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Methylene Blue Reduces Ab Levels and Rescues Early
Cognitive Deficit by Increasing Proteasome Activity
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Abstract
Promising results have emerged from a phase II clinical trial testing methylene blue (MB) as
a potential therapeutic for Alzheimer disease (AD), where improvements in cognitive func-
tions of AD patients after 6 months of MB administration have been reported. Despite these
reports, no preclinical testing of MB in mammals has been published, and thus its mecha-
nism of action in relation to AD pathology remains unknown. In order to elucidate the
effects of MB on AD pathology and to determine its mechanism of action, we used a mouse
model (3xTg-AD) that develops age-dependent accumulation of Ab and tau and cognitive
decline. Here, we report that chronic dietary MB treatment reduces Ab levels and improves
learning and memory deficits in the 3xTg-AD mice. The mechanisms underlying the effects
of MB on Ab pathology appears to be mediated by an increase in Ab clearance as we show
that MB increases the chymotrypsin- and trypsin-like activities of the proteasome in the
brain. To our knowledge, this is the first report showing that MB increases proteasome
function and ameliorates AD-like pathology in vivo. Overall, the data presented here support
the use of MB for the treatment of AD and offer a possible mechanism of action.
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INTRODUCTION
Alzheimer disease (AD), the most common cause of dementia with
5.5 million Americans affected, is an age-dependent disorder that
leads to declines in cognitive ability, including memory loss (29).
Neuropathologically, AD is characterized by the accumulation of
neurofibrillary tangles (NFTs), composed of hyperphosphorylated
tau protein, and neuritic plaques, mainly composed of aggregated
amyloid-b (Ab) peptide (29). Ab is the result of sequential cleavage
of the amyloid precursor protein (APP), generating two major frag-
ments Ab40 and Ab42, the latter being more prone to aggregation
and comprises most of the Ab in plaques (29).

Strong evidence suggests that the accumulation of Ab plays a
major role in AD pathogenesis (10). Ab can accumulate because of
an increase in its production or a decrease in its degradation. Along
these lines, different laboratories aim at preventing Ab production
or increasing its degradation in the design of disease-modifying
therapies (8). Although various proteases are shown to directly
cleave Ab, the two major intracellular quality control systems, the
ubiquitin proteasome system and the autophagy–lysosome system,
also play a role in Ab turnover (5, 15). Indeed, several studies have
reported decreased proteasome activity and autophagy dysfunction
in AD brains and in animal models (5, 13, 28).

Methylene blue (MB), a member of the phenothiazine family
(Figure 1A), has been used for more than 100 years in the treatment
of various diseases including malaria and urinary tract infections
(25). MB crosses the blood-brain barrier and has been shown to

have high bioavailability to the brain (27). MB blue has been shown
to exhibit effects on several cellular targets including NO synthase,
cythochrome c oxidase, and the 70-kDa heat shock protein (1, 6,
12, 25, 33). Additionally, MB reduces Ab oligomers levels and
prevents tau aggregation, in vitro (14, 35). Similarly, acute admin-
istration of MB to organotypic slices derived from transgenic mice
expressing mutant human tau reduces tau levels and phosphoryla-
tion (12). In contrast, however, a recent in vivo study showed that
MB administration failed to reduce tau phosphorylation and aggre-
gation in transgenic zebrafish expressing mutant human tau (32).
More important, the outcome of a phase II clinical trial of MB
treatment for AD has shown encouraging results as significant
improvement in cognitive functions was reported for patients on
MB compared with patients on placebo (9). Taken together these
data indicate that MB may be a new potential drug for the treatment
of AD; however, no preclinical testing of MB in mammals has been
conducted, and its mechanism of action in relation to AD pathology
remains unknown. Therefore, there is an urgent need for studies
aimed at determining the mechanism of action of MB in relation to
AD.

