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Apolipoprotein E intersects with amyloid-β within
neurons
Sabine C Konings1,2 , Emma Nyberg1 , Isak Martinsson1, Laura Torres-Garcia1 , Oxana Klementieva2,
Claudia Guimas Almeida3 , Gunnar K Gouras1

Apolipoprotein E4 (ApoE4) is the most important genetic risk
factor for Alzheimer’s disease (AD). Among the earliest changes in
AD is endosomal enlargement in neurons, which was reported as
enhanced in ApoE4 carriers. ApoE is thought to be internalized
into endosomes of neurons, whereas β-amyloid (Aβ) accumulates
within neuronal endosomes early in AD. However, it remains
unknown whether ApoE and Aβ intersect intracellularly. We show
that internalized astrocytic ApoE localizes mostly to lysosomes in
neuroblastoma cells and astrocytes, whereas in neurons, it
preferentially localizes to endosomes–autophagosomes of neu-
rites. In AD transgenic neurons, astrocyte-derived ApoE intersects
intracellularly with amyloid precursor protein/Aβ. Moreover,
ApoE4 increases the levels of endogenous and internalized Aβ42 in
neurons. Taken together, we demonstrate differential localiza-
tion of ApoE in neurons, astrocytes, and neuron-like cells, and
show that internalized ApoE intersects with amyloid precursor
protein/Aβ in neurons, whichmay be of considerable relevance to
AD.

DOI 10.26508/lsa.202201887 | Received 23 December 2022 | Revised 30 May
2023 | Accepted 31 May 2023 | Published online 8 June 2023

Introduction

The apolipoprotein E (ApoE) allele exists as three major isoforms in
humans: ApoE2, ApoE3, and ApoE4, with ApoE3 being the most
common form, followed by ApoE4. ApoE4 is the most important
genetic risk factor for Alzheimer’s disease (AD) (1, 2). In contrast,
ApoE2 protects against AD. ApoE in the brain is made predominantly
by astrocytes, but is also generated by microglia and under con-
ditions of stress by neurons (3, 4). Although the most critical
mechanism(s) by which ApoE4 raises the risk of AD remains to be
determined, various hypotheses have been proposed. A tight
correlation of ApoE4 with amyloid pathology is well known, but the
mechanism(s) whereby ApoE4 impacts amyloid pathology in AD
remains unclear. Previous research suggests a role of ApoE4 in the

early stages of AD, before amyloid plaques (5, 6). The presence of
ApoE4 increases the number of dystrophic neurites around plaques
and affects initial plaque density, but does not appear to influence
plaque load after initial plaque formation (5, 6), suggesting a role of
ApoE4 in the early cellular phase of AD before amyloid plaques.

Endosomal enlargement in neurons is one of the earliest
changes associated with AD (7, 8). Postmortem brains from late-
onset AD patients showed significantly enlarged neuronal endo-
somes compared with age-matched control brains (7), a finding that
has also been described in vitro in IPSC-induced neurons from AD
patients (9) and as induced by AD genetic risk factors (10, 11). The
mean endosomal size was reported as even more increased in
postmortem AD human brains from ApoE4 carriers compared with
non-ApoE4 carriers, suggesting an enhancing effect of ApoE4 on
endosomal enlargement (7). The exact mechanism(s) underlying
endosome dysfunction in AD, in particular in relation to ApoE4,
remains poorly understood. Experimental studies have reported
endosomal dysregulation induced by ApoE4 and ApoE4-induced
impairment in endosome recycling (12, 13, 14, 15). Added
recombinant ApoE was described to localize in neurons to the
endosomal system at Rab5-positive early endosomes and ca-
thepsin D-positive late endosomes/lysosomes (16). However,
studies on the endosomal localization of more physiological lipi-
dated ApoE isoforms in neurons are lacking.

Before plaque formation, intraneuronal Aβ accumulates in
endosomes (17, 18, 19), in particular, in late endosomal multi-
vesicular bodies near synaptic compartments (18). In addition,
BACE1-induced APP cleavage is favored under acidic pH conditions
as present in endosomes (20), APP trafficking, and Aβ production
occur in endosomes (11, 21, 22). As Aβ is generated (21, 23) and
initially aggregates (18) in acidic endosomes, ApoE4 might facilitate
the optimal conditions for Aβ production by blocking endosome
recycling or provide a more favorable lipid environment for Aβ
aggregation. ApoE was reported to trigger APP endocytosis and
subsequent Aβ production after binding to ApoER2 receptors, with
ApoE4 increasing Aβ production more than ApoE2 and ApoE3 (24).
In vivo data also support an association of ApoE4 with increased
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neuron levels of Aβ, as human ApoE target replacement mice
transduced with lentiviral Aβ1–42 showed increased intracellular Aβ
deposition in ApoE4 compared with ApoE3 mouse brains (25). On
the other hand, in another study, mouse brain knock-in with the
different human ApoE isoforms did not reveal alterations in APP
levels or processing (26), whereas crosses of AD transgenic with
ApoE mice showed elevated intraneuronal Aβ with ApoE4 (27).

It is possible that internalized ApoE and APP and/or Aβ intersect
and even interact within endosomes. ApoE localizes with high-
molecular weight Aβ oligomers in the TBS-soluble fraction of hu-
man AD brain (28), and ApoE co-deposits with amyloid plaques (29),
suggesting that ApoE and Aβ also co-localize at later stages of AD,
but whether ApoE and APP/Aβ are intersecting at an intracellular
level remains less clear. ApoE and antibody 4G8-positive Aβ/APP
were reported to be present in the same cytoplasmic granules in
postmortem AD brains (30), although the antibody used did not
distinguish Aβ from its abundant precursor APP. A subsequent
study using Aβ42 C-terminal-specific antibodies noted localization
of ApoE to AD-vulnerable neurons with marked intraneuronal Aβ42
accumulation in human brains with early AD pathology (31). More
recently, ApoE and Aβ were reported to be present in the same
synapses of human AD brains (32, 33).

Despite ApoE4 being established as the most important genetic
risk factor for AD and neurons selectively degenerating in the
disease, the subcellular localization of ApoE and its potential re-
lation to Aβ/APP biology in neurons has not been explored. The aim
of this study was to examine the subcellular localization of ApoE3
and ApoE4. In addition, the localization of the ApoE isoforms with
intracellular Aβ/APP was examined. We demonstrate that inter-
nalized ApoE predominantly traffics to lysosomes in primary as-
trocytes and N2a neuroblastoma cells, but not in primary neurons
where it localizes more to endosomes and autophagosomes of
neurites. Furthermore, ApoE co-localized with Aβ/APP β-C-terminal
fragments (APP-βCTFs), with ApoE4 treated-neurons showing more
prominent intraneuronal Aβ.

Results

ApoE is internalized into the endosome–lysosome system of
N2a cells

The endosome–lysosome system is considered to be one of the
earliest cellular sites affected in AD (7, 34, 35). ApoE4 was previously
shown to impact neuronal endosomes, including endosomal
recycling (12) and endosomal morphology (14); however, the sub-
cellular biology of ApoE remains poorly studied. In order to better
define the subcellular localization of ApoE, N2a neuroblastoma
cells were initially treated with physiological levels (2.5 μg/ml) of
recombinant human ApoE3 or ApoE4 for 15min and 4 h (Fig 1A). After
4 h more, N2a cells internalized recombinant ApoE4 compared with
ApoE3 (Figs 1B and S1A). Specifically, ApoE3 was taken up by 23.0%
and ApoE4 by 33.3% of N2a cells (Fig 1C, P = 0.024). Moreover, ApoE4
treatment increased the median number of ApoE puncta per N2a
cells by 33.4% compared with ApoE3 treatment (Fig 1D, P = 0.034).
The area of ApoE puncta in ApoE4-treated N2a cells showed an

increasing trend, although this difference was not significant (Fig 1E,
P = 0.0767). The puncta of internalized recombinant ApoE showed a
vesicle-like pattern (Fig 1F), consistent with the endosomal–
lysosomal system, although interestingly, most of the ApoE labeling
appeared polarized and near to the Golgi apparatus and
microtubule-organizing center. Due to endogenous mouse ApoE
expression by N2a cells and the fact that the ApoE antibody
16H22L18 to some extent also detects mouse ApoE, we were unable
to distinguish differences in ApoE in vehicle-treated N2a cells from
human ApoE-treated cells at the shorter (15 min) time point (data
not shown). For this reason, further characterization of human ApoE
in neuronal cells was performed using the 4 h time point, at which
time, the internalized ApoE was clearly above the lower endoge-
nous mouse ApoE labeling.

To better define the presumed endosomal–lysosomal trafficking
of internalized recombinant ApoE in N2a cells, we co-labeled ApoE-
treated N2a cells for ApoE and subcellular markers. Due to the
vesicle-like localization of ApoE, we started with analyzing ApoE co-
localization with antibodies to LAMP1, a lysosomal marker, which
also detects late endosomes and autophagosomes, and to Rab7, a
late endosomal marker, which also can be detected in autopha-
gosomes. At 4 h, 36% of internalized human ApoE3 and 30% of
ApoE4 co-localized with LAMP1 (overlap of ApoE-positive pixels with
LAMP1-positive pixels; Figs 1G and I and S1B), suggesting lysosome,
late endosome, and/or autophagosome localization of internalized
recombinant ApoE3 and ApoE4 in N2a cells. However, there was no
statistically significant difference in ApoE and LAMP1 co-
localization between ApoE3 and ApoE4 (Figs 1G and I, P = 0.2744).
In comparison with LAMP1, a lower proportion of human ApoE
puncta co-localized with Rab7 in N2a cells after 4 h, although there
was no significant difference between ApoE3 compared with ApoE4
(Figs 1H and J; P = 0.3392). We note that Rab7 labeling distributed
more widely throughout the cell, whereas most ApoE and LAMP1
localized in the perinuclear region, likely near to the Golgi/
microtubule organizing center. Overall, the LAMP1-positive,
mostly Rab7-negative, co-labeling of internalized human ApoE
suggests that human ApoE after 4 h has mostly trafficked beyond
late endosomes to lysosomes in N2a cells. To assess whether in-
ternalized ApoE might also be transported to the Golgi apparatus,
the presence of ApoE at the cis- and trans-Golgi apparatus was
assessed. Despite preferential labeling of internalized ApoE3 and
ApoE4 near to GM130-labeled cis-Golgi apparatus (Fig S2A), no clear
direct co-localization was seen of human ApoE with the antibody
against GM130 or with the trans-Golgi marker TGN38 (Fig S2). Al-
together, internalized recombinant ApoE3 and ApoE4 in N2a cells
are most notably localized to lysosomes after 4 h incubation.

Although recombinant ApoE is generally considered to be poorly
lipidated, previous research suggests that cell media containing
FBS can provide ApoE with lipids (36), and we note that our N2a cell
media contain FBS. Because ApoE is the main lipid and cholesterol
carrier in the brain, we next examined whether cholesterol localizes
to similar subcellular compartments as ApoE. Interestingly, filipin, a
dye staining free cholesterol, revealed that in N2a cells cholesterol,
analogous to recombinant ApoE, localized to LAMP1-positive ves-
icles (Fig 1K).

Cellular trafficking of ApoE might however differ depending on
the lipidation of ApoE. Therefore, we next studied the cellular
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Figure 1. Recombinant and astrocyte-derived ApoE are internalized into the endosome–lysosome system in N2a cells.
(A) Schematic overview of the 4 h treatment with 2.5 μg/ml recombinant ApoE3, ApoE4 or vehicle control in N2a cells. (B) Representative epifluorescence images of N2a
cells treated with recombinant ApoE3 or ApoE4 for 4 h showing an overview of human ApoE internalization in N2a cells. The N2a cells were labeled for ApoE (green), DAPI
(blue), and phalloidin (grey). Cells showing internalized human ApoE are indicated by arrows, and cells negative for ApoE are indicated by arrowheads. Scale bar is 40 μm.
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localization of ApoE under more physiological conditions by using
ApoE particles obtained from humanized ApoE3-knock-in or ApoE4-
KI primary astrocytes (37). Note that these human ApoE-targeted
replacement mice no longer express mouse ApoE. Astrocytes are
the main source of ApoE in the brain (38) and astrocyte-derived
ApoE is lipidated (39) and transported to other cell types including
neurons. Human ApoE3 and ApoE4 astrocyte-conditioned media
were collected from ApoE3- and ApoE4-KI mouse primary astro-
cytes and subsequently used to treat N2a cells for 4 h (Fig 1L).
Human ApoE was readily detected by Western blot in media col-
lected from ApoE3- and ApoE4-KI mouse astrocytes, but, as ex-
pected, not from ApoE KO astrocytes (Fig 1M), confirming ApoE3 and
ApoE4 conditioned media as a useful source for human ApoE. Like
recombinant human ApoE, added astrocyte-derived human ApoE3
and ApoE4 after 4 h co-localized substantially with LAMP1-positive
vesicles in N2a cells (Figs 1N and S1C), and showed lower levels of
co-localization in the more numerous Rab7-positive late endo-
somes (Fig 1O). These findings confirm that internalized human
ApoE3 and ApoE4, recombinant or derived from primary astrocytes,
mostly traffics to lysosomes of N2a cells.

