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Introduction
Aberrant aggregation of β-amyloid peptide (Aβ), gen-
erated through proteolytic cleavage of amyloid pre-
cursor protein (APP) by the sequential actions of 
β- and γ-secretases, is a primary pathological hallmark 
of Alzheimer’s Disease (AD) [1–3]. Familial cases of AD 
(FAD) are characterized by mutations in the genes encod-
ing APP and presenilin (PSEN), a critical component of 
γ-secretase, that result in increased generation of Aβ and 
amyloid plaques, establishing a principal causative link 
between Aβ production and AD pathogenesis [2]. Inter-
estingly, several of the key proteins associated with AD, 
including APP, the β-secretase BACE1 and components 
of the γ-secretase complex, such as nicastrin and APH-1, 
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Abstract
Although protein palmitoylation has been associated with Alzheimer’s Disease (AD), it remains unclear whether or 
how palmitoylation of specific proteins contributes to any of the pathological features of AD. The p75 neurotrophin 
receptor (p75NTR) contributes to AD progression by regulating the intracellular trafficking and amyloidogenic 
processing of amyloid precursor protein (APP). p75NTR is palmitoylated at a juxtamembrane cysteine but it is 
currently unknown whether this has any effect on its role in AD. Here, we report that 5xFAD mice, an animal 
model of AD, expressing a palmitoylation-deficient mutant of p75NTR (p75C281A) display significantly attenuated 
neuropathology and cognitive deficits. Mechanistically, p75C281A showed enhanced internalization, trafficking 
to Rab5/Rab7 endosomes and lysosomal-mediated degradation. In mutant p75C281A neurons, APP displayed 
accelerated co-internalization with p75NTR, increased trafficking to late endosomes and lysosome, and enhanced 
degradation, thereby limiting neuronal Aβ production. Interestingly, the brain of 5xFAD mice shows increased 
levels of p75NTR palmitoylation. These results indicate that palmitoylation of p75NTR enhances its stability and, 
indirectly, that of APP by reducing their trafficking to the lysosome, resulting in increased Aβ accumulation 
and neuropathology in the AD brain. Selective inhibitors of p75NTR palmitoylation may find applications in the 
treatment of AD.
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have been shown to undergo palmitoylation [4], a post-
translational lipid modification involving the covalent 
attachment of palmitate to cysteine residues via a thioes-
ter bond. This reversible protein modification plays a 
crucial role in the dynamic regulation of the stability, traf-
ficking and function of membrane-associated proteins 
[5]. Protein palmitoylation is particularly widespread in 
the nervous system, suggesting important roles in neu-
robiological processes [5–7]. Intriguingly, a recent study 
reported a marked increase in protein palmitoylation in 
the hippocampus of 3xTg-AD mice, a common model 
of AD [8]. The same study found that treatment of these 
mice with the broad spectrum palmitoylation inhibitor 
2-BP counteracted the progression of AD-related phe-
notypes. Although these observations suggest a role for 
protein palmitoylation in AD, it is still unclear whether 
palmitoylation of specific proteins contributes to any of 
the pathological features of this disease.

The p75 neurotrophin receptor (p75NTR), a member 
of the “death” receptor superfamily implicated in the 
regulation of AD pathology, has been shown to be pal-
mitoylated at a cysteine residue in its intracellular juxta-
membrane region [9]. p75NTR functions as a receptor for 
a family of growth factors known as the neurotrophins, 
which includes nerve growth factor (NGF) and brain-
derived neurotrophic factor (BDNF) [10, 11]. Similar to 
other death receptors, p75NTR can induce cell death as a 
mechanism for clearing damage produced after a lesion 
or insult. Following severe injury or disease, however, 
p75NTR can also amplify tissue damage as a result of over-
activation and/or overexpression [11]. In AD, elevated 
expression of p75NTR has been found in the brains of 
both patients [12–15] as well as animal models [16–18]. 
p75NTR can directly interact with APP [18, 19] and con-
tributes to AD-associated neuropathology by accelerat-
ing Aβ production, neurite degeneration and cognitive 
impairment in mouse models of AD [17, 18, 20]. A recent 
randomized, placebo-controlled phase 2a clinical trial 
using a small molecule “modulator “ of p75NTR found 
mild improvements in several AD biomarkers as well as 

cognitive functions, although the latter did not reach sta-
tistical significance [21], supporting the use of p75NTR as 
a therapeutic target in AD.

The physiological significance of p75NTR palmitoylation 
remains largely unknown. Aside from the initial report 
[9], two later studies using overexpression in cultured 
cells indicated that palmitoylation of p75NTR may play a 
role in the ability of the receptor to induce cell death [22] 
and regulate expression of the Ncam1 gene [23]. Given 
the established role of p75NTR in amplifying AD neuro-
pathology, and the association between AD and protein 
palmitoylation, we set out to investigate whether palmi-
toylation of p75NTR affects AD progression in the 5xFAD 
mouse model, one of the most aggressive animal models 
of AD [24]. Unexpectedly, we found that loss of p75NTR 
palmitoylation was neuroprotective through a mecha-
nism that enhanced APP turnover thereby reducing Aβ 
production. These results identify p75NTR as one of the 
specific proteins in which palmitoylation contributes to 
AD neuropathology.

Results
Increased palmitoylation of p75NTR in the hippocampus of 
5xFAD mice
In view of a recent report describing increased protein 
palmitoylation in the hippocampus of 3xTg-AD mice 
[8], we sought to determine whether palmitoylation of 
p75NTR was altered in 5xFAD mice. Applying the ABE 
reaction to tissue lysates from 2  month old mouse hip-
pocampus we found elevated levels of p75NTR palmi-
toylation in hippocampus of 5xFAD mice (Fig.  1A). 
Although p75NTR expression has been shown to be 
upregulated at later stages of the disease in 5xFAD mice 
[18], at 2 month of age, 5xFAD mice expressed p75NTR at 
comparable levels to wild type (Fig. 1B). These data indi-
cate increased palmitoylation of p75NTR in the hippocam-
pus of 5xFAD mice. We investigated palmitoylation levels 
in two other proteins, PSD95 and caveolin-1 (CAV-1), 
both known to be palmitoylated, and found moderately 
increased palmitoylation levels in PSD95, but no change 

Fig. 1  Increased palmitoylation of p75NTR in the hippocampus of 5xFAD mice. A Representative ABE assay detection by Western blotting of p75NTR pal-
mitoylation in hippocampus dissected from WT and 5xFAD mice at 2 months of age. Statistical analysis by unpaired t-test; mean ± SEM; N = 6 animals per 
group; ***, p < 0.001. B Quantification of p75NTR level in hippocampus of WT and 5xFAD mice at 2 months of age (from Input in blot A), normalized to total 
protein content. Equal amount of protein was loaded in each lane. Statistical analysis by unpaired t-test; mean ± SEM; N = 6 animals per group
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in CAV-1, in the hippocampus of 5xFAD mice (Supple-
mentary Figure S1A and B).

