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Highlights

® C(lioquinol rescues parkinsonism phenotype and increases nigral tyrosine hydroxylase
activity in aged tau knockout mouse

® C(lioquinol rescues cognitive phenotype in aged tau knockout mouse and elevates
neurotrophins

® Clioquinol selectively reverses iron accumulation in aged tau knockout mouse



Abstract

Iron accumulation and tau protein deposition are pathological features of Alzheimer’s (AD) and
Parkinson’s diseases (PD). Soluble tau protein is lower in affected regions of these diseases, and
we previously reported that tau knockout mice display motor and cognitive behavioral
abnormities, brain atrophy, neuronal death in substantia nigra, and iron accumulation in the brain
that all emerged between 6 and 12 months of age. This argues for a loss of tau function in AD and
PD. We also showed that treatment with the moderate iron chelator, clioquinol (CQ) restored iron
levels and prevented neuronal atrophy and attendant behavioral decline in 12 month old tau KO
mice when commenced prior to the onset of deterioration (6 months). However, therapies for AD
and PD will need to treat the disease once it is already manifest. So, in the current study, we
tested whether CQ could also rescue the phenotype of mice with a developed phenotype. We
found that 5 months treatment of symptomatic (13 month old) tau KO mice with CQ increased
nigral tyrosine hydroxylase phosphorylation (which induces activity) and reversed the motor
deficits. Treatment also reversed cognitive deficits and raised BDNF levels in hippocampus,
which was accompanied by attenuated brain atrophy, and reduced iron content in the brain. These
data raise the possibility that lowering brain iron levels in symptomatic patients could reverse

neuronal atrophy and improve brain function, possibly by elevating neurotrophins.
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Introduction

Alzheimer’s disease (AD) and Parkinson’s disease (PD) are both age-dependent chronic
neurological disorders, which pathologically feature protein aggregation and iron accumulation in
the affected brain regions (1, 2). Despite significant efforts made in last two decades, there is still
no disease modifying treatment for either disease. Most recently, a number of large Phase III
clinical trials targeting B-amyloid aggregation, a key feature of AD, were conducted, but failed to
demonstrate efficiency (3-5). It is therefore of crucial importance to search for alternative drug

targets that may modify the disease symptoms.

Tau protein is extensively implicated in the pathogenesis of AD and considered as a potential
drug target (6). Recent genome-wide association studies identified a significant association
between the MAPT locus and sporadic PD (7, 8), indicating a possible pathological link between
tau and PD. The link was supported by pathological findings including the interaction between
a-synuclein and tau, and the presence of tau in the Lewy bodies of typical PD (7, 9). Furthermore,
tau mutations cause atypical PD syndromes, such as progressive supranuclear palsy, and
corticobasal degeneration (6). While the hyperphosphorylation of tau causes toxicity (10),
increasing evidence also supports a possible role for functional loss of tau protein in both
diseases, as soluble tau is reduced in the affected regions in both disorders (11-13). We previously
reported that tau knockout mouse display progressive motor and cognitive behavioral abnormities,
brain weight loss and brain-wide atrophy, loss of key proteins involved in memory formation,
neuronal death in substantia nigra (SN), dopamine loss and tyrosine hydroxylase (TH) terminal
loss in the caudate-putamen (CPu), as well as iron accumulation in the brain; all of which are
features of neurodegeneration (11, 14). Others showed that tau knockout mice (on a different
genetic background) display progressive motor and cognitive deficits, in association with loss of
microtubule associated proteins other than tau, and the phenotypes can be prevented by an
anti-oxidant (15). Although the cognitive phenotypes of tau knockout mouse may depend on its
genetic background and food (16, 17), the tau knockout mouse remains to be a useful model of

aged-associated neurodegeneration which can be utilized for drug discovery.



We have previously shown that 5-chloro-7-iodo-quinolin-8-o0l (clioquinol, CQ) treatment
prevented the progression of these phenotypes (treatment from 6-months of age), through
prevention of iron accumulation in key regions of the brain (11). CQ is an 8-hydroxyquinoline
derivative that was widely used as an anti-parasitic agent until the 1970s, when it was withdrawn
because of suspected severe adverse effects in a Japanese population (18, 19). It was rediscovered
in 2000s to be a drug candidate for Alzheimer’s disease since treatment with CQ rapidly reduced
plaques in Tg2576 transgenic mice (20). It was later found that CQ also showed beneficial effects
in cellular and animal models of PD (11, 21-23), Huntington’s disease (HD) (24), cancer (25-27),
and it can protect against aging sequelae (28, 29). It also was tested in a phase 2 clinical trial in
AD, which reported that it was well tolerated and that treatment slowed cognitive deterioration
(30). It is proposed that CQ is neuroprotective, and functions by chaperoning the biometals (31,
32), involved in disease pathogenesis (33). More specifically, CQ is found to be a copper and zinc
ionophore (32), and a moderate iron chelator (21). The second generation of CQ, PBT2, was
reported to be safe and beneficial for AD and HD patients in Phase II clinical trials (34, 35).
Other iron chelation therapies have also been tested preclinically and clinically for AD and PD,

and showed positive outcomes (21, 36-45).

Our previous results demonstrating the efficacy of CQ in tau KO mice were from a prevention
experimental paradigm, where the drug administration commenced before symptom onset. But a
therapy for neurodegenerative disorders will require drug treatment after disease manifestation.
So, in the current study, we explored whether CQ treatment to symptomatic (13 month old) tau

knockout mice would rescue behavioral, biochemical and neuroanatomical deficits.

