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Introduction

The presence of amyloid plaques and hyperphosphorylated tau-
loaded neurofibrillary tangles (NFTs) in the brain are invariant 
features of Alzheimer’s disease (AD). There is compelling ev-
idence that soluble oligomeric Amyloid β1–42 (Aβ) plays a crit-
ical neurotoxic and synaptotoxic role during the early stages 
of AD (Nimmrich and Ebert, 2009; Pozueta et al., 2013a), and 
it has been proposed that the microtubule (MT)-associated 
protein (MAP) tau mediates the effects of Aβ in dendrites and 
axons (LaFerla, 2010; Ittner and Götz, 2011; Mairet-Coello et 
al., 2013; Sherman et al., 2016; Wang et al., 2016). Hyperphos-
phorylation of tau decreases its binding to MTs, and multiple 
studies support a role for Aβ in up-regulating tau phosphor-
ylation (Busciglio et al., 1995; Zheng et al., 2002; Zempel et 
al., 2010; Jin et al., 2011; Mairet-Coello et al., 2013; Muratore 
et al., 2014). It was thus initially hypothesized that Aβ over-
production causes neurotoxicity through destabilization of the 
axonal MT cytoskeleton as a result of accumulation of insol-
uble hyperphosphorylated tau. Alternatively, neuronal injury 
may originate through Aβ-mediated mislocalization of soluble 
hyperphosphorylated tau to dendritic spines (Zempel et al., 
2010), where it induces loss of glutamate receptors (Hoover et 

al., 2010), PrPC-mediated neurotoxicity by transporting Fyn ki-
nase to dendritic spines (Ittner et al., 2010), and MT severing 
(Zempel et al., 2013). More recently, a role for pathological tau 
mutants and hyperphosphorylated tau has been further uncov-
ered in presynaptic dysfunction (Zhou et al., 2017). Although 
these mechanisms may each contribute to synaptic injury and 
cell death in AD, the molecular nature of the link between Aβ 
and hyperphosphorylated tau remains poorly understood.

We hypothesized that a primary activity of Aβ is to acti-
vate pathways that alter MT behavior and/or tubulin posttrans-
lational modifications (PTMs) associated with MT stability and 
that these changes trigger a cellular stress response that leads to 
tau hyperphosphorylation in an attempt to restore normal MT 
function. In support of this model, recent evidence has shown 
a neurotoxic role for Aβ in acute induction of tubulin polyglu-
tamylation (Zempel et al., 2013) and acetylation (Tsushima et 
al., 2015) in hippocampal neurons. These are compelling results 
given the implication of tubulin PTMs in the ubiquitous regu-
lation of MT plus end–tracking proteins (+TIPs), MAPs, MT 
motors (Janke and Kneussel, 2010; Janke and Bulinski, 2011; 
Janke, 2014; Chakraborti et al., 2016), and in the case of tubu-
lin polyglutamylation, synaptic vesicle transport (Maas et al., 
2009), MT severing (Lacroix et al., 2010), and Purkinje cell 
degeneration (Rogowski et al., 2010).

Emerging studies from several groups indicate that dy-
namic MTs, typically deprived of tubulin PTMs, play key roles 
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in neuronal function. Dynamic MTs polymerize from dendritic 
shafts into spines, and signaling through NMDA receptors and 
local calcium entry regulate this process (Gu et al., 2008; Mit-
suyama et al., 2008; Kapitein et al., 2010, 2011; Dent et al., 
2011; Hu et al., 2011; Merriam et al., 2011, 2013). Invasion of 
dendritic spines by dynamic MTs can in return affect spine mor-
phology and function by regulating myosin- and kinesin-paired 
cargo dynamics (Jaworski et al., 2009; McVicker et al., 2016). 
A critical role for dynamic MTs in presynaptic terminals has 
been highlighted in Drosophila melanogaster neuromuscular 
junction boutons in which reduced organization of the MT cor-
tex loop and stabilization of presynaptic MTs cause the deficits 
in fly models of fragile X syndrome and hereditary spastic para-
plegia (Zhang et al., 2001; Lu et al., 2004; Trotta et al., 2004). 
Indeed, presynaptic dynamic MTs are necessary to deliver syn-
aptic vesicles and may further mediate storage and/or docking/
fusion of vesicles at the active zone (Lepicard et al., 2014).

Thus, aside from their more conventional role in offering 
structural support to the neuron, MTs are fine regulators of neu-
ronal homeostasis and synaptic function, and unwanted changes 
in MT dynamics and/or tubulin PTMs may be directly involved 
in the onset of neurodegenerative disease. Interestingly, bipha-
sic fluctuations of tubulin detyrosination and corresponding MT 
instability/stability phases have been associated with memory 
formation and are disrupted in aging, suggesting a primary role 
for the regulation of MT dynamics and at least this tubulin PTM 
in the maintenance of synaptic plasticity (Uchida et al., 2014; 
Uchida and Shumyatsky, 2015).

Recently, we showed that Aβ induces stable detyrosinated 
MTs (Glu MTs) in NIH3T3 cells and primary neurons in a 
Rho-mediated manner (Pianu et al., 2014). In NIH3T3 cells, 
Glu MT induction by Aβ is the result of MT stabilization, is 
regulated by integrin signaling, and occurs through the activa-
tion of a pathway involving amyloid precursor protein (APP)/
caspases and mDia1 (Pianu et al., 2014), a Rho effector and a 
member of the family of formins with independent roles on the 
actin and MT cytoskeletons (Bartolini and Gundersen, 2010; 
Chesarone et al., 2010). Thus, induction of stable MTs by Aβ 
appears to be mediated by the same pathway that leads to stable 
MTs in fibroblasts downstream of lysophosphatidic acid (LPA; 
Cook et al., 1998; Palazzo et al., 2001, 2004; Goulimari et al., 
2005; Bartolini et al., 2016) and is initiated by the same APP/
caspase/RhoA signaling cascade that causes loss of dendritic 
spines by Aβ in neurons (Huesa et al., 2010; Chacon et al., 
2011; Lefort et al., 2012; Pozueta et al., 2013b).

In this study, we analyze the nature of Aβ-induced Glu 
MTs in hippocampal neurons and implicate the formin mDia1 
in a pathway that stimulates synaptotoxicity through MT-de-
pendent tau hyperphosphorylation.

Results

Aβ induces Glu MTs by stabilizing dynamic 
MTs in hippocampal neurons
We investigated whether Glu MTs induced by oligomer-en-
riched Aβ preparations in neurons (Pianu et al., 2014) resulted 
from an increase in MT stability. We found that synaptotoxic 
concentrations of Aβ induced a transient accumulation of both 
Glu and acetylated tubulins, two independent tubulin PTMs as-
sociated with MT longevity, suggesting that induction of Glu 
MTs by Aβ reflected an acute gain in MT stability rather than 

regulation of the enzymes that control tubulin detyrosination 
(Fig. 1, A and B). To assess MT stability directly, we measured 
residual MT polymer levels (βIII-tubulin staining) upon noco-
dazole-induced MT depolymerization and found a higher degree 
of MT resistance in Aβ-treated neurons than in controls (Fig. 1, 
C and D). We analyzed the mechanism of this MT stabilization 
by quantifying the behavior of EB3-EGFP comet movements in 
proximal dendrites and axons to measure MT plus end dynam-
ics before and after acute Aβ treatment (Fig. 1, E–J; and Fig. 
S1). No significant change was observed in rescue/nucleation 
frequency (number of MTs switching from shrinkage to growth 
or newly formed MTs per unit area and time), comet density 
(number of comets per unit area and time), or growth rates in 
dendrites or axons of neurons treated with Aβ up to 8 h (Fig. 
S1). However, we detected a transient increase in comet lifetime 
and length of growth in dendrites treated with Aβ as a result of a 
∼40% drop in catastrophe frequency, the rate at which dynamic 
MTs switch from growth to shrinkage and that in neurites is 
obtained by dividing the number of comets by the total duration 
of all growth events (Fig. 1, E and F; and Fig. S1 A; Stepanova 
et al., 2010). No significant change in catastrophe frequency 
was observed with vehicle or scrambled Aβ control (Fig. 1 H). 
Interestingly, a more severe (∼55% drop) and longer-lasting in-
hibition of catastrophe frequency (up to 6 h) was observed in 
axons (Figs. 1 G and S1 B). We tested whether the transient 
nature of this effect resulted from either desensitization of the 
neurons or loss of Aβ activity in cell culture (Zempel et al., 
2013). We found that although in axons a second dose of Aβ did 
not significantly affect the kinetics and intensity of the response 
(Fig.  1  J), prolonged inhibition of catastrophe frequency in 
dendrites could be achieved by treating neurons with a second 
dose of Aβ (Fig. 1 I). However, as inhibition of MT dynamics 
occurred both in axons and dendrites and regardless of comet 
orientation (Fig. S1 A), the results suggest that Aβ inhibition of 
MT dynamics is not selective for either compartment. Because 
of the greater number of dendrites per neuron, we elected to 
limit the rest of our analyses to dendritic MTs.