To evaluate putative AD therapies, mouse models have proven to
be highly valuable (34, 36). Thus, in order to elucidate the effects of
MB on AD pathology and determine its mechanism of action, we
used a mouse model (known as the 3xTg-AD mice) that mimics
several aspects of AD including the age-dependent development of
Ab and tau pathology and cognitive decline (16, 20, 22, 23). The
development of both Ab and tau pathology make the 3xTg-AD
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Figure 1. Methylene blue (MB) rescues early learning and memory defi-
cits in 3xTg-AD mice. (A) Chemical structure of Methylene Blue. (B)
Schematic of the treatment paradigm. Six-month-old 3xTg-AD (n = 17)
and NonTg (n = 13) mice were treated with MB (0.025% w/w) supple-
mented diet provided ad libitum for 16 weeks. Additionally, age- and
sex-matched 3xTg-AD (n = 14) and NonTg (n = 10) mice were given the
control diet. Mice were evaluated in the spatial reference version of the
Morris water maze during weeks 8 and 16. (C) All groups improved over
5 days of training. However, escape latency was significantly reduced in

the MB-treated 3xTg-AD mice compared with the 3xTg-AD mice on the
control diet (P < 0.05). (D–F) Reference memory, measured 24 h after
the last training trial, was significantly improved in the MB-treated
3xTg-AD mice compared with 3xTg-AD mice on the control diet. Notably,
MB-treated 3xTg-AD mice performed as well as both NonTg groups.
Data are presented as means � standard error of the mean and were
analyzed using one-way analysis of variance following by post hoc Bon-
ferroni test to determine individual differences in groups. *indicates
P < 0.05.
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mice a highly desirable model for the evaluation of putative thera-
peutic drugs, as a compound may have opposite effects on Ab and
tau pathology (17, 18). Here, we examined the effects of chronic
dietary MB treatment on AD-like pathology and the associated
cognitive decline in 3xTg-AD mice.

MATERIALS AND METHODS

Mice and MB treatment

The derivation and characterization of the 3xTg-AD mice has been
described elsewhere (16). The control diet was made by grinding
food pellets into a fine powder using a food processor; 2 g of
sucrose were added per 100 g of food powder. For MB supple-
mented food, 25 mg of MB (Figure 1A), United States Pharmaco-
poeia (USP) grade (ScienceLab.com, Houston, TX, USA) were
added per 100 g of control diet. Food was placed in feeding dishes
in mouse cages and was replaced with fresh food daily. Mice had ad
libitum access to food and water.

Behavioral testing

Morris water maze (MWM) testing was conducted as described
previously (23). Briefly, mice were given four training trials per day
per 5 days in a circular pool of 90 cm in diameter. The mice were to
find a submerged platform (1.5 cm below the water surface) by
using cues placed on the walls. Notably, the platform was not
visible to the mice as the water was rendered opaque by the addition
of white non-toxic paint. Twenty-four hours after the last training
trails, mice were replaced in the pool without the platform and left
free to swim for 60 s. The training and probe trials were recorded
by a video camera mounted on the ceiling, and data were analyzed
using the EthoVisioXT tracking system (Nodulus, Leesburg, VA,
USA).

Protein extraction, Western blot and
enzyme-linked immunosorbent assay (ELISA)

All mice behaviorally tested were killed and analyzed for the bio-
logical studies listed below. Specifically, mice were killed by CO2

asphyxiation and their brains extracted and cut in half sagitally. For
immunohistochemical analysis, one-half was drop-fixed in 4%
paraformaldehyde in phosphate-buffered saline (PBS) for 48 h and
then transferred in 0.02% sodium azide in PBS until slicing. The
other half was frozen in dry ice for Western blot analysis. Toward
this end, after removing the cerebellum, frozen forebrains were
homogenized in a solution of tissue protein extraction reagent
(Pierce, Rockford, IL, USA) containing 0.7 mg/mL of Pepstatin A
supplemented with a complete Mini protease inhibitor tablet
(Roche, Mannheim, Germany) and phosphatase inhibitors (Invitro-
gen, Carlsbad, CA, USA). The homogenized mixtures were briefly
sonicated to sheer the DNA and centrifuged at 4°C for 1 h at
100 000 g. The supernatant was stored as the soluble fraction. The
pellet was re-homogenized in 70% formic acid and centrifuged as
above. The supernatant was stored as the insoluble fraction.
Western blot analyses and ELISA measurements were conducted
as described in (23). For the Western blots, five or more different
samples from each genotype and treatment group were used. The

voltage dependent anion channel (VDAC) was used as loading
control for the COX blots, whereas b-actin was used as loading
control for all other blots.

