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Trehalose reduces retinal degeneration, neuroinflammation and storage burden
caused by a lysosomal hydrolase deficiency
Parisa Lotfia, Dennis Y. Tseb,c, Alberto Di Ronzaa, Michelle L. Seymourd,e, Giuseppe Martanof, Jonathan D. Cooperg,h,
Fred A. Pereirad,e, Maria Passafarof, Samuel M. Wub, and Marco Sardielloa

aDepartment of Molecular and Human Genetics, Baylor College of Medicine, Jan and Dan Duncan Neurological Research Institute at Texas
Children’s Hospital, Houston, TX, USA; bDepartment of Ophthalmology, Cullen Eye Institute, Baylor College of Medicine, Houston, TX, USA; cSchool
of Optometry, The Hong Kong Polytechnic University, Kowloon, Hong Kong; dHuffington Center on Aging, Department of Molecular and Cellular
Biology, Baylor College of Medicine, Houston, TX, USA; eDepartment of Otolaryngology–Head & Neck Surgery, Baylor College of Medicine, Houston,
TX, USA; fCNR Institute of Neuroscience, Milan, Italy; gDepartment of Basic and Clinical Neuroscience, Maurice Wohl Clinical Neuroscience Institute,
Institute of Psychiatry, Psychology and Neuroscience, Kings College London, London, UK; hDepartment of Pediatrics, Los Angeles Biomedical
Research Institute at Harbor-UCLA Medical Center, David Geffen School of Medicine, UCLA, Torrance, CA, USA

ABSTRACT
The accumulation of undegraded molecular material leads to progressive neurodegeneration in a
number of lysosomal storage disorders (LSDs) that are caused by functional deficiencies of lysosomal
hydrolases. To determine whether inducing macroautophagy/autophagy via small-molecule therapy
would be effective for neuropathic LSDs due to enzyme deficiency, we treated a mouse model of
mucopolysaccharidosis IIIB (MPS IIIB), a storage disorder caused by deficiency of the enzyme NAGLU
(alpha-N-acetylglucosaminidase [Sanfilippo disease IIIB]), with the autophagy-inducing compound tre-
halose. Treated naglu–/ – mice lived longer, displayed less hyperactivity and anxiety, retained their vision
(and retinal photoreceptors), and showed reduced inflammation in the brain and retina. Treated mice
also showed improved clearance of autophagic vacuoles in neuronal and glial cells, accompanied by
activation of the TFEB transcriptional network that controls lysosomal biogenesis and autophagic flux.
Therefore, small-molecule-induced autophagy enhancement can improve the neurological symptoms
associated with a lysosomal enzyme deficiency and could provide a viable therapeutic approach to
neuropathic LSDs.
Abbreviations: ANOVA: analysis of variance; Atg7: autophagy related 7; AV: autophagic vacuoles; CD68:
cd68 antigen; ERG: electroretinogram; ERT: enzyme replacement therapy; GAPDH: glyceraldehyde-3-
phosphate dehydrogenase; GFAP: glial fibrillary acidic protein; GNAT2: guanine nucleotide binding
protein, alpha transducing 2; HSCT: hematopoietic stem cell transplantation; INL: inner nuclear layer;
LC3: microtubule-associated protein 1 light chain 3 alpha; MPS: mucopolysaccharidoses; NAGLU: alpha-
N-acetylglucosaminidase (Sanfilippo disease IIIB); ONL: outer nuclear layer; PBS: phosphate-buffered
saline; PRKCA/PKCα: protein kinase C, alpha; S1BF: somatosensory cortex; SQSTM1: sequestosome 1;
TEM: transmission electron microscopy; TFEB: transcription factor EB; VMP/VPL: ventral posterior nuclei
of the thalamus
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Introduction

The mucopolysaccharidoses (MPSs) are a group of inherited
metabolic diseases caused by the deficiency or malfunction of
lysosomal enzymes needed to break down glycosaminogly-
cans. Among MPSs, the subgroup MPS III (Sanfilippo syn-
drome) is comprised of 4 genetic subtypes (A through D) that
are clinically indistinguishable; although there may be mild
facial dysmorphism, infants at first appear healthy, then
slowly lose developmental momentum [1]. They suffer beha-
vioral problems and cognitive decline, which worsens into
severe dementia, hyperactivity, aggressiveness, pica, sleep dis-
turbances, and loss of vision and hearing; by the adolescent
years most become immobile and develop swallowing

difficulties and seizures [1–3]. Lifespan usually does not
extend past the second decade. The symptoms correspond
with degeneration of the cerebral cortex and other brain
regions [4–6] as well as neuroinflammation [4,7]. The under-
lying cause of MPS IIIB, the subtype analyzed in the present
work, is a deficiency of NAGLU/α-N-acetylglucosaminidase,
an enzyme that participates in the degradation of heparan
sulfate.

Several strategies are currently being tested for the treat-
ment of MPSs and other lysosomal storage disorders, includ-
ing enzyme replacement therapy (ERT), hematopoietic stem
cell transplantation (HSCT), and gene therapy with unmodi-
fied [8–11] or modified enzymes [12,13]. Unfortunately, these
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approaches have inherent challenges because enzymes pro-
vided by HSCT or ERT have only limited ability to transit
through the blood-brain barrier [14,15]. Promising results
have been obtained with the injection of either gene therapy
vectors [16] or the recombinant protein in a mouse model of
MPS IIIB [14], but exogenous protein treatments stimulate
the humoral immune response, which poses a problem for
treatments based on long-term administration [14]. Thus, for
MPS IIIB and many other lysosomal storage disorders, there
is still an urgent and unmet need to develop therapeutic
approaches to target and correct dysfunctional pathways.

Here we explore an alternative approach to treating MPS
IIIB that involves enhancing the autophagic-lysosomal path-
way to improve clearance of autophagic vacuoles. TFEB (tran-
scription factor EB) is a master regulator of lysosomal
pathways, governing lysosomal biogenesis and metabolism
[17], autophagy [18], and lysosomal exocytosis [19] and pro-
teostasis [20]. TFEB overexpression promotes lysosomal pro-
liferation and enhances degradative capabilities against
lysosomal or autophagic substrates (such as glycosaminogly-
cans, polyQ-expanded HTT (huntingtin), and ceroid lipopig-
ments), and rescues affected neurons in animal models of
proteinopathies [17,21–27]. Because impairment of autophagy
has been described in several models of neuropathic lysosomal
storage disorders caused by lysosomal enzyme deficiencies
[28,29], we hypothesized that enhancement of autophagy
might counteract disease progression in these disorders. We
tested our hypothesis by using a mouse model of MPS IIIB
(B6.129S6-Naglutm1Efn/J) and trehalose, a known activator of
autophagy [30–40] that reaches the mouse brain when pro-
vided orally [41], and evaluated the efficacy of this strategy
through electrophysiological, behavioral, neuropathological
and molecular analyses.

