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ABSTRACT Disruption of fast axonal transport (FAT) and intracellular Ca?* dysregulation are
early pathological events in Alzheimer’s disease (AD). Amyloid-B oligomers (ABOs), a caus-
ative agent of AD, impair transport of BDNF independent of tau by nonexcitotoxic activation
of calcineurin (CaN). Ca?*-dependent mechanisms that regulate the onset, severity, and spa-
tiotemporal progression of BDNF transport defects from dendritic and axonal ABO binding
sites are unknown. Here we show that BDNF transport defects in dendrites and axons are
induced simultaneously but exhibit different rates of decline. The spatiotemporal progression
of FAT impairment correlates with Ca?* elevation and CaN activation first in dendrites and
subsequently in axons. Although many axonal pathologies have been described in AD, stud-
ies have primarily focused only on the dendritic effects of ABOs despite compelling reports
of presynaptic ABOs in AD models and patients. Indeed, we observe that dendritic CaN acti-
vation converges on Ca?* influx through axonal voltage-gated Ca?* channels to impair FAT.
Finally, FAT defects are prevented by dantrolene, a clinical compound that reduces Ca?* re-
lease from the ER. This work establishes a novel role for Ca?* dysregulation in BDNF transport
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disruption and tau-independent AP toxicity in early AD.

INTRODUCTION

Impaired fast axonal transport (FAT) of organelles correlates with
early stages of Alzheimer’s disease (AD) progression and is observed
before cell death (Goldstein, 2012; Millecamps and Julien, 2013).
Neurons cultured from AD mice expressing disease-associated mu-
tations exhibit FAT defects (Pigino et al., 2003; Lazarov et al., 2007;
Stokin et al., 2008). These findings are corroborated in vivo by man-
ganese-enhanced magnetic resonance imaging of FAT, which reveal
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defects that precede amyloid plaque deposition and extensive neu-
rofibrillary tangle formation (Minoshima and Cross, 2008; Smith
et al., 2011). Collectively these data support a causal role for FAT
disruption in AD. Although the mechanisms of dendritic transport
are less well characterized, they are also critical for neuronal function
and survival. Transport of glutamate receptors, endosomes, and
brain-derived neurotrophic factor (BDNF) within dense-core vesicles
(DCVs) is essential for spine growth, learning, and memory
(Kennedy et al., 2010; Lu et al., 2013; Yoshii et al., 2013). Thus trans-
port dysregulation in both axons and dendrites has significant physi-
ological consequences in diseased neurons.

According to the “calcium hypothesis of AD,” amyloid-B (AB)
overproduction and toxicity are induced by aberrant Ca?* signaling
before accumulation of hyperphosphorylated tau (p-tau) and cogni-
tive decline (Berridge, 2010; Chakroborty and Stutzmann, 2011). A
oligomers (ABOs) increase Ca?* influx through several membrane
receptors, including N-methyl-p-aspartate (NMDA) and o-amino-3-
hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) glutamate re-
ceptors and axonal voltage-gated Ca?* channels (VGCCs; Ferreira
and Klein, 2011). This triggers a persistent elevation in resting cyto-
solic Ca?*, which is primarily maintained by Ca?*-induced Ca2*
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release (CICR) from the endoplasmic reticulum (ER; Paula-Lima
et al., 2011). Elevated cytosolic Ca?* activates the Ca?*/calmodulin-
dependent phosphatase calcineurin (CaN). Activated CaN relieves
inhibition of protein phosphatase-1 (PP1), which in turn overacti-
vates glycogen synthase kinase 3B (GSK3p), ultimately leading to
synapse failure (Reese and Taglialatela, 2011).

In axons, GSK3p activation can induce hyperphosphorylation of
tau and disrupt FAT by inhibiting motor protein activity and cargo
binding (Morfini et al., 2002; Weaver et al., 2013). ABOs reduce ve-
sicular transport of BDNF in primary neurons through an NMDA re-
ceptor (NMDAR)-dependent mechanism, which is mediated by
GSK3p (Decker et al., 2010b). Of note, we found that ABO-induced
transport defects occur independent of tau, microtubule destabili-
zation, and acute cell death (Ramser et al., 2013). We rescued FAT
defects by inhibiting CaN and prevented them by inhibiting PP1
and GSK3p. Our findings implicated dysregulated Ca?* signaling in
BDNF transport disruption when the contribution of pathogenic tau
is likely minimal.

The Ca?*-dependent mechanisms that regulate the onset, sever-
ity, and spatiotemporal progression of BDNF transport defects from
dendritic and axonal ABO binding sites are unknown. In particular, it
is unclear how the binding of ABOs to postsynaptic sites leads to
tau-independent FAT impairment. We investigated these mecha-
nisms in primary hippocampal neurons cultured from wild-type
(tau*’*) and tau-knockout (tau™-) mice. This model system is ideal for
high-resolution imaging of organelle transport and detection of spa-
tiotemporal changes in protein localization. Furthermore, cultured
neurons treated with ABOs recapitulate AD pathologies such as cal-
cium dyshomeostasis, kinase signaling cascade dysregulation, tau
hyperphosphorylation, and FAT defects (De Felice et al., 2007,
2008; Decker et al., 2010b; Vossel et al., 2010; Zempel et al., 2010),
which are central to this study. Here we show that defects in den-
dritic and axonal transport of BDNF are induced simultaneously but
decline at different rates: maximal impairment of dendritic transport
precedes maximal impairment of FAT. This correlates with Ca?* ele-
vation and CaN activation in dendrites and subsequently in axons.
Postsynaptic CaN activation converges on axonal calcium dysregu-
lation to impair FAT. Specifically, ABOs colocalize with axonal
VGCCs, and blocking VGCCs prevents FAT defects. Finally, BDNF
transport defects are prevented by dantrolene, a compound that
reduces CICR through ryanodine receptors in the ER membrane.
This work establishes a novel role for Ca?* dysregulation in BDNF
transport disruption and tau-independent A toxicity.

