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SUMMARY

Dysregulation of neuronal excitability underlies the pathogenesis of tauopathies, including
frontotemporal dementia (FTD) with tau inclusions. A majority of FTD-causing tau mutations are
located in the microtubule-binding domain, but how these mutations alter neuronal excitability is
largely unknown. Here, using CRISPR/Cas9-based gene editing in human iPSC-derived neurons
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and isogenic controls, we show that the FTD-causing V337M tau mutation impairs activity-
dependent plasticity of the cytoskeleton in the axon initial segment (AIS). Extracellular recordings
by multi-electrode arrays (MEAS) revealed that the V337M tau mutation in human neurons leads
to an abnormal increase in neuronal activity in response to chronic depolarization. Stochastic
optical reconstruction microscopy of human neurons with this mutation showed that AIS plasticity
is impaired by the abnormal accumulation of end-binding protein 3 (EB3) in the AIS
submembrane region. These findings expand our understanding of how FTD-causing tau
mutations dysregulate components of the neuronal cytoskeleton, leading to network dysfunction.
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INTRODUCTION

Dysregulation of neuronal excitability underlies the cognitive impairment of
neurodegenerative diseases characterized by tau inclusions (Dickerson et al., 2005; Olazaran
et al., 2010; Vossel et al., 2013). Excitability of neuronal networks is aberrantly increased in
patients with frontotemporal dementia (FTD) (Beagle et al., 2017) and in mouse models
with FTD-associated tau mutations (Crimins et al., 2012; Garcia-Cabrero et al., 2013). Tau
has been implicated in the regulation of neuronal excitability. Genetic reduction of tau levels
attenuates neuronal network hyperexcitability in flies (Holth et al., 2013) and mice (DeVos
etal., 2013; Hall et al., 2015; Holth et al., 2013; Roberson et al., 2011). Transgenic mice
with expression of a human FTD tau mutant have increased network excitability in the brain
(Maeda et al., 2016). However, the mechanisms by which tau regulates neuronal excitability
are not known.

Action potentials are initiated in the proximal region of the axon, the axon initial segment
(AIS), a specialized compartment that has a high density of voltage-gated ion channels. The
AIS has a unique cytoskeletal organization that consists of cytoskeletal submembrane
networks (Jones et al., 2014; Leterrier et al., 2015; Rasband, 2010), which serve as scaffolds
for ion channels on the membrane. Components of the AIS, including the cytoskeleton and
ion channels, undergo activity-dependent structural changes to modulate neuronal
excitability and maintain steady-state firing rates (Evans et al., 2015; Evans et al., 2013;
Grubb and Burrone, 2010; Kuba et al., 2010; Yamada and Kuba, 2016).

Functional defects of the AIS due to cytoskeletal alterations have been reported in cellular
models of tauopathies (Li et al., 2011; Sun et al., 2014; Tsushima et al., 2015; Zempel et al.,
2017). Moreover, pathogenic tau with abnormal post-translational modifications destabilizes
the cytoskeletal submembrane protein ankyrin G (AnkG) and microtubules in the AIS (Sohn
et al., 2016), and changes the location of the AIS (Hatch et al., 2017). Thus, tau may have a
key role in regulating the structural integrity of the AIS. Tau may affect the localization of
structural components of the AIS such as end-binding proteins (EBs) (Ramirez-Rios et al.,
2016; Sayas et al., 2015), which promote the stability of the AIS cytoskeletal networks by
linking the cytoplasmic microtubules to AnkG in the AIS (Freal et al., 2016; Leterrier et al.,
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2011). However, it is unclear whether pathogenic tau affects activity-dependent AlIS
plasticity, leading to abnormal hyperexcitability of neurons.

In this study, we sought to determine whether the FTD-associated VV337M mutation in
MAPT (tauV337M) impairs activity-dependent AIS plasticity and disrupts neuronal function.
We established a cellular model of FTD in cortical neurons differentiated from human
induced pluripotent stem cells (iPSCs) derived from patients carrying tau¥337M. Isogenic
controls were established by genetically correcting the mutation with CRISPR/Cas9 genome
editing system (Ran et al., 2013). We also introduced the VV337M tau mutation into the
genome of an iPSC line derived from a healthy subject. We used extracellular recordings by
multi-electrode arrays (MEAS) to assess the function of human tauV33’M neurons and super-
resolution microscopy to assess the ultrastructure of the AIS cytoskeleton. Our findings
revealed a novel pathway by which FTD mutant tau disrupts neuronal plasticity and
function.

AIS Plasticity Is Impaired in Human iPSC-Derived Neurons with Pathogenic Tau Mutations

AIS plasticity in response to altered neuronal activity has been described as a homeostatic
mechanism for modulating neuronal excitability in mouse, rat, chicken, and other vertebrates
(Grubb and Burrong, 2010; Grubb et al., 2011; Kuba et al., 2010). To examine AlS plasticity
in human neurons, we immunostained human iPSC-derived excitatory neurons for AnkG
(Wang et al., 2017; Zhang et al., 2013). After chronic depolarization with KCI for 48 hr to
increase neuronal activity in two independent lines of wild-type (WT) human neurons,
AnkG was significantly shorter than in controls treated with NaCl (Figures 1A and 1B).

To determine whether FTD mutant tau affects AlS plasticity in human neurons, we
measured AnkG length in neurons derived from iPSCs from a patient with tauV33"M after
KClI treatment for 48 hr. AnkG was significantly shorter in unstimulated tau¥33’M neurons
than in WT neurons, as were other AIS components B1V-spectrin and voltage-gated sodium
channels (Figures 1A and 1B; Figures S1A and S1b). Notably, AnkG was not further
decreased by KCI treatment (Figures 1A and 1B), suggesting that AlS plasticity is impaired
in human tau¥33’M neurons. To exclude the possibility that the impairment reflected
differences in the genetic background of WT and tau¥337M neurons, we generated isogenic
control iPSCs by using CRISPR/Cas9 genome editing to correct the mutation (Figure 1C).
In the gene-corrected isogenic (iso-WT) neurons, AnkG, PIV- spectrin, and voltage-gated
sodium channels were longer than in tau"¥337M neurons (Figures 1D and 1E; Figures S1A
and S1B), and the gene correction restored AlS plasticity by reducing AnkG length after
KCI treatment (Figures 1D and 1E). AnkG start location, measured by distance from the cell
body, was not different between tauV337M and iso-WT neurons (Figures 1D and 1E).
Moreover, KCI treatment did not alter the length of AnkG in tauV33’M neurons differentiated
from an independent iPSC line derived from a different patient carrying tau¥33’M (Figures
S2A and S2B). In contrast, gene correction in an isogenic control elongated AnkG and
restored AIS plasticity (Figures S2A and S2B), as expected.
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To further dissect the significance of tau¥33’M in regulating AlIS plasticity, we used
CRISPR/Cas9 genome editing to introduce the mutation into WT human neurons (Figure
S3A). Interestingly, gene-edited tauV337M neurons (iso-V337M) had the same phenotype as
patient- derived tauV33’M neurons; AnkG was significantly shorter than in WT controls, and
chronic depolarization with KCI did not alter its length (Figures 1F and 1G), suggesting that
tauV33’M s sufficient to impair activity-dependent AlS plasticity. The AnkG start location
was not different between WT and iso-V337M neurons (Figures 1F and 1G). We confirmed
that the iPSC lines had a normal karyotype and were pluripotent, as shown by positivity for
Oct4 and Sox2 (Figures S3B and S3C). These data from multiple independent isogenic iPSC
lines suggest that tau¥337M causes impaired AlS plasticity in human neurons.

