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Introduction
Alzheimer’s disease (AD) is the most common neurodegenerative 
disease of aging and currently has no cure. Two key factors in 
AD pathogenesis are amyloid  (A) peptides, derived from the 
human amyloid precursor protein (hAPP), and the microtubule-
associated protein tau. Despite intense investigation, the precise 
mechanisms by which these factors impair neuronal functions 
remain uncertain.

Axonal transport is critical for neuronal function and 
survival and is impaired by A (Hiruma et al., 2003; Rui et al.,  
2006; Decker et al., 2010; Wang et al., 2010; Calkins and 
Reddy, 2011; Tang et al., 2012). Pathogenic forms of tau can 
also inhibit axonal transport (Zhang et al., 2004; Ittner et al., 
2008; LaPointe et al., 2009; Kanaan et al., 2011), and pathologi-
cally modified tau species that inhibit axonal transport in cell 
cultures are found in AD brains (Kanaan et al., 2011; Shahpasand 
et al., 2012). We previously showed that A requires endog-
enous tau to inhibit the axonal transport of mitochondria and 

TrkA receptors, establishing a direct link between A and  
tau in the impairment of axonal transport (Vossel et al., 2010). 
This finding added to growing evidence that tau enables A-
induced neuronal dysfunction at multiple levels of complexity, 
including DNA double-strand breaks (Suberbielle et al., 2013), 
cell-cycle reentry (Seward et al., 2013), cytoskeletal disruption 
(King et al., 2006; Jin et al., 2011; Zempel et al., 2013), cell 
death (Rapoport et al., 2002; Leroy et al., 2012; Nussbaum et al.,  
2012), synaptic dysfunction (Roberson et al., 2011; Shipton  
et al., 2011), aberrant network excitability (Roberson et al., 
2007, 2011; Ittner et al., 2010), mortality (Roberson et al., 2007, 
2011; Ittner et al., 2010; Leroy et al., 2012), and cognitive and 
behavioral alterations (Roberson et al., 2007, 2011; Ittner et al., 
2010; Leroy et al., 2012).

Although overall tau reduction is an attractive therapeutic 
approach for AD and epilepsy (Morris et al., 2011; DeVos et al., 
2013; Holth et al., 2013; Gheyara et al., 2014), a more detailed 
understanding of how tau enables A-induced neuronal dys-
function will be critical for the development of more specific 

Axonal transport deficits in Alzheimer’s disease 
(AD) are attributed to amyloid  (A) peptides 
and pathological forms of the microtubule- 

associated protein tau. Genetic ablation of tau prevents 
neuronal overexcitation and axonal transport deficits caused 
by recombinant A oligomers. Relevance of these findings 
to naturally secreted A and mechanisms underlying tau’s 
enabling effect are unknown. Here we demonstrate defi-
cits in anterograde axonal transport of mitochondria in 
primary neurons from transgenic mice expressing familial 
AD-linked forms of human amyloid precursor protein. We 

show that these deficits depend on A1–42 production and 
are prevented by tau reduction. The copathogenic effect 
of tau did not depend on its microtubule binding, inter
actions with Fyn, or potential role in neuronal development. 
Inhibition of neuronal activity, N-methyl-d-aspartate re-
ceptor function, or glycogen synthase kinase 3 (GSK3) 
activity or expression also abolished A-induced trans-
port deficits. Tau ablation prevented A-induced GSK3 
activation. Thus, tau allows A oligomers to inhibit axonal 
transport through activation of GSK3, possibly by facili-
tating aberrant neuronal activity.
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Results
Axonal transport deficits in neurons  
from hAPP mice depend on A1–42, tau,  
and N-methyl-d-aspartate receptor 
(NMDAR) function
We previously compared acute effects of exogenously applied 
recombinant A oligomers on axonal transport in wild-type and 
tau-deficient mouse hippocampal neurons (Vossel et al., 2010). 
To investigate the effects of naturally secreted A on axonal 
transport, we measured axonal transport of mitochondria in hip-
pocampal neurons from mice of six different genotypes (Tau+/+, 
Tau+/, Tau/, hAPP/Tau+/+, hAPP/Tau+/, and hAPP/Tau/). 
hAPP/A expression impaired anterograde axonal transport in 
Tau+/+ neurons, but not in Tau+/ or Tau/ neurons (Fig. 1 A). 
Retrograde mitochondrial motility was not affected by neuronal 
expression of hAPP/A (Fig. 1 B). The velocity of moving  
mitochondria was also unaffected by hAPP/A expression and 
tau reduction (Fig. S1, A and B), consistent with findings obtained 
in neuronal cultures exposed to recombinant A oligomers 

tau-targeted therapies. Reducing or ablating tau is well tolerated  
in mice (Roberson et al., 2007; Yuan et al., 2008; Morris et al., 
2011, 2013; DeVos et al., 2013), but, in culture, tau-deficient 
neurons display delayed maturation of axons (Dawson et al., 
2001), and tau knockdown during prenatal stages inhibits neu-
ronal migration (Sapir et al., 2012). Whether tau’s enabling role 
in A-induced axonal transport deficits requires its microtubule-
binding capacity, its function during neural development, or other 
activities is unknown.

In this study, we used tau ablation, knockdown, and re
constitution to investigate mechanisms by which tau enables 
A-induced deficits of mitochondrial axonal transport. We found 
that mutant tau with markedly reduced microtubule-binding ca-
pacity still enabled A-induced axonal transport deficits. Tau 
ablation prevented A-induced activation of glycogen synthase 
kinase 3 (GSK3), a kinase that is essential for A-induced 
axonal transport deficits (Rui et al., 2006; Decker et al., 2010; 
Tang et al., 2012). These observations suggest a role for tau in 
A-induced neuronal dysfunction that is independent of micro-
tubule binding and upstream of GSK3 activation.

Figure 1.  Tau ablation, -secretase modulation, and NMDAR blockade each ameliorates deficits in anterograde axonal transport of mitochondria in  
A-producing primary hippocampal neurons from hAPP-J20 mice. (A and B) Anterograde (A) and retrograde (B) axonal transport in neurons from mice of 
the indicated genotypes. n = 25–51 axons from three to five mice and three to six independent sessions for each genotype at DIV 10–14. ***, P < 0.001 
versus Tau+/+ or as indicated by bracket (Dunnett’s test). (C) Levels of A1-x and A1–42 in the medium, measured by ELISA, were roughly equivalent to 4 and 
0.55 nM of A monomer, respectively. n = 4–9 wells from three to five mice per genotype at DIV 14. (D) A levels in DIV 14 medium from hAPP/Tau+/+ 
neurons treated with a GSM (BMS-893204; 100 nM final concentration) from DIV 1–14, relative to A levels in replicate cultures treated with vehicle 
(DMSO; 0.001% final concentration). n = 5–6 wells from four mice per treatment. ***, P < 0.001 versus vehicle (arbitrarily defined as 1.0) by one-sample 
t test. (E) Axonal transport in neurons of the indicated genotypes treated with GSM (100 nM) or vehicle (Veh; DMSO) over 12–14 d. n = 23–29 axons 
from three mice per genotype and treatment from three independent sessions at DIV 12–14. ***, P < 0.001 (Dunnett’s test). (F) Axonal transport in neurons 
of the indicated genotypes before (baseline) and after treatment with the selective NMDAR antagonist D-AP5 (100 µM final concentration; for 1 h) at DIV 
12–14. n = 22–24 axons from three mice for each genotype at DIV 12–14. **, P < 0.01 versus Tau+/+ baseline (Dunnett’s test); ###, P < 0.001 (paired  
t test, Bonferroni). Data are means ± SEM.
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2010; Tang et al., 2012). Consistent with these findings, treat-
ment of cultures with the selective NMDAR antagonist d-()- 
2-amino-5-phosphonopentanoic acid (D-AP5) normalized 
anterograde axonal transport in hAPP/Tau+/+ neurons (Fig. 1 F). 
However, D-AP5 treatment did not further improve axonal 
transport in Tau+/+ or hAPP/Tau/ neurons (Fig. 1 F). Thus, 
tau reduction and NMDAR blockade can each prevent A from 
impairing axonal transport; however, they do not show additive 
or synergistic effects and do not appear to directly affect axonal 
transport in the absence of elevated A levels.

Knocking down tau prevents A-induced 
deficits in axonal transport
To assess whether the protective effects of tau reduction in our 
model depend on compensatory changes that could result from 
the genetic modification during embryonic development, we 
studied the effects of knocking down tau in postnatal neurons 
from wild-type mice. We transduced primary cultures of Tau+/+ 
neurons with lentiviral vectors expressing either scrambled 
shRNA or anti-Tau shRNA. Each lentiviral vector coexpressed 
EGFP to indicate transduced neurons (Fig. 2 A). 14 d after  
infection, tau expression was roughly 50% lower in anti-Tau 
shRNA–expressing neurons than in scrambled shRNA–expressing 
neurons (Fig. 2 B). We measured axonal mitochondrial motility 
under baseline conditions and after adding A1–42 oligomers 
(characterized in Fig. S2, C and D). Consistent with observa-
tions in neurons with genetically ablated tau, knocking down 
tau postnatally prevented A-induced defects in mitochondrial 
axonal transport without affecting transport at baseline (Fig. 2 C 
and Videos 1 and 2). Therefore, the protective effects of tau  
reduction are independent of developmental changes during 
embryonic development.

(Vossel et al., 2010). A1-x and A1–42 levels in the growth  
medium of neurons from hAPP transgenic mice were in the low 
nanomolar range (monomeric equivalent) and were not altered 
by ablating tau (Fig. 1 C). Thus, low concentrations of naturally 
secreted A recapitulate the tau-dependent effects of recombi-
nant A peptides on anterograde axonal transport.