RESULTS

ABOs induce dendritic, calcineurin-dependent transport
defects that precede maximal impairment of FAT

We previously showed that ABOs impair axonal BDNF transport
independent of tau by nonexcitotoxic activation of CaN, a Ca?*/
calmodulin-dependent phosphatase implicated in AD (Ramser
et al., 2013). It is unknown how the binding of ABOs to dendritic
synaptic sites leads to FAT impairment. Because CaN, its effec-
tors (PP1 and GSK3B), and KIF1A, the primary kinesin motor re-
quired for BDNF transport (Lo et al., 2011), are present in both
dendrites and axons (Lee et al., 2003; Mansuy, 2003), we asked
whether ABOs induce dendritic, CaN-dependent transport de-
fects that precede FAT disruption. In addition, to determine
whether ABO-induced mislocalization of axonal tau to dendrites
(Zempel et al., 2010; Ittner and Gotz, 2011) impairs dendritic
transport, we imaged tau** and tau™ hippocampal neurons ex-
pressing BDNF-monomeric red fluorescent protein (mRFP) 4-26 h
after exposure to 500 nM ABOs (Figure 1, Supplemental Table ST,
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and Supplemental Video S1). Irreversible ABO binding was con-
firmed retrospectively by immunocytochemistry (Figure 1A) using
an oligomer-specific antibody (NU-4; Lambert et al., 2007). Rep-
resentative kymographs illustrate differences between BDNF
transport in control (vehicle-treated) and ABO-treated neurons
(Figure 1, B and C) and are used to calculate vesicle flux, an index
of transport (see Materials and Methods for a detailed explana-
tion). Total dendritic flux was similarly and markedly reduced in
ABO-treated cells, both in the presence and absence of tau
(Figure 1, B and C, and Supplemental Table S1). Treatment with 1
pM FK506, a highly specific, potent inhibitor of CaN, rescued
these defects (Schreiber and Crabtree, 1992). A complete list of
transport statistics is provided in Supplemental Table S1. To as-
sess the spatiotemporal progression of transport defects, we
measured and compared dendritic and axonal transport after
4-26 h of ABO treatment (Figure 1C). BDNF transport defects
were induced simultaneously in both compartments but exhib-
ited different rates of decline: maximal impairment of dendritic
transport defects were observed within 5-12 h of ABO treatment,
before maximal impairment of FAT after 18 h of ABO exposure.
As we previously reported, we observed no concomitant reduc-
tion in cell viability or structural alterations of the microtubule
network (Decker et al., 2010b; Ramser et al., 2013). Further con-
trol experiments include treatment of cultured neurons with a
nonaggregated, scrambled form of the AP 4, peptide, which
failed to induce transport defects (Decker et al., 2010b). Thus,
under our experimental conditions, BDNF transport defects arise
before overt neurotoxicity and are likely an early and specific con-
sequence of ABO treatment. Collectively our results show that
ABO-induced dendritic transport defects precede FAT disruption
and occur by a common tau-independent mechanism that is re-
versible upon CaN inhibition.

ABO-induced elevation of intracellular calcium correlates
with the spatiotemporal progression of BDNF transport
defects

ABOs increase Ca?* influx through several membrane receptors,
including NMDARs, AMPA receptors (AMPARs), and voltage-
gated Ca?* channels (Ferreira et al., 2007). This triggers a persistent
elevation in resting cytosolic Ca?*, which activates downstream
Ca?*/calmodulin-dependent proteins, such as CaN (Reese and
Taglialatela, 2011). Within minutes of ABO treatment, CaN activation
is observed, first in dendritic spines and minutes to hours later in the
cell body (Wu et al., 2012). Because ABOs impair dendritic and ax-
onal transport by a similar CaN-dependent mechanism, we asked
whether Ca?* and active CaN are elevated first in dendrites and later
in axons, reflecting the spatiotemporal progression of BDNF trans-
port defects. To detect ABO-induced changes in neuronal cytosolic
Ca?*, we expressed a genetically encoded Ca?* sensor termed cam-
eleon (D3cpV) in neurons before treatment with either vehicle or 500
nM ABOs (Figure 2). In comparison to control neurons, a significant
increase in fluorescence resonance energy transfer (FRET) between
the calmodulin—cyan fluorescent protein (CFP) donor and the M13-
cpVenus acceptor was observed exclusively in the cell body and pri-
mary dendrites after 5 h of ABO treatment (Figure 2, A and B). After
13-18 h of ABO exposure, FRET ratios were also markedly increased
in proximal axon segments within 300 um of the cell body (Figure 2,
A and B), indicated by the increased red shift of the thermoscale.
Therefore, ABOs trigger an increase in cytosolic Ca?* that is initially
restricted to the somatodendritic domain and subsequently spreads
through the axon. This coincides with the spatiotemporal progres-
sion of BDNF transport defects from dendrites to axons.
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ABOs induce dendritic, calcineurin-dependent transport defects that precede maximal impairment of FAT.
(A) Expression of soluble blue fluorescent protein (BFP) and BDNF-mRFP in an ABO-treated tau™~ neuron (from left to
right). Overlay of BFP and ABO images shows binding of ABOs to dendrites (MAP2 positive) and axons.
Immunocytochemistry shows that ABOs remain oligomeric after 18 h in culture. Arrows indicate axons; arrowheads
indicate dendrites. (B) Total dendritic flux was markedly reduced in ABO-treated tau™- cells. Treatment with 1 uM FK506
rescued these defects. Representative kymographs illustrate differences between BDNF transport in control and
treated neurons. (C) BDNF transport defects were induced simultaneously in both compartments but exhibited different
rates of decline: significant dendritic transport defects were observed within 5-12 h of ABO treatment, before maximal
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ABO-induced elevation of intracellular calcium correlates with the spatiotemporal progression of BDNF
transport defects. (A, B) Representative images and quantification of cameleon FRET ratios in control and ABO-
treated tau™" neurons. In comparison to control neurons, a significant increase in FRET between the calmodulin-CFP
donor and the M13-cpVenus acceptor was observed exclusively in the cell body and primary dendrites after 5 h of
ABO treatment. After 13-18 h of ABO exposure, FRET ratios were also markedly increased in proximal axon
segments within 300 pm of the cell body. Graphs show means £ SEM. A minimum of 15 cells from three independent
cultures were analyzed per condition; *p < 0.05, **0.001 < p < 0.05, and ***p < 0.001 relative to controls. Scale bar,
50 pm.