Homeostatic Control of Neuronal Excitability Is Impaired in TauV33’M Neurons

Since AIS plasticity underlies homeostatic control of neuronal excitability (Grubb and
Burrone, 2010; Kuba et al., 2010), we next characterized the electrophysiological properties
of tauV33"M and isogenic control neurons. We recorded spontaneous neuronal activity of
tauV33"M and isogenic control neurons using two types of multi-electrode arrays (MEAs)
with different layouts of electrodes (Figures 2A and 2J) (Tovar et al., 2017; Wainger et al.,
2014). We first measured action potentials with a grid of 16 electrodes implanted in each
well (Figure 2A) and analyzed parameters for individual spikes, single-channel bursts, and
network bursts characterized by highly synchronized single-channel bursts over a period up
to a few seconds. The firing and burst rates were not significantly different between
tauV33"M and isogenic control neurons (Figures 2B—2E). Interestingly, while tauV33"M
neurons showed significantly lower network burst rate than isogenic control neurons, they
exhibited a significant increase in the duration of network burst and in the number of spikes
per network burst (Figures 2F-2H), consistent with network hyper-synchrony. Indeed,
tauV33’M neurons exhibited more synchronized occurrence of spikes compared to isogenic
control neurons (Figure 21). Moreover, additional iPSC lines with gene-edited tauV337M
mutation had the same abnormal activity profiles (Figures S4A-S4F) as patient-derived
tauV33’M neurons.

We next measured the action potentials of tau¥33’M and isogenic control neurons before and
after KCl-induced depolarization to determine whether excitability homeostasis is impaired
in tauV33"M neurons. The MEA layout with a grid of 120 electrodes with shorter inter-
electrode distance allowed us to monitor the action potentials from the identical sets of
neurons before and after KCl-induced depolarization (Figure 2J). Notably, the firing rate
after depolarization was significantly increased in tau¥337M neurons; however, the firing rate
of isogenic control neurons before and after depolarization did not differ significantly
(Figure 2K). These findings suggest that homeostatic control of spontaneous neuronal
activity in response to depolarization is impaired in tauV33’M neurons.

Increased EB3 Accumulation in the AIS in TauV33" Neurons

To examine mechanisms of impaired AIS plasticity, we assessed the possibility that the
V337M mutation alters the binding affinity of tau with a component of AIS cytoskeleton.
Since AnkG is stabilized by its interaction with EB3 in the AIS (Freal et al., 2016; Leterrier
et al., 2011), and the accumulation of EB3 is regulated by tau (Sayas et al., 2015), we first
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examined whether tau binds directly to EB3 /n vitro. Recombinant EB3 was titrated into
15N-K18 tau, a fragment that includes the microtubule-binding domains (MTBDs), and the
putative interaction was measured by NMR spectroscopy. In this assay, potential binding
sites were revealed by changes in peak signal intensity (1/1g) (Jinwal et al., 2013). We
mapped three specific sites for EB3 in K18 tau (Figure 3A), including a site near V337,
supporting a direct and potentially multivalent interaction between tau and EB3. We then
directly compared binding of tau WT and V337M to EB3 by ELISA-based binding assay
(YYoung et al., 2016). Notably, the V337M mutation led to tighter binding of tau to EB3 with
a smaller dissociation constant (K4 = 5.6 nM) than WT tau (K4 = 22.0 nM) (Figure 3B).

Given this tighter binding of tauV337M to EB3 than WT tau and the effect of AnkG
stabilization by EB3 (Freal et al., 2016; Leterrier et al., 2011), we hypothesized that
tauV33"M augments EB3 accumulation in the AlS, leading to increased AnkG stability and
resistance of AnkG to rearrangement in response to chronic depolarization. Indeed, EB3
levels in the AIS were significantly higher in tauV33"M neurons than in WT and isogenic
controls, as shown by immunostaining (Figures 3C, 3E, and 3F), whereas AnkG levels were
not different in the AIS of WT, tauV33’M and isogenic control neurons (Figures 3C and 3D).

EB3 Is Associated with AnkG and Tau in the AIS Submembrane Region of TauV337M

Neurons

To examine the subcellular nanoscale distribution of EB3 and its spatial relationship with
AnkG in the AIS, we immunostained neurons for EB3 and AnkG and analyzed cellular
ultrastructure with super-resolution microscopy STORM (Huang et al., 2008; Rust et al.,
2006). In WT and isogenic control neurons, EB3 was present throughout the cytoplasm, and
its radial distribution was decreased in the vicinity of the AIS membrane; however, in
tauV33’M neurons, EB3 was concentrated in the submembrane region of the AIS (Figures 4A
and 4B). STORM imaging after AnkG immunostaining showed no difference in the radial
distribution of AnkG, but revealed AnkG enrichment in the AIS submembrane in WT,
tauV33’M and isogenic control neurons (Figures 4C and 4D). Furthermore, based on the
nanoscale distribution of tau in the AlS, the submembrane region was enriched in tauV33"M
(Figures 4E and 4F). We validated these results using cross-correlation analysis, and found
that EB3 and AnkG co-localized more in the AIS submembrane region of tauV33’M neurons
than WT and isogenic controls (Figure 4G), and that tau also co-localized with EB3 (Figure
4H).

Critical Role of EB3 in AIS Plasticity and Activity Homeostasis

To determine whether EB3 accumulation changes the location and stability of AnkG, we
compared the distribution and mobility of AnkG tagged with green fluorescent protein
(GFP) in the absence and presence of overexpressed EB3 tagged with blue fluorescent
protein (BFP). Consistent with previous studies on the interaction between AnkG and EB3
(Freal et al., 2016; Leterrier et al., 2011), overexpression of EB3 in Cos7 cells induced
recruitment of AnkG-GFP to the lattice of microtubules and led to immobility of AnkG-
GFP, whereas in the absence of EB3, AnkG-GFP decorated only the tips of microtubules and
was highly mobile (Figures S5A and S5B). These findings suggest that upregulation of EB3
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increases its interaction with AnkG, promoting the structural stability of AnkG via physical
interaction with microtubules.

