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Abstract
2-hydroxypropyl-b-cyclodextrin (CYCLO), a modifier of cholesterol efflux from cellular membrane and endo-lysosomal com-
partments, reduces lysosomal lipid accumulations and has therapeutic effects in animal models of Niemann-Pick disease
type C and several other neurodegenerative states. Here, we investigated CYCLO effects on autophagy in wild-type mice and
TgCRND8 mice—an Alzheimer’s Disease (AD) model exhibiting b-amyloidosis, neuronal autophagy deficits leading to protein
and lipid accumulation within greatly enlarged autolysosomes. A 14-day intracerebroventricular administration of CYCLO to
8-month-old TgCRND8 mice that exhibit moderately advanced neuropathology markedly diminished the sizes of enlarged
autolysosomes and lowered their content of GM2 ganglioside and Ab-immunoreactivity without detectably altering amyloid
precursor protein processing or extracellular Ab/b-amyloid burden. We identified two major actions of CYCLO on autophagy
underlying amelioration of lysosomal pathology. First, CYCLO stimulated lysosomal proteolytic activity by increasing cathep-
sin D activity, levels of cathepsins B and D and two proteins known to interact with cathepsin D, NPC1 and ABCA1. Second,
CYCLO impeded autophagosome-lysosome fusion as evidenced by the accumulation of LC3, SQSTM1/p62, and ubiquitinated
substrates in an expanded population of autophagosomes in the absence of greater autophagy induction. By slowing sub-
strate delivery to lysosomes, autophagosome maturational delay, as further confirmed by our in vitro studies, may relieve
lysosomal stress due to accumulated substrates. These findings provide in vivo evidence for lysosomal enhancing properties
of CYCLO, but caution that prolonged interference with cellular membrane fusion/autophagosome maturation could have
unfavorable consequences, which might require careful optimization of dosage and dosing schedules.

Introduction
Cyclodextrins are cyclic oligomers of glucose with a relatively
hydrophilic exterior surface and a hydrophobic interior cavity
making them useful in medication formulations to improve the

solubility, stability and bioavailability of poorly water-soluble
drugs (1,2). Cyclodextrins, including the b-cyclodextrin deriva-
tive 2-hydroxypropyl-b-cyclodextrin (CYCLO or HP-b-CD), have
attracted additional interest as reagents that can modulate
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cholesterol efflux from cellular membrane and endo-lysosomal
compartments and have ameliorative effects in animal models
of disease states where cholesterol metabolism is central to
pathogenesis, including Niemann-Pick type C (NPC) and, more
recently, atherosclerosis (3).

In NPC, mutations in NPC1 or NPC2 genes cause cholesterol
mistrafficking and massive lipid storage in endo-lysosomal
compartments, which lead to profoundly impaired neurodevel-
opment, neurodegeneration, and premature death (4–6). CYCLO
administration in mouse and cat models of NPC has been
shown recently to decrease the massive lipid storage, delay
neurodegeneration, and increase lifespan substantially (7–14).
Clinical trials of CYCLO in NPC are currently underway (15–18).
A possible mechanism of action suggested by in vitro studies in
NPC cells is that CYCLO trafficked to lysosomes via endocytosis
shuttles cholesterol to exit sites on the lysosomal membrane.
This action largely bypasses the need for NPC1 and NPC2, two
endo-lysosomal proteins acting cooperatively to mediate cho-
lesterol efflux from late endosomes-lysosomes and secondarily
facilitate metabolism of other lipids (19–23).

Although they are distinctly different neurological disorders,
NPC and Alzheimer’s Disease (AD) exhibit notable neuropatho-
logical similarities (24,25), including abundant neurofibrillary
tangles (tauopathy) (26,27), varying degrees of b-amyloid depo-
sition (28,29), AD-related enlargement of endosomes (29,30),
endo-lysosomal lipid storage and impaired proteolysis (31–34),
and hallmark neuritic dystrophy characterized by grossly swol-
len neurites containing mainly autophagic vacuoles (32,35).
There is also strong evidence that AD pathogenesis, like NPC,
involves abnormalities in the metabolism/catabolism of choles-
terol and other lipids (36,37).

We have previously reported that the TgCRND8 mouse
model of AD, expressing human amyloid precursor protein
(APP) with the Swedish (K670N/M671L) and Indiana (V717F) mu-
tations and aggressively developing amyloid pathology (38),
also features impaired lysosomal proteolytic function and lyso-
somal pathology characterized by the giant autolysosomes
containing accumulated incompletely digested substrates, in-
cluding Ab-immunoreactive material and lipids such as GM2
and GM3 (31,39). This model is therefore ideal for testing thera-
peutic agents with potential for targeting the autophagic-
lysosomal system, lipid metabolism and/or amyloid pathology
(including intracellular Ab/APP CTFs). In this study, we investi-
gated whether or not short-term treatment with CYCLO in adult
TgCRND8 could reverse the well-developed neuropathology pre-
sent in mice at this age, as an earlier study had shown that
chronic peripheral CYCLO administration (s.c. injections) for
months prior to disease onset had significant therapeutic ef-
fects in an AD mouse model (40). In light of persistent questions
about CYCLO penetration across the blood brain barrier, we ad-
ministered CYCLO intracranially [intracerebroventricular (ICV)
infusion or intrahippocampal injection]. We focused on the
in vivo actions of CYCLO on autophagy, which are largely un-
known even though the effects of cyclodextrins on autophagy in
vitro have been reported (33,41–44).

Results
Short-term intracranial administration of CYCLO
ameliorates intraneuronal pathology in TgCRND8 mice

TgCRND8 mice accumulate intraneuronal giant autolysosomes
(usually> 1.5 mm and up to 5 or 6 mm depending on ages, in di-
ameter) containing Ab/APP metabolites (39) and abnormal

amounts of incompletely digested lipids and proteins (31). To
examine the effects of CYCLO on autophagy, we first probed
brain sections of TgCRND8 with an anti-CTSD/cathepsin D anti-
body to detect lysosomal compartments. CYCLO-treated brains
(ICV infusion) (Fig. 1A2 and A5) exhibited reduced numbers of
giant autolysosomes in the CA1 sector (Fig. 1A3, left) compared
to those from saline-infused brains (Fig. 1A1 and A4).
Conversely, smaller CTSD-positive autolysosomes/lysosomes
increased commensurately in TgCRND8 brain, yielding compa-
rable total numbers of CTSD-positive granules under both con-
ditions (Fig. 1A3, left) and suggesting that CYCLO reduced the
size of giant autolysosomes, which was further supported by
calculations of total autolysosomal/lysosomal volumes showing
a decreased volume after CYCLO treatment (Fig. 1A3, right).

To examine the effect of CYCLO on the marked lipid accu-
mulation in lysosome-related compartments previously re-
ported in TgCRND8 brain (31), we examined ganglioside GM2
immunoreactivity as an indicator of lipid accumulation. CYCLO
treatment reduced the number of GM2-positive granules
(Fig. 1B1–B3), similar to its effect in NPC-deficient mice (9).
Moreover, the CYCLO ICV infusion for 14 days also lowered 4G8
immunoreactivity, which is located within lysosomal compart-
ments as revealed previously by double labeling of 4G8 with a
lysosomal marker CTSD (39), reflecting clearance of intraneuro-
nal amyloidogenic peptides. As shown in Figure 1C, the numer-
ous 4G8-positive large granules (> 1.5 mm in diameter) seen in
the hippocampal CA1 sector of saline-treated TgCRND8 mice
(Fig. 1C1) declined concomitantly with CYCLO treatment
(Fig. 1C2–C3).

To further confirm these effects of CYCLO, we injected
CYCLO directly into the hippocampus (Table 1) of TgCRND8
mice that were then sacrificed after 7 days and coronal brain
sections were immunostained with a CTSD antibody (Fig. 1D).
Compared to the CA1 sector on the saline-injected side of the
brain (Fig. 1D1), the CYCLO-injected side (Fig. 1D2) displayed
clearly reduced numbers of giant autolysosomes (i.e.> 1.5 mm in
diameter, Fig. 1D3). Cresyl violet staining of the same sections
(not shown) revealed no nuclear condensation or loss, which
excluded the possibility that these effects were due to cell loss
or degeneration induced by CYCLO. Collectively, these findings
indicate that CYCLO has actions on the autophagic pathway
in vivo, consistent with in vitro studies (33,41–45).

