


















whereas inhibitingNPC1 in young neurons resulted inMVBs filledwith
ILVs. Therefore, the reduction in NPC1 that can lead to impaired
degradative function because of excess cholesterol is also respon-
sible for generating more ILVs/exosomes, therefore a potential
protective mechanism. The protective role of increasing exosome
secretion has been evidenced on numerous occasions, mainly in
pathological situations including neurodegeneration (Rajendran
et al, 2006; Perez-Gonzalez et al, 2012; Deng et al, 2017; Patel et al,
2017; Guix et al, 2018; Fussi et al, 2018; Miranda et al, 2018; Ferreira et al,
2019; Burillo et al, 2021). Supporting this role in our culture system, we
showed that exosomes secreted by the older neurons in culture are
enriched in the microtubule associated protein τ (Fig S4), therefore
reducing the risk of formation of stable intracellular oligomers and

tangles inside the old neurons that should seriously disrupt neuronal
function (Shafiei et al, 2017). On the other hand, these same exosomes
may exert toxic effects on neighbouring cells or even at a distance.
In keeping, exosomes have been proposed as one of the mechanisms
by which toxic proteins are spread throughout the brain in
neurodegenerative conditions (Kalani et al, 2014; Perez et al, 2019).
In fact, it is well known that τ proteins present in exosomes can be
internalized by other neurons (Wang et al, 2017), leading to their
aggregation and alteration of host cell function (Asai et al, 2015;
Polanco et al, 2016). Thus, as with the NPC1 depletion mechanism
leading to “damage-and-healing” events, the exosome response bears
also double-edge effects, beneficial for the cells that release them but
potentially deleterious for those that receive their cargo. Interestingly

Figure 8. miR33 is up-regulated in aged neurons in vitro.
(A) The plot compares the miR33 levels (normalized by
the housekeeping RNA U6) between 13 DIV, 16–17 DIV and 21
DIV neuronal cultures (fold change versus DIV). The
microRNA levels were determined by RT–PCR (n = 5
independent culture). The graph shows the mean ± SEM.
Statistical significance was analyzed by one-way ANOVA
(P-value: 0.0410). Dunnet’smultiple comparisons test was
used to compare the 21 DIV and the 16–17 DIV to the 13 DIV
group (ns: non-significant; *P < 0.05; P-value for the 21 DIV to
13 DIV comparison: 0.0258). (B) Western blot analysis of
lysates of N2A cells transfected with 40 nM of a non-
targeting control mimic or 40 nM miR-33 mimic (miRNA-33).
The blots were analyzed with antibodies against NPC1,
ABCA1 and actin. (C) Plot comparing the relative protein
levels of NPC1 between N2A cells transfected with 40 nM of a
non-targeting control mimic (n = 4) or 40 nMmiR33mimic
(miR-33; n = 4). (B) Blots were quantified from Western blot
experiments as the one shown in panel (B). The graph shows
the mean ± SEM and individual data points. Statistical
significance was analyzed by two-tailed unpaired t test
(**P < 0.05). (C, D) The plot compares the ABCA1 protein levels
in the same experimental conditions as in panel (C). The
graph shows the mean ± SEM and individual data points
(n = 3). Statistical significance was analyzed by two-tailed
unpaired t test (**P < 0.05). (E) Western blot analysis of
brain lysates from 2 mo old WT or miR33 KO mice. Blots
were tested with antibodies against NPC1 and HSP90.
(F) Plots comparing the relative protein levels for NPC1 in
the brain of WT (n = 5) andmiR33 KO (n = 7) mice. (C) Protein
levels were quantified fromWestern blot experiments as the
one shown in panel (C). The graph shows themean ± SEM
and individual data points. Statistical significance was
analyzed by two-tailed unpaired t test (*P < 0.05).
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enough, τ-positive neurofibrillary tangles have been detected in the
brain of Niemann Pick patients with mutations in the npc1 gene (Love
et al, 1995; Vanier & Suzuki, 1998).