In summary and in agreement with the observation that 
induction of modified tubulins lagged behind the rise in comet 
lifetime, these data suggest that Aβ acutely stabilizes dynamic 
MTs by inhibiting their catastrophe frequency.

Stabilization of dynamic MTs by Aβ is 
dependent on APP but not tau expression
Our previous work in nonneuronal cells, which are naturally 
deprived of tau expression, highlighted a role for APP in the 
initiation of a tau-independent pathway that leads to stable Glu 
MTs downstream of Aβ (Pianu et al., 2014). To test whether 
this was also true in neurons, we acutely interfered with tau ex-
pression by lentiviral-mediated silencing to avoid developmen-
tal compensation of MT behavior as revealed by lack of clear 
MT phenotype in tau-knockout (KO) neurons (Harada et al., 
1994), and we examined the effect of Aβ on MT dynamics and 
stability. We found that significant depletion of tau expression 
(Fig. 2, A and B), which only modestly increased MT growth 
rates (Fig. 2 D), did not interfere with acute MT stabilization 
or inhibition of catastrophe frequency induced by Aβ (Fig. 2, 
C and D). To the contrary, loss of APP expression obliterated 
induction of MT stabilization and inhibition of dynamic MT 
behavior in APP-KO neurons treated with Aβ (Fig. 2, E–G).

These results argue that the acute changes in MT behavior 
caused by Aβ are independent of tau expression and suggest 
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that this APP-dependent MT pathway is conserved in neurons 
and possibly contributes to Aβ synaptotoxicity.

The formin mDia1 mediates stabilization 
of dynamic MTs and synaptotoxicity 
caused by Aβ
mDia1 is the main formin responsible for the generation and 
maintenance of stable Glu MTs downstream of Rho activation 
by LPA and Aβ in NIH3T3 cells (Palazzo et al., 2001; Gouli-
mari et al., 2005; Pianu et al., 2014). We hypothesized that this 
function would be conserved in neurons and tested the role of 
mDia1 in the induction of stable MTs and inhibition of MT dy-
namics by Aβ using a commercially available formin inhibitor 
(SMI​FH2; Rizvi et al., 2009). We first characterized the inhib-
itor alone in neurons (Fig. S2) and in NIH3T3 cells (Fig. S3, 

A and B) to evaluate its range of activity, and we confirmed 
its reversible inhibitory effect on MT stability as well as its 
independence from tau expression in neurons (Fig. S2, A–D). 
We found that even the lowest used dose of SMI​FH2 (10 nM), 
which alone had no effect on MTs or Aβ internalization (Figs. 3 
and S2, E–H), abrogated acute Glu MT induction and inhibition 
of MT dynamics caused by Aβ in neurons (Fig. 3, A–C). Formin 
inhibition was also sufficient to inhibit LPA or Aβ-mediated in-
creases in stable Glu MTs in NIH3T3 cells (Fig. S3), confirming 
the convergence of these MT pathways in nonneuronal cells.

We then examined whether acute MT stabilization caused 
by Aβ represented a neuroprotective response or rather contrib-
uted to Aβ neurotoxicity. To this end, we analyzed the result of 
formin inhibition on the damage inflicted by Aβ on dendritic 
spine density and long-term potentiation (LTP; Fig.  4). We 

Figure 1.  Aβ stabilizes MTs by inhibiting MT 
dynamics in hippocampal neurons. (A) WB 
analysis of detyrosinated (Glu) and acetylated 
(Acety) tubulin in cultured hippocampal neu-
rons (18 DIV) treated with oligomer-enriched 
preparation of Aβ. (B) Time course of Glu and 
acetylated tubulin induction by Aβ. Data were 
normalized to β-actin levels. (C) IF of βIII-tubulin 
in hippocampal neurons (18 DIV) treated with 
Aβ for 1.5 h and incubated with nocodazole 
(NZ) 1  h before MT extraction and fixation. 
Control, vehicle. Bar, 20 µm. (D) Quantifica-
tion of residual MT mass in major proximal 
neurites of neurons treated as in C.  (E) Rep-
resentative kymographs at 0 h and 1.5 h of 
incubation with Aβ. (F, G, I, and J) Time course 
of MT catastrophe frequency measured from 
EB3-EGFP comet movement in proximal den-
drites or axons of hippocampal neurons (18 
DIV) upon a single dose of Aβ (F and G) or a 
second dose at 3 h for increasing times (I and 
J). (H) MT catastrophe frequency before and 
after incubation with vehicle (veh) or scram-
bled (scr) Aβ peptide. Data in F–J are ana-
lyzed from 30–362 comets for each group. 
Data are shown as means ± SEM. *, P < 0.05;  
**, P < 0.01; ***, P < 0.001 by one-way 
ANO​VA followed by Dunnett’s multiple com-
parison test based on experiments (B, n = 3) 
or Tukey’s multiple comparison test based on 
neurites (D, n = 44–50; F–J, n = 4–27). 
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found that a dose of SMI​FH2 that did not affect MT dynamics 
nor spine density on its own significantly antagonized spine loss 
induced by Aβ (Fig. 4, A and B). When analyzed at the mor-
phological level, the rescue was largely caused by an increase 
in stubby spines (Fig.  4  B). To confirm rescue of short-term 
synaptotoxicity, we tested the effects of formin inhibition on the 
deficits in the amplitude of long-lasting duration (maintenance 
phase) of CA3-CA1 LTP in J20 mice, a line that possesses the 
Swedish (K670N/M671L) and Indiana (V717F) hAPP muta-
tions (Saganich et al., 2006; Pozueta et al., 2013b). A low dose 
of formin inhibitor alone did not significantly affect basal syn-
aptic transmission in rat hippocampal cultured neurons (Fig. 4, 
C and D) or acute hippocampal slices from WT mice (Fig. 4, E 
and F). The same dose, however, significantly ameliorated the 
deficits in CA3-CA1 LTP induction in hippocampal slices from 
J20 mice (Fig. 4, G and H), underscoring a role for formin ac-
tivity in the acute weakening of synapses associated with mem-
ory loss induced by Aβ.

We examined the association of mDia1 to MTs in neurites 
using conventional confocal microscopy and found that it local-
ized in proximity to both stable and dynamic MTs in axons and 
dendrites (Fig.  5  A). Higher-resolution confocal microscopy 
using an Airyscan detector confirmed the association of mDia1 

with Glu MTs in axons and both Glu and Tyr MTs in dendrites 
(Fig. 5, B and C). To examine the role of mDia1 on MT be-
havior, we silenced mDia1 expression by lentiviral delivery of 
shRNA in 14-d-in-vitro (DIV) hippocampal neurons for either 
4 or 7 d. We found that loss of ≥60% of mDia1 expression after 
7 d of infection, but not its closely related formin FHOD1, re-
duced MT stability and increased the catastrophe frequency of 
dynamic MTs in untreated neurons (Fig. 5, D–G; and Fig. S4). 
1 µM SMI​FH2 for 3 h, a time at which this dose of SMI​FH2 
alone had a significant effect on catastrophe frequency (Fig. S2 
E), did not produce additive effects on MT dynamics in mDia1–
knocked down neurons, confirming that mDia1 is the primary 
target of SMI​FH2’s activity on MTs (Fig. 5 H).