Results

Trehalose slows disease progression and prolongs
survival in MPS IIIB mice

LC-MS analysis confirmed the presence of trehalose in the
brains from mice treated with 2% trehalose in drinking water
(Fig. S1). To test whether trehalose treatment modifies MPS
IIIB disease progression, male naglu−/- mice (KO) and age-
matched wild-type (WT) mice (n = 16/group) were provided
2% trehalose in their drinking water, starting at one month of
age. Trehalose treatment increased the median life span of the
naglu–/ – mice by 6.4 weeks (P < 0.0001) (Figure 1(a)).
Trehalose did not affect the body weight (Figure 1(b)) and
did not cause any obvious adverse effects in WT mice, which
is consistent with previous reports [34,37,41,42].

Previous work has shown that naglu–/ – mice display
hyperactivity and anxiety-related behavior, which recapi-
tulates the patients’ behavioral symptoms [43]. To test
whether trehalose administration modifies these behavioral
phenotypes in naglu–/ – mice, we performed open field
analysis (OFA) at 20 and 36 weeks of age. At 20 weeks,
naglu–/ – mice travelled a greater total distance
(4223 ± 345 cm) and center distance (the distance tra-
velled at the center of the open-field apparatus;

1043 ± 151 cm) than WT mice (3232 ± 254 cm and
411 ± 147 cm, respectively) (Figure 1(c–d)), confirming
that NAGLU deficiency results in hyperactivity and
reduced anxiety-related behavior in mice. In contrast, tre-
halose-treated naglu–/ – mice traveled similar distances
(total distance = 3311 ± 546 cm; center dis-
tance = 501 ± 170 cm) as WT mice (Figure 1(c–d)). At
36 weeks, naglu–/ – mice travelled less total distance
(3600 ± 198 cm) than WT mice (4555 ± 422 cm), which
was not significantly modified by trehalose treatment
(3808 ± 392 cm) (Figure 1(e)). The distance traveled at
the center was not different between any pairs of groups
at 36 weeks of age (WT mice, 1257 ± 131 cm; untreated
naglu–/ – mice, 1128 ± 62 cm; trehalose-treated naglu–/ –

mice, 1164 ± 142 cm) (Figure 1(f)). Taken together, the
behavioral testing revealed that trehalose treatment rescues
hyperactivity and normalizes the anxiety-related behavior
of naglu–/ – mice at an early stage of disease progression.

naglu–/ – mice did not display any significant differences in
rotarod, grip strength, inverted screen, or hot plate assays at

Figure 1. Trehalose treatment increases the life span and reduces hyperactivity
and anxiety-related behavior in naglu−/- mice. Mice were weaned 21 days after
birth and immediately treated with 2% trehalose in drinking water. (a) Trehalose
increased median and maximum life span (> 6 weeks) of naglu−/- mice (N = 16).
(b) Trehalose did not affect mouse body weight (36 weeks of age). (c–f) Open-
field analysis of trehalose-treated and untreated naglu−/- mice compared with
WT mice at 20 weeks of age (c–d) and 36 weeks of age (e–f). Data are means ±
SE. *p ≤ 0.05. ns, not significant.
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20 or 36 weeks of age compared to WT mice (data not
shown). naglu–/ – mice did have significantly elevated auditory
brainstem response hearing thresholds, which further
increased with age (Fig. S2A). Trehalose treatment improved
hearing in a subset of naglu–/ – mice, whose hearing threshold
profiles at 24 weeks were restored to those of WT mice,
whereas other naglu–/ – mice were unresponsive to the treat-
ment (Fig. S2A and S2B).

Trehalose mitigates retinal rod pathway dysfunction in
MPS IIIB mice

To determine whether trehalose treatment protects retinal neu-
ron function from MPS IIIB-associated degeneration, we first
performed electroretinogram (ERG) analyses at 28 and 46 weeks
of age (n = 8 for trehalose-treated and untreated naglu–/ – mice
and n = 7 for WT mice) (Figure 2(a–b)). Consistent with pre-
vious reports, naglu–/ –mice at 28 weeks had reduced amplitudes
of the rod b-wave [43] and rod a-wave [44] compared to age-
matched WT mice, suggesting dysfunction or degeneration of

Figure 2. Trehalose treatment improves visual function in naglu−/- mice. (a and b) Representative raw electroretinogram (ERG) traces recorded from untreated
(green) and trehalose-treated (purple) naglu−/- mice at 28 and 46 weeks of age. Trehalose-treated mice had slightly higher amplitude of the rod a-wave at 28 weeks,
and higher amplitudes of the rod b- and a-waves at 46 weeks. (c and d) Stimulus-response plots showing amplitudes of the dark-adapted ERG b-wave. Data points
within the rod operative range were fitted with sigmoidal curves using the Naka-Ruston equation. At 28 weeks of age, the treated naglu−/- mice had a similar
maximum response (Bmax) compared to WT mice, which was significantly higher than that of the untreated naglu−/- mice (ANOVA, SNK p < 0.05). At 46 weeks of
age, the maximum response of the treated naglu−/- mice was lower than that of the WT mice, but was higher than that of the untreated naglu−/- mice. (e and f)
Stimulus-response plots showing amplitudes of the dark-adapted ERG a-wave. At 28 weeks of age, amplitudes of the a-wave recorded from the treated naglu−/- mice
were significantly lower than those of the WT mice, but were higher than those of the untreated naglu−/- mice. The intergroup differences progressed further at
46 weeks. Trehalose treatment had no significant effect on cone a-wave. (g and h) There was no significant difference in the amplitude of the cone a-wave between
the 3 groups at week 28. Both treated and untreated naglu−/- mice had lower amplitudes of the cone a-wave compared to the WT mice at week 46. (c–h) Data are
means (n = 8) ± SE. *p ≤ 0.05, **p ≤ 0.01. ns, not significant.
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rod photoreceptors and possibly rod bipolar cells. By fitting the
b-wave stimulus-response curve with the Naka-Ruston equation,
we calculated the Bmax (a functional measure of the rod pathway;
dotted line in Figure 2(c–d)) forWTmice as 363.5 ± 13.9 µV and
for naglu–/ – mice as 276.0 ± 12.5 µV (24% reduction, P < 0.01,
Figure 2(c)). This intergroup difference increased to 49% in the
46th week, indicating progressive dysfunction of the rod pathway
(P < 0.01, Figure 2(d)).

naglu–/ – mice also showed significantly reduced amplitudes
of a-wave at several stimulus levels (Figure 2(e–f)). The a-wave
responses from the 2 brightest stimuli were fitted using a for-
mula devised by Cideciyan and Jacobson [45] to determine the
maximum response amplitude (Rmax) for each group (for
detailed methodology see [46]). Rmax was 309.0 ± 9.1 µV for
WTmice and 125.2 ± 6.0 µV for naglu–/ –mice at 28 weeks (60%
reduction, P < 0.01). The Rmax was 294.3 ± 6.21 µV for WTmice
and 44.8 ± 3.9 µV for naglu–/ –mice at 46 weeks (85% reduction,
P < 0.01). Similar to that of the b-wave, the increased intergroup
difference of a-wave over time suggests progressive degeneration
of the rod photoreceptor.