Internalized ApoE in primary neurons preferentially localizes to
endosomes and autophagosomes in neurites

Even though N2a cells are considered to be neuron-like cells, their
morphology and cellular physiology are quite different frommature
neurons. To study the localization of astrocyte-derived human ApoE
in mature primary neurons, the subcellular localization of human
ApoE was examined after adding conditioned astrocyte ApoE3 or
ApoE4media to ApoE KO primary brain cultures for 4 h (Fig 2A). ApoE
KO brain cultures were used to allow only the visualization of the
subcellular localization of added astrocyte-derived human ApoE
without the presence (and background signal) of endogenous
mouse ApoE. Because in N2a cells both recombinant and astrocyte-
derived ApoE localized mostly to LAMP1-positive vesicles (Fig 1), we
initially studied neuronal cell bodies, where lysosomes are pre-
dominantly located in neurons (40, 41, 42). Surprisingly, after 4 h
of treatment internalized astrocyte-derived ApoE3 and ApoE4

localized only to a limited extent to neuronal cell bodies where,
unlike N2a cells, ApoE was not found to co-localize with LAMP1-
positive vesicles (Fig 2B; ApoE KO media control in Fig S1D), sug-
gesting limited trafficking of added astrocytic ApoE to lysosomes in
neuron soma. Internalized human ApoE puncta were also not seen
to overlap with Rab7 in neuronal soma (Fig 2C). Of note, most ApoE
labeling near cell bodies actually appeared to be in the periphery
and/or just outside the neuron cell soma.

Remarkably, in primary neurons (DIV 19), most of the added
astrocyte-derived ApoE after 4 h was seen in neurites rather than
neuronal cell bodies (Fig 2D–G). In contrast to neuronal soma,
added astrocytic ApoE3 and ApoE4 after 4 h were seen to be present
in LAMP1-positive vesicles in neurites, which in our neurons should
represent late endosomes and/or amphisomes (Fig 2D; ApoE KO
media control in Fig S1E) (43, 44). In line with this, the internalized
human ApoE also partially co-localized with Rab7 in neurites (Fig
2E). However, the majority of added astrocytic ApoE did not co-
localize with either LAMP1- or Rab7-positive puncta, highlighting
other cellular site(s) of ApoE in neurites.

Since internalized astrocytic ApoE3 and ApoE4 labeled in a ve-
sicular pattern, the subcellular localization of ApoE in neurites was
further studied using additional markers, with EEA1 to identify early
endosomes, and LC3β to label autophagosomes. After 4 h, the
added astrocytic ApoE was detected in both LC3β-positive auto-
phagosomes (Fig 2F) and EEA1-positive early endosomes (Fig 2G) at
comparable levels with LAMP1- and Rab7-positive vesicles (Fig 2D
and E). Altogether, these findings suggest that astrocyte-derived
ApoE, after internalization into primary neurons, is present in the
endosome-autophagy system of neurites.

Since levels of internalized ApoE in lysosomes of neuron soma
were not as apparent as in N2a cells, we wondered whether this
might also be caused by degradation of astrocyte-derived ApoE by
neuronal lysosomes. To assess possible degradation of ApoE by
lysosomes in neurons, we inhibited lysosomal degradation using
10 nM bafilomycin A1 (BafA1) starting 1 h before addition for 4 h of
ApoE3 or ApoE4-conditioned media. BafA1 inhibits lysosomal
function by blocking lysosomal acidification via v-ATPase (45, 46)
(Fig 2H). The size of LAMP1-positive vesicles in neurites increased

(C)Quantification of the percentage of ApoE-positive N2a cells within the entire culture. Recombinant ApoE4-treated N2a cells showed a significantly higher percentage
of ApoE-positive cells (10.3% increase for ApoE4; t test, P = 0.024; number of cultures per treatment group: 5 [big data points in graph]; within each culture, 4–5 regions were
analyzed [small data points in graph]). (D, E)Quantification of the number of ApoE puncta (D) and puncta area (E) per N2a cell. ApoE4 treatment significantly increased the
median ApoE puncta number by 33.4% (mean puncta increase: 1.6) (Mann–Whitney test, P = 0.034) and showed a trend in the ApoE puncta area increase (by 27.5%) for
ApoE4 compared with ApoE3 treatment (Mann–Whitney test, P = 0.0767); number of cultures per treatment group: 14, number of images taken within each culture: 1–7).
(F) Higher magnification image of ApoE3- and ApoE4-treated N2a cells from Fig 1B. Internalized recombinant ApoE3 and ApoE4 puncta detected in N2a cells show a
vesicle-like pattern. Scale bar represents 40 μm. (G) Representative images obtained by epifluorescence microscopy of N2a cells incubated with recombinant ApoE3 or
ApoE4 for 4 h. The cells were labeled for ApoE (green), late endosomal/lysosomal marker LAMP1 (red), DAPI (blue), and phalloidin (grey). The scale bar represents 10 μm.
(H) Representative epifluorescence images of recombinant ApoE3- and ApoE4-treated N2a cells labeled for ApoE (green), late endosomal marker Rab7 (red), DAPI (blue),
and phalloidin (grey). Scale bar is equal to 10 μm. (I) Quantification of Fig 1D, showing the co-localization levels (in percentages) of ApoE with LAMP1. After ApoE3 and
ApoE4 treatment, on average 35.8% and 30.7% of ApoE, respectively, co-localized with LAMP1 (t test on difference between ApoE3- and ApoE4-treated N2a cells, P = 0.2744;
number of cultures [big data points in graph]: 3; number of cells analyzed per culture [small data points in graph]: 5). (J) Quantification of ApoE-Rab7 co-localization of Fig
1F. 14.2% and 12.1% of the ApoE co-localized with Rab7 in N2a cells after ApoE3 and ApoE4 treatment, respectively (t test on difference between ApoE3- and ApoE4-
treated N2a cells, P = 0.3392; number of cultures [big data points in graph]: 3; number of cultures analyzed per culture [small data points in graph]: 5). (K) Representative
images taken by epifluorescence microscopy of N2a cells showing LAMP1 (red) overlaps with Filipin (grey), a free cholesterol dye. Scale bar is 20 μm. (L) Schematic
representation of astrocyte-conditioned media collection from ApoE KO, ApoE3 KI, and ApoE4 KI primary astrocytes, followed by media incubation of N2a cells for 4 h.
(M) Representative Western blot of secreted human ApoE proteins detected in astrocyte-conditioned media after culturing 48 h with ApoE KO, ApoE3 KI, and ApoE4 KI
primary astrocytes. (N, O) Representative orthogonal images obtained by confocal microscopy showing ApoE (green) co-localizing with LAMP1 (red) (N) and to a lower
extent also with Rab7 (red) (O) in ApoE3 and ApoE4 astrocyte-conditioned media–treated N2a cells. The cells were further labeled for DAPI (blue) and phalloidin (grey).
(N, O) Arrows indicate ApoE puncta inside LAMP1- (N) and Rab7- (O) positive vesicles. Scale bars represent 5 μm. Data are expressed as mean ± SD. ns, nonsignificant, Rec
ApoE, recombinant ApoE. See also Fig S1A–C.
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Figure 2. Internalized ApoE in primary neurons preferentially localize to endosomes and autophagosomes in neurites.
(A) Schematic overview of ApoE KO, ApoE3 KI, and ApoE4 KI astrocyte-conditionedmedium collection and subsequent 4 h treatment of ApoE KO primary neuron cultures
(19 DIV). (B, C) Representative fluorescent images obtained by epifluorescence microscopy of ApoE KO neurons treated with ApoE3 or ApoE4 astrocyte-conditioned
medium for 4 h with the focus on neuronal cell bodies. The ApoE astrocyte medium-treated neurons were labeled for ApoE (green), neuronal dendrite marker MAP2 (grey),
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after addition of BafA1, suggesting that bafilomycin A1 was suc-
cessfully blocking lysosomal function in our cultures (Fig S3A) (47). If
ApoE is degraded by neuronal lysosomes, it would be expected that
the co-localization of ApoE with LAMP1 would increase after bafi-
lomycin A1 treatment. However, no significant change in ApoE–
LAMP1 co-localization was detected after BafA1 treatment for either
ApoE3 or ApoE4 (Fig 2I–L; median ApoE–LAMP1 co-localization after
Baf A1: ApoE3 increased. from 5.2–9.8%, P = 0.0864; ApoE4 decreased
from 8.7–6.3%, P = 0.4358). Moreover, no change in ApoE puncta size
was detected after Baf A1 treatment in both ApoE3- and ApoE4-
treated neurons (Fig 2M, P = 0.7064), suggesting that lysosomal
degradation in neurons is not a major pathway of internalized
astrocyte-derived ApoE after 4 h of treatment. Although it is ex-
pected that internalized ApoE traffics to lysosomes within 4 h, to
exclude that ApoE might require longer to reach lysosomes, 1 h of
Baf1 A1 was followed by 8 h and 24 h of ApoE3 or ApoE4 co-
treatment (Fig S3B and I, respectively). However, ApoE could be
hardly detected at these longer time points of Baf A1 treatment (Fig
S3C, D, F, G, I, and J). This further supports that ApoE is not degraded
in lysosomes in neurons. Interestingly, most remaining ApoE-
positive signal in our mixed primary cultures after long-term ly-
sosome inhibition was detected in MAP2-negative cells (Fig S3E, H,
and K). Within these cells, ApoE puncta co-localized with LAMP1-
positive vesicles (Fig S3E, H, and K, arrows), suggesting astrocyte
degradation of ApoE.

Remarkably, many ApoE puncta localized along MAP2-positive
dendrites without co-localizing directly with MAP2, pointing to-
wards synaptic localization. In line with our previous work on ApoE
isoform effects on synapses (48), astrocyte-derived human ApoE3
and ApoE4 were seen to localize at or near dendritic spines indi-
cated by F-actin marker phalloidin (Fig 2N, arrows).

Astrocyte-derived ApoE localizes to LAMP1-positive vesicles in
primary astrocytes

Although in MAP2-positive neurons some co-localization between
internalized ApoE and LAMP1 was seen particularly in their neurites,
we also observed that bright ApoE-positive puncta overlapped with
LAMP1-positive vesicles in cells negative for the neuronal marker
MAP2 (Fig 3A and B). Interestingly, in these MAP2-negative cells,

ApoE particularly co-localized with LAMP1 even after long-term Baf
A1 treatment (Fig S3E, H, and K), suggesting that these MAP2-
negative cells are degrading ApoE. Because MAP2 labels den-
drites, antibody SMI-130 was used to assess whether this added
human ApoE might be in axons. However, these strong ApoE-
positive puncta did not clearly follow SMI-130 axonal labeling
(Fig S4A) and therefore appeared not to be in axons.

To assess the presence of other cell types in our primary mouse
brain cultures, which might relate to this strong extra-neuronal
ApoE/LAMP1 labeling, the number of MAP2-positive neurons and
GFAP-positive astrocytes were initially analyzed in relation to the
DAPI nuclei present. 61% (4%) of all cells present in our cultures
were positive for MAP2, indicative of neurons (Fig 3C and D). A
minority of the cells in our cultures (8% ± 2%) labeled positive for
GFAP, suggesting a minority of the cell population represents as-
trocytes. However, 30% (±3%) of all DAPI-nuclei were negative for
MAP2 and GFAP. To further study other cell types, we labeled our WT
primary brain cultures with antibodies to Iba1, to identify microglia,
and CD140a, to label oligodendrocyte precursor cells (OPCs). As
expected in embryonic brain cell cultures, no Iba1-positive
microglia were detected (Fig S4B). In contrast, there were numer-
ous CD140a-positive OPCs (Fig S4C). To study whether the ApoE is
internalized by astrocytes or OPCs, ApoE KO-mixed brain cultures
were treated with ApoE3 and ApoE4 astrocyte-conditioned media
and co-labeled for human ApoE and astrocyte marker S100β or OPC
marker CD140a. Whereas added astrocytic ApoE was not clearly
observed in CD140a-positive OPCs (Fig S4D), added human ApoE
clearly localized to S100β-positive astrocytes (Fig 3E) in a similar
pattern as seen for LAMP1 (Fig 3B). Thus, primary astrocytes present
in our ApoE KO mouse brain cultures readily take up added
astrocyte-derived human ApoE where it is detected prominently in
LAMP1 vesicles. Interestingly, similar to neurons, internalized ApoE
puncta were mostly detected in astrocytic processes rather than
cell soma (Fig 4E).