Immunohistochemistry

Thirty micrometer-thick brain sections were obtained using a Leica
vibratome slicing system (Leica Microsystems, Bannockburn, IL,
USA), and sections were stored at 4°C in 0.02% sodium azide in
PBS. Immunostaining experiments were conducted as described in
(4).

Antibodies

Anti COX-IV, 1:1000 (Cell Signaling, Danver, MA, USA); anti-
VDAC,1:1000 (Cell Signaling); anti-APP 6E10, 1:3000 (Chemi-
con, Temecula, CA, USA); anti-tau HT-7, 1:3000 (Pierce, Rock-
ford, IL, USA); anti tau AT270, 1:1000 (Biosource, Camarillo, CA,
USA); anti-Ab, 1:200 (Biosource); anti-ATG-7, 1:1000 (Cell Sig-
naling); anti-LC3B, 1:1000 (Cell Signaling); anti Beclin, 1:1000
(Cell Signaling). All of these antibodies are faily specific and
widely used (19, 22, 26, 28, 39).

Proteasome activity assay

Proteasomal activity was assayed by incubating 10 mL of brain
homogenate with 75 mM proteasomal substrates Suc-LLVY-AMC,
Bz-VGR-AMC and Z-LLE-AMC (Enzo Life Sciences, Plymouth
Meeting, PA, USA), which probe for chymotrypsin-like, trypsin-,
and peptidylglutamyl-peptide hydrolyzing-like (PGPH) activities,
respectively. Reactions were carried out in assay buffer [25 mM
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES),
pH 7.5, 0.5 mM ethylenediaminetetraacetic acid (EDTA), 0.05%
NP-40] in a total of 200 mL in black 96-well plates. Substrates were
added immediately prior to readings. Kinetic readings were taken
at 37°C every 1.5 minutes for 60 minutes (excitation 360 nm, emis-
sion 460 nm) using the Synergy HT multimode microplate reader
using the Gen5 software (BioTek, Winooski, VT, USA). Readings
were normalized to protein concentration.

Preparation of isolated mitochondria

Mitochondria were isolated using protocol from (11). MB treated
and untreated 3xTg-AD and NonTg mice were killed by decapita-
tion and brains were quickly dissected on a chilled Petri dish. After
removing the cerebellum, the brain was divided into hemispheres.
One hemisphere was frozen and stored at -80°C for future bio-
chemical analysis, and the second hemisphere was minced and
washed with ice-cold isolation buffer (210 mM mannitol, 70 mM
sucrose, 10 mM HEPES, 1 mM EDTA, 0.45% BSA, 0.5 mM DTT,
and EDTA free complete mini protease inhibitor mixture tablets).
The tissue sample was gently homogenized in 2 mL buffer using a
glass homogenizer (15 strokes). The resulting homogenate was
centrifuged at 1 450 g for 7 minutes at 4°C to remove nuclei and
tissue particles. The supernatant was placed in a new tube and the
low speed centrifugation was repeated once. The supernatant was
then removed, placed in a new tube, and centrifuged at 10 000 g for
5 minutes at 4°C to pellet the mitochondria. The supernatant was
stored for analysis as a cytosolic franction. The mitochondrial
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pellet was then resuspended in 1 mL of ice-cold isolation buffer,
and centrifuged at 830 g for 3 minutes at 4°C. The supernatant was
centrifuged at 10 000 g for 5 minutes at 4°C to collect the final
mitochondria fraction. The supernatant was discarded and the
mitochondrial pellet was resuspended in 200 mL of ice-cold buffer.
Isolated mitochondria were used immediately after preparation.

Free ATP levels and ATP production

ATP levels were measured from cytosolic fraction prepared during
mitochondrial isolation. ATP levels were taken using the ATP
Bioluminescence Assay Kit CLSII (Roche, Mannheim, Germany)
according to manufacturer’s instructions. In brief, 10 mL of cytoso-
lic fraction plus 40 mL of PBS were added to each well in duplicate.
Luciferase reagent was added to wells to final volume of 100 mL
and luminescence was measured using the BioTek SynergyHT
multimode microplate reader in the luminescence mode. Measure-
ments, taken over 15 minute, were normalized to protein concen-
tration. ATP production was measured using ATP Bioluminescence
Assay Kit CLSII (Roche, Mannheim, Germany) according to the
manufacturer’s instructions.