Another question that our work helps to answer has to do with
the mechanism that leads to the decline in NPC1 with age. Our
data are consistent with the possibility that the decrease in NPC1
in the old neurons can be due to an increase in degradation, to a
decrease in synthesis, or to both. Degradation of NPC1 occurs in
the lysosomes and in the proteasome, the latter mediated by
mTORC1 (Du et al, 2015; Schultz et al, 2018). Previous work from
our laboratory revealed that old neurons in culture present high
mTORC1 activity due, in part, to high PI3K/Akt activity (Martı́n-
Segura et al, 2019a). In this work we show that either Akt or
mTORC1 activation are sufficient to reduce NPC1 levels, sup-
porting the possibility that these pathways may be responsible,
at least in part, for the reduction in NPC1 levels in old neurons
(Fig 9). Although the accumulation of cholesterol in the endo-
lysosomal system could also activate mTORC1 activity (Castellano
et al, 2017), this mechanism seems not to contribute to maintain
NPC1 at low levels after the third week in culture, when Akt levels
start to decrease since inhibition of NPC1 in young neurons de-
creases mTOR activity in our cultures.

But in addition to the increased activity of the Akt and mTORC1
pathways in the brain during physiological aging (Martı́n-Segura et
al, 2019a), the increased expression of the microRNA miRNA33 can
contribute to maintaining low levels of NPC1. As explained in the
previous section, the accumulation of cholesterol in the endo-
lysosomal pathway would result in reduced levels of cholesterol in
the ER, cleavage and activation of SREBPs, transcription of the
Srebf2 gene and the co-expression of microRNA 33 (miR-33) and
repression of NPC1 synthesis. The fact that we observed age as-
sociated decrease in NPC1 in the cultured neurons and that the
expression of a miR-33 mimicking construct reduces NPC1 strongly
supports a functional link between the age-associated up-
regulation of this microRNA and NPC1 down-regulation (Fig 9).
Naturally, the data in KO mice reinforce the importance of the
regulation of this miRNA in the control of expression of NPC1.
Hence, we propose that cholesterol accumulation with age may
elicit concerted or independent mechanisms (Akt, mTORC1, and
miR-33) promoting NPC1 down-regulation in an effort to preserve
neurons from the unwanted effects of dysfunctional proteostasis.

From a physiological perspective, the negative consequences on
the old neurons’ accumulation of cholesterol in organelles of the
endocytic pathway as a consequence of the decrease in NPC1 are

Figure 9. Scheme showing the main alterations found in aging neurons in vitro.
(1) The activation of the AKT-mTOR pathway during neuronal aging triggers the degradation of the intracellular cholesterol transporter Niemann Pick disease, type C
protein (NPC1), what induces the accumulation of cholesterol in endosomal compartments. (2) This in turn induces multivesicular bodies (MVBs) to generate a higher
number of intraluminal vesicles (ILVs, called exosomes when they are secreted) in their lumen. (3) Decreased levels of NPC1 provoke a low endosome-to-ER cholesterol
transport, what triggers the activation of the Sterol regulatory element-binding proteins through the Golgi and its translocation to the nucleus. There, sterol regulatory
element-binding protein activates the transcription of the microRNA miR-33 located in the intronic region of the Srebf2 gene, after binding its sterol response element
(SRE). (4) miR-33 blocks the synthesis of NPC1 by targeting its mRNA, what aggravates the accumulation of endosomal cholesterol and the formation of ILVs.
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counterbalanced by the function of the sequestered cholesterol
in the formation of ILVs (Fig 9) and their release in the form of
EVs. Thus, although a greater release of exosomes can alleviate
neurons with proteostasis problems (i.e., removing undegraded
proteins and membranes) the cells that receive this type of
cargo may themselves be harmed, contributing to the irre-
versibility of the aging process. Proposed strategies of in-
creasing removal of intracellular waste as a therapeutic avenue
in old age should be cautiously considered.