impairment of FAT after 18 h of ABO exposure. Green trace indicates anterograde transport; red trace indicates
retrograde transport. Graphs show means + SEM. A minimum of 20 cells from three different cultures were analyzed per
condition; ***p < 0.001 relative to controls. Tau*/* transport data are presented in Supplemental Table S1. Complete
statistical evaluation is presented in Supplemental Table S1. Scale bar, 25 pm.
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ABO-induced calcineurin activation coincides with the
spatiotemporal progression of BDNF transport defects
Calmodulin (CaM) binds free Ca?* ions and directly activates CaN
(Reese and Taglialatela, 2011). Previously we used in vitro phos-
phatase assays to detect elevation of CaN activity in cultured neu-
rons treated with 500 nM ABOs for 18 h (Ramser et al., 2013). To
determine the spatiotemporal progression of ABO-induced CaN ac-
tivation, we performed in situ proximity ligation assays (PLAs) on
control and ABO-treated neurons (Figure 3). First, CaM and CaN-
specific primary antibodies for PLA analyses were validated by im-
munocytochemistry. As expected, CaM appeared soluble and ubig-
uitous, whereas CaN appeared punctate and localized predominantly
to cell bodies and dendrites in control cells (Mansuy, 2003; Wu et al.,
2012; Figure 3A). We visualized and quantified PLA puncta, indica-
tive of CaN activation, in 100-um segments of dendrites and axons
after 4, 8, and 18 h of ABO exposure (Figure 3, B and C). In compari-
son to control cells, a significant increase in CaN activation was ob-
served exclusively in the cell body and dendrites after 4 h of ABO
treatment. After 18 h of ABO exposure, marked CaN activation was
also detected in proximal axon segments (Figure 3, B and C). lono-
mycin, a Ca?* ionophore, induced global CaN activation within
30 min of treatment. Results show that ABO-induced CaN activation
is concomitant with cytosolic Ca?* elevation in dendrites and axons
and strongly suggests that this response mediates the spatiotempo-
ral progression of BDNF transport defects.

ABOs bind to axons and colocalize with presynaptic
voltage-gated calcium channels

Of interest, although they decline at different rates, dendritic and
axonal transport defects are induced simultaneously (Figure 1). This
may be attributed to a novel, presynaptic mechanism of ABO-induced
Ca?* dysregulation that converges on postsynaptic mechanisms of
CaN activation to impair FAT. Although ABOs are believed to bind
exclusively to dendritic membrane proteins (Cochran et al., 2013), in
vitro and in vivo evidence suggests that ABOs also modulate presyn-
aptic VGCC activity (Cataldi, 2013). If Ca?* elevation is restricted to
the cell body and dendrites by extensive buffering mechanisms, ax-
onal ABO binding may induce aberrant Ca?* influx through VGCCs
and contribute to FAT impairment. By immunocytochemistry with an
ABO-specific antibody (NU-4), we discovered that ABOs bind along
the entire length of the axon in cultured neurons (Figure 4A). To de-
termine whether axonal ABOs are also present in vivo, we performed
immunohistochemistry on brain sections from double-transgenic AD
mice (LaFerla 3xTg and APP,3/PS;s; unpublished data for the latter
genotype). NU-4 staining revealed a punctate distribution of ABOs
along dendrites and, strikingly, axons in the cortex (Figure 4B). ABOs
were not detected in age-matched wild-type control mice (Figure
4B). On the basis of reports that ABOs shift the steady-state activa-
tion of VGCCs toward more hyperpolarized values in HEK cells and
increase CaZ* influx in Xenopus oocytes (Hermann et al., 2013), we
asked whether the P/Q and N-types, expressed abundantly in hip-
pocampal neurons, constitute binding targets. Immunocytochemis-
try revealed a punctate distribution of both channel types in hip-
pocampal neurons and a high degree of colocalization with ABOs
(P/Q type, 83.5%; N type, 73.3%; Figure 4C and unpublished data).
These results suggest that axonal ABOs associate directly or indi-
rectly with presynaptic VGCCs and modulate their activity.