Cytochrome c oxidase (COX) activity and levels

COX levels were measured by Western blot using an antibody
against COX IV subunit of COX. COX activity was measured
using Cytochrome c Oxidase Assay Kit (Sigma, St. Louis, MO,
USA) according to manufacturer’s instructions. Briefly, 5 mL of
mitochondrial fraction was added to 1.1 mL of reaction solution
that contained 50 mL of 0.22 mM fully reduced ferrocytochrome c
by 0.1 M DTT. Activity was calculated by measuring the decrease
of absorbance at 550 nm was recorded for a 1-minute reaction at
10-second intervals. Measurements were normalized to protein
concentration.

Statistical analyses

Statistical analyses were conducted using multifactor analysis of
variance, following by post hoc Bonferoni test to determine indi-
vidual difference among groups. Student t-test where used when
suitable.

RESULTS
To evaluate the effects of MB (Figure 1A) on AD-like pathology,
we treated 6-month-old males NonTg (n = 13) and 3xTg-AD
(n = 17) mice with a 0.025% w/w MB supplemented diet, provided
ad libitum for 16 weeks (Figure 1B). Additionally, age- and gender-
matched NonTg (n = 10) and 3xTg-AD (n = 14) mice were fed the
control diet, which was prepared as described in the methods
section. The concentration of MB was chosen based on previous
reports (3). Mice were monitored daily for general health, and no
observable adverse effects were detected. As mice were grouped
housed, we could not measure the individual amount of food intake.
However, the body weight of mice was monitored weekly, and no
significant differences were observed among the groups through-
out the treatment period (Table 1). T
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MB improves learning and memory in
3xTg-AD mice

After 8 and 16 weeks of treatment, we evaluated the effects of MB
on learning and memory using the spatial references version of the
MWM. This task was chosen because it mainly relays on the hip-
pocampus, a brain region showing severe Ab and tau pathology in
AD patients and in the 3xTg-AD mice (29). Indeed, the 3xTg-AD
mice show hippocampal-dependent learning and memory deficits
(2, 23). The mice were maintained on their respective diets
throughout the behavioral testing period. To measure spatial learn-
ing, mice were given four training trials per day for 5 days. During
the first behavioral testing conducted 8 weeks after the beginning of
the treatment, we observed no changes in learning and memory
between the mice on MB and the genotyped-matched mice on the
control diet (data not shown).

After 16 weeks of treatment, all mice were retested in the MWM.
To avoid savings from the previous exposures to the task, we
changed the extramaze cues and the location of the platform. We
found that on day 4 of training, the MB-treated 3xTg-AD mice
performed significantly better than the 3xTg-AD mice on the
control diet (Figure 1C; P < 0.05). No statistically significant
changes were observed among any of the groups during any of the
other days of training, including after 5 days of training. Although
the reason for this is not completely clear, the lack of statistical
difference on day 5 could be attributed to a plateau effect in the
control mice. Indeed the rate of improvement in the control mice
declines on day 5 (Figure 1C). Notably, the treated 3xTg-AD mice
performed as well as both NonTg groups (Figure 1C). Twenty-four
hours after the last training trial, we conducted probe trials and
found that the 3xTg-AD mice treated with MB reached the plat-
form location significantly faster compared with the 3xTg-AD
mice on the control diet (Figure 1D). Similarly, the number of
platform location crosses and time spent in the target quadrant was
significantly increased for the MB-treated 3xTg-AD mice com-
pared with 3xTg-AD mice on the control diet (Figure 1E–F).
Notably, the MB-treated 3xTg-AD mice performed similar to
NonTg mice by all measures. Finally, we found that the MB-treated
NonTg mice performed as well as NonTg mice on the control diet
(Figure 1D–F). Although it remains to be determined as to why 8
weeks of MB administration had no effects on learning and
memory, it is tempting to speculate that a shorter treatment period
may not be sufficient to reduce Ab levels. Overall, our data indicate
that under the conditions used here, MB treatment rescues spatial
memory in the 3xTg-AD mice.