To assess the importance of EB3 in regulating AIS plasticity, we first lowered EB3 levels
with siRNA. Immunostaining confirmed a significant reduction (~80%) of EB3 in the AIS
after 1 week of EB3 knockdown in tauV33"M neurons (Figures 5A and 5B). AnkG length in
tauV33"™M neurons was significantly greater after EB3 knockdown and decreased in response
to KCI (Figures 5C and 5D). In tauV337M neurons treated with control nontargeting siRNA,
AnkG length did not change after KCI treatment (Figures 5C and 5D). EB3 knockdown in
isogenic WT control neurons did not alter AnkG length and maintains AlIS plasticity
(Figures S6A and S6B). In addition, EB3 knockdown in an additional tauV33"M |ine (iso-
V337M) confirmed that reducing EB3 levels elongated AnkG length and restored AIS
plasticity (Figures S6C and S6D). To further assess the functional consequence of EB3
knockdown in tauV337M neurons, we measured the firing rate of neurons before and after
KCl-induced depolarization using the MEA system with 16 electrodes (Figure 5E).
Consistent with results using 120 electrodes (Figures 2J and 2K), the firing rate was
significantly increased after KCI treatment in tau¥33’M neurons, whereas KCI treatment did
not significantly alter the firing rate of iso-WT neurons (Figure 5E). Importantly, the firing
rate of tauV33"M neurons with EB3 knockdown did not increase after KCl-induced
depolarization (Figure 5F), indicating that EB3 knockdown in tauV337M neurons restores not
only structural plasticity in the AIS but also functional homeostatic regulation of neuronal
activity.

To determine whether the increased stability of AnkG induced by EB3 overexpression
impairs AIS plasticity in human neurons, we transfected gene-corrected neurons with EB3-
GFP and measured AnkG length after KCI treatment. In these neurons with EB3
overexpression, AnkG was shorter than in GFP-transfected controls, and its length did not
decrease in response to KCI, whereas it did in GFP-transfected neurons (Figures 5G and
5H). These findings strongly suggest that the abnormal increase in EB3 levels impairs AlS
plasticity in tau¥337M neurons.

Reducing Tau Restores AIS Plasticity by an EB3-Dependent Mechanism

To test whether tauV33’M contributes to EB3 accumulation, we treated neurons with SiRNA
against tau, which lowered tau levels by ~40% in tauV33’M neurons (Figure 6A). The
knockdown significantly decreased EB3 levels in the AIS without altering EB3 length
(Figure 6B). These findings attest to the critical role of tau¥33’M in EB3 accumulation in the
AlS.

Next, we tested whether tau knockdown restores AlS plasticity in tau¥33’M neurons. After
knockdown with siRNA, tau¥337M neurons were treated with KCI and immunostained for
AnkG. In these neurons, reducing tau elongated AnkG in the AlS, and its length was
reduced in response to KCI, whereas in control neurons treated with nontargeting siRNA,
AnkG length did not change after KCI treatment (Figures 6C and 6D). Furthermore, tau
knockdown in an additional tauV33’M [ine (iso-V337M) also elongated AnkG length and
restored AIS plasticity (Figures S7TA and S7B). To determine whether the restoration of AIS
plasticity after tau lowering depends on downregulation of EB3, we overexpressed EB3-GFP
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in tauV33"M neurons, knocked down tau, and measured AlS plasticity. In these neurons,
AnkG was not shortened by KCI treatment (Figures 6E and 6F), suggesting that the
reduction in EB3 levels was responsible for restoring AlS plasticity mediated by tau
lowering. These results support a novel EB3-dependent mechanism by which a FTD-
associated tau mutation reduces AIS length and impairs AlIS plasticity, leading to neuronal
dysfunction.

DISCUSSION

In this study, we showed that the FTD-causing tau V337M mutation in the microtubule-
binding domain disrupts homeostatic rearrangement of the AIS cytoskeleton and leads to
neuronal dysfunction in human neurons derived from FTD patient iPSCs. Gene editing by
CRISPR/Cas9 in multiple independent iPSC lines showed that tau¥337M impairs activity-
dependent AIS plasticity by increasing EB3 levels in the AIS submembrane (Figure 7).
TauV337M pinds to EB3 tighter than tauV'T and appeared to augment AlS localization of
EB3, contributing to the impairment of AIS plasticity. Elevating EB3 levels shortened the
AIS and blocked AIS plasticity, whereas reducing EB3 levels restored AlS plasticity and
activity homeostasis in tauV33’M neurons.

Mutations in MAPT, the gene encoding the microtubule-associated protein tau, cause FTD
(Goedert et al., 1998; Hutton et al., 1998). Many FTD-associated tau mutations are located
in the microtubule-binding domain (Rossi and Tagliavini, 2015; Wang and Mandelkow,
2016). Tau-mediated pathogenesis in FTD was previously thought to be mediated largely by
the loss of microtubule stabilization as a result of reduced microtubule binding of tau caused
by mutations in the microtubule-binding domain (Hong et al., 1998). However, the lack of
microtubule perturbation and detrimental effects by tau reduction (Morris et al., 2011;
Roberson et al., 2007) raised doubts about the essential role of microtubule destabilization in
tau-dependent pathogenesis. Since cytoskeletal organization differs in distinct subcellular
compartments in neurons (Conde and Caceres, 2009; Kevenaar and Hoogenraad, 2015), it is
critical to determine which components of the neuronal cytoskeleton and their locations are
perturbed by FTD-associated tau mutations. We found that tauV337M alters the structure of
the cytoskeletal submembrane region of the AIS. It would be interesting to extend the
investigation to examine whether other FTD-associated tau mutations also alter cytoskeletal
structures in the AlS.

Our findings provide the first evidence that chronic depolarization shortens the AIS of
human neurons. Activity-dependent AIS plasticity for homeostasis of neuronal excitability
has been reported in nonhuman model systems, but the structural adaption of the AIS varies
depending on the model system, method for activity perturbation, and cell type. The AIS is
elongated in avian neurons deprived of synaptic inputs for several days (Kuba et al., 2010),
but is shortened in murine neurons in response to short-term depolarization (Evans et al.,
2015). In response to chronic depolarization, the AIS location shifts distally in murine
excitatory neurons (Evans et al., 2013; Grubb and Burrone, 2010), but proximally in
inhibitory interneurons (Chand et al., 2015). To maximize relevance to the human central
nervous system and dissect AlS plasticity in a neuronal subtype, we engineered an inducible
neurogenin-2 transgene into human iPSC lines to reliably convert them to homogenous
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cortical excitatory neurons with minimal variability (Wang et al., 2017). After chronic
depolarization of these human cortical excitatory neurons with KCI, the proximal end of the
AIS remained in the immediate vicinity of the cell body, but AIS length was shortened
significantly. In contrast, when neurons are differentiated from human neuronal precursor
line that gives rise to both excitatory and inhibitory neurons, excitatory neurons show a
distal shift of the AIS in response to chronic depolarization (Horschitz et al., 2015). It is
possible that the presence of inhibitory neurons in the heterogeneous culture can alter
synaptic input to excitatory neurons, leading to differential AlS alterations in response to
chronic depolarization.