Mitochondrial fission and fusion are critical for proper 
transport and distribution of mitochondria along the axon, and 
both tau and A have been implicated in fission–fusion imbal-
ance (Wang et al., 2008, 2009; Cho et al., 2009; DuBoff et al., 
2012). However, neither hAPP/A expression nor tau reduc-
tion altered the length of axonal mitochondria (Fig. S1 C), sug-
gesting that mitochondrial transport deficits in axons of hAPP 
transgenic neurons are not caused by alterations in mitochon-
drial fission or fusion.

We next used a -secretase modulator (GSM; BMS-
893204) to test whether the observed axonal transport deficits 
in hAPP transgenic neurons depend specifically on A1–42 pro-
duction. BMS-893204 selectively reduces the production of 
A1–42 by directing -secretase to cleave APP at sites that pro-
duce shorter forms of A (Boy et al., 2013). GSM treatment 
reduced A1–42 levels in the medium by 75% without affecting 
A1-x (Fig. 1 D) or hAPP levels (Fig. S2, A and B). The GSM  
did not increase the production of hAPP C-terminal fragments, con
firming that it did not act like a -secretase inhibitor (Fig. S2 A).  
GSM treatment also prevented deficits in anterograde axonal 
transport in hAPP/Tau+/+ neurons without affecting axonal 
transport in Tau+/+ neurons (Fig. 1 E). Thus, axonal transport 
deficits in hAPP/Tau+/+ neurons depend on A1–42 production 
and are not likely caused by other hAPP metabolites.

Previous studies showed that NMDARs have a critical 
role in A-induced axonal transport deficits (Decker et al., 

Figure 2.  Knocking down tau with lentivirus-
shRNA prevents deficits in axonal transport of 
mitochondria in wild-type (Tau+/+) primary hip-
pocampal neurons caused by exposure to A 
oligomers. (A) Neurons were transduced with 
lentivirus expressing anti-tau shRNA and EGFP 
(Lenti-shTau-GFP; left, monochrome; right, green) 
on DIV 0 and transfected with a mitochondrial 
marker (mito-RFP; middle, monochrome; right, 
red) at DIV 6. Arrowheads indicate mitochon-
dria in axon. Bar, 20 µm. (B) Total tau levels in  
neurons transduced with Lenti-shTau-GFP (shTau)  
or a similar construct expressing a scrambled 
shRNA (shScr) were determined by Western  
blot analysis with the Tau-5 antibody. Top, 
representative blot; bottom, quantitation of  
blot signals. Mean Tau/actin ratios in scram
bled shRNA–expressing neurons were arbi-
trarily defined as 1.0. n = 6–7 wells from four 
to five experiments per condition at DIV 14.  
*, P < 0.05 (unpaired t test). (C) The percentage 
of mitochondria moving anterogradely or retro-
gradely relative to all mitochondria in the axons 
of neurons transduced as in A and B before 
(baseline) and 10–60 min after adding vehicle 
(Veh) or A1–42 oligomers (final concentration 
equivalent to 2-µM monomer) to the medium.  
n = 25–40 axons recorded during three to 
four independent sessions at 12–14 DIV.  
***, P < 0.001 (paired t test, Bonferroni). Data 
are means ± SEM.
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Tau-WT did not affect axonal transport in the absence of A 
oligomers (Fig. 3 G).

Tau lacking the microtubule-binding region 
enables A-induced axonal transport defects
To determine which domains of tau are most critical for  
A-induced axonal transport deficits, we generated various 
tau truncation constructs derived from Tau-WT (Fig. 4 A) and 
transfected them into Tau/ neurons. Protein expression by 
each construct was confirmed in transfected HEK293T cells  
by Western blot analysis (Fig. S3 A). When expressed in trans-
fected Tau/ neurons, the truncation constructs showed a simi
lar distribution as the Tau-WT plasmid, indicating widespread  
intracellular distribution of each tau species (Fig. S3, B–G).

We assessed the relative microtubule binding within the 
axon for each transfected construct by the proximity ligation 

Reconstituting tau expression in Tau/ neurons 
restores A-induced deficits in axonal transport
Next, we prepared primary neuronal cultures from Tau/ mice 
and transfected them with an empty plasmid or a plasmid en-
coding wild-type 0N4R mouse tau (Tau-WT) on day in vitro 
(DIV) 6. Levels of tau expression in the axons of Tau/ neu-
rons transfected with Tau-WT were comparable to those in un-
transfected Tau+/+ neurons, although there was an increase in 
total tau (EP2456Y) in the soma, a slight decrease in phosphory
lated (PHF-1) tau in the axon, and an increase in dephosphory-
lated (Tau-1) tau in the axon (Fig. 3, A–E). We then analyzed 
axonal mitochondrial motility in transfected neurons before and 
during application of recombinant A1–42 oligomers at DIV 7–8.  
A impaired axonal transport in Tau/ neurons expressing 
Tau-WT but not in Tau/ neurons transfected with the empty 
plasmid (Fig. 3, F and G). At the expression levels used here, 

Figure 3.  Transfection with wild-type mouse tau makes primary hippocampal neurons from Tau/ mice susceptible to A-induced deficits in axonal 
transport. (A) Neuronal cultures from Tau/ mice were transfected with a cDNA encoding Tau-WT at DIV 6, fixed the next day, and immunostained for 
total tau (EP2456Y, white) or colabeled for the dendritic marker MAP2 (red) and for phosphorylated (PHF-1) or dephosphorylated (Tau-1) tau (green [grn]) 
in axons (left). To compare tau expression in transfected Tau/ neurons with the expression of endogenous tau in Tau+/+ neurons, a small number of Tau+/+ 
neurons was co-cultured with untransfected Tau/ neurons, followed by fixation on DIV 14 and immunostaining as in the left panels (middle). Cultures of 
untransfected Tau/ neurons served as a negative control (right). (B–E) The intensity of immunostaining for total tau in the axon (B), total tau in the soma (C), 
and phosphorylated (D) and dephosphorylated (E) tau in the axon was compared by fluorescence microscopy in Tau+/+ neurons co-cultured with Tau/ 
neurons (endogenous [Endog] tau) and in Tau/ neurons transfected (Transf) with mouse tau. n = 109–144 (B and C) and n = 36–71 (D and E) neurons 
per group. *, P < 0.05; ***, P < 0.001 (Mann-Whitney rank-sum test). (F) To measure axonal transport in live cells, Tau/ neurons were transfected with 
EGFP (green), a mitochondrial marker (mito-RFP; red), and mouse tau. Tau was detected by immunostaining with the EP2456Y antibody (blue) after fixation. 
All images in F were taken after fixation. (G) The percentage of moving mitochondria in the axons of Tau/ neurons transfected with empty plasmid or a 
plasmid encoding Tau-WT was measured before (baseline) and 10–60 min after adding A1–42 oligomers to the medium. n = 37 axons per group recorded 
during three to five independent sessions at DIV 7–8. ***, P < 0.001 versus corresponding baseline (paired t test, Bonferroni). Bars, 20 µm. Plots in B–E 
show medians, quartiles, and ranges. Data in G are means ± SEM.

http://www.jcb.org/cgi/content/full/jcb.201407065/DC1
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assay, which detects interactions between proteins within a dis-
tance of 40 nm or less (Söderberg et al., 2006). Each of the trun-
cation constructs showed lower levels of tubulin binding than 
Tau-WT when expressed in transfected Tau/ neurons (Fig. 4,  
B and C), consistent with previous results for similar forms of 
truncated tau when expressed in Chinese hamster ovary cells 
(Preuss et al., 1997) or incubated with microtubule-containing 
cytosol from squid optic lobes (LaPointe et al., 2009). The tau 
repeat domain by itself (Tau-RD) showed higher levels of tubulin 
binding than the other truncation constructs (Fig. 4, B and C).

Surprisingly, tau lacking the repeat domain (Tau-noRD) 
was as effective as Tau-WT in enabling A-induced axonal 
transport deficits in Tau/ neurons, whereas the tau repeat 
domain by itself was ineffective (Fig. 4 D). Tau containing 
the N terminus and the proline-rich and basic region and tau 
containing the repeat domain and the C terminus also enabled  
A-induced axonal transport deficits, but only to a modest degree 
that did not reach statistical significance when compared with 
the empty plasmid control (Fig. 4 D). At the expression levels 
used here, none of the tau constructs affected axonal transport 
in the absence of A oligomers (Fig. S4 A). Because Tau-noRD 
has little affinity for microtubules (Fig. 4, B and C; Preuss  
et al., 1997; LaPointe et al., 2009), Tau-noRD likely enables 
A-induced axonal transport deficits through a mechanism that 
is independent of microtubule binding.

Tau has been implicated in A-induced cytoskeletal 
changes (King et al., 2006; Zempel et al., 2013), including 
deacetylation and polyglutamylation of tubulin and microtu-
bule disassembly within dendrites of subpopulations of neurons 
(Zempel et al., 2010, 2013). However, A treatment for 1 h did 
not alter acetylation or polyglutamylation of tubulin in Tau+/+ 
or Tau/ neurons (Fig. S5), further supporting a mechanism 
of A/tau-dependent axonal transport deficits that is indepen-
dent of tau–tubulin interactions.

Blocking neuronal activity abolishes  
A-dependent deficits in axonal transport
Tau regulates neuronal excitability (Roberson et al., 2007; Ittner 
et al., 2010; Roberson et al., 2011; DeVos et al., 2013; Holth  
et al., 2013; Gheyara et al., 2014), and synaptic excitation can 
inhibit axonal transport of mitochondria (Lardong et al., 2009). 
Therefore, we assessed the effects of neuronal activity on A-
induced axonal transport deficits. Silencing the activity of Tau+/+ 
neurons by treating them with tetrodotoxin (TTX) prevented 
A-induced defects in axonal transport, but did not affect axo-
nal transport in the absence of A oligomers (Fig. 5 A).