Materials and Methods

Isolation of extracellular vesicles

The 24-h conditioned medium (25 ml of MEM medium with N2
supplement) collected from one 150-mm culture dish per condition
was subsequently centrifuged at 200g and 2,000g for 10 min each to
remove dead cells and debris. After transferring the supernatant to
a fresh tube (Cat. no. 344058; Beckman), 1× protease inhibitors were
added (cOmpleteTM; Sigma-Aldrich) and the final volume was
made up to 38 ml with filtered PBS/1× protease inhibitors. Next, the
supernatant was centrifuged at 10,000g and 4°C for 30 min in a
TST28.38 rotor (Kontron) to remove microvesicles. The supernatant
was transferred to a fresh tube (Cat. no.344058; Beckman) and
centrifuged at 100,000g and 4°C for 2 h in a TST28.38 rotor (Kontron).
The pellet was washed with 0.5 ml filtered PBS/1× protease in-
hibitors and centrifuged at 100,000g and 4°C for 1 h in a TLA100.1
rotor (Beckman). Finally, the pellet was resuspended in filtered PBS

1× for EM analysis, or RIPA lysis buffer (see formulation in the
Western blot analysis section) with 1× protease and phosphatase
inhibitors for Western blot analysis.

Rat primary cortical cultures

Cortical neurons obtained from rat embryos present numerous
morphological and functional characteristics of cortical neurons
in situ, both morphological (pyramidal neurons) and in the type
of synaptic contacts they make (excitatory) (Dichter, 1978). Pri-
mary cultures of cortical neurons were prepared from embryonic
day 18 (E18) Wistar rats as described in the study by Kaech and
Banker (2006). Cortex was dissected and placed into ice-cold
Hank’s solution (Hanks Buffer Salt Solution: Ca2+ and Mg2+ free;
Thermo Fisher Scientific) supplemented with 7 mM Hepes and
0.45% glucose. The tissue was then treated with 0.005% trypsin
(trypsin 0.05% EDTA; Invitrogen; Life Technologies Co.) and DNase
(72 mg/ml; Sigma-Aldrich) incubated at 37°C for 16 min. Cortex
was washed three times with Hank’s solution. Cells were dis-
sociated in 5 ml of plating medium (Minimum Essential Medium
supplemented with 10% horse serum and 20% glucose) and cells
were counted in a Neubauer chamber. Cells were plated into
dishes pre-coated with 0.1 mg/ml poly-D-lysine (Sigma-Aldrich),
4.8 × 106 cells in a 150 mm dish, and 300,000 cells/well in a six
multi-well plate and afterwards, they were placed into a hu-
midified incubator containing 95% air and 5% CO2. The plating
medium was replaced with equilibrated neurobasal media
supplemented with B27 and GlutaMAX (Gibco; Life Technologies
Co.) after 4 h.

Information on the antibodies used in this study.

Target Company Catalogue number Host Dilution

ABCA1 (H1J) Novus Biologicals NB100-2068 Rabbit 1:2,000

Akt Cell Signaling Technology 9272S Rabbit 1:1,000

Calnexin Abcam Ab22595 Rabbit 1 µg/ml

CD81 Santa Cruz Biotechnology sc-166029 Mouse 1:200

EEA1 BD Bioscience 610457 Mouse 1:200

GAPDH Abcam Ab8245 Mouse 1:5,000

HSP90 Sigma-Aldrich 05–594 mouse 2 µg/ml

Lamp2a Invitrogen 51–2,200 Rabbit 1:500

LIMP-I Given by Prof, Ignacio Sandoval Mouse 1:300

NPC1 Novus Biologicals NB400-148 Rabbit 1:2,500

p(Thr389)-S6K Cell Signaling Technology 9234S Rabbit 1:1,000

p-Akt (S473) Cell Signaling Technology 4060S Rabbit 1:1,000

Akt Cell Signaling Technologies 9272S Rabbit 1:1,000

S6K Cell Signaling Technology 2708S Rabbit 1:1,000

Secondary goat anti-mouse DAKO P0447 Goat 1:2,500

Secondary goat anti-rabbit DAKO P0448 Goat 1:2,500

Tau5 Invitrogen AHB0042 mouse 1:500

Tubulin Sigma-Aldrich T5168 Mouse 1:4,000

β-Actin Abcam Ab8227 Rabbit 1:5,000

Aging increases neuronal exosomes Guix et al. https://doi.org/10.26508/lsa.202101055 vol 4 | no 8 | e202101055 12 of 18