MB treatment does not affect
mitochondrial function

At the end of the behavioral testing, all mice were killed and their
brains processed for neuropathological and biochemical evalua-
tion. MB has been demonstrated to increase mitochondrial func-
tion in vitro and in vivo (1, 7). This is especially relevant as mito-
chondrial function has been demonstrated to be reduced in AD
patients as well as in several transgenic mouse models (11, 30, 38).
To determine the effects of MB treatment on mitochondria, we first
measured COX levels and its activity and found no significant
changes in the brains of the MB-treated 3xTg-AD mice compared
with 3xTg-AD mice on the control diet (Figure 2A–C). We next

measured free ATP levels from the cytosolic fraction of homog-
enized brains and ATP production in mitochondrial enriched frac-
tions (see methods section), finding no differences in ATP levels or
ATP production between the MB-treated and control 3xTg-AD
mice (Figure 2D). Although the possibility that different concen-
trations of MB could elicit a change in mitochondrial function
cannot be excluded, our results show that under the conditions used
here, MB does not cause significant changes in brain mitochondrial
function in the 3xTg-AD mice.

MB reduces Ab but not tau levels

To determine the consequences of MB treatment on Ab pathology,
we quantitatively measured Ab levels by sandwich ELISA.
Notably, we found that soluble Ab40 and Ab42 levels were sig-
nificantly reduced in the brains of the MB-treated 3xTg-AD
mice compared with the 3xTg-AD mice on the control diet
(Figure 3A,B). Conversely, insoluble Ab40 and Ab42 levels were not
changed by the MB treatment (Figure 3A,B). Although MB sig-
nificantly decreased the steady-state levels of Ab, we found no
changes in Ab immunoreactivity in the brains of treated and
untreated mice as detected by 6E10 and Ab42 specific antibodies
(Figure 3C,D and data not shown). Further studies are needed to
understand the reasons behind this apparent discrepancy; however,
it is tempting to speculate that 16 weeks of MB treatment, at the
dose used here, is not enough to affect Ab accumulation and that a
longer treatment may generate a different outcome on Ab deposits.

In addition to Ab accumulation, the 3xTg-AD mice develop an
age-dependent accumulation of phosphorylated and aggregated tau
(22). Specifically, at 10 months of age, tau in the 3xTg-AD mice is
hyperphosphorylated at Thr212 and Ser214 (as detected by the
AT100 antibody), at Thr181 (as detected by the AT270 antibody),
and Ser202 and Thr205 [as detected by the AT8 antibody (22, 23)].
To determine the effects of MB treatment on tau pathology, we
compared the accumulation and phosphorylation of tau between
the MB-treated and control 3xTg-AD mice. For our analysis, we
focused on the hippocampus as we have previously showed that tau
is highly hyperphosphorylated in CA1 pyramidal neurons (22, 23).
Using Western blot analysis, we found that MB treatment did not
alter the steady-state levels of phosphorylated tau as detected by
the antibody AT270 (Figure 4A,B). To determine whether MB had
any effect on tau mislocalization, we stained brain sections from
MB-treated and control 3xTg-AD mice with the human specific
anti-tau antibody HT7. Consistent with the biochemical data, we
found that MB had no effect on somatodendritic tau accumulation
(Figure 4C,D). These results are in agreement with recent data
demonstrating abnormal tau phosphorylation is not affected by MB
treatment in a transgenic zebrafish overexpressing mutant human
tau (32).

MB increases proteasome activity

Steady-state levels of Ab are the result of the equilibrium between
production and degradation. To determine the mechanism respon-
sible for the reduction in Ab following MB administration, we
initially determined whether the decrease in Ab levels was caused
by the changes in its production by analyzing APP processing by
Western blot. We first measured the steady-state levels of APP
using the antibody 6E10, finding that APP levels showed no alter-
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ations between the MB-treated and the control 3xTg-AD mice
(Figure 5A,B). Subsequently, we measured the levels of C99 and
C83, the two major C-terminal derivatives of APP, using a
C-terminal-specific APP antibody. We found that levels of C99 and
C83 were not changed in the MB-treated 3xTg-AD mice compared
with the 3xTg-AD mice on the control diet (Figure 5A,B). These
data suggest that the MB-mediated decrease in Ab levels is not
caused by the changes in its production.