Short-term ICV administration of CYCLO does not affect
autophagy induction

To identify which stage(s) in the autophagy pathway may be re-
sponsible for the CYCLO-induced ameliorative effects shown in
Figure 1, we first analyzed a range of protein markers for
autophagy induction in brain homogenates from CYCLO- or
saline-infused TgCRND8 or WT mice (Fig. 2). Contrary to earlier
in vitro findings in human fibroblasts (42), we did not detect
changes in the markers of MTOR-dependent autophagy induc-
tion (e.g. total and phosphor-MTOR, total and phosphor-
RPS6KB1/p70S6 kinase) in samples from CYCLO-infused mice
(Fig. 2).

As for the MTOR-independent autophagy pathways (46), we
assessed if CAPN/calpain was activated by examining the levels
of one of its substrates, a-spectrin. Similar levels of full-length
a-spectrin (270 kDa) were detected in CYCLO- or saline-infused
samples, while CAPN-cleaved a-spectrin fragments (expected at
150 kDa) were hardly detectable (Fig. 2). Given that CAPN, if acti-
vated, can inhibit autophagy by cleaving ATG5 (47,48), we
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Figure 1. CYCLO intracranial administration reduces the number of giant autolysosomes and associated GM2- or 4G8-signals in the hippocampal CA1 sector in

TgCRND8. (A–C) TgCRND8 mice (8�9-mo-old) were treated (ICV infusion) with CYCLO or Saline for two weeks. Brain sections were immunostained with an antibody di-

rected against CTSD (A), ganglioside GM2 (B) or the 4G8 antibody (C). (A3, B3, C3) Intracellular CTSD-, GM2- or 4G8-positive granules (31,39) in the CA1 pyramidal cell

layer were quantified. (A3) demonstrates both the number (Left) and the total autolysosomal/lysosomal volume (Right) of CTSD-positive granules. Values are the

mean 6 SEM for each group (n¼4 mice per treatment). Significant differences between the two treatment groups were analyzed by two-tailed Student’s t-test. *P<0.05,

**P< 0.01, ***P< 0.001. (A4, A5) High magnification images were taken from CTSD immunostained sections which were counterstained with cresyl violet. (D) CYCLO

(20%, 0.3 ll) (D2) or saline (D1) was injected into the right or left hippocampus of TgCRND8 mice (8-mo-old), respectively. Seven days later, the mice were sacrificed and

coronal brain sections were immunostained with the anti-CTSD antibody. Images were taken from both injection sides. Bottom panels are higher magnification of

boxed areas delineated in the images above. High magnification images were used for quantitation of CTSD-positive granules (D3). Values are the mean 6 SEM for each

injection side which were analyzed by two-tailed Student’s t-test (n¼4 TgCRND8 mice). * P< 0.05, ** P<0.01. Scale bars: 10 mm (A, B, C); 500 mm (D1, D2, top); 50 mm

(D1, D2, bottom).
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measured the levels of ATG5 and detected no changes in the
levels of the 56 kDa ATG5-ATG12 conjugate, the 32 kDa full-
length ATG5, and the 24 kDa CAPN-cleaved fragment. These
data indicate that CAPN activation after CYCLO treatment is
minimal. In addition, we did not detect differences in the levels
of JNK1 and phospho-JNK1 (i.e. activated JNK1) between CYCLO-
and saline-treated samples (not shown). Phospho-JNK1 is in-
volved in another MTOR-independent autophagy activation
pathway where phosphor-JNK1 is capable of stimulating

autophagy induction through phosphorylating Bcl-2, leading to
disruption of the Bcl-2/BECN1 (Beclin-1) complex, thereby re-
moving the inhibitory effect of Bcl-2 on BECN1 (46,49).

Furthermore, BECN1, an autophagy effector essential for dif-
ferent steps of the autophagic process including autophago-
some biosynthesis and maturation (50), also exhibited similar
levels in samples from both treatment groups (Fig. 2). Taken to-
gether, these observations suggest that CYCLO treatment does
not affect autophagy induction in vivo.

Figure 2. CYCLO ICV infusion does not have effects on brain protein levels of autophagy induction markers. TgCRND8 (CRND8) and WT mice (8�9-mo-old) were treated

(ICV infusion) with CYCLO or Saline for two weeks. Equal amounts of proteins from brain homogenates were subjected to SDS-PAGE and processed for WB with anti-

bodies directed against total MTOR, p-MTOR, total RPS6KB1, p-RPS6KB1, a-spectrin, ATG5 or BECN1, and representative blots are shown. Quantification of blots is

shown below the corresponding blot(s). Values are the mean 6 SEM for each group (n¼4-5 mice per genotype per treatment). Significant differences between the two

treatment groups of each genotype were analyzed by two-tailed Student’s t-test. The b-actin or GAPDH blots serve as loading controls.

Table 1. Summary of CYCLO administrations to TgCRND8 and wild type (WT) mice

Experiment Administration route No. & sex of TgCRND8
(saline/CYCLO)

No. & sex of WT
(saline/CYCLO)

Age (mo) Background
strain

CYCLO dosage

1 IP injection 1F, 2M/1F, 2M 2F, 2Ma 16–17 129S6 4000 mg/kg, every other day,
total 14 days

2 IP injection 2F, 4M/2F, 5M 2F, 3M/3F, 3M 8–9 129S6 4000 mg/kg, every other day,
total 14 days

3 ICV infusion 1F, 2M/1F, 3M 14–15 129S6 40 mg/kg/day, total 14 days
4 ICV infusion 2F, 2M/1F, 3M 2F, 4M/2F, 3M 8–9 129S6 40 mg/kg/day, total 14 days
5b ICV infusion 1F, 3M/2F, 3M 2F, 3M/2F, 3M 8–9 129S6 40 mg/kg/day, total 14 days
6 ICV infusion 2F, 4M/2F, 5M 2F, 3M/2F, 3M 8 129S6 40 mg/kg/day, total 14 days
7 Intra-hippocampal

injection
0/6M 16–17 129S6 0.06 or 0.12 mg, one-time injection,

2 or 7 days
8 Intra-hippocampal

injection
4M 8 129S6 0.06 mg, one-time injection, 7 days

9 ICV infusion 2F, 3M/2F, 3M 6 C57BL/6 40 mg/kg/day, total 14 days
Total 66 56

IP¼ intraperitoneal; ICV¼ intracerebroventricular; mo¼month.
aWT mice not receiving injections served as the control.
bMice in this group were primarily assigned for EM study, but hemibrains were also used for biochemical analysis such as ELISA and immunoblotting.
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Short-term ICV administration of CYCLO increases the
levels and activity of cathepsins

Given the absence of alterations in the stage of autophagy in-
duction after CYCLO treatment, we next assessed the possible
effects of CYCLO on the stage of lysosomal degradation by ex-
amining the levels of CTSB/cathepsin B and CTSD, belonging to
the families of cysteine and aspartyl proteases respectively.
Interestingly, compared to saline-treated samples, CYCLO-
treated samples exhibited elevated levels of proform/single
chain and 30 kDa mature forms of CTSB (Fig. 3A). Similarly,
there was a trend of elevation in the levels of CTSD proform
(46 kDa) and mature forms, including 42 kDa (single chain) and
30 kDa (heavy chain of the double-chain form) (51) in CYCLO-
treated samples (Fig. 3B). To reveal the functional consequence
of these alterations in CTSB and CTSD protein levels, we investi-
gated enzymatic activities of CTSB and CTSD (Fig. 3C). Although
CTSB activity was not detectably altered by CYCLO-treatment
(Fig. 3C, left), CTSD activity was elevated in CYCLO-treated sam-
ples, particularly in the TgCRND8 group (Fig. 3C, middle).
Normalization of the CTSD activity with the protein signals on
the immunoblot to yield CTSD specific activity also revealed a
similar trend (Fig. 3C, right). Together, CYCLO treatment induces
a mobilization of lysosomal proteases, which would be expected
to enhance lysosomal proteolysis, as previously shown using
another treatment approach (39).

