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Methylthioninium chloride (methylene blue)
induces autophagy and attenuates tauopathy
in vitro and in vivo
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More than 30 neurodegenerative diseases including Alzheimer disease (AD), frontotemporal lobe dementia (FTD), and
some forms of Parkinson disease (PD) are characterized by the accumulation of an aggregated form of the microtubule-
binding protein tau in neurites and as intracellular lesions called neurofibrillary tangles. Diseases with abnormal tau as
part of the pathology are collectively known as the tauopathies. Methylthioninium chloride, also known as methylene
blue (MB), has been shown to reduce tau levels in vitro and in vivo and several different mechanisms of action have been
proposed. Herein we demonstrate that autophagy is a novel mechanism by which MB can reduce tau levels. Incubation
with nanomolar concentrations of MB was sufficient to significantly reduce levels of tau both in organotypic brain slice
cultures from a mouse model of FTD, and in cell models. Concomitantly, MB treatment altered the levels of LC3-II,
cathepsin D, BECN1, and p62 suggesting that it was a potent inducer of autophagy. Further analysis of the signaling
pathways induced by MB suggested a mode of action similar to rapamycin. Results were recapitulated in a transgenic
mouse model of tauopathy administered MB orally at three different doses for two weeks. These data support the use of

this drug as a therapeutic agent in neurodegenerative diseases.

Introduction

The microtubule-binding protein tau is associated with pathology
development and cellular dysfunction in more than 30 neuro-
degenerative diseases. Mutations in the tau gene in both coding
and noncoding regions are a primary cause of frontotemporal
dementia (FTD). However, for most of the other tauopathies,
including most cases of sporadic AD, the contribution of tau to
pathogenesis is less clear as it may be part of a mixed etiology or
secondary to the central disease mechanism. There is some debate
as to the form of tau that is linked to neurotoxicity, with
hyperphosphorylated soluble tau, tau oligomers and tau aggregates
all having been implicated at some level."® In addition, it is
unknown whether neurotoxicity is primarily due to loss of tau’s
normal function in stabilizing microtubules in the axon, due to
loss of function in signaling pathways, or as a gain of dysfunction
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due to accumulation of a toxic form of misfolded, abnormally
phosphorylated tau that is prone to aggregation and accumulation
in the somatodendritic compartment. Although the exact form of
tau associated with neurotoxicity is unknown, it would seem that
attenuation of events that lead to the accumulation of abnormal
tau may be of therapeutic benefit. Transgenic mouse lines over-
expressing mutant or wild-type human tau have been developed
which replicate most of the features of human tauopathies in
that they accumulate somatodendritic, hyperphosphorylated tau,
often in the form of mature neurofibrillary tangles. Some of the
models undergo neurodegeneration and become cognitively
impaired thus providing useful model systems for testing potential
therapeutics.’

Several approaches have been proposed to reduce the levels
of abnormal proteins, including modulation of protein degrada-
tion. Multiple protein degradation pathways exist including
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ubiquitin-proteasome mediated clearance that acts on smaller,
misfolded proteins, and autophagy (macroautophagy, microauto-
phagy, and chaperone-mediated autophagy) for the clearance
of larger, misfolded or aggregated proteins, and dysfunctional
organelles. Controlled autophagy plays a crucial role in cell
survival and in regulating multiple cell functions. Loss of control
has been implicated in pathogenesis or progression of neuro-
degenerative diseases due to failed clearance of disease-associated
protein. For example, polyglutamine-repeat containing proteins
found in Huntington disease and spinocerabellar ataxia are cleared
by macroautophagy'®'* and stimulation of autophagy in cellular
and animal models of these diseases results in a reduction of both
the levels of pathogenic proteins and their associated toxicity.
Similarly, overexpression of the autophagy regulator BECNI in
mice expressing o-synuclein reduced the concentration of
synuclein aggregates and resulted in increased levels of synaptic
proteins.”” Tau has been shown to be cleared both by macro-
autophagy and chaperone-mediated autophagy,'* and lysosomal
vesicles containing tau have been observed in both AD and normal
individuals" suggesting that autophagy represents a clearance
mechanism for the tau protein in both the normal brain, and in
the disease condition.'® These data indicate that autophagy
modulation has the potential to alter disease progression for a
variety of neurodegenerative diseases, therefore identifying drugs
that act via autophagy may have therapeutic value.

Methylene blue belongs to the phenothiazine class of drugs
and it has been used clinically for a wide range of treatments
mainly based on its antisepsis properties. In 1996, MB was

1718 and in a

identified as an inhibitor of tau aggregation in vitro
subsequent study, it was shown to reduce the levels of a 12 kD
fragment of tau that is thought to represent the core of paired
helical filaments in neurofibrillary tangles in a mouse model
overexpressing this fragment.'"” MB has also been shown to reduce
AB oligomer levels*® and reduce amyloid deposits in a transgenic
mouse model with plaques and tangles. MB was recently
tested in a Phase II clinical trial for AD under the trade name
Rember. >

The mechanism by which MB acts on tau in vitro and in vivo
is not clear, and it may depend on the active concentration.
In vitro, incubation with micromolar concentrations of MB
reduces aggregated tau directly by preventing tau-tau binding.'”'®
Recent studies demonstrated that MB at high doses modulates
proteasomal degradation via effects on Hsp70 activity which
was shown to correlate with reduced tau levels in cells and
transgenic animals.”**> Wang et al.”® observed changes in LC3-II
levels in MB treated cells. Another group found effects of MB
on AB but they did not observe any changes in tau or evidence
of macroautophagy induction.” In these experiments, two differ-
ent dosing methods were utilized, with MB either dissolved in
water,”! or added as a powder to chow.”> At very low con-
centrations (70 pg/kg), MB is a potent antioxidant that impacts
mitochondrial function.”’* However, changes in mitochondrial
activity have not been observed in other studies.”’ We demon-
strate here that MB is capable of inducing autophagy in primary
neurons, organotypic slice cultures and transgenic animals over a

wide range of doses via effects on the mTOR signaling pathway,
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and this represents a novel mechanism by which MB modulates
the levels of tau.

