells with the 10+16 splice-site mutation in MAPT has been revealed at 150 DIV to
provide a major advance in our understanding of human brain cell dysfunctions at
earlier stages of tau-induced dementia. These findings shed new light on human

stem cell models of dementia.
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Materials and Methods
Human stem cell model of FTDP-17
This study included 4 human cell lines those two were control (non-demented) iPSC
lines and two obtained from patients bearing the 10+16 MAPT mutation (FTDP-17
group). Human iPSC lines were as reported previously in detail (Esteras et al., 2017,
Sposito et al., 2015). In particular, two 10+16 MAPT iPSC lines were generated by
retroviral-transduction reprogramming of fibroblasts obtained from the National
Hospital for Neurology and Neurosurgery (London, UK). One control iPSC line, also
generated using retroviral transduction from fibroblasts, was obtained from the
laboratory of Dr Kunath (Edinburgh University, UK). Another control was purchased
from ThermoFisher Scientific. Human iPSC-derived neurons were generated and
characterized as previously described (Shi et al., 2012a, Sposito et al., 2015, Esteras
et al., 2017). Briefly, differentiation of the pluripotent stem cells into cortical neurons
was performed via dual SMAD inhibition for ten days followed by an in vitro
neurogenesis. Forty-sixty days after induction, cells were plated on poly-
ornithine/laminin-coated glass coverslips and maintained until used in neural
maintenance media, composed of a mixture of N2 and B27 media as described
elsewhere (Shi et al., 2012a), with media changes twice a week.

For each group, at least 6 different preparations were examined. Patch-clamp
experiments were performed by the experimenter in a blind to experimental group

manner.

Immunocytochemistry

Immunocytochemistry was performed using a common immunostaining protocol by
fixing neuronal cultures with 4% paraformalgehyde (15 min at room temperature),
followed by permeabilization/blocking with 0.2% Triton X-100 and 10% bovine
albumin serum (BSA) for 1 hour. Cells were then incubated with Alexa-Fluor®-
conjugated primary antibodies (anti-p-tubulin 1ll and anti-GFAP, 1:200, Abcam, UK)
overnight at 4°C. Hoechst 33342 (10 uM) was used to stain nuclei. Confocal imaging

was carried out using a Zeiss 710 VIS CLMS confocal microscope.

Western blot analysis
Cells were washed with PBS and lysed in an ice-cold RIPA lysis buffer supplemented
with protease and phosphatase inhibitors (ThermoFisher, Paisley, UK). Samples

were snap frozen, sonicated and centrifuged at 14000 rpm; the protein content was
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determined by the Pierce™ BCA protein assay (ThermoFisher, Paisley, UK). Protein
(20 pg) was fractionated on a SDS polyacrylamide gel (4-12%) (ThermoFisher,
Paisley, UK), transferred to a PVDF membrane (Bio-Rad, Richmond, CA), and
blocked with 5% non-fat milk. Membranes were incubated overnight with primary
antibodies (HCN1 and Nay1.6 1:500, Alomone Labs, Jerusalem, Israel; B-actin
1:5000, Cell Signaling Technologies, MA, USA), diluted in 5% BSA; then with HRP-
conjugated secondary antibodies. The luminol-based Pierce™ ECL Western Blotting
Substrate (ThermoFisher Scientific) was used to detect the HRP activity. Protein
band densities were quantified using ImageJ software (NIH, Maryland, USA) after
scanning of the X-ray films, and normalized to control.