Palmitoylation-deficient p75NTR shows reduced protein 
half-life and increased susceptibility to lysosomal 
degradation in hippocampal neurons
In order to investigate the physiological importance of 
p75NTR palmitoylation for the development of AD, we 
generated knock-in mutant mice with Ala substituting for 
Cys at position 281 of the mouse p75NTR protein (herein 
termed p75C281A) (Supplementary Figure S2). Applying 

the ABE assay to extracts from the hippocampus of these 
mice, we could verify reduced p75NTR palmitoylation in 
postnatal day 3 (P3) hippocampus from mutant hetero-
zygous (herein denoted as m/+) and complete ablation 
in mutant homozygous (denoted m/m) (Fig. 2A). In the 
course of these experiments, we noted that p75NTR was 
expressed at somewhat lower levels in hippocampal 
extracts from P7 m/m homozygous mutants compared 
to wild type mice (Fig.  2B) without changes in mRNA 
expression (Supplementary Figure S3A-C). A parallel 
decrease was also observed in the levels of p75C281A at the 

Fig. 2  Palmitoylation-deficient p75NTR shows reduced protein half-life and increased susceptibility to lysosomal degradation in hippocampal neurons. A 
ABE assay analysis of p75NTR palmitoylation level in the hippocampus extracts from WT, Cys281Ala mutant-heterozygous (m/+) and homozygous (m/m) 
mice at postnatal day 3. Statistical analysis by one-way ANOVA followed by Tukey’s multiple comparisons test; N = 5 animals per group; **, p < 0.01; ****, 
p < 0.0001. B Western blot analysis of protein level of p75NTR in the hippocampus extracts from WT, m/+ and m/m mice at postnatal day7. Statistical analy-
sis by one-way ANOVA followed by Tukey’s multiple comparisons test; mean ± SEM; N = 5 animals per group; ***, p < 0.001. C Surface biotinylation assay 
detection of plasma membrane located p75NTR in HEK293T cells transfected with plasmids expressing either WT or m/m p75NTR. Quantification is shown 
below. Statistical analysis by unpaired t-test; mean ± SEM; N = 5 independent experiments; *, p < 0.05. D Cycloheximide (CHX) analysis of degradation of 
p75NTR in the cultured hippocampal neurons from WT and m/m mouse embryos. Neurons were cultured 4 days in vitro and treated with CHX (50 μg/mL) 
for the indicated times. Statistical analysis by unpaired t-test; mean ± SEM; N = 3 independent experiments; *, p < 0.05. E Western blot analysis of protein 
level of p75NTR in the cultured hippocampal neurons from WT mouse embryos. Neurons were pretreated with 20 μg/mL 2-Bromopalmitate (2-BP) for 12 h 
before treatment of CHX (50 μg/mL) for the indicated times. Statistical analysis by unpaired t-test; mean ± SEM; N = 3 independent experiments; *, p < 0.05. 
F Western blot analysis of protein level of p75.NTR in the cultured hippocampal neurons dissected from m/m mouse embryos. Neurons were pretreated 
with 5 μM lysosomal inhibitor Pepstatin A (PepA) or protease inhibitor MG132 for 2 h before treatment of CHX (50 μg/mL) for the indicated times. Statisti-
cal analysis by one-way ANOVA followed by Tukey’s multiple comparisons test; mean ± SEM; N = 3 independent experiments; Veh versus PepA: *p < 0.05; 
Veh versus MG132: #p < 0.05
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plasma membrane (Fig.  2C). We therefore investigated 
whether the lack of palmitoylation had a destabilizing 
effect on the p75NTR protein. Indeed, using hippocampal 
neuron cultures subjected to cycloheximide (CHX) treat-
ment, we observed a reduced protein half-life in mutant 
p75C281A compared to wild type p75NTR (Fig.  2D), sug-
gesting that palmitoylation stabilizes p75NTR. In agree-
ment with this, a similar decrease in the half-life of wild 
type p75NTR protein was observed in hippocampus neu-
ron cultures treated with the palmitoylation inhibitor 
2-BP (Fig.  2E). We then asked whether C281A mutant 
p75NTR was being degraded by the proteasome or the 
lysosome pathways. To this end, hippocampal neuron 
cultures derived from m/m mouse embryos were treated 
with the proteasome inhibitor MG132 or the lysosome 
inhibitor Pepstatin A. We found that the latter, but not 
MG132, could blunt the degradation of palmitoylation-
deficient p75NTR mutant (Fig. 2F), indicating that lack of 
palmitoylation increases the susceptibility of p75NTR to 
lysosomal degradation.

Mutant p75NTR lacking palmitoylation shows faster 
internalization and altered intracellular trafficking in 
hippocampal neurons
Enhanced lysosomal degradation of the p75C281A pro-
tein suggested that the mutant receptor may traffic to 
lysosomes to a greater extent than wild type p75NTR. We 
therefore investigated possible alterations in the intra-
cellular trafficking of p75C281A in hippocampal neurons. 
Internalization studies were performed by feeding live 
cell monolayers with an antibody against the extracellular 
domain (ECD) of p75NTR. This domain can be shed after 
cleavage by alpha-secretases, proteases associated with 
the extracellular side of the plasma membrane. Hence, 
the species that is being followed in our internalization 
assay is always the full-length receptor, since receptors 
that were cleaved by alpha-secretases shed their ECD 
and are therefore no longer available for surface antibody 
binding. We found that mutant p75C281A internalized 
from the cell surface of these neurons at a twofold higher 
rate compared to the wild type receptor (Fig.  3A). We 
investigated whether this represented alterations in the 
association of the mutant receptor with the clathrin or 
caveolin pathways of internalization and performed co-
immunoprecipitation assays in postnatal day 7 (P7) hip-
pocampal extracts from wild type and homozygous m/m 
mice. We found reduced association of mutant p75C281A 
with caveolin-1 and a concomitant enhancement of its 
interaction to β-adaptin, a key component of the clathrin 
internalization machinery (Fig. 3B), suggesting enhanced 
clathrin-mediated internalization of palmitoylation-defi-
cient p75NTR. This is in agreement with the faster inter-
nalization of the mutant receptor as it has been proposed 
that clathrin-mediated internalization of cell surface 

receptors is faster than caveolin-mediated internalization 
[25]. Interestingly, internalized mutant p75C281A showed 
increased co-localization with Rab5 and Rab7, proteins 
involved in the trafficking of early and late endosomes, 
respectively, but lower co-localization with Rab11, which 
marks endosomes that recycle back to the cell surface 
(Fig. 4A-C), indicating enhanced intracellular trafficking 
of the mutant receptor. Importantly, mutant p75C281A also 
showed increased co-localization with Lamp-1, a lyso-
somal marker (Fig. 4D), in agreement with its enhanced 
susceptibility to lysosomal degradation. Together, these 
results indicate that palmitoylation of p75NTR enhances 
the half-life and stability of the protein by increasing the 
association of the receptor with caveolin at the expense 
of clathrin, thus slowing its internalization, increasing 
plasma membrane recycling and reducing p75NTR traf-
ficking to the lysosome.

