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Axon pathology has been widely reported in Alzheimer’s disease
(AD) patients and AD mouse models. Herein we report that in-
creased miR-342–5p down-regulates the expression of ankyrin G
(AnkG), a protein known to play a critical role in establishing selec-
tive filteringmachinery at the axon initial segment (AIS). Diminished
AnkG expression leads to defective AIS filtering in cultured hippo-
campal neurons from AD mouse models, as monitored by selective
exclusion of large macromolecules from the axons. Furthermore,
AnkG-deficiency impairs AIS localization of Nav 1.6 channels and
confines NR2B to the somatodendritic compartments. The expres-
sion of exogenous AnkG improved the cognitive performance of 12-
mo-old APP/PS1 mice; thus, our data suggest that AnkG and impair-
ment of AIS filtering may play important roles in AD pathology.

Alzheimer’s disease (AD), the most common cause of de-
mentia in individuals age >65 y, is associated with impair-

ments in memory, language, behavior, and cognition (1). The
brain of AD patients is characterized by extracellular senile
plaques composed of amyloid β (Aβ), intracellular tau aggregates
known as neurofibrillary tangles, and neuronal loss (1). Axonal
pathology, including axonal swellings and abnormal accumula-
tion of axonal proteins, is associated with dystrophic neurites and
amyloid plaque formation in AD (2). Abundant age-dependent
axonal spheroids and myelin ovoids have been reported in the
spinal cord of APPSwe/London/PS1M146V mice, an established fa-
milial form of AD (FAD) transgenic mouse model (3); however,
the cause of the axonopathy and the pathways involved in axonal
abnormalities in AD remain largely unknown.
MicroRNAs (miRNAs) are a class of conserved, short, non-

coding RNAs (4–8), many of which have demonstrated impli-
cations in AD (9–11). We have previously reported that miR-
342–5p is up-regulated in APP/PS1, PS1ΔE9, and PS1-M146V
transgenic AD mice, which is mechanistically linked to elevated
β-catenin, c-Myc, and IFN regulatory factor (IRF)-9 (12). MiRNAs
interact with the 3′ UTR or 5′ UTR region of complementary
mRNA sequences (13), inducing translation repression or target
degradation (14, 15). In previous work, we demonstrated that
increased miR-342–5p down-regulates the expression of ankyrin
G (AnkG) (12), a protein known to play a critical role at the axon
initial segment (AIS).
The AIS is known to play an important role in neuronal po-

larity formation, action potential initiation (16, 17), and brain
diseases and injury (18). At the AIS, a plasma membrane barrier
segregates the axonal from the somatodendritic membrane com-
partments (19), and a filtering machinery sorts cytoplasmic com-
ponents that are destined for transport into the axon (19, 20). In
cultured embryonic rat hippocampal neurons at embryonic day
(E) 18, a selective filter develops at 5 d in vitro (DIV; 2 d after
axon/dendrite differentiation), with an average pore size of ≤13
nm (20). This physical barrier may represent a high-density
meshwork at the AIS composed of actin and AnkG. AnkG has
been demonstrated to play an important role in maintaining the
structure of AIS and in the generation/maintenance of neuronal
polarity (21–24). This filtering machinery is critical for selective
transport of macromolecules into the axon; for example, KIF5-
driven carriers of the synaptic vesicle protein VAMP2, but not

KIF17-driven carriers of dendrite-targeting NMDA receptor sub-
unit NR2B, can enter the axon (20). Thus, selective filtering at the
AIS is suggested to contribute to preferential trafficking and seg-
regation of cellular components in polarized neurons (20).
Herein we report that in APP/PS1, PS1ΔE9, and PS1-M146V

mouse hippocampal neurons, down-regulation of AnkG by miR-
342–5p results in impairment of selective filtering at the AIS in
these AD transgenic mouse neurons, and that ectopic expression
of AnkG reverses AIS filtering abnormalities. The deficits of the
filtering machinery in the AIS of APP/PS1 mice lead to mislocation
of the Nav 1.6 channels and the NR2B. Taken together, our results
point to an aberrant AnkG-defective AIS filtering mechanism as
a critical determinant of axonal and neuronal pathology in AD
mouse models.