Whole-cell electrophysiology

Whole-cell recordings were made from iPSC-derived neurons (Fig. 1A), using
Multipatch 700B amplifier controlled by pClamp 10.2 software package (Molecular
Devices, USA). For the recordings, a neuronal culture was placed in a recording
chamber mounted on the stage of Olympus BX51W!I upright microscope (Olympus,
Japan) equipped with a LUMPlanFI/IR 40%x0.8 objective coupled to an infrared DIC
imaging system. Recordings were performed in a bicarbonate-buffered solution
(aCSF) containing (in mM) 126 NacCl, 3 KCI, 2 MgS0Og4, 2 CaClz, 26 NaHCO3, 1.25
NaH2POg4, 10 D-glucose (95% O and 5% COg; pH 7.4; osmolarity 300—310 mOsmol)
at 31-33°C. Recording electrodes had the resistance of 2.5-5 MQ when filled with a
K-gluconate-based intracellular solution containing (in mM) 126 K-gluconate, 10
HEPES, 4 KCI, 4 MgCl,, 2 BAPTA, 4 Mg-ATP, 0.4 GTP-Na; pH 7.2 with KOH,
osmolarity ~290 mOsmol). Once in the whole-cell, iPSC-derived neurons were
recorded for passive membrane properties, including the resting membrane potential
(Vrest), which was detected immediately after membrane breakthrough, the
membrane capacitance (Cm), the input resistance (Rin), and the membrane time
constant (tm), measured from the hyperpolarizing squire current pulse steps in
current mode. The constant, measured as a function of two properties of membrane,

Rmand Cm, was calculated from the equation: tm = Rm -Cm.

Experimental protocols and data analysis
For the assessment of intrinsic excitability, iPSC-derived neurons were tested in the
first instance for their capability of generating induced AP. Neuronal firing was elicited

using either of the two experimental protocols. The first consisted of a series of sub-
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and supra-threshold rectangular current pulses of 500-ms duration applied with the
stepwise increased stimulus intensity (an increment of 30—150 pA). The second
protocol was a slow-ramp current injection, ramped up with a slope of 100-200 pA/s.
For the recordings, Vrest was set at =60 mV to =70 mV by injecting a hyperpolarizing
bias current, if needed. Analysis of the parameters of individual AP spikes was
performed for the first AP only, at any experimental protocol applied. For the current-
voltage (I-V) relationship for Na*- and K*-channel-mediated conductance, voltage-
clamp recordings were consisting of voltage steps of 250-ms duration applied from —
100 mV with an increment of 5 mV to 10 mV (Kopach et al., 2018a). The voltage drop
(Varop) during hyperpolarization was measured as the difference between the peak for
a hyperpolarizing current and Vrest (Fig. 2A). The hyperpolarization-activated cationic
current (In) was calculated as the sag ratio by measuring the ratio between the peak
of a hyperpolarizing pulse (Vmin) and its steady-state (Vst) in cell responses to —150
pA or =100 pA pulse injection as (Vmin — Vst)/Vst. Quantitative comparisons of the slow
after-hyperpolarization (SAHP) were performed at the end of a spike train in response
to a square depolarizing pulse of 500-ms duration (Fig. 2B). Clampfit 10.3 software

(Molecular Devices) and Origin Pro (OriginLab, USA) were used for analysis.

Statistical analysis

Data are presented as mean + s.e.m. with n referring to the number of cells analysed.
The data sets not normally distributed are presented as median values. The Shapiro—
Wilk test was used for testing if experimental data sets are distributed normally. For
determining the statistical differences between experimental groups, one-way
analysis of variance (ANOVA) with Bonferroni or Turkey multiple comparisons post-
hoc test was used as appropriate. Nonparametric Mann-Whitney test or Moods
median test was used to compare the medians from two or more populations. A p
value less than 0.05 was considered as a statistically significant difference between

the groups for either test used.
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Figure 1. Time-dependent development of intrinsic excitability of human iPSC-

derived cortical neurons in control (non-demented) cell lines.

(A) Immunofluorescence staining of human iIPSC-derived cells for B-tubulin 11l (red)
and Hoechst 33342 (blue), showing a clear neuronal morphology of the cells at
100 days of corticogenesis in vitro. Scale bars: 20 pum.

(B) Transmitted light image of human iPSC-derived neurons at 100 DIV for
electrophysiological testing (left) and statistical summary of the membrane
capacitance (Cm) of the cells recorded at 100 DIV (n = 17) and 150 DIV (n =
37).

(C) Statistical summary for the resting membrane potential (Viest) Of generated
neurons at the time-points of 100 (n = 10) and 150 days (n = 23) of

neurogenesis in vitro.
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(D) Representative examples of induced firing (upper raw) by iPSC-derived neurons
at the age of 100 and 150 DIV in response to injecting a series of square
current pulses (indicated on the bottom). Note a high-frequency discharge
induced by a current of lower stimulating intensity in a neuron at 150 DIV
compared to a single AP spike elicited at the age of 100 DIV (red traces).