Because acute rises in intracellular calcium ([Ca2+]i) can halt 
mitochondrial movements (Wang and Schwarz, 2009), we next 
assessed the effects of A oligomers on neuronal calcium levels. 

Figure 4.  Differential ability of tau truncation mutants to reconstitute 
susceptibility to A-induced axonal transport deficits in Tau/ neurons.  
(A) Schematic of full-length Tau-WT and truncation constructs generated. 
N-PRB, N terminus plus proline-rich and basic domain; RD-C, repeat do-
main and C terminus; RD, repeat domain alone; noRD, tau lacking the re-
peat domain. Numbers indicate amino acid positions in mouse 0N4R tau 
and numbers in parentheses are the corresponding amino acid positions 
in human 2N4R tau. (B) In the axons of Tau/ neurons transfected with 
plasmids encoding the indicated tau constructs, tau–tubulin binding was 
measured with the proximity ligation assay (PLA). Antibody combinations 
with source species in parentheses are indicated below each set of panels. 
Bar, 20 µm. (C) Quantification of the total proximity ligation assay signal 
(B, bottom), indicating the amount of tau that closely interacts with tubulin. 
A tau construct containing eight repeat domains (Tau-8RD), which has a 
higher tubulin binding affinity than wild-type tau (Preuss et al., 1997), was 
used as a positive control, and a no-primary tau antibody condition was 
used as a negative control. n = 37–256 axons per group. *, P < 0.05; 
**, P < 0.01 versus Tau-WT or for pairwise comparisons as indicated by 
brackets (Kruskal-Wallis ANOVA, Dunn’s test). (D) The percentage of mov-
ing mitochondria in the axons of Tau/ neurons transfected with empty 
plasmid or plasmids encoding the indicated tau constructs was measured 

before (baseline) and 10–60 min after adding A1–42 oligomers to the 
medium. Results are expressed relative to baseline (100%). n = 28–55 
axons per construct recorded during three to five independent sessions at 
DIV 7–8 d. **, P < 0.01; ***, P < 0.001 versus corresponding baseline 
(paired t tests, Bonferroni); #, P < 0.05; ##, P < 0.01 (Kruskal-Wallis 
ANOVA, Dunn’s test). Data in C are medians and quartiles, and data in 
D are means ± SEM.
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Exposure to A oligomers for 40 min increased the variability 
in [Ca2+]i levels in Tau+/+ and Tau/ neurons without causing a 
significant rise in [Ca2+]i levels in either genotype (Fig. 5, B–D). 
Acutely depolarizing neurons with KCl induced marked rises  
in [Ca2+]i that were similar in Tau+/+ and Tau/ neurons (Fig. 5, 
B and E), indicating that tau reduction does not grossly affect 
synaptic activity-induced [Ca2+]i modulation. Thus, A-induced 
deficits in the axonal transport of mitochondria require neuronal 
activity but do not likely involve large rises in [Ca2+]i.

A-induced axonal transport deficits  
do not require tau–Fyn interactions
A-induced axonal transport deficits depend on NMDAR func-
tion (Fig. 1 F; Decker et al., 2010; Tang et al., 2012), which can  
be modulated by the tyrosine kinase Fyn (Trepanier et al., 
2012). Furthermore, tau has been implicated in NMDAR/Fyn-
mediated excitotoxicity (Ittner et al., 2010), and reducing tau 
prevents aberrant neuronal excitation and cognitive deficits in 
hAPP/Fyn overexpressing mice (Roberson et al., 2011). To de-
termine whether phosphorylation or binding of tau by Fyn are 
necessary for A-induced axonal transport deficits, we gener-
ated a 0N4R mouse tau containing a tyrosine-to-phenylalanine 
substitution at residue 18 (Tau-Y18F), the major Fyn phosphory
lation site of tau (Lee et al., 2004), and a 0N4R mouse Tau-
AxxA7 construct with proline-to-alanine substitutions in the 
seventh proline-directed region of tau (PxxP → AxxA at amino 
acids 164–167 in mouse tau, corresponding to 233–236 in 
human 2N4R tau; Fig. 6 A), the major Fyn-binding site of tau 
(Lee et al., 1998).

We compared the effects of these constructs on axonal 
transport in Tau/ neurons with those of Tau-WT and the 
empty plasmid under baseline conditions and in the presence of 
A oligomers (Fig. 6 B). Both Tau-Y18F and Tau-AxxA7 en-
abled A-induced axonal transport to a similar degree as Tau-
WT, whereas the empty plasmid did not (Fig. 6 B). Neither 
Tau-Y18F nor Tau-AxxA7 affected axonal transport in the ab-
sence of A oligomers (Fig. S4 B). These findings suggest that 
Fyn phosphorylation of tau and tau–Fyn binding are not neces-
sary for tau to enable A-induced axonal transport deficits.

A-induced axonal transport deficits 
depend on GSK3 activation, which is 
prevented by tau ablation
Because GSK3 activity is required for A-induced axonal 
transport deficits in several AD-related models (Rui et al., 2006; 
Decker et al., 2010; Tang et al., 2012), we next assessed the role 
of this kinase in our axonal transport assay. Treating wild-type 

Figure 5.  A-induced deficits in axonal transport depend on neuronal 
activity, but are not associated with obvious rises in [Ca2+]i. (A) Primary 
hippocampal neurons from wild-type mice were treated with TTX (1 µM) 
to silence neuronal activity or with vehicle (Veh), followed by exposure to 
A1–42 oligomers. The percentage of moving mitochondria in the axons 
of Tau+/+ neurons was measured before (baseline) and during these treat-
ments. n = 22–26 axons per treatment combination from three independent 
sessions at DIV 12–14. ##, P < 0.01 as indicated by bracket (unpaired  
t test); ***, P < 0.001 versus corresponding baseline (repeated measures 
ANOVA, Dunnett’s test). (B–E) [Ca2+]i levels in primary hippocampal neu-
rons from Tau+/+ and Tau/ mice were measured with Fura-2 (340:380 
ratio) by live fluorescence microscopy at baseline (2 min) and after add-
ing A1–42 oligomers (for 40 min) or KCl (50 mM final concentration for 
5 min) to the medium. (B) Representative images of the cultures. Bars, 
100 µm. (C–E) Quantitation of [Ca2+]i relative to baseline levels (arbitrarily 
defined as 1.0). A increased the variance in [Ca2+]i in both genotypes 

compared with vehicle-treated Tau+/+ neurons. **, P < 0.01 (Levene’s test). 
Kruskal-Wallis ANOVA, followed by Dunn’s post hoc test confirmed that 
the sevenfold rise in [Ca2+]i induced by KCl in both genotypes was sig-
nificant compared with vehicle-treated Tau+/+ neurons (**, P < 0.01) and 
revealed no differences between genotypes for A and KCl. (C and D)  
n = 356–1,002 neurons per genotype from 5–11 independent sessions at 
DIV 12–14. (E) n = 63–356 neurons per genotype from two to five inde-
pendent sessions at DIV 12–14. Data in A are means ± SEM. Data in C are 
means ± SD. Plots in D and E show medians, quartiles, and ranges.
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added in small numbers to cultures of Tau/ neurons suggests a 
cell autonomous mechanism for tau’s enabling effect. Conceiv-
ably, tau may enable A-dependent transport deficits locally 
within the axon and through distal mechanisms in dendrites or 
presynaptic terminals. Indeed, we observed that endogenous  
tau can be readily detected in cell bodies and dendrites of wild-
type neurons cultured under standard conditions (Fig. 3 A), 
and others have shown that tau enables A-induced deficits in 
mitochondrial motility also in dendrites (Zempel et al., 2013).
Pharmacological inhibition of NMDARs (AP5), which are con-
centrated at postsynaptic sites, and silencing neuronal activity 
(TTX), which prevents presynaptic action potential–driven neu-
rotransmitter release, prevented A-induced deficits in mitochon-
drial axonal transport, highlighting the multifactorial nature  
of this pathogenic process. AP5 and TTX also prevented A-
induced increases in DNA double-strand breaks, which also de-
pend on tau (Suberbielle et al., 2013).

A may perturb NMDAR signaling through a number  
of possible mechanisms, including the following: (a) directly 
or indirectly activating NMDARs (Kelly and Ferreira, 2006;  
De Felice et al., 2007), (b) altering the intrasynaptic–extrasynaptic 
balance by causing internalization of synaptic NMDAR through 
long-term depression-like mechanisms (Li et al., 2009) or binding 
to EphB2 (Cissé et al., 2011), and (c) activating a metabotropic 

neuronal cultures with two distinct siRNAs targeting GSK3 or 
with the selective GSK-3 inhibitor SB 415286 (Coghlan et al., 
2000; Cross et al., 2001) prevented A-induced axonal trans-
port deficits without affecting axonal transport in the absence of 
A oligomers (Fig. 7). Remarkably, tau ablation prevented the 
A-induced activation of GSK3, which in wild-type neurons 
occurred within 30 min of adding A oligomers to the medium 
(Fig. 8, A and B). Tau ablation did not affect total GSK3 lev-
els (Fig. 8 C). These data support a role for tau in regulating 
A-induced GSK3 activation, which is critical for A-induced 
axonal transport deficits.

Discussion
Our study indicates that endogenous tau enables A-induced 
deficits in mitochondrial axonal transport through a mechanism 
that is independent of its microtubule-binding capacity. Several 
additional factors were necessary for A to impair axonal trans-
port, including neuronal activity, NMDAR signaling, and GSK3 
activity, and each of these critical elements can be influenced  
by tau, as demonstrated by this and previous studies (Roberson 
et al., 2007, 2011; Ittner et al., 2010; Miao et al., 2010; Kanaan 
et al., 2011; Leroy et al., 2012; DeVos et al., 2013; Holth et al., 
2013; Gheyara et al., 2014). Notably, we found that tau enables 
A-induced activation of GSK3, an important kinase in AD 
pathogenesis that negatively regulates kinesin-based axonal 
transport (Morfini et al., 2002).