We next determined whether the MB effects on Ab were medi-
ated by an increase in its degradation via the two major intracellular
quality control systems involved in protein turnover, the ubiquitin-
proteasome system and the autophagic system. To determine
whether MB increases autophagy induction, we measured the
levels of autophagy-related proteins Atg7, Beclin 1 (which are
necessary for autophagy induction) and LC3-II. The latter is com-
monly used to measure the levels of autophagy induction as it is
derived from LC3-I during autophagy induction and incorporated

into the growing membrane of autophagosomes (24). We found
that MB did not alter autophagy induction as the levels of Beclin 1,
Atg 7, and LC3 were not significantly different between the
3xTg-AD mice on MB and the 3xTg-AD mice on the control diet
(Figure 5C,D).

Proteasomal dysfunction has been implicated in AD pathology
in both human and animal models (13, 31). Furthermore, previous
reports have shown that MB decreases Hsp70 activity, which is
involved in protein degradation and proteasome activity (12, 33).
To investigate whether changes in proteasomal activity may
mediate the MB-effect on Ab, we utilized fluorogenic substrates
Bz-VGR-AMC, Suc-LLVY-AMC and Z-LLE-AMC to measure
trypsin-like, chymotrypsin-like, and PGPH activities of the protea-
some in the brains of treated and untreated 3xTg-AD mice.
Although no significant changes were observed in the caspase-like
activity between the two groups (Figure 5G), we found a significant
increase in the trypsin-like activity in the brains of the 3xTg-AD

Figure 2. Methylene blue (MB) does not significantly increase mito-
chondrial function. (A) Representative Western blots of protein obtained
from a mitochondrial enriched fraction from brains of MB-treated (n = 6)
and control 3xTg-AD (n = 5) mice and probed with COX-IV and VDAC
antibodies as a loading control. (B) Densitometric analysis of the blots
revealed no significant change in the COX-IV levels. (C) No changes in
cytochrome c oxidase activity were observed in MB-treated 3xTg-AD
mice (n = 17) compared with 3xTg-AD mice (n = 12) on the control diet.

(D) ATP levels were measured in the cytosolic fraction and no significant
changes were observed in MB-treated 3xTg-AD mice (n = 17) compared
with 3xTg-AD mice on the control diet (n = 13). (E) Kinetic readings were
taken to measure ATP production in the mitochondrial enriched fraction
energized with glutamate and malate by luciferase assay. ATP produc-
tion rates were not significantly changed in MB-treated 3xTg-AD mice
(n = 15) compared with 3xTg-AD mice on the control diet (n = 11). Data
were analyzed using t-test analysis.
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Figure 3. Methylene blue (MB) reduces Ab
levels in 3xTg-AD mice. (A–B) MB significantly
decreased soluble Ab42 and Ab40 levels as
measured by enzyme-linked immunosorbent
assay. Data obtained from 12 3xTg-AD on MB
and 7 3xTg-AD on the control diet. (C–D)
Representative microphotographs depicting CA1
pyramidal neurons of MB-treated and untreated
3xTg-AD stained with 6E10 antibody. Notably,
these results were also confirmed with Ab42
specific antibodies. Sections from five different
3xTg-AD mice on MB were compared with
sections from five different 3xTg-AD on the
control diet. Inserts represent higher
magnification views of panels C and D. Data are
presented as � standard error of the mean and
analyzed by t-test analysis. * indicates P < 0.05.

Figure 4. Methylene blue (MB) does not affect
tau pathology in 3xTg-AD. (A) Representative
Western blots of proteins extracted from brains
of 3xTg-AD mice and probed with human tau
specific antibody HT7, phospho-specific antibody
AT270 (which recognize tau phosphorylated at
Thr181) with b-actin as a loading control. (B)
Densitometric analysis of blots (normalized to
b-actin) indicates that MB has no effect on tau
accumulation or phosphorylation. Data obtained
from five treated and five untreated 3xTg-AD
mice. (C–D) Representative microphotographs of
CA1 pyramidal neurons stained with anti-tau
antibody HT7 indicate that MB does not alter tau
mislocalization. Five mice/treatment were
analyzed. Data are presented as � standard error
of the mean and analyzed by t-test analysis.
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mice following MB treatment (Figure 5F). Similarly, MB sig-
nificantly increased the chymotrypsin-like activity (Figure 5E).
Although further studies are needed to elucidate the mechanisms
by which MB increases proteasome activity, taken together our data
provide strong supporting evidence for a proteasomal involvement
in the MB-mediated decrease in soluble Ab levels and the associ-
ated cognitive deficits.