Reduced Aβ plaque burden, gliosis and neurite 
dystrophy in the hippocampus of 5xFAD mice expressing 
palmitoylation-deficient p75NTR

In order to investigate the impact of p75NTR palmi-
toylation on the progression of AD, p75C281A mutant 
mice were crossed with 5xFAD mice. As reported pre-
viously [18], expression of p75NTR became upregulated 
in the hippocampus of 5xFAD mice compared to wild 
type controls (Fig.  5A). As expected from the reduced 
stability of palmitoylation-deficient p75NTR, the hippo-
campus of both heterozygous (m/+) and homozygous 
(m/m) 5xFAD mice expressed lower levels of the mutant 
receptor, comparable to the levels observed in 5xFAD 
mice that were heterozygous for a null allele of p75NTR 
(5xFAD;p75±) (Fig.  5A). In heterozygous form, this null 
mutation afforded no protection from the accumulation 
of Aβ plaques in the hippocampus of 5xFAD mice at nei-
ther 6 or 9 months (Fig. 5B, C). We note that, due to the 
fixation protocol used, Aβ immunoreactivity may include 
oligomers and protofibrils in addition to plaques. In con-
trast, Aβ plaque burden was significantly reduced in both 
m/+ and m/m 5xFAD mice at both ages with a concomi-
tant reduction in plaque size (Fig.  5B-D). In agreement 
with this, the hippocampus of 9 month old mice express-
ing palmitoylation-deficient p75NTR contained signifi-
cantly lower levels of Aβ1–42 monomers and oligomers 
as detected by ELISA (Fig. 5E, F). No statistically signifi-
cant differences were found in the Aβ1–42 levels of hip-
pocampus from 5xFAD;p75± mice (Fig. 5E, F). This result 
suggests a protective effect of palmitoylation-deficient 
p75NTR that can not be accounted for by its reduced 
expression levels. Intriguingly, Aβ1–42 levels were 
reduced in hippocampus of heterozygous (m/+) p75C281A 
5xFAD mice to a similar extent as in homozygous (m/m) 
mice (Fig.  5E, F). The fact that similar protection was 
achieved in heterozygous and homozygous p75C281A 
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mutants suggested a dominant effect of palmitoylation-
deficient p75NTR.

In line with reduced Aβ deposition, the hippocam-
pus of m/+;FAD and m/m;FAD presented significantly 
ameliorated astrogliosis (marked by GFAP expression), 
microgliosis (marked by Iba1 expression) as well as neu-
rite dystrophy, as revealed by the accumulation of RTN3+ 
labeling around Aβ plaques (Fig. 6A-C). The loss of one 
p75NTR allele in 5xFAD mice had no effect on either glio-
sis or neurite dystrophy (Fig. 6A-C). Again, similar pro-
tection was observed in heterozygous and homozygous 
p75C281A mutants (Fig. 6A-C), in line with their reduced 

Aβ deposition. Together, these data suggest that the spe-
cific loss of p75NTR palmitoylation is neuroprotective in 
AD.

5xFAD mice expressing palmitoylation-deficient p75NTR 
show improved spatial learning and memory
Spatial learning and memory was assessed in 5xFAD 
mice expressing palmitoylation-deficient p75NTR using 
the Barnes maze assay. Previous studies have shown 
that 5xFAD mice present marked deficits in this cogni-
tive test [18]. As expected, these mice showed little if any 
learning of the position of the escape tunnel during the 

Fig. 3  Mutant p75NTR lacking palmitoylation shows faster internalization in hippocampal neurons. A Internalization assay of p75NTR in hippocampal neu-
rons from WT and m/m embryos. Micrographs show representative images of internalized p75NTR counterstained with microtubule-associated protein 
2 (MAP2, dendritic marker for neurons) at 15 min of internalization. Graphs below show the kinetics of internalization of p75NTR as in percentage inter-
nalization of total surface p75NTR (set to 100%, bottom-left panel) and linear transformation of internalization kinetics (bottom-right panel). T1/2 denotes 
time for half maximal internalization in minutes. Statistical analysis by two-way ANOVA followed by Šídák's multiple comparisons test; mean ± SEM; N = 3 
independent experiments; *, p < 0.05. B Co-immunoprecipitation of p75NTR with Caveolin-1(CAV-1) and β-Adaptin in the hippocampal extracts from WT 
or m/m mice at postnatal day7. Statistical analysis by unpaired t-test; mean ± SEM; N = 3 animals per group
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Fig. 4 (See legend on next page.)
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training sessions (Fig. 7A) and were unable to recognize 
the target quadrant in the probe session 3 h after the last 
training session (Fig. 7B). In contrast, both m/+;FAD and 
m/m;FAD mice learned the position of the escape tunnel 
at a rate comparable to that of wild type mice (Fig. 7A) 
and recognized the target quadrant above chance dur-
ing the probe sessions (Fig. 7B, C). This result indicates 
improved cognitive function in the 5xFAD mouse model 
of AD after the loss of p75NTR palmitoylation.

Reduced protein half-life, altered intracellular trafficking 
and decreased amyloidogenic processing of APP in 
hippocampus of 5xFAD mice expressing palmitoylation-
deficient p75NTR

Hippocampal extracts from 9  month old 5xFAD mice 
expressing palmitoylation-deficient p75NTR contained 
lower levels of full length APP, as well as the CTFβ and 
sAPPα fragments that result from β- and α-secretase 
cleavage, respectively, (Fig.  8A-C), suggesting enhanced 

(See figure on previous page.)
Fig. 4  Altered intracellular trafficking of mutant p75NTR lacking palmitoylation. A Co-localization of internalized p75NTR with early endosome marker RAB5 
in hippocampal neurons after 15 min of internalization. Statistical analysis by unpaired t-test; mean ± SEM; N = 3 independent experiments; **p < 0.01. B 
Co-localization of internalized p75NTR and recycling endosome marker RAB11 in hippocampal neurons after 30 min of internalization. Statistical analysis 
by unpaired t-test; mean ± SEM; N = 4 independent experiments; *, p < 0.05. C Co-localization of internalized p75NTR and late endosome marker RAB7 in 
hippocampal neurons after 60 min of internalization. Statistical analysis by unpaired t-test; mean ± SEM; N = 3 independent experiments; *, p < 0.05. D Co-
localization of internalized p75.NTR and lysosomal marker LAMP1 in hippocampal neurons after 60 min of internalization. Statistical analysis by unpaired 
t-test; mean ± SEM; N = 4 independent experiments; *, p < 0.05