Results
AIS Selective Filtering Was Impaired in AD Transgenic Mouse Neurons.
In WT and APP/PS1 neurons, the axons and dendrites were
distinguished by immunostaining with the specific axonal marker
Tau-1 and the dendritic marker MAP2 (Fig. 1 A and B and Fig.
S1). MAP2 distinctively stained the soma and dendrite, with no
overlap staining of the axon (Ax) (Fig. 1 A and B and Fig. S1).
However, Tau-1 staining partially colocalized with MAP2 label-
ing in some of the dendrites (arrowhead), particularly in APP/
PS1 neurons (Fig. 1A and Fig. S1). Therefore, we decided to use
the absence of MAP2 staining instead of Tau-1 labeling to identify
the axon.
To investigate the integrity of the filtering machinery at the

AIS in APP/PS1 mice, we microinjected 10-kDa and 70-kDa
dextran into the soma of hippocampal neurons cultured for 7 DIV
from E14 embryos, and used MAP2 staining as a soma-dendritic
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marker. In WT mouse neurons, the smaller 10-kDa dextran diffused
into the axon, whereas the larger 70- kDa dextran failed to do so,
suggesting the presence of a selective cytoplasmic filter at 7 DIV,
similar to that reported previously for 5 DIV hippocampal neurons
(20) (Fig. 1C). Furthermore, microinjected EGFP (∼27 kDa) could
diffuse into the axon, whereas RFP-conjugated bovine serum
albumin (BSA) (BSA-RFP; ∼90 kDa) could not (Fig. 1C). How-
ever, in APP/PS1 mouse neurons, both small (10-kDa dextran and
EGFP) and large macromolecules (70-kDa dextran and BSA-
RFP) macromolecules diffused into the axon, indicating impaired
filtering machinery (Fig. 1D). Loaded EGFP (∼27 kDa) and RFP
(∼27 kDa) penetrated into the axons of both WT and APP/PS1
mouse neurons (Fig. 1 C and D). These results demonstrate that
macromolecular penetration into the axon has a size limit in WT

neurons (Fig. 1 E and F), further corroborating the existence of
a selective filter at the AIS, which is impaired in APP/PS1 mice.
Because APP/PS1 mice harbor transgenes encoding the FAD-

linked APPswe and PS1ΔE9 polypeptides, we sought to examine
changes in the selective filtering in transgenic mice by expressing
the genes individually (APPswe, human WT PS1, or PS1ΔE9),
together with an independent transgenic line expressing the FAD-
linked M146V variant. Interestingly, neurons from all PS1 mutant
lines demonstrated severely impaired AIS filtering compared with
hWTPS1 and the APPswe mutant line (Fig. 1 G and H).
Average lateral diffusion coefficient (D) values were measured

at the AIS by microinjecting neurons with quantum dots (QDs)
at the soma and capturing the live images of QD movement (Fig.
S2A). Our data demonstrate that at the AIS, in neurons cultured
from both E15 and newborn mice, APP/PS1 neurons exhibited
significantly greater lateral movement of QDs than WT neurons,
and this movement can be partially reversed by AnkG injection
(Fig. S2 B and C). This further suggests that the impaired fil-
tering at the AIS of APP/PS1 neurons might affect protein dif-
fusion and trafficking in the axon.
In the early stages, the development of APP/PS1 neurons was

markedly slower than that of WT neurons. To exclude the pos-
sibility that the selective filter had not fully developed at 7 DIV
in the APP/PS1 mice, we performed similar molecular tracing
experiments on 10-kDa and 70-kDa dextran in hippocampal neu-
rons cultured from newborn APP/PS1 mice for 5 DIV (Fig. S3A)
and from E14 embryos for 14 DIV (Fig. S3B). Our data demon-
strate that the 70-kDa dextran could diffuse into the axon in both
cases, suggesting that the impairment of selective filtering at the
AIS is not related to delayed development.

MiR-342–5p and AnkG Rescued Impaired AIS Filtering in AD Neurons.
Given that AnkG is a target of miR-342–5p, and that down-
regulation of AnkG in mutant mice could occur at the level of
protein translation (12), we further tested the role of miR-342–
5p in regulating AIS filtering. We found that microinjections of
miR-342–5p into the cultured WT neurons significantly reduced
the level of AnkG at the AIS (Fig. 2 A and C). Furthermore,
microinjections of miR-342–5p and its mimics resulted in im-
paired AIS filtering in WT neurons similar to that seen in APP/
PS1 neurons (Fig. 2 B and D). In contrast, microinjections of the
inhibitor of miR-342–5p into APP/PS1 neurons prevented the
impairment of AIS filtering (Fig. 2 B and D). In APP/PS1 neu-
rons, comicroinjections of AnkG-expressing construct with its
3′ UTR and miR-342–5p or its mimics produced no rescue of fil-
tering impairment by the exogenous AnkG (Fig. 2D). However,
when the construct expressing AnkG without its 3′ UTR was
comicroinjected with miR-342–5p or its mimics, expression of
exogenous AnkG could still restore AIS filtering because of in-
effective regulation of miR-342–5p (Fig. 2D).
We found that in APP/PS1 mouse neurons, exogenous ex-