At baseline, the AIS of the tauV337M neurons is shorter than that of WT neurons and has a
concomitant increase in EB3 levels. Strikingly, gene correction of tau¥33’M decreased EB3
levels in the AIS and increased its length at the same time. Moreover, reducing EB3 levels
lengthened the AIS in tauV33’M neurons, whereas increasing EB3 levels shortened the AlS,
suggesting a critical role for EB3 in regulating AlS length. Indeed, when AIS plasticity was
restored, AlS length increased and EB3 levels fell. How elongation of the AIS contributes to
AIS plasticity remains enigmatic. Possible scenarios could involve increased localization of
Ca?* channels in the elongated AIS as Ca?* influx is required for AlS plasticity (Evans et
al., 2015; Evans et al., 2013; Grubb and Burrone, 2010). Since the AlS is enriched in Ca*
channels (Bender and Trussell, 2009), AIS elongation will likely result in greater abundance
of Ca2* channels and elevated local Ca?* influx. Subsequently, Ca2*-dependent effectors
such as the cysteine protease calpain could be activated; the resulting proteolysis of the AIS
cytoskeleton (Czogalla and Sikorski, 2005; Schafer et al., 2009) could promote AIS
plasticity.

Mechanistic dissection uncovered a novel role of EB3 in regulating AlS plasticity. We
observed accumulation of EB3 in the AIS of tauV33"M neurons. Super-resolution
microscopy revealed enrichment of the submembrane region in EB3 associated with AnkG
in tau¥337M neurons. Unlike EB3 in other subcellular compartments in which EB3 only
decorates the plus-end of microtubules (Galjart, 2010), EB3 in the AIS binds primarily to the
microtubule lattice and links microtubules to the AIS submembrane cytoskeletal protein
ANnkG (Freal et al., 2016; Leterrier et al., 2011). This EB3-AnkG interaction may be
essential for AIS stability (Freal et al., 2016). Consistent with this notion, we showed that in
AlS of tau¥337M neurons, the increased association between EB3 and AnkG remained static
in response to rearrangement-inducing stimulation. In previous studies, activity-dependent
AIS shortening appeared to require intracellular calcium and the calcium-dependent
phosphatase calcineurin (Evans et al., 2015). This mechanism may not be mutually exclusive
with the EB3-dependent mechanism that we propose, since EB3 regulates calcium signaling
through its interaction with the inositol 1,4,5-trisphosphate receptor type 3 (Geyer et al.,
2015). Excessive levels of EB3 in the AIS could perturb calcium signaling, preventing
calcineurin from mediating AIS plasticity. On the other hand, calcineurin can regulate the
stability of EB3 dimers by altering the phosphorylation status of EB3 (Komarova et al.,
2012). Thus, EB3 might function downstream of calcineurin to relay to the AIS cytoskeleton
signals required for plasticity.
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How does tauV33"M promote the accumulation of EB3 in the AIS submembrane? Our NMR
findings suggest that tau binds to EB3 through tau’s microtubule-binding domains. The
V337M mutation in this domain enhances tau’s binding affinity for EB3. Given the
substantial enrichment of EB3 in the AIS compared to other compartments, it is likely that
most significant effect of the enhanced tau-EB3 interaction may occur in the AIS. We
demonstrated by STORM that tauV33’M js abundant in the AIS submembrane and co-
localized with EB3. Thus, the increased binding of tauV33"M to EB3 may increase
recruitment of EB3 to the AIS submembrane. It is possible that tauV33"M neurons fail to
recycle EB3 from the AnkG complex due to a tighter-than-expected affinity, leading to
aberrant EB3 accumulation and AlS dysfunction. Indeed, knocking down tauV337M
abolished EB3 accumulation in the AIS and restored AlIS plasticity in an EB3-dependent
manner. Reducing tau levels in pathological conditions attenuates network hyperexcitability
(DeVos et al., 2013; Holth et al., 2013; Roberson et al., 2011) and thus restoration of AIS
plasticity by tau lowering could contribute to homeostatic control of neuronal excitability
and reduce excess activity in neural networks.

In conclusion, this study shows that tau¥33’M impairs the structural plasticity of the AIS by
inducing abnormal accumulation of EB3 in the AlS, leading to loss of activity homeostasis

—a novel pathway by which this FTD-causing tau mutation disrupts neuronal plasticity and
function.

STAR METHODS
CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be
fulfilled by the Lead Contact, Li Gan (lig2033@med.cornell.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell lines—Human neurons were differentiated as described (Wang et al., 2017). The Tet-
ON 3G-controlled Neurogenin2 (NgnZ2) transgene was integrated into the AAVSL1 locus of
human iPSC lines through a TALEN nuclease pair (Wang et al., 2017). NgnZ-integrated
iPSC lines were generated from WT human iPSC line (male; WTC11) (Miyaoka et al.,
2014; Wang et al., 2017) and a tau¥33’M-carrying human iPSC line (female; Bristol Myers
Squibb, BMS). Human neurons were differentiated with a simplified two-step protocol (pre-
differentiation and maturation). For pre-differentiation, iPSCs were incubated with
doxycycline (2 ug/ml) for 3 days at a density of 2.0-2.5 x 106 cells/well in six-well plates
coated with Matrigel in knockout Dulbecco’s modified Eagle’s medium/F12 medium
containing N2 supplement, nonessential amino acids, mouse laminin (0.2 pg/ml), brain-
derived neurotrophic factor (10 ng/ml), neurotrophin-3 (10 ng/ml; Peprotech), and rock
inhibitor (Y-27632). For maturation, pre-differentiated precursor cells were dissociated and
plated on Matrigel-coated coverslips with rat astrocytes in maturation medium containing
50% DMEM/F12, 50% Neurobasal-A medium, 0.5x B27 supplement, 0.5x N2 supplement,
GlutaMax, nonessential amino acids, mouse laminin (1 pg/ml), brain-derived neurotrophic
factor (10 ng/ml), and neurotrophin-3 (10 ng/ml). Half of the medium was replaced on days
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3 and 7, and the medium volume was doubled on day 14. Thereafter, one-third of the
medium was replaced weekly until the cells were used.

For siRNA-mediated knockdown of EB3 and tau, 4-5-week-old human neurons were treated
with 1-uM nontargeting control siRNA (Dharmacon, D-001910-01), EB3 siRNA
(Dharmacon, A-013109-13), or tau siRNA (Dharmacon, A-012488-13) for 6-8 days. For
transfection, the neurons were treated overnight with 1 pg of EB3-GFP plasmid (The Nikon
Imaging Center, UCSF) mixed with Lipofectamine 2000 (ThermoFisher Scientific) in OPTI-
MEM (ThermoFisher Scientific). The transfection medium was then replaced with
conditioned maturation medium.