Internalized ApoE co-localizes with endogenous APP cleavage
products in N2a cells and neurons

Previous research supports that intracellular Aβ is generated (21)
and in AD accumulates (18) in the endosomal system, which

and either LAMP1 (B) or Rab7 (C) (both shown in magenta). The left panels (B, C) show an overview of the entire neuron; higher magnification images are shown in the
other four panels. The white arrows indicate ApoE puncta overlap with LAMP1-positive vesicles in neuronal cell bodies (B). Left panels: scale bars are 40 μm. Right panels:
scale bars are 10 μm. (D, E, F, G) Representative epifluorescence images of neurites from ApoE3 and ApoE4 media-treated primary neurons. (D, E, F, G) The neurites are
labeled with ApoE (green), MAP2 (D, E) (grey), and late endosomal/lysosomal marker LAMP1 (D), late endosomal marker Rab7 (E), autophagosome marker LC3β (F) or
early endosomal marker EEA1 (G) (all in magenta). (D, E, F, G) White arrows indicate co-localization between ApoE and the subcellular markers (D, E, F, G). Scale bars
represent 10 μm. (H) Schematic representation of the lysosome degradation inhibitor Baf A1 and astrocytic ApoE treatment of ApoE KO primary neurons (19 DIV). (H, I, J)
Representative fluorescence images of ApoE KO neurites treated with control (DMSO) or 10 nM lysosomal inhibitor bafilomycin A1 for 1 h, followed by 4 h ApoE3 (H) or
ApoE4 (I) astrocyte-conditioned media. The neurites were labeled for ApoE (green), LAMP1 (red) and MAP2 (grey). ApoE, and LAMP1 co-localization, indicating the presence
of ApoE at late endosomes and/or autophagosomes, is indicated by white arrows. Scale bar is 15 μm. (K, L) Quantification of ApoE and LAMP1 co-localization in ApoE3-
treated neurons shown in Fig 2I (K) and ApoE4-treated neurons shown in Fig 2J (L) with and without bafilomycin A1 treatment. The researcher performing the
quantifications was blinded. The percentages of ApoE co-localizing to LAMP1-positive pixels increased from 5.2–9.8% (Mann–Whitney test, P = 0.0864) in ApoE3-treated and
decreased from 8.7–6.3% (Mann–Whitney test, P = 0.4358) in ApoE4-treated neurons after Baf A1 treatment (compared with DMSO control), although these changes were
not statistically significant; number of cultures: 3; number of neurons analyzed within each culture: 7; for each neuron, 10 neurites were analyzed and averaged.
(M) Quantification of the puncta size of added astrocytic ApoE in neurites with and without Baf A1 treatment. No significant difference in ApoE puncta size was observed
after Baf A1 treatment in ApoE3- and ApoE4-treated neurons (mean ApoE puncta size: ApoE3 + DMSO: 10.3 pixels, ApoE3 + Baf A1: 9.0 pixels, ApoE4 + DMSO: 9.6 pixels, and
ApoE4 + Baf A1: 9.4 pixels) (Kruskal–Wallis test, P = 0.7064); number of cultures: 3; number of neurons analyzed within each culture: 6–7; for each neuron, 10 neurites were
analyzed and averaged. Data are shown as mean ± SD. (N) Representative fluorescence images showing human ApoE (green) are localized at or close to dendritic spines
(indicated by a white arrow) labeled by phalloidin (magenta) in neurites treated with ApoE3 astrocyte-conditionedmedia for 4 h. Scale bar is 6 μm. See also Figs S1D and E.
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internalized ApoE also accesses. To study whether internalized
astrocyte-derived human ApoE and APP processing products in-
tersect at an intracellular level, the cellular localization of human
ApoE3 and ApoE4 was first examined in N2a cells overexpressing
human APP containing the Swedish mutation (N2a APPSwe), which
have abundant human APP/Aβ due to overexpression. N2a APPSwe

cells were treated with ApoE KO, ApoE3 or ApoE4 astrocyte-
conditioned medium for 4 h (Fig 4A) and subsequently co-
labeled for human ApoE and antibody 82e1 directed at the
N-terminus of human APP cleavage products Aβ and APP β-C-
terminal fragment (APP-βCTF, also known as C99). Strong co-
localization of ApoE and Aβ/APP-βCTF puncta were observed in

Figure 3. Astrocyte-derived ApoE localizes to LAMP1-positive vesicle in astrocytes.
(A) Schematic representation of the study design. In brief, conditioned media were obtained from ApoE KO, ApoE3 KI, and ApoE4 KI primary astrocytes and used to treat
ApoE KO cultures. Although themajority of cells in our cultures are neurons, astrocytes and other cell types are also present in our mixed cultures. The focus of this figure
is on MAP2-negative and GFAP- or S100β-positive astrocytes. (B) Representative fluorescence images of LAMP1-positive puncta (magenta) and ApoE (green) overlap in
MAP2-negative cells in primary cultures. The primary brain cultures were treated with ApoE3 or ApoE4 astrocyte-conditioned media for 4 h. The overlap of LAMP1 with
human ApoE is highlighted by white arrows. Scale bars are 10 μm (bigger panels) and 3 μm (smaller panels). (C) Representative images of WT, ApoE KO, ApoE3 KI, and ApoE4
KI primary cultures labeled for neuronal marker MAP2 (magenta), astrocyte marker GFAP (green), and nuclear marker DAPI (white). Scale bar is 50 μm. (D)Quantifications of
MAP2-positive and GFAP-positive cells (%) in the primary cultures described in Fig 3C. The total number of cells was set based on the number of DAPI-positive nuclei
present. Among the analyzed cultures, on average, 61.3% ± 3.7% of the cells were neurons, 8.7% ± 1.9% were astrocytes, and 30.1% ± 3.1% were GFAP- and MAP2- negative
cells (number of cultures: WT: 3; ApoE KO: 2; ApoE3: 4; ApoE4: 4). Data are shown as mean ± SD. (E) Representative fluorescence images of S100β-positive astrocytes
(magenta) labeled for ApoE (green). The primary cultures containing the S100β-positive astrocytes were treated with ApoE3 or ApoE4 astrocyte-conditioned media for
4 h. Scale bar represents 20 μm. WT, wild-type, PN, primary neurons.
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Figure 4. Internalized ApoE co-localizes with APP cleavage products in neurons and N2a cells.
(A) Schematic representation of experimental approach used. An astrocyte-conditionedmediumwas collected from ApoE KO, ApoE3 KI, and ApoE4 KI primary astrocytes
and subsequently added to N2a APPSwe cells for 4 h. (B) Representative orthogonal images obtained by confocal microscopy of N2a APPSwe cells incubated with ApoE3 and
ApoE4 astrocyte-conditionedmedia for 4 h. The cells were labeled for ApoE (green), human Aβ/APP-βCTFs by antibody 82e1 (red), DAPI (blue), and phalloidin (grey). Human
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N2a APPSwe cells treated with astrocyte-derived human ApoE3 and
ApoE4 (Fig 4B, arrows), but not in untransfected N2a cells or in
APPSwe cells treated with ApoE KO-conditioned media (Fig S5A),
supporting the conclusion that internalized human ApoE and en-
dogenously produced APP metabolites Aβ/APP-βCTFs intersect
intracellularly.

Astrocytic ApoE was similarly internalized into LAMP1-positive
late endosomes/lysosomes in untransfected N2a cells (Fig 1G) and
N2a APPSwe cells (Fig 4C, arrows), suggesting that the over-
expression of human APP with the Swedish mutation in N2a cells
does not alter the subcellular localization of human ApoE. To ex-
amine whether late endosomes/lysosomes are the subcellular
compartments where human ApoE and Aβ/APP-βCTFs intersect, the
cellular localization of antibody 82E1 Aβ/APP-βCTF-positive puncta
was determined in N2a APPSwe cells. APP-βCTF/Aβ puncta were
seen to overlap with LAMP1-positive puncta (Fig 4D, arrows). Al-
together, these data suggest that internalized astrocytic human
ApoE intersects with APP metabolites Aβ/APP-βCTFs in late
endosomal and/or lysosomal compartments in N2a cells.

To study whether ApoE and antibody 82e1-positive APP cleavage
products Aβ/APP-βCTFs also co-localize in primary neurons, APP/
PS1 transgenic neurons were treated with ApoE KO, ApoE3 or ApoE4
astrocyte media (Fig 4E). Remarkably, ApoE and Aβ/APP-βCTF-
positive puncta were also localized together in human ApoE-
treated APP/PS1 neurons (Figs 4F and G and S5B), indicating that
added ApoE and endogenous Aβ/APP-βCTFs also intersect in pri-
mary neurons. The number and size of endogenous human 82e1
antibody-positive Aβ/APP-βCTF puncta were not altered by ApoE
isoform (Fig 4H and I; ApoE3-treated compared with ApoE4 82e1
puncta number: P = 0.5427; 82e1 puncta size: P = 0.5708). No dif-
ference in ApoE -82e1 co-localization was detected in astrocytic
ApoE3- and ApoE4-treated APP/PS1 neurons (Fig 4J; about 8% of
82e1-positive pixels co-localized with ApoE pixels, P = 0.6382),
suggesting that internalized astrocytic ApoE3 and ApoE4 co-
localized with Aβ/APP-βCTF to a similar extent.

To further examine whether astrocytic ApoE intersects with Aβ in
neurons, ApoE KO primary neurons were treated with both ApoE

astrocyte-conditioned media and 0.5 μM synthetic Aβ42 (Fig 4K).
After 4 h, ApoE and human Aβ42, labeled using the human-specific
Aβ/APP antibody 6E10, both localized to MAP2-positive neurites
(Figs 4L and S5C) and co-localized along these neurites (Fig 4M,
white arrows). Interestingly, although similar ApoE and Aβ42 co-
localization was noted after ApoE3 and ApoE4 treatment, larger
fluorescent puncta of ApoE-Aβ42 were observed in ApoE4-treated
neurons (Fig 4M, white circle).

Astrocyte medium but not ApoE genotype influences APP/Aβ
levels in N2a APPSwe cells

Because human ApoE derived from primary astrocytes seems to
intersect intracellularly with APP cleavage products Aβ/APP-βCTFs,
we next examined by Western blot whether human ApoE affects the
levels of APP metabolites and whether it does so in an ApoE
isoform-dependent manner in astrocyte-conditioned media–
treated N2a APPSwe cells (Fig 5A). Western blot showed that human
APP and Aβ protein levels in N2a APPSwe cells and their media were
not altered by the presence of the different ApoE astrocyte media
after 15 min incubation (Fig S6A–D). After 4 h treatment, the time
point where we observed internalized ApoE and Aβ/APP-βCTF co-
localization (Fig 4B), APP and Aβ protein levels were also not altered
in both N2a APPSwe lysate (APP: P = 0.5281; Aβ: P = 0.8427) and media
(sAPPα: P = 0.9370; Aβ: P = 0.5861) as assessed by Western blot (Fig
5B–D and G–I, blue panel; Fig S6E and F). However, we noted using
Western blot that full-length APP protein levels were significantly
increased (P = 0.0162), whereas secreted sAPPα levels were sig-
nificantly decreased (P = 0.0009) in N2a cells after 8 h astrocyte
media treatment, independently of the presence of human ApoE
(Fig 5B, E, G, and J, orange panel; Fig S6E and F), because the addition
of APOE KO astrocytemedium also induced this effect. This suggests
that the presence of astrocyte-conditioned media itself, and not
human ApoE, increases APP protein expression in N2a APPSwe cells.
ApoE3 and ApoE4 astrocyte-conditioned media treatment did not
significantly alter intracellular Aβ protein levels in N2a APPSwe cells
(Fig 5B and F; P = 0.7347), whereas secreted Aβ levels were