Results

Methylene blue treatment modulates tau forms in ex vivo slice
cultures. Organotypic slice cultures from postnatal day 10 tau
transgenic mice (n = 6 per group) were treated with 0.02 pM
MB or DMSO vehicle (0.008% DMSO) for 5 d. Following
treatment, slices were collected and processed. Total and
aggregated tau fractions were isolated and assessed by immuno-
blotting with an antibody recognizing all human tau (CP27)
(Fig. 1A). In treated slices, total tau levels remained unchanged
(98.83 + 1.58% control). However, incubation with nanomolar
concentrations of MB led to a significant decrease in the level of
sarkosyl insoluble (aggregated) tau (87.2 + 0.94% control values).
To assay whether MB is capable of clearing phosphorylated tau,
the total protein fraction was assessed by immunoblotting with
antibodies recognizing tau phosphorylated at epitopes ser199,
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Figure 1. MB treatment reduces tau forms in organotypic slice cultures.
Slice cultures from JNPL3 mice (n = 6 mice per condition, three mice
shown) were treated with either DMSO vehicle (C, control) or 0.02 uM
MB (T, treated). (A) shows the results of immunoblotting with an
antibody recognizing human tau (CP27) on the total and sarkosyl
insoluble, aggregated tau fractions. The total protein fraction was also
assayed for levels of tau phosphorylated at epitopes ser199, ser262,
ser422, and ser396/404. Images were quantified and the chemilumi-
nescence signal from MB treated hemibrain slices was expressed as
percentage of signal from control treated hemibrain from the same
animal (signal + SE) (B). Total tau levels were unchanged with MB
treatment. MB significantly reduced (p < 0.05) the level of sarkosyl
insoluble, aggregated tau. Significant reduction was seen in tau
hyperphosphorylated at ser199, ser262, ser422 and ser396/404
(phospho-tau epitope normalized to total tau). *p < 0.05.
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ser262 ser422 and ser396/404 (PHE-1 antibody) (Fig. 1A). These
epitopes were chosen due to their association with tau poly-
merization and disease. With 0.02 pM MB treatment, a
significant reduction (p < 0.05 for all) in tau ser199 (85.6 +
1.7% control), ser262 (83.58 + 3.4%) ser422 (76.9 + 4.14%)
and ser396/404 (79.1 + 1.2%) (all normalized to total tau) was
observed (Fig. 1B).

Methylene blue modulates autophagy in ex vivo slice cultures.
In order to assess the effect of MB on autophagy induction, slice
cultures were incubated with 0.02 uM MB or vehicle for 5 d as
before. Immunoblots for several markers of autophagy including
p62 and cathepsin (cat) D (indicators of turnover), BECN1 and
LC3-1I (indicators of induction) were assessed (Fig.2A). p62 is
involved in the targeting of ubiquitinated protein to the auto-
phagic vacuoles. Once there, it is degraded and thus stimulation
of autophagy will result in a decrease of p62 levels.”**" Cathepsin
D (catD) is one of the major lysosomal proteases responsible
for protein degradation. BECNI1, also referred to as Atgb, is one
component of a large molecular complex required for the initia-
tion of autophagic vesicle formation.> LC3-I is cleaved by Atg4
and conjugated to phosphatidylethanolamine to form LC3-IL,*
resulting in the translocation of LC3-II to the autophagosome
membrane. AVs are unique and can be distinguished from other
intracellular compartments by the presence of LC3-II. With
induction of autophagy or reduction of flux (turnover of AVs
through fusion to lysosomes), this marker would be expected to
increase. At low doses, treatment with MB led to a significant
decrease in p62 levels to 79 + 1.5% of control (Fig.2B). CatD
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Figure 2. MB treatment modulates autophagy markers in organotypic
slice cultures. Samples utilized in Figure 1 were assayed for levels of
autophagy markers. (A) shows the results of immunoblotting with
antibodies against p62, cathepsin D (catD), BECN1 and LC3. Tubulin (tub)
is shown as loading control. (B) shows the results quantified. 0.02 uM MB
produced a significant decrease in p62 levels and an increase in catD,
BECN1 and LC3-Il signal relative to control treated slices **p < 0.01.
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signal was increased relative to control slices (122 + 5.8%) as were
BECNI1 and LC3-II (131.9 + 10%, 139.41 + 10.9% of control
respectively). These data indicate that at nanomolar concentra-
tions, MB is capable of inducing autophagy in organotypic brain
slices.

Incubation with MB promotes LC3 positive vacuole forma-
tion in primary neurons. To confirm the effects of MB on
autophagic induction, primary neurons cultured from transgenic
mice expressing a green fluorescent protein GFP-LC3 fusion
protein were incubated for 6 h with either DMSO vehicle
(Fig. 3A) or 0.02 pM MB (Fig.3B) and the number of GFP
positive puncta per cell was determined for each condition (n = at
least 50 cells per group). The average number of puncta in control
cells was calculated as 8.9 + 0.9, whereas treatment with MB for
6 h resulted in a significant (p < 0.01) increase in the average
number of puncta (18.7 + 1.7) (Fig.3C) as well as a greater
number of AVs per cell (Fig.3D). These data provide further
evidence that MB impacts autophagy. However, both excessive
autophagy induction and the blockage of flux (AV turnover)
can result in increased numbers of LC3 positive puncta. Both of
these can be damaging to cells and it is important to determine
whether the effects of MB treatment are reversible. If the vesicle
numbers remain heightened after MB has been washed out of
the culture, this would indicate impaired flux rather than induc-
tion. To test this, cells were incubated with 0.02 uM MB for 6 h.
After treatment, the media was replaced and cells were left for
an additional 4 h in MB free media. Coverslips were then fixed
and counterstained as described. Puncta were counted but no
significant difference was found between the two groups (average
number of puncta 13.75 + 0.44 for control and 13.25 + 0.45 for
treated cells) (Fig. 3E and F). This indicates that the stimulation
of autophagosome formation produced by MB treatment is
reversible and does not result from the buildup of AVs.