Trehalose treatment mitigated dysfunction of the rod path-
way (Figure 2(a–f)). Treated naglu–/ – mice showed higher
amplitudes of rod ERG a- and b-waves at both time points,
indicating functional rescue of degenerating rod photoreceptors
and possibly of rod bipolar cells. At 28 weeks of age, trehalose-
treated and untreated naglu–/ – mice had a Bmax of 339.6 ± 26.7
µV and 276.0 ± 12.5 µV, respectively (22% increase, P < 0.05)
and an Rmax of 184.6 ± 28.9 µV and 125.2 ± 6.0 µV, respectively
(47% increase, P < 0.01).

naglu–/ – mice also displayed reduced amplitude of the
cone a-wave compared with WT mice, but this only became
apparent at the 46th week (Figure 2(g–h)). Cone a-waves were
−42.1 ± 3.3 µV for WT mice and −24.7 ± 1.9 µV for naglu–/ –

mice (one-way ANOVA, Bonferroni post hoc, P < 0.05). This
finding implies a rod-cone order of retinal dysfunction and is
consistent with observations reported in MPS III patients,
who often experience night blindness as their first symptom
and exhibit a more severe reduction in their rod ERG com-
pared to their cone ERG [5,47]. There was also a subtle
reduction of cone b-wave in naglu–/ – mice compared with
the WT, but this variation was statistically insignificant
(Fig. S3A-B).

Table 1 shows the mean b-wave:a-wave ratios under var-
ious experimental conditions. Compared with the WT, naglu–/
– mice had generally higher b-wave:a-wave ratios. Such gains
were more pronounced in rod-driven ERG (74 to 102%
increase) than cone ERG (29 to 40% increase). This implies
that the a-wave was more affected than the b-wave and

indirectly supports the notion that photoreceptors, not bipolar
cells, are the primary site of retinal dysfunction.

Trehalose reduces degeneration of rod photoreceptors
and rod bipolar cells in MPS IIIB mice

Untreated naglu–/ – mice (n = 4/group) at 46 weeks of age
showed retinal degeneration in the outer nuclear layer (ONL)
and the inner nuclear layer (INL), in both central and peripheral
regions of the retina, as revealed by markers of cone photore-
ceptors (GNAT2) and rod bipolar cells (PRKCA/PKCα)
(Figure 3(a,b)). Staining with TO-PRO showed that the thick-
ness of the photoreceptor layer (Figure 3(c)), which contains
both cone and rod photoreceptors, was significantly reduced in
untreated naglu–/ – mice compared to age-matched WT mice in
both central and peripheral regions (central: 5.75 ± 0.36 cells vs.
10.5 ± 0.001 cells, P = 0.004; peripheral: 5 ± 0.31 cells vs.
8.75 ± 0.3 cells, P = 0.008). The trehalose-treated naglu–/ –

group, however, retained near-wild-type levels of cells in the
photoreceptor layer (ONL) in both the central and peripheral
regions (treated versus untreated naglu–/ –mice: 9.25 ± 1.25 cells,
P = 0.03; peripheral: 8.5 ± 1.9 cells, P = 0.05). Remarkably, retinas
from trehalose-treated naglu–/ – mice were histologically indis-
tinguishable from retinas from WT mice (central: P = 0.3; per-
ipheral: P = 0.85). It is worth noting that the treatment had no
adverse effect and did not change the number of photoreceptor
cells in theWTmice (central: 10.25 ± 0.125, P = 0.76; peripheral:
9.5 ± 0.125, P = 0.32) (Figure 3(c)).

These effects on cell number were reflected in the thickness
of the outer nuclear layer (ONL) or photoreceptor layer,
which was significantly lower in untreated naglu–/ – than in
WT mice (central: 27.5 ± 0.36 µm and 50 ± 0.001 µm,
P = 0.0005; peripheral: 21.25 ± 0.31 µm and 47 ± 0.306 µm,
P = 0.000006). Trehalose treatment significantly increased the
thickness of the ONL layer in naglu–/ – mice compared to the
untreated mutant group (central: 45 ± 1.25 µm, P = 0.015;
peripheral: 43 ± 1.92 µm, P = 0.031), rendering it indistin-
guishable from that of WT mice (central: P = 0.35; peripheral:
P = 0.64). Trehalose treatment did not alter the thickness of
the photoreceptor layer (ONL) in the WT mice (central:
50.5 ± 0.125 µm, P = 0.35; peripheral: 49.5 ± 0.125 µm,
P = 0.107) (Figure 3(d)). Quantitative image analysis of the
ONL layer using the cone photoreceptor marker GNAT2,
showed that there was no significant change in the cone
photoreceptors in the naglu–/ – mice (Figure 3(a) and
Fig. S4A) and that the treatment with trehalose did not affect
the cone photoreceptors in mice of either genotype (Fig. S4A).
Thus, the decrease in the thickness of the ONL layer and

Table 1. Ratios of b-wave:a-wave.

Rod or cone origin Group b:a (28th week) b:a (% of WT) b:a (46th week) b:a (% of WT)

Rod WT 3.56 100.0 4.39 100.0
KO 7.22 202.5 7.65 174.3
KO+Tre 4.62 129.5 5.83 132.8

Cone WT 6.07 100.0 5.67 100.0
KO 7.83 129.0 7.95 140.3
KO+Tre 6.03 99.4 6.27 110.7

Values for rod ERG were based on scotopic ERG data measured at stimulus strength of 112.2 isomerizations/rod, which was below the threshold for cones. Values for
cone ERG were calculated from pair-flash data in which rod activity was suppressed. b:a, b-wave:a-wave ratio.
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Figure 3. Trehalose treatment rescues retinal degeneration of naglu−/- mice. Immunofluorescence analyses of retinal neurons were performed using specific markers
for cones (GNAT2, panel A, green) and for rod bipolar cell (PRKCA/PKCα, panel B, red) (b) in central and peripheral sections of the retina, together with the TO-PRO3
dye (blue) that stained both rod and cone nuclei. The animals were sacrificed at 46 weeks of age, after the second time point of the electroretinography measurement.
Whole retinae of test mice (n = 4 per group) were collected and then hemisected. Using a vibrating microtome, the temporal half of the retina was vertically sectioned
and stained. Sections containing the optic nerve head were analyzed. Quantification and statistical analysis of the images show a rescue in the number of both
photoreceptors (c) and rod bipolar cells (d) in naglu−/- mice treated with trehalose compared to untreated mice. (e) The thickness of the photoreceptor layer was
reduced in untreated naglu−/- mice, but was preserved in trehalose-treated naglu−/- mice. Staining for the inflammatory marker, IBA1, in flat retina sections (f) revealed
fewer macrophages/microglia in treated naglu−/- mice compared to untreated mutant mice. The number of IBA1-positive cells/μm2 was significantly reduced in treated
naglu−/- mice compared to untreated groups as shown in the graphs (g). Data are means ± SE. *p ≤ 0.05, **p ≤ 0.01 and ***p ≤ 0.001. ns, not significant. Scale bars: (a)
and (b) 100 μm, (f) 200 μm.
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reduced total number of photoreceptors in the absence of any
loss of cone photoreceptors strongly suggests that there is a
significant loss in rod cells.