Fig. 5  Reduced Aβ plaque burden in hippocampus of 5xFAD mice expressing palmitoylation-deficient p75NTR. A Western blot analysis of protein level of 
p75NTR in hippocampal extracts from WT, 5xFAD, 5xFAD homozygous (m/m) and heterozygous (m/+) for palmitoylation-deficient p75NTR, and 5xFAD het-
erozygous knockout for p75NTR (p75±) mice. Statistical analysis by one-way ANOVA followed by Tukey’s multiple comparisons test; mean ± SEM; N = 5 ani-
mals per group; *, p < 0.05; **, p < 0.01; ***, p < 0.001. B Immunostaining of Aβ plaque (6E10 antibody) in hippocampus of 5xFAD, 5xFAD;m/+, 5xFAD;m/m 
and 5xFAD;p75± mice at 6 months and 9 months of age. Histogram below shows the percentage of hippocampal area occupied by Aβ plaques. Statistical 
analysis by two-way ANOVA followed by Tukey’s multiple comparisons test; mean ± SEM; N = 5 animals per group; *, p < 0.05; **, p < 0.01; ***, p < 0.001 ver-
sus 5xFAD; ##, p < 0.01; ###, p < 0.001 versus 5xFAD;p75 ±. C Quantification of average Aβ plaque size in hippocampus of 5xFAD, 5xFAD;m/+, 5xFAD;m/m 
and 5xFAD;p75± mice at 6 months and 9 months of age. Statistical analysis by one-way ANOVA followed by Tukey’s multiple comparisons test; mean ± SEM; 
N = 5 animals per group; *, p < 0.05; **, p < 0.01 versus 5xFAD; #, p < 0.05; ##, p < 0.01 versus 5xFAD;p75±. D Frequency distribution analysis for plaque size 
in hippocampus from 5xFAD, 5xFAD;m/+, 5xFAD;m/m and 5xFAD;p75± mice at 9 months of age. E, F ELISA determination of Aβ1–42 content in hippo-
campus extracts from 5xFAD, 5xFAD;m/+, 5xFAD;m/m and 5xFAD;p75± mice at 9 months of age. Aβ monomers (E) refer to the Tris-buffered saline (TBS) 
-soluble fraction, while Aβ oligomers (F) refer to the soluble fraction after RIPA buffer extraction of the TBS pellet. Statistical analysis by one-way ANOVA 
followed by Tukey’s multiple comparisons test; mean ± SEM; N = 5 animals per group; *, p < 0.05; **, p < 0.01 versus 5xFAD; #, p < 0.05 versus 5xFAD;p75±
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APP protein turn-over in neurons expressing mutant 
p75C281A. In agreement with our histological and behav-
ioral analyses, a similar reduction in APP levels was 
observed in homozygous (m/m) and heterozygous (m/+) 
mutants (Fig.  8A-C), in line with a dominant effect of 
palmitoylation-deficient p75NTR. Given that APP and 
p75NTR can directly interact and co-internalize in hip-
pocampal neurons [18], we investigated the possibil-
ity that palmitoylation-deficient p75NTR affected the 
stability, trafficking and processing of APP. Human 
3xFAD APP (carrying the same three mutations pres-
ent in 5xFAD mice) expressed in cultured hippocampal 
neurons by viral transduction showed a faster decay upon 
CHX treatment in homozygous (m/m) p75C281A neu-
rons compared to wild type cells (Fig.  8D), indicating a 
reduced half-life of 3xFAD APP in neurons expressing 

palmitoylation-deficient p75NTR. The reduced half-life 
of 3xFAD hAPP in mutant neurons could be amelio-
rated by treatment with pepstatin A (Fig. 8E), indicating 
lysosomal involvement. In agreement with this, 3xFAD 
hAPP showed stronger co-localization with the lyso-
somal marker Lamp-1 in m/m neurons compared to wild 
type (Fig.  8F). A decrease in 3xFAD APP half life was 
also observed in heterozygous (m/+) neurons (Fig.  8D), 
indicating a dominant effect of palmitoylation-deficient 
p75NTR on the stability of APP.

Intrigued by the dominant effects of the C281A muta-
tion, we investigated its molecular mechanism by co-
transfecting wild type and C281A mutant p75NTR in 
HEK293 cells followed by assessment of their interaction, 
palmitoylation and stability. By co-immunoprecipitation, 
we found that wild type and palmitoylation-deficient 

Fig. 6  Reduced Aβ gliosis and neurite dystrophy in the hippocampus of 5xFAD mice expressing palmitoylation-deficient p75NTR. A, B Immunostaining 
of astrocyte marker glial fibrillary acidic protein (GFAP) (A), microglia marker Ionized calcium binding adaptor molecule1 (Iba1) (B) associated with Aβ 
plaques in the hippocampus of wild type (WT), 5xFAD, 5xFAD;m/+, 5xFAD;m/m and 5xFAD;p75± mice at 9 months of age. Statistical analyses by one-way 
ANOVA followed by Tukey’s multiple comparisons test are shown below expressed as % of hippocampal (hc) area; mean ± SEM; N = 5 animals per group; 
*, p < 0.05; **, p < 0.01 versus 5xFAD; #, p < 0.05; ##, p < 0.01 versus 5xFAD;p75±. C Immunostaining of dystrophic neurite marker reticulon 3 (RTN3) associ-
ated with Aβ plaques in hippocampus of 5xFAD, 5xFAD;m/+, 5xFAD;m/m and 5xFAD;p75± mice at 9 months of age. Statistical analysis by one-way ANOVA 
followed by Tukey’s multiple comparisons test is shown below expressed as % of plaque area; mean ± SEM; N = 5 animals per group; ***p < 0.001 versus 
5xFAD; ###, p < 0.001 versus 5xFAD;p75±
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mutant p75NTR were able to form homo- and hetero-
dimers to a similar extent (Supplementary Figure S4A). 
Interestingly, palmitoylation of wild type p75NTR was 
not significantly affected upon co-expression of pal-
mitoylation-deficient mutant (Supplementary Figure 
S4B), suggesting independent palmitoylation of the two 
protomers in the p75NTR dimer. Importantly, however, 
we found that the half-life of wild type p75NTR was sig-
nificantly reduced upon co-expression of palmitoylation-
deficient mutant (Supplementary Figure S4C) indicating 
a dominant effect of the latter upon the stability of the 
wild type protomer in the receptor dimer. This result 
established a plausible mechanism by which the stability 

of APP may have been affected in m/+ heterozygous 
neurons.

Finally, we assessed 3xFAD hAPP co-internalization 
with p75NTR and its intracellular trafficking. Using the 
Proximity Ligation Assay (PLA), we first verified that 
wild type and C281A mutant p75NTR interacted with 
3xFAD APP to a similar extent (Supplementary Figure 
S5). In agreement with the enhanced internalization of 
palmitoylation-deficient p75NTR, 3xFAD APP co-inter-
nalized with mutant p75C281A to a greater extent than 
with wild type p75NTR in hippocampal neurons (Fig. 9A, 
B). Moreover, 3xFAD APP/p75C281A co-internalized com-
plexes were present in association with late endosomes 

Fig. 7  5xFAD mice expressing palmitoylation-deficient p75NTR show improved spatial learning and memory. A Escape latency in Barnes maze test of 
6-month-old WT, 5xFAD, 5xFAD;m/+ and 5xFAD;m/m mice as indicated. Histograms show mean latency in seconds to find the escape tunnel in 6 con-
secutive training sessions. Statistical analysis by two-way ANOVA followed by Tukey’s multiple comparisons test; mean ± SEM; N = 12 in WT, 16 in 5xFAD, 
8 in 5xFAD;m/+ and 5xFAD;m/m; *p < 0.05; **, p < 0.01; ***, p < 0.001 versus 5xFAD. B, C Percentage of time that mice spent in target quadrant (B) and 
numbers of target hole exploration (C) during the probe trial session 3 h after final training of Barnes maze. Statistical analysis by one-way ANOVA fol-
lowed by Tukey’s multiple comparisons test; mean ± SEM; N = 12 in WT, 16 in 5xFAD, 8 in 5xFAD;m/+ and 5xFAD;m/m; *p < 0.05; **, p < 0.01; ***, p < 0.001 
versus 5xFAD
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Fig. 8 (See legend on next page.)
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marked by Rab7 at significantly higher levels than APP 
co-internalized with wild type p75NTR (Fig.  9B). Impor-
tantly, in mutant p75C281A hippocampal neurons, human 
3xFAD APP interacted with BACE1 to a lower extent 
than in wild type neurons as detected by PLA (Fig. 9C). 
We note that PLA studies on the interaction between 
BACE1 and endosomal proteins Rab5, Rab7 and Rab11 
found no difference between mutant p75C281A and wild 
type hippocampal neurons (Supplementary Figure 
S6A-C), indicating that BACE1 trafficking is unaffected 
in mutant neurons. In agreement with reduced APP/
BACE1 interaction, mutant p75C281A neurons express-
ing human 3xFAD APP released lower levels of Aβ1–42 
amyloid peptide to the culture medium than neurons 
expressing wild type p75NTR (Fig.  9D). Together, these 
results suggest that the stabilizing effect of palmitoylation 
on the p75NTR receptor leads to enhanced APP stability, 
increased APP interaction with BACE1 and elevated lev-
els of Aβ1–42 amyloid peptide, thereby contributing to the 
development of AD neuropathology.