To obtain insights into the underlying mechanism(s) for the
increases in cathepsin levels and activity, we first examined if
CYCLO induced alterations of TFEB and TFE3, members of the
MiT family of transcription factors that drive the expression of
most lysosomal genes, including cathepsins, as well as a num-
ber of other autophagy genes (52,53). By immunoblotting and
immunostaining for TFEB (Supplementary Material, Fig. S1) and
TFE3 (Supplementary Material, Fig. S2), we were unable to detect
differences in their protein levels (including the patterns of
posttranslational modifications) and subcellular distributions
between samples from saline- vs. CYCLO-infused brains. In par-
ticular, there were no detectable changes in the cytoplasmic
and nuclear staining pattern of either TFEB (Supplementary
Material, Fig. S1B) or TFE3 (Supplementary Material, Fig. S2B) af-
ter CYCLO treatment, suggesting that CYCLO did not enhance
TFEB or TFE3 nuclear translocation, which is considered to be
important for TFEB/TFE3 activation and the downstream induc-
tion of autophagy-lysosomal genes including cathepsins (54).
Therefore, these data suggest that the TFEB/TFE3 mechanism is
unlikely to explain CYCLO-induced cathepsin increases.

It has been reported that CTSB, CTSD and some other lysoso-
mal proteins are binding partners of NPC1, which is down-
stream of the nuclear receptors LXR/RXR, and that, in
fibroblasts from NPC patients, lowered NPC1 levels correlate
with mature CTSD decrease while increasing NPC1 levels ele-
vates CTSD activity (55,56). These findings suggest that NPC1
protein plays a role in regulating cathepsin levels and activity.
ABCA1, a lipid transporter for the lipidation of apolipoproteins,
is another downstream protein of LXR/RXR and also regulated
by NPC1 and CTSD (57–60). Quantitative immunoblot analysis
for NPC1 and ABCA1 revealed that although saline-infused WT
and TgCRND8 mice did not differ, CYCLO-infusion substantially
increased the levels of NPC1 and ABCA1 in the brains of both
WT and TgCRND8 (Fig. 3D and E). Together, CTSD, CTSB, NPC1
and ABCA1 proteins responded to CYCLO treatment in the same
trend and similar elevation magnitudes. To test whether or not
the CTSD response to CYCLO is NPC1-dependent as suggested
by previous studies (55,56), we knocked down NPC1 in cultured

N2a cells and found that CYCLO could still induce changes in
the levels of CTSD under the conditions that NPC1 protein was
significantly knocked down (Supplementary Material, Fig. S3A),
which questions the role of NPC1 but could nevertheless still ar-
gue that the remaining low level of NPC1 is sufficient to mediate
a CTSD response. Thus, we further tested CYCLO treatment in
NPC1-knockout mouse neuronal cells without or with the rein-
troduction of NPC1 through transfection of a NPC1 construct
(Supplementary Material, Fig. S3B). Consistent with the finding
from CYCLO-treated brain homogenates (Fig. 3D), CYCLO treat-
ment in NPC1-reintroduced NPC1-KO neuronal cells increased
the levels of NPC1 (Supplementary Material, Fig. S3B1, top).
Quantitative analysis indicates that there is a significant differ-
ence in the level of CTSD 30 kD mature form between the
untreated NPC1-KO cells (i.e. “NPC1 DNA-/CYCLO-”) and
the NPC1-KO cells transfected with NPC1 and treated with
CYCLO (i.e. “NPC1 DNAþ/CYCLOþ), but no difference between
CYCLO-treated and -untreated NPC1-KO cells without NPC1-
reintroduction (Supplementary Material, Fig. S3B2). The data to-
gether suggest that NPC1 is capable of facilitating CYCLO-
induced changes in CTSD even if it may not be solely responsi-
ble, and other molecules may also be possibly involved.

Short-term ICV administration of CYCLO delays
autophagosome maturation

Unexpectedly, we also observed that levels of LC3-II, SQSTM1/
p62 and ubiquitinated proteins rose significantly in both WT
and TgCRND8 mice receiving CYCLO (Fig. 4). Elevated LC3-II may
suggest either enhanced autophagy induction or impaired lyso-
somal clearance capacity, or both (61). Our observations that
CYCLO did not induce autophagy and also seems to enhance
lysosome degradative function raised the alternative possibility
that autophagosome-lysosome fusion may be delayed. To inves-
tigate this possibility, we first performed immunofluorescence
labeling to localize accumulated SQSTM1. In hippocampus
(Fig. 5A1) and cortex (not shown) of both CYCLO-infused WT and
TgCRND8 mice, SQSTM1 immunoreactive structures appeared
as large intracellular clumps, which, at high magnification, were
vacuolated inclusions (Fig. 5A1, insets). Quantitative analysis re-
vealed that SQSTM1-clumps were hardly detectable in saline-
infused brains but were numerous in CYCLO-infused brains (Fig.
5A2). To verify whether SQSTM1-clumps were associated with
organelles of the autophagy pathway, we double-labeled them
with a SQSTM1 antibody and an antibody specific for polyubi-
quitin linked at the K63 residue that selectively labels proteins
degraded by macroautophagy (61). As shown in Figure 5B, most,
but not all, SQSTM1-clumps colocalized with the K63 signal, sug-
gesting their location within the autophagic pathway. Further
double-immunofluorescence labeling with SQSTM1 and CTSD
antibodies revealed only minimal colocalization of SQSTM1 and
CTSD signals (Fig. 5C). Quantitative colocalization analysis with
Pearson’s Correlation Coefficient indicated a high degree of
colocalization between SQSTM1 and K63 signals and minimal
colocalization between SQSTM1 and CTSD signals (Fig. 5D), indi-
cating that CYCLO-enhanced SQSTM1 immunoreactivity is min-
imally associated with autolysosomes/lysosomes (Fig. 5C) and
mainly with autophagosomes.

To confirm the CYCLO-induced accumulation of autophago-
somes, we carried out ultrastructural analyses on brains from
WT and TgCRND8 mice after saline or CYCLO ICV administration
(Fig. 6). In saline-treated WT mice, small autolysosomes (includ-
ing small lipofuscin granules—i.e. pigmented autolysosomes)
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and lysosomes were readily detected in neuronal perikarya of the
hippocampal pyramidal cell layer but autophagosomes were
rarely detected (Fig. 6A). Saline-treated TgCRND8 displayed the
characteristic appearance of giant autolysosomes/lipofuscin

granules (Fig. 6B) and smaller numbers of normal-sized autolyso-
somes, consistent with earlier findings (31,39). Autophagosomes
and lysosomes were rarely seen in affected TgCRND8 neuronal
populations. By contrast, in both CYCLO-infused WT (Fig. 6C) and

Figure 3. CYCLO ICV infusion enhances brain protein levels and activity of cathepsins and protein levels of NPC1 and ABAC1. TgCRND8 (CRND8) and WT mice (8�9-

mo-old) were treated (ICV infusion) with CYCLO or Saline for two weeks. (A, B) Equal amounts of proteins from brain homogenates were subjected to SDS-PAGE and

processed for WB with antibodies directed against CTSB, CTSD, NPC1 or ABCA1 and representative blots are shown (A1, B1, D1, E1). Quantification of blots is shown on

the right next to the corresponding blot (A2, B2, D1, E1). (C) Results of enzymatic activity assays for CTSB and CTSL (C1) or CTSD (C2) activities in brain homogenates.

(C3) The CTSD activity shown in (C2) was recalculated against the b-actin normalized CTSD values obtained from the immunoblots probed with anti-CTSD and anti-

b-actin (B1) to yield the CTSD-specific activity for which the combined values from the three mature forms (i.e. 42-, 32- and 14-kDa) were used for the calculation.