Data are mean with s.e.m. *P < 0.05; **p < 0.001 (ANOVA with Bonferroni post-hoc

test).
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Figure 2. Time-dependent maturation of neurophysiological properties of

human cells in control.

(A) Left traces, examples of patch-clamp recordings made from iPSC-derived
neurons in response to a hyperpolarizing current (indicated on the bottom),
depicting the way of measuring the voltage drop (Varop) and the sag ratio. Right
traces, an overlay of hyperpolarizing currents in responses to —150 pA by iPSC-
derived neurons at the age of 100 DIV (black line) and 150 DIV (blue line).

(B) Statistical summary for the Varop (I€ft plots) and the sag ratio (right) in iPSC-
derived neurons at 100 (n = 18) and 150 days (n = 17) of neurogenesis.

(C) Examples of induced firing by iPSC-derived neurons at the age of 100 DIV (black
trace) and 150 DIV (blue trace), showing the slow after-hyperpolarization
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(sAHP) measured at the end of prolonged (500-ms duration) square current
pulse (indicated on the bottom). Box depicts the first action potential (AP) spikes
illustrated on an expanded scale (right) to compare between different time-
points of neuronal maturation.

(D) Statistical summary of the AP threshold in iPSC-derived neurons at 100 and 150
days of neurogenesis (n = 9 and 4, respectively). Analysis was carried out for
the first AP spike elicited by injecting a slow-ramp current.

(E) Summary of the sAHP (measured as indicated in C) in response to varied
depolarizing current pulses recorded in iPSC-derived neurons at 100 DIV (n =
17 cells) and 150 DIV (n = 17).

Data are mean = s.e.m. ** P < 0.05; p < 0.01; ***p < 0.001 (ANOVA with Bonferroni

post-hoc test).
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Figure 3. Similar morphological development of human iPSC-derived neurons
in control and FTDP-17.

(A) Immunofluorescence staining of iPSC-derived cells for - tubulin Il (red),
GFAP (green) and nuclear marker Hoechst 33342 (blue) at 100 DIV, showing
neuronal morphology in a control culture (left and middle images) and one
derived from FTDP patient (right image). Dotted rectangle depicts the area
shown on an expanded scale; dotted circles show the way of measuring
neuronal somata size.

(B) Distribution profiles of the neuronal somata area in control and FTDP-17
cultures at the age of 100 DIV (n = 367 neurons quantified in 2 control lines
and n = 431 neurons in 2 cell lines from FTDP patients).

(C) Statistical summary of the neuronal soma diameter, with scatter plots showing
the parameter distribution across control neurons and those with the mutation
at the age of 100 DIV. Boxes show median values; the numbers of cells
analysed are same as for B (nonparametric Moods median test value

indicated).
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Figure 4. Human iPSC-derived neurons with tau pathology display changed

passive membrane properties at an extend neurogenesis.

(A) Statistical summary of the membrane capacitance (Cn) of iPSC-derived neurons
in control (non-demented group) and in cell lines obtained from two patients
(FTDP-17 group) at 100 and 150 DIV. Left plots show pooled data at 100 and
150 DIV (100 DIV, n = 17 in control, n =7 in FTDP-17; 150 DIV, n = 37 in control,
n =66 in FTDP-17). Right scatter plots demonstrate the parameter distribution for
each individual case at 150 DIV (FTDP-i, n = 32; FTDP-ii, n = 34). Lines
represent median values (nonparametric Mann-Whitney test values are
indicated).

(B) Statistical summary of the membrane constant (tm) in control neurons and with
the mutation at 100 DIV (n =17 in control, n =7 in FTDP-17) and 150 DIV (n =
37 in control, n = 66 in FTDP-17).

(C) Same as in B, but for the input resistance (Rin); notations as in B.

(D) Same as for (A), but for the resting membrane potential (Viest). Right, pooled data
at 100 DIV (n =10 in control, n =5 in FTDP-17) and at 150 DIV (n = 24 in control,
n=51in FTDP-17). Left, the scatter plots showing the parameter distribution per
case at 150 DIV (FTDP-i, n = 22; FTDP-ii, n = 24). Lines represent median
values. ***P < 0.001 (nonparametric Mann-Whitney test).
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Data are mean * s.e.m unless indicated otherwise. *P < 0.05; **p < 0.001 (ANOVA
with Bonferroni post-hoc test); ##p < 0.001 (150 DIV vs. 100 DIV for control); 585p <
0.001 (150 DIV vs. 100 DIV for FTDP-17 groups).
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Figure 5. Time-dependent maturation of neurophysiological properties of
human cells in FTDP-17: the preserved HCN-channel function at an extend
neurogenesis.