In the inner nuclear layer (INL), untreated naglu–/ – mice
had significantly fewer rod bipolar cells (RBCs) than WT
(central: 5.5 ± 0.36 and 16.75 ± 0.0001, respectively,
P = 0.004; peripheral: 7 ± 0.31 and 15.5 ± 0.3, P = 0.006).
Again, trehalose treatment did not adversely affect the num-
ber of rod bipolar cells in the inner nuclear layer (INL) of WT
mice (central: 18.75 ± 0.12, P = 0.43; peripheral: 16.5 ± 0.12,
P = 0.67) (Figure 3(b,e)). The trehalose-treated naglu–/ –

group showed far less degeneration of rod bipolar cells in
both central and peripheral regions of the retina (central:

23.25 ± 0.11, P = 0.0006; peripheral 21 ± 0.11, P = 0.0009).
Indeed, the rod bipolar cell density in treated naglu–/ – mice
did not differ significantly from that of the WT mice (central:
P = 0.06; peripheral: P = 0.03) (Figure 3(e)).

Activated microglial cells were immunolabeled with Iba-1
to determine the amount of inflammation in flat-mounted
retinae at 46 weeks of age. Confocal microscopy showed
increased inflammation in the retina of naglu–/ – mice as
measured by the number of IBA1-positive cells and IBA1
signal occupancy area; treatment with trehalose, however,
resulted in significantly lower levels of both IBA1-positive
cells (P = 0.01) and occupancy area (P = 0.02), down to levels
indistinguishable from that of WT mice (Figure 3(f–g)).

Figure 4. Immunohistochemistry analysis of neuroinflammatory markers in the cortex and thalamus. Immunostaining for astrocytes (GFAP) (a) and microglial cells
(CD68) (C) in the somatosensory cortex (S1BF) and the ventral posterior nuclei of the thalamus (VPM/VPL) in trehalose-treated and untreated naglu−/- mice and their
respective WT controls. Quantification of GFAP immunoreactivity revealed a significant reduction in astrocytosis in both the cortical and thalamic regions of naglu−/-

mice that were treated with trehalose compared to non-treated mutant mice (a). Immunoblot of the whole brain lysate confirmed the significant reduction of
astrocytosis at 20 weeks (b). (c) Quantifying CD68 immunoreactivity revealed a small trend in reduction in microglial activation upon trehalose treatment in the
cortical region of 40-weeks-old naglu−/- mice. Data are means ± SE. *p ≤ 0.05, **p ≤ 0.01. ns, not significant. Scale bar: 50 μm. A.U, arbitrary units.
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Figure 5. Rescue of vacuolization in brain tissue of naglu−/- mice upon trehalose treatment. TEM images of the cortex (a) and cerebellum (b) from 40-weeks-old
naglu−/- mice showed an increased presence of autophagic vacuoles, the site of storage of undigested material, compared to WT controls. Trehalose administration
significantly reduced the abundance of autophagic vacuoles in samples from naglu−/- mice, thereby normalizing cellular vacuolization. N = 20 cells per group in
cortex and 10 cells per group in cerebellum. The autophagic vacuoles in microglia of the naglu−/- mice were cleared upon trehalose treatment (c). (d) The LC3-II:LC3-I
ratio was increased significantly upon trehalose administration. (e) SQSTM1/p62 levels were not changed upon trehalose administration. Data are means ± SE.
*p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001. ns, not significant. Scale bar: 2 μm.
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Quantification of GFAP-positive Muller cells in the flat retina
from trehalose-treated or untreated naglu–/ – mice, and WT
controls showed no significant differences between the experi-
mental groups (Fig. S4B and S4C).

Trehalose treatment decreases astrocyte activation and
lowers inflammation in the brain of MPS IIIB mice

We euthanized 4 naglu–/ –mice and 4 age-matchedWT controls
at 20 and 40 weeks of age to collect brains for cryosectioning
(section thickness = 40 μm), immunostaining for GFAP

(astrocytes) and CD68 (microglia), and imaging for thresholding
analyses of immunoreactivity. The barrel field region in the
somatosensory cortex (S1BF) and the ventral posteromedial/
ventral posterolateral (VPM/VPL) nuclei of the thalamus were
selected as 2 regions particularly affected in this disease, as noted
previously [7]. Quantification of GFAP immunostaining and
occupancy area (Figure 4(a)) in 30 fields/animal (n = 4 ani-
mals/group) showed that astrocytes were intensely activated in
the S1BF region in naglu–/ – mice at 20 and 40 weeks of age,
which was significantly mitigated by trehalose treatment at
20 weeks (P ≤ 0.05) but not at 40 weeks (P > 0.05). Similarly,

Figure 6. Induction of autophagic flux in photoreceptor cells upon trehalose treatment. (a–c) 661W cells transiently transfected with a plasmid encoding GFP-RFP-
LC3 (a) or GFP-RFP-SQSTM1 (c) and treated with trehalose for 72 h showed a decrease in GFP:RFP ratio, indicating increased autophagic flux (b). Arrowheads indicate
puncta that are RFP-positive and GFP-negative. (d–f) Knockdown of Atg7 in MEF cells and photoreceptors treated with trehalose decreased LC3-II:LC3-I and LC3-II:
GAPDH ratios and did not change SQSTM1/p62 levels. Additional treatment with bafilomycin A1 increased the LC3-II:LC3-I ratio, indicating that treatment with
trehalose induces autophagic flux (d–f and h–j). Data are means ± SE. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001. ns, not significant. Scale bar: 20 μm.
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the intensity of GFAP immunoreactivity was significantly lower
in VPM/VPL nuclei of the thalamus of 20-week-old treated
naglu–/ – mice compared to untreated naglu–/ – mice
(P ≤ 0.05), but not at 40 weeks of age (P > 0.05) (Figure 4(a)).
The significant reduction in astrocytosis at 20 weeks of age was
confirmed with immunoblot analysis of whole brain homoge-
nates (Figure 4(b)). There was no difference in GFAP protein
levels between trehalose-treated and untreated naglu–/ – mice at
40 weeks of age by immunoblot analysis (data not shown).

CD68-positive microglial cells predominantly exhibited a
phagocytic morphology in untreated naglu–/ – mice as early as
20 weeks (Figure 4(c)). Compared to untreated naglu–/ – mice,
the levels of CD68 immunoreactivity were not significantly
reduced in the S1BF of trehalose-treated naglu–/ – mice at 20 or
40 weeks of age. Similarly, CD68 immunoreactivity in the tha-
lamus of treated naglu−/- mice did not differ from untreated
naglu−/- mice at either 20 or 40 weeks of age (Figure 4(c)).