For generation of iPSC lines without NgnZ2transgene integration (isogenic iPSC line 3 in
Figure S2), dermal fibroblasts carrying the MAPT VV337M mutation were transduced with
nonintegrating Sendai virus carrying OCT73/4, SOX2, KLF4, and cMYC (Life Technologies)
(Ban et al., 2011; Takahashi and Yamanaka, 2006). Cells that showed morphological
evidence of reprogramming were selected manually. iPSC lines were analyzed for
pluripotency markers by immunocytochemistry and for chromosomal abnormalities by
karyotyping (Cell Line Genetics). Mutations were confirmed by Sanger sequencing.

Cos7 cells (ATCC) were grown in Dulbecco’s Modified Eagle’s Medium (DMEM) with
10% fetal bovine serum (FBS) in 35mm glass-bottom dishes (MatTek). 480AnkG-GFP (gift
from Dr. Hoogenraad, Utrecht University, Netherlands) and EB3-BFP (The Nikon Imaging
Center, UCSF) were transfected with Lipofectamine 2000 (ThermoFisher Scientific) in
OPTI-MEM (ThermoFisher Scientific). Live-cell confocal imaging of Cos7 cells was
performed with a Zeiss spinning disk confocal microscope (The Gladstone Histology and
Light Microscopy Core) with 63x and 100x objectives. Images of AnkG-GFP and EB3-BFP
were acquired at a rate of 1 frame / s for 1 min and analyzed with ImageJ software (NIH) for
generating kymographs. All cell lines were cultured and imaged at 37°C in 5% CO».

METHOD DETAILS

Immunofluorescence—Human iPSC-derived neurons differentiated for 4—6 weeks and
fixed with 4% paraformaldehyde in PBS for 15 min at room temperature. Cells were then
blocked with 5% normal goat serum and 0.3% Triton X-100 in PBS and incubated overnight
at 4°C with mouse anti-AnkG (N106/36, NeuroMab), rabbit anti-MAP2 (AB5622,
Millipore), mouse anti-Pan-Na, (S8809, Sigma-Aldrich), rabbit anti-gIV-spectrin (gift from
Dr. Matthew N. Rasband, Baylor College of Medicine) (Yang et al., 2007), mouse anti-tau
(HT7, ThermoFisher Scientific), rat anti-EB3 (KT36, Abcam), mouse anti-Oct4 (SC5279,
Santa Cruz Biotechnology), rabbit anti-Sox2 (09-0024, Stemgent), and rabbit anti-GFP
conjugated with Alexa Fluor 488 (ThermoFisher Scientific, A21311). The cells were then
incubated with anti-mouse, anti-rabbit, anti-rat antibodies (ThermoFisher Scientific)
conjugated with either Alexa Fluor 488, 555, or 647 for 1 h at room temperature. Images of
the AIS were acquired with a Leica DM5000B fluorescence microscope with 20x and 40x
objectives. ImageJ software (NIH) was used to analyze fluorescence intensity and length of
the AIS manually in a blinded manner.
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For immunofluorescence for STORM imaging, human iPSC-derived neurons differentiated
for 4-5 weeks were fixed with 4% paraformaldehyde in PBS for 15 min at room
temperature. Cells were then blocked with 3% bovine serum albumin and 0.1% Triton
X-100 in PBS and incubated with mouse anti-AnkG (N106/36, NeuroMab), rat anti-EB3
(KT36, Abcam), and mouse anti-tau (HT7, ThermoFisher Scientific) overnight at 4°C. The
cells were then incubated with Alexa Fluor 647 goat anti-mouse (ThermoFisher Scientific,
A21236), custom-labeled CF568 (Biotium, 92131), donkey anti-mouse (Jackson
ImmunoResearch), CF568 donkey anti-rat (Jackson ImmunoResearch), and Alexa Fluor 647
donkey anti-rat (Life Technologies, A37573) for 1 h at room temperature.

Targeted Gene Editing—CRISPR/Cas9 gene editing by homologous recombination was
used to create WT isogenic controls of iPSC lines carrying tauV33’M (BMS) and to
introduce the mutations into an iPSC line from a healthy donor (WTC11) (Miyaoka et al.,
2014). iPSCs (1 x 10°) were transfected with the Human Stem Cell Nucleofector Kit
(Lonza) with 1.5 ug of sgRNA (5’-CTTGTGGGGTCA-TGGTTTACAGG-3’ for V337M)
plasmid (Addgene, 68463) (Chen et al., 2015), 0.5 pg of Cas9 plasmid, and 2.5 ug of donor
DNA plasmid containing a neomycin-resistance cassette (adapted from Addgene, PL552).
Transfected cells were selected with neomycin for 1 week. Neomycin-resistant clones were
selected and verified by genomic PCR and DNA sequencing. After sequence validation of
the V337 site, 1 UM Cre recombinase (Excellgen) was added to remove the neomycin-
resistance cassette from gene-targeted iPSCs. In addition, the top 10 potential off-target sites
(http://crispr.mit.edu) were sequenced. For each genotype, the correct clones were
karyotyped (Cell Line Genetics) and expanded for further experiments.

Multi-Electrode Array (MEA)—For the MEA system #1, we used Maestro Pro MEAs
(Axion Biosystems). The MEA plate has 48 wells (Cytoview MEA48, Axion Biosystems),
and each well contains 16 electrodes arranged in 4x4 grid and spaced at 350 um. Each MEA
well was coated with 1% polyethylenimine (Sigma-Aldrich) and seeded with 200,000
human iPSC-derived neurons that were co-cultured with 70,000 human glial cells.
Recordings were done 4-5 weeks after the initiation of neuronal differentiation. Recordings
were 10 minutes long and obtained with the AxIS Navigator software (Axion Biosystems),
at a sampling rate of 12.5 kHz. Spikes were detected using a threshold set to 8 times the
estimated standard deviation of the noise. Single-channel bursts were detected with
minimum 5 spikes and maximum 100 ms inter-spike intervals. Network bursts were detected
with minimum 12 spikes, maximum 100 ms inter-spike intervals, and minimum 25%
participating electrodes. The Neural Metric Tool (Axion Biosysetms) was used to analyze
parameters of individual spikes, bursts, and network bursts.

For the MEA system #2, we used MEASs from MultiChannel Systems (Reutlingen). The
MEAs have 120 30-um recording electrodes arranged in a 12x12 grid, and spaced at 100
um. Each MEA was coated with 1% polyethylenimine (Sigma-Aldrich), and seeded with
120,000 human iPSC-derived neurons that were co-cultured with mouse glial cells. Cultures
were maintained in BrainPhys Neuronal Medium (Stemcell Technologies) and fed weekly.
Recordings were done 4 weeks after the initiation of neuronal differentiation. Each MEA
was rested for 5 min on the acquisition stage before the recordings. Recordings were 3
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minutes long and obtained with the MEA 2100 acquisition system (MultiChannel Systems),
at a sampling rate of 20 kHz and using a band-pass filter with 200 and 4000 Hz cutoff
frequencies. Spikes were detected using a threshold set to 6 times the estimated standard
deviation of the noise. To study single neurons, we used custom software written in Python
and Mathematica to identify propagation signals (Tovar et al., 2017). In brief, action
potential propagation signals were detected with MEA Viewer (Bridges et al., 2018), a
software program used to visualize MEA data. Subsequently, custom software was used to
detect and export propagation signal traces. Propagation signals were detected by finding
coincident spikes (spikes occurring frequently within a consistent interval) in groups of
electrodes (Tovar et al., 2017). For chronic depolarization experiments, neuronal cultures in
the MEAs were depolarized by increasing the KCI concentration in the medium from 5 mM
to 15 mM. After 48 hr, the 15 mM KCI medium was removed and replaced with conditioned
medium that was saved prior to KCI treatment. Recordings were obtained after 1 hr rest.