To further demonstrate that the increase in GFP positive
puncta is not the result of reduced turnover of AVs, a second cell
culture system was utilized. Tau-expressing CHO cells were
transfected with an RFP-GFP-LC3 construct in which the GFP
tag, but not the RFP tag is pH sensitive allowing for discrimina-
tion of autophagosomes (AVs) from autolysosomes. In nascent
AVs expressing the LC3 construct, merging of the GFP and RFP
fluorescence signals generates a yellow signal. As the AV fuses with
the lysosome and becomes acidified, the GFP signal is quenched
resulting in the autolysosomes fluorescing red only. Thus, when
autophagic flux is blocked, there is a relative increase in the
number of puncta fluorescing red alone, compared with yellow.
RFP-GFP-LC3 transfected cells were treated with DMSO vehicle,
1 UM bafilomycin A; (as a control, to decrease autophagic flux) or
0.01 uM MB (Figs.3G-I). The total number of puncta per
cell was counted in vehicle treated (Fig.3G), bafilomycin A,
(Fig. 3H), or MB treated cells (Fig. 3I) and the percent of total
that were yellow (REP+/GFP+) vs. red (RFP+/GFP-) was deter-
mined (Fig. 3]). As expected, bafilomycin A; treated cells had
significantly increased numbers of AVs, but the number of
yellow puncta relative to red (45.4 + 3.31 vehicle, 18.8 + 3.65,
p < 0.001) was significantly increased demonstrating impaired
flux. Incubation with MB significantly increased the number of
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Figure 3. MB promotes AV formation and maturation.
Primary neuronal cultures from GFP-LC3 mice were
exposed to DMSO vehicle (A) or 0.02 pM MB (B) for 6 h.
(C) shows quantification of the results. MB treated cells
(gray bar) had significantly more puncta compared with
vehicle-treated cells (black bar). In addition, the number
of puncta per cell was greater following MB treatment
(D). An additional group of primary neurons were
incubated with 0.02 tM MB or DMSO control for 6 h.
Following treatment, media was exchanged and cells
were maintained in culture for a further 4 h to allow the
MB to wash out. No significant difference was observed
in the number of puncta in vehicle treated (E) vs. MB
treated (F) cells. CHO cells transfected with a
GFP-RFP-LC3 construct were treated with vehicle (G),

1 uM bafilomycin (H) or 0.01 pM MB (I). GFP and RFP
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# AVs AVs relative to control, and increased the percent-
age of puncta that were red (45.4 + 3.31 vehicle,
58.7 £ 5.55 MB, p < 0.05). These data demon-
strate that MB induces the formation of AVs, and
that the AVs undergo flux. To demonstrate that
abnormal tau is present in AVs, primary neuronal
cultures from GFP-LC3 mice were incubated for
18 h with aggregated, sarkosyl-insoluble tau
derived from brain extract from a tau transgenic
mouse line (Fig.4). Cells were then fixed and
stained with a fluorescently tagged antibody
against total human tau (CP27) (red, Fig.4B).
While much of the tau remains bound on the
outside of the cell, some is internalized (data not
shown). Confocal microscopy demonstrated that a
proportion of GFP-tagged AVs (green, Fig.4A)
colocalized with tau aggregates (Fig.4C and D)
supporting the idea that abnormal tau can be
cleared via macroautophagy.

Blocking autophagy abrogates the effect of MB
on tau. Methylene blue has been shown to affect
several different targets within the cell including
mitochondria, the proteasome and tau filaments.
Therefore, it is possible that MB’s effect on auto-
phagy and tau levels was unrelated. To test this,
autophagy induction in CHO cells expressing
human tau was attenuated through genetic
knockdown of BECNI. Cells (n = 6 wells per
group) were incubated for 2 d with BECNI
shRNA expressing lentivirus, or control virus.
Cells were then treated with vehicle or 0.01 uM
MB for 6 h, collected and processed as described.
Immunoblotting for BECN1 confirmed that in
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Figure 4. Tau colocalizes with AVs. Primary neuronal cultures from
GFP-LC3 mice were incubated with aggregated human tau for 18 h prior
to fixation and labeling with fluorescently tagged antibody CP27 (human
tau). (A) shows a confocal slice at 0.3 um planar resolution indicating
the green immunofluorescence signal from GFP-LC3; (B) indicates

the red immunofluorescence signal from human tau aggregates.

(C) shows the merged images (yellow) indicating that tau can colocalize
with autophagic vacuoles, illustrated in the enlarged inset shown in (D).
Human tau in AVs is indicated by the arrow.

shRNA expressing cells, the protein had been significantly
attenuated and LC3-II levels were significantly decreased
indicating that autophagy induction was attenuated compared
with control virus cells (Fig. 5A). GAPDH levels were also
decreased in cells with attenuated BECN1 suggesting a slight
toxicity associated with attenuation of this protein. All results
were therefore normalized to GAPDH levels. GAPDH levels
were partially restored with MB treatment indicating an overall
protective effect of the compound. In the control virus group,
MB treatment led to a significant decrease in total tau levels
(Fig. 5B). In contrast, MB did not reduce tau levels in cells with
attenuated BECN1 and led to a slight increase relative to cells
treated with control virus which may also reflect the protective
effects of MB on cells (Fig. 5C). Overall, these data indicate that
autophagy induced by MB plays a significant role in controlling
tau levels.