Similar to genetic tau ablation, postnatal tau knockdown 
also prevented A-induced deficits in mitochondrial axonal 
transport, indicating that the mechanism by which tau ablation 
is protective against A does not depend on compensatory de-
velopmental changes that may occur in Tau/ mice. Because 
tau knockdown is well tolerated in adult mice (DeVos et al., 
2013) and did not adversely affect mitochondrial motility in the 
current study, our findings provide further support for tau re-
duction as a viable therapeutic strategy for AD and related dis-
orders (Roberson et al., 2007; Morris et al., 2011). Tau knockdown 
with siRNA oligonucleotides in cortical neurons also dimin-
ished mitochondrial fragmentation and motility deficits in a ge-
netic model of spinocerebellar ataxia (SCA28) without affecting 
baseline mitochondrial morphology or transport, further high-
lighting the apparent safety and diverse indications for tau- 
reducing strategies (Kondadi et al., 2014).

Treating primary hippocampal neuronal cultures from 
hAPP-J20 mice with a potent GSM prevented deficits in antero-
grade mitochondrial transport. Such deficits were also observed 
in cultured neurons from hAPP transgenic mice of line Tg2576 
(Calkins and Reddy, 2011) and could be prevented with  
-secretase inhibitors (Wang et al., 2012). Collectively, these 
findings highlight the importance of A1–42, which has a high 
propensity to oligomerize, for axonal transport impairments 
relative to other hAPP cleavage products and indicate that the 
A-dependent axonal transport impairments are not restricted 
to one hAPP transgenic line.

We made several additional mechanistic observations 
that merit further discussion. The observation that A-induced 
deficits in axonal transport occurred in tau-expressing neurons 

Figure 6.  A-induced deficits in axonal transport do not depend on inter-
actions between tau and Fyn. (A) Diagram of 0N4R mouse tau indicating 
the Y18F point mutation that should prevent phosphorylation of tau by 
Fyn (Lee et al., 2004) and the PxxP to AxxA substitutions in the seventh 
proline-directed region (AxxA7) that should interfere with binding of tau 
to Fyn (Lee et al., 1998). Numbers in parentheses indicate corresponding 
amino acid positions in human 2N4R tau. (B) The percentage of mov-
ing mitochondria in the axons of Tau/ neurons transfected with empty 
plasmid or plasmids encoding the indicated tau constructs was measured 
before (baseline) and 10–60 min after adding A1–42 oligomers to the 
medium. Results are expressed relative to baseline (100%). n = 19–37 
axons per construct recorded during three to five independent sessions at 
DIV 7–8. ##, P < 0.01 versus empty (Kruskal-Wallis ANOVA, Dunn’s test);  
***, P < 0.001 versus corresponding baseline (paired t tests, Bonferroni). 
Data are means ± SEM.
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function of NMDAR that is independent of calcium influx  
(Kessels et al., 2013).

To study the influence of tau on NMDAR-associated cell 
signaling, we studied two relevant kinases, Fyn and GSK3.  
Although tau–Fyn interactions appear to be primarily patho-
genic in AD models (Ittner et al., 2010; Seward et al., 2013), 
Fyn phosphorylation of tau at Y18 prevented anterograde axonal 
transport deficits caused by filamentous tau and the 6D isoform 
of tau, most likely by inhibiting the N-terminal phosphatase- 
activating domain of tau (Kanaan et al., 2012). Therefore, inhibit-
ing Fyn phosphorylation of tau in the axon could, in principle, 
be deleterious. However, we found that preventing Fyn phos-
phorylation of tau at tyrosine 18 or tau–Fyn binding through 
tau mutagenesis did not affect baseline transport; nor did it 
prevent A-induced axonal transport deficits. Additional stud-
ies are needed to determine whether tau enables A-induced axo-
nal transport deficits by affecting NMDAR signaling through a 
Fyn-independent mechanism or by processes that occur down-
stream of or in parallel to NMDAR functions.

Figure 7.  A-induced deficits in axonal transport depend on GSK3. 
(A–C) On DIV 10, neuronal cultures from wild-type mice were treated 
with nontargeting (NT) siRNA or siRNAs (siRNA-1 or siRNA-2) targeting 
GSK3 mRNA. GSK3 protein levels were determined by Western blot-
ting on DIV 14. (A) Representative Western blot from a single gel that was 
scanned and digitally arranged. (B) Quantitation of Western blot signals. 
(C) mRNA levels were determined by RT-qPCR in replicate cultures on DIV 
13. n = 3–12 samples per condition. ***, P < 0.001 versus no treatment 
(Dunnett’s test). (D) Primary hippocampal neurons from wild-type mice were 
treated with NT siRNA or anti-GSK3 siRNA on DIV 9–10. On DIV 13–14, 
the percentage of moving mitochondria in the axons was measured be-
fore (baseline) and during treatment with A1–42. n = 20–27 axons per 
group from three to four independent sessions. #, P < 0.05 (Kruskal-Wallis  
ANOVA, Dunn’s test); ***, P < 0.001 versus corresponding baseline 
(paired t test, Bonferroni). (E) Primary hippocampal neurons from wild-type 
mice were treated with the selective GSK-3 inhibitor SB 415286 (10 µM) 
or vehicle (Veh), followed by exposure to A1–42 oligomers. The percent-
age of moving mitochondria in the axons of Tau+/+ neurons was measured 

before (baseline) and during these treatments. n = 23–27 axons per group 
from four independent sessions at DIV 13–14. #, P < 0.01 (Mann-Whitney 
rank-sum test); ***, P < 0.001 versus corresponding baseline (repeated 
measures ANOVA, Dunnett’s test). Data are means ± SEM.

 

Figure 8.  Tau reduction prevents A-induced activation of GSK3.  
(A–C) Phosphorylation of GSK3 at serine 9 (p-GSK3), a modification 
that inhibits GSK3 activity (Sutherland et al., 1993), and total GSK3 
(t-GSK3) and GAPDH or actin levels in Tau+/+ and Tau/ neurons were 
determined by Western blot analysis after treatment of neuronal cultures 
with vehicle (Veh), A1–42 oligomers (30 min), or the phosphoinositide  
3-kinase inhibitor wortmannin (WM; 0.1 µM, 30 min). (A) Representative 
Western blot from a single gel that was scanned and digitally arranged. 
(B) Quantitation of the p-GSK3/t-GSK3 ratio for each treatment. 
A decreased the ratio (i.e., increased GSK3 activity) in Tau+/+, but 
not Tau/, neurons, whereas WM decreased the ratio in both types of 
neurons. (C) Quantitation of t-GSK3 levels revealed no significant differ-
ence between vehicle-treated Tau+/+ and Tau/ neurons (t test). n = 7–18 
wells per condition from three to six independent experiments at DIV 14.  
***, P < 0.001 versus vehicle in the same genotype (Dunnett’s test). Data 
are means ± SEM.
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during the timeframe in which A impaired axonal mitochon-
drial transport, we cannot rule out more subtle effects of A or 
tau on these factors that may be below the detection threshold of 
the methods used here. A recent study indicates that A can in-
crease neuronal calcium levels through effects on neighboring 
astrocytes (Talantova et al., 2013). Our use of the glial inhibitor 
5-Fdu and neurobasal medium, which selects for neurons in 
culture (Sanchez-Mejia et al., 2008), could explain why we did 
not observe an overall increase in [Ca2+]i after A application. 
We did, however, find a significantly increased variability in 
[Ca2+]i levels after A application as compared with vehicle 
(Fig. 5 C), consistent with subpopulations of hyperactive (higher 
calcium levels) and hypoactive (lower calcium levels) neurons 
without overall increases in [Ca2+]i observed by others (Busche 
et al., 2008; Renner et al., 2010).

In a previous study, A did not affect microtubule integ-
rity in axons, even in the subpopulations of neurons that showed 
increased [Ca2+]i levels and dendritic changes in microtubule 
density (Zempel et al., 2013). Axonal microtubules, which are 
tightly packed, are particularly resistant to depolymerization  
induced by Ca2+ and other destabilizing treatments (Brady et al., 
1984; Song et al., 2013). Additionally, others have shown that 
eliminating Ca2+ influx or buffering [Ca2+]i within neurites did 
not prevent A-induced deficits in mitochondrial transport (Rui 
et al., 2006). Therefore, we consider it unlikely that A-induced 
alterations in [Ca2+]i or changes in microtubule stability in small 
subpopulations of neurons caused the global effect of A on  
mitochondrial transport in the population of axons we analyzed.

Fourth, we did not study tau’s potential role in actin poly
merization, which also appears to be involved in A-induced 
axonal transport deficits (Hiruma et al., 2003). However, tau’s 
repeat domain, which is important for actin binding and bun-
dling (Yu and Rasenick, 2006; He et al., 2009), did not, by it-
self, enable A-induced axonal transport deficits in the current 
study, whereas tau lacking this domain did. These findings 
would seem to make a prominent role of actin modulation in the 
deficit-enabling role of tau less likely.

Fifth, the relevance of our findings to axonal transport in 
the mature or aging brain remains to be determined. Advances 
in technology are likely needed to measure mitochondrial axo-
nal transport in hippocampal neurons within the living adult 
brain. Notably, global axonal transport deficits have been shown 
to impair long-term potentiation (Barnes et al., 2010) and learn-
ing and memory (Nakayama and Sawada, 2002), and even 
modest reductions in axonal mitochondrial transport can cause 
profound neurological deficits in mice (Nguyen et al., 2014).