Trehalose increases clearance of autophagic vacuoles in
the cortex and cerebellum of MPS IIIB mice

Transmission electron microscopy (TEM) image analysis of
naglu–/ –mice revealed marked accumulation of storage material
in autophagic vacuoles (AV) by 40 weeks of age, in both cortical
neurons and Purkinje cells (Figure 5(a,b)). Trehalose treatment
significantly reduced the number of large autophagic vacuoles
(indicated with arrows in magnified images) in the cortex
(0.2 ± 0.11; 0.9 ± 0.12 AV/cell; n = 20 cells; P = 0.0002) and
cerebellum (0.8 ± 0.2; 4.7 ± 0.94 AV/cell; n = 10 cells; P = 0.002)
(Figure 5(a–b)). Large inclusions within microglia in the cortex

were also seen in naglu–/ – mice (Figure 5(c)), as previously
reported [48]. These inclusions were not found in trehalose-
treated naglu–/ – mice (Figure 5(c)), which might be due to an
increase in autophagic flux. Indeed, the conversion rate of the
cleaved and unlipidated form of MAP1LC3B/LC3B (microtu-
bule-associated protein 1 light chain 3 beta) to its lipidated form
(LC3-II:LC3-I, a conventionally used marker of autophagy)
increased significantly (P = 0.003) in trehalose-treated naglu–/ –

mice (Figure 5(d)), but the level of SQSTM1/p62, a marker of
autophagosomes, was not changed (P = 0.3) (Figure 5(e)) despite
increased transcription (Sqstm1 is a TFEB direct target [49]; see
below and Figure 7(c–d)), indicating autophagic degradation.
Together, these observations indicate that trehalose treatment
promoted autophagic flux in the brains of naglu–/ – mice.

We also checked whether trehalose improved the clearance of
ubiquitin-positive inclusions, which have been previously
described in the brain of naglu–/ – mice [50].
Immunohistochemistry analysis of the cortex of naglu–/ – mice
showed appearance of these inclusion bodies which, differently
from the autophagic vacuoles, was not affected by trehalose treat-
ment (Fig. S5).

Trehalose induces autophagy in photoreceptor cells

We used photoreceptor-derived 661W cells and mouse embryo-
nic fibroblasts (MEFs) to investigate in more detail the relation-
ship between trehalose and autophagy. Transient transfection
with plasmids expressing GFP-RFP-LC3 or GFP-RFP-SQSTM1
showed a decreased GFP:RFP ratio upon trehalose treatment,
indicating increased protein degradation due to fusion of

Figure 7. Trehalose promotes TFEB nuclear translocation and activation of the TFEB transcriptional network in vivo. (a) Immunofluorescence of Purkinje cells showing that
TFEB was translocated to the nucleus upon trehalose treatment in both WT and naglu−/- mice. (b) Quantification of the number of cells with TFEB in the nucleus in the
indicated genotypes and conditions. (c–d) RT-qPCR analysis of mRNAs extracted from WT (c) or KO (d) brain homogenates showing increased transcriptional levels of TFEB
target genes of the autophagy-lysosomal system upon trehalose treatment (n = 3 per group). Data are means ± SE. **p ≤ 0.01. ns, not significant. Scale bar: 30 μm.
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autophagosomes with lysosomes (Figure 6(a–c)). We then used
shRNAs to knock down the autophagy gene Atg7 (Fig. S6). We
infected 661W and MEF cells with an Atg7 shRNA vector or a
control vector and performed treatments with trehalose and/or
bafilomycin A1. In both cell types, the LC3-II:LC3-I and LC3-II:
GAPDH ratio was significantly increased by treatment with
trehalose, and such increase was reduced upon Atg7 knockdown
(Figure 6(d-f,h-j)). SQSTM1/p62 levels were also increased upon
trehalose administration (Figure 6(g–k)). Additional treatment
with bafilomycin A1 further increased the LC3-II:LC3-I and
LC3-II:GAPDH ratios, which is an indication of an increase in
autophagy flux (rather than a block in autophagic clearance)
upon trehalose treatment (Figure 6(e–f,i–j)). Because the genes
encoding LC3B and SQSTM1 are transcriptional targets of TFEB
[18,49], a possible explanation for the observed increased levels
of LC3 and SQSTM1 upon trehalose treatment is increased
transcription due to increased TFEB activation (see below
Figure 8(c–d)).

Trehalose activates the TFEB transcriptional network in
the brain of MPS IIIB mice

To determine whether the amelioration of neuropathology
and restored clearance of autophagic vacuoles observed in
trehalose-treated naglu–/ – mice were associated with activa-
tion of TFEB, we first investigated whether trehalose pro-
motes TFEB nuclear translocation (a marker of TFEB
activation [17]) in naglu–/ – mice. Confocal microscopy ana-
lysis of mouse brain sections stained for endogenous TFEB
showed that the percentage of cells with TFEB in the nucleus
increased dramatically upon oral trehalose administration
(Figure 7(a–b)). To investigate whether trehalose treatment
enhances TFEB activity in the naglu–/ – brain, we performed
real-time qPCR analysis of a set of TFEB transcriptional
targets using mRNAs extracted from the brain of trehalose-
treated and control mice. The results showed that trehalose
treatment significantly increased the transcription of TFEB

Figure 8. Trehalose promotes transcriptional activation of autophagy and lysosomal genes via TFEB. (a–b) MEF cells (a) and photoreceptor cells (b) were transiently
transfected with a plasmid encoding TFEB-GFP and treated with trehalose, which resulted in nuclear translocation of TFEB (n = 40–45 cells/condition). (c-d) RT-qPCR
analysis showing increased transcriptional levels of TFEB genes of the autophagy-lysosomal system upon trehalose treatment in MEF cells (c) and in photoreceptor
cells (d) (n = 3 per group). Knockdown of Tfeb counteracted trehalose-induced transcriptional activation of autophagy-lysosomal genes, demonstrating that trehalose
enhances lysosomal function via TFEB. Data are means ± SE. **p ≤ 0.01, ***p ≤ 0.001. Scale bars: 20 μm.
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autophagy-lysosomal target genes in the brain of both WT
(Figure 7(c)) and naglu–/ – mice (Figure 7(d)).

Trehalose activation of the autophagy-lysosomal
network is TFEB dependent

Confocal microscopy analysis of 661W and MEF cells trans-
fected with a plasmid encoding TFEB-GFP confirmed signifi-
cantly increased nuclear translocation of TFEB upon trehalose
treatment (Figure 8(a–b)). To test whether trehalose-mediated
activation of the autophagy-lysosomal network is dependent
on TFEB, we used a Tfeb shRNA [51] to knock down Tfeb in
MEF cells and photoreceptor cells. Viral-infected cells (MEF-
Tfeb-KD and 661W-Tfeb-KD) were selected with antibiotics
for 10 days and then treated with trehalose for 24 h. qPCR
analysis of transcripts from untreated and trehalose-treated
MEF-Tfeb-KD, 661W-Tfeb-KD and control cells showed that
treatment with trehalose enhanced the transcription of TFEB
target genes, which was hampered by Tfeb knockdown in both
cell lines (Figure 8(c–d)). These results demonstrate that tre-
halose enhances the autophagy-lysosomal pathway via activa-
tion of TFEB.