Methylene blue induces autophagic signaling in tau expressing
cells. The tau-expressing CHO cells were used to further explore
autophagic signaling events induced by MB. MB (0.01 puM) or
vehicle was added to the cells for 6 h (Fig.6) or 18 h (data not
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Figure 5. BECN1 knockdown eliminates the effects of MB on tau. CHO
cells expressing the BECNT shRNA lentivirus (BECN1 LV), or control
lentivirus (control LV) were treated with either vehicle (control) or MB for
6 h. BECNT shRNA-expressing cells showed a significant decrease in
BECN1 levels, and LC3-Il (A) compared with cells expressing the control
lentivirus. In cells expressing control virus, MB treatment resulted in

a significant reduction in the level of tau (p < 0.001) (B). In contrast,
cells in which BECN1 had been attenuated did not show reduced tau
with MB treatment (C).

shown). At 6 h, the total level of p62 was unchanged, but it was
reduced at 18 h (data not shown). As with the slices, at both
timepoints, MB exposure led to a significant increase in the level of
BECNI (2.23 + 0.07 control and 2.97 + 0.16 treated) and LC3-II
(0.934 + 0.09 control, 1.33 + 0.04 treated) and a significant
decrease in the level of total tau (3.36 + 0.11 control, 2.81 + 0.11
treated). Key kinases involved in autophagy induction were then
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Figure 6. MB induces autophagy in CHO cells. Tau-transfected CHO cells
were incubated for 6 h with vehicle or 0.01 pM MB (n = 6 per treatment).
(A) shows immunoblots probed with antibodies against total tau, p62,
BECN1 and LC3. (B) shows quantification of the immunoblots. Cells
treated with MB (gray bars) had significantly reduced tau levels
compared with vehicle-treated (black bars) cells, while the levels of
BECN1 and LC3-Il were increased. No effect on p62 levels was seen at
this time point. All bars represent average + SE, *p < 0.05.

examined in the cell system, and rapamycin was used as a com-
parator to test whether MB induces autophagy in a similar way
(Fig. 7A). Incubation with MB led to a significant reduction in
phosphorylation (relative to total kinase level) for mTOR ser***
(0.177 + 0.02 control vs. 0.147 + 0.006 treated) which is an indirect
target for Akt via its effects on PRAS40.** Rapamycin produced
a trend toward reduced mTOR ser2448 (0.156 + 0.01). Both
compounds  significantly reduced phosphorylation at p70S6
kinase (p70) thr389 (0.011 + 0.0004 control vs. 0.006 + 0.0004
rapamycin or 0.004 + 0.0004 MB treated) and IRS ser302 (0.152 +
0.007 control vs. 0.12 + 0.01 rapamycin and 0.127 + 0.008 MB
treated) which is consistent with autophagy induction. Surprisingly,
given the decrease in phospho-mTOR, a significant increase was
seen for Akt ser473 (0.065 + 0.01 control vs. 0.11 + 0.02 rapamycin
and 0.105 + 0.01 MB treated). Because GSK-38 is a target for
Akt, we assayed for levels of total GSK-3p and GSK-3B phospho-
rylated at the activation site, ser9. Both drugs led to a significant
increase in GSK-38 ser9 (0.04 + 0.001 control, 0.05 + 0.002
rapamycin, 0.08 + 0.004 MB) (Fig. 7B). These data provide further
support for MB acting as an inducer of autophagy and suggest the
mechanism is similar to rapamycin. There were however some
differences between rapamycin and MB as the timecourse for
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reduction of tau levels was 6 h for MB, whereas for rapamycin it was
18 h (data not shown).

Treatment with MB alters tau levels in transgenic mice. In
order to determine whether the results obtained in ex vivo brain
slices were recapitulated in live animals, male JNPL3 mice (n = 10
per group, homozygous, Swiss Webster strain) were treated by
daily oral gavage with 0.02 mg/kg MB or water vehicle for
two weeks. To determine whether this protocol resulted in signi-
ficant accumulation of MB in the brain, we homogenized brain
tissue samples from these animals and quantified the drug
levels by liquid chromatography mass spectrometry (LC-MS/MS)
(Fig. 8A), as previously described in reference 25. These studies
showed that the average concentration of MB in the 0.02 mg/kg
treated group was 0.7 pg/100 mg of tissue. Animals administered
2 and 20 mg/kg had average brain concentrations of 1.7 + 0.37
and 7.9 £ 0.79 respectively, confirming that MB had entered the
brain. Next, we performed immunoblotting for total human tau
using the total and sarkosyl insoluble (aggregated) tau fractions.
Signal was quantified and the average per group was determined
(Fig. 8B). There was a significant reduction in the levels of total
tau in MB treated animals (2.7 + 0.002 for control animals, 2.5 +
0.001 for treated) (p < 0.01). However, the levels of sarkosyl
insoluble tau were unchanged (data not shown). Additional
groups of mice were treated with either 2 or 20 mg/kg MB (data
not shown). Treatment with 2 mg/kg MB resulted in a significant
decrease in the levels of total tau, but none of the doses used
resulted in significant changes in sarkosyl insoluble tau levels.
Thus effects on tau were consistent between the ex vivo cultures
and live animals but the effects on insoluble tau aggregates were
not recapitulated, possibly due to differences in bioavailability,
and/or variability between mice in the in vivo study.

MB treatment reduces phospho-tau levels. Similar to results
obtained in slices, treatment with MB led to a significant decrease
in the level of tau phosphorylated at disease relevant epitopes
(Fig. 8C). To control for changes in tau levels, the ratio between
phospho-tau and total tau was determined for each sample. A
significant reduction in tau phospho-ser199 (0.73 + 0.18 control,
0.64 + 0.05 treated), ser202 (CP13) (0.14 + 0.03 control, 0.12 +
0.006 treated), thr231/ser235 (AT180) (0.69 + 0.03 control, 0.68
+ 0.003 treated) and ser422 (0.21 = 0.01, 0.15 + 0.006) was
observed (p < 0.05 for all epitopes). No significant change in
ser396/404 (PHE-1) was detected. Synaptophysin was utilized as
a loading control but the levels were not significantly different
between samples so results were not normalized to the loading
control. Treatment with 2 mg/kg MB also resulted in a significant
decrease in each of the phospho-epitopes examined (data not
shown). Similar results were obtained with 20 mg/kg MB
treatment with the exception of serl99 which was not changed
in the highest dose group (data not shown). Interestingly, MB
produced very dramatic dose dependent changes in the level of tau
phosphorylated at the CP13 (ser202) epitope. Treatment with
0.02 and 2 mg/kg doses led to a significant reduction in the CP13
epitope, and 20 mg/kg resulted in an almost complete loss of
signal (data not shown). The reason for the differential effect on
certain tau phospho-epitopes, and the impact of dose is currently
unknown.
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cells, Akt was significantly hyperphosphorylated at
ser4d73 site ( 0.11 + 0.01 control, 0.36 + 0.16 treated)
suggesting increased activity which was supported by
increased phosphorylation at thr199 (1.82 + 0.07
control, 2.02 + 0.07 treated) and thr458 (1.69 + 0.05
control, 2.1 + 0.05 treated) of the p55 and p85 regula-
tory subunits of PI3 kinase CI respectively, a kinase
that phosphorylates (and activates) Akt. In the mice,
the phosphorylation status of the mTOR substrate p70
thr389 was unchanged—this was different from the
cells which showed a significant decrease at this epitope
within 6 h (Fig.7B). However, in the cells, we
observed that the effect of MB on p70 phosphoryla-
tion at thr389 was time dependent and relatively acute
(data not shown), and it is likely that the chronic
exposure in the brain of the animals resulted in
an attenuated change at this epitope, so monitoring
mTOR activity via phosphorylation status of this
substrate was not reliable.
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Total GSK-3 levels were significantly decreased
(3.36 + 0.07 control, 2.75 + 0.01 treated) following
MB treatment. However, the level of GSK-38 ser9
was significantly increased relative to control animals
(2.91 % 0.05 control, 3.62 + 0.12 treated; p < 0.01).
The ratio of GSK phosphorylated at ser9 (to total
protein) was 0.08 + 0.001 control, 0.13 =+ 0.003
treated. 'As GSK-3 is phosphorylated at the ser9
epitope by Akt, the increase in signal was not
unexpected.