pression of microinjected AnkG constructs (25) reestablished the
selective filter function (Fig. 2 E and F), suggesting that AnkG
deficits contribute to impaired integrity of the selective filter at
the AIS in APP/PS1 mice. In contrast, microinjections of only a
control vector or the mutant AnkG (A1024P) lacking the spec-
trin-binding domain (25) did not restore the filtering machinery
in APP/PS1 mouse neurons (Fig. 2 E and F). Moreover, ex-
pression of AnkG could prevent the impairment of AIS filtering
in PS1ΔE9 and PS1-M146V neurons, whereas expression of AnkG-
A1024P had no effect (Fig. 2 E and F).

Impaired AIS Filtering May Underlie Functional Defects in APP/PS1
Mice. Previous studies have shown that AnkG is responsible for
the recruitment of neurofascin, βIV spectrin, and Na+ channels
to the AIS (26–29). Western blot analysis of the levels of these
proteins in hippocampal tissues demonstrated a ∼50% lower
neurofascin level in APP/PS1 mice compared with WT mice.

Fig. 1. APP/PS1 mouse neurons have impaired filtering machinery at the
AIS. (A) WT and APP/PS1 neurons were stained by Tau-1 (red) and MAP2
(green). MAP2 specifically labeled the soma and dendrites. Tau-1 labeled the
axons (Ax), with overlap with MAP2 staining in some of the dendrites (ar-
rowhead). (Scale bar: 50 μm.) (B) High-power images of the WT and APP/PS1
neurons stained with Tau-1 and MAP2. (Scale bar: 10 μm.) (C and D) Exam-
ples of axonal diffusion of 10-kDa and 70-kDa dextran, EGFP (∼27 kDa), and
BSA-RFP (∼90 kDa) loaded in the soma of WT or APP/PS1 mouse hippo-
campal neurons at 7 d in vitro (DIV). The dashed line represents the AIS. (Scale
bar: 10 μm.) (E and F) Summary of the data for 10-kDa and 70-kDa dextran-,
EGFP-, and BSA-RFP–positive areas in the axons of WT or APP/PS1 mouse
neurons. (G) Examples of axonal diffusion of 10-kDa and 70-kDa dextran
loaded in the soma of WT, APP/PS1, hPS1, PS1ΔE9, and PS1-M146V mouse
hippocampal neurons at 7 DIV. The dashed line represents the AIS. (Scale bar:
10 μm.) (H) Summary of the data for 10-kDa and 70-kDa dextran-positive areas
in the axons of neurons in various transgenic lines. Data are mean ± SE (n= 10
for each group). **P < 0.01 compared with 10-kDa dextran.
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There was no significant difference in the levels of βIV spectrin
and the Na+ channel between the two groups of mice (Fig. 3A).
In the AIS, Na+ channel 1.6 (Nav 1.6) is known to be critical for
action potential initiation (30). We found that Nav 1.6 colocalized
mostly with AnkG at the AIS in WT neurons, whereas Nav 1.6 was
distributed along the entire axon and lower levels were detected in
the AIS region of APP/PS1 neurons (Fig. 3B).
The normal dendritic distribution of glutamate receptors is

critical for neuronal function. The 2B subunit of the NMDA
subtype of glutamate receptors (NR2B) is known to be located at
the soma and dendrite of these cultured hippocampal neurons,
owing to selective transport mediated by the kinesin superfamily
of proteins (20, 31, 32). We found that in WT mouse neurons at
7 DIV, NR2B was located exclusively at the soma and dendrite,
as reported previously (20), whereas in APP/PS1 mouse neurons,