(A) Summary of the voltage drop (Varop, left) and the sag ratio (right) for the
hyperpolarizing current pulse of =100 pA in control (non-demented) and FTDP-17
groups at 100 and 150 DIV (Vdrop, N = 17 in control, n = 6 in FTDP-17 at 100 DIV
and n =17, n =32 at 150 DIV, respectively; the sag ratio, n = 17 in control, n = 6
in FTDP-17 at 100 DIV and n = 16, n = 32 at 150 DIV, respectively).

(B) Left, a representative western blot for the HCN1 in iPSC-derived neurons in 2
control lines (cl-c2) and 2 FTDP-17 lines at 150-165 DIV. B-actin is loading
control. Right, statistical summary for the HCN1 protein level (relative for B-actin)
in control and FTDP-17 (n = 4 samples in control and n = 5 in FTDP-17, 3
independent experiments performed). Lines depict median values.

Data are mean * s.e.m unless indicated otherwise. *P < 0.05; ***p < 0.001 (150 DIV

vs. 100 DIV for control, ANOVA with Bonferroni post-hoc test); #p < 0.05; *#p < 0.001

(150 DIV vs. 100 DIV for FTDP-17).
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Figure 6. Tau-related down-regulation of Na*- and K*-channel-mediated

conductance in human cells with the 10+16 MAPT mutation: a loss of Na,1.6

channel.

(A) Example voltage-clamp recordings from a control iPSC-derived neuron at 150
DIV; box depicts the fast-activating Ina on an expanded scale. The protocol

consisted of voltage steps from =70 mV to +50 mV.

(B) Left plots, the current-voltage (I-V) relationship for Na*-channel-mediated
conductance (Ina) in control cells (black) and neurons with the mutation (red) at
150 DIV; right, scatter plots of the peak Ina density in control neurons (n = 12)
and FTDP-17 (n = 36). Red and blue lines represent median values. *P < 0.05
(Mann-Whitney test).

(C) The I-V relationship for K*-channel-mediated conductance (Ik) in human cells in
control and FTDP at 150 DIV.
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(D) The expression of Nay1.6 channel in iPSC-derived neurons at 130-165 DIV in
control and FTDP-17, analysed by Western blot. Left, a representative western
blot including two control lines (c1-c2) and two FTDP-17 lines, with B-actin as
loading control. Right, statistical summary for the Nay1.6 protein level (relative
to B-actin) in control (n = 6) and FTDP-17 (n = 8), obtained in 4 independent
experiments. Lines depict median values. *P < 0.05 (Mann-Whitney test).
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Figure 7. Phenotypic pathophysiological firing by human cells with the 10+16
MAPT mutation.

(A) Left, example recordings of action potential (AP) discharge by a human iPSC-
derived neuron bearing the mutation (red trace) and by a control neuron (blue
trace on an expanded scale) in response to injection of a slow-ramp current
(indicated on bottom); dotted box illustrates the first AP spike for the analysis;
insert shows overlay of expanded first AP spikes in FTDP-17 vs. control;
arrows point the AP threshold. Right, summary of the AP threshold in control
neurons and those with the mutation at 150 DIV (analysis performed for the
first AP spike as notated on right; n = 9).

(B) Statistical summary of the AP spike amplitude in control neurons (n = 14) and
neurons with the mutation (n = 36).

(C) Right, examples of firing discharge induced by square depolarizing currents
(indicated on the bottom) in a control neuron (black) and neuron with the
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mutation (red). Left, summary of the rheobase in control (n = 13) and FTDP-17
(n =41).
(D) Summary of the slow after-hyperpolarization (SAHP) in iPSC-derived neurons
in control (non-demented) and FTDP-17 groups (n = 15 and 32, respectively).
Data are mean + s.e.m. *P < 0.05 (ANOVA with Bonferroni post-hoc test).
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