DISCUSSION
In vitro evidence from various laboratories demonstrated that MB
inhibits the formation of inclusions made of different proteins,
including Ab oligomers, tau, and TDP-43 (9, 35, 37). A recent in
vivo study also highlighted the ability of MB to prevent aggrega-
tion and deposition of polyglutamine in Zebrafish (32). More
important, the results of a recent phase II clinical trial showed that
MB arrests disease progression in mild and moderate AD cases
over 50 weeks (9). Despite the results of the clinical trial, no pre-
clinical work in mammals has been reported. Therefore, there is an
urgent need for studies aimed at addressing the mechanism of
action of MB in relation to AD. Toward this end, transgenic models
of AD are a valuable tool. In this study, we show that 16 weeks of
MB administration improved learning and memory deficits in
3xTg-AD mice, consistent with the results of the phase II clinical
trial.

The early learning and memory deficits in the 3xTg-AD mice are
caused by the accumulation of soluble Ab (2, 23). Indeed, we have
previously shown that small decreases in soluble Ab levels are
sufficient to ameliorate learning and memory deficits in young but
not in old 3xTg-AD mice, where the behavioral deficits are exacer-
bated by the concomitant development of tau pathology (2, 21, 23).
Consistent with these reports, here we show that MB-mediated
decreases in soluble Ab levels are sufficient to rescue early learning
and memory deficits in the 3xTg-AD mice. Although we cannot
exclude that other pathways may be involved, the mechanism
underlying the decrease in Ab levels appears to be mediated by an
increase in proteasome function. Toward this end, here we show no
changes in APP processing, although two out of three enzymatic
activities of the proteasome increased. Our results are consistent
with data showing that soluble Ab can be degraded by the protea-
some. Furthermore, an increase in proteasome function may
explain the effects of MB on other proteins inclusions such as
TDP-43 and polyglutamine (32, 37).

Under the conditions used here, MB did not rescue tau mislocal-
ization and phosphorylation. These data appear to be in contradic-
tion with earlier studies showing that MB can alter tau aggregation
in vitro (35). However, it should be noted that these in vitro results
were obtained using very high concentrations of MB, which
showed to reduce tau aggregation and not phosphorylation (35).
Here we could not assess the effects of MB on tau aggregation as at

Figure 5. Methylene blue (MB) increases
proteasome activity. (A) Representative Western
blots of proteins extracted from brains of
MB-treated and control 3xTg-AD mice probed
with antibodies 6E10, CT20 and b-actin as a
loading control. (B) Densitometric analysis of
blots (normalized to b-actin) indicates that the
steady-state levels of APP and the two major
c-terminal fragments (C99 and C83) were not
affected by MB treatment. Data obtained from
five treated and five untreated 3xTg-AD mice. (C)
Representative Western blots of proteins
extracted from brains of MB treated and control
3xTg-AD mice probed with different autophagy
markers. (D) Densitometric analysis indicates that
MB does not significantly affect the steady-state
levels of Beclin-1 (Bec-1), ATG-7 or LC3B. Data
obtained from five treated and five untreated
3xTg-AD mice. (E–G) Brain homogenates from
MB-treated (n = 12) and control (n = 6) 3xTg-AD
mice were analyzed for proteasome activity. The
data show that MB increases the chymotrypsin-
and trypsin-like activity, although it has no effect
on the peptidylglutamyl-peptide hydrolyzing
(PDPH) activity. Data are presented as
means � standard error of the mean and
analyzed by t-test analysis. *indicates P < 0.05.
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the age used, the 3xTg-AD mice have yet to develop tau aggregates.
Although, we cannot exclude that increasing the dose and/or the
duration of the MB treatment may ameliorate tau pathology, the
data presented here is consistent with a recent report showing that
MB does not affect abnormal tau phosphorylation in zebrafish (32).

Also consistent with the data presented here, previous reports
indicate that decreasing soluble Ab alone is sufficient to rescue
learning and memory in the presence of early tau pathology (2, 21).
However, we also have shown that after the tau pathology is well
established and NFTs are formed, the decrease of soluble Ab alone
is not sufficient to rescue learning and memory (21). Although the
effects of MB on tau aggregation in mammals remain to be deter-
mined, if confirmed in other animal model, our data would suggest
that MB treatment may be more beneficial early in the disease
process.
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