Protein Purification—For ON4R WT, V337M tau, and K18 tau, protein was purified as
previously described (Mok et al., 2018). Full-length EB3 was cloned into the pMCSG7
vector (Stols et al., 2002), which encodes an N-terminal 6XHis-tag linked to EB3 by a TEV
cleavage site. The protein was expressed in Rosetta (DE3) competent cells with 600 pM
IPTG for 16 hr at 18°C. 6XHis-tagged EB3 was affinity purified with Ni-NTA resin
(Qiagen) in Tris buffer (50 mM Tris, 100 — 500 mM NaCl, 10-30 mM imidazole, pH 8.0),
and eluted in Tris buffer (50mM Tris, 300mM NaCl, 300mM imidazole, pH 8.0). Aliquots of
purified protein were flash frozen in liquid nitrogen and stored at —80°C.

NMR Spectroscopy—All proteins were dialyzed overnight in NMR buffer (25 mM
HEPES pH 7.4, 10 mM KCI, 5 mM MgCl,, 1 mM TCEP, 10% (v/v) D,0). Samples were
prepared at a final concentration of 50 pM 15N-labeled tau and 100 uM unlabeled EB3 in
NMR buffer. Then, 2D 1°N-1H heteronuclear single quantum coherence (HSQC) spectra
were acquired at 10°C on a Bruker Avance AV800 spectrometer equipped with a cryoprobe.
Sixteen scans were acquired per t1 value, and spectral widths of 2100 Hz and 10416 Hz
were used in the IH and 1°N dimensions, respectively. Spectra were processed with INMR
and Sparky based on deposited tau assignments (Barre and Eliezer, 2013). Signal intensity
ratios were calculated with GraphPad Prism.

Tau Binding Assay—This procedure was amended from a previous report (Young et al.,
2016). Briefly, 0.005 mg mL~1 EB3 in Tris buffer (50mM Tris, 300mM NaCl, 300mM
imidazole, pH 8.0) was immobilized overnight at 37°C in non-sterile 96 well plates (Fisher
Scientific, clear, non-sterile, flat bottom) along with buffer matched negative controls. The
wells were then washed with 100 pl of PBS-T (3%3 min, with rocking). To these wells, tau
solution in binding buffer (25 mM HEPES, 40 mM KCI, 8 mM MgCl,, 100 mM NacCl,
0.01% Tween, 1ImM DTT, pH 7.4) was added at indicated concentrations and incubated for
3 hours at RT with rocking. After blocking with 5% milk, the plates were quantified using
rabbit anti-tau (H-150) primary antibody (Santa Cruz, s¢5587) (1:2000 dilution, in TBS-T,
50 pl/well) and goat anti-rabbit HRP conjugated secondary antibody (Anaspec, 28177)
(1:2,000 dilution in TBS-T, 50 pL/well), each for 1 hour. PBS-T washes (3x3 min, with
rocking) were done after incubation of each antibody. TMB substrate (Cell Signaling
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Technology) was used to detect binding, and reactions were quenched using 1M HCI. The
absorbance was measured using a SpectraMax M5 plate reader (ODy4sq). Binding curves
were fit using non-linear regression fits with a non-zero intercept and normalized to the
maximum absorbance in GraphPad Prism version 8.0 (GraphPad Software).

STORM Imaging—For 3D-STORM imaging (Huang et al., 2008; Rust et al., 2006), we
used a home-built setup (Wojcik et al., 2015) based on a Nikon Eclipse Ti-U inverted optical
microscope with an oil immersion objective (Nikon CFI Plan Apochromat A. 100, NA 1.45).
Lasers at 647 nm, 560 nm, and 405 nm were introduced into the sample from the back focal
plane of the microscope. The laser beams were shifted toward the edge of the objective to
illuminate a few micrometers into the sample. Continuous illumination of 647-nm laser (~2
kW cm~2) was used to excite Alexa Fluor 647 molecules and switch them into the dark state.
Illumination of the 405-nm laser was added after ~2 min to reactivate the fluorophores to the
emitting state. The power of the 405-nm laser (0—1 W cm~2) was tuned during image
acquisition so that at any given instant, only a small fraction of the fluorophores in the
sample were in the emitting state, which is optically resolvable. A 560-nm laser (~1.5 kW
cm~2) was used to excite CF568 molecules after imaging of Alexa Fluor 647. For z position
determination, a cylindrical lens was inserted between the electron- multiplying charge-
coupled device (EMCCD) camera (iXon Ultra 897, Andor) and the microscope, so that
images of single molecules were elongated differently for molecules at different z positions.
The imaging buffer consisted of 100 mM Tris-Cl (pH 7.5) containing 140 mM cysteamine,
5% glucose, 0.8 mg mL~1 glucose oxidase, and 40 pg mL~1 catalase.

QUANTIFICATION AND STATISTICAL ANALYSIS

Analysis of 3D-STORM Data—3D-STORM raw data were reconstructed as described
(Huang et al., 2008). Briefly, the centroid positions and ellipticity of single-molecule images
determined in each frame were used to deduce the lateral and axial positions of each
molecule. Single molecules from all frames were overlaid in one image, and sample drift
was corrected by correlation across every 500 frames.

Radial distribution profiles (Figures 4B, 4D, and 4F) were generated with a custom
MATLAB program. We used the relative distance to the center to account for variation in
AIS width. An AIS segment of 1 um long was toggled to the cross-sectional view, and an
elliptical fit was computed to contain the outermost molecules. Twenty concentric ellipses
with equally spaced radii within the outermost layer were drawn, and the number of
contained molecules was counted for each ring. The radial histogram was scaled by the area
of each ring. The border of the 12t ring was artificially assigned as the cell periphery (1.0 of
the x-axis) since the normalized counts outside it decayed fast.