Inhibition of presynaptic voltage-gated Ca?* channels
prevents axonal, but not dendritic, BDNF transport defects
To determine whether ABO-induced activation of presynaptic
VGCCs impairs FAT, we incubated tau** and tau™ neurons with
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50 nM w-agatoxin IVA (P/Q-type channel blocker) or 100 nM ®-
conotoxin GVIA (N-type channel blocker) for 30 min. As a negative
control, we exposed neurons similarly to 10 pM nimodipine, which
inhibits postsynaptic L-type Ca?* channels (spatial distribution of
VGCCs reviewed in Dolphin, 2012). Subsequently we treated tau*’*
and tau™" neurons with 500 nM ABOs for 18 h. Exposure to VGCC
inhibitors did not prevent ABO binding (Figure 5A). Remarkably, in-
hibition of P/Q- and N-type VGCCs prevented axonal BDNF trans-
port defects, independent of tau (Figure 5B and Supplemental Table
S2). w-Agatoxin and ®-conotoxin maintained normal anterograde
and retrograde flux in the presence of ABOs (Figure 5B). Average
vesicle velocity and run length were also similar in control and pre-
treated cells. Consistent with the low abundance of L-type Ca?*
channels in axons (Hell et al., 1993; Leitch et al., 2009), nimodipine
pretreatment did not prevent ABO-induced transport defects (Figure
5B). To confirm that Ca?* influx mediates transport disruption, we
chelated extracellular Ca?* with 1.5 mM ethylene glycol tetraacetic
acid (EGTA) before ABO addition. Indeed, extracellular Ca?* chela-
tion precluded FAT disruption (Figure 5B). By contrast, in dendrites,
inhibition of P/Q- and N-type VGCCs failed to prevent ABO-induced
transport defects (Figure 5C). A complete list of transport statistics is
provided in Supplemental Table S2. Similar trends were observed
upon inhibition of L-type channels, despite their predominantly so-
matodendritic distribution (Figure 5C). This result suggests that Ca?*
influx through L-type channels may be negligible compared with
NMDARs and other abundant postsynaptic channels and receptors
and thus does not regulate dendritic BDNF transport. Collectively
our findings indicate that ABO-induced Ca?* influx through presyn-
aptic P/Q- and N-type VGCCs specifically blocks BDNF transport

in axons.

Ryanodine receptor inhibition prevents axonal BDNF
transport defects

Although there are many possible extracellular routes for ABO-
induced Ca?* influx, they may converge on CICR from the ER. CICR
is required for sustained Ca?* elevation and signaling dysregulation
in AD pathology (Demuro et al., 2010). Compounds that restore
Ca?* homeostasis can improve learning and memory in transgenic
AD animal models (Oules et al., 2012). Traditionally, neuronal ER was
believed to exist only in the cell body and dendrites; however, we
and others have localized ER to axons of mammalian CNS neurons
(Shimizu et al., 2008; Deng et al., 2013). We detected ER in the den-
drites and axons of primary hippocampal neurons by staining for
endogenous ryanodine receptors (RyRs) and reticulon-3 (Ret3), well-
defined markers for the ER membrane (Figure 6, A and B). Axons
were distinguished by standard morphological criteria and by the
absence of MAP2. To determine whether CICR contributes to FAT
impairment, we exposed tau*’* and tau™~ neurons to 0.5 uM dant-
rolene, a clinical compound that selectively blocks RyRs (Chakroborty
et al., 2012). Subsequently we treated neurons with 500 nM ABOs
for 18 h. Remarkably, inhibition of RyRs prevented ABO-induced
transport defects independent of tau (Figure 6C and Supplemental
Video S2). Dantrolene treatment maintained normal anterograde
and retrograde flux in the presence of ABOs (Figure 6C and Supple-
mental Video S2). A complete list of transport statistics is provided
in Supplemental Table S3. Taken together, our data demonstrate a
central role for CICR in the disruption of FAT by ABOs and indicate
that restoring Ca?* homeostasis prevents these FAT defects.

DISCUSSION
Intracellular Ca?* dysregulation and FAT disruption are early
pathological manifestations that lead to loss of synapse function

Molecular Biology of the Cell
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ABO-induced calcineurin activation coincides with the spatiotemporal progression of BDNF transport defects.
(A) CaN- and CaM-specific primary antibodies for PLA analyses were validated by immunocytochemistry. As expected,
CaM appeared soluble and ubiquitous, whereas CaN appeared punctate and localized predominantly to dendrites in
control cells. (B) Representative images and (C) quantification of CaN-CaM puncta in control and ABO-treated tau™~
neurons. In comparison to control cells, a significant increase in CaN activation was observed by PLA exclusively in the
cell body and dendrites after 5 h of ABO treatment. After 13-18 h of ABO exposure, marked CaN activation was also
detected in proximal axon segments. Graphs show means + SEM. A minimum of 15 cells from three independent cultures
were analyzed per condition; *p < 0.05, **0.001< p < 0.05, and ***p < 0.001 relative to controls. Scale bar, 25 pm.
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ABOs bind to axons and colocalize with presynaptic voltage-gated calcium channels. (A) Representative
images of immunocytochemistry with an ABO-specific antibody (NU-4) show that ABOs bind along the entire length of
the axon in cultured neurons. (B) Immunohistochemistry on coronal sections from 12-mo-old transgenic AD mouse brain
(LaFerla 3xTg) reveal a punctate distribution of ABOs along axons in the cortex. Axons are distinguished by the absence
of MAP2 staining (inset). ABOs were not detected in age-matched wild-type control mice. (C) Representative images of
ABO and CaV 2.1 (P/Q-type VGCC) immunocytochemistry. Of axonal ABOs, 83.5% colocalize with P/Q-type VGCCs.