Sixth, we acknowledge that different A oligomer prepa-
rations can have variable potency and biological activity. Impor-
tantly, in every experiment in which tau or signaling pathways 
were manipulated, experimental and control cultures were ex-
posed to the same A1–42 preparation, making it unlikely that 
variations in the biological activity of A1–42 preparations con-
founded the interpretation of our key findings.

In summary, we have shown that A oligomers acutely 
impair axonal transport of mitochondria in a tau-dependent 
manner through a mechanism that is independent of tau’s  
microtubule-binding domain and of developmental changes that 

In regards to GSK3, much attention has focused on po-
tential deleterious effects of tau that is phosphorylated by 
GSK3 (Augustinack et al., 2002; Terwel et al., 2008). Our 
findings suggest that endogenous tau in turn regulates GSK3 
activity, consistent with findings obtained in models of heat 
shock–induced neuronal injury and in mutant APP/presenilin 1 
(PS1) transgenic mice. Tau/ neurons showed less GSK3  
activity than Tau+/+ neurons during recovery from heat shock 
(Miao et al., 2010), and APP/PS1/Tau/ mice had lower levels 
of active GSK3 in the brain than APP/PS1/Tau+/+ mice (Leroy 
et al., 2012).

Tau may influence GSK3 through numerous pathways 
including PI3K–Akt (Takashima et al., 1996), protein phos-
phatase 1 (Kanaan et al., 2011), caspase-3–Akt (Jo et al., 2011), 
calcineurin (Snyder et al., 2005), and Wnt signaling (Caricasole 
et al., 2004). Tau interacts with many of these relevant kinases 
that are upstream of GSK3 (Morris et al., 2011) and with 
GSK3 itself (Agarwal-Mawal et al., 2003; Sun et al., 2002).  
Interestingly, 3,4-methylenedioxymethamphetamine also impairs  
axonal mitochondrial transport by a tau- and GSK3-dependent 
mechanism (Barbosa et al., 2014), indicating that tau reduction 
may be protective against other neurotoxins involving GSK3 
signaling. Tau reduction also prevents A-induced deficits in 
hippocampal long-term potentiation (Roberson et al., 2011; 
Shipton et al., 2011), but reduces hippocampal long-term de-
pression (Kimura et al., 2014). Conceivably, effects of endog-
enous tau on GSK3, a key regulator of long-term potentiation 
and depression (Peineau et al., 2007; Jo et al., 2011), may ac-
count for these observations.

In addition to GSK3, there may be other disease-relevant 
signaling molecules that regulate axonal transport and depend 
on tau. It is interesting in this regard that Tau-noRD enabled 
A-induced axonal transport deficits more effectively than tau 
containing the N terminus and the proline-rich and basic re-
gion and tau containing the repeat domain and the C terminus  
(Fig. 4). Conceivably, tau that is not bound to microtubules might 
act as an organizer of signaling microdomains, assembling rele-
vant binding partners through domains preserved in Tau-noRD. 
Indeed, tau has a growing list of binding partners that are known  
to participate in diverse functions (Morris et al., 2011).

Additional studies are needed to further dissect these and 
other relevant cell signaling pathways and to address some of 
the limitations of this study, including the following caveats. 
First, we studied general patterns of mitochondrial motility, ve-
locity, and length. Although these measures yielded robust and 
informative findings, they did not comprehensively character-
ize all aspects of mitochondrial dynamics, such as brief pausing 
or fission/fusion events.

Second, we focused on a relatively short time window of 
A exposure and on a single cargo. Others have shown that A-
induced deficits of brain-derived neurotrophic factor axonal 
transport, which are observed after 18–72 h of A exposure, are 
independent of tau (Ramser et al., 2013). Thus, it is conceivable 
that effects of A on other cargoes or at later time points may 
not depend on tau.

Third, although we found no A-induced rises in overall 
neuronal calcium levels or changes in indicators of tubulin stability 
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transport experiments and immunocytochemistry and of 270,000 cells per 
dish for calcium imaging. Cortical primary neurons were plated on multiwell 
flat-bottom plates that had been coated with 0.05 mg/ml poly-d-lysine 
(EMD Millipore) in water for at least 3 h. Cortical cells were seeded at a 
density of 1.5 million cells per well on 12-well plates (Falcon) or 0.75 mil-
lion cells per well on 24-well plates (Falcon). Mixed cortical and hippocam-
pal neurons were plated on 96-well plates that were precoated with 
poly-d-lysine (CELLCOAT) at a density of 80,000 cells per well. For 96-well 
plates, N2 supplement (Gibco) was added to the medium at a dilution of 
1:100 to maintain healthy cultures. After 24 h, 5-fluoro-2’-deoxyuridine 
(Sigma-Aldrich) was added at a final concentration of 7.15 µg/ml to  
inhibit glial growth. Half-medium changes were performed every 7 d to 
maintain culture health.

Transient transfections of hippocampal neuronal cultures were per-
formed on DIV 6. After the removal of conditioned medium, cells were 
washed once with warm DPBS without calcium or magnesium (Gibco) and 
immediately placed into warm transfection medium (500 µl per dish) con-
sisting of Neurobasal A (Gibco) with 0.5 mM GlutaMAX (Gibco), 1 mM 
kynurenic acid (Sigma-Aldrich), and 10 mM magnesium chloride (Sigma-
Aldrich) for at least 30 min. To prepare the transfection complexes, Lipo-
fectamine 2000 (Invitrogen) was added to OptiMEM reduced serum 
medium with GlutaMAX (Gibco) at a ratio of 1.35 µl Lipofectamine per 25 µl 
OptiMEM. In separate tubes, plasmid DNA was combined in amounts that 
were equimolar to 1 µg FUGW per 25 ml OptiMEM. After incubating sepa-
rately for 5 min, the Lipofectamine-OptiMEM and DNA-OptiMEM solutions 
were combined and incubated at room temperature while covered for  
25 min. Then, 50 ml of combined transfection solution was added to each 
microwell dish. After the addition of the transfection solutions, the neuronal 
cultures were incubated for 30 min at 37°C. Finally, the cells were washed 
twice with warm DPBS and immediately placed into 3/4 conditioned me-
dium and 1/4 fresh medium. For tau reconstitution experiments, tau con-
structs were cotransfected into Tau/ neurons with FUGW and mito-RFP in 
1:1:1 molar ratios. We verified by immunocytochemistry of fixed cells from 
three independent cultures that all neurons transfected with FUGW and 
mito-RFP also expressed the tau construct, as shown in Fig. 3 F.

ELISA analysis of A levels
Culture medium was collected at DIV 14 and analyzed by ELISA for levels 
of human A1-x and A1–42 as described previously (Johnson-Wood et al., 
1997). Medium was diluted 1:50 to measure A1-x and 1:5 to measure 
A1–42 in this assay.

Lentiviruses expressing shRNA
Lentiviral vectors used for expression of shRNAs were based on FUGW 
(Lois et al., 2002) and were provided by J.A. Harris (Gladstone Institute 
of Neurological Disease, San Francisco, CA). Tau expression was re-
duced with shRNA targeting mouse tau placed under control of the U6 
promoter. The target sequence for the anti-tau shRNA was 5-ACAGAGTC-
CAGTCGAAGATT-3. The U6-shRNA expression cassette (pSilencer 2.0; 
Ambion) was inserted between the NheI and PacI sites of a modified 
FUGW lentiviral backbone, placing the U6-shRNA cassette upstream of 
a ubiquitin C promoter directing expression of EGFP. A similar construct 
expressing a scrambled shRNA (sequence 5-CCACTACCGTTGTTATAG-
GTG-3) was used as a control. Active lentiviral particles were generated 
by cotransfecting the transfer vector with two helper plasmids, delta 8.9 
(packaging vector) and VSV-G (envelope vector), into HEK293T cells. 
The transfected HEK293T cells were placed in an incubator at 3% CO2 
and 37°C overnight, and then at 10% CO2 and 37°C for 2 d. Medium 
was collected once daily during the last 2 d and filtered through a 0.22-µm 
filter. The medium was then loaded in SW28 tubes (Beckman Coulter) 
and centrifuged at 21,000 rpm (50,000 g) for 2 h in an ultracentrifuge 
at room temperature. Pellets from 10 ml of medium each were resus-
pended in HBSS (Gibco) using 1 ml HBSS per pellet. Pooled particles 
were loaded in a volume of 2.5 ml on 2 ml 20% sucrose (in HBSS) in 
SW55 tubes (Beckman Coulter) and centrifuged at 25,000 rpm (50,000 g) 
for 2 h in an ultracentrifuge at room temperature. Each pellet was resus-
pended in 100 µl HBSS and viral particles were transferred into micro-
centrifuge tubes, shaken on vortex at low speed for 1 h at room temperature, 
quick-spun for 15 s, and then aliquoted and stored at 80°C. The viral titer 
(transducing units per milliliter) was determined by transducing HEK293T 
cells with tenfold serial viral dilutions and counting EGFP-expressing cells 
for each viral dilution. For transduction with lentivirus-shRNA constructs, 
neuronal cultures were infected with lentivirus at a multiplicity of infection 
of 2. Transduction of imaged neurons was confirmed by viewing EGFP.

may occur in neurons of Tau/ mice. These findings add to 
growing evidence that endogenous tau regulates disease-rele-
vant neuronal functions in a microtubule-independent fashion 
(Reynolds et al., 2008; Leugers and Lee, 2010; Morris et al., 
2011). Our tau-reconstitution assay provides a new approach to 
further study mechanisms underlying A- and tau-dependent 
neuronal deficits, including the intriguing mediator role that 
GSK3 appears to have in this process.