Values for WB densities or enzymatic activities are the mean 6 SEM for each group (n¼4-5 mice per genotype per treatment). Significant differences between the two

treatment groups of each genotype were analyzed by two-tailed Student’s t-test. *P<0.05, **P<0.01, ***P<0.001, #P<0.06. The b-actin blots serve as loading controls.
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TgCRND8 mice (Fig. 6D), we readily detected autophagosomes,
identified by a bordering double membrane and a content of rec-
ognizable organelles (e.g. mitochondria) and/or other cytoplasmic
constitutes with a light electron density similar to that in the cy-
toplasm. Autophagosomes were markedly increased in number,
as shown by morphometric analysis (Fig. 6E). In addition, we de-
tected a population of atypical irregularly shaped autophago-
somes (Fig. 6C and D, # signs) not observed in saline-treated mice,
usually with double membranes and a content of multiple small
autophagic vacuoles of varying electron density. Their number
was usually smaller than those typical autophagosomes. In some
cases, these profiles were present in clusters and appeared to be
in varying stages of fusion (Fig. 6C2). Immuno-EM with the anti-

CTSD antibody revealed gold particles within some of the vacu-
oles in the larger multivesicular structures (Fig. 6C2, inset). The
appearance of these structures likely reflects repeated cycles of
autophagic sequestration of smaller groups of autophagosomes
and early autolysosomes and in some cases, additional fusion
events occurring between these clusters of autophagosomes.
These events yield the formation of large multi-vacuolated auto-
phagosomes with minimal levels of cathepsin immunoreactivity.
Collectively, these findings indicate that CYCLO ICV infusion im-
pairs maturation of autophagosomes leading to their accumula-
tion and subsequent attempts to clear them by continuous cycles
of macroautophagic sequestration, which contrasts with the nor-
mally rapid clearance of autophagosomes through fusion with
lysosomes (62).

To further verify if CYCLO could induce a delay in
autophagosome-lysosome fusion, as suggested by earlier in vitro
studies (63), we transfected mouse hepatocytes with a mCherry-
eGFP-LC3 DNA construct to monitor the formation, maturation
and clearance of autophagosomes (61,64) in the absence or pres-
ence of CYCLO. This LC3 reporter is capable of distinguishing
autophagosomes which fluoresce yellow-green, from autolyso-
somes, which fluoresce orange-red due to quenching of the acid-
sensitive eGFP fluorescence upon luminal acidification after
autophagosome-lysosome fusion. As shown in Supplementary
Material, Figure S4A, untreated cells exhibited predominantly
red-LC3 signal reflecting autolysosomes and suggesting normal
autophagosome-lysosome fusion. By contrast, CYCLO-treated
cells exhibited a predominant LC3-positive puncta population
that fluoresced green to orange-yellow indicating that they are
early and late autophagosomes evidencing minimal fusion with
lysosomes. Quantitative colocalization analyses confirmed a
higher degree of colocalization between the red and green signals
(Supplementary Material, Fig. S4B1) and thus increased number
of autophagosomes but decreased numbers of autolysosomes
(Supplementary Material, Fig. S4B2) in CYCLO-treated cells com-
pared with untreated cells.

CYCLO ICV infusion induces similar autophagic
responses in the brain of wild-type C57BL/6 mice

As shown in Table 1, the mice used in Experiments 1–8 were on
a 129S6 genetic background. To determine if CYCLO-induced
autophagic changes in the mouse brain are specific to the 129S6
strain, we also investigated effects of CYCLO on the C57BL/6
mouse line. Using the same ICV infusion protocol, we found
that CYCLO elevated protein levels of NPC1, CTSB and LC3-II
(Supplementary Material, Fig. S5A) and SQSTM1 immunoreac-
tivity (Supplementary Material, Fig. S5B) and increased numbers
of autophagosomes in the brains of C57BL/6 mice
(Supplementary Material, Fig. S5C), all similar to what is seen in
mice with the 129S6 genetic background, although the atypical
clustered/fused autophagosomes shown in Figure 6C2 were not
observed. These data suggest that CYCLO has similar effects on
in vivo autophagy in both 129S6 and C57BL/6 mouse brains but
somewhat less robust accumulation of autophagosomes in the
C57BL/6 mouse background.

Short-term CYCLO treatments in TgCRND8 mice do not
alter brain amyloid plaque load, Ab levels and APP
processing

CYCLO systemically administered to a mouse AD model be-
tween ages 7 and 120 days was shown to prevent amyloid

Figure 4. CYCLO ICV infusion elevates brain protein levels of LC3-II, SQSTM1

and ubiquitinated proteins. TgCRND8 (CRND8) and WT mice (8�9-mo-old) were

treated (ICV infusion) with CYCLO or Saline for two weeks. Equal amounts of

proteins from brain homogenates were subjected to SDS-PAGE and processed

for WB with antibodies directed against LC3, SQSTM1, or ubiquitin, and repre-

sentative blots are shown. Quantification of blots is shown below the corre-

sponding blot(s). Values are the mean 6 SEM for each group (n¼4-5 mice per

genotype per treatment). Significant differences between the two treatment

groups of each genotype were analyzed by two-tailed Student’s t-test. *P<0.05,

**P< 0.01, #P< 0.06. The b-actin blots serve as loading controls.
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plaque formation and reduce Ab levels (40). Although we did
not expect the short-term CYCLO administration to alter amy-
loid burden in TgCRND8 in light of previous data on slow clear-
ance of plaque amyloid (65), we confirmed that 14-day
treatment of CYCLO via either IP injection (Supplementary
Material, Fig. S6) or ICV infusion (Supplementary Material, Fig.
S7) (Table 1) did not significantly alter the brain amyloid plaque
load, Ab levels (mainly determined by deposited b-amyloid in
adult TgCRND8), or APP processing (Supplementary Materials,
Figs. S6 and S7). Amyloid plaque load quantified in hippocampal
or cortical regions of sections immunostained with antibodies
specific for Ab40 (Supplementary Material, Fig. S6A1) or Ab42
(Supplementary Material, Fig. S6A2) and with 4G8 antibody

(Supplementary Material, Fig. S7A) was not significantly different
in CYCLO- and saline-treated TgCRND8 mice (Supplementary
Materials, Figs. S6B and S7B). Similarly, ELISA measurements of
Ab40 and Ab42 (Supplementary Materials, Figs S6C and S7C) and
quantitative immunoblot analyses with antibody 6E10 to assess
APP holoprotein, Ab, b-CTF and a 25 kDa band suggestive of Ab

oligomers revealed no effects of CYCLO (Supplementary Materials,
Figs S6D and E, S7D and E).

Discussion
We observed that short-term CYCLO treatment in affected
TgCRND8 mice reduces the numbers of giant autolysosomes

Figure 5. CYCLO ICV infusion induces SQSTM1 accumulation in autophagosomes. TgCRND8 (CRND8) and WT mice (8�9-mo-old) were treated (ICV infusion) with

CYCLO or Saline for two weeks. (A1) Brain sections were immunostained with an anti-SQSTM1 antibody and confocal microscopy images from the hippocampal CA1

sector are shown. (A1 Insets) High magnification single optical plane images depict the detail of SQSTM1-positive clumps such as the hollow appearance (arrow). (A2)

SQSTM1 clumps were quantified and expressed as relative area of immunoreactivity normalized to that of WT-saline condition. Values are the mean 6 SEM for each

group (n¼4 mice per treatment). Significant differences between the two treatment groups of each genotype were analyzed by two-tailed Student’s t-test. *P<0.05.