Discussion
The results of the present study indicate that one key 
functional consequence of the palmitoylation of p75NTR 
is a marked increase in its protein stability, achieved pri-
marily by reduced receptor internalization and intracel-
lular trafficking to lysosomes. One consequence of this 
is that other transmembrane proteins with an ability to 
interact and co-internalize with p75NTR, such as APP, 
become similarly affected. Based on the hydrophobic 
nature of the palmitate tail, palmitoylation has been con-
sidered as a mechanism for driving proteins into choles-
terol-rich membrane micro-domains known as lipid rafts 
[26, 27]. Previous reports found small amounts (≈1%) 
of p75NTR in light-density detergent-resistant fractions, 
an operational definition of lipid rafts, of transfected 
cell lines [22, 28] and rat brain tissue lysates [29]. Using 

similar methods, we could only detect minute amounts 
(< 0.1%) of p75NTR in lipid raft fractions of cultured corti-
cal neurons and extracts of 9  month old 5xFAD hippo-
campus (Supplementary Figure S6A, B). hAPP was also 
present at very low levels in hippocampal lipid rafts frac-
tions (< 1%) (Supplementary Figure S6B). Importantly, we 
could not detect any significant difference in the levels of 
hAPP in lipid raft fractions of palmitoylation-deficient 
p75NTR (m/m) mutant compared to wild type hippocam-
pus (Supplementary Figure S6C). These results suggests 
that in brain neurons expressing physiological levels of 
p75NTR, the receptor may not be present at significant 
levels in lipid rafts. The fact that lipid raft levels of 5xFAD 
hAPP were comparable in m/m and wild type hippocam-
pus further suggests that palmitoylation-deficient p75NTR 
does not affect hAPP metabolism by altering its localiza-
tion in lipid rafts. Intriguingly, wild type p75NTR showed 
higher interaction than the palmitoylated-deficient 
receptor for caveolin-1, a well-known lipid raft marker. 
However, caveolins can also be found outside rafts and in 
non-caveolar regions, as well as in cells that lack caveo-
lae altogether, where they have scaffolding functions that 
contribute to protein and lipid distribution as well as reg-
ulation of the actin cytoskeleton [30, 31].

It has been reported in sympathetic neurons that inter-
nalized wild type p75NTR evades the lysosomal route at 
the level of early Rab5+ endosomes, instead accumulat-
ing in Rab11+ vesicles and multivesicular bodies [32]. 
Our present findings, showing preferential localization 
of internalized palmitoylation-deficient p75NTR in Rab7+ 
endosomes and the lysosome, indicate that the palmi-
tate tail is a key determinant of p75NTR intracellular traf-
ficking. It is possible that palmitate contributes to the 
partition of internalized p75NTR to distinct endocytic 
vesicles based on its differential affinity for specific mem-
brane lipid components. It has also been reported that 
caveolin-containing vesicles are able to avoid lysosomal 

(See figure on previous page.)
Fig. 8  Reduced protein half-life and increased lysosomal localization of APP in AD hippocampal neurons expressing palmitoylation-deficient p75NTR. A 
Western blot analysis of full-length APP (6E10 antibody) in the RIPA-soluble fraction of hippocampal extracts from 9-month-old WT, 5xFAD, 5xFAD;m/+ and 
5xFAD;m/m mice. Statistical analysis by one-way ANOVA followed by Tukey’s multiple comparisons test is shwon below; mean ± SEM; N = 5 in each 
group. B Western blot analysis of soluble APP-α (sAPPα, 6E10 antibody) in the TBS-soluble fraction of hippocampus extract from 9-month-old WT, 5xFAD, 
5xFAD;m/+ and 5xFAD;m/m mice. Statistical analysis by one-way ANOVA followed by Tukey’s multiple comparisons test is shown below; mean ± SEM; 
N = 5 in each group. C Western blot analysis of C-terminal fragment-β (CTFβ, 6E10 antibody) in the RIPA-soluble fraction of hippocampus extract from 
9-month-old WT, 5xFAD, 5xFAD;m/+ and 5xFAD;m/m mice. Statistical analysis by one-way ANOVA followed by Tukey’s multiple comparisons test is shwon 
below; mean ± SEM; N = 5 in each group. D Cycloheximide (CHX) pulse-chase assay of APP half-life in wild type (WT), heterozygous (m/+) and homozy-
gous (m/m) p75NTR mutant hippocampal neurons expressing triple mutant human APP introduced by AAV infection. AAV-DJ-3xFAD-APP virus was added 
to cultured hippocampal neurons dissect from WT, m/+, m/m E17.5 embryos at DIV2 (days in vitro). At DIV7, neurons were treated with CHX (50 μg/
ml) for indicated time. Statistical analysis by two-way ANOVA followed by Tukey’s multiple comparisons test (right); mean ± SEM; N = 4 independent ex-
periments; *, p < 0.05 m/m versus WT; #, p < 0.05 m/+ versus WT. E Cycloheximide (CHX) pulse-chase assay of APP half-life in homozygous (m/m) p75NTR 
mutant hippocampal neurons expressing triple mutant hAPP introduced by AAV-DJ-3xFAD-APP virus infection. Neurons were pretreated with lysosomal 
inhibitor Pepstatin A (5μΜ, 2 h) before CHX administration. Statistical analysis by two-way ANOVA followed by Tukey’s multiple comparisons test (right); 
mean ± SEM; N = 3 independent experiments; *p < 0.05. F Co-immunostaining of APP with lysosome marker Lysosomal-Associated Membrane Protein 
1 (LAMP1) in AAV-DJ-3xFAD-APP infected wild type (WT) and homozygous (m/m) p75.NTR mutant hippocampal neurons. Histogram (right) shows the 
percentage of area of APP that co-localized with LAMP1. Scale bar, 20 μm. Statistical analysis by unpaired t-test; mean ± SEM; N = 3 independent experi-
ments, ≥ 15 cells per group in each experiment; *p < 0.05
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Fig. 9  Faster internalization, altered intracellular trafficking and increased amyloidogenic processing of APP in AD hippocampal neurons expressing pal-
mitoylation-deficient p75NTR. A Proximity-ligation assay (PLA) between 3xhAPP and p75NTR in wild type (WT) and homozygous (m/m) p75NTR mutant hip-
pocampal neurons infected with AAV-DJ-3xFAD-APP virus following 60 min internalization. Histogram (right) shows the numbers of PLA signals per cell. 
Statistical analysis by unpaired t-test; mean ± SEM; N = 3 independent experiments, ≥ 15 cells per group in each experiment; *p < 0.05. B Co-localization of 
APP/p75NTR co-internalized complexes (detected by PLA) with late endosome/lysosome marker RAB7 in wild type (WT) and homozygous (m/m) p75NTR 
mutant hippocampal neurons infected with AAV-DJ-3xFAD-APP virus. Histogram shows the percentage of area of PLA signals that co-localized with RAB7. 
Statistical analysis by unpaired t-test; mean ± SEM; N = 3 independent experiments, ≥ 15 cells per group in each experiment; *p < 0.05. C Proximity-ligation 
assay (PLA) between 3xhAPP and BACE1 in wild type (WT) and homozygous (m/m) p75NTR mutant hippocampal neurons infected with AAV-DJ-3xFAD-
APP virus. Histogram shows the percentage of area of PLA signals. Statistical analysis by unpaired t-test; mean ± SEM; N = 3 independent experiments, ≥ 15 
cells per group in each experiment; *p < 0.05. D ELISA detection of Aβ1–42 secretion in the conditional medium of cultured hippocampal neurons from 
wild type (WT) or homozygous (m/m) p75.NTR mutant hippocampal neurons infected with AAV-DJ-3xFAD-APP virus for 4 days. Statistical analysis by 
unpaired t-test; mean ± SEM; N = 5 independent experiments performed in triplicate; *p < 0.05
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degradation [33], so the lower interaction of palmi-
toylation-deficient p75NTR with caveolin-1 may in part 
explain its enhanced lysosomal localization and degrada-
tion compared to the wild type receptor.