In addition to their effects on MTs, formins are actin 
nucleators and elongators (Chesarone et al., 2010). The actin 
functions of mDia1 are involved in the generation of stress fi-
bers (Hotulainen et al., 2009) and in the regulation of phago-
cytosis (Colucci-Guyon et al., 2005; Brandt et al., 2007; 
Lewkowicz et al., 2008). To examine the contribution of its 
actin activity, we generated two actin-null mutants of mDia1 
(I845A and K994A) predicted to abrogate mDia1 binding to 
actin (Xu et al., 2004; Bartolini et al., 2008) and evaluated their 
ability to restore normal MT catastrophe frequency in mDia1- 

Figure 2.  Aβ inhibits MT dynamics inde-
pendently of tau but not APP. (A) WB analysis 
of total tau (tau46) levels in hippocampal neu-
rons (19 DIV) treated with noncoding control 
(shNC) or shRNA against tau (shTau) lentivirus 
for 5 d.  (B) Quantifications of tau levels nor-
malized to GAP​DH levels. (C) Quantification 
of MT stability (residual βIII-tubulin levels) in 
shNC- or shTau-infected neurons (19 DIV). 
Control, vehicle. (D) EGFP-EB3 analysis of MT 
dynamics parameters in hippocampal neurons 
(19 DIV) infected with shNC or shTau lentivi-
ruses for 5 d ± Aβ (200 nM, 1.5 h). (E) WB 
analysis of APP in WT and APP-KO mouse 
brain whole-cell lysates. (F) Quantification of 
MT stability (residual βIII-tubulin levels) in WT 
or APP-KO mouse hippocampal and cortical 
neurons (19 DIV). Control, vehicle. (G) EG-
FP-EB3 analysis of MT dynamics parameters in 
WT or APP-KO neurons (19 DIV) ± Aβ (200 
nM, 1.5 h). Data are shown as means ± SEM. 
*, P < 0.05; **, P < 0.01; ***, P < 0.001 
by two-tailed Student’s t test based on experi-
ments (B, n = 3) or one-way ANO​VA followed 
by Tukey’s multiple comparison test based on 
neurites (C, n = 36; D, n = 9–13; F, n = 30;  
G, n = 7–10). NZ, nocodazole.
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depleted neurons. Indeed, the increase in catastrophe frequency 
caused by mDia1 depletion was normalized by either WT or 
actin-null mDia1, ruling out actin-related functions of mDia1 
(Fig. 5 I). Accordingly, a low dose of SMI​FH2 that antagonized 
Aβ-driven changes in MT behavior had negligible effects on 
Aβ internalization, further ruling out actin-dependent mDia1- 
mediated phagocytosis (Fig. S2, F–H).

We investigated the result of loss of mDia1 expression on 
spine number and dendritic morphology and found a significant 
increase in spine density and dendritic complexity in mDia1- 
depleted cells (7 d) compared with control levels (Fig. 5, J–L), 
indicating a role for mDia1 in the post-developmental regulation 
of structures that are severely affected by Aβ. To test whether 
mDia1 was an effector of Aβ rather than a permissive factor in 
the induction of neuronal injury, we examined whether reduc-
tion of mDia1 expression (4 d) to levels that would not affect 
MTs, mitochondria motility, or synaptic density and strength 
was still sufficient to antagonize Aβ neurotoxicity. Indeed, we 
found that even partial mDia1 silencing completely suppressed 
both the decline in MT dynamics and axonal mitochondrial 
motility caused by Aβ exposure (Fig.  6, A–D). Furthermore, 
the loss of dendritic spine density induced by Aβ was fully pre-
vented in mDia1-depleted cells compared with control levels 
(Fig. 6, E and F). Importantly, restoration of the number of syn-
apses was observed with two independent mDia1 shRNAs, and 
both WT and the actin-binding–deficient K994A mDia1 mutant 
(Bartolini et al., 2008) expressed in mDia1-silenced cells sig-
nificantly abrogated the rescue of synapse loss, further ruling 
out off-target effects and reliance on mDia1-mediated actin 
functions. Finally, loss of mDia1 expression normalized Aβ- 
induced perturbations of miniature excitatory postsynaptic cur-
rents (mEPSCs) in dissociated hippocampal neurons (Fig. 6 G), 

demonstrating a role for mDia1 in both pre- and postsynaptic 
injury caused by Aβ. Collectively, these data strongly position 
the MT activity of the formin mDia1 in the Aβ cascade that 
leads to synaptotoxicity, suggesting a primary role for stabiliza-
tion of dynamic MTs in the onset of synaptic damage.

mDia1 regulates tau phosphorylation 
through MT stabilization
We investigated whether the mechanism of rescue was intrin-
sic to regulation of tau phosphorylation by mDia1 through 
its control of MT stability. MT-destabilizing drugs have been 
shown to reduce tau phosphorylation at AT8 (202/205/208) and 
PHF-1 (396/404) phosphoepitopes while increasing Tau-1 (a 
site that is recognized only when Ser195, 198, 199, and 202 
are dephosphorylated; Brion et al., 1994), suggesting that sta-
ble MTs may regulate tau-specific kinases and/or phosphatases. 
Interestingly, incubations with Aβ exert the opposite effects by 
increasing AT8 and PHF-1, two of the phosphoepitopes asso-
ciated with NFTs in AD brains, while reducing Tau-1 (Alvarez 
et al., 1999). We found that robust formin inhibition in young 
neurons (expressing only the 0N3R tau isoform but high levels 
of PHF-1, AT8, pT212, and pS262 tau) led to detectable loss of 
PHF-1 in a time- and dose-dependent fashion (Fig. S5, A and 
B). Formin inhibition alone further led to loss of AT8, pT212/
S214, and pS262 while increasing Tau-1 levels, but it had no 
effect on pY18, a substrate residue for Fyn kinase (Lee et al., 
1998; Ittner et al., 2010), or tau degradation (the same electro-
phoretic shift in total tau was observed when tau was detected 
using antibodies directed at either a C- or a N-terminal epitope; 
Fig. S5, A–F). We chose to focus on pS262 and AT8 for the 
following reasons: (A) pS262 is an early marker of cytopathol-
ogy in AD, and its phosphorylation can change tau–MT binding 

Figure 3.  Formin activity mediates MT stabilization by Aβ. (A) IF of Glu and total α-tubulin (DM1A) in hippocampal neurons treated with 200 nM Aβ for 
2.5 h or with SMI​FH2 (1 µM) 30 min before Aβ treatment. Bar, 10 µm. (B) Quantification of Glu/DM1A ratio measured on individual proximal neurites 
and normalized against vehicle control levels (control) of hippocampal neurons treated as in A. (C) EGFP-EB3 analysis of MT dynamics parameters in 
hippocampal neurons (18 DIV) treated with Aβ for 1.5 h or with SMI​FH2 30 min before Aβ treatment. Data are shown as means ± SEM. *, P < 0.05;  
***, P < 0.001 by one-way ANO​VA followed by Dunnett’s multiple comparison test based on experiments (B, n = 3) or neurites (C, n = 5–15).
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affinity directly (Biernat et al., 1993; Fischer et al., 2009); (B) 
AT8 is secondary to pS262 and stains NFTs in AD (Bertrand 
et al., 2010); (C) both pS262 and AT8 epitopes are induced by 
Aβ (Zempel et al., 2010). We tested mDia1 regulation of these 
epitopes and found significant loss of pS262 and AT8 tau in 
hippocampal neurons silenced of mDia1 expression (Fig. 7, A 
and B), supporting a physiological role for mDia1 in regulat-
ing the phosphorylation of two key residues associated with 
Aβ pathogenesis. Importantly, loss of tau phosphorylation in 
mDia1-depleted cells was normalized by restoring MT stability 
with taxol, reinforcing the model that mDia1 regulation of MT 
stability is necessary for Aβ-mediated induction of hyperphos-
phorylated tau. Consistently, acute mDia1 inhibition by a low 
dose of SMI​FH2 had negligible effects on its own but signifi-
cantly antagonized AT8 tau induction by Aβ (Fig. 7, C and D). 
Collectively, these data strongly implicate the formin mDia1 as 

an Aβ effector in the regulation of tau phosphorylation through 
its control of MT stability.

Acute stabilization of dynamic MTs causes 
tau hyperphosphorylation and spine loss 
through tau
We investigated whether inhibition of MT dynamics alone was 
sufficient to enhance tau hyperphosphorylation and loss of syn-
apses. We used developing neurons (7 DIV) with higher levels 
of dynamic MTs to biochemically detect low increases in MT 
stability and found that 10 nM taxol, which inhibits MT dynam-
ics without inducing MT polymerization or bundling (Derry 
et al., 1995), promoted a detectable increase in tubulin PTMs 
and both AT8 and pS262 tau within 3 h (Fig. 8, A–C). Taxol, 
which does not influence MT interaction with tau (Kadavath 
et al., 2015), further resulted in repartition of endogenous tau 