NR2B was transported into the axon (Fig. 3 C and D), possibly
owing to the impaired filtering machinery. Microinjection of the
construct expressing AnkG into APP/PS1 mouse neurons led to
a normal distribution of NR2B in the soma-dendritic compartment
(Fig. 3 C and D). In contrast, expression of the mutant AnkG-
A1024P did not rescue the phenotype (Fig. 3C andD). In contrast,
inWT neurons, AnkG siRNA induced impairment of AIS filtering
(Fig. 3E). Our in vivo data indicate that in the hippocampal tissues
from 3 mo-old WT and APP/PS1 mice, the colocalization of AnkG
and NR2B at the AIS region is more significant in the APP/PS1
mouse tissue than in the WT tissue (Fig. S4).
To verify that AnkG rescued the AIS filtering impairment in

APP/PS1 mouse brain tissue in vivo, we applied in utero elec-
troporation to overexpressing EGFP-fused AnkG (AnkG-EGFP)
into the layer II-IV of cortex of E14.5 embryos. These electro-
porated embryos were then returned and left to develop to post-
natal day (P) 0. The APP/PS1 neurons showed more NR2B axonal
localization than the WT neurons (Fig. 3F). With overexpression
of AnkG, the number of neurons with axonal localized NR2B
decreased dramatically, suggesting that AnkG can rescue the AIS
filtering impairment in APP/PS1 mouse brain tissue in vivo (Fig.
3F). MiR-342–5p, its inhibitor, or scramble control miRNA was

Fig. 2. MiR-342–5p and AnkG rescued the impaired filtering in the AIS of
APP/PS1 neurons. (A and C) In WT neurons, overexpression of miR-342–5p by
microinjection reduced AnkG expression markedly. MiR-342–5p expression
was calculated by the number of AnkG-positive (green) over 100 cells
(Hoechst). (B and D) In WT neurons, microinjection of miR-342–5p or mimics
of miR-342–5p induced impaired AIS filtering. In APP/PS1 neurons, the in-
hibitor of miR-342–5p rescued impaired AIS filtering. (Scale bar: 10 μm.) The
intensity was measured at 80 μm from the soma along the axon. In APP/PS1
neurons, comicroinjection of the construct expressing AnkG and its 3′ UTR
sequence with scramble miRNA or I-miR-342–5p (inhibitor of miR-342–5p)
reduced or prevented the impairment of AIS filtering, but that with miR-
342–5p or M-miR-342–5p (mimics of miR-342–5p) did not. When the con-
struct expressing the mutant AnkG with the deletion of the 3′ UTR re-
sponsive region for miR-342–5p was comicroinjected with miR-342–5p or its
mimics, AIS filtering impairment was prevented. Data are mean ± SE (n = 10
for each group). **P < 0.01 compared with 10-kDa dextran. (E) Exogenous
expression of AnkG, but not of the mutant AnkG-A1024P, reversed the im-
paired AIS filtering machinery in APP/PS1, PS1ΔE9, and PS1-M146V mouse
neurons. (F) Quantification of the data. The dashed line represents the AIS.
Data are mean ± SE (n = 10 for each group). **P < 0.01 compared with WT.
(Scale bar: 10 μm.)

Fig. 3. Impaired AIS filtering might underlie functional defects in APP/PS1
neurons. (A) In APP/PS1 neurons, the levels of neurofascin, but not of
spectrin or Nav 1.6, were decreased significantly. (B) In WT neurons, Nav 1.6
aggregated to the AIS region, whereas in APP/PS1 neurons, Nav 1.6 distrib-
uted along the entire axon. (Scale bar: 20 μm.) (C and D) In WT mouse
neurons, NR2B was located mainly at the soma and dendrites, whereas in
APP/PS1 mouse neurons, NR2B was abnormally located on the axon. AnkG
reversed the impaired NR2B location in APP/PS1 mouse neurons. The dashed
line represents the AIS. (Scale bar: 10 μm.) (E) AnkG siRNA (A siRNA) induced
the impairment of AIS filtering in WT neurons. Red, NR2B; green, AnkG
fused with EGFP. (Scale bar: 20 μm.) (F) An in utero electroporation experi-
ment showed that exogenous AnkG rescued the mislocation of NR2B in the
axon in APP/PS1 neurons. Data are mean ± SE (n = 10 for each group). **P <
0.01 compared with control. (Scale bars: Upper, 100 μm; Lower, 5 μm.)
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transduced into cortical layers II–IV of E14.5 WT mouse embryos
by in utero electroporation with cytomegalovirus early enhancer/
chicken β-actin promoter-driven EGFP. The data show that in WT
neurons, miR-342–5p induced colocalization of NR2B with AnkG
in the axon, whereas inhibitor or scramble did not (Fig. S5).
To evaluate whether AIS function affects axon maintenance,