Materials and methods
Plasmid constructs
The plasmid backbone for all tau constructs was FUGW (provided by  
L. Gan, Gladstone Institute of Neurological Disease, San Francisco, CA), 
which contains a ubiquitin C promoter (Lois et al., 2002). Each tau insert 
replaced the EGFP sequence within FUGW between the AscI and RsrII re-
striction enzyme sites. The tau sequence was based on the most abundant 
isoform of mouse wild-type tau in mature neurons, 0N4R, which is 372 
amino acids in length (McMillan et al., 2008; Peruzzi et al., 2009). The 
structure of the tau truncation constructs is shown in Fig. 4 A, with equivalent 
amino acids in the human 2N4R 441-residue isoform (NCBI Protein data-
base accession no. NP_005901.2) shown in parentheses. Tau truncation 
constructs were created through PCR amplification of segments of Tau-WT. 
The tyrosine-to-phenylalanine mutation at residue 18 (Y18F) and the proline-
to-alanine mutations at residues 164 and 167 (AxxA7) were introduced into 
the Tau-WT sequence using the QuikChange II XL site-directed mutagenesis 
kit (Agilent Technologies). All plasmid sequences were verified by DNA se-
quencing. The mito-RFP construct, which labels mitochondria with RFP (Yoon 
et al., 2003), was provided by Y. Yoon (Georgia Regents University, Au-
gusta, GA). Mito-RFP was constructed by fusing the mitochondrial targeting 
sequence of human isovaleryl coenzyme A dehydrogenase to the N terminus 
of RFP within the pDsRed1-N1 vector backbone, which contains a CMV 
promoter (Takara Bio Inc.; Yoon et al., 2003).

Mice, primary neuronal cultures, and transfections
Tau/ mice, which were generated by homologous recombination replac-
ing exon 1 of the Tau gene with a neomycin resistance cassette (Dawson 
et al., 2001), were obtained from H.N. Dawson and M.P. Vitek (Duke Uni-
versity, Durham, NC). Tau+/ and hAPP/Tau+/ mice were generated by 
breeding Tau+/+ (C57Bl/6J strain; The Jackson Laboratory) and hAPP/
Tau+/+ mice from line J20, which expresses an hAPP minigene with the 
Swedish (K670M/N671L) and Indiana (V717F) familial AD mutations di-
rected by the platelet-derived growth factor promoter (Mucke et al., 2000), 
with Tau/ mice. Littermates of six genotypes (Tau+/+, Tau+/, Tau/, 
hAPP/Tau+/+, hAPP/Tau+/, and hAPP/Tau/) were generated by breed-
ing Tau+/ mice with hAPP/Tau+/ mice. Tau+/+, Tau+/, and Tau/ litter-
mates were also generated by breeding Tau+/+, Tau+/, or Tau/ with 
each other. Tau/ mice were not bred with each other for more than one 
generation. Primary neuronal cultures were established using postnatal 
day 0 pups. Hippocampal and cortical regions were dissected in cold  
Earle’s balanced salt solution (Gibco) and digested with 10 U/ml papain  
(Worthington Biochemical Corporation) in Earle’s balanced salt solution 
for 15 min at 37°C. Low ovomucoid solution containing 0.15% BSA 
(Sigma-Aldrich), 0.15% trypsin inhibitor (Sigma-Aldrich) in Dulbecco’s 
phosphate-buffered saline (DPBS) with calcium and magnesium (Gibco), 
and 66.6 U/ml deoxyribonuclease I (Sigma-Aldrich) was added to stop the 
digestion reaction. After 5 min, the cells were suspended in fresh low ovo-
mucoid solution. Debris was removed with a 70-µm nylon strainer (BD), 
and the cells were spun at 1,000 rpm for 10 min. Cell pellets were then re-
suspended in warm Neurobasal A medium (Gibco), containing 2% B27 
(Gibco), 0.5 mM GlutaMAX (Gibco), and 100 U/ml penicillin/streptomy-
cin (Gibco). Cortical and mixed hippocampal and cortical cells underwent 
an additional step to remove debris: the cell suspension was filtered through 
4% BSA dissolved in neurobasal A by centrifugation at 1,000 rpm for 10 min. 
The cells were then resuspended in warm medium.

Hippocampal primary neurons were plated on glass-bottom micro
well dishes (MatTek Corporation) that had been coated overnight with  
0.5 mg/ml poly-l-lysine (Sigma-Aldrich) in borate buffer and for 1–2 h with 
0.005 mg/ml laminin (Roche) in neurobasal A. Hippocampal cells were 
seeded at a density of 400,000 cells per 10-mm microwell dish for axonal 



429Tau reduction prevents GSK3 activation by A • Vossel et al.

5-CUCUUAUCCAAGUGAGAUC-3; siRNA-2: 5-GUGCUUGCCUGUAA
AAUUU-3; nontargeting siRNA, 5-UGGUUUACAUGUUGUGUGA-3.

Individual siRNAs were added to the culture medium of primary cor-
tical and hippocampal neuronal cultures at DIV 10 (1 µM, final concentration), 
followed by measurements of GSK3 mRNA levels by reverse transcrip-
tion-quantitative PCR (RT-qPCR) on DIV 13 and of GSK3 protein levels by 
Western blotting on DIV 14 in replicate cultures. In pilot experiments, we 
determined that 1 µM of an anti-GSK3 siRNA SMARTpool was the opti-
mal dose to achieve >50% reduction in mRNA and protein without affect-
ing cell viability after 4 d (alamarBlue assay). The nontargeting control 
siRNA also did not affect cell viability at this dose. We then tested each of 
the individual anti-GSK3 siRNAs from the SMARTpool (n = 4) and deter-
mined that two siRNAs were highly effective at silencing GSK3 expres-
sion without affecting cell viability at the 1 µM dose.

Immunocytochemistry, proximity ligation assay, and imaging
Neuronal cell cultures were fixed on DIV 7 (12–18 h after transfections) or 
14 (nontransfected cultures) by 20-min incubation in warm 4% paraformal-
dehyde (Electron Microscopy Sciences) diluted in PBS (Teknova) in EMD 
Millipore water. Note that all washes were done with 0.01% Triton X-100 
(Sigma-Aldrich) in PBS and that all of the following steps were conducted at 
room temperature on a shaker unless stated otherwise. After a 5-min wash, 
cells were permeabilized with 0.1% Triton X-100 in PBS for 10 min. The 
dishes were washed again for 5 min and then blocked with 10% donkey 
serum (Jackson ImmunoResearch Laboratories) in 0.01% Triton X-100 in 
PBS for 30 min. Cells were incubated on a shaker overnight at 4°C in pri-
mary antibodies (Table S1) diluted in PBS containing 10% donkey serum 
and 0.1% Triton X-100. The next day, cells were washed three times for  
5 min and incubated for 1–5 h (incubation times: EP2456Y tau imaged in 
far red, 5 h; EP2456Y tau imaged in green, 1 h; Tau-5 imaged in green, 4 h;  
Tau-1 imaged in green, 1 h) in secondary antibodies (Table S2) diluted in 
PBS containing 10% donkey serum and 0.01% Triton X-100. After three  
5-min washes, cell nuclei were counterstained with DAPI using VECTASHIELD 
Mounting Medium (Vector Laboratories). After three more 5-min washes, 
the cells were placed in PBS at 4°C until imaging.

Proximity ligation assays were performed on primary hippocampal 
cell cultures that were fixed on DIV 7 (1 d after transfections), permeabi-
lized, and blocked as in the previous paragraph. The cultures were incu-
bated on a shaker overnight at 4°C in primary antibodies (Table S1) that 
were diluted in 10% donkey serum in 0.1% Triton X-100 in PBS. The next 
day, the cells were washed three times for 5 min and then incubated for  
1 h in DuoLink In-Situ Probes (Olink Bioscience; Table S2) prepared accord-
ing to the manufacturer’s directions. The incubation steps for the DuoLink 
In-Situ Probes (secondary antibodies), ligation, and amplification reactions 
were performed in a 37°C humidified incubator. Each secondary antibody 
was coupled with a plus or minus oligonucleotide sequence that interacted 
with each other when within 40-nm proximity. After two 5-min washes 
with wash buffer A (Olink Bioscience), the two nucleotide sequences were 
ligated for 1 h with a ligase prepared in a ligase buffer according to the 
manufacturer’s directions and washed twice for 2 min with wash buffer A. 
Next, the sequences were amplified for 100 min using rolling circle amplifica-
tion with a polymerase prepared in an amplification buffer according to the  
manufacturer’s directions. The amplification buffer contained fluorophore-
labeled oligonucleotide probes that hybridized to the amplification prod-
uct, thereby allowing detection. The ligase, polymerase, ligation, and 
amplification buffers were part of the Duolink II Detection Reagents Red  
kit (Olink Bioscience). After amplification, the cells were washed twice for 
10 min with wash buffer B (Olink Bioscience), washed once with 1% wash 
buffer B in PBS, and placed into PBS until imaging.

Images were acquired on a widefield epifluorescence system, con-
sisting of a Ti-E microscope (Nikon) with a xenon arc lamp (Lambda LS; 
Sutter Instrument), motorized stage (Nikon), Coolsnap HQ2 CCD camera 
(Photometrics), 10× objective (Plan Apochromat, NA 0.45; Nikon), and 
NIS-Elements 4.2 acquisition software (Nikon). Excitation and emission fil-
ters were selected according to the fluorophores listed in Table S2. Excita-
tion wavelengths were 485 nm to illuminate Alexa Fluor 488, 572 nm to 
illuminate Alexa Fluor 594 and Duolink II Detection Reagents Red, and 
650 nm to illuminate Alexa Fluor 647. Images were also acquired on a 
spinning disk confocal unit (CSU-X M1; Yokogawa Electric Corporation) 
on an inverted microscope (TI 2000; Nikon) with an electron multiplying 
charge coupled device camera camera (Hamamatsu), 20× objective (Plan 
Apochromat, NA 0.75; Nikon), and open source MicroManager v1.4 ac-
quisition software. Fluorophores listed in Table S2 were illuminated using 
491-, 561-, and 640-nm lasers. All images of fixed tissue were taken at 
room temperature using PBS as the imaging medium.