ApoE and 82e1-positive Aβ/APP-βCTFs overlap as indicated by white arrows. (C) Orthogonal fluorescent images of astrocytic ApoE3 and ApoE4-treated N2a APPSwe cells.
ApoE was labeled in green, late endosomes/lysosomes with LAMP1 in red, DAPI in blue, and phalloidin in grey. Arrows indicate overlap between ApoE- and LAMP1-positive
puncta. (D) Representative orthogonal confocal images of N2a APPSwe cells treated with astrocyte-derived ApoE3 and ApoE4 for 4 h. The cells are labeled for LAMP1-
positive vesicles (green), 82e1-positive Aβ/APP-βCTFs (red), and DAPI (blue) to study the localization of Aβ-containing APP-processing products in N2a APPSwe cells.
White arrows highlight 82e1-positive puncta co-localizing with LAMP1-positive puncta. Scale bars are 5 μm (B, C, D). (E) Schematic overview of ApoE KO, ApoE3 KI, and ApoE4
KI astrocyte-conditioned media collection and 4 h treatment of WT and AD APP/PS1 transgenic primary neurons (19 DIV). (F) Representative confocal images of APP/PS1
neurons incubated with ApoE KO, ApoE3 or ApoE4 astrocyte-conditioned media for 4 h. The intracellular intersection between internalized ApoE and endogenous
human APP cleavage products was studied by labeling neurites for ApoE (green), APP metabolites Aβ/APP-βCTFs (82e1) (magenta), and MAP2 (grey). Arrows indicate ApoE
and antibody 82e1 Aβ/APP-βCTF co-localization at neurites. Scale bar is 15 μm. (G) Higher magnification images of Fig 4F (indicated by a white box) of ApoE3 and ApoE4
astrocyte-conditioned media–treated APP/PS1 neurons. The white arrows point at subcellular co-localization of internalized astrocyte-derived ApoE with endogenous
human Aβ/APP-βCTFs. Scale bar is 6 μm. (H, I)Quantification of 82e1-positive Aβ/APP-βCTF puncta number (H) and size (I) in astrocytic ApoE3- and ApoE4-treated APP/PS1
primary neurons. No significant difference in Aβ/APP-βCTF puncta number and size were detected between the ApoE isoform treatments (82e1 puncta number:
Mann–Whitney, P = 0.5427; median ApoE3 treatment: 99, median ApoE4 treatment: 152) (82e1 puncta size: t test, P = 0.5708; mean for ApoE3 treatment: 13.7, mean for ApoE4
treatment: 12.6). The number of embryos (big data points in the graph): 3, number of neurons per embryos (small data points in the graph): 6–7 (10 neurites per neuron were
analyzed and averaged per neuron). (J) Quantification of 82e1-positive Aβ/APP-βCTF and ApoE co-localization in ApoE3- and ApoE4-treated APP/PS1 neurons. Astrocytic
ApoE3 and ApoE4 co-localized with 82e1-positive Aβ/APP-βCTF to a similar extent (mean ApoE3-82e1 co-localization: 7.3%, mean ApoE4-82e1 co-localization: 8.1%; t test,
P = 0.6382). The number of embryos (big data points in the graph): 3, number of neurons per embryos (small data points in the graph): 6–7 (10 neurites per neuron were
analyzed and averaged per neuron). (K) Schematic representation of synthetic 0.5 μMhuman Aβ42 and astrocyte-derived ApoE3 or ApoE4 treatment of neurons that do not
endogenously produce ApoE (ApoE KO). (L) Representative confocal microscopy images of Aβ42 and astrocytic ApoE double-treated primary neurons. The neurons were
labeled for ApoE, APP/Aβ (6E10), and MAP2. Scale bar represents 20 μm. (M)High-magnification images of Aβ42 and ApoE-treated neurons of the area shown by a white box
in Fig 4L. White arrows indicate ApoE and APP/Aβ overlap; the white circle highlights overlap of larger puncta of ApoE and APP/Aβ. Scale bar is equal to 6 μm. See also Fig
S5A and B.
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Figure 5. Astrocyte media but not the ApoE genotype influence APP/Aβ levels in N2a APPSwe cells.
(A) Schematic overview of conditioned media treatment from ApoE KO, ApoE3-KI, and ApoE4-KI astrocytes to N2a APPSwe cells for 15 min, 4 h or 8 h. (B) Representative
Western blot bands of lysate of N2a APPSwe cells treated with ApoE KO, ApoE3 or ApoE4 astrocyte-conditioned media or control (fresh N2a media) for 4 h (blue) and 8 h
(orange). TheWestern blot membranes were stained for APP, detected by 6E10 antibody, β-actin, and Aβ, detected using antibody 82e1. (C, D, E, F)Quantification of Western
blots shown in Fig 5B. Full-length APP and Aβ protein levels were quantified in lysates of N2a APPSwe cells treated with astrocyte-conditioned media for 4 h ((C, D),
respectively, blue) or 8 h ((E, F), respectively, orange). No differences in APP (4 h (C); One-way ANOVA, P = 0.5281) and Aβ protein levels (4 h (D): One-way ANOVA, P = 0.8427;
and 8 h (F): Kruskal–Wallis test, P = 0.8427) were detected after 4 h and 8 h of astrocyte media treatment in the lysates of N2a APPSwe cells. After 8 h, APP levels in the lysates
were significantly up-regulated by addition of astrocyte-conditioned media ((E), One-way ANOVA, control versus ApoE KOmedia: P = 0.0171; control versus ApoE3 media:
P = 0.0134; control versus ApoE4 media: P = 0.0404). Values were normalized to β-actin and control N2a APPSwe cells (APP and Aβ protein levels in these cells were set to 1).
Data are shown as mean ± SD. (G) Representative Western blot membranes of sAPPα and Aβ protein levels in media from N2a APPSwe cells treated with ApoE KO, ApoE3 or
ApoE4 astrocyte media or control (fresh N2a media) for 4 h (blue) or 8 h (orange). (H, I, J, K) Quantification of secreted sAPPα and Aβ protein levels in the conditions
shown in Fig 5G. sAPPα and Aβ levels were determined in N2a APPSwe cells treated with astrocyte media for 4 h ((H, I), respectively, blue) or 8 h ((J, K), respectively, orange).
(H, I) After 4 h, astrocyte-conditionedmedia treatment, no differences in sAPPα and Aβ levels were detected in N2a APPSwemedia (sAPPα (H): Kruskal–Wallis test, P = 0.9370;
Aβ (I): One-way ANOVA, P = 0.5861). (J) After 8 h, sAPPα protein levels in N2a media were increased by all astrocyte media treatments ((J), One way ANOVA, control versus
ApoE KOmedia: P = 0.0036; control versus ApoE3media: P = 0.0006; control versus ApoE4media: P = 0.0020). (K) Astrocytic ApoE3 and ApoE4 media, but not ApoE KOmedia,
also increased Aβ levels in media after 8 h treatment ((K), Kruskal–Wallis test, control versus ApoE KO media: P = 0.1086; control versus ApoE3: P = 0.0329; control versus
ApoE4: P = 0.0329). Data are shown as mean ± SD. * P-value < 0.05, ** P-value < 0.01. For all experiments, the number of embryos used is N = 4 (for all groups). See also Fig
S6.
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significantly increased (Fig 5G and K; 0.0151); a trend for elevated
secreted Aβ level was also noted at 8 h with ApoE KO astrocyte
media (P-value: 0.1086) (Fig 5K).

ApoE4 induces increased intraneuronal Aβ42 levels in
cultured neurons

To study whether human ApoE alters Aβ levels in primary neurons,
Aβ40 and Aβ42 levels were determined in media collected from
primary ApoE KO brain cultures treated with ApoE3 or ApoE4-
astrocyte-conditioned media for 24 h. To detect mouse Aβ in the
media, the more sensitive technique of mesoscale analysis was
used. Interestingly, treating neurons with astrocyte-conditioned
media increased Aβ42 but not Aβ40 levels in neuron-conditioned
media in an ApoE-independent manner (Fig S7A and B) and in-
creased the Aβ42/Aβ40 ratio secreted by neurons (Fig S7C).

Endogenous mouse Aβ42 was next investigated by immunoflu-
orescence using Aβ42 antibody 12F4, as described previously (10), in
primary brain cultures obtained from ApoE KO, ApoE3-KI, and
ApoE4-KI mice (Fig 6A). Interestingly, ApoE4 neurons showed sig-
nificantly higher intensity of Aβ42 labeling in neuronal cell bodies
compared with ApoE KO neurons (Figs 6B and C and S5D; 23.3%
increase, P = 0.0174), although no statistical difference in Aβ42 signal
was detected between the different ApoE isoforms in neurites (Figs
6D and E and S5E, P = 0.5960).

To further examine isoform-dependent effects on intraneuronal
Aβ, we treated primary human ApoE KI mouse brain cultures that
endogenously express human ApoE3 or ApoE4 in both neurons and
astrocytes with synthetic human Aβ42 for 4 h (Fig 7A). Of note, the
number of internalized human Aβ42 puncta, detected using the
human-specific Aβ/APP antibody (6E10) were increased by 51.7%
and 60.4% in ApoE4 compared with ApoE KO and ApoE3 primary

Figure 6. Increased endogenous intraneuronal Aβ42 levels in cell bodies of cultured ApoE4 neurons.
(A) Schematic visualization of the different primary neuronmodels used to study the effects of human ApoE isoforms on levels of intraneuronal Aβ42. (B) Representative
epifluorescence images of neuronal cell bodies from ApoE KO, ApoE3-KI, and ApoE4-KI primary neurons (19 DIV). The neurons were labeled for endogenous mouse Aβ42
using antibody 12F4 (16 colors) and MAP2 (magenta). Scale bar is 15 μm. (C) Quantification of endogenous Aβ42 in neuronal cell bodies as shown in Fig 6B. The levels of Aβ42
were significantly higher in ApoE4-KI neurons compared with ApoE KO neurons (23.3% increase in ApoE4 compared with ApoE KO neurons, Kruskal–Wallis test, P =
0.0146). Number of cultures: 4 (big data points in the graph), number of cell bodies analyzed per culture: 5 (small data points in graph). (D) Representative images of ApoE
KO, ApoE3-KI, and ApoE4-KI neurites labeled for Aβ42 by antibody 12F4 (16 colors) and MAP2 (magenta). Scale bar is equal to 15 μm. (E) Quantification of intracellular Aβ42
levels, as measured by antibody 12F4 intensity, of neurites of ApoE KO, ApoE3-KI, and ApoE4-KI primary neurons. No significant differences were found in 12F4 intensity
between the neurites of ApoE KO, ApoE3, and ApoE4 neurons (Kruskal–Wallis test, P = 0.5960). Number of cultures per condition: 4 (big data points in graph), number of
neurites analyzed per culture: 15 (small data points in graph). Data are shown as mean ± SD. The dashed line indicates the level of unspecific signals detected in APP KO
control neurons. * P-value < 0.05. See also Fig S5D and E.
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brain cultures, respectively (Figs 7B and C and S5F; ApoE KO versus
ApoE4: P = 0.453, ApoE3 versus ApoE4; P = 0.474). No difference in the
area of 6E10-positive Aβ42 puncta was detected (Fig 7B and D, P =
0.5568). Strikingly, almost all the intraneuronal human Aβ puncta in
both ApoE3 and ApoE4 neurons were also detected by the antibody
OC against Aβ fibrils and oligomeric fibrils (Fig 7B, lowest panel),
supporting that the internalized human Aβ42 is aggregated (27).

Discussion

The prior literature suggests that ApoE4 plays a role in endosomal
(dys)function (7, 12, 14, 16, 49). However, intracellular trafficking of
ApoE in normal and AD conditions remain poorly studied. We now
show that ApoE is present in the endosome–autophagy–lysosome
system of N2a neuroblastoma cells and in primary neurons and
astrocytes, albeit in somewhat different subcellular patterns, with
neurons showing endosome–autophagosome labeling particularly
of neurites and less in lysosomes. We demonstrate for the first time
that astrocytic human ApoE is internalized and intersects with

endogenous APP cleavage products Aβ/βCTF in primary neurons
and N2a APPSwe cells. ApoE3 compared to ApoE4 was not seen to
differentially alter endogenous APP in culture, although astrocyte
media, even when devoid of ApoE, increased APP levels. However,
ApoE4 increased endogenous intraneuronal mouse Aβ42 levels in
primary neurons compared with the absence of ApoE. In addition,
ApoE4 altered intraneuronal levels of internalized exogenously
added Aβ42 in an ApoE isoform-dependent manner (ApoE4 > ApoE3).
Our study highlights the importance of the endosome–autophagy
system in ApoE biology and reveals an intersection between
astrocyte-derived ApoE and APP processing products in neurites that
we hypothesize to be of considerable importance in the patho-
genesis of AD.