Two-dimensional cross-correlation analysis (Figures 4G—H) between two color channels
(Stone and Veatch, 2015; Veatch et al., 2012) was done with a custom MATLAB program.
Pairwise intermolecular distances between single molecules identified in the 647-nm and
560-nm channels were calculated. A histogram was generated for the counts of molecule
pairs that fell into different ranges of distances, and normalized by using histograms
generated from 10 sets of randomly distributed molecules in the same region. The resultant
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normalized cross-correlation values were expected to be >1 (for co-localizing patterns) or <1
(for excluding patterns) in the two channels. The x-axis indicates the distance of two-
dimensional shift between two channels for the correlation analysis: Corr({Ar) = {104 (r) -
Lgreer(t + DM ({lreq (1)) - {1greer(r))). Cross-correlation indices with |Ar| < 30 71m (first 3
data points) were used to quantify co-localization, as determined by the spatial resolution of
STORM.

Statistical Analysis—Data were analyzed with GraphPad Prism and STATA. Differences
between groups were assessed with the unpaired ¢test, one-way ANOVA with post-hoc test,
and mixed-model linear regression analysis as indicated. Longitudinal data were fitted with
mixed-model linear regression using the xtmixed command from STATA. All data were
presented as the mean + SEM. p < 0.05 was considered statistically significant.

DATA AND SOFTWARE AVAILABILITY

The custom MATLAB programs used in this study will be provided upon request to the
corresponding author.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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The FTD-causing V337M tau mutation impairs axon initial segment (AIS)
plasticity.

The V337M tau mutation impairs activity homeostasis.
The V337M tau mutation leads to accumulation of EB3 in the AlS.

EB3 is critical for regulating AlS plasticity and activity homeostasis.
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Figure 1. TauV33"M shortens the AIS and Impairs AlS Plasticity in Human iPSC-Derived
Neurons

(A) Representative images show immunostaining for AnkG in the AIS and MAP2 in the
somatodendritic compartment in human iPSC-derived WT and tauV337M neurons treated
with 10 mM NaCl (Ctrl) or KCI for 48 hr. Arrowheads indicate the start and end of the AlS.
(B) Quantification of the length of AnkG shown by immunostaining in WT and tauV337M
neurons treated with 10 mM NaCl (Ctrl) or KCI for 48 hr. n = 43-72 cells/group from three
to five independent experiments. ***p < 0.001 by one-way ANOVA and Tukey’s post-hoc
analysis.
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(C) Schematic diagram of CRISPR gene editing at V337M MAPT and the DNA sequences
before and after targeted gene editing.

(D) Representative images show immunostaining for AnkG in the AIS and MAP2 in the
somatodendritic compartment in tauV33’M and the corrected isogenic WT control (iso-WT)
neurons treated with 10 mM NaCl (Ctrl) or KCI for 48 hr. Arrowheads indicate the start and
end of the AIS.

(E) Quantification of the length and start location of AnkG shown by immunostaining in
tauV33"M and iso-WT neurons treated with 10 mM NaCl (Ctrl) or KCI for 48 hr. n = 68-73
cells/group and n = 49-55 cells/group from three independent experiments for length and
start location, respectively. ***p < 0.001 by one-way ANOVA and Tukey’s post-hoc
analysis.

(F) Representative images show immunostaining for AnkG in the AIS and MAP2 in the
somatodendritic compartment in WT and isogenic tauV337M (iso-V337M) neurons treated
with 10 mM NaCl (Ctrl) or KCI for 48 hr. Arrowheads indicate the start and end of the AlS.
(G) Quantification of the length and start location of AnkG shown by immunostaining in
WT and iso-V337M neurons treated with 10 mM NaCl (Ctrl) or KCI for 48 hr. n = 54-56
cells/group and n = 45-49 cells/group from three independent for length and start location,
respectively. ***p < 0.001 by one-way ANOVA and Tukey’s post-hoc analysis. Values are
mean £ SEM. Scale bars, 15 pm.
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Figure 2. Homeostatic Control of Neuronal Excitability Is Impaired in TauV33’™™ Neurons
(A) MEA system #1. These MEAs have 16 electrodes per well arranged in a 4x4 grid and

spaced at 350 pm.

(B) Representative raster plots of action potentials of tauV33"M and iso-WT neurons detected
from 16 electrodes in a single well of MEA system #1. Blue raster plots and boxes indicate
action potentials involved in network bursts.

(C) Representative recordings from tauV33’M and iso-WT neurons on MEA system #1.
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(D-1) Spike, burst, and network burst parameters measured for tauV33’M and iso-WT
neurons on MEA system #1. n = 31-45 wells/group from three independent experiments. *p
< 0.05, **p < 0.01, ***p < 0.001 by unpaired t-test.

(J) MEA system #2. These MEAs have 120 recording electrodes arranged in a 12x12 grid
and spaced at 100 pum.

(K) Neuronal firing rate of tau¥33’M (n = 12) and iso-WT (n = 16) neurons on MEA system
#2 from three independent recordings before and after chronic depolarization with KCI. **p
< 0.01 by two-way ANOVA. Values are mean + SEM.
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\F/lg%l%ﬁ 3. EB3 Shows Increased Binding with Tau Y33’M and Is Accumulated in the AIS of Tau
Neurons

(A) Profile of tau binding to EB3 as probed by 15N-HSQC of K18 tau containing the four
microtubule-binding repeats. The NMR intensity ratio I/l is shown for individual peaks
derived from HSQC spectra (I, chaperone present, Ig, tau alone) where EB3 was present at a
2:1 molar ratio to tau. Red lines indicate potential EB3 binding sites of tau indicated by
decreases in the NMR intensity ratio.

(B) Tau binding to EB3 measured by ELISA-based assay. Cumulative binding percentage of
full-length WT tau and tauV33’M to EB3 from three independent experiments. Dissociation
constants (Kg) are indicated on top of the graph.
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(C) Representative images show immunostaining of AnkG and EB3 in the AIS in WT,
tauV33’M and iso-WT neurons. Arrowheads indicate the start and end of the AIS. Dashed
lines indicate the boundary of the cell body. Scale bars, 15 pm.

(D, E) Quantification of the intensity of AnkG and EB3 immunostaining in WT, tauV337M,
and iso-WT neurons. n = 55-59 cells/group from three independent experiments. ***p <
0.001 by one-way ANOVA and Tukey’s post-hoc analysis.

(F) Intensity profile of EB3 immunostaining along the axon in WT, tauV33’M and iso-WT
neurons. n = 45-47 cells/group from three independent experiments. **p < 0.01 by
multilevel mixed model analysis. Values are mean + SEM.
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Figure 4. Increased EB3 Level Is Associated with AnkG and Tau in the AIS Submembrane
Neurons

(A) Representative 3D-STORM images of EB3 immunostaining in the AIS of WT,
tauV33"™ and iso-WT neurons. Color is used to indicate depth in zaccording to the color
scale. Scale bar, 1 um. Right panel: cross-sections of boxed regions in the left panel. Dashed
circles represent the membrane of the axon; white dots represent the center of the cytoplasm.

Region of TauV337

Scale bar, 200 nm.
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(B) Radial distribution of EB3 in cross section of the AIS of WT (n = 8), tauV33"™™ (n = 14),
and iso-WT (n = 5) neurons. The distance from the center to the periphery of the cell was
normalized to 1. ***p < 0.001 by multilevel mixed model analysis.