(B, C) Brain sections were double-stained for SQSTM1 and an autophagosome/autolysosome marker, ubiquitin linked at the K63 residue (K63) (B) or an autolysosome/

lysosome marker, CTSD (C), and confocal images taken from the hippocampal CA1 pyramidal cell layer are shown. Examples showing SQSTM1-only signal without ap-

parent colocalization with the K63 signal are indicated by arrowheads (B). (D) Quantitative colocalization analysis with Pearson’s Correlation Coefficient for the

SQSTM1/K63 and the SQSTM1/CTSD pairs. Values are the mean 6 SEM for each group (n¼4 mice per treatment). Scale bar: 5 mm (A, B, C); 2 mm (A, Insets).
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Figure 6. CYCLO ICV infusion increases the number of autophagosomes. TgCRND8 (CRND8) and WT mice (8�9-mo-old) were treated (ICV infusion) with CYCLO or

Saline for two weeks. (A–D) Brain sections were processed for EM analysis and images taken from the pyramidal cell layer of the CA1 sector are shown.

Arrows¼autophagosomes, defined as double-membrane-bound vacuoles with low electron density and relatively “intact” contents (e.g. recognizable organelles or

membrane). Empty arrows¼autolysosomes, characterized by single-limiting membrane with higher electron density and amorphous heterogeneous contents. White

stars¼ lysosomes, defined as small round/oval vacuoles with single-limiting membrane, homogenous content and being devoid of undigested material. # sign-

s¼multi-vacuolated autophagosomes, which exhibit recognizable double-membrane in some areas (arrowheads) and consist of multiple small vacuoles. (C2) An ex-

ample for clusters of these multi-vacuolated autophagosomes—3 such profiles can be identified from bottom-left to top-right. Inset: immune-EM with anti-CTSD

antibody showing the appearance of gold particles within the multi-vacuolated autophagosomes similar to those marked with # in (C2). (E) EM images (19,000X) were

taken from the CA1 pyramidal cell layer. The numbers of autophagosomes in the neuronal perikarya were counted for quantitative analysis (n¼2-3 mouse brains per

genotype per condition; 1-2 tissue blocks per brain; average 40 images per tissue block). Significant differences were analyzed by one way ANOVA followed by post hoc

Bonferroni’s multiple comparisons test. **P<0.01. Note: those multi-vacuolated autophagosomes were not included in this quantitative analysis. Scale bars: 500 nm.

AP¼autophagosome; AL¼autolysosome; SAL¼Saline; CYC¼CYCLO.

851Human Molecular Genetics, 2017, Vol. 26, No. 5 |



and 4G8- or GM2-positive vacuoles identified as autolysosomes
in previous studies (31,39). Amelioration of intralysosomal accu-
mulations of Ab-immunoreactive material and lipids in
TgCRND8 is consistent with CYCLO effects on reducing lysoso-
mal storage in several disease models, including NPC (9,13),
neuronal ceroid lipofuscinosis (45) and retinal degeneration
(66), even though CYCLO does not correct lysosomal storage in
certain disease models, such as GM1 gangliosidosis and muco-
polysaccharidosis (MPS) type IIIA (9).

To the best of our knowledge, this is the first study to charac-
terize the effects of CYCLO on autophagy function in vivo in the
brain and to evaluate all major steps in the autophagy pathway.
While CYCLO treatment did not alter autophagy induction, it
exerted two major actions on autophagy that can explain its sal-
utary effects on lysosomal function. Firstly, CYCLO elevates pro-
tein levels of pro- and mature-forms of CTSB and CTSD,
suggesting a mobilization effect on the lysosomal enzyme bio-
synthesis and processing. CYCLO also increases enzymatic ac-
tivity of CTSD. The consequence of such changes is expected to
enhance the lysosomal proteolytic function and therefore the
clearance of accumulated substrates such as Ab. This is sup-
ported by a regression analysis of CTSD enzymatic activity and
the number of 4G8-positive granules in the CA1 pyramidal cell
layer (Supplementary Material, Fig. S8) which shows statistically
significant correlation between increased CTSD activity and re-
duced numbers of 4G8-positive granules. Similarly, previous
studies have found that cyclodextrin treatment in cell cultures
increases the degradation of long-lived proteins mediated by
chaperone mediated autophagy and macroautophagy through
its effect on membrane lipid composition that modulates sub-
strate binding on, and uptake into, the lysosomes (67). While we
did not detect changes in CTSB activity by CYCLO, a previous in
vitro study in cell cultures using a fluorescence microscopic im-
aging approach with Magic Red CTSB to detect CTSB activity in
situ has found that CYCLO elevates the CTSB activity in NPC1-
deficient cells (33).

Consistent with improved cathepsin function, we found that
CYCLO elevates protein levels of NPC1 and ABAC1, as also seen
earlier by others (3,40). As shown in Figure 7, cholesterol is a
source of oxysterols which are elevated by CYCLO (3) when cho-
lesterol is effluxed from endo-lysosomal compartments to sites
of oxysterol synthesis in ER and other organelles. Oxysterols are
endogenous ligands for the nuclear receptors LXR/RXR (68,69)
that enhance the expression of NPC1 (56,70) and ABCA1 (3,71)
among other downstream genes. NPC1, a binding partner of
CTSB, CTSD and some other lysosomal proteins, is capable of
regulating cathepsin levels and activities (55). In addition, CTSD
positively regulates ABCA1 expression (58,72). Enhanced ABCA1
in turn facilitates APOE lipidation and, potentially, APOE-
mediated Ab clearance (57,71,73–75). Together, the increases in
NPC1, CTSD and ABCA1 suggest that CYCLO induces a LXR/RXR-
involved upregulation and reciprocal interactions of these pro-
teins (55,60), resulting in improved lysosomal degradative
function.

CYCLO’s second major effect on in vivo autophagy is to delay
autophagosome maturation at the step of autophagosome-
lysosome fusion, which may also involve impairments in auto-
phagosome formation since autophagosomes, if defectively
formed, may not undergo a normal fusion process. This conclu-
sion is supported by several lines of evidence. Numbers of auto-
phagosomes, identified ultrastructurally, markedly increase in
the absence of a change in autophagy induction. SQSTM1-
immunoreactivity accumulates primarily in autophagosomes
and only minimally in CTSD-positive autolysosomes/

lysosomes. Protein levels of autophagy substrates SQSTM1, LC3-
II and ubiquitinated proteins (61,76,77) increase despite im-
proved lysosome function and substrate clearance from lyso-
somes. Collectively, these observations point to impaired
autophagosome maturation occurring prior to the lysosomal
degradative step, which we confirmed in vitro by showing that
CYCLO delayed LC3 flux at the level of autophagosome-
lysosome fusion. This effect is in line with in vitro observations
implicating shifts in levels of cholesterol and other lipids within
cellular membranes as a crucial factor in membrane fusion (63)
and effects of methyl-b-cyclodextrin in correcting cholesterol
content of endolysosomal membranes and normalizing auto-
phagosome maturation (78). We speculate that, in our study,
the CYCLO concentration achieved in the interstitial fluid of the
brain parenchyma falls into a range (e.g. 0.1–1 mM) that not only
mobilizes cholesterol (and other lipids) from endo-lysosomal
compartments, but also extracts cholesterol (and other lipids)
from cellular membranes (79), resulting in membrane lipid com-
position changes that alter the distribution or levels of SNARE
proteins and oxysterol binding protein related proteins (ORP)
mediating autophagosomal-lysosomal fusion (43,80–82).
However, it should be noted that such an interpretation for de-
fective fusion does not necessarily exclude possible impair-
ments in autophagosome formation. Indeed, impeded fusion
can also be a result of defective autophagosome formation,
which could occur because CYCLO-induced membrane lipid
composition changes can possibly affect autophagosome mem-
brane building/formation, generating defectively formed auto-
phagosomes. This possibility is supported by the EM
observation that there are atypical autophagosomes in CYCLO-
treated samples. Similarly, the observation of CYCLO-induced
delay in autophagosome-lysosome fusion in mCherry-eGFP-LC3
transfected cells does not necessarily exclude a possible contri-
bution of impaired autophagosome formation as an upstream
event. Given that autolysosomes in neurons of TgCRND8 mice
are burdened with stored substrates, slowing substrate delivery
to lysosomes should reduce competition for lysosomal hydro-
lases and provide greater access of the pre-existing substrates
in lysosomes to these enzymes. A similar mechanism was pro-
posed to explain the improved lysosomal functioning in NPC-
deficient cells after autophagosome formation was inhibited
pharmacologically (33).