Because of the highly polarized shape of neurons, neuronal
endolysosomal trafficking is quite distinct from other cell types,
which might relate to our observation that ApoE clearly localized to
lysosomes in N2a cells but not in neurons. In neurons, lysosomal
maturation occurs during retrograde transport of endosomes–
autophagosomes in neuronal processes towards the cell soma,
with the most mature lysosomes being present in the soma itself
(40, 41). The fact that we did not observe ApoE in lysosomes in the

Figure 7. Internalized Aβ42 levels are increased in human ApoE4-KI primary neurons.
(A) Schematic representation of 0.5 μM synthetic Aβ42 treatment of different ApoE neuron cultures: ApoE KO, and human ApoE3- and ApoE4-KI neurons.
(B) Representative epifluorescence images of neurites from Aβ42-treated ApoE KO, ApoE3, and ApoE4 primary neurons. The neurites are labeled for human Aβ with
antibody 6E10 (red), fibrillar oligomer antibody OC (green), andMAP2 (grey in upper panel). Clear co-localization was observed between 6E10 and OC, suggesting that added
synthetic Aβ42 is aggregated inside neurons. (C, D) Quantification of the number of (C) and the average area size of the 6E10-positive Aβ42 puncta (D) in Aβ42-treated
primary neurons as shown in Fig 7B. The number of antibody 6E10 puncta is significantly increased in ApoE4 compared with ApoE KO (51.8% increase by ApoE4, one-way
ANOVA, P = 0.0474) and ApoE3 (60.4% increase by ApoE4, one-way ANOVA, P = 0.0453) neurons after Aβ42 treatment. Number of cultures analyzed: ApoE KO: 2, ApoE3: 3, ApoE4:
3; number of neurons analyzed per culture: 5 (per neuron, 10 neurites were analyzed and averaged). The quantifications were performed while being blinded (C, D). Data
are shown as mean ± SD. * < 0.05. px, pixels. See also Fig S5F.
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neuron cell soma, even after BafA1 treatment, suggests that ApoE is
not trafficked to and degraded by lysosomes in neurons. Previous
studies (12, 13, 50), including a study in primary neurons (12),
demonstrated that ApoE is recycled, implicating endosomal recy-
cling and re-secretion as pathways relevant to neuronal ApoE
trafficking. Impaired recycling and re-secretion rather than lyso-
somal degradation were also shown to occur with internalized
ApoE4 compared with ApoE3 in primary hepatocytes (13) and in a
neuronal cell line (51).

Our study demonstrates that astrocyte-derived human ApoE is
present at APP-processing sites, with co-localization of ApoE and
humanAβ/APP-βCTF in neurons and neuroblastoma cells. As antibody
82E1 directed against the freeN-terminus of Aβ andAPP-βCTF does not
differentiate between these, we cannot draw conclusions on ApoE
specifically intersecting with either Aβ or APP-βCTF. The Aβ domain,
however, resides in both Aβ and APP-β-CTFs and both are viewed as
participating in the pathogenesis of AD. In N2a cells, ApoE and Aβ/APP-
βCTF were detected in LAMP1-positive vesicles, supporting that late
endosomes, autophagosomes and/or lysosomes are the cellular sites
where ApoE intersects with Aβ/APP-βCTF. In contrast, in neurons, ApoE
localized to diverse endosomal–autophagic vesicles but not to lyso-
somes. However, the endosome–autophagy–lysosome system may
differ in neurons in primary culture compared with the brain. On
electron micrographs, lysosomes in brain are neither normally lo-
calized to axons nor to dendrites other than their most proximal parts
(52). Because of the unique endosome–autophagy–lysosome biology
of neurons (53), additional work is required to better define the
subcellular site(s) and implications of the ApoE and Aβ/APP-βCTF
intersection in neurons for AD.

Although our work provides no evidence of direct interaction of
ApoE and Aβ/APP-βCTF, it is known that ApoE and Aβ interact in
human AD brains (27, 54, 55). Moreover, Kuszyczk et al (27) re-
ported that inhibition of Aβ and ApoE binding reduces intra-
neuronal Aβ levels and protects against AD-like Aβ-induced
synapse alterations. Thus, the intersection of Aβ/APP-βCTF and
ApoE we observed in neuronal vesicles likely affects intra-
neuronal Aβ via direct interactions. Previous articles also re-
ported that the presence of ApoE in general is linked to
increased intraneuronal Aβ compared with when ApoE is KO (27,
56). Huang et al (57) reported that human ApoE produced in
HEK293T cells influences APP and Aβ secretion in an ApoE
isoform-dependent manner (ApoE4 > ApoE3 > ApoE2). Here, we
showed that human ApoE derived from primary astrocytes did
not induce ApoE-specific effects on the secretion of APP and Aβ
nor on endogenous levels of APP in N2a cells or neurons. In fact,
we observed that just adding astrocyte-conditioned media even
devoid of ApoE to N2a cells increased APP. Our data are con-
sistence with Huang et al, who showed that the ApoE isoform
effect on Aβ production was abolished when glia were present in
the culture (57). Together, these data support the conclusion that
factors in glia media markedly affect APP and Aβ levels inde-
pendent of ApoE. A recent study on human iPSC-derived neurons
reported an isoform-dependent astrocytic ApoE4 media in-
crease in APP levels (58); in contrast, in vivo studies indicate that
ApoE genotype does not affect APP mRNA and protein levels in
brains of humanized ApoE target replacement mice (26) and in
transgenic PDAPP mice cross-bred with ApoE target replacement

mice (59), arguing against an effect of human ApoE isoforms on
APP metabolism. Wang et al (36) recently suggested that lipi-
dated ApoE with cholesterol could change the localization of APP
at the membrane in N2a cells towards GM1 lipid clusters, rather
than changing its expression levels. As β-secretase is associated
to lipid clusters, whereas α-secretase is linked to non-lipid-rich
membrane regions, the ApoE-induced APP shift to lipid clusters
in the membrane could favor Aβ production without affecting
APP levels. It is also possible that the complex homeostatic
control of Aβ levels might limit actual changes in levels that can
be detected in cellular experiments (60).

We saw a trend but no statistical difference in ApoE3 versus
ApoE4 on endogenous levels of Aβ42 although we did detect sig-
nificantly more intraneuronal Aβ42 with ApoE4 than ApoE KO-
conditioned media (Fig 6). However, when adding elevated levels
of Aβ42 to neurons, we then did reveal an ApoE isoform-specific
effect on intraneuronal Aβ42, with ApoE4 inducing an increased
number of intraneuronal Aβ42 puncta compared to ApoE3 (Fig 7).
This suggests that ApoE4 affects Aβ42 internalization, subsequent
aggregation and/or degradation in neurons. A study in N2a cells
further supports this by reporting enhanced Aβ internalization
when co-cultured with ApoE4-expressing cells (61). Although the
potential role of intraneuronal ApoE and its intersection with Aβ/
APP-βCTF requires further study, that ApoE intersects with en-
dogenous APP processing products and added Aβ, points to a role
of the ApoE and Aβ intersection at different levels related to APP
and Aβ biology.

In addition to the endosome–autophagosome pattern of ApoE
labeling that we now describe in neurites, we previously de-
scribed that added astrocyte-derived ApoE localized to synaptic
terminals in primary neurons (48). Although the focus of the
current article was on internalized ApoE in neurons, ApoE in the
current study was also seen in a pattern of labeling around cell
bodies and neurites consistent with the synaptic localization
described in our previous article. Koffie et al (33) showed that
ApoE co-localizes with Aβ oligomers at synapses in human
brains, highlighting synaptic terminals as a potential site of ApoE
and Aβ intersection. Endosomal trafficking is crucial for synaptic
function (34, 62) and abnormal endosomal regulation, for ex-
ample, by overexpressing Rab5, causes synaptic dysfunction (63,
64). We previously showed altered neuronal activity dependent
on ApoE genotype (48), however, it remains unclear whether and
how this might relate to altered endosome–autophagosome
trafficking. Next to neurons, we detected ApoE internalization
into primary astrocytes where it also appeared more prominent
in their processes than cell soma (Fig 3).

In conclusion, due to the complex endolysosomal biology of
neurons, the endocytic trafficking of ApoE is different in neurons,
as internalized ApoE does not end up in lysosomes of neuronal
cell bodies as it does in N2a cells and primary astrocytes. In
addition, ApoE and Aβ/APP-βCTF, all key players in AD, intersect
subcellularly, with isoform-dependent ApoE effects. Our work
further highlights the importance of the endocytic pathway in
relation to the major AD players ApoE and Aβ/APP-βCTF (65, 66)
in the early cellular phase of AD, and suggests that the
endosome–autophagy–lysosome system is a potential site
where ApoE and Aβ interact in AD.
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Materials and Methods

Animals

In this study, the following mouse models were used: ApoE KO
(B6.129P2-Apoe<tm1Unc>/J; Jackson Laboratory), humanized ApoE3-
KI (B6.Cg-Apoeem2(APOE*)Adiuj/J; Jackson Laboratory), humanized
ApoE4-KI (B6(SJL)-Apoetm1.1(APOE*4)Adiuj/J; Jackson Laboratory),
and AD transgenic APP/PS1 B6.Cg-Tg mice (PSEN1dE9; APPswe)
85Dbo/Mmjax. All animal experiments described in this study were
approved by the Ethical Committee for animal research at Lund
University, Sweden (permit number: M5983-19).

Primary mouse mixed brain cultures

Primary mouse brain cultures were obtained from cortical and
hippocampal brain tissues from ApoE KO, ApoE3-KI, ApoE4-KI, WT,
and APP/PS1 embryos (E15–E17). Embryonic brain tissue was dis-
sected and dissociated into single cells as previously described by
Takahashi et al (67). In short, cortical and hippocampal embryonic
brain tissues were manually dissociated using 0.25% trypsin
(15090046; Thermo Fisher Scientific) and seeded onto poly-D-
lysine–coated coverslips or plates. Directly after seeding, the cells
were cultured in DMEM containing 10% FBS (10082147; Gibco) and 1%
antibiotics penicillin/streptomycin (p/s) (SV30010; Thermo Fisher
Scientific). After 3–5 h, the 10% FBS medium was replaced by
complete Neurobasal medium containing B27 supplement
(17504044; Gibco), 1% p/s, and 1.4 mM L-glutamine (25030081; Gibco)
and cultured for 19 days in vitro (DIV) until further use. Both male
and female embryos were used to generate primary brain cultures,
although we did not specifically identify the sex of embryos; our
blinding to gender also could reduce potential bias in subsequent
analyses. Our experience indicates that the offspring of our crosses
as expected generate about equal numbers of male and female
offspring.

Primary mouse astrocytes

Primary mouse astrocyte cultures were obtained from ApoE KO,
ApoE3-KI, and ApoE4-KI mouse pups (P1-P3) as previously described
by Konings et al (48). In short, cortical and hippocampal brain
tissues were obtained from mouse pup brains and manually dis-
sociated after 0.25% trypsin incubation using plastic Pasteur pipets.
After dissection and dissociation of the tissue, cells were seeded on
T75 plates coated with poly-D-lysine. Primary astrocytes were
cultured in AstroMACS medium (130-117-031; Miltenyi Biotec) with
0.5 mM L-glutamine and the medium was replaced every 2–3 d.
Analogous to primary brain cultures, also for our generation of
primary astrocytes we did not separate cells based on gender, but
used all available pups which should lead to analogous number of
male and female cells.

Culturing neuroblastoma N2a cells

Mouse neuro-2a (N2a) cells (ATCC CCL-131) without transfection or
N2a cells stably transfected with human APP carrying the Swedish

mutation (N2a APPSwe) (68) were cultured in DMEM and Opti-MEM
(31985062; Gibco) (ratio 1:1) containing 10% FBS and 1% p/s at 37°C
and 5% CO2. N2a cells transfected with human APPSwe were selected
using 50 mg/ml Geneticin (10131027; Gibco) in their media. N2a and
N2a APPSwe cells were seeded on poly-D-lysine coated glass cov-
erslips one day before recombinant or astrocytic ApoE treatment.

Recombinant ApoE treatment

Recombinant ApoE3 and ApoE4 proteins (SRP4696 and A3234;
Sigma-Aldrich, respectively) were reconstituted in 0.1% BSA in milli-
Q water to a stock concentration of 0.1 mg/ml. All experiments used
a final ApoE concentration of 2.5 μg/ml.

Astrocyte-conditioned media treatment

Once primary astrocyte cultures reached 80% confluence, ApoE KO,
ApoE3, and ApoE4 astrocyte conditioned media were collected. For
the medium collection, astrocytes were first shortly washed with
PBS and cultured in complete Neurobasal medium. After 48 h,
astrocyte conditioned media were collected on ice, centrifuged at
9,279g (10,000 rpm) at 4°C for 10 min, and supernatant stored
at −80°C in small aliquots to avoid freeze–thaw cycles.

Astrocyte-conditioned media from ApoE KO, ApoE3, and ApoE4
astrocyte cultures were used to treat primary neuron cultures or
mouse neuroblastoma neuro-2a (N2a) cells. Half of the original
culture medium from primary neurons and N2a cells was replaced
by an equal volume of conditioned astrocyte medium, resulting in
half astrocyte-conditioned and half Neurobasal/N2a medium.