Previous studies have shown that p75NTR may inter-
nalize through both clathrin-dependent and clathrin-
independent pathways to different extents depending on 
the cell-type and the degree of receptor activation [32, 
34–36]. Until recently, APP endocytosis was thought to 
proceed solely through the clathrin-dependent pathway. 
However, a recent study reported that APP internal-
izes through a clathrin-independent mechanism in the 
somato-dendritic compartment of mouse hippocampal 
and cortical neurons as well as induced human neurons 
[37]. Our observation of a stronger interaction of palmi-
toylation-deficient p75NTR with β-adaptin, a key compo-
nent of the clathrin machinery, suggests that, through its 
association with APP, the mutant receptor may preferen-
tially alter APP endocytosis from somato-dendritic com-
partments potentially affecting Aβ generation.

In a previous study, we reported that two signaling-
deficient mutants of p75NTR, namely ∆DD (lacking the 
death domain) and C259A (with transmembrane and 
disulphide bond-forming Cys259 replaced by Ala), show 
reduced receptor internalization, resulting in reduced 
APP internalization, Aβ generation and neuropathology 
in the 5xFAD mouse model [18]. Thus, the observation 
that palmitoylation-deficient p75NTR shows enhanced 
internalization and yet is neuroprotective in 5xFAD mice 
seemed at first paradoxical. However, a key difference 
resides in the respective fates of the internalized mutant 
receptors. While internalized palmitoylation-deficient 
p75NTR readily transits to Rab5+ and Rab7+ endosomes 
and subsequently lysosomes, internalized signaling-
deficient p75NTR mutants show enrichment in recycling 
Rab11+ endosomes at the expense of Rab7 endosomes 
[18]. Due to the low abundance of BACE1 in recycling 
endosomes, as well as their unfavorable pH conditions 
for BACE1 activity, lower levels of APP were co-local-
ized with BACE1 and less Aβ was generated in neurons 
expressing signaling-deficient p75NTR mutants [18]. 
Thus, despite having opposite internalization behaviors, 
signaling-deficient and palmitoylation-deficient p75NTR 
mutants lead to similar outcomes in the context of AD.

In conclusion, our results indicate that palmitoylation 
of p75NTR enhances its stability and plasma membrane 
levels by slowing its internalization and subsequent intra-
cellular trafficking to the lysosome. In doing so, native, 
palmitoylated p75NTR also stabilizes APP, thereby indi-
rectly contributing to Aβ production and AD pathology. 
The fact that m/+ heterozygous mutants showed benefi-
cial effects comparable to those observed in m/m homo-
zygous suggests that even moderate inhibition of p75NTR 

palmitoylation may be sufficient to ameliorate cognitive 
decline in AD.

Methods
Mice
Mice were housed in a 12  h light–dark cycle and fed a 
standard chow diet. Our study examined only male mice. 
Although expected, it is unknown whether the findings 
are relevant for female mice. The mouse lines utilized 
in this study have been described previously and are as 
follows: 5xFAD [24]; p75NTR exon 3 knock-out [38]. The 
C281A p75NTR knock-in mouse line was generated using 
CRISPR-Cas9 system by Genetic Manipulation Core in 
Chinese Institute for Brain Research. All animal experi-
ments were performed under the guidelines set by the 
Institutional Animal Care and Use Committee of Chinese 
Institute for Brain Research, Beijing (CIBR-IACUC-028).

Primary culture of hippocampal neurons
Pregnant female mice were euthanized at 17.5  day of 
gestation by isoflurane. Hippocampi were aseptically 
dissected and digested in digestion buffer (10 units/mL 
Papain, 5 mM L-cysteine and 1000 units DNase I in L-15 
medium) for 30 min at 37℃. The digested hippocampal 
tissue was neutralized with complete medium contain-
ing 10% heat-inactivated horse serum then triturated 
15 times using a 1  mL pipette tip to dissociate it into a 
single-cell suspension. Neurons were transferred to cov-
erslips or well plates coated with 0.01% poly-D-lysine 
(Sigma-Aldrich) and 1  μg/ml laminin (Sigma-Aldrich) 
followed by one complete medium change after 1  h of 
seeding. Cultured neurons were maintained in serum-
free Neurobasal medium supplemented with B27 (Invi-
trogen), GlutaMAX (Invitrogen) at 37℃ in 5% CO2. 
Neurons were transduced with AAV-DJ-hSyn-3XFAD-
hAPP (WZ Biosciences Inc.; MOI = 1 × 105) after 2 days in 
vitro. After 5 days of AAV transduction, the conditional 
medium from cultured hippocampal neurons was col-
lected, centrifuged at 14,000 × g for 10  min at 4  °C, and 
stored at −80 °C in aliquots for further analysis.

Acyl-Biotin Exchange (ABE) assay
ABE assays were performed according to a previous 
report [39]. Briefly, transfected HEK293T cells or hip-
pocampi from postnatal day 3 pups were lysed in 50 mM 
HEPES pH 7.2, 2% (w/v) SDS, 1 mM EDTA plus prote-
ase inhibitors (MCE). Lysates were cleared at 10,000 × g 
for 1 min at 4 °C. The protein concentration contained in 
the samples was determined using a BCA kit (Solarbio). 
Lysates containing 500ug protein were supplemented 
with 20  mM methyl-methane thiosulfonate (MMTs) 
to block free thiols at 42℃ for 1  h. Unreacted MMTs 
were removed by acetone precipitation and pellets were 
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resuspended in buffer containing 0 mM HEPES pH 7.2, 
4% (w/v) SDS, 1 mM EDTA. Samples were diluted in buf-
fer containing 0.7 M hydroxylamine (+ HAM) or 50 mM 
Tris–HCl (pH7.4, -HAM) with sulfhydryl-reactive 
HPDP-biotin and incubated at room temperature for 1 h 
with gentle agitation. Samples were acetone precipitated 
again to remove HAM and HPDP-Biotin and pellets were 
resuspended in 4% SDS. Samples were diluted to 0.1% 
SDS and biotinylated proteins in samples were affinity-
purified using neutravidin-conjugated beads at room 
temperature for 1  h. 50  mM DTT was used to cleave 
HPDP-biotin and release purified proteins. The released 
proteins were denatured in SDS sample buffer and pro-
cessed for SDS-PAGE.