Based on CYCLO’s cholesterol mobilizing properties and ef-
fects in NPC-deficient models, CYCLO may also directly reduce
lysosomal content of cholesterol and other lipids, which are ele-
vated in TgCRND8 mice (31). Lipid and lipoprotein storage im-
pairs lysosomal degradative functions in models of b-
amyloidosis and lysosomal storage disorders while partial elimi-
nation of stored sphingolipids, such as gangliosides, improves
clearance of proteins, including APP metabolites (31,33,39,83–85).

b-cyclodextrin was reported to interact directly with Ab and
inhibit its neurotoxicity in cell cultures (86) although whether or
not this interaction occurs in vivo in b-amyloid mouse models
remains to be investigated. Gangliosides isolated from rat brain
lipid rafts are reported to facilitate Ab oligomerization in vitro
(87), implying that reducing gangliosides in vivo may prevent Ab

oligomerization. In the present study, we observed that CYCLO
reduces lysosomal GM2 and Ab-immunoreactivity, which could
include oligomerized Ab and thus, our observations are compat-
ible with the findings by Kim et al. 2006 (87). In any event, the
CYCLO-mediated reduction in Ab-immunoreactivity in lyso-
somes likely reflects multiple factors including increased ca-
thepsin levels and activities, reduced accumulation of lipids
including gangliosides (31,33,39,83–85) as well as possibly
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diminished formation of more proteolysis-resistant Ab species,
such as oligomers.

The observed effects of CYCLO (Supplementary Material, Fig.
S9) in enhancing lysosomal proteolysis and slowing delivery of
autophagic substrate into autolysosomes are both expected to
contribute to the rescue of lysosomal pathology in TgCRND8 AD
model mice. Further studies are necessary to assess whether or
not prevention or early intervention delivery paradigms with
CYCLO or related derivatives would be a practical avenue for AD
therapy, especially given its suspected poor brain uptake and ef-
fects on autophagosome maturation, which over long periods
could be detrimental to cellular homeostasis due to the gradual
build-up of autophagy substrates.

It should be noted that CYCLO has significant effects also on
WT mouse brains. Even if CYCLO, a therapeutic agent used clin-
ically, may only be administered in patients with justified
needs, the effects of CYCLO on macroautophagy of WT brains
observed in the current animal study still raise caution for its
detrimental potential, particularly the effects on the
autophagosome-lysosome fusion step and possibly the auto-
phagosome formation step as well. Based on the similar alter-
ations in several aspects to those in TgCRND8—elevation of
SQSTM1, LC3-II and ubiquitinated proteins, SQSTM1-
immunoreactivity accumulation in autophagosomes and accu-
mulation of autophagosomes including atypical ones, we con-
sider that CYCLO may affect macroautophagy in WT brains in a
way similar to that in TgCRND8, although other possible mecha-
nism(s) cannot be excluded.

Together, even though clinical trials with intrathecal CYCLO
are ongoing in NPC (18) and may be a consideration for athero-
sclerosis (3) or other conditions, the findings from the current
study in mice suggest that animal and human studies with
CYCLO should consider careful dosage optimization in order to
fine-tune cellular lipid contents to avoid excessive impact on
autophagosome maturation, which may affect efficacy and
safety. An ideal in vivo condition for therapeutic application

would be a minimal effect on membrane fusion/autophago-
some maturation while still enhancing cathepsin activity to
clear stored substrates in the lysosomes. A recent in vitro study
has found that the inhibitory effect of a given cyclodextrin de-
rivative on autophagosome maturation is correlated positively
with its cholesterol binding affinity and the consequent capac-
ity of cholesterol extraction from cellular membranes (44), sug-
gesting that, for a certain cyclodextrin (e.g. the CYCLO), lower
doses would decrease its cholesterol binding/extraction capac-
ity and minimize its effect on autophagosome maturation.

Materials and Methods
Animals

All animal procedures were performed following the National
Institutes of Health Guidelines for the Humane Treatment of
Animals, with approval from the Institutional Animal Care and
Use Committee at the Nathan Kline Institute for Psychiatric
Research. Animals of both sexes were used in this study.
TgCRND8 mice, expressing mutant human APP, Swedish
(K670N/M671L) plus Indiana (V717F) mutations, were created on
a 129S6/SvEvTac (129S6) strain background by Dr. David
Westaway (38). All mice were genotyped by PCR. A total of 66
TgCRND8 and 56 wild type (WT) mice of the same strain at two
age groups were used: an “adult” group at 8–9 months and an
“old” group at 14–17 months (Table 1). In addition, 10 C57BL/
6 WT mice were used (Table 1). All efforts were made to mini-
mize animal suffering and number of animals used.

CYCLO administration to mice

The 2-hydroxypropyl-b-cyclodextrin (CYCLO) used in this study
was purchased from Cyclodextrin Technologies Development
Inc. (High Springs, Florida, USA), named TrappsolVR hydroxy-
propyl-b-cyclodextrin Endotoxin Controlled or Cyclo powder. It

Figure 7. Hypothetical pathways linking CYCLO treatment to the increases of cathepsin levels and activities. CYCLO induces endolysosomal cholesterol efflux to the

sites of oxysterol synthesis including ER and mitochondria (100), facilitating the generation of oxysterols (3), endogenous ligands for the nuclear receptors LXR/RXR

(68,69), and leading to activation of LXR/RXR. Activated LXR/RXR in turn enhances expression of downstream genes/proteins, including NPC1 and ABCA1

(3,40,56,70,71). Increased NPC1, a binding partner of cathepsins and a regulator of cathepsin expression (55), enhances cathepsin levels and activities (the question

mark indicates that NPC1 may not be the only factor in inducing cathepsin changes), leading to improvement in lysosomal degradation of substrates including Ab and

amelioration of lysosomal pathology in TgCRND8. ABCA1 expression is also positively regulated by CTSD (58,72). Increased ABCA1 in turn facilitates APOE lipidation

which is important in APOE-mediated Ab clearance (57,71,73–75). In addition, increases in NPC1, as a lysosomal lipid transporter, also mobilize cholesterol for oxysterol

synthesis, constituting a positive feedback loop (101).
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has been approved by USA Food and Drug Administration (FDA)
as a compassionate use Investigational New Drug for two NPC
patients receiving intravenous or intrathecal injections (IND104,
114 and IND104, 116). In our studies, CYCLO was dissolved in sa-
line at different concentrations for the three administration
routes and mice receiving injections or infusions of saline
served as the vehicle control group.

Intraperitoneal (IP) injection (Table 1): In the literature, two
doses of CYCLO, 4000 or 8000 mg/kg body weight (BW), have
been evaluated for systemic administration of CYCLO in NPC-
deficient mouse models (for reviews, see 7, 18) with the
4000 mg/kg dose being most commonly used. We therefore
adopted this dose for our IP injection experiment. CYCLO was
prepared at 20% (w/v) concentration, injected into the mice ev-
ery other day, and the mice were sacrificed 15 days after first
injection.

Intracerebroventricular (ICV) infusion (Table 1): It has been
found that after a single ICV injection of 2 ml of 40% (w/v) CYCLO
at 40 mg/kg BW (equivalent to 1.2 mg/30 gram BW) into 49-day-
old mice, CYCLO was cleared from the whole CNS with a half-
life of �6.5 h (8), inferring that the majority of ICV injected
CYCLO could be cleared within 24 h. We modified this informa-
tion for our ICV infusion experiments (Alzet minipump 2002, 0.5
ml/h, total 12 ml/day) to deliver CYCLO at a dose of 40 mg/kg/day
(equivalent to 1.2 mg/30 gram BW/day, 0.05 mg/0.5 ml/h) for 14
days into the right lateral ventricle. The implantation of the
minipumps was performed following a procedure described
previously (88) with the following coordinates for the cannula
placement in the lateral ventricle: AP – 0.22 mm to bregma, ML
1.0 mm to bregma, and DV 2.5 mm to cranium. Infused mice
were sacrificed 15 days after initiation of infusion.