Lysosome inhibition experiments

To block lysosomal function in neurons, lysosomal acidification
inhibitor bafilomycin A1 (Sigma-Aldrich) was used. Bafilomycin A1
was reconstituted in DMSO and further diluted to a final concen-
tration of 10 nM (5 and 9 h) or 2 nM (25 h) to treat primary neurons.
Primary neurons were treated 1 h before ApoE addition for a total
duration of 5 h before fixation. For longer time points, ApoE KO
primary neurons were treated with bafilomycin A1 1 h before 8 h or
24 h ApoE astrocyte-conditioned media co-treatment.

Synthetic Aβ42 treatment

Synthetic Aβ42 peptides (Cat#1428; Tocris) were prepared as pre-
viously described by Klementieva and colleagues (69). In short,
synthetic Aβ1–42 was reconstituted in DMSO to a stock volume of
250 μM. The peptides were further prepared by sonicating for 10min
followed by centrifuging at 13,362g (12,000 rpm) for 15 min. A
concentration of 0.5 μM Aβ42 was used to treat primary neurons.

Western blot

Western blot analysis was performed on astrocyte-conditioned
media collected from ApoE KO, ApoE3-KI, and ApoE4-KI primary
astrocytes to confirm the presence of human ApoE in ApoE3 and
ApoE4 astrocyte-conditioned media. The medium was directly
collected from astrocytes and centrifuged at 10,000g for 10 min at
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4°C. The supernatant was collected and directly used or stored
at −80°C. Media samples were prepared for loading by mixing with
NuPage-reducing agent (NP004; Invitrogen) and Novex NuPage LDS
sample buffer (NP007; Invitrogen). Subsequently, the samples were
heated at 70°C for 10 min and centrifuged before loading in a
NuPAGE 4–12% Bis-Tris gel (NP0321BOX; Invitrogen).

Western blot was also performed on N2a APPSwe cells treated
with ApoE astrocyte-conditioned media to determine the APP and
Aβ protein levels after human ApoE treatment. 4 h after astrocyte
media treatment, media of N2a cells were first collected and N2a cells

were washed in PBS, gently scraped, collected in a 1.5 ml tube, and
centrifugedat 10,000g for 2min. The supernatantwas removed and the
pellet was either snap frozen at −80°C in liquid nitrogen until further
use or directly used for Western blot. To detect Aβ using Western
blot, lysate samples were lysed in PBS containing 6% SDS and 1% β-
mercapto-ethanol, followed by sonication, heating at 95°C for 6 min,
and centrifugation at 13,362g (12,000 rpm) for 10 min. To detect Aβ, the
N2a lysate samples were mixed with Novex Tricine SDS Sample Buffer
(LC1676; Invitrogen), boiled at 95°C for 5 min, shortly centrifuged, and
loaded onto a Novex 10–20% Tricine gel (EC6625BOX).

Antibodies and reagents.

Antibodies Company Identifier

DAPI (49,6-diamidino-2phenylindole) Sigma-Aldrich Cat#D9542

Mouse monoclonal anti-APP/Aβ (6E10) BioLegend Cat#SIG-39320; RRID: AB_662798

Mouse monoclonal anti-N-terminal Aβ (82e1) IBL international Cat#10323; RRID: AB_10707424

Mouse monoclonal anti-Aβ 1-42 (12F4) Covance Cat# SIG-39142

Rabbit polyclonal anti-amyloid fibrils OC Millipore Cat#AB2286; RRID: AB_1977024

Rabbit monoclonal anti-ApoE (16H22L18) Thermo Fisher Scientific Cat#701241; RRID: AB_2532438

Goat polyclonal anti-ApoE Thermo Fisher Scientific Cat#PA1-26902; RRID: AB_779281

Mouse monoclonal anti-β-actin Sigma-Aldrich Cat# A5316; RRID: AB_476743

Rabbit polyclonal anti-early endosomal antigen 1 (EEA1) Sigma-Aldrich Cat# E4156; RRID: AB_609870

Mouse monoclonal anti-GM130 BD Biosciences Cat#610822; RRID: AB_398141

F-Actin (Rhodamine phalloidin) Life Technologies Cat#R415

Filipin Sigma-Aldrich Cat# SAE0088

Mousemonoclonal anti-glial fibrillary acidic protein (GFAP) Sigma-Aldrich Cat# G3893; RRID: AB_477010

Mouse monoclonal anti-Iba1 Millipore Cat# MABN92; RRID: AB_10917271

Rabbit polyclonal anti-LAMP1 Abcam Cat#ab24170; RRID: AB_775978

Rat monoclonal anti-LAMP1 Abcam Cat# ab25245; RRID: AB_449893

Rabbit polyclonal anti-LC3β Cell signaling Cat#2775; RRID: AB_915950

Chicken polyclonal anti-MAP2 Abcam Cat# ab92434; RRID: AB_2138147

Mouse monoclonal anti-neurofilament (SMI312) Covance Cat#SMI-312R; RRID: AB_2314906

Rat monoclonal anti-CD140a BD Biosciences Cat#558774; RRID: AB_397117

Mouse monoclonal anti-Rab7 Abcam Cat# ab50533; RRID: AB_882241

Rabbit monoclonal anti-S100β Abcam Cat#ab52642; RRID: AB_882426

Mouse monoclonal anti-TGN38 Santa Cruz Biotechnology Cat#Sc-166594; RRID: AB_2287347

Polyclonal DyLight 405-AffiniPure Goat Anti-Chicken IgY
(IgG) Jackson ImmunoResearch Cat#103-475-155; RRID: AB_2337389

Polyclonal Alexa Fluor 488-AffiniPure Goat Anti-Rabbit IgG Jackson ImmunoResearch Cat#111-545-144; RRID: AB_2338052

Polyclonal Alexa Fluor 568 Conjugated Goat Anti-Mouse IgG Molecular Probes Cat#A-11004; RRID: AB_2534072

Polyclonal Alexa Fluor 568 Conjugated Goat Anti-Rat Molecular Probes Cat#A-11077; RRID: AB_141874

Polyclonal Alexa Fluor 647-AffiniPure Donkey Anti-Chicken
IgY (IgG) Jackson ImmunoResearch Cat#703-605-155; RRID: AB_2340379

Polyclonal Alexa Fluor 647-AffiniPure Goat Anti-Mouse IgG Jackson ImmunoResearch Cat#115-605-003; RRID: AB_2338902

Polyclonal Alexa Fluor 647-AffiniPure Goat Anti-Rat IgG Jackson ImmunoResearch Cat#112-605-003; RRID: AB_2338393

Polyclonal HRP-conjugated Goat Anti-Rabbit IgG R&D Systems Cat# HAF008; RRID: AB_357235

Polyclonal HRP-conjugated Goat Anti-Mouse IgG R&D Systems Cat#HAF007; RRID: AB_357234
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After SDS–PAGE gel electrophoresis, the proteins were trans-
ferred to a PDVF membrane using iBlot 2. For APP and Aβ de-
tection, the membranes were subsequently washed in PBS and
cut into two (cut was made around 16 kD). The membrane part
containing <16 kD proteins was boiled for 5 min in PBS to
improve the detection of Aβ. The membrane part containing >16
kD proteins was stained for total proteins (AC2225; Azure)
according to the manufacturer’s instructions and images were
acquired using a Sapphire Biomolecular imager (Azure Bio-
systems). After total protein quantification, the top part of the
membrane (>16 kD) was further cut just below 78 kD to obtain a
total of three membrane parts (Fig S6E and F). All membranes
were blocked in PBS-T containing 5% skim milk powder. The
membranes were incubated overnight with primary antibodies
at 4°C, followed by secondary HRP-conjugated antibodies for
1 h at room temperature. All washes were done in PBS-T. The
membranes were developed using ECL Substrate and visual-
ized using a Sapphire Biomolecular imager.

Quantification of the bands was performed using Image Lab 6.1.
All bands were normalized to total protein and β-actin. For protein
quantification in media, the bands were corrected for both total
proteins in media and β-actin and total protein from its corre-
sponding lysate to correct for both protein concentrations in the
medium and differences in cell number. All bands are presented
normalized to the control, where the control condition is untreated
N2A APPSwe cells that were used to establish a baseline for APP
metabolism.

Mesoscale analysis

Secreted Aβ40 and Aβ42 levels were measured using Meso Scale
Discovery. Mouse primary brain cultures from WT or APP/PS1
incubated for 24 h with control (fresh neurobasal media),
ApoE3 KI or ApoE4 KI astrocyte-conditioned media were col-
lected. Aβ levels in media were assessed with the 4G8 kit
(#K15199E) following the manufacturer's protocol. Plates were
read using a QuickPlex Q120 reader (Meso Scale Diagnostics).
Total protein in cell lysates was determined by BCA assay and
used to normalize the Aβ levels to the concentration of total
proteins.

Immunofluorescence

N2a cells and primary neurons (19 DIV) grown on glass coverslips
were fixed in 4% PFA, 4% sucrose in PBS for 15 min at room tem-
perature. The cells were incubated in PBS containing 1% BSA, 0.1%
saponin (84510; Sigma-Aldrich), and 2% normal goat serum (005-
000-121; Jackson ImmunoResearch) for 1 h at room temperature to
permeabilize the cells and block unspecific signals. Afterwards, the
coverslips containing N2a cells or primary neurons were incubated
with primary antibodies, diluted in 2% normal goat serum in PBS,
overnight at 4°C, followed by incubation with secondary fluo-
rescently conjugated antibodies for 1 h at room temperature in the
dark. The coverslips were mounted on glass slides with ProLong
Diamond Antifade Mountant (P36961; Invitrogen). All washes were
performed in PBS.

Epifluorescence microscopy

Microscopy was performed on coverslips containing fluorescently
labeled N2a cells or primary neurons. In our experiments, two
different epifluorescence microscopes were used: 1. Olympus IX70
microscope equipped with a 405, 488, 568, and 647 nm channel,
X-Cite 120Q excitation light source (Excelitas Technologies), a
C11440 ORCA-Flash4-oIT digital camera, and 40x NA 1.3 and 60x NA
1.4 oil immersion objectives. An additional 1.5 magnification of the
60x objective was used when taking the images. 2. Nikon Eclipse 80i
upright microscope (RRID:SCR_015572) equipped with a 10x (Nikon
plan apo, NA 0.45), 20x (Nikon plan apo, NA 0.75), 40x (Nikon plan
apo, NA 1.0, oil immersion), and 60x objectives (Nikon apo VC, NA
1.40, oil immersion). The Nikon microscope was connected to a
computer containing Nikon Instruments Software-Elements Ad-
vance Research (NIS-Elements AR) version 3.2. The focus of the
images was set based on the signal in the ApoE channel.

Confocal microscopy

To obtain image stacks a laser scanning confocal microscope Leica
TCS SP8 (RRID: SCR_018169; Leica Microsystems) in combination
with Leica Application Suite X software version 3.4.7.23225 (RRID:
SCR_013673; Leica Microsystems) was used. A Z-step size of 0.5 μm
was used for imaging stacks. Orthogonal images were obtained by
using Bitplane Imaris viewer version 9.5.1 (RRID: SCR_007370; Oxford
Instruments).

Image analysis and quantification

To analyze the added ApoE in N2a cells, the ApoE signal was
normalized to control (vehicle control or ApoE KO-treated N2a
cells). The percentage of N2a cells that take up ApoE was calculated
by separating ApoE-positive (at least one ApoE puncta) from ApoE-
negative cells (no ApoE puncta). Three criteria were set to deter-
mine which N2A cells in each image were analyzed. First, the cells
should show ApoE uptake. Second, the cell outliner could be
distinguished by the cellular marker phalloidin, and third, the
whole cell body should be present in the image. All further analyses
on added ApoE were performed on ApoE-positive cells. The number
of ApoE puncta and the ApoE puncta area per N2a cell were an-
alyzed using particle analyzer in Fiji ImageJ.

The co-localization of added recombinant ApoE3 and ApoE4 with
sub-cellular markers Rab7, LAMP1, GM130, and TGN38 in N2a cells
(Figs 1 and S2) was analyzed by determining the percentage of ApoE
pixels that co-localized with each marker using Fiji ImageJ. The
images were preprocessed using background subtraction and
brightness processing to remove unspecific signals. For Rab7, which
was detected as small puncta with high background in the cell, the
images were also sharpened before background subtraction.
Preprocessing settings of ApoE were set based on control-treated
N2a cells to avoid endogenous mouse ApoE. After preprocessing of
ApoE and the subcellular markers in the images, the images were
thresholded and a selection was created for ApoE. Subsequently,
the pixel co-localization was measured in Fiji ImageJ. N2a cells
containing 5–20 ApoE puncta per cell were included in the pixel co-
localization analyses.
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To study whether ApoE in neurons is degraded by lysosomes,
lysosomal activity was inhibited using Bafilomycin A1 (Fig 2K–M).
Images taken from bafilomycin- and ApoE-treated neurons were
analyzed using Fiji ImageJ. First, 10 different, nonoverlapping re-
gions of interest were selected along MAP2-positive neurites for
each analyzed neuron. The area of each individual region of interest
was kept constant. Regions of interest of neurites were selected in
such a way that all intracellular ApoE will be detected, meaning that
synaptic ApoE puncta proximal to but not overlapping with MAP2
labeling was also included in the analysis. Within these regions of
interest, the co-localization between ApoE and LAMP1 was analyzed
in the same way as described for N2a cells (previous section). ApoE
puncta size was analyzed using particle analyzer.