Figure 4.  Formin activity is necessary for 
synaptotoxicity caused by Aβ. (A) Representa-
tive images of spine density and morphology 
in primary hippocampal neurons (14 DIV) 
treated with 200 nM Aβ ± 10 nM SMI​FH2 for 
24 h.  Bar, 2 µm. (B) Quantification of spine 
density and morphology of neurons treated as 
in A. (C) Summary bar graphs of the frequency 
and amplitude of mEPSCs recorded from hip-
pocampal neurons exposed to either vehicle 
(n = 26) or 10 nM SMI​FH2 (n = 36). (D) Sam-
ple traces of recordings shown in C.  (E and 
F) Input/output relationship (E; n = 10) and 
paired-pulse facilitation (F; n = 5) measured 
in acute hippocampal slices from 10-mo-old 
WT mice. (G) LTP induced by 3-theta bursts in 
acute hippocampal slices from 10–12-mo-old 
WT and J20 mice (n = 7–11). (H) Bar graph 
representing the mean of the last 15 min of 
recordings. Data are shown as means ± SEM.  
*, P < 0.05; **, P < 0.01 by one-way ANO​VA 
followed by Tukey’s multiple comparison test 
based on neurites (B, n > 10), one-tailed Stu-
dent’s t test based on cells (C, n = 26 and 36) 
or slices (H, n = 7–11). 
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Figure 5.  mDia1 regulates MT stability, MT dynamics, and dendrite complexity in neurons. (A) IF staining of mDia1, Glu, and tyrosinated (Tyr) tubulin 
in hippocampal neurons (21 DIV). Bar, 20 µm. (B) Higher-resolution imaging of samples as in A. White dotted lines show cross-section drawings in 
insets marked by white dotted boxes. Bar, 2 µm. (C) Linescan measurements of IF intensity from cross-sections shown as in B. Fluorescent intensities are 
expressed as percentages of the maximum intensity for each indicated channel. (D) IF staining of mDia1 and Glu tubulin in hippocampal neurons (21 
DIV) treated with scrambled control (shSc) or shRNA against mDia1 (shmDia1) lentiviruses for 7 d. Inset images show GFP signals from lentiviral infection.  
Bar, 20 µm. (E) WB analysis of mDia1 and Glu tubulin levels in hippocampal neurons (18 or 21 DIV) treated with shSc or shmDia1 lentiviruses for 4 or 7 d.  
(F) Quantification of mDia1 and Glu tubulin levels normalized against GAP​DH levels in 4- or 7-d mDia1-silenced neurons. (G–I) EGFP-EB3 analysis of MT 
catastrophe frequency in hippocampal neurons infected with shSc or shmDia1 lentiviruses for 4 or 7 d (18 or 21 DIV; G), infected with lentiviruses for 7 d 
± 1 µM SMI​FH2 for 3 h (21 DIV; H), or infected with lentiviruses (14 DIV) and transfected (19 DIV) with pmCherry-C1 vector control (V), WT mDia1 shRNA 
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from a MT pellet to a soluble fraction (Fig.  8 D). To visual-
ize whether this also occurred with the longest tau variant, we 
imaged the dynamics of EGFP-tau2N4R together with RFP- 
tubulin in NIH3T3 cells and found that taxol induced rapid tau 
dissociation from MTs with a negligible loss in the MT label 
caused by photobleaching (Fig. 8, E and F). We hypothesized 
that tau dissociation from MTs induced by taxol resulted from 
MT-dependent induction of tau phosphorylation at S262, a cru-
cial residue directly involved in tau–MT binding and negatively 
regulated by phosphorylation (Fischer et al., 2009). Indeed, an 
S262A phospho-null version of EGFP-tau2N4R completely 
lost its ability to dissociate from MTs upon taxol exposure 
(Fig. 8, E and F), strongly indicating a role for stabilization of 
dynamic MTs in the regulation of one or more S262 tau-specific 
kinases and/or phosphatases.

We have observed that even transient inhibition of dy-
namic MTs by Aβ may contribute to chronic neuronal injury. To 
explore whether acute stabilization of dynamic MTs alone had 
long-term effects on synaptic density, we measured the damage 
inflicted on spines by acute exposures to a low dose of taxol. 
Indeed, acute taxol exposure reduced dendritic spine density 
both at short (3 h) and long (3 h followed by 21 h washout) 
time points to levels comparable to chronic (24 h) incubations 
with Aβ (Fig. 8, G and H). To interrogate the role of tau in the 
induction of synaptic damage by inhibition of MT dynamics, 
we compared dendritic spine density between WT and tau-KO 
neurons upon either Aβ or acute taxol exposure. Strikingly, loss 
of dendritic spines induced by either acute taxol or Aβ expo-
sure was significantly antagonized in tau-KO neurons, which 
appeared to be only weakly affected compared with vehicle 
control (Fig. 8, I and J).

Collectively, these data strongly suggest that even tran-
sient stabilization of dynamic MTs is sufficient to induce 
long-term loss of synapses and argue for a primary role of sta-
bilization of dynamic MTs in the damage inflicted by Aβ on 
synapses through induction of hyperphosphorylated tau.

Discussion

We found that Aβ induces acute stabilization of dynamic MTs 
through mDia1-mediated inhibition of MT catastrophe fre-
quency, an activity contributing to tau hyperphosphorylation 
and synaptotoxicity (Fig. 9). No significant effect of Aβ was ob-
served on growth rates or comet density, ruling out MT sliding 
or selective depolymerization of the labile region of neuronal 
MTs by Aβ (Baas et al., 2016; Matamoros and Baas, 2016).

Our observations are particularly interesting after the 
recent discovery that the early phase of memory formation is 
associated with a decrease in detyrosinated tubulin associated 
with MT stability and that learning-induced MT destabilization 
is crucial for long-term memory and synaptic plasticity (Uchida 
et al., 2014; Uchida and Shumyatsky, 2015). Consistently, inhi-
bition of MT dynamics was recently reported in neurons from 

Kif21b-KO mice that exhibit learning and memory disabili-
ties (Muhia et al., 2016). Thus, it is tempting to speculate that 
Aβ-mediated loss of cognitive function in AD could be contrib-
uted by progressive Aβ-mediated inhibition of MT dynamics at 
early stages of memory formation when MTs need to be highly 
dynamic to induce long-lasting changes in synaptic function.

We observed that Aβ leads to accumulation of tubulin de-
tyrosination and acetylation while promoting acute inhibition 
of MT dynamics. Indeed, induction of tubulin detyrosination 
itself is of particular interest. Tubulin detyrosination offers pro-
tection from the depolymerizing activity of kinesin-13–type 
motor proteins such as KIF2 or mitotic centromere-associated 
kinesin (Peris et al., 2009; Sirajuddin et al., 2014) and nega-
tively regulates the binding of +TIPs with CAP-Gly domains 
such as CLIP170 or p150/glued (Honnappa et al., 2006; Peris et 
al., 2006; Bieling et al., 2008; McKenney et al., 2016; Nirschl 
et al., 2016). In contrast, the molecular motors kinesin-1 and 
kinesin-2 move preferentially on Glu MTs in vitro and in cells 
(Kreitzer et al., 1999; Konishi and Setou, 2009; Kaul et al., 
2014; Sirajuddin et al., 2014). In neurons, these functions are all 
predicted to regulate the trafficking of MT-dependent organelle 
cargos, neurite branching, and synapse maintenance. Thus, the 
damage induced by up-regulating Glu-tubulin in adult neurons 
may contribute to the dysfunction of multiple neuronal path-
ways. Further investigation is required to test this model.

We find that APP is required for stabilization of dynamic 
MTs by Aβ. APP has been classically implicated in synaptotox-
icity as it is directly related to the production of Aβ. However, 
compelling evidence has also recently shown that APP signal-
ing is critical for the toxic effect of extracellular oligomeric 
Aβ on synaptic activity, memory, and LTP (Fogel et al., 2014; 
Puzzo et al., 2017), suggesting that dynamic MT stabilization 
by Aβ, also dependent on APP, contributes to synaptotoxicity 
downstream of APP signaling. To our knowledge, this is the 
first study of APP as a MT-regulating factor. Further studies are 
required to dissect the mechanisms by which APP may control 
Rho activation either directly or through integrin function.

We provide compelling evidence that inhibition and si-
lencing of the formin mDia1 suppressed the Aβ-mediated MT 
activity in primary neurons and corrected defects in axonal 
transport and synaptotoxicity induced by Aβ. The involvement 
of a formin in the induction of Aβ-mediated synaptotoxicity is 
novel but consistent with prior observations. Formin activity 
has been implicated in the generation of dynamic cytoskeletal 
structures required for dendritic spines, axonal actin trails, and 
actin-mediated vesicle fusion and endocytosis at nerve termi-
nals (Salomon et al., 2008; Hotulainen et al., 2009; Law et al., 
2014; Ganguly et al., 2015; Deguchi et al., 2016; Soykan et 
al., 2017). In the case of mDia1, however, we provide multi-
ple lines of evidence indicating that the actin-independent MT 
activity of this formin contributes to neuronal injury caused by 
Aβ: (A) two actin binding–deficient mutants of mDia1 normal-
ized MT dynamics defects in mDia1-depleted neurons at com-
parable levels to WT mDia1; (B) loss of actin binding did not 