Antibodies

Antibody Company Catlog Number RRID
α-p75NTR(DD) Abcam Ab62987 AB_881682

α-p75NTR(ECD) R&D AF1157 AB_2298561

α-GAPDH Sigma Aldrich G9545 AB_796208

α-Caveolin-1 Cell Signaling 
Technology

3267 AB_2275453

α-β-Adaptin Abcam AB129168 AB_11140860

α-MAP2 Abcam Ab92434 AB_2138147

α-RAB5 Cell Signaling 
Technology

3547 AB_2300649

α-RAB11 Cell Signaling 
Technology

5589 AB_10693925

α-RAB7 Cell Signaling 
Technology

9367 AB_1904103

α-LAMP1 Abcam Ab278043 AB_3712775

α-APP Biolegend 803,014 AB_2728527

α-GFAP Abcam Ab7260 AB_305808

α-IBA1 WAKO 019–19741 AB_839504

α-RTN3 Sigma Aldrich ABN1723 AB_3722687

α-HA Sigma Aldrich H9658 AB_260092

α-Myc R&D 11,667,149,001 AB_390911

α-BACE1 Sigma Aldrich SAB2100200 AB_10604274

Co-immunoprecipitation, surface biotinylation and 
Western blotting
Hippocampi dissected from postnatal day 7 mice or cell 
samples were lysed in Co-IP lysis buffer (50  mM Tris–
HCl pH 7.2, 0.15 NaCl, 0.5 mM EDTA, 250 mM sucrose, 
60  mM Octyl-β-glucoside, 1% Triton X-100) at 4℃ for 
30  min. Extracts were cleared at 10,000 × g for 1  min at 
4 °C. The protein concentration contained in the samples 
was determined using a BCA kit (Solarbio). Extracts con-
taining 500ug protein were incubated with p75NTR anti-
body targeting its intracellular death domain (Abcam, 
Cat.#Ab52987, 8 ug/ml) overnight at 4 °C. HEK293T cells 
were co-transfected with plasmids encoding p75NTR with 
an N-terminal HA tag (following the signal peptide) and 
a C-terminal Myc tag using Lipofectamine 3000. After 

24 h of transfection, cells were lysed in Co-IP lysis buf-
fer, and the extracts were incubated with HA antibody 
(CST, 2 μg/ml) overnight at 4  °C. After incubation, 25ul 
protein A/G magnetic beads (MCE) were added to lysate 
and incubated at room temperature for 1 h. After incuba-
tion, the beads were washed by PBST buffer for 4 times. 
The binding proteins were released and denatured in 
DTT-containing SDS sample buffer and processed for 
SDS-PAGE.

For surface biotinylation assay, HEK293T cells plated 
on 10 cm plate were transfected with HA-tagged p75NTR 
constructs or control vector. After 24  h of transfection, 
the medium was removed, and cells were washed twice 
by 10 ml ice-cold PBS buffer. 6 ml cold cell-impermeant 
biotin buffer (0.5  mg/ml Sulfo-NHS-SS-Biotin, 10  mM 
MgCl2, 0.5% BSA in DMEM without serum or antibiot-
ics) was added to each plate and incubated at 4  °C with 
gentle agitation. Following incubation, the labeling solu-
tion was removed, and cells were incubated in 8.5  ml 
quenching solution (PBS pH8.0, 10  mM Tris, 100  mM 
glycine) at 4 ℃ for 10  min. Cells were washed by 5  ml 
PBS for twice and lysed in 500ul lysis buffer (the same as 
in Co-IP assay) containing protease inhibitors. Lysates 
were cleared at 10,000 × g for 1 min at 4 °C. The protein 
concentration contained in the samples was determined 
using a BCA kit (Solarbio). Lysates containing 500ug 
protein were then incubated with 25ul neutravidin-con-
jugated beads at RT for 2  h. After incubation, biotin-
labeled surface proteins were released and denatured in 
DTT-containing SDS sample buffer for further western 
blot analysis.

For Western blotting, tissue extracts or cell lysates were 
denatured in DTT-containing SDS sample buffer (Solar-
bio) and boiled at 95℃ for 5 min. Samples were shortly 
centrifugated before electrophoresis on polyacrylamide 
gels. Proteins were blotted on polyvinylidene fluoride 
(PVDF) membranes (0.22  μm, Millipore). Membranes 
were blocked by 5% BSA in TBST for 1 h at room temper-
ature and incubated with primary antibodies overnight at 
4  °C. Primary antibody against p75NTR used in Western 
blotting was directed against the intracellular domain. 
After washing by TBST for 3 times, membranes were 
incubated with horseradish peroxidase (HRP) conju-
gated secondary antibodies (1:10,000, CST) for 1 h at RT. 
Immunoblots were then developed using ECL Reagent 
(Millipore) and exposed by Amersham ImageQuant™ 800 
(Cytiva). ImageJ was used to analyze the images.

Lipid raft isolation
Cortical neurons were plated in 10  cm dish at 2 × 107 
cells per dish. After 5 days of culturing, the neurons were 
scraped off in 1 × TNE buffer (20 mM Tris–HCl(pH7.4), 
250  mM sucrose, 1  mM MgCl2, 1  mM CaCl2) with 1% 
Triton X-100 and protease inhibitor added before use. 
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The cells were lysed by pipetting 15 times with a 1  mL 
pipette tip, followed by pipetting 10 times with a 26G 
needle. Hippocampi dissected from 9-month-old mice 
were lysed in 1 × TNE buffer using the same procedure as 
that used for cultured neurons. The lysates were centri-
fuged at 1000 × g for 10 min at 4℃ to remove the nuclei 
and incompletely lysed cells. 1.5 ml of cell extracts were 
mixed with equal volume of Opti-Prep™, placed at the 
bottom of the ultracentrifuge tube (14 × 89  mm, Beck-
man), then overlaid with 2.5  ml of 30% Opti-Prep™, 
2.5  ml of 20% Opti-Prep™ and 2  ml of 5% Opti-Prep™. 
Samples were then subjected to ultracentrifugation using 
SW41Ti rotor (Beckman) at 38,000 rpm (247,600 × g) for 
18  h at 4 ℃. Samples were divided into 12 fractions of 
equal volume collected from the top of the gradient and 
fraction 1–10 were then mixed with twofold volume of 
iced acetone and precipitate proteins for overnight at 
−20 ℃. The precipitations were resolved by 50 μl 2% SDS 
buffer and subjected to western blot. For lipid raft isola-
tion from hippocampal extracts, Kimble Dounce grind-
ers were used to homogenize tissues. 3.75  mg proteins 
of each sample in 1.5  ml 1 × TNE buffer containing 1% 
Triton X-100 and protease inhibitor were subjected to 
ultracentrifugation using the same condition as cultured 
neurons but without acetone precipitation.