Discussion

This work demonstrates the therapeutic potential of small-
molecule drug-induced autophagy enhancement in a mouse
model of neurodegenerative disease caused by the deficiency
of a lysosomal enzyme. Oral administration of trehalose, a
known pharmacological enhancer of autophagy, increases the
life span and normalizes several behavioral and neuropatho-
logical features of MPS IIIB mice, most notably rescuing their
retinal degeneration. Because no disease-modifying therapies
are currently available for MPS IIIB or related disorders, this
study establishes a viable new approach to pharmacotherapy
that could be tested either alone or in combination with other
approaches under development [5,12–15,52].

We recently demonstrated that loss of function in rod photo-
receptors in MPS IIIB mice is followed by a loss of function of the
cones [44]. We have now shown that trehalose treatment rescues
the impaired electroretinogram response and preserves the
layered structure of the retina. Improvement of retinal function
and preservation of tissue structure correlates with a substantial
reduction of inflammation in the retina, which was paralleled by a
reduction of gliosis in different regions of the brain. It is worth
noting that such reduction was observed at an earlier, but not
later, time point. The finding that mouse survival is extended
despite no apparent differences in neuroinflammation late in the
life of these mice may suggest that neuroinflammation itself is not
a driving cause of mouse death. Importantly, trehalose treatment
cleared autophagic vacuoles that accumulated in both neurons
and microglial cells. Because such accumulation of autophagic
vacuoles is considered a primary cause of neuronal degeneration
[53–57], the observed clearance is likely to be the key event
underlying the improved disease phenotype. Furthermore, reduc-
tion of autophagic vacuoles was accompanied by increased activity
of TFEB, a master regulator of lysosomal biogenesis and function
[17]. Trehalose-mediated increase of autophagic flux was blocked
by Atg7 knockdown, and trehalose-mediated transcriptional

induction of the autophagy-lysosomal network was blocked by
Tfeb knockdown, thus demonstrating that trehalose effects rely on
TFEB and an active autophagy pathway. These results strongly
suggest that enhancement of the autophagy-lysosomal pathway
can be effective in counteracting neurodegeneration in lysosomal
storage diseases caused by enzyme deficiency. Whether or not the
observed rescue of retinal degeneration depends directly on
increased autophagy remains to be investigated.

Trehalose has been tested as an experimental therapy in
various models of neurodegenerative diseases that are char-
acterized by formation of protein aggregates, and may exert
its effects via several different possible mechanisms of action.
Trehalose has peculiar physical-chemical properties that con-
fer chaperone-like activities [42], such as the ability to stabi-
lize mutant proteins [41,42,58]. Moreover, protein aggregates
in neurodegenerative diseases are substrates of autophagy
[21,36,59,60], a pathway that is enhanced by trehalose [30–
40]. Finally, trehalose protects neurons by reducing cytotoxic
reactive oxygen species [38,61]. Together with our data from
this study, these findings indicate that trehalose administra-
tion can be regarded as a viable potential strategy for neuro-
degenerative diseases that are characterized by accumulation
of intracellular material due to impairment of enzyme-based
catabolic pathways such as lysosomal degradation of glycosa-
minoglycans. Consistent with previous studies investigating
the long-term effects of trehalose [34], our data demonstrate
that trehalose treatment is more effective at an early stage of
disease progression. While the effects of trehalose on neuronal
function have not been measured previously, our electrophy-
siological studies show that reduction of inflammation and
protection of photoreceptors are accompanied by improved
neuronal function.

Trehalose enhances autophagy by activation of AMPK
through inhibition of the SLC2A8/GLUT8 receptor [62,63].
We have recently shown that trehalose activates TFEB
through inhibition of AKT, a negative regulator of TFEB
[64]. A growing body of evidence shows that TFEB-mediated
enhancement of clearance via lysosomal biogenesis and
increased autophagic flux counteracts the accumulation of
different proteinaceous materials and slows disease progres-
sion in various animal models of disease [21–25,37,65].
Notably, in these studies, clearance of the abnormally accu-
mulated material exerts protective effects against neuronal
death, regardless of the nature of the stored material and the
pathway by which it would normally be degraded. Our data
show that oral trehalose administration protects neurons from
the pathological accumulation of glycosaminoglycans and that
autophagic vacuoles – the putative sites of glycosaminoglycan
accumulation – are dramatically cleared from neurons. Thus,
if appropriately stimulated, neurons can restore the clearance
of intralysosomal material even in the absence of catabolic
enzymes, most likely through processes such as lysosomal
exocytosis [19]. It is noteworthy that possible therapeutic
applications of trehalose may be challenged by the presence
of trehalase, a specific trehalose-degrading enzyme, in the
intestine, kidney, and other organs in mammals [66]. It
remains to be investigated if the protective effects observed
upon trehalose oral administration are entirely due to direct
exposure of the trehalose fraction that is able to reach the
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brain or if additional, secondary pathways possibly triggered
by dietary trehalose may also play a protective role.

Enzyme replacement therapy and gene therapy have been
considered the most promising routes for therapeutic inter-
vention in lysosomal storage disorders, particularly those
caused by enzyme deficiency [5,12–15]. However, some of
these enzymes – including NAGLU – are not able to cross
the blood-brain barrier [13], which precludes systemic admin-
istration of the deficient enzyme as a direct route of enzyme
supply. To overcome this hurdle, direct injection of corrective
viruses to the cerebrospinal fluid and viral intraparenchymal
injections are being investigated [67–69]. The promising pre-
clinical results from this approach have led to it being tested
in humans (a current example is described at ClinicalTrial.gov
under ID No. NCT02053064). Another recent pre-clinical
study demonstrated that viral-mediated gene therapy could
be used to co-opt the liver to express a modified enzyme that
can permeate the blood-brain-barrier, which was effective in
treating a mouse model of MPS IIIA [70]. Longer-term stu-
dies will be needed to investigate the safety and effectiveness
of these approaches. Other proposed treatments, including
substrate reduction and use of anti-inflammatory reagents,
can contribute to mitigating aspects of MPS pathology
[12,52,71]. Because of its exceptionally good toxicological
profile [72,73], trehalose might be safely used in combination
therapies to investigate its additive or synergistic effects with
other therapeutics.