The number of MAP2-positive neurons and GFAP-positive as-
trocytes in our primary cultures (Fig 3C) was determined by manual
counting using the Cell Counter plugin in ImageJ (https://
imagej.nih.gov/ij/plugins/cell-counter.html). DAPI nuclei were
used to determine the total number of cells in the culture.

The antibody 82e1 puncta number and size in APP/PS1 primary
neurons were analyzed using particle analyzer in imageJ. Regions of
interest of the same size were set for 10 neurites in each neuron
(based on MAP2 labeling). Background subtraction and brightness
adjustment were done for both the 82e1 and ApoE signals. The 82e1
signal was corrected for the signal in WT neurons, ApoE signal was
corrected for the signal in ApoE KO treated neurons. 82e1 signal was
thresholded and a selection was created. 82e1-ApoE co-localization
was measured through pixel co-localization of the percentage of
the 82e1 selection that contained ApoE-positive pixels.

Intraneuronal Aβ42 levels (Fig 6C and E) were calculated based on
the intensity of Aβ42-specific antibody 12F4 as previously described
by Ubelman et al (10). Regions of interest were set for cell bodies
and neurites based on MAP2 labeling using the polygon tool in ICY
(https://icy.bioimageanalysis.org/). The mean intensity of 12F4
labeling was measured for the selected cell bodies and neurites
and were corrected for themean intensity of background signal. For
one embryo, five independent neurons were analyzed. In each
analyzed neuron, the three most prominent neurites were included
in the analysis. All mean intensities measured in this study were
normalized to the mean intensity measured in APP KO cell bodies
and neurites.

The levels of internalized synthetic Aβ42 in primary neurons were
analyzed based on 6E10 antibody labeling (Fig 7C and D). The 6E10
antibody is known to exclusively label human Aβ and not en-
dogenous mouse Aβ. For quantification of the number of 6E10
puncta and the area of the 6E10 puncta, images obtained by
epifluorescence microscopy were preprocessed and thresh-
olded using Fiji ImageJ. 10 regions of interest of neurites per
cell were selected using the polygon tool in ImageJ based on
MAP2 labeling. Both number and size of the puncta were an-
alyzed using particle analyzer. The puncta numbers were
corrected for the total area analyzed to have all values cor-
rected to a set area of 1,000 μm2.

Statistical analyses

All statistical analyses were performed in Graphpad Prism 8.4.1.
Before statistical testing, it was assessed whether the data

were normally (Gaussian) distributed based on normality tests:
Shapiro–Wilk tests and Kolmogorov–Smirnov tests, and QQ plots. In
case of a normal distribution of the data, unpaired t test was
performed to compare ApoE3 with ApoE4 (Figs 1C, I, and J and 4I and
J) and one-way ANOVA to compare more than two groups (Figs 5C–E,
I, and J, 7C and D, and S7B and C). When the data were not normally
distributed, nonparametric Mann–Whitney tests were performed to
test statistical difference between ApoE3 and ApoE4 (Figs 2K and L,
4H, and S2B and D). When more than two groups were compared,
Kruskal–Wallis tests were used to analyze non-normalized data
(Figs 2M, 5F, H, and K, 6C and E, S6C and D, and S7A). All data
displayed in graphs were shown as mean ± SD. Big data points in
graphs reflect the number of embryos (N), smaller data points
reflect the single neurons/cells analyzed (n). In the case of
neurites, 10 neurites per neuron were analyzed unless stated
otherwise.

Supplementary Information

Supplementary Information is available at https://doi.org/10.26508/lsa.
202201887.

Acknowledgements

We thank Bodil Israelsson, Lund University, for her support with the animal
experiments and genotyping of mice. We also thank MultiPark for the use of
the confocal microscopy and Imaris software facilities. This project was
funded by the European Union Horizon 2020 Research and Innovation
Program SYNDEGEN (Marie Skłodowska-Curie grant agreement No. 721802),
Innovation Fund Denmark (BrainStem; 4108–00008 A), the Swedish Research
Council grant (No. 2019-01125), Alzheimerfonden, Hjärnfonden, and Konung
Gustaf V:s & Drottning Victorias Stiftelse.

Author Contributions

SC Konings: conceptualization, data curation, formal analysis, su-
pervision, validation, investigation, visualization, methodology,
project administration, and writing—original draft, review, and
editing.
E Nyberg: formal analysis, investigation, visualization, and wri-
ting—review and editing.
I Martinsson: investigation and writing—review and editing.
L Torres-Garcia: investigation and writing—review and editing.
O Klementieva: resources, funding acquisition, and writing—review
and editing.
C Guimas Almeida: conceptualization, resources, supervision,
funding acquisition, project administration, and writing—review
and editing.
GK Gouras: conceptualization, resources, supervision, funding ac-
quisition, project administration, and writing—review and editing.

Conflict of Interest Statement

The authors declare that they have no conflict of interest.

ApoE intersects with Aβ in neurons Konings et al. https://doi.org/10.26508/lsa.202201887 vol 6 | no 8 | e202201887 17 of 20

https://imagej.nih.gov/ij/plugins/cell-counter.html
https://imagej.nih.gov/ij/plugins/cell-counter.html
https://icy.bioimageanalysis.org/
https://doi.org/10.26508/lsa.202201887
https://doi.org/10.26508/lsa.202201887
https://doi.org/10.26508/lsa.202201887


References

1. Corder EH, Saunders AM, Strittmatter WJ, Schmechel DE, Gaskell PC,
Small GW, Roses AD, Haines JL, Pericak-Vance MA (1993) Gene dose of
apolipoprotein E type 4 allele and the risk of Alzheimer’s disease in late
onset families. Science 261: 921–923. doi:10.1126/science.8346443

2. Farrer LA, Cupples LA, Haines JL, Hyman B, Kukull WA, Mayeux R, Myers
RH, Pericak-Vance MA, Risch N, van Duijn CM (1997) Effects of age, sex,
and ethnicity on the association between apolipoprotein E genotype
and Alzheimer disease. A meta-analysis. APOE and Alzheimer Disease
Meta Analysis Consortium. JAMA 278: 1349–1356. doi:10.1001/
jama.278.16.1349

3. Boschert U, Merlo-Pich E, Higgins G, Roses AD, Catsicas S (1999)
Apolipoprotein E expression by neurons surviving excitotoxic stress.
Neurobiol Dis 6: 508–514. doi:10.1006/nbdi.1999.0251

4. Fernandez-Calle R, Konings SC, Frontinan-Rubio J, Garcia-Revilla J,
Camprubi-Ferrer L, Svensson M, Martinson I, Boza-Serrano A, Venero JL,
Nielsen HM, et al (2022) APOE in the bullseye of neurodegenerative
diseases: Impact of the APOE genotype in Alzheimer’s disease pathology
and brain diseases. Mol Neurodegener 17: 62. doi:10.1186/s13024-022-
00566-4

5. Huynh TPV, Liao F, Francis CM, Robinson GO, Serrano JR, Jiang H, Roh J,
Finn MB, Sullivan PM, Esparza TJ, et al (2017) Age-dependent effects of
apoE reduction using antisense oligonucleotides in a model of beta-
amyloidosis. Neuron 96: 1013–1023.e4. doi:10.1016/j.neuron.2017.11.014

6. Liu CC, Zhao N, Fu Y, Wang N, Linares C, Tsai CW, Bu G (2017) ApoE4
accelerates early seeding of amyloid pathology. Neuron 96:
1024–1032.e3. doi:10.1016/j.neuron.2017.11.013

7. Cataldo AM, Peterhoff CM, Troncoso JC, Gomez-Isla T, Hyman BT, Nixon
RA (2000) Endocytic pathway abnormalities precede amyloid beta
deposition in sporadic Alzheimer’s disease and down syndrome:
Differential effects of APOE genotype and presenilin mutations. Am J
Pathol 157: 277–286. doi:10.1016/s0002-9440(10)64538-5

8. Neefjes J, van der Kant R (2014) Stuck in traffic: An emerging theme in
diseases of the nervous system. Trends Neurosciences 37: 66–76.
doi:10.1016/j.tins.2013.11.006

9. Israel MA, Yuan SH, Bardy C, Reyna SM, Mu Y, Herrera C, Hefferan MP, Van
Gorp S, Nazor KL, Boscolo FS, et al (2012) Probing sporadic and familial
Alzheimer’s disease using induced pluripotent stem cells. Nature 482:
216–220. doi:10.1038/nature10821

10. Ubelmann F, Burrinha T, Salavessa L, Gomes R, Ferreira C, Moreno N,
Guimas Almeida C (2017) Bin1 and CD2AP polarise the endocytic
generation of beta-amyloid. EMBO Rep 18: 102–122. doi:10.15252/
embr.201642738

11. Guimas Almeida C, Sadat Mirfakhar F, Perdigao C, Burrinha T (2018)
Impact of late-onset Alzheimer’s genetic risk factors on beta-amyloid
endocytic production. Cell Mol Life Sci 75: 2577–2589. doi:10.1007/s00018-
018-2825-9

12. Chen Y, Durakoglugil MS, Xian X, Herz J (2010) ApoE4 reduces glutamate
receptor function and synaptic plasticity by selectively impairing ApoE
receptor recycling. Proc Natl Acad Sci U S A 107: 12011–12016. doi:10.1073/
pnas.0914984107

13. Heeren J, Grewal T, Laatsch A, Becker N, Rinninger F, Rye KA, Beisiegel U
(2004) Impaired recycling of apolipoprotein E4 is associated with
intracellular cholesterol accumulation. J Biol Chem 279: 55483–55492.
doi:10.1074/jbc.M409324200

14. Nuriel T, Peng KY, Ashok A, Dillman AA, Figueroa HY, Apuzzo J, Ambat J,
Levy E, Cookson MR, Mathews PM, et al (2017) The endosomal-lysosomal
pathway is dysregulated by APOE4 expression in vivo. Front Neurosci 11:
702. doi:10.3389/fnins.2017.00702

15. Xian X, Pohlkamp T, Durakoglugil MS, Wong CH, Beck JK, Lane-Donovan C,
Plattner F, Herz J (2018) Reversal of ApoE4-induced recycling block as a

novel prevention approach for Alzheimer’s disease. Elife 7: e40048.
doi:10.7554/eLife.40048

16. DeKroon RM, Armati PJ (2001) The endosomal trafficking of
apolipoprotein E3 and E4 in cultured human brain neurons and
astrocytes. Neurobiol Dis 8: 78–89. doi:10.1006/nbdi.2000.0362

17. Cataldo AM, Petanceska S, Terio NB, Peterhoff CM, Durham R, Mercken M,
Mehta PD, Buxbaum J, Haroutunian V, Nixon RA (2004) Aβ localization in
abnormal endosomes: Association with earliest Aβ elevations in AD and
down syndrome. Neurobiol Aging 25: 1263–1272. doi:10.1016/
j.neurobiolaging.2004.02.027

18. Takahashi RH, Milner TA, Li F, Nam EE, Edgar MA, Yamaguchi H, Beal MF,
Xu H, Greengard P, Gouras GK (2002) Intraneuronal alzheimer Aβ42
accumulates in multivesicular bodies and is associated with synaptic
pathology. Am J Pathol 161: 1869–1879. doi:10.1016/s0002-9440(10)64463-
x

19. Langui D, Girardot N, El Hachimi KH, Allinquant B, Blanchard V, Pradier L,
Duyckaerts C (2004) Subcellular topography of neuronal Aβ peptide in
APPxPS1 transgenic mice. Am J Pathol 165: 1465–1477. doi:10.1016/s0002-
9440(10)63405-0

20. Vassar R, Bennett BD, Babu-Khan S, Kahn S, Mendiaz EA, Denis P, Teplow
DB, Ross S, Amarante P, Loeloff R, et al (1999) β-Secretase cleavage of
Alzheimer’s amyloid precursor protein by the transmembrane aspartic
protease BACE. Science 286: 735–741. doi:10.1126/science.286.5440.735