Intra-hippocampal injection (Table 1): A tiny amount (0.3 ml)
of either 20% or 40% CYCLO solution (i.e. 0.06 mg or 0.12 mg, re-
spectively) was injected into the right hippocampus of
TgCRND8 brain following a protocol described previously (89).
Mice were sacrificed after 2 or 7 days.

Tissue preparation

To obtain tissues for experiments, the animals were anesthe-
tized with a mixture of ketamine (100 mg/kg BW) and xylazine
(10 mg/kg BW). Mice for light microscopic analyses were usually
fixed by cardiac perfusion using 4% paraformaldehyde (PFA) in
0.1 M sodium cacodylate buffer [pH 7.4, Electron Microscopy
Sciences (EMS), Hatfield, PA]. Following perfusion fixation, the
brains were immersion-fixed in the same fixative overnight at
4 �C. For transmission electron microscopic (EM) study, 4% PFA
was supplemented with 2% glutaraldehyde (EMS). For biochemi-
cal analyses, including western blotting (WB) and ELISA, the
brains were flash frozen on dry ice and stored at –70 �C. When
both morphological and biochemical analyses were to be per-
formed on the same brain, the brain was removed after brief
perfusion with saline. One hemisphere was frozen at –70 �C and
the other half was immersion-fixed in 4% PFA for 3 days at 4 �C.

Antibodies for immunohistochemistry, WB and ELISA

The following primary antibodies were used in this study: in-
house made CTSD pAb (RU4; diluted 1:5000–10 000 for immuno-
histochemistry (IHC); 1:5000 for WB); in-house made GM2 gan-
glioside mAb (mouse IgM, cell culture supernatant, produced
from the 10–11 hybridoma line provided by Progenics
Pharmaceuticals, Inc., Tarrytown, NY; diluted 1:200 for IHC)

(90,91), MTOR rabbit mAb (Cell Signaling, #2983s, diluted 1:1000
for WB); p-MTOR pAb (Cell Signaling, #2974s, diluted 1:1000 for
WB); RPS6KB1 pAb (Cell Signaling, #9202s, diluted 1:1000 for
WB); p-RPS6KB1 pAb (Cell Signaling, #9234s, diluted 1:1000
for WB); a-spectrin mAb (Millipore, #MAB1622, diluted 1:1000 for
WB); ATG5 rabbit mAb (Millipore, # MABC137, diluted 1:1500 for
WB); JNK pAb (Cell Signaling, # 9252s, diluted 1:1000 for WB);
p-JNK mAb (Cell Signaling, # 9255s, diluted 1:1000 for WB);
BECN1 pAb (BD Bioscience, #612113, diluted 1:1000 for WB); LC3
pAb (Novus Biological, #NB100-2220, diluted 1:250 for IHC,
1:1000 for WB); SQSTM1 guinea pig pAb (Progen Biotechnik,
#GP62-c, diluted 1:200 for IHC, 1:1000 for WB); Lys63-specific
ubiquitin rabbit mAb (Millipore, #05-1308, diluted 1:500 for IHC);
ubiquitin pAb (Dako, Z0458, diluted 1:2000 for WB); CTSB goat
pAb (Neuromics, #GT15047, diluted 1:5000 for WB); NPC1 rabbit
mAb (Abcam, #ab134113, diluted 1:1000 for WB); ABCA1 mAb
(Abcam, ab18180, diluted 1:500 for WB); TFE3 pAb (Sigma,
#HPA023881, diluted 1:200 for IHC, 1:1000 for WB); TFEB pAb
(Bethyl Lab, #A303-672A, diluted 1:250 for IHC), TFEB (Bethyl
Lab, #A303-673A, diluted 1:1000 for WB). Antibodies directed
against APP, Ab and/or other APP proteolytic species included:
6E10 (mouse mAb specific to human Ab1-16, diluted 1:1000 for
WB) and 4G8 (mouse mAb specific to Ab17-24, diluted 1:250 For
IHC), both from Covance (Emeryville, CA, Catalog No: SIG-39320
and SIG-39220, respectively); and additional mouse mAb—a
generous gift of Dr. Marc Mercken (Janssen Pharmaceuticals
Corp., Belgium) (92). JRF/cAb40/10 (specific to Ab40, diluted 1:500
for IHC, 2.5 mg/ml for ELISA), JRF/cAb42/26 (specific to Ab42, di-
luted 1: 1:500 for IHC, 2.5 mg/ml for ELISA) and HRP conjugated
JRF/Abtot/17 (specific to Ab1-16, diluted 1:2000 for ELISA). The
following secondary antibodies and reagents for immunoperox-
idase labeling were purchased from Vector Laboratories
(Burlingame, CA): biotinylated goat anti-mouse IgM (BA-2020),
M.O.M.TM Immunodetection Kit (BMK-2202), Vectastain ABC kit
(PK-4000), and DAB Peroxidase Substrate Kit (SK-4100). The fol-
lowing secondary antibodies for immunofluorescence were pur-
chased from Molecular Probes/Life Technologies (Carlsbad, CA):
Alexa Fluor 568-conjugated goat anti-mouse IgG (A11031), Alexa
Fluor 488-conjugated goat anti-rabbit IgG (A11034), and Alexa
Fluor 568-conjugated goat anti-rabbit IgG (A11036).

Immunolabeling of brain sections

IHC was performed according to the protocols previously de-
scribed (93). For quantitative analysis of immunostained struc-
tures, four sagittal brain sections from each mouse, evenly
spaced (400 lm) from the region between Lateral 0.48 mm and
2.16 mm (94) containing the cortex and the hippocampus, were
chosen for immunostaining. For quantitative analysis of CTSD,
GM2, SQSTM1 or 4G8 stained sections, three 40X digital images
were taken from the CA1 area of each section and CTSD-, GM2-,
SQSTM1 or 4G8-positive puncta were quantified with
AutoMeasure software (Zeiss), and the data were presented in
groups based on the diameters of the particles if applicable.
CTSD images were also used for calculating the total autolyso-
somal/lysosomal volume assuming that the granules were
spherical. For quantitative analysis of amyloid burden, immu-
nostained sections were scanned and tiled with Mosaix soft-
ware, and amyloid plaques in the cortex and the hippocampus
were quantified with AutoMeasure software (Zeiss, Axiovert
200M microscope). Data are presented as the percent area
occupied by the immunoreactivity revealed by the Ab40, Ab42
antibody or 4G8. For quantitative colocalization analysis of
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double-immunolabeled sections with paired markers (i.e.
SQSTM1-ubiquitin K63, SQSTM1-CTSD), 3–4 images of 3–4 sec-
tions were taken at 40x from the hippocampal CA1 area using
Zeiss LSM880 confocal microscope. Information reflecting coloc-
alization between 2 markers was obtained using the
Colocalization Module on the Zen2 Black software (version 2.1)
equipped with Zeiss LSM880. Pearson’s Correlation Coefficient
(default range: -1 toþ1) was used to show if there was any
colocalization between the paired markers where positive coef-
ficients indicating colocalization while negative coefficients in-
dicating no colocalization.

Western blotting

Samples for WB were prepared by homogenizing brains in a
tissue-homogenizing buffer (250 mM sucrose, 20 mM Tris pH 7.4,
1 mM EDTA, 1 mM EGTA) containing protease and phosphatase
inhibitors as previously described. (95) Following electrophore-
sis, proteins were transferred onto 0.2 mm-pore nitrocellulose
membranes (Whatman, Florham Park, NJ) at 100 mA for 8–12 h
depending on the target protein. The blots were blocked for 1 h
in 5% non-fat milk in TBS, rinsed in TBST (TBSþ 0.1% Tween-
20), then incubated with a primary antibody in 1% BSA/TBST
overnight at 4 �C. The membrane was washed and incubated in
a HRP conjugated goat-anti rabbit or mouse secondary antibody
(Jackson ImmunoResearch Laboratories, West Grove, PA), di-
luted 1:5000 in 5% milk for 1 h at room temperature. The mem-
brane was again washed and then incubated in a Novex ECL
(Invitrogen) for 1 min and exposed to film. Densitometry was
performed with Image J and the results were normalized by the
immunoblot(s) of given loading control protein(s) (e.g. actin,
tubulin).