A minimum of 15 cells from three independent cultures were analyzed. Arrows indicate axons, arrowheads indicate
dendrites, and asterisks indicate regions of overlapping puncta. Scale bar, 100 pm.

and axonal degeneration in AD (Berridge, 2010; Millecamps  activation in dendrites and subsequently in axons. Postsynaptic
and Julien, 2013). Here we correlate the spatiotemporal pro-  CaN activation converges on axonal calcium dysregulation to

gression of transport defects with Ca?* elevation and CaN  impair FAT. Specifically, ABOs colocalize with axonal VGCCs,
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Inhibition of presynaptic voltage-gated Ca?" channels prevents axonal but not dendritic BDNF transport
defects. (A) Representative images of MAP2 and ABO immunocytochemistry. Pretreatment of tau”~ neurons with 50 uM
w-agatoxin IVA (P/Q-type channel blocker), 100 pM w-conotoxin GVIA (N-type channel blocker), 10 uM nimodipine, or
1.5 mM EGTA did not prevent ABO binding. (B) Inhibition of P/Q- and N-type VGCCs prevented axonal BDNF transport
defects independent of tau. Consistent with the absence of L-type Ca?* channels in axons, nimodipine pretreatment did
not prevent ABO-induced transport defects. Extracellular Ca* chelation with EGTA precluded FAT disruption. (C) By
contrast, in dendrites, inhibition of P/Q- and N-type VGCCs failed to prevent ABO-induced transport defects.
Pretreatment with nimodipine or EGTA also did not prevent ABO-induced transport defects. Graphs show means +
SEM. A minimum of 15 cells from three different cultures were analyzed per condition; ***p < 0.001 relative to controls,
and ***p < 0.001 relative to ABO-treated cells. Tau*/* transport data are presented in Supplemental Table S2. Complete
statistical evaluation is presented in Supplemental Table S2. Scale bar, 25 pm.

and blocking VGCCs prevents FAT defects. Finally, BDNF trans-  a novel role for Ca?* dysregulation in BDNF transport disruption
port defects are prevented by dantrolene, a compound that and in tau-independent A toxicity during early AD
reduces CICR through RyRs. Collectively this work establishes  pathogenesis.
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Ryanodine receptor inhibition prevents axonal BDNF transport defects. (A, B) Representative images of Ret3
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condition; ***p < 0.001 relative to controls. Tau*/* transport data are presented in Supplemental Table S3. Complete
statistical evaluation is presented in Supplemental Table S3. Scale bar, 25 pm.
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Dendritic BDNF transport defects may contribute

to ABO-induced cellular toxicity

Although substantial evidence implicates axonal transport deficits in
neurodegeneration, less is known about the roles and regulation of
dendritic transport in normal and disease states. KIF1A coordinates
dendrite branch morphogenesis and regulates the apposition of ac-
tive zones and postsynaptic densities by controlling site-specific de-
position of its cargo (Kern et al., 2013). In rat primary neurons, BDNF
synthesized in the cell body is trafficked to proximal dendrites,
where it promotes spine formation (Orefice et al., 2013), increases
dendritic branching, and modulates synaptic function (Kuczewski
et al., 2009). Alternatively, dendritic BDNF might constitute a re-
serve pool for presynaptic BDNF, which could be rapidly recruited to
or from axon terminals upon changes in synapse activity (Maeder
et al., 2014). Collectively these studies demonstrate critical roles for
dendritic BDNF transport in postsynaptic development, function,
and plasticity. Here we show that ABOs impair bidirectional trans-
port of BDNF in dendrites. Ultimately, this may compromise post-
synaptic BDNF secretion, reduce synaptic efficacy, and lead to neu-
rodegeneration in AD. Restoring BDNF transport increases its
release and promotes neuronal survival (Pineda et al., 2009). To our
knowledge, we are the first to implicate reduced dendritic transport
of BDNF in AD pathogenesis.

Dendritic and axonal sources of calcium elevation converge
to disrupt BDNF transport

We demonstrate that dendritic and axonal BDNF transport defects
are induced concomitantly but exhibit different rates of decline: sig-
nificant dendritic transport defects precede maximal impairment of
FAT. These findings suggest that dendritic and axonal sources of
Ca?* elevation converge to disrupt BDNF transport. ABOs are be-
lieved to interact preferentially with postsynaptic membrane recep-
tors and modulate their activity (Cochran et al., 2013). Glutamate
receptors, which mediate dendritic Ca?* elevation, appear to be
centrally involved (Ferreira and Klein, 2011); NMDARs coimmuno-
precipitate with ABOs from rat synaptosomal membranes (De Felice
et al., 2007), and ABO binding is reduced in dendrites of NMDAR-
knockdown neurons (Decker et al., 2010a). We previously showed
that NMDARs mediate ABO-induced disruption of BDNF transport
by activation of CaN-GSK3p signaling. Dendritic transport may de-
cline more rapidly than FAT due to the abundance and density of
postsynaptic glutamate receptors at spines and therefore greater
proximity of the transport apparatus and its regulators to sites of
Ca?*influx and CICR from somatodendritic ER.