we measured the number of axons per neuron at 5 DIV and
14 DIV. Our data show that at both 5 DIV and 14 DIV, APP/PS1
neurons had roughly the same number of axons per neuron as
WT neurons (Fig. 4A). At 21 DIV, AnkG staining revealed no
difference in the number of axons per neuron between WT and
APP/PS1 neurons (Fig. 4B), suggesting that the AIS function does
not affect axonal maintenance; however, the average axon length
was significantly shorter in the APP/PS1 neurons compared with
the WT neurons at 14 DIV (Fig. 4C).
Because the AIS filtering changed the localization of synaptic

proteins, such as NR2B, we also investigated the formation of
synapses. Our data demonstrate that after labeling with the pre-
synaptic marker synapsin, both the number and size of synapses
were significantly lower in APP/PS1 neurons than in WT neurons

(Fig. 4D), implying possible defects in synapse formation and
plasticity.
To verify the rescue of AIS filtering function in both 12-mo-

old and 18 mo-old animals, adenovirus packaging AnkG-EGFP
and NR2B-RFP was used to infect the CA1 region of the hip-
pocampus of 12-mo-old and 18 mo-old APP/PS1 mice (Fig. S6). In
both the 12-mo-old and 18-mo-old APP/PS1 mouse CA1 tissues,
exogenous overexpression of AnkG decreased the colocalization
of NR2B and AnkG in the AIS and axon regions (Fig. S6), im-
plying that AnkG could rescue the AIS filtering function at both
12 and 18 mo of age.
We evaluated spatial learning and memory using the Morris

water maze test in 12-mo-old and 18-mo-old WT and APP/PS1
mice. At both ages, APP/PS1 mice exhibited significant cognitive
defects, indicated by the latency of the findings from the plat-
form and probe test, compared withWTmice (Fig. 4E).We found
that infecting the CA1 area of the hippocampus of APP/PS1 mice
with the adenovirus containing the AnkG construct greatly im-
proved cognitive performance in APP/PS1 mice at age 12 mo
(Fig. 4E), indicating that AnkG expression and AIS filtering in
neurons may affect learning and memory. In addition, there
appeared to be a critical window during which AnkG could rescue
the cognitive impairment, because overexpression of AnkG did
not improve the animal’s overall performance in the watermaze at
age 18 mo.

Discussion
In the present study, we found that decreasing AnkG levels by
up-regulation of miR-342–5p contributes to the impairment of
selective filtering at the AIS in AD transgenic mice, including
APP/PS1, PS1ΔE9, and PS1-M146V lines. Therefore, in AD trans-
genic mouse neurons, down-regulated AnkG leads to the disrup-
tion of the AIS filtering, which in turn could cause dysfunction of
protein trafficking and protein localization (Fig. S7).
The presence of a selective filter at the AIS has been examined

using various approaches. With neurons directly frozen, freeze-
substituted, and critical point-dried, a well-preserved filamentous
meshwork and a cytoplasmic ground substance were observed in
the Drosophila axoplasm (33). Electron microscopy revealed that
at the AIS, microtubules are of high density and subsequently
form fascicles, different from the homogeneous distribution of
microtubules at the dendrite (34). Consistent with Song et al. (20),
we found that the presence of a selective filter at the AIS early in
development (7 DIV) prevents the axonal entry of large macro-
molecules and vescicular cargos carrying NR2B. Interestingly, one
AD model animal, APP/PS1 mice, had a dysfunctional filter at the
AIS, which may lead to axonal transport defects of certain synaptic
proteins and in turn induce synaptic dysfunction. AIS is critical for
action potential initiation, becauseNav 1.6 channels clusters around
this area (16, 17, 29, 30).We also found that Nav 1.6 and NR2B are
mislocated in APP/PS1, PS1ΔE9, and PS1-M146V neurons. Our
conclusions are consistent with the observation that neuronal ex-
citability and synaptic transmission are affected in these animals
(35–38). Remarkably, in the FAD patients associated with PS1,
cerebellar dysfunction, including ataxia, Purkinje cell simple spike
activity, andmitochondrial transport, occurs before the appearance
of Aβ deposition (39).
Some proteins associated with axonopathy, such as neuronal