Ultrastructural analyses

For EM, vibratome sections of the brain were post-fixed in 1%
osmium tetroxide. Following alcohol dehydration, sections
were embedded in Epon (EMS, Hatfield, PA). One-micron-thick
sections were stained with toluidine blue for light microscopic
examination and ultrathin sections prepared and stained with
uranyl acetate and lead citrate. The material was viewed with a
Philips CM 10 electron microscope equipped with a digital cam-
era (Hamamatsu, model C4742-95) aided by AMT Image Capture
Engine software (version 5.42.443a). For quantification of auto-
phagosomes and autolysosomes, EM images (19,000X) were
taken from the neuronal cytoplasm of the hippocampal CA1 py-
ramidal cell layer containing autophagic-lysosomal compart-
ments. The images may contain a small portion of the neuronal
nucleus but not glial cells. The numbers of autophagosomes
and autolysosomes within the neuronal perikaryon were
counted, and expressed as the number per image.

Post-embedding IEM with gold-conjugated secondary anti-
body was performed to detect CTSD signal in neuronal cell bod-
ies using a previously described protocol (88). Ultrathin sections
were placed on nickel grids, air-dried, and etched briefly with
1% sodium metaperiodate in PBS followed by washing in filtered
double-distilled water and incubated with 1% BSA for 2 h.
Sections then were incubated overnight in the anti-CTSD anti-
body (RU2, 1:1000) in a humidified chamber overnight at 4 �C,
washed in PBS, and incubated in a secondary antibody conju-
gated with 10-nm gold particles (Amersham, Buckinghamshire,
UK) for 2 h at room temperature. Grids were washed and briefly

stained with uranyl acetate and lead citrate before
examination.

Sandwich ELISA

Cerebral Ab levels were assayed from formic-acid-extracted,
hemi-brain sucrose homogenates using an ELISA method in
which Ab was trapped with a mAb to either Ab40 (JRF/cAb40/10)
or Ab42 (JRF/cAb42/26) and then detected with horseradish per-
oxidase (HRP)-conjugated JRF/Abtot/17. The dilution of JRF/
Abtot/17 and samples was optimized to detect Ab in the range
of 50 to 800 fmol ml� 1. ELISA signals were reported as the
meanþ/- SEM of four replica wells in nmol Ab per gram brain
protein (determined with the BioRad DC protein assay), based
on standard curves using synthetic Ab1–40 and Ab1–42 peptide
standards (American Peptide Co. Sunnyvale, CA) (95–97).

Enzymatic activity assays for cathepsins

CTSB and CTSL/cathepsin L activities were assayed as described
previously (98). Samples were preincubated in 0.1 M sodium ac-
etate (pH 5.5) containing 1 mM EDTA and 2 mM cysteine-HCl for
5 min for activation. Following the addition of 5 mM Z-Phe-Arg-
AMC in 0.1% Brij-35, reaction mixtures were further incubated
for 10–30 min at 37� C. Reactions were stopped by addition of
200 ml 0.1 M sodium monochloroacetate in 0.1 M sodium acetate
(pH 4.3) and then samples were read in a Wallac Victor-2 spec-
trofluorimetric plate reader (PerkinElmer Life and Analytical
Science Inc., Wellesley, MA). Specificity of hydrolysis by these
cathepsins was monitored by inhibition with 1 mM leupeptin
and enzymatic activity was expressed as leupeptin-inhibitable
hydrolytic activity obtained by subtracting the fluorescent AMC
units released in the presence of leupeptin from the total fluo-
rescent AMC units in the acid soluble fraction.

CTSD activity was assayed at 37 �C at pH 4.0 by measuring
the release of amc containing peptide, 7-methoxycoumarin-4-
acetyl-Gly-Lys-Pro-Ile-Leu-Phe from 7-methoxycoumarin-4-ace-
tyl-Gly- Lys-Pro-Ile-Leu-Phe-Phe-Arg-Leu-Lys(Dnp)-D-Arg-NH2
(BioMol-Enzo, Plymouth Reading, PA), according to the method
of Yasuda et al. (99). Assays were performed in white micro-
plates in a total volume of 100 ml with and without 3 mg of pep-
statin for 1 h. Fluorescence released was read in a Wallac
Victor-2 Spectroflurimetric plate reader with a filter optimized
for detection of amc standard solution with excitation at
365 nm and emission at 440 nm. However, instead of using amc
standard, a quenched standard 7-methoxycoumarin-4-acetyl-
Pro-Leu-OH was used for expressing enzyme activity to account
for the release of peptide containing amc instead of free amc.
Enzyme activity was expressed as the relative amount of
quenched standard released per hour per mg protein.

Cell cultures

Reverse transfection with a mCherry-eGFP-LC3 DNA construct
in hepatocytes
Mouse hepatocytes (ATCC, Cat#CRL-2390) were maintained in
DMEM supplemented with 10% FBS. After trypsinization, cells
were plated into 12-well dishes containing a glass cover slip in
each well, and transfected with a mCherry-eGFP-LC3 DNA con-
struct (a gift from Dr. Claudio Hetz, Institute of Biomedical
Sciences, Faculty of Medicine, University of Chile) (64). After
48 h, the medium was replaced with fresh medium in the ab-
sence or presence of CYCLO (1 mM) for 24 h. The cells were then
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fixed in 4% PFA and briefly incubated with DRAQ5 (Cell
Signaling, #4084) for staining nuclei before examination with a
Zeiss LSM880 confocal microscope. High magnification images
of positively transfected cells were randomly collected from
untreated or CYCLO-treated coverslips, and analyzed for coloc-
alization with the Colocalization Module on the Zen2 Black soft-
ware (version 2.1). Pearson’s Correlation Coefficient (default
range: -1 toþ1) was used to show if there was any colocalization
between the mCherry and the eGFP signals where positive coef-
ficients indicating colocalization while negative coefficients in-
dicating no colocalization. Additionally, colocalization was also
analyzed with the Redirection function in NIH Image. The im-
ages were inverted and then single cells were selected. After
clearing the surrounding area the channels were then split out.
The threshold in each channel was then adjusted. The red
channel image was highlighted and analyzed using the Set
Measurement function with a redirect to the green channel. The
Analyze Particle function was used to get the number of vesicles
as well as the % of colocalization with the green channel. The
data were then collected into Microsoft Excel and a Student t-
test was performed to quantify the significance of the differ-
ences with or without CYCLO treatment. Anything that had less
than 10% colocalization was considered to be not colocalized.

N2a cells
Cells were grown in DMEM supplemented with 10% FBS. The
NPC1 was then knocked down in these cells using a combina-
tion of all three siNPC1 sequences in the TriFECTa DsiRNA kit
(IDT, Cat#mm.Ri.Npc1.13) at 10 nM per sequence dsRNA or
30 nM of control dsRNA. The transfection was done in Optimem
with siPort amine for 4 h. The cells were then returned to their
growth media for 72 h. After the 72-h period 1 mM CYCLO or PBS
was added to the cells for an additional 24 h. The cells were
then lysed for immunoblotting.

NPC1 knockout (KO) mouse neuronal cells
The cell line was generated in the lab of Dr. Dobrenis. Cells were
grown in Neurobasal medium (Fischer Sci, Cat#12-348-017) sup-
plemented with 3% FBS and B27 (Fisher Sci, Cat#17-504-044) on
poly-d-lysine coated cell culture dishes. Cells were transfected
serum free for 4 h in Optimem (Fisher Sci, Cat#31985-070) with
siPort amine (Fishersci, Cat#AM4502) with either no DNA or 2mg
DNA of NPC1 his6 EGFP construct (Addgene, Cat#53521) then
put back into growth media. 24 h after transfection the cells
were treated with 1 mM CYCLO or PBS vehicle control for an ad-
ditional 24 h. The cells were then lysed for immunoblotting.

Supplementary Material
Supplementary Material is available at HMG online.
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