Of interest, although they decline at different rates, dendritic
and axonal transport defects are induced simultaneously. This may
be attributed to a novel, presynaptic mechanism of ABO-induced
Ca?* dysregulation. Presynaptic ABO binding has not been investi-
gated extensively, and specific axonal binding sites and protein
interactions remain uncharacterized. Here we report that ABOs
bind to axons in culture and transgenic AD mouse brain. Consis-
tently, immuno-electron microscopy studies indicate that ABOs
localize to axons and presynaptic terminals at higher density in AD
mice and patients than in wild-type mice or nondemented individ-
uals (Kokubo et al., 2005a,b). Furthermore, we show that ABOs
colocalize with axonal VGCCs. Although other work failed to dem-
onstrate direct or indirect binding, ABOs markedly increase VGCC
currents in cultured cortical and hippocampal neurons (Ramsden
et al., 2002; Hermann et al., 2013). Treatment with antagonists rec-
tifies Ca?*influx (Bobich et al., 2004) and protects against Ap-
induced cellular toxicity (Anekonda and Quinn, 2011; Copenhaver
et al., 2011). In the present study, inhibition of P/Q- and N-type

Volume 26 March 15, 2015

channels precludes axonal BDNF transport defects, further impli-
cating VGCCs in AD progression.

Although there are many possible extracellular routes for ABO-
induced Ca?*influx, they may converge on CICR from the ER to dis-
rupt transport. Indeed, we prevented axonal BDNF transport de-
fects by inhibiting RyRs with dantrolene, attesting to ER involvement.
In accordance with this finding, activity-dependent capture of DCVs
at synaptic boutons requires CICR by presynaptic RyRs and activa-
tion of Ca?*/calmodulin-dependent kinase Il (CaMKIl; Wong et al.,
2009). Moreover, in young 3xTg-AD mice, a compensatory increase
in RyR expression reduces the threshold for CICR, such that basal
NMDAR activation elevates Ca?* efflux from the ER in both den-
drites and axons (Chakroborty et al., 2012). It is possible that ABO-
induced Ca?* release from axonal RyRs contributes to FAT disrup-
tion, notably in the presence or absence of tau. Collectively these
results strongly support a role for Ca?* dysregulation during early
neurodegeneration.

Calcium-dependent mechanisms of motor protein regulation
There are several Ca?*-dependent mechanisms by which ABOs
might disrupt BDNF transport. One mechanism could involve CaN-
dependentinhibition of motor protein activity, mediated by GSK3p.
GSK3B is implicated in many aspects of AD pathogenesis (Hooper
etal., 2008) and negatively regulates axonal transport in squid axo-
plasm (Pigino et al., 2003), Drosophila neurons (Shaw and Chang,
2013), and mammals (Cantuti Castelvetri et al., 2013; Ramser et al.,
2013). Negative regulation of kinesin-1 (KIF5) and cytoplasmic dy-
nein is accomplished by reducing the number of motors that are
bound to microtubules (Dolma et al., 2014). A second mechanism
might comprise disruption of motor protein—cargo binding. Den-
dritic trafficking of NMDAR-containing vesicles is perturbed upon
phosphorylation of KIF17 by CaMKIl, which attenuates the interac-
tion between KIF17 and its cargo adaptor, Mint1 (Yin et al., 2011).
Similarly, it is possible that activation of CaN-GSK3B signaling
phosphorylates KIF1A and blocks BDNF transport. A third mecha-
nism could require activation of a Ca?*-sensing protein that directly
inhibits motor motility. For example, the Ca?*-sensitive mitochon-
drial protein, Miro, interacts with the motor domain of KIF5 to dis-
sociate it from microtubules (Wang and Schwarz, 2009). KIF1A mo-
tility and BDNF transport might be impaired by an analogous
mechanism.

On the basis of our present findings and other current models of
AD pathogenesis, we propose the following mechanism for Ca?*-
dependent disruption of dendritic and axonal BDNF transport
(Figure 7). ABOs bind to dendrites and axons, enhancing Ca?* influx
through dendritic glutamate receptors and axonal VGCCs. In turn,
this induces CICR from postsynaptic and presynaptic ER to elevate
resting cytosolic Ca?*. CaN-GSK3p signaling may disrupt BDNF
transport by phosphorylating and inhibiting motor proteins and/or
disrupting motor-DCV interactions. Alternatively, a Ca?"-sensing
adaptor protein may directly impair motor protein motility. Addi-
tional research is required to determine whether transport impair-
ment contributes to synapse loss and axonal degeneration in AD. In
the adult brain, BDNF enhances synaptic transmission, facilitates
synaptic plasticity, and increases the size and number of dendritic
spines (Lu et al., 2013; Rothman and Mattson, 2013). Impaired trans-
port may deprive processes of BDNF, inducing cytoskeletal-based
retraction, increasing endocytosis, and promoting microtubule de-
stabilization (Lu et al., 2013). Finally, from a clinical perspective, our
findings are significant because intracellular Ca?* dysregulation and
transport impairment precede severe tau pathology and micro-
tubule destabilization (Stutzmann et al., 2007; Goldstein, 2012).
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FIGURE 7: Proposed mechanism for Ca?*-dependent disruption of dendritic and axonal BDNF transport. ABOs bind to
dendrites and axons, enhancing Ca?* influx through dendritic glutamate receptors and axonal VGCCs. In turn, this
induces CICR from postsynaptic and presynaptic ER to elevate resting cytosolic Ca?*. Calmodulin binds free Ca?* ions
and subsequently activates CaN-GSK3p signaling in dendrites and axons. On activation, GSK3B may disrupt BDNF
transport by directly phosphorylating and inhibiting motor proteins and/or disrupting motor-DCV interactions.
Alternatively, a Ca?*-sensing adaptor protein may directly impair motor protein motility.