Preparation of A1–42 oligomers
24 h before treatments, recombinant A1–42 peptide in hydroxyfluroisopro-
panol (rPeptide) was dissolved in DMSO (Sigma-Aldrich) to a concentra-
tion of 5 mM and then diluted in cold sterile-filtered PBS to 0.5 mg/ml. The 
A was then incubated at 4°C without shaking overnight. This technique 
yields oligomeric species of A1–42 (Cheng et al., 2009). Synthetic A1–42 
peptide (Biopeptide), prepared according to the same protocol with the 
added initial step of lyophilizing the peptide in hydroxyfluroisopropanol 
(Sigma-Aldrich), was used for some of the experiments in Fig. 5 and Fig. 8 
(A and B). On Western blots, the rPeptide A1–42 preparation existed as 
low-order oligomers and the Biopeptide A1–42 preparation existed primar-
ily as dimers (Fig. S2 C). By atomic force microscopy, both A1–42 prepara-
tions consisted of small globular aggregates, confirming their oligomeric 
state (Fig. S2 D). Freshly prepared A was used for most experiments. In 
some experiments, we used A preparations that had been snap-frozen 
and thawed. Except for the addition of A, vehicle was prepared accord-
ing to the same protocol. The A concentration (monomeric equivalent) 
was measured on the day of the treatment using the Coomassie (Thermo 
Fisher Scientific) protein assay with BSA (Thermo Fisher Scientific) standard 
curve. The following formula was used to calculate the molar concentration 
of A: A concentration (M) = [sample concentration (µg/ml) × 106 g/µg × 
1,000 ml/l]/4514.1 g/mol.

The concentrations of typical A preparations were between 50 
and 70 µM, and these preparations were diluted to a final concentration 
of 2 µM in the medium for culture treatments. To ensure the A oligomer 
preparations were biologically active, each lot of A oligomers was tested 
for its ability to increase phosphorylation of ERK1/2 within 30 min of addition 
to cortical neuronal cultures following an established protocol (Suberbielle 
et al., 2013). In this assay, 1 µM phorbol 12-myristate 13-acetate (Sigma-
Aldrich), a phorbol ester that causes ERK1/2 phosphorylation by activat-
ing protein kinase C, was used as a positive control. Antibodies used for 
Western blot analysis of cell lysates were anti-phopho-ERK1/2 (rabbit; Cell 
Signaling Technology) at a dilution of 1:1,000 and anti-total ERK1/2 
(mouse; Cell Signaling Technology) at a dilution of 1:2,000.

Culture treatments
Primary cortical neuronal cultures underwent treatments on DIV 14 for 
Western blot analyses (Figs. 8 and S5). To ensure equivalent neuronal ac-
tivity levels across all wells, synaptic activity was first inhibited using a 3-h 
treatment with 10 µM NBQX (Santa Cruz Biotechnology, Inc.) and 100 µM 
D-AP5 (Tocris Bioscience) in conditioned medium. The cells were then 
washed twice with warm DPBS (Gibco) and immediately placed into con-
ditioned medium at 37°C for 1 h before treatments.

Cells were treated with 2 µM A, 0.1 µM wortmannin (Sigma- 
Aldrich), or 10 µg/ml nocodazole (Sigma-Aldrich) in conditioned medium 
or an equivalent amount of vehicle for 30 min or 1 h at 37°C. Immediately 
afterwards, the cells were washed once with warm DPBS and lysed with 
cold RIPA buffer consisting of 150 mM sodium chloride, 1% NP-40, 0.5% 
deoxycholic acid, 0.1% SDS, and 50 mM Tris, pH 7.4, and protease and 
phosphatase inhibitor cocktail (Thermo Fisher Scientific). Cell lysates were 
collected in Eppendorf tubes, sonicated for 5 min twice, centrifuged at 
10,000 rpm for 10 min at 4°C, and stored at 20°C until protein analysis 
was performed.

The GSM (BMS-893204; A1–42 IC50 = 2 nM) was provided by D.S. 
Zuev, L.A. Thompson, and J.H. Toyn (Bristol-Myers Squibb, Wallingford, 
CT). The compound is (S)-N2-(4-(4-chloro-1H-imidazol-1-yl)-3-methoxyphe-
nyl)-N4-methyl-7-phenyl-6,7-dihydro-5H-cyclopenta[d]pyrimidine-2,4-di-
amine and was prepared as reported previously (Boy et al., 2013). The 
compound was dissolved in DMSO to a stock concentration of 10 mM. For 
GSM treatment, BMS-893204 (100 nM, final concentration) was added 
to the medium of cultures on DIV 1 and 7. BMS-893204 concentrations 
ranging from 0.01 to 300 nM were tested for their ability to reduce A1–42 
by >50% in culture medium from hAPP-J20 neurons, and 100 nM was 
determined to be the minimal effective concentration. A -secretase inhibi-
tor (avagacestat [BMS-708163], A1–42 IC50 = 0.3 to 6.7 nM; Albright  
et al., 2013) was provided by Bristol-Myers Squibb and used as a positive 
control for Fig. S2 A. The -secretase inhibitor was dissolved in DMSO 
to a stock concentration of 10 mM and then added to the culture medium 
(100 nM, final concentration) at DIV 1 and 7.

The siRNAs targeting the 3 untranslated region of mouse GSK3 and 
nontargeting control siRNA were obtained from the Mouse Accell siRNA Li-
brary (GE Healthcare) and resuspended in siRNA buffer (GE Healthcare) ac-
cording to the manufacturer’s instructions. The target sequences of the siRNAs 
and the nontargeting control siRNA used in this study are as follows: siRNA-1:  
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approximate length of a mitochondrion under the conditions used here. Di-
rectionality was defined as the direction of maximum displacement. Veloc-
ity was measured for each moving mitochondrion by averaging its total 
velocity, including any brief pauses, while in the image frame. For bidirec-
tionally moving mitochondria, we selected the mean velocity along the di-
rection of maximum displacement. Lengths of mitochondria were measured 
on the kymographs. Pixels were converted to micrometers based on the 
calibration of the objective.

Calcium imaging and immunocytochemistry were quantified using NIS-
Elements 4.2. Regions of interest were drawn around cell bodies to quantify 
Fura-2 fluorescence intensities (340/380 ratio) and around cell bodies and 
axons to quantify fluorescence intensity of immunocytochemically labeled neu-
rons. Fluorescence intensity was normalized to the background signal.

Western blot analysis
Protein concentrations of lysates from primary neuronal cultures collected 
on DIV 14 were determined by Bradford protein assay using the Bradford 
reagent (Bio-Rad Laboratories) and a BSA (Thermo Fisher Scientific) stan-
dard curve. Sample absorbance and protein concentrations were read 
with a spectrophotometer (DU 640B; Beckman Coulter).

Western blot samples were prepared by combining NuPAGE LDS 
sample buffer (Invitrogen), NuPAGE sample reducing agent (Invitrogen), 
the protein sample, and EMD Millipore water to equate sample volumes. 
Wells were generally loaded with 8–15 µg of protein, except HEK293T cell 
lysates, which were loaded at 40 µg per well. The samples were placed on 
a 70°C heating block for 10 min to denature proteins and then loaded into 
NuPAGE Novex 4–12% Bis-Tris Midi Protein Gels (Novex) with one of the 
following three protein ladders on outer wells: Precision Plus Dual Color 
(Bio-Rad Laboratories), Precision Plus Kaleidoscope (Bio-Rad Laboratories), 
or BenchMark (Invitrogen). The running buffer consisted of MOPS running 
buffer (Invitrogen) in cold EMD Millipore water, and the gel was run at 
180 V for 1 h and 10 min. Before transfer, the gel was incubated for  
20 min in 2× transfer buffer consisting of NuPage transfer buffer (Novex) 
in EMD Millipore water with 10% methanol (Thermo Fisher Scientific). The 
protein transfer was completed in 9 min using an iBlot (Invitrogen) and 
iBlot transfer stacks (Novex). The nitrocellulose membrane was washed 
with TBS three times for 8 min followed by incubation in Odyssey blocking 
buffer (LI-COR Biosciences) for 1 h at room temperature. Membranes were 
incubated with primary antibodies (Table S1) diluted in 5% BSA (Sigma- 
Aldrich) in TBS with 0.2% Tween 20 (Bio-Rad Laboratories) overnight at 
4°C. Between the primary and secondary antibody incubations, mem-
branes were washed three times for 8 min with 0.05% Tween 20 in TBS. 
The membranes were then incubated for 1 h at room temperature in fluor
escent secondary antibodies (Table S2), diluted in 5% BSA with 0.2% 
Tween 20, and washed three times for 8 min with TBS. Western blots were 
analyzed with an Odyssey CLx detection system and Image Studio version 
2.0 (LI-COR Biosciences). To account for loading variability, all protein 
bands were normalized to either actin or GAPDH (Table S1).