resistant (R), I845A actin-null mDia1 shRNA resistant (R-I845A), or K994A actin-null mDia1 shRNA resistant (R-K994A; 21 DIV; I). Data are analyzed from 
41–253 comets for each group. (J) Quantifications of spine density and morphology in hippocampal neurons (21 DIV) infected with shSc or shmDia1 
lentiviruses for 7 d. (K) Representative images and schematics of hippocampal neurons (21 DIV) infected with shSc or shmDia1 lentiviruses for 7 d. Bar, 
50 µm. (L) Number of intersections from the cell body and ramification index by Sholl analysis in neurons infected as in K. Data are shown as means ± 
SEM. *, P < 0.05; **, P < 0.01; ***, P < 0.001 by two-tailed Student’s t test based on experiments (F, n = 3), neurites (J, n = 22), or cells (L, n = 15), or 
one-way ANO​VA followed by Tukey’s multiple comparison test based on neurites (G–I, n = 3–29). 
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Figure 6.  mDia1 mediates inhibition of MT dynamics, axonal transport defect, and synaptotoxicity induced by Aβ. (A) Representative kymographs of hip-
pocampal neurons (18 DIV) infected with shSc or shmDia1 lentiviruses for 4 d ± Aβ (200 nM, 1.5 h). (B) MT catastrophe frequency in hippocampal neurons 
treated as in A. Data are analyzed from 114–196 comets for each group. (C) Representative kymographs of mitochondrial motility in hippocampal neurons 
(10 DIV) infected with shSc or shmDia1 lentiviruses for 4 d and transfected with mito-DsRed2. Videos (10 s/frame for 30 min) were taken before and after 
6 h treatment with 200 nM Aβ. (D) Quantification of the percentage of moving mitochondria. (E and F) Spine density and morphology in hippocampal 
neurons (18 DIV) infected with shSc or two different shRNAs against mDia1 for 4 d and treated with Aβ for 24 h or infected with lentiviruses (14 DIV) and 
transfected (17 DIV) with pmCherry-C1 vector control (V), shmDia1-resistant mutant (R), and shmDia1 resistant + K994A actin mutant (R-K994A) and then 
treated with Aβ for 24 h. Bar, 2 µm. (G) Representative trace plots and summary bar graphs of frequency and amplitude of mEPSC recordings from cultured 
hippocampal neurons (18 DIV) infected with shSc or shmDia1 lentiviruses and exposed to either vehicle or 1 µM Aβ for 6 h. Data are shown as means 
± SEM. *, P < 0.05; **, P < 0.01; ***, P < 0.001 by one-way ANO​VA followed by Tukey’s multiple comparison test based on neurites (B, n = 11–17;  
D, n = 7–11; F, n = 37–60) or two-tailed Student’s t test based on cells (G, n = 19–22).
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prevent mDia1 from mediating neuronal injury induced by Aβ; 
(C) normalization of MT stability reinstated normal levels of 
tau phosphorylation in neurons silenced of mDia1 expression. 
We observed that mDia1 regulates MT stability and catastrophe 
frequencies in untreated neurons and downstream of Aβ. Thus, 
it appears that whereas in NIH3T3 cells, mDia1 stabilizes MTs 
by hindering plus end growth and shrinkage rates (Bartolini 
et al., 2016), in neurons, it inhibits MT dynamics by limiting 
their catastrophe frequencies. Although we cannot yet fully ex-
plain this difference, we speculate that it may reflect an intrin-
sic divergence in the mechanisms that lead to the stabilization 
of densely packed noncentrosomal MTs present in neurons as 
opposed to radial MT arrays making their way through a thick 
actin network observed in nonneuronal cells.

We found that loss of mDia1 expression antagonized 
inhibition of pre- and postsynaptic function caused by Aβ in 
cultured hippocampal neurons. A role for the fly orthologue of 
mDia1 in presynaptic growth and maintenance has been high-
lighted in the neuromuscular junction, where it regulates the 
behavior of dynamic pioneer MTs at the presynaptic terminal 
(Pawson et al., 2008). Additional studies are necessary to as-
sess a role for mDia1 and perhaps other formins in the regula-
tion of dynamic MTs in mammalian presynaptic boutons and/
or postsynaptic sites in health and disease. Notably, we found 
that acute mDia1 inhibition also ameliorated LTP deficits in J20 
mice at an age at which LTP is strongly impaired and plaques 
are abundant. That this process occurs long after the appear-
ance of amyloid plaques suggests that formin inhibition may 
normalize synaptic alterations crucial for learning and memory 
even after disease diagnosis, paving the way to development 
of therapeutic strategies aimed at modulating formin function.

We have shown that reestablishing MT stability was suffi-
cient to restore tau phosphorylation in mDia1-silenced neurons. 

Furthermore, acute inhibition of MT dynamics alone promoted 
tau dissociation from MTs through phosphorylation of S262 on 
tau, a key residue for the binding of tau to MTs. These observa-
tions break ground for the analysis of MT end-binding proteins 
and tubulin PTMs in the regulation of tau phosphorylation as 
well as tau-dependent synaptic pruning through modulation of 
tau-specific kinase and/or phosphatase activities. Indeed, mul-
tiple kinases and phosphatases are regulated by their associa-
tion with MTs or MAPs, strongly indicating MTs as signaling 
platforms for the transduction and coordination of cellular path-
ways in response to cytoskeletal changes. As a range of stimuli 
may produce different changes in MT behavior, +TIP binding, 
or accumulation of tubulin PTMs, it will be of considerable 
interest to further explore the relative contributions of these 
mechanisms for regulating kinase or phosphatase activities in 
health and a wider spectrum of neurodegenerative diseases.

We found that acute stabilization of dynamic MTs is suf-
ficient to induce spine loss comparable to chronic Aβ exposure. 
MT integrity has been implicated in dendritic spine density and 
morphology, synaptic plasticity, and memory formation (Fanara 
et al., 2010; Zempel et al., 2010; Atarod et al., 2015), but the 
precise role of MT stability and dynamics in synaptotoxicity 
is still controversial. Despite clear differences between Aβ- 
and taxol-specific MT activities, our data are consistent with 
findings that nocodazole at doses that dampen MT dynamics 
without inducing massive MT depolymerization leads to loss 
of spines and defects in synaptic plasticity (Jaworski et al., 
2009; Fanara et al., 2010; Penazzi et al., 2016). We acknowl-
edge that taxol and analogous drugs were found to ameliorate 
Aβ-induced synaptotoxicity in hippocampal slices and animal 
models of neurodegenerative disease (Brunden et al., 2010; Fa-
nara et al., 2010; Penazzi et al., 2016; Ballatore et al., 2017). We 
note, however, that it is difficult to assess the accurate neuronal 

Figure 7.  mDia1 regulates tau phosphorylation through 
MT stability. (A) WB analysis of phosphorylated (AT8 and 
pS262) and total (tau-C) tau levels in hippocampal neurons 
(21 DIV) silenced for mDia1 expression (7 d) ± taxol (10 nM) 
for 3  h.  (B) Quantification of normalized AT8 and pS262 
levels in neurons treated as in A. (C) WB analysis of SMI​FH2 
(1 µM) inhibition on hyperphosphorylated tau (AT8) induced 
by Aβ (200 nM, 6  h) in hippocampal neurons (18 DIV).  
(D) Quantification of normalized AT8 levels in neurons treated 
as in C. Control, vehicle. Data are shown as means ± SEM.  
*, P < 0.05; **, P < 0.01 by two-tailed Student's t test (n = 3–5).
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Figure 8.  Inhibition of MT dynamics causes tau hyperphosphorylation and spine loss though tau. (A and B) WB analysis of Glu and acetylated (Acety) 
tubulin (A) as well as phosphorylated (AT8 and pS262) and total (tau-46) tau levels (B) in hippocampal neurons (7 DIV) incubated with 10 nM taxol for 
3 h.  (C) Quantification of normalized AT8 and pS262 against control levels in taxol-treated neurons. (D) WB analysis of total tau (tau-C) and tubulin 
(DM1A) levels in cortical neurons (7 DIV) treated with 10 nM taxol for 3 h. Aliquots of soluble (S) and MT pellet (P) fractions are shown. (E) Representative 
images from time-lapse recordings of NIH3T3 cells cotransfected with human 2N4R WT or S262A tau-GFP and RFP-tubulin before and 10 min after 10 
nM taxol. Dashed lines indicate cell peripheries. Bar, 20 µm. (F) Quantification of background-subtracted MT-bound WT tau, S262A tau, and MT intensity 
after taxol treatment. (G and H) Representative images (G) and quantification (H) of spine density and morphology of hippocampal neurons (21 DIV) 
treated with vehicle control, Aβ, or taxol for the indicated times ± washout (w/o). (I and J) Representative images (I) and quantification (J) of spine density 
and morphology of hippocampal neurons (21 DIV) from WT and tau-KO mice treated with vehicle control, Aβ, or taxol for the indicated times. Bars, 2 µm. 
Gray asterisks in J compare Aβ- or taxol-treated KO neurons to KO control neurons. Data are shown as means ± SEM. *, P < 0.5; **, P < 0.01; ***, P < 
0.001 by two-tailed Student’s t test based on experiments (C, n = 3) or cells (F, n = 6) comparing to control (C) or MT intensity (F) or by one-way ANO​VA 
followed by Tukey’s multiple comparison test based on neurites (H, n = 124–151; J, n = 42–70).
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concentration of the drug from the in vivo studies, and the doses 
used in the ex vivo experiments are 10-fold lower than the dose 
used in our in vitro studies. We believe that this difference may 
limit the interpretation of these studies, as no information is 
available on the cellular effects of taxol on MTs or tubulin at 
subnanomolar concentrations.