https://doi.org/10.26508/lsa.202101055


On DIV 8, the culture medium was progressively replaced (1/4 of
the media each day for 3 d, the fourth day being totally replaced)
with MEM media supplemented with N2 (Gibco; Life Technologies
Co.) and without GlutaMAX. Cortical neurons were kept in culture
the days corresponding to each condition.

Colocalization of BODIPY-cholesterol accumulation with
endosomal markers

14 DIV or 24 DIV, rat primary cortical neurons were seeded on six-well
plates (300,000 neurons per well) containing coverslips pre-coated
with poly-D-lysine (0.5 mg/ml poly-D-lysine in borate buffer; Sigma-
Aldrich). 24 h before fixation, 1 µM BODIPY-cholesterol (TopFluor
Cholesterol [23-dipyrrometheneboron difluoride-24-norcholesterol],
Cat. no. 810255; Avanti Lipids) was added to the medium. Cells were
fixed in 4% PFA diluted in PBS for 10 min at room temperature and at
dark. Then, PFA was replaced by PBS 1× and samples were kept at 4°C
until immunofluorescence analysis. The day of the experiment, cells
were permeabilized for 5 min with 0.1% Triton X-100 in PBS 1×, then
blocked for 15 min with 3% BSA in PBS 1×. Next, coverslips were in-
cubated with the primary antibodies diluted in PBS 1× for 2 h: a mouse
monoclonal anti-EEA1 antibody (1:200; BD Bioscience, Cat. no.610457) or
a mouse monoclonal anti-Limp I antibody, given by Prof. Ignacio
Sandoval (1:300). Next, coverslips were washed three times with PBS 1×,
and incubated for 1 h with an Alexa 555–conjugated anti-mouse an-
tibody (Thermo Fisher Scientific). After a 5min DAPI staining (1 µg/ml in
PBS 1×; Merk), and three washes with PBS 1×, coverslips were finally
fixed using Mowiol gel mounting agent (DABCO).

The preparations were analyzed with an LSM 710 confocal mi-
croscope system (Zeiss). Zeiss imaging software was used to an-
alyze the confocal images.

Cholesterol accumulation assay

1 µM BODIPY-cholesterol (TopFluor Cholesterol 23-dipyrromethene-
boron difluoride-24-norcholesterol, #810255; Avanti Polar lipids, inc)
was added to rat primary cortical neurons seeded on six-wells plates
(300,000 neurons per well). 24 h later, cells were washed three times
with PBS 1× and scraped in 200 µl/well of PBS 1×. Each sample was
transferred to a well of a 96-wells plate and fluorescence was mea-
sured in a spectrophotometer (PerkinElmer) (Excitation 488 nm/
Emission 510). The concentration of the BODIPY-cholesterol present
in cells was calculated by a standard curve consisting of BODIPY-
cholesterol diluted in PBS 1× at the following known concentrations
(nM): 2,500, 1,250, 625, 312.5, 156.25, 78.125, 39.063, 19.532, 9.766, 4.883,
2.442, and 0 as a blank. The total BODIPY-cholesterol amount was
calculated taken into account the volume and normalized by the
total protein present in the sample, which was determined by a BCA
assay (Pierce BCA Protein Assay kit; Thermo Fisher Scientific; see
the Determination of protein concentration section in Materials and
Methods).

N2A cell culture

Murine neuroblastoma cell line (N2A) cells were grown in DMEM
supplemented with 10% FBS and 100 IU/ml penicillin, and 100 mg/ml

streptomycin (complete DMEM). Cells were incubated at 37°C, hu-
midity conditions, and 5% CO2.