(C) Representative dual-color 3D-STORM images of EB3 (magenta) and AnkG (green) in
the AIS of WT, tauV337M and iso-WT neurons. Dashed circles represent the membrane of
the axon; white dots represent the center of the cytoplasm. Scale bars, 1 pm. Right panel:
cross-sections of boxed regions in the left panel. Scale bars, 200 nm.

(D) Radial distribution of AnkG in the AIS of WT (n = 7), tauV33"™M (n = 12), and iso-WT (n
= 5) neurons. Values are mean + SEM.

(E) Representative dual-color 3D-STORM images of tau (magenta) and EB3 (green) in the
ATS of WT, tauV33"M and iso-WT neurons. Scale bars, 1 pm. Right panel: cross-sections of
boxed regions in the left panel. Dashed circles represent the membrane of the axon; white
dots represent the center of the cytoplasm. Scale bars, 200 nm.

(F) Radial distribution of tau in the AIS of WT (n = 8), tauV33’M (n = 16), and iso-WT (n =
7) neurons.

(G, H) Cross-correlation analysis of EB3-AnkG and EB3-tau from dual-color 3D-STORM
images. The pair cross-correlation function between the two channels was calculated from
the distribution of intermolecular distances (x-axis) and normalized to that of randomly
distributed sets of molecules with similar apparent sizes. Each curve represents the average
of three independent neurons within each group. Cross-correlation indices for the first three
distances (<30 nm) are taken as quantitation of co-localization, which is subject to the two-
sample ftest. *p < 0.05, ***p < 0.001. Values are mean + SEM.
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Figure 5. Critical Role of EB3 in Regulating AIS Plasticity and Activity Homeostasis
(A) Representative images show immunostaining of EB3 in tauV33’M neurons treated with

control sSiRNA or EB3 siRNA. Arrowheads indicate the start and end of the AIS stained with

EB3.
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(B) Quantification of EB3 intensity in tau¥337M neurons treated with control siRNA or EB3
SiRNA. n = 12 images/group from three independent experiments. ***p < 0.001 by unpaired

ttest.
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(C) Representative images show immunostaining for AnkG in the AIS and MAP2 in the
somatodendritic compartment in tau¥33"M neurons treated with control siRNA or EB3
SiRNA. The neurons were treated with 10 mM NaCl (Ctrl) or KCI for 48 hr. Arrowheads
indicate the start and end of the AIS.

(D) Quantification of the length of AnkG shown by immunostaining of tauV33"M neurons
treated with control siRNA or EB3 siRNA and then with 10 mM NaCl (Ctrl) or KCI for 48
hr. n = 43-52 cells/group from three independent experiments.

(E) Neuronal firing rate of tau¥337M and iso-WT neurons before and after chronic
depolarization with 10mM KCI for 48 hr on MEA system #1 with 16 recording electrodes
spaced at 350 um. n = 11-18 wells/group from two to three independent experiments. *p <
0.05 by paired t-test.

(F) Neuronal firing rate of tauV33’M neurons treated with control SiRNA or EB3 siRNA.
Recordings were performed before and after chronic depolarization with 10mM KCI for 48
hr on MEA system #1. n = 9-13 wells/group from two independent experiments. *p < 0.05
by paired t-test.

(G) Representative images show immunostaining for GFP and AnkG in iso-WT neurons
transfected with GFP or EB3-GFP and treated with 10 mM NaCl (Ctrl) or KCI for 48 hr.
Arrowheads indicate the start and end of the AlS. Dashed lines indicate the axon.

(H) Quantification of the length of AnkG shown by immunostaining in iso-WT neurons
transfected with GFP or EB3-GFP and treated with 10 mM NaCl (Ctrl) or KCI for 48 hr. n =
37-98 cells/group from four independent experiments. ***p < 0.001 by one-way ANOVA
and Tukey’s post-hoc analysis. Values are mean + SEM. Scale bars, 15 pm.
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Figure 6. Tau Knockdown in TauV33’M Neurons Elongates the AIS and Restores AlS Plasticity

by an EB3-Dependent Mechanism

(A) Representative images of the immunostaining for tau with HT7 antibody in tauV337V
neurons treated with control siRNA or tau siRNA (left). Quantification of tau intensity in
tauV337V neurons treated with control siRNA or tau siRNA (right). n = 12 images/group
from three independent experiments. *** p < 0.001 by unpaired #test. Scale bars, 40 um.
(B) Representative images show immunostaining for EB3 in tauV337V neurons treated with
control siRNA or tau siRNA. Arrowheads indicate the start and end of the AIS stained for
EB3. Dashed lines indicate the boundary of the cell bodies (left). Quantification of EB3
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intensity and length in tau¥337V neurons treated with control SiRNA or tau siRNA (right). n
= 43-48 cells/group from three independent experiments. *** p < 0.001 by unpaired ¢test.
Scale bars, 15 um.

(C) Representative images of the immunostaining of AnkG in the AIS and MAP2 in the
somatodendritic compartment in tau¥33"M neurons treated with control siRNA or tau SiRNA
and treated with 10 mM NacCl (Ctrl) or KCI for 48 hr. Arrowheads indicate the start and end
of the AlS.

(D) Quantification of the length of AnkG shown by immunostaining in tauV¥337M neurons
treated first with control sSiRNA or tau siRNA and then with 10 mM NacCl (Ctrl) or KCI for
48 hr. n = 57-65 cells/group from three independent experiments.

(E) Representative images show immunostaining for GFP and AnkG in tauV33"M neurons
treated with tau siRNA, transfected with GFP or EB3-GFP, and treated with 10 mM NaCl
(Ctrl) or KCI for 48 hr. Arrowheads indicate the start and end of the AIS. Dashed lines
indicate the axon.

(F) Quantification of the length of AnkG shown by immunostaining in tauV33’M neurons
treated with tau sSiRNA, transfected with GFP or EB3-GFP, and treated with 10 mM NaCl
(Ctrl) or KCI for 48 hr. n = 41-53 cells/group from three independent experiments. ***p <
0.001 by one-way ANOVA and Tukey’s post-hoc analysis. Values are mean + SEM. Scale
bars, 15 pm.
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Figure 7. V337M Tau Reduces AIS Length and Impairs AlS Plasticity by an EB3-Dependent

Mechanism

Model of the cytoskeletal composition of the AIS and activity-dependent plasticity in WT
and tau¥33’M neurons. In WT neurons (top), EB3 is evenly distributed throughout the
cytoplasm of the AIS. A portion of AnkG remains unbound to EB3 and is susceptible to
reorganization, resulting in depolarization-induced AIS shortening. In tau¥33’M neurons
(bottom), EB3 accumulates abnormally in the AIS submembrane and binds to more AnkG
and tau, making the AIS cytoskeleton shorter and resistant to reorganization. Consequently,

the AIS remains unchanged in response to depolarization.
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