We found that spine loss caused by either Aβ or taxol was 
significantly mitigated in tau-KO neurons, suggesting a crucial 
role of tau-dependent synaptotoxicity downstream of the loss 
of a dynamic MT cytoskeleton. Our results are consistent with 
several prior in vitro and in vivo studies in which Aβ synapto-
toxicity depended on endogenous tau and was exacerbated by 
the expression of human tau (Rapoport et al., 2002; Roberson et 
al., 2007; Ittner et al., 2010; Vossel et al., 2010; Jin et al., 2011; 
Mairet-Coello et al., 2013; Zempel et al., 2013). Importantly, 
we found that inhibition of MT dynamics is sufficient to dis-
sociate tau from MTs upon S262 tau phosphorylation. Further 
analyses are required to establish the role of tau dissociation 
and phosphorylation in the synaptic damage inflicted by in-
hibition of MT dynamics and the mechanisms by which MT- 
dependent tau hyperphosphorylation is achieved.

In conclusion, our studies provide compelling evidence 
that acute MT stabilization of dynamic MTs rather than global 
MT destabilization may initiate Aβ synaptotoxicity. This para-
digm-shifting model does not reject loss of MT integrity as a 
major pathological feature of chronic Aβ exposure but rather 
provides a unifying theory for the induction of tau hyperphos-
phorylation and neuronal injury by defining primary and sec-
ondary consequences on MT stability caused by Aβ. In our 
pathogenesis model, promotion of hyperphosphorylated tau 
and MT disassembly would result from a cellular response to 
Aβ-mediated induction of toxic subsets of less dynamic and 
modified MTs, which may have occurred at early stages of the 
disease. Consistent with this interpretation, tubulin PTMs asso-
ciated with nondynamic MTs have been shown to regulate MT 

severing (Lacroix et al., 2010; Leo et al., 2015), and loss of tau 
binding may further sensitize stable MTs to severing enzymes 
(Qiang et al., 2006; Sudo and Baas, 2010). Hyperphosphory-
lated tau may have additional gain-of-function roles such as 
toxic effects by tau tangles themselves and in the targeting of 
severing enzymes to dendritic MTs (Zempel et al., 2013).

Regardless of whether injury to the dynamic MT cyto-
skeleton plays a primary role within a larger spectrum of neu-
rodegenerative diseases, a great deal of work is undoubtedly 
required to investigate the neuronal pathways by which MT dy-
namics and tubulin PTMs can be altered by neurotoxic stimuli 
and the mechanisms by which these MT changes lead to neuro-
nal damage independently and through tau.

Materials and methods

Animals
All protocols and procedures were approved by the Committee on the 
Ethics of Animal Experiments of Columbia University and according 
to Guide for the Care and Use of Laboratory Animals distributed by the 
National Institutes of Health. E18 pregnant Sprague Dawley rats were 
purchased from Charles River Laboratories. Mouse models used in this 
study included: tau-KO (E15–16 for culture; parental line was a gift 
from F. Polleux, Columbia University, New York, NY; Dawson et al., 
2001), J20 (10 mo for acute hippocampal slices; The Jackson Labora-
tory), and APP-KO mice (E15–16 for culture; parental line was a gift 
from L. D’Adamio, Albert Einstein College of Medicine, New York, 
NY; Zheng et al., 1995) under the C57BL/6 background.

Reagents and antibodies
All chemicals were obtained from Sigma-Aldrich unless otherwise 
noted. Primary antibodies used for Western blot (WB) or immunoflu-
orescence (IF) analysis were: mouse anti-Aβ17–24 (1:1,000 WB; 4G8; 
MAB1561; EMD Millipore), rabbit antidetyrosinated tubulin (1:50,000 

Figure 9.  Working model for mDia1-mediated 
stabilization of dynamic MTs in Aβ-induced syn-
aptotoxicity. Aβ induces the formation of “toxic” 
subsets of stabilized MTs through Rho signaling 
and mDia1 activation in neurons. Stabilized 
MTs cause a cellular stress response that leads 
to tau dissociation and hyperphosphorylation in 
the attempt to restore normal levels of dynamic 
and unmodified MTs. Induction of these neu-
rotoxic pathways results in spine loss, axonal 
transport, and synaptic transmission deficits.
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WB; 1:500 IF; SG; Gundersen et al., 1984), mouse anti–α-tubulin 
(1:100 IF; DM1A; T9026; Sigma-Aldrich), mouse antiacetylated tubu-
lin (1:50,000 WB; 1:100 IF; 6-11-B1; T7451; Sigma-Aldrich), mouse 
anti–βIII-tubulin (1:1,000 IF; AB7751; Abcam), mouse anti-GAP​
DH (1:5,000 WB; AM4300; Ambion), rabbit anti-GAP​DH (1:5,000 
WB; sc-25778; Santa Cruz Biotechnology, Inc.), mouse anti–β-actin 
(1:30,000 WB; MAB1501; EMD Millipore), mouse anti-APP (1:1,000 
WB; 22c11; MAB348; EMD Millipore), mouse anti-mDia1 (1:500 
WB; 610849; BD), rabbit anti-MAP2 (1:400 IF; AB32454; Abcam), 
rabbit anti-FHOD1 (1:500 WB; sc-99209; Santa Cruz Biotechnology, 
Inc.), rabbit anti–lamin B1 (1:1,000 WB; sc-56146; Santa Cruz Biotech-
nology, Inc.), rabbit anti-pSer262 (1:1,000 WB; 44750G; Invitrogen), 
mouse anti-AT8 (1:1,000 WB; MN1020; Invitrogen), rabbit anti-T212 
(1:1,000 WB; AB4842; Abcam), mouse anti–PHF-1 (1:1,000 WB; pro-
vided by P. Davies, Albert Einstein College of Medicine, New York, 
NY), rabbit anti–tau-C (1:1,000 WB; SAB4501823; Sigma-Aldrich), 
mouse anti-tau46 (1:2,000 WB; sc-32274; Santa Cruz Biotechnology, 
Inc.), and mouse anti–tau-N (1:500; 3H6.H7; MMS-5065; BioLegend). 
For WB analysis, secondary antibodies were conjugated to IR680 or 
IR800 (Rockland Immunochemicals) for multiple infrared detection. 
For IF analysis, primary antibody incubation was followed by use of 
the appropriate Alexa Fluor fluorescent dye–conjugated secondary an-
tibodies (Jackson ImmunoResearch Laboratories, Inc.).

Aβ oligomers preparation
Oligomer-enriched preparations of Aβ were obtained according to 
previously published methods (Stine et al., 2003). Lyophilized Aβ 
(rPeptide) was equilibrated to room temperature for 30 min to avoid 
condensation upon opening the vial. The lyophilized peptide was re-
suspended in 1,1,1,3,3,3-hexafluoro-2-propanol to a concentration of 
1 mM for another 2 h at room temperature and then aliquoted into low 
protein–binding Eppendorf tubes. Monomeric Aβ aliquots were dried 
under vacuum in a SpeedVac and stored at −80°C. To prepare oligo-
mer-enriched preparations, the aliquots were resuspended in anhydrous 
DMSO to 5  mM followed by vortexing and 10 min sonication. The 
resuspended peptide was diluted to 100  µM in ice-cold Ham’s F-12 
medium, immediately vortexed for 30 s, and then incubated at 4°C for 
24 h before use. Total Aβ concentration was measured by BCA assay 
after oligomerization, and 200 nM of oligomeric Aβ was used in all 
experiments unless otherwise noted. Scrambled Aβ control (rPeptide) 
was prepared using same protocol mentioned earlier in this section. 
TAM​RA Aβ (Anaspec) was prepared according to the manufacture’s 
protocol and oligomerized at 4°C for 24 h before use at 200 nM.