pentraxin 1 (NP1), a protein involved in excitatory synapse
remodeling, are elevated in cell processes in the cerebral cortex
and hippcampus of APP/PS1 mice (40). Interestingly, NP1 is el-
evated in dystrophic neurites in the brain tissues of AD patients
and colocalizes with tau, suggesting that NP1 is related to axon
abnormality (40). At 4 mo of age, APP/PS1 mice develop de-
generative changes in serotonin-containing axons innervating the
dentate gyrus of the hippocampus (41). Our present results in-
dicate that APP/PS1 mice have impaired selective filtering ma-
chinery at the AIS, which leads to abnormal axonal targeting. In

Fig. 4. Impaired AIS filtering induced axonal, synaptic, and cognitive
defects in APP/PS1 neurons and mice. (A) No difference was detected in the
number of axons per neuron in 5 DIV and 14 DIV WT and APP/PS1 neurons.
(Scale bar: 20 μm.) (B) No difference was detected in the number of axons
per neuron in 21 DIV WT and APP/PS1 neurons. EGFP (green) was randomly
transfected into neurons, and AnkG (red) was stained by its antibody. The
arrow indicates the AIS. (Scale bar: 20 μm.) (C) The axons of the WT neurons
were significantly longer than those of the APP/PS1 neurons at 14 DIV. (Scale
bar: 20 μm.) (D) The number of synapses and overall synaptic area were
remarkably larger in WT neurons than in APP/PS1 neurons at 14 DIV. Data
are mean ± SE (n = 10 for each group). **P < 0.01 compared with WT. (Scale
bar: 20 μm.) (E) The AnkG construct was packaged into adenovirus and
infected in the hippocampal CA1 region of APP/PS1 mice. Overexpression of
AnkG significantly improved Morris water maze spatial learning and mem-
ory performance in 12-mo-old, but not in 18-mo-old, APP/PS1 mice. Data are
mean ± SE (n = 8 for each group). ##P < 0.01 compared with APP/PS1 or
control; **P < 0.01 compared with WT.
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PS1 mutant mice (PS1ΔE9 and PS1-M146V), impaired rapid
axonal transport has been reported (42). It is possible that AIS
filtering is impaired in APP/PS1 and PS1mutant mice, resulting in
abnormal trafficking of proteins, which may induce protein ag-
gregation in the axon, leading to abnormal axonal rapid transport.
This may contribute to axonopathy observed in AD and other
neurodegenerative diseases.
Finally, although AD has been considered an aging-associated

disorder, our data demonstrate that developmental defects, in-
cluding AIS filtering, protein trafficking, and localization, can be
observed at very early stages in AD transgenic model mice. This
is consistent with the finding that the protein expression profile
from the presymptomatic PS1 mutation carriers differs signifi-
cantly from that of age-matched noncarriers (43). Greater cor-
tical florbetapir binding on PET analysis has been reported in
asymptomatic PS1 mutation carriers compared with age-matched
noncarriers at approximately 20 y before the predicted median
age of onset of mild cognitive impairment (44). Our data suggest
the possible involvement of neuronal development in the patho-
genesis of AD.

Experimental Procedures
Cell Culture. Primary neurons were cultured from E14, E15, and newborn WT,
APP/PS1 (APPswe/PS1ΔE9; human APP Swedish mutant/human PS1 exon 9
deletion), APPswe, WT human PS1 knock-in (hPS1), PS1ΔE9, and PS1-M146V
mouse hippocampus, following the rules and regulations of Peking Univer-
sity Animal Care and Use Committee as described previously (45). In brief,
the fresh hippocampal tissues were dissociated with 0.25% trypsin (Life
Technologies), which was then inactivated by 10% decomplemented FBS
(HyClone). The mixture was titrated through a pipette to make a homoge-
nous mixture. After filtering through a 70-μm sterilized filter, the flow-
through was centrifuged. The pellet was then washed once with PBS (0.14 M
NaCl, 0.003 M KCl, 0.01 M Na2HPO4, and 0.002 M KH2PO4, pH 7.2) and once
with DMEM in Earle’s balanced salt solution containing 0.225% sodium bi-
carbonate, 1 mM sodium pyruvate, 2 mM L-glutamine, 0.1% dextrose, and
1× Pen Strep (all from Life Technologies) with 5% FBS. Cells were then
plated on poly-L-lysine (Sigma-Aldrich)-coated plates or glass coverslips at
a density of 5 × 104 cells/mL Neurons were incubated at 37 °C in DMEM
without phenol red with 5% FBS and with 5% circulating CO2. Cytarabine
was added to the culture medium at 24 h after plating at a concentration of
10 μM to inhibit dividing cell growth. The medium was changed every 48 h.
SH-Sy5y cells were cultured with MEM (Life Technologies) (45).