Compounds targeted to these early disease mechanisms may be
more effective at preventing or reversing cell death.

MATERIALS AND METHODS

Hippocampal cell culture and expression of transgenes
Primary hippocampal neuronal cultures from E16 wild-type (tau*™*)
and tau-knockout (tau™") embryonic mice (Jackson Laboratory, Bar
Harbor, ME) of either sex were prepared as described by Kaech and
Banker (2006) and kept in PNGM primary neuron growth medium
(Lonza, Basel, Switzerland). The glial feeder layer was derived from
murine neural stem cells as described by Miranda et al. (2012). At
10 d in vitro (DIV), cells were cotransfected with pB-actin-BDNF-
mRFP and pmUBa-enhanced blue fluorescent protein (BFP; from
Gary Banker, Oregon Health and Sciences University, Portland, OR)
using Lipofectamine (Invitrogen, Carlsbad, CA). Cells expressed the
plasmids for 24-36 h before live imaging. The absence of tau in
tau™" mice was previously confirmed by immunoblotting with the
antibodies PHF-1 and tau-46 (Supplemental Figure S1 in Ramser
et al., 2013). All experiments with animals were approved by and
followed the guidelines set out by the Simon Fraser University Ani-
mal Care Committee, Protocol 943-B05.

ABO, FK506, VGCC inhibitor, and RyR inhibitor treatments

Full-length, synthetic AB 1-42 peptides (ABOs; American Peptide,
Sunnyvale, CA) were prepared exactly according to the method of
Lambert et al. (1998) and applied to 11-13 DIV cells at a final con-
centration of 500 nM for 18 h. We use synthetic ABOs in our studies
for the following reasons. First, they mimic the toxic properties of
natural oligomers (brain or cell derived) as described previously (Jin
et al., 2011; Welzel et al., 2014). Second, unlike natural oligomers,
synthetic ABOs can be detected by immunocytochemistry. Confir-
mation of ABO binding is crucial in our experiments because it var-
ies considerably between neurons. Although they may not be iden-
tical to natural oligomers, synthetic ABOs are a tractable tool for
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investigating mechanisms of AD pathogenesis (Ferreira and Klein,
2011). After ABO or vehicle exposure, cells were incubated with
1 pM FK506 (Sigma-Aldrich, St. Louis, MO) or equivalent volumes of
vehicle (ethanol) for 1-3 h before imaging of transport. For all VGCC
inhibition experiments, cells were incubated with 100 pM conotoxin
GVIA (Alomone Labs, Jerusalem, lIsrael), 50 pM agatoxin IVA
(Alomone Labs), or 10 pM nimodipine (Tocris Bioscience, Bristol,
United Kingdom) for 30 min before ABO treatments. For all RyR in-
hibition experiments, cells were incubated with 0.5 pM dantrolene
(Sigma-Aldrich) for 1 h before ABO treatment.

Live imaging and analysis of BDNF-mRFP transport

BDNF-mRFP transport was analyzed using a standard wide-field flu-
orescence microscope equipped with a cooled charge-coupled de-
vice camera and controlled by MetaMorph (Molecular Devices,
Sunnyvale, CA) as described previously (Kwinter and Silverman,
2009). All imaging—typically 100 frames—was recorded by the
“stream acquisition module” in MetaMorph. Briefly, cells were sealed
in a heated imaging chamber, and recordings were acquired from
double transfectants at an exposure time of 250 ms for 90 s. This
captured dozens of transport events per cell in 50-um segments of
the dendrite or 100-um segments of the axon. Dendrites and axons
were initially identified based on morphology and confirmed retro-
spectively by immunostaining against MAP2, a dendritic cytoskeletal
protein. Soluble BFP detection was necessary to determine the ori-
entation of the cell body relative to the axon and thus distinguish
between anterograde and retrograde transport events. Vesicle flux,
velocity, and run lengths were obtained through tracing kymographs
in MetaMorph. Flux was defined as the total distance traveled by
vesicles standardized by the length and duration of each movie (in
micrometer-minutes), 2?:1d,'/t, where d; are the individual DCV run
lengths, |'is the length of axon imaged, and t is the duration of the
imaging session. A vesicle was defined as undergoing a directed run
if it traveled a distance of 22 pm. This distance was determined as a
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safe estimate of the limit of diffusion based on the assumption that
root-mean-squared displacement equals 2Dt, where D is the diffu-
sion coefficient (D= 0.01 pm?/s for DCVs) and t is the duration of the
imaging period (t = 50 s; Abney et al., 1999). A run was defined as
terminating if the vesicle remained in the same position for at least
four consecutive frames. In healthy control neurons, a significant
fraction of vesicles typically pause while navigating microtubule track
intersections and maneuvering around obstacles or when captured
at synaptic sites of release (Trybus, 2013; Bulgari et al., 2014). Per-
centage flux represents the flux in treated neurons normalized to
controls (100%).