Cell cultures and primary hippocampal neuronal cultures
NIH3T3 cells were grown in DMEM and 10% calf serum as previously 
described (Pianu et al., 2014). Primary hippocampal neuronal cultures 
were prepared as previously described (Liu et al., 2014). In brief, hip-
pocampi were dissected from E18 rat or E15.5 mouse embryos, and 
neurons were plated on 100 µg/ml poly-d-lysine–coated 12-well plates 
at the density of 3 × 105 cells/well for biochemistry assays, 5 × 104 
cells/dish for live imaging in the chamber of 35-mm MatTek dishes,  
3 × 104 cells/coverslip on 15-mm coverslips for whole-cell patch clamp, 
or 4 × 104 cells/coverslip on 18-mm coverslips for IF. Primary neurons 
were maintained in Neurobasal medium (Invitrogen) with the supple-
ment of 2% B-27 (Invitrogen) and 0.5 mM glutamine (Invitrogen), and 
one third of medium was changed every 3–4 d up to 4 wk in culture.

Lentiviral shRNA silencing
Production of lentiviral particles was conducted using the second genera-
tion packaging system as previously described (Liu et al., 2014). In brief, 
HEK293T cells were cotransfected with lentiviral shRNA constructs 

and the packaging vectors psPAX2 and pMD2.G (Addgene) using cal-
cium phosphate. 48 and 72 h after transfection, the virus was collected, 
and the lentiviral particles were concentrated, aliquoted, and stored 
at −80°C. Two mDia1 shRNA sequences were generated onto pLVT​
HM vector. mDia1 shRNA 1 was 5′-CGC​GTG​CGA​CGG​CGG​CAA​
ACA​TAA​TTC​AAG​AGA​TTA​TGT​TTG​CCG​CCG​TCG​CTT​TTT​TA-3′,  
and mDia1 shRNA 2 was 5′-CGC​GTG​CTG​GTC​AGA​GCC​ATG​GAT​
TTC​AAG​AGA​ATC​CAT​GGC​TCT​GAC​CAG​CTT​TTT​TA-3′. mDia1 
shRNA 1 was used in all knockdown and rescue experiments unless 
otherwise noted. FHOD1 shRNA sequence with the sequence 5′-CGC​
GTA​GGA​GCC​GAA​GAT​CAC​TAG​AAG​TTC​AAG​AGA​CTT​CTA​GTG​ 
ATC​TTC​GGC​TCC​TTT​TTT​TA-3′ was generated onto pLVT​HM 
vector. A scrambled shRNA (pLVT​HM-scr) with the oligonucleotide 
DNA sequence 5′-CGC​GTG​GCA​AAT​CTT​CTA​GTC​TAT​TTC​AAG​
AGA​ATA​GAC​TAG​AAG​ATT​TGC​CTT​TTT​TA-3′ was used as control. 
Lentiviral constructs to knock down tau were purchased from Sigma- 
Aldrich (TRCN0000091298) with the DNA sequence 5′-CCG​GAC​
AGG​AAA​TGA​CGA​GAA​GAA​ACT​CGA​GTT​TCT​TCT​CGT​CAT​TTC​
CTG​TTT​TTTG-3′ onto a pLKO.1 lentivector. The pLKO.1 vector with 
a noncoding sequence was used as control.

Plasmid mutagenesis
mDia1 shRNA 1 resistant (R), I845A, and K994A point mutants were 
generated on pmCherry-C1-mDia1 using the QuikChange Site-Di-
rected Mutagenesis kit (Agilent Technologies) according to the 
manufacturer’s protocol and using the following synthetic sense oligo-
nucleotide primers: 5′-CCT​GCG​ACG​GGC​GGC​GAT​GGA​GGA​AAA​
CAT​AAG​AAA​TTT​ACT-3′ (R), 5′-GAC​AGC​GCA​GAA​TCT​CTC​AGC​
CTT​TTT​GGG​TTC​ATT​CCGC-3′ (I845A), and 5′-TTG​TAA​GCT​TCG​
AGA​CAC​CGC​GTC​TGC​AGA​TCA​GAA​GATG-3′ (K994A). Human 
2N4R S262A mutant tau was generated on human EGFP-tau2N4R tau 
using the QuikChange Site-Directed Mutagenesis kit according to the 
manufacturer’s protocol and using the synthetic sense oligonucleotide 
primer 5′-TTC​AGG​TTC​TCA​GTG​GCG​CCG​ATC​TTG​GAC​TTG-3′. 
All constructs were verified by sequencing, and the cDNAs were puri-
fied with HiPure Plasmid Maxiprep kits (Invitrogen).

WB analyses
Cells were lysed in Laemmli sample buffer and boiled at 96°C for  
5 min. Cell lysates were sonicated by probe sonicator to sheer cellular 
debris and genomic DNA. To detect tubulins, lysates were diluted 1:10 
in sample buffer. Proteins were separated by 10% Bis-Tris gel (Invit-
rogen) and transferred to nitrocellulose membrane. After blocking in 
5% milk/TBS or BSA/TBS, membranes were incubated with primary 
antibodies at 4°C overnight and 1 h with secondary antibodies. Image 
acquisition was performed with an Odyssey imaging system (LI-COR 
Biosciences) and analyzed with Odyssey software.

IF microscopy and analyses
In most immunostaining experiments, cells were fixed in methanol at 
−20°C for 10 min and rehydrated in TBS, pH 7.4. Cells were stained 
by double-indirect IF using specific primary antibodies for 30 min fol-
lowed by secondary antibodies for another 30 min. Mounted samples 
were observed by epifluorescence microscopy (TE2000-U; Nikon) 
using a 60× Plan Apochromat objective (1.45 NA). Images were col-
lected with an Orca IIER camera (Hamamatsu) and a Metamorph 
imaging workstation (Molecular Devices). For MTs and mDia1 immu-
nostainings, cells were fixed in 3.7% PFA, 0.25% glutaraldehyde, 3.7% 
sucrose, and 0.1% Triton X-100 for 15 min and quenched in 1 mg/ml 
sodium borohydride/PBS. Cells were then washed in PBS, blocked in 
2% FBS, 2% BSA, and 0.2% fish gelatin in PBS for 1 h and then stained 
with primary antibodies for 2 h followed by secondary antibodies for 
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another 1 h. Mounted samples were observed by an IX83 microscope 
(Olympus) with widefield and disk-scanning unit spinning-disk imag-
ing. The microscope was equipped with an IX3-RFA Straight illumi-
nator, a 60× Plan Apochromat oil objective (1.3 NA), and an ORCA 
R2 Deep-Cooled charge-coupled device camera (Hamamatsu) and was 
controlled by Metamorph imaging software. Higher-resolution imag-
ing was performed with an LSM 800 confocal microscope (ZEI​SS) 
equipped with Airyscan module using a 63× objective (Plan Apochro-
mat, 1.4 NA). Images were obtained and processed using Zen Blue 
2.1 software (ZEI​SS). Dendrites and axons are distinguished based on 
the thickness and intensity of Glu and Tyr staining. For TAM​RA Aβ 
internalization IF, neurons were fixed in 4% PFA for 15 min at the 
indicated times, washed with PBS followed by 0.2% Triton X-100 in 
PBS for 5 min, blocked, and stained with MAP2 antibody. Images were 
taken with an LSM 800 confocal microscope using a 40× objective 
(Plan Apochromat, NA 1.3). Aβ internalization analysis was performed 
by measuring TAM​RA/MAP2 intensity ratios in the nucleus from the 
middle plane of z stack confocal images. All images were analyzed by 
Metamorph imaging software and ImageJ software (National Institutes 
of Health). Ratio measurement of fluorescence intensity in proximal 
neurites (within 100 µm from the cell body) was performed with the 
linescan analysis in Metamorph.

Live imaging of MT dynamics and tau dissociation assays
Neurons grown on MatTek dishes were transfected with EB3-EGFP (a 
gift from F. Polleux) or EB3-tdTomato (a gift from E. Dent, University 
of Wisconsin, Madison, WI) using Lipofectamine 2000 (Invitrogen). 
Live-cell imaging of EB3 comets was performed 24–72 h after trans-
fection in complete HBSS media (HBSS, 30 mM glucose, 1 mM CaCl2, 
1 mM MgSO4, 4 mM NaHCO3, and 2.5 mM Hepes, pH 7.4) using an 
epifluorescence microscope (Nikon Ti) with a controlled temperature 
and CO2 incubator. The microscope was equipped with a 100× Plan 
Apochromat objective (NA 1.45), perfect focus controller, encoded XY 
stage, filter wheels, and fiber optic–coupled epifluorescence illumina-
tion. Videos were acquired with an iXon + DU888 electron-multiply-
ing charge-coupled device camera (Andor Technology) and integrated 
Nikon Elements software at 2–3 s/frame for 3 min. To better visualize 
the comets and reduce background, the mean projection of each time-
lapse was subtracted from each frame. Kymographs were generated by 
drawing a region from the cell body to the end of each selected neurite 
using Metamorph software. Proximal axons and dendrites (within 100 
µm from the cell body) were distinguished based on neurite width and 
length and anterograde movement of all EB3 comets in axons. Param-
eters describing MT dynamics were defined as follows: rescue/nucle-
ation frequency, number of rescue or nucleation events per μm2 per min; 
catastrophe frequency, number of full tracks/total duration of growth; 
comet density, number of comets per μm2 per min; growth length, 
comet movement length in μm; comet lifetime, duration of growth; and 
growth rate, growth length/comet lifetime (Stepanova et al., 2010). To 
observe tau dynamics relative to MTs, NIH3T3 cells grown on MatTek 
dishes were cotransfected with RFP-tubulin and EGFP-tau2N4R WT 
or S262A mutant by Lipofectamine and PLUS reagent (Invitrogen). 
Live-cell imaging was performed 24–48 h after transfection in record-
ing media (MEM amino acids and HBSS, 1% penicillin/streptomycin, 
25 mM glucose, 4 mM glutamine, 2 µM sodium pyruvate, and 20 mM 
Hepes, pH 7.4) using epifluorescence microscopy (Nikon Ti). Each 
dual-channel time-lapse was recorded at 5 s/frame for 5 min before and  
5 min after 10 nM taxol treatment.