For the test to probe NPC1 and ABCA1 to be a target of miR-33, N2A
cells were transfected with 40 nM miR-33 mimic using RNAiMAX
(Thermo Fisher Scientific) for 8 h. Experimental control samples
were treated with an equal concentration of a nontargeting control
mimic sequence. 72 h after transfection, cells were lysated in RIPA
buffer with complete protease inhibitors for Western blot analysis.

Cell treatments

N2Aor rat primary cortical neuronswere platedon sixmulti-well plates
(pre-coatedwith 0.1mg/ml poly-D-lysine (Sigma-Aldrich) in the case of
neurons) at a density of 300,000 cells/well. The following compounds
were added to cell media of primary cultures or N2A cells, for the
duration and concentration indicated in each experiment: U18666A
NPC1 inhibitor (#U3633; Sigma-Aldrich); BODIPY-cholesterol (TopFluor
Cholesterol 23-dipyrrometheneborondifluoride-24-norcholesterol, #810255;
Avanti Polar lipids, inc), humanpeptide purified Insulin Growth Factor 1
(#78022; Stem Cell Technologies); Akt inhibitor VIII (#124018; Calbiochem);
SC79 Akt activator (#SML0749; Sigma-Aldrich); and MK-2206 (Cat# 11593;
Cayman); Rapamycin (#R8781; Sigma-Aldrich).

Western blot analysis

Cells or EVs were lysated in RIPA buffer (20 mM Tris–HCl, pH 7.5, 150
mM NaCl, 1 mM EDTA, 1 mM EGTA, 1% NP−40, 1% sodium de-
oxycholate, and 0.1% SDS) with phosphatase inhibitors (Sigma-
Aldrich) and protease inhibitors (cOmpleteTM; Sigma-Aldrich). Proteins
wereprepared in Laemmli buffer (Tris–HCl, 25mM,pH6.8, SDS 1%, glycerol
3.5%, 2-mercaptoethanol 0.4%, and bromophenol blue 0.04%) and
separated by electrophoresis in polyacrylamide gels in the presence of
SDS at constant voltage. Subsequently, they were transferred onto ni-
trocellulose membranes and after blocking with blocking solution (1%
BSA in 0.1% Tween-20 in TBS [T-TBS]), membranes were incubated with
the corresponding primary antibody (Table 1 below) diluted in blocking
buffer overnight at 4°C. After washing the membranes with T-TBS, they
were incubated with the relevant secondary antibodies coupled to
horseradish peroxidase and diluted 1/2,500 for 1 h at RT. The proteins
recognized by the antibodies were detected with luminol (Pierce ECL
Western Blotting Substrate; Thermo Fisher Scientific), and chem-
iluminescence wasmeasured using a charge coupled device camera
(Amersham Imager 680). The bands corresponding to the proteins of
interest were densitometrated by the FIJI digital image processing
software and were normalized with respect to the values obtained for
the charge control protein actin.

Determination of protein concentration

The concentration of proteins present in the homogenates was de-
termined by means of the BCA assay (Pierce BCA Protein Assay kit;
Thermo Fisher Scientific), following the indications of the commercial kit.

Nanoparticle tracking analysis

1 ml of the conditioned medium (MEM supplemented with N2 sup-
plement) of rat primary cortical neurons seeded in a six multi-well plate
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(300,000 cells/well; 1.5 ml per well), was subsequently centrifuged at
200g and 2,000g for 10 min each to remove dead cells and debris. The
supernatant was transferred to a fresh Eppendorf tube and centrifuged
at 10,000g and 4°C for 30 min. The supernatant was diluted 1:10 in
filtered PBS 1× to obtain a concentration in the range of 1–10 × 108

vesicles/ml, and the concentrationof vesicles present in the samplewas
analyzed by Nanoparticle Tracking Analysis by using a NanoSigh NS500
instrument (Malvern Instruments). The instrument was equipped with a
488-nm laser, a high-sensitivity complementary metal-oxide-semicon-
ductor camera, and a syringe pump. Both the concentration of the
vesicles present in themedia of cortical neurons at different DIV, as well
as the mean size, were analyzed using the nta2.3 software (Malvern
Instruments) after filming three 60-s videos.