Microinjection. Thin-walled borosilicate glass capillaries (outer diameter,
1.0 mm; inner diameter, 0.5 mm) with a microfilament (MTW100F-4; World
Precision Instrument) were pulled with a Flaming/Brown Micropipette Puller
(P-97; Sutter) to obtain injection needles with a tip diameter of ∼0.5 μm.
Microinjections were performed in the cytosol of each cell using and
Eppendorf FemtoJet microinjector and micromanipulator. Neurons were
injected into the soma areas at 25 fl/shot at an injection pressure of 100 hPa,
a compensation pressure of 50 hPa, and an injection time of 0.1 s. Dextran
Texas red was diluted with PBS and centrifuged to remove aggregates before
being microinjected at 10 mg/mL (20). EGFP (Molecular Probes) and RFP-BSA
were injected at 100 μg/mL QD (Jiayuan Quantum Dots Co.; 10 nm diameter)
was injected at 100 μg/mL. AnkG and AnkG-A1024P (a kind gift from
Dr. V. Bennett, Duke University) (25) were subcloned into pCDNA3.1 or
pEYFP-C1 to created fusion proteins of AnkG and EYFP. The constructs were
injected at 30 μg/mL (45).

Sources of Reagents and Sequences of miRNAs. Dextrans (10 and 70 kDa)
were purchased fromMolecular Probes. Mouse miR-342–5p, scramble miRNA
control, mimic miR-342–5p, miR-342–5p inhibitor, and mutant miR-342–5p
(5′-AGGGACACUAUCUGUGAUUGAG-3′), reversed miR-342–5p (5′-GAGUUAGU-
GUCUAUCGUGGGGA-3′), and complementary sequence (5′-AGGGUGCCUAU-3′)
were purchased from Qiagen (12). MiRNAs were transfected into SH-Sy5y
cells with HiPerFect Transfection Agent (Qiagen) or microinjected into pri-
mary neurons. All AnkG siRNAs (Qiagen) were diluted into 5 nM before in-
jection, as recommended by the manufacturer. The silencing efficiency and
off-target effects of all siRNAs were verified by Qiagen.

Western Blot Analysis. Neuronal proteins were extracted in the cell lysis buffer
(50 mM Tris pH 8.0, 150 mM NaCl, 1% Nonidet P-40, and 0.1% SDS), and

protein concentrations were measured by the bicinchoninic acid (BCA) assay
(Pierce). Protein extracts were denatured at 100 °C for 5 min and separated
on 15% SDS/PAGE at 70 V for ∼2 h. Proteins were transferred to Immobilon-P
PVDF membrane (Millipore) at 100 mA for 2 h. The membrane was blocked
with 5% nonfat milk in Tris-buffered saline with 0.1% Tween 20 (TBS-T) at
room temperature for 1 h. Anti-AnkG (4G3F8; Life Technologies), neuro-
fascin (Abcam), βIV spectrin (Abcam), Na+ channel (Abcam), and GAPDH
(Sigma-Aldrich) antibodies were diluted at 1:1,000 for Western blot analyses
as primary antibodies. After three washes of 10 min each with TBS-T, HRP-
conjugated goat anti-rabbit or anti-mouse IgG was added at a dilution of
1:2,500 as the secondary antibody. The secondary HRP was detected by en-
hanced chemiluminescence. Optical density was analyzed by BioRad ChemiDox
(BioRad). The relative density was calculated using the total absolute density
of the target band/loading control (45).

Immunostaining. Cells were permeablized in PBS-Triton at 4 °C and blocked
with 10% donkey serum at room temperature, followed by incubation
with anti-AnkG antibody (4G3F8; Life Technologies, 1:200), MAP2 (Abcam),
tubulin (Sigma-Aldrich), synapsin (Cell Signaling), or NR2B (Sigma-Aldrich;
1:1,000) at 4 °C for 24 h. Cy2- or Cy3-conjugated donkey anti-rabbit anti-
bodies and AMCA-conjugated goat anti-chicken antibody were applied as
the secondary antibody. The nuclei were then stained with Hoechst 33258
(1 μg/mL; Sigma-Aldrich) for 15 min in the dark. The coverslips were mounted
with Immunon mounting medium (Shandon) onto glass slides, and analysis
was performed with a laser confocal fluorescence microscope (Leica TCS
SP5). Images were acquired under a 63×/1.4 numerical aperture lens.