In conclusion, this study successfully tests for the first time
trehalose in a neurodegenerative disease that is not a proteo-
pathy. MPS IIIB is indeed characterized by the intralysosomal
accumulation of a NAGLU degradation substrate, heparan
sulfate. No prior data could indicate whether or not a drug
therapy of autophagic enhancement would have any effects on
a neurodegenerative disease characterized by non-proteinac-
eous undegraded material. Our study reveals that trehalose in
fact exerts clearance effects and therefore opens completely
unexplored avenues for the possible treatment of lysosomal
storage disorders caused by the deficiency of lysosomal
enzymes. In addition, no treatment tested so far in pre-clinical
studies of MPS (including gene therapy, enzyme replacement
therapy, bone marrow transplantation or substrate reduction
therapy) has been reported to modify retinal degeneration and
loss of vision. Results from our study show that trehalose
treatment accomplishes both, in a MPS IIIB model. Because
much of the quality of life of patients suffering from MPS IIIB
is associated with loss of vision, our study finally introduces a
possible avenue to mitigate this devastating clinical outcome.

Materials and methods

Animals

The mouse colony was established and expanded by mating 7
female heterozygous B6.129S6-NaglutmEfn/J and 7 male
C57BL6/J obtained from the Jackson Laboratory. The naglu−/-

KO mice were maintained on the C57BL6/J background by
mating B6.129S6-NaglutmEfn/J heterozygous male and female
mice, with only male WT and naglu−/- KO subsequently used
in our experiments. Genotyping was done using the primers

indicated in the Jackson Laboratory. All the mice procedures
were performed following the IACUC protocol and animal
welfare approved by Baylor College of Medicine.

Open-field analysis

The open-field test was used to evaluate locomotor activity
and emotional response [74]. The apparatus was a transparent
square cage. naglu−/- KO mice and their WT age-matched
littermates were grouped in trehalose-treated and untreated
groups (n = 12 mice per group). Prior to the experiment mice
were placed in the experimental room for 30 min for acclima-
tion. Each mouse was placed in the open-field apparatus and
recorded for 30 min. Total distance traveled (cm) and dis-
tance travelled in the center area was measured when mice
were 20-weeks and 36-weeks old. Mice were weighted before
performing the second time point of behavioral analyses.

Electroretinography

Scotopic ERGs were recorded bilaterally from naglu−/- KO
mice and their WT littermates when they were 28 and
46 weeks of age. Prior to testing, mice were allowed to adapt
to the dark overnight. Under dim red light, mice were
anesthetized with a weight-based intraperitoneal injection of
solution containing ketamine (46 mg/ml), xylazine (9.2 mg/
ml), and acepromazine (0.77 mg/ml). Both pupils were dilated
with a drop each of 1% tropicamide and 2.5% phenylephrine,
and the corneas anesthetized with 0.5% proparacaine hydro-
chloride. Mice were placed inside a Ganzfield dome coated
with highly reflective white paint (Munsell Paint, New
Windsor, NY) on a heating pad maintained at 39°C. A drop
of 2.5% methylcellulose gel (Goniosoft; Ocusoft Inc, 743–20)
was applied to the eye and a blunt platinum rod electrode
placed in contact with the center of each cornea. Ground and
reference platinum subdermal electrodes were gently inserted
in the tail and the forehead, respectively. The mice were then
kept in complete darkness for 5 min for stabilization.

Half-millisecond square flashes for scotopic a-wave and
b-wave measurements were produced by cyan light-emitting
diodes of 503-nm peak wavelength, calibrated with a photo-
meter (International Light Technology, ILT1700) and con-
verted to the unit photoisomerizations/rod (R*/rod) [75,76]
where 1 scot cd m^2 = 581 photoisomerizations/rod/sec. At
the lowest intensity, 25 responses were averaged with a delay
of 2 sec between each flash. As the intensity of the flash
increased, fewer responses were averaged with a longer delay
between flashes. At the end of the scotopic protocol, a pair of
1500W xenon lamps (Novatron, 2103FC) attenuated with
apertures and diffusers was used to produce 2 saturating
light stimuli. The cone ERG was studied by a paired-flash
method using the xenon flashes. An initial conditioning flash
saturates both rods and cones 2 sec before a probe flash. The
ERG recorded by the probe flash is attributed to responses
driven by the cones because cones recover faster than rods.

Electrical signals were amplified with a Grass P122 ampli-
fier (Grass Instruments; West Warwick, RI) and band pass
filtered from 0.1 to 1,000 Hz. Data were digitized with a
National Instruments data acquisition unit (National
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Instruments, USB-6216) at a 10-kHz sampling rate, and ana-
lyzed with custom Matlab codes (MathWorks; Natick, MA).
To remove oscillatory potentials before fitting, the scotopic
b-wave was digitally filtered using the filtfilt function in
Matlab (low-pass filter; Fc = 60 Hz). The a-wave was mea-
sured from baseline to trough of the initial negative deflection
(unfiltered) and the b-wave was measured from the a-wave
trough to the peak of the subsequent positive. Statistical
analyses were performed using ANOVA with SNK post-hoc
or unpaired t-test where appropriate.

Auditory brainstem response (ABR) measurements

Briefly, 2-, 4- and 6-month-old mice (N = 4–6 per genotype/
treatment group) were anesthetized using an intraperitoneal
injection of ketamine (100 mg/kg) and xylazine (10 mg/kg)
and immobilized in a head holder. Normal body temperature
was maintained throughout the procedure by placing the mice
on a heating pad. Pure tone stimuli from 4 kHz to 48 kHz were
generated using Tucker Davis Technologies System 3 digital
signal processing hardware and software (Tucker Davis
Technologies; Alachua, FL), and the intensity of the tone sti-
muli was calibrated using a type 4938 1/4″ pressure-field cali-
bration microphone (Brüel and Kjær, Nærum, Denmark).

Response signals were recorded with subcutaneous needle
electrodes inserted at the vertex of the scalp, the postauricular
region (reference) and the back leg (ground). Auditory
thresholds were determined by decreasing the sound intensity
of each stimulus from 90 dB to 10 dB in 5 dB steps until the
lowest sound intensity with reproducible and recognizable
waves in the response was reached.

Mean hearing thresholds ± standard deviations (dB SPL)
were plotted as a function of stimulus frequency (kHz).
Statistical analysis consisted of one-way analyses of variance
(ANOVAs) to reveal overall trends accompanied by two-
tailed Student’s t-tests at individual frequencies to evaluate
frequency-specific effects. T-test p values were adjusted for
multiple comparisons using the Holm method. R (version
2.13) was used for all statistical analyses.

Pathology and immunostaining

Brain: Mice were deeply anesthetized using Isothesia
(Isoflurane) solution (Henry Schein Animal Health, 029404)
and their brains were removed intact and hemisected before
making a cut rostral to cerebellum to remove it using scalpel
blades. Half was frozen in liquid nitrogen and stored in −80ºC
for protein extraction; the other half of the brain was immedi-
ately fixed in freshly made 4% paraformaldehyde in Dulbecco’s
phosphate-buffered saline without calcium and magnesium
(PBS; GeneDEPOT, CA008-050). After 24 h, brains were
moved to 30% sucrose solution and kept on a shaking plate at
4ºC until the tissue sank. Immunohistochemistry was performed
on 40-μm thick floating sections using an antibody against
GFAP (Dako, 1:8000) for astrocytes, CD68 for microglia (AbD
Serotec,MCA1957; 1:2000), ubiquitin for polyubiquitinated pro-
teins (Dako, Z045801-5; 1:2000) and TFEB (Proteintech,
13372–1-AP; 1:300).