MT stability assays
Neurons were treated with Aβ for 1.5 h before addition of 0.2 µg/ml 
nocodazole for 1 h. At the end of the incubation time, cells were gently 

washed with warm PHEM buffer (60 mM Pipes, 25 mM Hepes, 10 mM 
EGTA, and 4 mM MgCl2, pH 6.9) once before extraction with PHEM 
buffer supplemented with 0.05% Triton X-100, protease inhibitor cock-
tail, and 10 µM taxol. After 1.5 min at 37°C, a matching volume of 
2× fixative buffer (8% PFA and 0.2% glutaraldehyde in 1× PHEM) 
was added dropwise to the coverslips, and then cells were incubated 
for another 30 min at 37°C. Neurons were finally washed with TBS 
and processed for IF labeling. All images were analyzed using ImageJ 
software by measuring the mean intensity of major proximal neurites 
(within 100 µm from the cell body). Data are mean βIII-tubulin levels 
expressed as percentages of vehicle control ± SEM.

Dendritic spine loss assays
Neurons were fixed with 4% PFA for 15 min at room temperature and 
washed three times with 1× PBS before DiOlistic labeling to define 
neuronal architecture using the Helios gene gun system (Bio-Rad 
Laboratories) according to the manufacturer’s instructions. Coverslips 
were mounted in ProLong Gold antifade reagent (Invitrogen) and im-
aged the next day using an Olympus IX83 microscope with the wide-
field and disk-scanning unit spinning-disk imaging mentioned in the IF 
microscopy and analyses section. Z stack images were taken at 0.2-µm 
step length for 15–20 stacks and shown as maximum projections. Spine 
density and morphology analysis was performed automatically using 
NeuronStudio software (Rodriguez et al., 2003). More than 10 neurons 
(>50 proximal dendritic segments within 100 µm from the cell body) 
per condition were imaged and analyzed.

Mitochondria motility assays
Neurons were transfected at 9 DIV with Mito-DsRed2 (provided by 
F. Polleux) using Lipofectamine 2000 and imaged 24 h later using an 
epifluorescence microscope (Nikon Ti) equipped with a controlled 
temperature and CO2 incubator. Neurons were infected with scr/mDia1 
lentiviruses at 6 DIV before 200 nM Aβ for 6 h was added at 10 DIV. 
Proximal axons (within 100 µm from the cell body) were selected 
based on length, and videos were acquired at 10 s/frame for 30 min. 
Mitochondria motility was quantified automatically using particle anal-
ysis for each frame, and kymograph analysis was done in ImageJ.

Extracellular fields recordings
Brains were quickly removed from mice sacrificed by cervical dislo-
cation and placed in cold artificial cerebrospinal fluid (ACSF; bubbled 
with 95% O2/5% CO2) containing 124 mM NaCl, 4 mM KCl, 1 mM 
Na2HPO4, 25 mM NaHCO3, 2 mM CaCl2, 2 mM MgCl2, and 10 mM 
glucose. The pH and osmolarity of the solution were 7.4 and 310 
mOsm/liter, respectively. The hippocampi were isolated and placed on 
a mechanical tissue chopper to produce transverse hippocampal slices 
of 400 µm thickness. Slices were maintained in a humidified interface 
chamber at 29°C and continuously perfused (∼1  ml/min) with 95% 
O2/5% CO2–bubbled ACSF. Slices were allowed to recover for at least 
90 min before beginning the experiment. For recordings, glass elec-
trodes were filled with ACSF and positioned in the CA1 stratum radia-
tum to record field excitory postsynaptic potentials (fEPSPs) evoked 
by local stimulation (0.1 ms) of Schaffer collateral fibers using a bi-
polar concentric electrode placed laterally to the recording electrode 
(∼150 µm). Extracellular responses were acquired using Clampex 
software (Molecular Devices) and a microamplifier (IE-210; War-
ner Instruments). The voltage intensity of the stimulation test pulse 
(square pulse; 100-µs duration) for each slice was determined to be the 
voltage intensity that had generated 30–40% of the maximum slope 
obtained using input–output relationships. For LTP, a test pulse was 
applied every minute. After a steady baseline of 15 min, potentiation 
was induced with 3 theta-burst stimulations (15-s interval), each one 
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involving a single train of 10 bursts at 5 Hz, where each burst was 
composed of four pulses at 100 Hz. The fEPSP slopes after tetanic 
stimulation were normalized to the mean of the slopes of the fEPSPs 
acquired during the baseline.

Whole-cell recordings in cultured neurons
For cultured cell recording, rat primary hippocampal neurons (21 DIV, 
1 wk after lentiviral infection) were used for tight-seal conventional 
whole-cell patch clamp. Coverslips were placed in a recording cham-
ber with bath solution containing 119 mM NaCl, 5 mM KCl, 20 mM 
Hepes, 30 mM glucose, 2 mM CaCl2, 2 mM MgCl2, 100 µM picrotoxin, 
and 1  µM tetrodotoxin. The pH and osmolarity of the bath solution 
were adjusted to 7.3 and 330 mOsm/liter, respectively. After acqui-
sition of electrical access, cells were held in voltage-clamp mode at 
−70 mV for at least 10 min to ensure complete dialysis of the cell 
with the pipette solution. All the cells were recorded at −70 mV for 10 
min, and a 5-mV hyperpolarizing test pulse was applied periodically 
during recordings to ensure that the access resistance did not change 
significantly and was <25 MΩ. If so, the recordings were discarded. 
Signals were filtered at 2 kHz, digitized at 10 kHz, stored, and analyzed 
offline using MiniAnalysis Software (Version 6.0.7; Synaptosoft). The 
threshold for event detection was set at 5 pA. Recordings were per-
formed at room temperature under constant perfusion (2 ml/min) and 
acquired using Clampex software and a microamplifier (MultiClamp 
700B; Molecular Devices). For mEPSCs, glass pipettes were filled 
with intracellular electrode solution (285 mOsm/liter, pH 7.3) contain-
ing 130 mM K-gluconate, 10 mM KCl, 10 mM Hepes, 1 mM MgCl2, 
0.06 mM CaCl2, 0.1 mM EGTA, 4 mM MgATP, 0.3 mM Na2GTP, and 
typically registered with 4–8-ΜΩ pipette resistances.

Statistical analyses
Data are shown as means ± SEM from at least three independent ex-
periments. For sample sizes ≥5, data were normally distributed from a 
Kolmogorov–Smirnov normality test and then analyzed by parametric 
statistical tests. For sample sizes <5, data distribution was assumed to 
be normal, but this was not formally tested. Statistical analysis between 
two groups was performed using Student’s t tests. Comparison among 
three or more groups was performed using one-way ANO​VA with 
Tukey’s post hoc test or Dunnett’s multiple comparisons test. Statistical 
significance was set for P < 0.05.

Online supplemental material
Fig. S1 shows additional MT dynamics parameters from measure-
ments of EB3-EGFP comets in dendrites and axons of hippocampal 
neurons treated with a single dose of Aβ. Fig. S2 shows dose- and time- 
dependent effects of SMI​FH2 on MT stability in WT or tau-KO hip-
pocampal neurons as well as MT dynamics and Aβ internalization in 
WT hippocampal neurons. Fig. S3 shows the effects of SMI​FH2 on 
steady-state and Aβ or LPA-induced levels of stable MTs in NIH3T3 
cells. Fig. S4 shows additional MT dynamics parameters from mea-
surements of EB3-EGFP in dendrites of hippocampal neurons knocked 
down of mDia1 and describes how FHOD1 depletion fails to affect MT 
stability and dynamics in 21 DIV hippocampal neurons. Fig. S5 shows 
dose- and time-dependent effects of SMI​FH2 on tau phosphorylation 
in hippocampal neurons.
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