Fluorescence Imaging and Analysis of QD. A Nikon Super-Resolution N-SIM
microscope was used to analyze the high-resolution data. Each image was
collected using a 100× oil-immersion objective. The average fluorescence
intensities were measured at various distances from the soma area using NIS-
Ements AR software (Nikon). To quantify the data, 15 frames were aver-
aged, after subtraction of background fluorescence intensity. To measure
the QD diffusion coefficient, QDs were loaded into the neuronal soma by
microinjection. The traces of QD movement were recorded with 500 con-
secutive frames. The movements were then analyzed by Imaging Pro Soft-
ware to calculate as D = x2/2t, where t is the specific time point and x is the
distance from QD to the origin.

Adenovirus Infection. AnkG-EGFP and NR2B-RFP cDNA were subcloned from
pEGFP-N3 into pAdTrack with BglII and XhoI digestion. Adenovirus was
packaged in HEK293 cells, and the infectious particle was measured as 2 ×
106/mL (multiplicity of infection = 1.33). To infect the cell cultures, the pu-
rified virus supernatant was added to the cell culture medium at a 1:500
dilution for 24 h.

Morris Water Maze. Animal treatments. Male WT and APP/PS1 mice (body
weight ∼30 g) were used in the water maze experiments. Mice were housed
under constant temperature and humidity conditions on a 12-h light/12-h
dark cycle with food andwater available. Mice were divided into four groups:
WT, APP/PS1, APP/PS1 with EGFP (1 μL of EGFP-expressing virus), and APP/PS1
withAnkG (1 μL of AnkG-expressing virus). The solutionwas injected into each
hippocampal CA1 over a 2-min period through a Hamilton microsyringe, and
the needle was left in place for additional 3 min. The injections were per-
formed for 3 consecutive days.
Water maze tests. The Morris water maze apparatus consisted of a circular
swimming pool measuring 60 cm in and 50 cm high placed in a room
with numerous extramaze cues available on the walls. The pool was filled to
a depth of 30 cm with 21–22 °C water. The hidden platform top was a circular
plate measuring 10 cm in diameter. The hidden platform was located 2 cm
below the water surface. The next day, mice were trained to escape onto the
hidden platform in the water maze. The pool was conceptually divided into
four quadrants of equal area. The hidden platform was placed in the center
of one quadrant throughout the experiment. Each of the four cardinal
points of the perimeter of the pool was used at random as a starting loca-
tion. efore the experiment , the time that the mouse spent in ach uadrant
(including the target quadrant) without the platform was recorded. A trial
began when a mouse was placed in the pool facing the wall and ended
when the rat escaped onto the platform. The escape latency to the platform
was recorded. If a rat failed to escape within 60 s, then the trial was ter-
minated and the escape latency was defined as 60 s, and the mouse was
guided to the platform by the experimenter. The mice were subjected to
four trials per day for 5 consecutive days (for a total of 20 trials). A probe
trial test was carried out on the sixth day, by recording the times spent in
each quadrant without a platform (45).

Sun et al. PNAS | September 30, 2014 | vol. 111 | no. 39 | 14275

N
EU

RO
SC

IE
N
CE

 

radius                          

 q e B



In utero electroporation. Mother mice carrying embryos at E14.5 were anes-
thetized with 0.7% Nembutal, and surgery was performed as described
previously (46). The DNA plasmid at a concentration of 2.5 μg/μL diluted in
PBS was injected to lateral ventricles of embryos by a micropipette with a total
amount of 2 μL. The electroporator (NEPA21 Super Electroporator; Nepa Gene)
was set at five square pulses of 10 V for 50 ms at 50-ms intervals for eletropo-
ration.With the uterus placed back to the abdominal cavity, the embryos could
recover and develop. The follow-up experiments were performed at P0.

Statistical Analysis. Statistical significance was assessed by one-way ANOVA.
The Sheffé test was applied as a post hoc test for the significant difference

revealed by ANOVA. A P value < 0.05 was considered to indicate statistical
significance.
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