Retina: Mouse eyes were enucleated under deep anesthesia,
before the mice were euthanized by an overdose of anesthesia.
The eyes were marked for orientation and carefully dissected
to isolate the whole retina, which was then incubated in 4%
paraformaldehyde in PBS at room temperature for 45 min for
fixation. The whole retina was first hemisected, then the
temporal half of each retina was cut into 40-µm vertical
sections. Sections were stained free-floating using PRKCA/
PKCα antibody (BD Transduction Laboratories; 610107;
1:250) as a marker for rod bipolar cells. Cone and rod photo-
receptor nuclei in the outer nuclear layer were visualized
using the fluorescent nuclear dye TO-PRO3 (ThermoFisher
Scientific, T3605; 1:3000) and cone cell bodies were immuno-
labeled with antibody against GNAT2 (Santa Cruz
Biotechnology, Sc-390; 1:100). Activated microglia were
immune-labeled with IBA1 antibody (Wako Chemicals,
01919741; 1:500)

Images were acquired with Zeiss LSM software using 40x
and 63x oil-immersion objectives. Two designated regions
within the sections, representing central and peripheral retina,
were photographed. To measure the number of cone photo-
receptors (GNAT2 +ve cells) and rod bipolar cells (PRKCA
+ve cells), cells with positive staining were counted in 200-µm
length, using the ruler and cell counter in ImageJ software.
The dimensions of the outer nuclear layer and the inner
nuclear layer were measured using ImageJ.

Transmission electron microscopy

Mice were anesthetized and perfused intracardially with PBS
followed by 2% formaldehyde + 2.5% glutaraldehyde in 0.1 M
sodium cacodylate buffer (pH 7.4). Brains were carefully
removed and the cortex and cerebellum were cut into smaller
pieces and further fixed in the same fixative for 24 h. Slices
were then post-fixed in 1% OsO4 in 0.1 M cacodylate for 1 h,
stained with saturated uranyl acetate in 50% ethanol, dehy-
drated, and embedded in electron microscopy embedding
media Spurr’s low viscosity resin (Electron Microscopy
Sciences, 14300). Sections were cut longitudinally at 60-nm
thickness on an RMC MT6000 ultra-microtome. The cortical
and cerebellar sections were examined with a Hitachi H7500
transmission electron microscope and images were captured
using a Gatan US1000 high-resolution digital camera and
Digital Micrograph software (v1.82.366).

Immunoblotting

Brian tissues were homogenized using radioimmunoprecipita-
tion assay buffer (RIPA buffer; 50 mM Tris HCl, pH7.0, with
protease inhibitors (Roche, 4693132001) and phosphatase inhi-
bitor complete cocktail 2 and 3 (Sigma, P5726-1ML and P0044-
1ML). Proteins (20–30 micrograms) were resolved on 4–12%
Bis-Tris precast gel (Invitrogen, NP0343BOX) and immune-
detected for LAMP1 (Santa Cruz Biotechnology, sc-19992;
1:500), GFAP (abcam, ab7260; 1:1000), ATG7 (Cell Signaling
Technology, 2631; 1:500), ACTB (Santa Cruz Biotechnology, sc-
47778; 1:1000), GAPDH (Cell Biolabs, ARK-001; 1:2000) and
LC3B (Novus Biologicals, NB100-2220; 1:1000).
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Virus generation and infection

Lentiviral vectors (shRNA-ATG7; Sigma,
TRCN0000375421) and shRNA-TFEB [51] and their
respective packaging vectors (psPAX2 and pMD2G;
Addgene, 12260 and 12259) were cotransfected into
HEK293T cells in a 4:3:1 molar ratio, respectively. The
medium was changed 16 h following transfection to low-
volume medium (5 mL for a 10-cm dish). The medium
was collected again at 48 h following transfection, replaced
with fresh medium (5 mL) and collected again at 72 h.
Viral supernatant was cleared from cell debris via centri-
fugation (10 min at 1789 xg) as well as filtration through a
0.45-µM polyethersulfone membrane (VWR, 28144–007).
Viruses were added to the receiving cells in complete
medium with polybrene (Santa Cruz Biotechnology, sc-
134220; 8 ug/mL) and incubated at 37ºC for 48 h. Cells
were selected for more than a week in puromycine-con-
taining medium (ThermoFisher Scientific, A1113802;
400 µg/mL).

Measurement of trehalose

Mice were anesthetized with isoflurane and perfused with
PBS. Brains were extracted, snap-frozen in liquid nitrogen,
and stored at −80ºC. For sample homogenization, frozen
brains were pulverized with a mortar in liquid nitrogen
and mixed. An aliquot was collected in a glass homogeni-
zer (potter) and 1 ml of acetonitrile, methanol and water
(2:2:1) kept at −20ºC was added. The samples were thawed
in ice, and homogenized. The obtained solution were
collected in 1.5-ml microcentrifuge tubes and centrifuged
at 10,000 g for 10 min at 4ºC. The pallets were dissolved
in RIPA buffer and protein concentration was determined
by BCA protein assay kit (ThermoFisher Scientific, 23225).
Supernatants were collected in 15-ml falcon tubes and
lyophilized using a freeze dryer lyophilizer. Samples were
finally reconstituted in 250 µl water:methanol (1:1) solu-
tion and placed in the LC autosampler set at 6ºC for LC-
MS analysis.

LC-MS analyses were performed on an Ekspert nanoLC400
(Eksigent, 5033460C; Singapore) coupled with a Triple TOF
6600 (AB Sciex; Singapore). Chromatography was performed
using HALO C18, 2.7 µm, 90 A, 0.5 x 50 mm with a pre-
column Zorbax 300SB-C18, 5 µm, 5 × 0.3mm (Agilent
Technologies, 5065–9913). Isocratic flow at 12 µl/min was
performed using a mobile phase composed of acetonitrile:
methanol:water (45:45:10) with 5 mM ammonium acetate
and 0.1% formic acid. Injection volume was 10 µl (full loop
injection mode).

Acquisition in MS was performed in positive with the
following parameters: mass over charge (m/z) range
300–400, T source 200C, Ion Spray Voltage 5500,
Declustering Potential (DP) 80. Extracted ion chromatograms
were generated with a tolerance of 10 parts per million at
343.12 m/z (trehalose plus a proton) and 360.15 m/z (treha-
lose plus NH4

+). The latest was used for quantification due to
higher ionization efficiency.

Statistics

Results are shown as mean ± standard error. Student’s t test was
used for comparison of two groups and one-way analysis of
variance (ANOVA) was used for multiple comparisons. Log-
rank test was performed at the following website: S. A. Joosse,
“Log-rank test” 2016, http://in-silico.net/tools/statistics/survi
vor. A P value ≤ 0.05 was considered statistically significant.
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