Mice treated with 0.02 mg/kg MB showed signifi-
cant (p < 0.01) changes in several autophagy markers
including p62 (2.47 + 0.09 vs. 1.51 + 0.36), catD

S9

(5.51 + 0.12 control, 6.52 + 0.05 treated), BECN1

(1.59 + 0.09 control, 1.88 + 0.24 treated), and LC3-II

Figure 7. Kinase phosphorylation is altered with MB treatment. CHO cells treated
with MB or rapamycin, a known autophagy inducer, were immunoblotted for kinase
phosphorylation to assess activation status. To test whether MB acted in a similar way
to rapamycin, cells were incubated with vehicle, rapamycin or MB for 6 h. (A) shows
immunoblots for antibodies listed. (B) shows the quantification. The ratio between
phosphorylated kinase at a relevant epitope and total kinase was determined in
control (black bars), rapamycin (gray bars) and MB (hashed bars). MB significantly
reduced levels of phospho-mTOR ser2448. Rapamycin also reduced levels of

(6.78 + 0.05 control, 9.25 + 0.07 treated) (Fig.9C
and D). Higher doses of MB produced similar
results with both 2 and 20 mg/kg treated animals
showing significant increases in BECN 1, LC3-II and
catD levels and in a limited study, alteration in the
level of some of the phospho-epitopes of Akt and
mTOR (data not shown).

average values and error bars SEM, *p < 0.05.

phospho-mTOR ser2448. Both rapamycin and MB reduced levels of phospho-p70
thr389 and phospho-IRS ser302. Rapamycin and MB also produced a significant
increase in phospho-Akt ser473 and phospho-GSK-3f3 ser9. All bars represent

Discussion

Autophagy markers are altered with MB treatment. The levels
of kinases in the mTOR dependent autophagy pathway were
analyzed (Fig. 9A and B). As with the cells, dissociation between
Akt activation status and mTOR activation status was observed.
In MB treated animals, the phosphorylation status of a target on
mTOR (mTOR ser2448/ total mTOR) linked to Akt activity was
significantly reduced (0.41 + 0.05 control, 0.95 + 0.06 treated).
The ratio of phospho-mTOR ser2481 and phospho-p70 thr389
(to total protein) was also determined but no significant change
was observed (0.50 + 0.01 control, 0.54 + 0.03 treated; and 0.47
+ 0.05 control, 0.53 + 0.05 treated, respectively). As seen in the
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Early reports of MB’s impact on tau suggest that
the compound is capable of directly inhibiting the growth of
tau polymers.'”'® Recent data show that MB is capable of
modulating tau levels through additional mechanisms such as
inhibition of Hsp70 ATPase activity”® and our findings suggest
that another mechanism by which MB reduces tau levels is
through the induction of autophagy as we have observed altered
markers of autophagic clearance in cells, primary neurons,
organotypic slice cultures and mice treated with nanomolar
levels of MB.

Our studies have shown that chronic organotypic slice cultures
prepared from tau transgenic mice, incubated with nanomolar
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Figure 8. MB concentrates in the brain and reduces tau levels in treated mice. Cerebella were collected from MB and vehicle-treated animals and were
subjected to LC-MS analysis (A). Animals given 0.02 mg/kg MB per day had an average 0.7 + 0.1 pg MB per 100 mg of tissue. Mice in the 2 and 20 mg/kg
per day groups had an average brain concentration of 1.73 + 0.3 and 7.99 + 0.78, respectively. All bars represent average values and error bars SEM.
Male JNPL3 mice (n = 10 per group) were given 0.02mg/kg/day MB or water vehicle by daily oral gavage for two weeks. Brains were collected and
fractionated to produce total, and sarkosyl insoluble (aggregated) tau. (B) shows immunoblots from these fractions probed for total tau and the following
phosphorylated tau epitopes—ser199, ser202, thr231/ser235, ser396/404 and ser422. (C) shows the chemiluminescence signal (CU) quantified and
expressed as the average per group + SE. MB (gray bar) treatment resulted in lower total tau compare with control (black bar) (**p < 0.01). No significant
change was observed in the levels of sarkosyl insoluble tau (data not shown). MB treatment led to a significant decrease in the levels of tau
phosphorylated at ser199, ser202, thr231/ser235, and ser422 (*p < 0.05, **p < 0.01). Levels were normalized to total tau and expressed as an average + SE.

concentrations of MB have decreased levels of hyperphosphory-
lated soluble tau and insoluble, aggregated tau. Concurrently,
decreased levels of p62 and increased levels of catD, BECN1 and
LC3-II were seen relative to vehicle-treated hemi-brains from the
same mice. Similar results were seen in vivo as oral treatment of
tau transgenic mice with MB at multiple doses over the course of
two weeks led to a significant reduction in hyperphosphorylated
soluble tau levels, and significantly reduced levels of p62, with
increased levels of catD, BECN1 and LC3-II. The results in vivo
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did not fully replicate the organotypic slice data as insoluble tau
levels were not significantly changed in the live mice for reasons
possibly related to insufficient brain concentrations of MB, or
inter-mouse variability. In addition, there was a difference in the
effect on total tau levels (unchanged in slices, decreased in vivo)
and some of the phospho-tau epitopes (such as PHF-1) that could
reflect the model systems or exposure to drug. However, the
induction of autophagy was consistent in all systems tested,
including CHO cells and primary neurons.