To measure full-length hAPP and hAPP C-terminal fragments, we 
made the following modifications to the protocol. Protein lysates (45–50 µg)  
were loaded on a 10–20% Tris-Tricine gel (Bio-Rad Laboratories) with XT 
MES (Bio-Rad Laboratories). The gel was run at 120 V on ice until the 
loading dye reached the bottom of the gel. Proteins were transferred to a 
nitrocellulose membrane using a Criterion blotter (Sigma-Aldrich) overnight 
at 4°C at 0.1 A. The nitrocellulose membranes were temporarily stained 
with Ponceau S solution (Sigma-Aldrich) and cut at 25 kD. The top part of 
the membrane was blocked in 5% BSA in TBS and the bottom part of the 
membrane was blocked with 5% milk in TBS for 5 h at room temperature. 
The remainder of the protocol was performed as in the previous paragraph 
using 8E5 (hAPP) and anti-actin in 5% BSA in TBS plus 0.1% Tween 20 
and CT15 (C-terminal fragments; provided by E.H. Koo, University of Cali-
fornia San Diego, San Diego, CA) in 5% milk in TBS plus 0.1% Tween 20, 
as primary antibodies (Table S1). CT15 is a polyclonal antibody gener-
ated against a synthetic peptide corresponding to the final 15 residues of 
the C terminus of APP (Sisodia et al., 1993). Secondary antibodies (Table S2) 
were in Odyssey blocking buffer plus 0.2% Tween 20.

To characterize A1–42 oligomer preparations by Western blotting, 1 µl 
of NuPAGE LDS sample buffer was added to 10–100 ng of protein per well. 
Samples were loaded immediately onto a 10–20% Tris-Tricine gel without 
adding reducing agent or heating. After running the gel at 120 V for 4 h, it 
was transferred to a nitrocellulose membrane using an iBlot for 9 min. The 
membrane was microwaved in 100 ml PBS for 2.5 min and then allowed to 
cool for 2.5 min on the bench top. The blot was blocked in 5% BSA in TBS 
overnight at 4°C. The blot was incubated at room temperature in primary anti-
bodies (82E1 and 6E10 [Table S1]) in 5% BSA in TBS plus 0.1% Tween 20 

Live imaging of mitochondrial axonal transport
Time-lapse images of mitochondrial axonal transport were captured with 
a spinning disk confocal unit on an inverted microscope with Perfect Focus 
system, motorized stage, incubation chamber for live cell imaging, elec-
tron multiplying charge coupled device camera, and MicroManager v1.4 
acquisition software. Objective lenses were 10× (Plan Apochromat, NA 
0.45), 20× (Plan Apochromat, NA 0.75, 423 nm/pixel), and 40× (Plan 
Apochromat, NA 0.95, 214 nm/pixel; Nikon). EGFP and RFP were illumi-
nated using 491- and 561-nm lasers, respectively. Time-lapse imaging for 
Fig. 7 D was obtained on a widefield epifluorescence system (described in 
the Live imaging of [Ca2+]i section) and on a high-speed widefield epifluores-
cence system consisting of a Ti inverted microscope (Nikon), Spectra-X Light 
Engine with ESio AOTF Controller (Lumencor, Inc.), Zyla sCMOS camera 
(Andor Technology), Perfect Focus system, motorized stage, and StageTop 
incubator (Okolab). Epifluorescence microscope images were recorded  
with NIS-Elements 4.2 acquisition software. Objective lenses with the epi-
fluorescence microscopes were 10× (Plan Fluor, NA 0.30), 20× (Plan Apo-
chromat, NA 0.75, 322 nm/pixel), and 40× (Plan Fluor, NA 0.75, 164 nm/ 
pixel; Nikon). Excitation wavelengths were 485 nm to illuminate EGFP and 
560 or 572 nm to illuminate RFP. Incubator settings for all axonal transport 
recordings were 37°C and 5% CO2. pH stability of culture medium was 
verified at the beginning and end of imaging sessions.

At the beginning of each imaging session, we viewed the cultures 
under 10× magnification and recorded the positions of neurons with easily 
identifiable axons, using EGFP (FUGW) as a morphology marker. Axons 
were distinguished as the longest neurite (≥3 times longer than other neu-
rites) in each neuron. The reliability of this method for identifying axons was 
verified in separate hippocampal neuronal cultures in which FUGW was  
cotransfected with BFP-synaptophysin, an axonal marker (provided by  
K. Nakamura, Gladstone Institute of Neurological Disease, San Francisco, CA; 
Berthet et al., 2014). Live imaging of axonal mitochondria (mito-RFP) was 
performed for each axon with a 20× or 40× objective. The 40× objective 
was used for most sessions. Axons were recorded for 30 min to 1 h under 
baseline conditions—for 30 min during any intermediate treatments (e.g., 
TTX [Tocris Bioscience] or SB 415286 [Tocris Bioscience]) and for 1 h during 
A or vehicle treatments. The programmable motorized stage enabled imag-
ing of the same axons before and during treatments. Therefore, each axon 
had its own corresponding baseline recording. Images of mito-RFP were ob-
tained every 1 s for 150 s, with an exposure time of 110 ms per frame. On 
average, 25 mitochondria in an axon segment length of 132 µm, beginning 
at least 50 µm distal to the cell body, were recorded per axon.

Live imaging of [Ca2+]i
Calcium imaging was performed on a widefield epifluorescence system, 
with a Ti-E inverted microscope, broad-spectrum plasma light source (Lambda 
XL lamp; Sutter Instrument), motorized stage (Nikon), excitation filter wheel, 
and Coolsnap HQ2 CCD camera (Photometrics). Cultures were imaged in-
side a 37°C incubation chamber. Fura-2 imaging was acquired using a 10× 
objective (Plan Fluor, NA 0.3, 654 nm/pixel), 340- and 380-nm excitation 
filters, and a FURA2 Emission Filter (Chroma Technology Corp.). Excitation 
exposure times ranged from 100 to 300 ms to optimize signal brightness fol-
lowing published guidelines (Barreto-Chang and Dolmetsch, 2009). Images 
were recorded with NIS-Elements 4.2 acquisition software.

45 min before imaging, primary hippocampal neurons were placed 
in warm Hepes-buffered saline solution (HBS: 119 mM NaCl, 2.5mM KCl, 
2 mM MgCl2, 2 mM CaCl2, 25 mM Hepes, and 30 mM glucose) and 
labeled with acetoxy-methyl-ester Fura-2 (Fura-2 AM; Invitrogen) ratiomet-
ric calcium indicator. The Fura-2 AM stock was prepared by dissolving 
a 50-µg vial in Pluronic F-127 (10% solution in DMSO; Invitrogen) to a 
concentration of 4 mM. The Fura-2 AM stock was then diluted to a final 
concentration of 1:1,000 in HBS for cell labeling. Immediately before im-
aging, the cultures were washed twice with warm HBS and then placed 
again in warm HBS as an imaging medium. Cells were imaged for 2–5 min 
under baseline conditions and then for up to 40 min after treatments. 50 mM 
KCl was administered at the end of each experiment as a positive control 
to increase [Ca2+]i. Images were obtained every 5 s for KCl treatments and 
every 30 s for A treatments.

Image analysis
Axonal transport images were processed in ImageJ (National Institutes of 
Health) using the Multiple Kymograph and tsp050706 plugins. Investigators 
were blinded to genotypes and treatments. To ensure that viable cells were 
imaged, we excluded cells with axonal beading in EGFP and axons with 
no moving mitochondria during baseline conditions. Moving mitochondria 
were defined as those showing displacement of at least 2 µm, which is the 
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for 3 h, and then in secondary antibody (IRDye 800CW donkey anti–mouse 
IgG, 1:10,000) in Odyssey blocking buffer plus 0.2% Tween 20 for 1 h.

RT-qPCR
For RT-qPCR, total RNA was isolated from neuronal cultures, reverse tran-
scribed, and analyzed by real-time PCR using the TaqMan Gene Expression 
Cells-to-CT kit (Ambion) and a Sequence Detection System (ABI Prism 7900HT; 
Applied Biosystems). The TaqMan Assay primer–probe sets for mouse 
GSK3 (Mm00444911_m1) and mouse GAPDH (Mm99999915_g1) 
were obtained from Life Technologies. GSK3 mRNA levels were normal-
ized to GAPDH.

Atomic force microscopy
We used ex situ atomic force microscopy as described previously (Cheng 
et al., 2009) to analyze the A1–42 preparations that were added to neuro-
nal cultures. After incubation at 4°C overnight, A1–42 preparations were 
deposited on fleshly cleaved mica (SPI Supplies) and allowed to sit for 2 min. 
The mica substrate was then washed with 200 µl of ultrapure water, and 
the sample was dried under a gentle stream of air. Samples were imaged 
with a scanning probe microscope (MFP3D; Asylum Research) using a sili-
con cantilever (Veeco) with a nominal spring constant of 40 N/m and reso-
nance frequency of 240–270 kHz. Images were acquired using the 
following settings: drive amplitude 150–500 kHz with set points of 0.55–
0.7 V, scan frequencies of 2–4 Hz, image resolution of 512 × 256 points, 
and scan size of 6.5 µm.

Statistical analysis
Individual neurons were designated as independent biological units for statisti-
cal comparisons as described previously (Vossel et al., 2010). Intergroup  
differences in genotype or treatment effects were assessed by one-way or two-
way analysis of variance (ANOVA) followed by Dunnett’s post-hoc tests (para-
metric data) or Kruskal-Wallis ANOVA, followed by Dunn’s post-hoc tests 
(nonparametric data). Within each genotype group, treatment effects were as-
sessed with paired t tests (parametric data) or Mann-Whitney rank-sum test 
(nonparametric data) with Bonferroni correction for multiple comparisons. For 
sequential treatments, treatment effects were compared using repeated mea-
sures ANOVA followed by Dunnett’s post-hoc tests. The Levene median test for 
equality of variances was used to assess variance in [Ca2+]i. The null hypothe-
sis was rejected at P < 0.05. Unadjusted p-values that survived corrections for 
multiple comparisons are shown in the figures. Statistical analyses were per-
formed with SigmaPlot version 12.0 (Systat Software).

Online supplemental material
Fig. S1 shows that the velocity and length of mitochondria are unaffected 
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