21. Rajendran L, Annaert W (2012) Membrane trafficking pathways in
Alzheimer’s disease. Traffic 13: 759–770. doi:10.1111/j.1600-
0854.2012.01332.x

22. Aow J, Huang TR, Thinakaran G, Koo EH (2022) Enhanced cleavage of APP
by co-expressed Bace1 alters the distribution of APP and its fragments
in neuronal and non-neuronal cells. Mol Neurobiol 59: 3073–3090.
doi:10.1007/s12035-022-02733-6

23. Park H, Hundley FV, Yu Q, Overmyer KA, Brademan DR, Serrano L, Paulo
JA, Paoli JC, Swarup S, Coon JJ, et al (2022) Spatial snapshots of amyloid
precursor protein intramembrane processing via early endosome
proteomics. Nat Commun 13: 6112. doi:10.1038/s41467-022-33881-x

24. He X, Cooley K, Chung CH, Dashti N, Tang J (2007) Apolipoprotein receptor
2 and X11α/β mediate apolipoprotein E-induced endocytosis of
amyloid-β precursor protein and β-secretase, leading to amyloid-β
production. J Neurosci 27: 4052–4060. doi:10.1523/JNEUROSCI.3993-
06.2007

25. Zhao W, Dumanis SB, Tamboli IY, Rodriguez GA, Jo Ladu M, Moussa CE,
William Rebeck G (2014) Human APOE genotype affects intraneuronal A
1-42 accumulation in a lentiviral gene transfer model.HumMol Genet 23:
1365–1375. doi:10.1093/hmg/ddt525

26. Novy MJ, Newbury SF, Liemisa B, Morales-Corraliza J, Alldred MJ, Ginsberg
SD, Mathews PM (2022) Expression and proteolytic processing of the
amyloid precursor protein is unaffected by the expression of the three
human apolipoprotein E alleles in the brains of mice. Neurobiol Aging
110: 73–76. doi:10.1016/j.neurobiolaging.2021.10.015

27. Kuszczyk MA, Sanchez S, Pankiewicz J, Kim J, Duszczyk M, Guridi M, Asuni
AA, Sullivan PM, Holtzman DM, Sadowski MJ (2013) Blocking the
interaction between apolipoprotein E and Aβ reduces intraneuronal
accumulation of Aβ and inhibits synaptic degeneration. Am J Pathol 182:
1750–1768. doi:10.1016/j.ajpath.2013.01.034

28. Hashimoto T, Serrano-Pozo A, Hori Y, Adams KW, Takeda S, Banerji AO,
Mitani A, Joyner D, Thyssen DH, Bacskai BJ, et al (2012) Apolipoprotein E,
especially apolipoprotein E4, increases the oligomerization of amyloid
beta peptide. J Neurosci 32: 15181–15192. doi:10.1523/
JNEUROSCI.1542-12.2012

29. Namba Y, Tomonaga M, Kawasaki H, Otomo E, Ikeda K (1991)
Apolipoprotein E immunoreactivity in cerebral amyloid deposits and
neurofibrillary tangles in Alzheimer’s disease and kuru plaque amyloid
in Creutzfeldt-Jakob disease. Brain Res 541: 163–166. doi:10.1016/0006-
8993(91)91092-f

ApoE intersects with Aβ in neurons Konings et al. https://doi.org/10.26508/lsa.202201887 vol 6 | no 8 | e202201887 18 of 20

https://doi.org/10.1126/science.8346443
https://doi.org/10.1001/jama.278.16.1349
https://doi.org/10.1001/jama.278.16.1349
https://doi.org/10.1006/nbdi.1999.0251
https://doi.org/10.1186/s13024-022-00566-4
https://doi.org/10.1186/s13024-022-00566-4
https://doi.org/10.1016/j.neuron.2017.11.014
https://doi.org/10.1016/j.neuron.2017.11.013
https://doi.org/10.1016/s0002-9440(10)64538-5
https://doi.org/10.1016/j.tins.2013.11.006
https://doi.org/10.1038/nature10821
https://doi.org/10.15252/embr.201642738
https://doi.org/10.15252/embr.201642738
https://doi.org/10.1007/s00018-018-2825-9
https://doi.org/10.1007/s00018-018-2825-9
https://doi.org/10.1073/pnas.0914984107
https://doi.org/10.1073/pnas.0914984107
https://doi.org/10.1074/jbc.M409324200
https://doi.org/10.3389/fnins.2017.00702
https://doi.org/10.7554/eLife.40048
https://doi.org/10.1006/nbdi.2000.0362
https://doi.org/10.1016/j.neurobiolaging.2004.02.027
https://doi.org/10.1016/j.neurobiolaging.2004.02.027
https://doi.org/10.1016/s0002-9440(10)64463-x
https://doi.org/10.1016/s0002-9440(10)64463-x
https://doi.org/10.1016/s0002-9440(10)63405-0
https://doi.org/10.1016/s0002-9440(10)63405-0
https://doi.org/10.1126/science.286.5440.735
https://doi.org/10.1111/j.1600-0854.2012.01332.x
https://doi.org/10.1111/j.1600-0854.2012.01332.x
https://doi.org/10.1007/s12035-022-02733-6
https://doi.org/10.1038/s41467-022-33881-x
https://doi.org/10.1523/JNEUROSCI.3993-06.2007
https://doi.org/10.1523/JNEUROSCI.3993-06.2007
https://doi.org/10.1093/hmg/ddt525
https://doi.org/10.1016/j.neurobiolaging.2021.10.015
https://doi.org/10.1016/j.ajpath.2013.01.034
https://doi.org/10.1523/JNEUROSCI.1542-12.2012
https://doi.org/10.1523/JNEUROSCI.1542-12.2012
https://doi.org/10.1016/0006-8993(91)91092-f
https://doi.org/10.1016/0006-8993(91)91092-f
https://doi.org/10.26508/lsa.202201887


30. LaFerla FM, Troncoso JC, Strickland DK, Kawas CH, Jay G (1997) Neuronal
cell death in Alzheimer’s disease correlates with apoE uptake and
intracellular Abeta stabilization. J Clin Invest 100: 310–320. doi:10.1172/
JCI119536

31. Gouras GK, Tsai J, Naslund J, Vincent B, Edgar M, Checler F, Greenfield JP,
Haroutunian V, Buxbaum JD, Xu H, et al (2000) Intraneuronal Aβ42
accumulation in human brain. Am J Pathol 156: 15–20. doi:10.1016/s0002-
9440(10)64700-1

32. Bilousova T, Melnik M, Miyoshi E, Gonzalez BL, Poon WW, Vinters HV,
Miller CA, Corrada MM, Kawas C, Hatami A, et al (2019) Apolipoprotein E/
Amyloid-beta complex accumulates in alzheimer disease cortical
synapses via apolipoprotein E receptors and is enhanced by APOE4. Am J
Pathol 189: 1621–1636. doi:10.1016/j.ajpath.2019.04.010

33. Koffie RM, Hashimoto T, Tai HC, Kay KR, Serrano-Pozo A, Joyner D, Hou S,
Kopeikina KJ, Frosch MP, Lee VM, et al (2012) Apolipoprotein E4 effects in
Alzheimer’s disease are mediated by synaptotoxic oligomeric amyloid-
β. Brain 135: 2155–2168. doi:10.1093/brain/aws127

34. Perdigao C, Barata MA, Araujo MN, Mirfakhar FS, Castanheira J, Guimas
Almeida C (2020) Intracellular trafficking mechanisms of synaptic
dysfunction in Alzheimer’s disease. Front Cell Neurosci 14: 72.
doi:10.3389/fncel.2020.00072

35. Van Acker ZP, Bretou M, Annaert W (2019) Endo-lysosomal
dysregulations and late-onset Alzheimer’s disease: Impact of genetic
risk factors.Mol Neurodegeneration 14: 20. doi:10.1186/s13024-019-0323-
7

36. Wang H, Kulas JA, Wang C, Holtzman DM, Ferris HA, Hansen SB (2021)
Regulation of beta-amyloid production in neurons by astrocyte-derived
cholesterol. Proc Natl Acad Sci U S A 118: e2102191118. doi:10.1073/
pnas.2102191118

37. Foley KE, Hewes AA, Garceau DT, Kotredes KP, Carter GW, Sasner M,
Howell GR (2022) The APOEε3/ε4 genotype drives distinct gene
signatures in the cortex of young mice. Front Aging Neurosci 14: 838436.
doi:10.3389/fnagi.2022.838436

38. Pitas RE, Boyles JK, Lee SH, Foss D, Mahley RW (1987) Astrocytes
synthesize apolipoprotein E and metabolize apolipoprotein
E-containing lipoproteins. Biochim Biophys Acta 917: 148–161.
doi:10.1016/0005-2760(87)90295-5

39. LaDu MJ, Gilligan SM, Lukens JR, Cabana VG, Reardon CA, Van Eldik LJ,
Holtzman DM (2002) Nascent astrocyte particles differ from lipoproteins
in CSF. J Neurochem 70: 2070–2081. doi:10.1046/j.1471-
4159.1998.70052070.x

40. Ferguson SM (2018) Axonal transport and maturation of lysosomes. Curr
Opin Neurobiol 51: 45–51. doi:10.1016/j.conb.2018.02.020

41. Parton RG, Simons K, Dotti CG (1992) Axonal and dendritic endocytic
pathways in cultured neurons. J Cell Biol 119: 123–137. doi:10.1083/
jcb.119.1.123

42. Lie PPY, Yoo L, Goulbourne CN, Berg MJ, Stavrides P, Huo C, Lee JH, Nixon
RA (2022) Axonal transport of late endosomes and amphisomes is
selectively modulated by local Ca(2+) efflux and disrupted by PSEN1 loss
of function. Sci Adv 8: eabj5716. doi:10.1126/sciadv.abj5716

43. Yap CC, Digilio L, McMahon LP, Garcia ADR, Winckler B (2018) Degradation
of dendritic cargos requires Rab7-dependent transport to somatic
lysosomes. J Cell Biol 217: 3141–3159. doi:10.1083/jcb.201711039

44. Cheng XT, Xie YX, Zhou B, Huang N, Farfel-Becker T, Sheng ZH (2018)
Characterization of LAMP1-labeled nondegradative lysosomal and
endocytic compartments in neurons. J Cell Biol 217: 3127–3139.
doi:10.1083/jcb.201711083

45. Fedele AO, Proud CG (2020) Chloroquine and bafilomycin A mimic
lysosomal storage disorders and impair mTORC1 signalling. Biosci Rep
40. doi:10.1042/BSR20200905

46. Yoshimori T, Yamamoto A, Moriyama Y, Futai M, Tashiro Y (1991)
Bafilomycin A1, a specific inhibitor of vacuolar-type H(+)-ATPase,

inhibits acidification and protein degradation in lysosomes of cultured
cells. J Biol Chem 266: 17707–17712. doi:10.1016/s0021-9258(19)47429-2

47. Fote GM, Geller NR, Efstathiou NE, Hendricks N, Vavvas DG, Reidling JC,
Thompson LM, Steffan JS (2022) Isoform-dependent lysosomal
degradation and internalization of apolipoprotein E requires autophagy
proteins. J Cell Sci 135: jcs258687. doi:10.1242/jcs.258687

48. Konings SC, Torres-Garcia L, Martinsson I, Gouras GK (2021) Astrocytic
and neuronal apolipoprotein E isoforms differentially affect neuronal
excitability. Front Neurosci 15: 734001. doi:10.3389/fnins.2021.734001

49. Narayan P, Sienski G, Bonner JM, Lin YT, Seo J, Baru V, Haque A, Milo B,
Akay LA, Graziosi A, et al (2020) PICALM rescues endocytic defects caused
by the Alzheimer’s disease risk factor APOE4. Cell Rep 33: 108224.
doi:10.1016/j.celrep.2020.108224

50. Rensen PC, Jong MC, van Vark LC, van der Boom H, Hendriks WL, van
Berkel TJ, Biessen EA, Havekes LM (2000) Apolipoprotein E is resistant to
intracellular degradation in vitro and in vivo. J Biol Chem 275: 8564–8571.
doi:10.1074/jbc.275.12.8564

51. Rellin L, Heeren J, Beisiegel U (2008) Recycling of apolipoprotein E is not
associated with cholesterol efflux in neuronal cells. Biochim Biophys
Acta 1781: 232–238. doi:10.1016/j.bbalip.2008.02.001

52. Peters A, Palay SL, Webster HD (1991) The Fine Structure of the Nervous
System. New York: Oxford University Press.

53. Lasiecka ZM, Winckler B (2011) Mechanisms of polarized membrane
trafficking in neurons – focusing in on endosomes. Mol Cell Neurosci 48:
278–287. doi:10.1016/j.mcn.2011.06.013
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