Volume 8 Issue 4
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One of the key features of autophagy is the formation of
double-membrane bound vesicles, called autophagosomes or
autophagic vesicles (AVs) that fuse with lysosomes during flux
leading to degradation of the contents. Induction of AV forma-
tion and flux is a complex series of events that can be triggered
either through suppression of mTOR activity, or independent
of mTOR. mTOR activation (autophagy suppression) can occur
via IGF signaling in a pathway that includes Akt and PI3 kinase
CIL. Typically, increased phosphorylation and hence activity of
Akt in turn leads to increased phosphorylation and activity of
mTOR, which in turn suppresses autophagy. However, transgenic
animals treated with MB showed a marked increase in phos-
phorylated Akt but a decrease in one of the phosphorylation sites
of mTOR (ser2448) that is an (indirect) Akt target.”* Although
the events occurring between Akt and mTOR are not clear,
similar results have been shown with rapamycin. Rapamycin
treatment increases PI3 kinase Cl activity which increases Akt
activity (with some groups reporting increased phosphorylation
at ser308, others at both ser308 and ser473%), which inhibits
GSK-3 activity though phosphorylation of the inhibitory site at
ser9,% but increased Akt activity following rapamycin exposure
suppresses the activity of mTOR and thus induces autophagy.
It was found that this effect was mediated through the insulin
receptor substrate (IRS).>® IRS is a target of mTOR and thus
reduction of mTOR activity prevents IRS degradation. Prevent-
ing IRS degradation results in increased IGF receptor signaling
and thus greater phosphorylation of Akt and GSK-383 ser9. A
mechanism similar to rapamycin by which MB could stimulate
autophagy is presented in Figure 10. In cells, both rapamycin and
MB reduced mTOR phosphorylated at ser2448 and reduced
phosphorylation of the mTOR target p70 at thr389 indicating
reduced activity of the kinase. Further downstream effects on
IRS and Akt phosphorylation, and conversion of LC3 were
also observed with both drugs. However, it appears that the

two drugs have a somewhat different timecourse with regards
to effects on tau, with rapamycin requiring longer incubation
for significant tau clearance (data not shown). In addition to
mTOR mediated effects on autophagy, effects mediated by
GSK-3 may also have played a role as inhibition of GSK-3
activity due to increased activity of Akt has been shown
to stimulate AV nucleation by promoting interaction between
Bax-inducing factor 1 (SH3GLB1/Bif-1) and BECN1 Atg6’"®
in a large protein complex.’**® Furthermore, because GSK-3 is
one of the major kinases involved in tau phosphorylation,
decreased GSK-3 activity may have led directly to lower levels of
phospho-tau.

Two other studies have examined the effect of small molecules
based on the phenothiazine scaffold, similar to MB, on autophagy
induction.?”** These studies also demonstrated autophagy induc-
tion, however, they found no change in the phosphorylation
status of either mTOR or p70, suggesting an mTOR-independent
mechanism. Our data show that detecting changes in phosphory-
lation of target proteins such as p70 is highly time dependent.
For example, in CHO cells, reduction in pp70 was seen at 6 h,
but not at three or 18 h (data not shown). Detection can also
be affected by model system used. In transgenic animals, MB
produced a significant reduction in mTOR phosphorylated at
ser2448, but changes in pp70 status were not detected. In
addition to differences in the experimental design, the small
molecules utilized in these studies contain large meso substituents
not present in MB that may affect their function.

An additional mechanism by which MB could potentially affect
autophagy is through interaction with heat shock proteins. Jinwal
et al. (2009)** and Wang et al. (2010)*' demonstrated that MB is
an inhibitor of Hsp70 ATPase activity. Reduction in Hsp70
activity resulted in a decrease in the levels of total and
phosphorylated tau. The authors hypothesized that Hsp70 plays
a protective role, preventing the degradation of the tau protein.

‘Tau phosphorylation
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interaction
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Figure 10. Proposed mechanism by which MB could stimulate autophagy through mTOR and Akt. (1) Inhibition of mTOR induces autophagy directly
but also reduces phosphorylation of IRS1. (2) Dephosphorylation of IRS-1 results in decreased degradation and increased binding to the IGF receptor,
increasing the receptor’s basal activity level. (3) Higher basal IGF receptor activity leads to increased phosphorylation of the PIK3R3/p55 and PIK3R1/p85
regulatory subunits of Ptdins 3-kinase (Cl), thus increasing its activity. (4) PI3 kinase (Cl) phosphorylates Akt. This in turn phosphorylates GSK-3 at the
inhibitory site, lowering its activity. (5) In addition, reduced GSK-3 activity can lead to increased Bif-1 interaction with BECN1. (6) The SH3GLB1-BECN1
complex activates PtdIns 3-kinase (Clll) through UVRAG, stimulating autophagy.
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Interfering with the tau-Hsp70 interaction could therefore allow
tau to be cleared. Further, Hsp70 binding proteins have been
shown to alter LC3-II levels in cells, indicating that modulation of
Hsp activity has an effect on protein degradation systems. In
addition, Hsp and Hsc70 are involved in chaperone-mediated
autophagy (CMA), an alternative protein degradation pathway,
and inhibition of CMA can increase autophagy.”' Jinwal et al.
(2009)** reported that MB inhibits Hsp70 activity with an ECs,
of ~80 puM but the lowest dose used in this study was 5-10 fold
below the lowest dose used in Wang et al. (2010).>' Even given
the accumulation of MB in brain tissue, it is unlikely that the
lowest doses of MB used in our study were sufficient to alter the
ATPase activity of Hsp70. However, in the transgenic animals
given the highest dose (20 mg/kg) it is possible that several
mechanisms were altered.