Immunocytochemistry

Neurons were fixed in 4% paraformaldehyde and blocked with 0.5%
fish-skin gelatin (Kwinter et al., 2009). To confirm ABO binding to
dendrites and verify qualitatively that ABOs remained oligomeric
after 18 h in culture, cells were stained with an ABO-specific anti-
body (NU-4, 1:1000; from W. L. Klein, Northwestern University, Ev-
anston, IL) or 6E10 (1:1000; Covance, Berkeley, CA) and anti-MAP2
(1:2000; Millipore, Billerica, MA). To assess axonal ABO binding and
the presence of axonal ER, neurons were stained with anti-o-tubulin
(1:1000, Sigma-Aldrich) or anti-reticulon 3 (1:1000; R458, from Rig-
iang Yan, Cleveland Clinic, Cleveland, OH) and anti-ryanodine re-
ceptor 2 (1:300; Alomone Labs), respectively. To determine ABO
colocalization with VGCCs, ABO-treated cells were stained with
anti-CaV 2.1, anti-CaV 2.2, and anti-CaV 2.3 (1:100; Alomone Labs).
Neurons were subsequently incubated with compatible secondary
antibodies conjugated to Cy3 (1:500; Jackson ImmunoResearch
Laboratories, West Grove, PA), Alexa 488 (1:500, Invitrogen), or Cy5
(1:500; Jackson ImmunoResearch Laboratories). To semiquantify
ABO colocalization with VGCCs, line scans of overlapping signal in-
tensity peaks were generated using MetaMorph. Appropriate
thresholds were applied to eliminate background signal before
analysis.

FRET analysis of intracellular calcium

ABO-induced changes in cytosolic Ca?* were detected using a ge-
netically encoded Ca?* sensor termed cameleon (D3cpV; gift from T.
Pozzan, University of Padua, Padua, ltaly). The cameleon comprises
two Ca?*-responsive elements, calmodulin and M13, which alter the
efficiency of FRET between their respective CFP donor and cpVenus
acceptor fluorophores (Palmer and Tsien, 2006). Neurons were
transfected with D3cpV and mounted in heated chambers for imag-
ing as described in the previous section. Using a scanning confocal
microscope equipped with argon 457/514-nm lasers (A1R, Nikon,
Melville, NY; Simon Fraser University Imaging Centre), we acquired
CFP, cpVenus, and FRET (CFP excitation, cpVenus emission) images
of the soma, dendrites, and axons. To assess cross-talk between the
CFP and cpVenus channels, we expressed calmodulin-CFP and
M13-cpVenus separately and measure donor and acceptor fluores-
cence through corresponding and opposing channels. Using Nikon
Elements AR 3.2 software, we generated maximum-intensity projec-
tions from each Z-stack, defined regions of interest (ROls), and cal-
culated background-corrected FRET ratios (FRET — FRETpackground/
CFP — CFPpackground) Within each ROI. Each experiment was per-
formed on 12-15 cells from at least three independent cultures. Sig-
nificance was determined using Student's t test.

In situ proximal ligation assay

Calcineurin activation in dendrites and axons was detected in situ
using the Duolink PLA (Sigma-Aldrich). Control and ABO-treated
neurons were fixed and stained with monoclonal anti-calmodulin
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(1:200; EMD Millipore, Billerica, MA) and polyclonal anti—calcineurin
A (1:100; Enzo Life Sciences, Farmingdale, NY) as described previ-
ously. Primary antibodies were detected with proximity probes com-
posed of secondary antibodies conjugated to oligonucleotides,
which hybridized to form circular DNA strands when CaN and CaM
were in close proximity. These strands served as templates for local-
ized rolling-circle amplification and detection with fluorescently la-
beled oligonucleotides. PLA probe hybridization, ligation, and am-
plification were performed in 40-pl open droplet reactions exactly
according to the manufacturer’s protocol. PLA puncta were quanti-
fied in 100-pm segments of primary dendrites and proximal axons
using the Count Nuclei application in MetaMorph. Each experiment
was performed on 15-20 cells from at least two independent cul-
tures. Significance was determined using Student’s t test.

Immunohistochemistry

Coronal brain sections from 3-mo-old transgenic AD mice (APP,3/
PS4s5) and age-matched, wild-type control animals were obtained
from Weihong Song (University of British Columbia, Vancouver,
Canada). Coronal brain sections from 12-mo-old transgenic AD
mice (LaFerla 3xTg) and age-matched, wild-type control animals
were obtained from Charles Krieger (Simon Fraser University, Burn-
aby, Canada). To detect ABOs, sections were rinsed in phosphate-
buffered saline/Tween 20 (PBST), blocked in 10% donkey serum and
0.1% bovine serum albumin for 1 h, and incubated with NU-4 pri-
mary antibody (1:1000) overnight at 4°C. After further washes in
PBST, sections were incubated with a compatible secondary anti-
body conjugated to Cy3 (1:500; Jackson ImmunoResearch Labora-
tories) for 1.5 h at room temperature and counterstained with
4’,6-diamidino-2-phenylindole. Images were acquired on a Nikon
A1R scanning confocal system equipped with multiple laser lines
(Simon Fraser University Imaging Facility).
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