TEM

Cell cultures were processed by conventional inclusion in epoxy resin
(TAAB 812). First, the media is discarded and the cells are fixed with 4%
paraformaldehyde + 2%glutaraldehyde inphosphatebuffer 0.1M, pH 7.4,
for 2 h at RT. Next, cells are washed three times with phosphate buffer
0.1 M, pH 7.4, for 10min. Then, the samples are subjected to post-fixation
treatment. First, cells are treated with osmium tetroxide 1% in bidistilled
water plus 1% of phosphate ferricyanide for 1 h at 4°C, followed by three
washes in bidistilled water, 5 min each. Then, tannic acid 0.15% in
phosphate buffer was added for 1 min at RT, followed by three washes,
the first in the same buffer and the second and third in bidistilled water,
5 min at RT each one. Finally, treatment with uranyl acetate 2% in water
for 1 h and in darkness, followed by three washes in oxygenated water.
Afterwards, the samples were dehydrated with consecutive baths in
ethanol at different concentrations, 50, 75, 90, 95, and 3 × 100%, 5–10min
at 4°C each time. Then, inclusion was performed by successive treat-
ments with the epoxy resin EPON and ethanol in different proportions.
First, EPON: ethanol 1:2, then 1:1, andfinally 1:2, for 60min at RT each time.
A final treatment with EPON100% was left overnight at 4°C. Finally, the
minimum quantity of complete EPON was added and left to polymerize
for 48 h at 60°C. Next, cuts of 70 nm approximately were obtained in the
microtome with a diamond knife, and sections were placed in Cu/Pd
hexagonal gratings. Sections were stained with uranyl acetate 2% in
water for 7min and lead citrate for 2min at RT. Themicroscopeusedwas
Jeol Jem-1010 (Jeol), and pictures were taken with the camera 4K × 4K
F416 from TVIPS and the TEM images were analysed.

RNA isolation

Total RNA extraction was performed using QIAzol Lysis Reagent
following the miRNeasy Mini Kit (Cat. no.217004; QIAGEN) protocol.

Quantification of microRNAs

Retrotranscription (RT) was performed as specified in miRCURY LNA
RT Kit (Cat. no.339340; EXIQON) protocol from 10 ng of initial RNA.
Quantitative RT–PCR (qRT-PCR) was carried out with the miRCURY
LNA SYBR Green PCR Kit (Cat. no.339345; EXIQON), using miRNA LNA
PCR primers for miR-33 (Ref. YP00205690; EXIQON) and miRNA LNA
PCR primers for the housekeeping U6 (PER-YCP0050862; EXIQON)
for miRNA expression analysis. qRT-PCR was performed in a 96-well
Bio-Rad CFX96 RT–PCR System with a C1000 Thermal Cycler (Bio-

Rad). A Ct value was obtained from each amplification curve using
Bio-Rad CFX Manager Software.

All qRT-PCR reactions were performed in duplicate. Relative
miRNA expression was determined using the 2−ΔΔCt method. Raw
data from real time gene expression from technical replicates were
averaged, expression of the experimental targets was normalized to
the expression of the housekeeping U6, and fold change above 13
DIV neurons was then calculated.

Generation of lentiviral vectors

All the necessary procedures to produce lentiviruses were carried out
in a culture room with a P2 biosecurity level. To generate second-
generation lentiviral particles, HEK 293T cells were transfected at 80%
confluence with a mix of the following plasmids prepared in OptiMEM
(Thermo Fisher Scientific) and containing the transfection agent poly-
ethyleneimine (PEI; Sigma-Aldrich) in a PEI: DNA 1: 1 ratio: a packaging
plasmid (pCMV delta R 8.2; Addgene), a shell plasmid VSV-G (pMD2.G;
Addgene) coding for vesicular stomatitis virus glycoproteins, and the
following plasmids of interest: a silencing plasmid expressing an shRNA
against NPC1 (shRNA-NPC1; TL501501; OriGene) or a scrambled shRNA
(shRNA-Cnt; TR30021; OriGene). After 12 h, the medium was replaced by
DMEM with 2% FBS and the cells were maintained at 37°C for an
additional 48 h. After this time, the medium was collected and
centrifuged at 900g for 15 min at 4°C to remove cell debris and filtered
with a 0.22 nm pore filter (Millipore). Subsequently, the supernatant
was ultracentrifuged at 60,000g for 2 h at 4°C. The pellet corresponding
to the lentivirus was resuspended in sterile PBS and frozen in single-
use aliquots that were maintained at −80°C.