In contrast to our results, one study demonstrated that MB
administered to mice over a similar dose range had no effect on
tau levels or autophagy induction markers such as LC3-I1.>' In
this case, the route of administration differed from ours—MB was
added to food powder rather than by oral gavage which may have
had a significant effect on bioavailability and levels in the brain
which could account for the difference in outcomes. In general,
these contradictory findings highlight the importance of dosing
and methodology when evaluating drug efficacy.

As the tau protein is abnormal in several major neurode-
generative diseases, it represents an attractive target for disease-
modifying therapy. Methylene blue has been shown to reduce tau,
improve cognition and attenuate neurodegeneration in a tau
transgenic line” suggesting that in addition to its effects on the
levels of disease-associated proteins, it can impact important
functional outcomes. We have also observed an improvement in
cognitive performance after administration of MB, in the same
tau transgenic mouse line published® (see Supplementary Data).
MB has also been shown to be neuroprotective in other animal
models of degeneration. Amounts as low as 70 pg/kg have been
shown to reduce lesion size and neurotoxicity in a rat model
of stroke®®* and neuroprotective effects were also seen in an
animal encephalopathy model.* Our data provide further in
vivo support for the use of MB to protect against disease, and
suggest that autophagy modulation is a valid avenue for drug
development for tauopathies.

Materials and Methods

Animals. Mice from the JNPL3* line express the longest human
tau isoform containing the P301L mutation under the control
of the mouse prion promoter. The line used differs from the
original line in that it is homozygous and on a Swiss Webster
background. The line shows less variability than other JNPL3
lines available, and a faster timecourse for pathology develop-
ment, with males developing mature tangles primarily in the
hindbrain and spinal cord by 12 mo of age and females develop-
ing pathology by 4-6 mo of age. Pathology correlates with pro-
gressive motor impairments and death, as published. Low levels
of insoluble, hyperphosphorylated tau are found in the cortex
and hippocampus from a young age in both males and females.

www.landesbioscience.com
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Animals of both genders were utilized at postnatal day 10 for
the generation of organotypic slices. For primary culture experi-
ments of autophagy induction in mice expressing GFP-conjugated
LC3,” pups of either sex were utilized at postnatal day 1. All
animals were given free access to food and water.

Antibodies. Monoclonal antibodies against total human tau
(CP27), tau phospho-ser396/404 (PHF-1) or phospho-ser202
(CP13) were gifts from Dr. Peter Davies. Antibodies against
tau phospho-ser262, phospho-ser199 and phospho-ser422 were
purchased from Life Technologies (44750G, 44734G and
44764G, respectively). Antibodies against p70, phospho-p70
thr389, Akt, phospho-Akt ser473, mTOR and phospho-mTOR
ser2448 or ser2481, GSK-38 and phospho-GSK-38 ser9 were
purchased from Cell Signaling Technology (9202, 9234, 9272,
9271, 2972, 2971, 2974, 9315, 93306, respectively). Monoclonal
anti-o-tubulin (T'6074) or B-actin (A2228) antibodies used as
loading controls were purchased from Sigma. Ant-BECNI1
antibody was obtained from BD Transduction (612113). LC3
antibody was purchased from Novus Biologicals (NB600-1384),
cathepsin D from Scripps (C2414), and p62 antibody from
Abnova (H0000878-001). Secondaries were from Jackson
Immunoresearch (anti-mouse, 115-035-003). Superblock/TBS
diluent was from Fisher (PI37535).

Organotypic slice cultures. Slice cultures were prepared using
methods modified from Duff et al.*® Brains from homozygous
JNPL3 pups were harvested at postnatal day 10. Cerebellum and
brainstem were removed and hemispheres (cortex/hippocampus)
were sectioned into 400 pm thick slices which were then
separated in ice cold buffer. Slices were transferred to six well
plates containing 0.4 um pore membrane inserts. Sections from
each hemibrain are plated in the same row, thus providing two
complete hemispheres and allowing each mouse to serve as its
own control. Slices were maintained in culture for 14 d in
media containing 25% serum with media exchanged every 2 d.
After the incubation period, each hemibrain was treated for
5 d with either 0.02 pM MB (Sigma, 9140) or DMSO
(Sigma, D2650) vehicle (final concentration of DMSO in media
0.008%) n = six mice per group. Following treatment, slices
from each hemibrain were pooled together for analysis.

Primary neuronal cultures. Briefly, flamed 18 mm coverslips
were incubated with poly-L-lysine for 12 h in 12 well culture
plates. GFP-LC3 mice® were killed on postnatal day 1 via
decapitation and the brains were removed. Cortex and hippo-
campus were retained and the meninges were removed. Brains
were washed five times in modified Hank’s balanced salt solution
(HBSS) containing 1M HEPES and penicillin/streptomycin,
(Life Technologies, 14025-134 and 15140122). Following the
wash, brains were incubated with trypsin for 30 min at 37°C.
Trypsin was neutralized with an equivalent volume of MEM
(Life Technologies, 0820234D]) and 2.5 mg/ml DNase was
added. Brains were incubated with DNase (Life Technologies,
18047019) for one minute followed by an additional five washes
with HBSS. Neurons were dissociated with a half bore Pasteur
pipette and centrifuged at 800 rpm. Cells were resuspended in
plating media (MEM containing 20% glucose, 10% bovine
growth serum, 1% Glutamax (Life Technologies, 35050061),
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MEM (Life Technologies, 11120-052) and penicillin/streptomy-
cin). Cells were incubated with plating media for 24 h. After 24 h
neuronal primary culture media (Neurobasal A Life Technologies,
12349015) containing 2% B27 (Life Technologies, 17504044)
and 0.25% Glutamax) was added with half of the media
exchanged every 2 d. Cells were allowed to differentiate for two
weeks prior to treatment. Cells were then incubated with DMSO
(0.008% DMSO in final volume), 0.02 uM MB for 6 h. An
additional set of coverslips was allowed a 4 h washout following
treatment. A study using the neuronal marker NeuN (Life
Technologies, 187373) indicated that > 95% of cells in the
cultures were neurons (data not shown).