Receptor internalization and immunocytochemistry
The internalization assay was performed based on our 
previous report [18]. Briefly, cultured hippocampal neu-
rons seeding on coverslips were first washed twice by ice-
cold ACSF buffer (124 mM NaCl, 3.7 mM KCl, 1.0 mM 
MgSO4, 2.5  mM CaCl2, 1.2  mM KH2PO4, 24.6  mM 
NaHCO3, 10 mM D-glucose, pH 7.4). Neurons were then 
incubated with antibody against the extracellular domain 
of p75NTR (Cat# AF1157, R&D, 2 μg/mL) diluted in ACSF 
buffer for 1 h at 4 ℃ to label surface p75NTR. Following 
incubation, slips were washed in ACSF and incubated at 
37 ℃ to allow internalization. At different time points, 
formic acid buffer (0.2  M formic acid, 0.5  M NaCl in 
ACSF buffer) was added to stop the internalization. Total 
staining (100%) was determined by fixing cells immedi-
ately after antibody feeding without acid wash step. The 
cells were fixed by 4% PFA for 15 min at room tempera-
ture and washed three times in PBS. For immunohisto-
chemistry, cells were blocked in 5% NDS and 0.3% Triton 
X-100 for 15  min at room temperature. Other primary 
antibody (RABs 1:400, Lamp1 1:100, MAP2 1:1000) 
except for p75NTR were diluted in blocking buffer and 
incubated with cells overnight at 4 ℃. After incubation, 
cells were washed three times in PBS and proper fluores-
cent secondary antibodies at 1:500 dilution were added to 
cell to incubate for 1 h at RT. Cells were washed again in 
PBS and mounted for further visualization under confo-
cal microscope. Co-localization of internalized p75NTR 

with RAB proteins was quantified using Pearson’s corre-
lation coefficient calculated from 2D confocal images by 
ImageJ software. Regions of interest (ROIs) were manu-
ally defined within individual cells.

Immunohistochemistry
Cryosections (14  μm) of mouse brain were equilibrated 
at room temperature for 30 min and washed twice in PBS 
buffer. Subsequently, sections underwent microwave-
assisted antigen retrieval (500W, 5 min) in citrate buffer 
followed by gradual cooling. After cooling to RT, sec-
tions were washed for twice in PBS and blocked in block-
ing buffer containing 5% NDS and 0.3% Triton X-100 for 
30 min. Primary antibodies were diluted in blocking buf-
fer, added to sections and incubated overnight at 4  °C. 
Primary antibody against p75NTR used for immunohisto-
chemistry was directed against the intracellular domain. 
Sections were washed three times by PBS and added with 
proper secondary antibodies for 1  h at room tempera-
ture. 4′,6-Diamidino-2-phenylindole (DAPI, 0.5  μg/ml) 
was used to stain cell nucleus for 10 min at RT after sec-
ondary antibody incubation. Sections were washed for 3 
times by PBS. After washing, sections were mounted and 
examined with confocal microscope. For fixed neurons 
cultured on coverslips, same protocol was used but with-
out equilibration and antigen retrieval.

APP fractionation and Aβ1–42 detection by ELISA
The procedure of APP fractionation followed a previous 
protocol described with modifications as follows [40]. 
The hippocampi dissected from 9-month male mice were 
homogenized using 2  mL manual Dounce homogenizer 
in TBS buffer (25 mM Tris, 140 mM NaCl, pH7.4) con-
taining protease and phosphatase inhibitors. Homog-
enates were then ultracentrifuged at 100,000  g for 1  h 
at 4℃ (Optima MAX-XP, Beckman). The supernatant 
was collected as the TBS-soluble fraction containing Aβ 
monomers. The pellet was further resuspended in RIPA 
buffer (Sigma Aldrich) containing protease and phos-
phatase inhibitors by trituration 15 times with a 1  mL 
pipette followed by a 26G syringe needle. Samples were 
incubated at 4℃ for 30 min with agitation and ultracen-
trifuged at 100,000 g for 1 h at 4℃. The supernatant was 
collected as the RIPA fraction containing Aβ oligomers. 
The TBS-soluble or RIPA fractions were stored at −80℃ 
for further

Western blot and ELISA analysis
The content of Aβ1–42 was analyzed using the Human 
Amyloid β(aa1-42) QuantikineTM ELISA Kit (R&D 
systems) according to the manufacturer’s instructions. 
Briefly, the TBS-soluble fractions and RIPA-soluble frac-
tions were diluted 20-fold by Diluent RD2-7, and the 
conditional medium of cultured hippocampal neurons 
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were diluted fourfold by Diluent RD2-7. 100 μL of each 
diluted sample was added to the ELISA plate and incu-
bate at 4℃ for 2 h. After incubation, wells were aspirated 
and washed by Wash Buffer. Human Amyloid β(aa 1–42) 
Conjugate was added and incubate for another 2 h at 4℃. 
Wells were aspirated and washed by Wash Buffer. 200 μL 
Substrate Solution was added to each well and incubate 
for 30 min at room temperature. Finaly, 50 μL Stop Solu-
tion was added and the optical density of each well was 
determined by micro plate reader (Cytation 5, BioTek, 
US) set to 450 nm with wavelength correction at 540 nm.

Proximity Ligation Assay (PLA)
After incubation of primary antibodies, the PLA assay 
was conducted according to the manufacture’s instruc-
tion of the Duolink In Situ Proximity Ligation Kit 
(Sigma). Briefly, the pair of oligonucleotide-conjugated 
PLA probes (PLUS and MINUS, species varied accord-
ing to the primary antibodies) were added to neurons 
and incubated for 1  h at 37 ℃. After probe labeling, 
ligase (provided by the kit) was introduced to link the 
adjacent probes and incubated for 30  min at 37℃. 
Then polymerase (provided by the kit) was introduced 
to amplify the circle DNA and fluorescently label PLA 
signals for 100  min at 37 ℃. During the amplification, 
conventional fluorescent secondary antibodies (1:400) 
targeting another primary antibody (e.g. anti-MAP2) 
were included to enable multiplex detection. PLA puncta 
were imaged by Zeiss confocal microscope and quanti-
fied using Image J software. As control experiments, we 
routinely perform PLA runs that omit one or the other 
or both primary antibodies. No signal of any kind was 
observed in any of those conditions.

Barnes maze
The Barnes maze spatial memory test was performed 
using 6-month old male mice. The maze platform was 
positioned 140  cm above the ground level, with a total 
diameter of 122  cm. Twenty evenly distributed open-
ings (each 5  cm in diameter) were incorporated in the 
design. Spatial cues were placed around the maze, and 
a high-intensity light source was positioned directly 
above the maze as the stimulus. On the first day of 
training, the mouse was placed in the escape tunnel for 
1  min(habituation). After habituation, the mouse was 
then placed at the center of the maze inside a dark box. 
The box was removed after 10 s and the recording was on 
at the same time. The mouse was free to explore the maze 
for 3 min or until the mouse escaped. If the mouse failed 
to find the tunnel, it would be put into the tunnel for 1 
extra minute. The training was conducted once daily for 6 
consecutive days. The platform was cleaned by 70% eth-
anol after individual exploration and was moved every-
day by 90° to avoid any odorant cue. In the memory test 

sessions (short-term test: 2 h after the last training; long-
term test: 24  h after the last training), the tunnel was 
removed, and the mouse was allowed to explore the maze 
for 90 s. Time spent in the target quadrant and explora-
tion to the target opening was analyzed to evaluate the 
spatial memory of mouse.

Statistical analysis
Statistical analyses were performed using Graph-
Pad Prism 10 software. Results were presented as 
mean ± standard error of the mean (SEM). Student’s 
t-test, one-way ANOVA or two-way ANOVA were per-
formed according to the requirements of the experiment. 
Statistical significance: *p < 0.05; **, p < 0.01; ***, p < 0.001.
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