To estimate the concentration of lentiviruses expressed in Trans-
ducing Units /ml, HEK 293T cells were infected with increasing con-
centrations of virus and the percentage of infected cells (positive for
GFP) after 48 h was obtained. Neuronal cultures were infected at six
DIV with a MOI of 5. To do this, on the day of infection, the amount of
lentivirus needed was resuspended in 200 μl of conditioned medium
and added to the culture of neurons dropwise. The next day, 1/4 of the
media was replaced with MEMmedia supplemented with N2 (Gibco; Life
Technologies Co.) andwithout GlutaMAX, and eachday for 3 d, the fourth
day being totally replaced.

EGFP-NPC1 overexpression

The plasmid containing EGFP-tagged NPC1 was purchased from
Addgene (#53521). Then, the EGFP-NPC1 insert was re-cloned into the
pSinRep5 vector for Sindbis virus production and infection of 19 DIV
rat primary cortical neurons. Neurons were lysated at 21 DIV in RIPA
buffer with phosphatase inhibitors (Sigma-Aldrich) and proteases
inhibitors (cOmpleteTM; Sigma-Aldrich) and analyzed byWestern blot
(see the Western blot analysis section of Materials and Methods).

MiR-33 knockout mice

Generation of miR-33−/− mice was accomplished with the
assistance of Cyagen Biosciences Inc. CRISPR/Cas9-mediated
excision of miR-33 was accomplished using targeted guide se-
quences toward intron 16 of the Srebp-2 gene. Establishment of
the miR-33bKI mouse model was accomplished in collaboration
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with ingenious Targeting Laboratory. To generate these mice, the
entire mouse Srebp-1 gene was removed and replaced with
the human sequence, including the region encoding miR-33b.
The success of both of these approaches has been verified by
southern blotting and confirmed by PCR-based genotyping using
specific primers.

Statistics and reproducibility

No statistical methods were used to calculate sample sizes,
but our sample sizes are similar to those reported in previous
publications (Song et al, 2016; Miranda & Di Paolo, 2018; Joshi
et al, 2020). Although experimental conditions were not blinded,
data analysis was performed blind whenever possible. The
number of independent experimental repeats was indicated in
figure legends. Data are shown as mean ± SEM and individual
data points are presented except for Figs 2E and 3C, because of
visualization clarity. For Fig 4C, data are presented with a box-
and-whiskers plot showing the minimum and the maximum
values. Data were analyzed using the GraphPad Prism 6 or Excel
2011 software. When data were not normally distributed, Mann–
Whitney test (for comparison of two groups) or Kruskal–Wallis test
(for comparison of three or more groups) were used to analyze the
data. Dunn’s multiple comparisons test was used for the post hoc
analysis. For data normally distributed, two-tailed unpaired t test (for
comparison of two groups) or one-way/two-way ANOVA (for com-
parison of three or more groups) were used for the analysis. Dunnet’s
multiple comparisons test or Šı́dák’smultiple comparisons testswere
used for the post hoc analysis of data tested with one-way ANOVA or
two-way ANOVA, respectively. P-values <0.05 are considered to be
statistically significant. Whenever possible, the exact P-values are
provided in figure legends.

Ethics statement
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Lévy E, El Banna N, Baı̈lle D, Heneman-Masurel A, Truchet S, Rezaei H, Huang
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E, Chiara F, Dotti CG (2008) Cholesterol loss enhances TrkB signaling in
hippocampal neurons aging in vitro. Mol Biol Cell 19: 2101–2112.
doi:10.1091/mbc.e07-09-0897
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