Preparation and treatment of tau expressing CHO cells.
Stable, tau expressing CHO cells (human wildtype, 4RON) were
incubated with vehicle, rapamycin (1 pM) or 0.01 pM methylene
blue (Sigma, R0395 and 9140, respectively; n = 6 wells per group)
for 3, 6 or 18 h (some timepoints not shown) in media containing
fetal bovine serum. Tau-expressing CHO cells expressing an RFP-
GFP-LC3 construct (gift from the Yoshimori lab)* were treated
with vehicle, 0.01 uM MB, or 1 pM bafilomycin A; (Sigma,
B1793) for 6 h. Following treatment, cells were collected and
homogenized in RIPA buffer. Samples were then centrifuged for
20 min at 20,000 X g at 4°C.

BECNI1 knock down in CHO cells. 200000 cells per well were
combined either with lentivirus expressing 0.1 pL BECNI1
shRNA and a GFP tag (Open Biosystems, VGM5520-101257705),
or the lentivirus expressing GFP only (control ' lentivirus,
VGH5526-98858382). Cells were plated and checked for viral
integration indicated by GFP expression after 3 d. For these
experiments, over 90-95% of the cells were fluorescent. shRNA
and control lentivirus expressing cells were treated with either
0.01 pM methylene blue or vehicle for 6 h, then harvested for
biochemistry as described for CHO cells. n = 6 wells per group.

LC3 positive vesicle quantification. Coverslips from control
and treated primary neuronal cultures from GFP-LC3 mice were
fixed for 30 min with 4% paraformaldehyde (EM Services,
15714-S) and counterstained and mounted with Vecta-Shield
containing DAPI (Vector Labs, H-1200). Images were collected at
40X magnification using a Zeiss LSM 510 NLO multiphoton
confocal microscope (n = at least 50 neurons per group) and
imported into Image J. Images were randomized and GFP-LC3
positive vesicle counting was done blinded as to the experimental
conditions. The average number and distribution of puncta was
determined for each condition.

For CHO cells transfected with the RFP-GFP-LC3 construct,
the number of total puncta and the number of RFP only puncta
were counted for each cell and the percentage of RFP only
determined. For colocalization studies shown in Figures3 and 4,
cells were imaged using 0.3 pum stacks to provide more accurate
planar resolution of colocalization.

In vivo methylene blue treatment. Male, homozygous JNPL3
mice aged -3 mo (n = 10 per group) were used to determine the
efficacy of MB as an inducer of autophagy in vivo. Animals were
given 0.02 mg/kg MB or water control by oral gavage 5 d a week
for 2 weeks. Additional animals were treated with 2.0 or 20 mg/kg
MB (n = 10 per group, data not shown).
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Tissue fractionation. Tissue from both organotypic slices and
animals were processed using methods adapted from Greenberg
and Davies.* Briefly, samples were homogenized in RIPA buffer
[50 mM TRIS-HCI (Sigma, T3253), pH 7.4, 150 mM NaCl
(Fisher, S271-10), 1 mM EDTA (Fisher, BP0120), 50 mM
sodium fluoride (Sigma, $7920), 1 mM NazVO (Sigma, 72060),
1 pg/ml protease inhibitors (Sigma, P8340), 1 mM phenyl-
methylsulfonyl fluoride (Sigma, P7626)] and centrifuged at
20,000 X g for 20 min at 4°C to remove debris. The supernatants,
which contain the total tau fraction, were retained and assayed for
total protein concentration. Samples were diluted using RIPA
buffer as necessary to attain equal total protein concentrations.
The supernatant was retained and diluted in O* buffer (62.5 mM
TRIS-HCI, pH 6.8, 5% glycerol, 2-mercaptothanol, 2.3% SDS
(Fisher, BP166-500), 1 mM EDTA, 1 mM phenylmethylsulfonyl
fluoride, 50 mM sodium fluoride, 1 mM NaVOy, 1 pg/ml
protease inhibitors). In order to separate out insoluble tau
aggregates, an additional aliquot of the total sample was incubated
on a rotator in 1% sarkosyl for 30 min. Samples were then
centrifuged at 100,000 X g for 1 h at 20°C. Pellets enriched in
sarkosyl insoluble, aggregated tau were retained and resuspended
in O* buffer containing IM DTT (Sigma, D0632).

Quantitative immunoblot analysis. Membranes were blocked
in 5% milk in phosphate buffered saline for 30 min. Following
blocking, blots were washed and incubated with appropriate
dilutions of primary and secondary antibodies. Membranes were
developed with enhanced chemiluminescent reagent (Immobilon
Western HRP substrate luminol reagent WBKLS0500, Millipore)
using a Fujifilm LAS3000 imaging system. Multigauge version 3.0
was utilized to quantify the signal. All vehicle and MB treated
samples were run on the same gel. Samples for most of the
immunoblots were run on 4-12% Bis-Tris (All Life Technologies;
WG1403BOX10) gels with MOPs  buffer (NP0001) with
antioxidant (NP0005). TRIS-acetate gels (3-8%; WG1603BOX;
buffer LA0041) and 16% Tris-glycine gels (EC64985BOX) were
used for mTOR and LC3-II respectively. o-tubulin or actin was
used as a loading control. No significant difference in amount of
protein loaded was seen between samples (data not shown).

Analytical methods. Signal from immunoblots was determined
as described above. For organotypic slices, chemiluminescence signal
from the vehicle and MB treated samples was determined and the
percent change calculated. Average and standard error were
determined for each group and significance was assessed utilizing
Student’s t-test. Samples from vehicle and MB treated mice were
also quantified using Multigauge v 3.0 as described above. Average
signal and standard error were calculated and significance was
determined using Student’s t-test; the Mann-Whitney U-test was
also used.
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