Results

CQ rescues behavioral disability of symptomatic tau KO mice

Tau knockout mice commenced CQ therapy (30mg/kg/day) at 13-months of age and were treated

for 5 months. Mice were monitored every three weeks by accelerating rotarod test as well as pole



test during the CQ treatment period. The mice were symptomatic at the commencement of the
study, displaying impairment in rotarod, pole test and Y-maze, but had normal body weight, when

compared to 12-month old wild-type historic controls (11, 14).

CQ treatment did not alter the body weight of mice compared to sham-treatment over the
treatment period (Fig 1a), but treatment significantly improved motor performance at each
interval on rotarod (Fig 1b) and pole test (Fig 1c). In the rotarod test, CQ-treated mice could
maintain balance on the rod significantly longer after 6 weeks treatment compared to
sham-treated mice (p=0.044), or the starting point (p=0.009 for 21 days; p<0.001 for 42 days, 63
days, or 84 days; Fig 1b). The improvement was maintained over the remainder of the treatment
interval (p=0.006 at 63 days; p=0.041 at 84 days). CQ treatment also improved pole test
performance after 3 weeks; treated mice required significantly shortened time to turn on the pole
(p=0.009 compared to sham-treated; p<0.001 compared to starting point; Fig 1¢). Repeated pole
tests did not cause changes in performance for sham-treated mice, consistent with previous

findings (46).

4 months of CQ-treatment also caused an improvement in the frequency of entries into the novel
arm of the Y-maze compared to sham-treated mice (p=0.047, Fig 1d), without affecting the total
entry time in Y maze test (data not shown), indicating that CQ treatment improved cognitive

function.

Motor and cognitive improvement by CQ is associated with restored iron levels in associated

brain regions

We previously showed that CQ reduced iron levels in the primary neuronal culture, and prevented
iron accumulation in the brain of tau knockout mouse (11). In the current study, tau knockout
mice, which have elevated brain iron at 13 months when the treatment commenced (11), showed
significantly less iron content in hippocampus (-20%, p=0.0047) and SN (-17%, p=0.0102) after
5 months of treatment (at 18-months of age, Fig 2a) compared to sham-treated mice. Iron levels

in liver were unaffected (Fig 2a). Copper and zinc levels in all examined brain regions were



unaltered by CQ treatment (Fig 2b-c¢), consistent with previous findings (11).

Increased TH activity is associated with improvement of motor function by CQ

Previously we found that CQ prevented functional motor decline by preventing iron
accumulation, which then preserved the SN neurons (11). Iron chelation was previously reported
to reverse the motor disability by restoring SN neuron number, striatal dopamine levels and TH
connection in a mouse model of PD (47, 48). We found that the improvement in motor and
cognitive phenotype that we observed when CQ treatment was initiated after symptom onset was
not associated with a restoration in SN neuron number (Fig 3a), or striatal dopamine levels (Fig
3b), although the treatment did normalize iron elevation in the nigra and hippocampal brain
regions (Fig 2a). Lowering iron increases TH phosphorylation and enzyme activity (49, 50).
Indeed, we found that CQ treatment increased the phosphorylation of TH at Ser40 (+101%,
p=0.016), without affecting TH total protein expression in SN (Fig 3c-e). In addition, we found
that the striatal region of CQ-treated mice was significantly larger than sham-treated mice (+13%,
p=0.047), and TH expression in the striatum was significantly increased comparing to
sham-treated mice (+36%, p=0.037; Fig 3f-h). Although steady-state dopamine levels were not
increased in the striatum of the CQ-treated mice, the increase in phosphorylated TH in the nigra,
together with increased TH density on the striatal projection field, indicates that the improved
motor performance in the CQ-treated animals may be due to increase in dopamine delivery

efficiency.

CQ therapy attenuates brain atrophy and increases neurotrophins

We previously found that tau knockout mice at 12 months of age had significantly lighter brains
compared to WT, reflecting brain atrophy (11). In the current study, treatment with CQ did not
alter brain wet weight (Fig 4a). However, consistent with improved cognitive performance in the
Y-maze, CQ treatment of tau knockout mice from 13 to 18 months of age rescued the
enlargement of lateral ventricle (-43%, p=0.032), cortical thickness (+6.5%, p=0.043; Fig 4b), in

addition to preventing loss of CPu (Fig. 3g). Corpus callosum thickness (Fig 4b), the thickness of



the cerebellar granular layer, and 4™ ventricular area (data not shown) were unaltered.

We previously found that key proteins involved in memory formation were reduced in 12-month
old tau knockout mice (11). Here, we found that treatment with CQ restored the levels of BDNF
(+33.5%, p=0.011) and proBDNF (+31.4%, p=0.046; Fig 4c-e) in the hippocampus, consistent

with improved cognitive performance and attenuated brain atrophy.

Discussion

Our current study reconfirms the cognitive and motor neurodegenerative phenotype of tau
knockout mice at a more advanced age than our previous reports (11, 14). Since we previously
demonstrated the phenotype in two separate cohorts (11, 14), here we included only historic
controls as dimensional comparators for the phenotype, which is a caveat in estimating the degree
of pathology associated with the mutant. Nevertheless, the surprising finding was that despite the
presence of established neurodegenerative features of atrophy and nigral dopaminergic loss, CQ
treatment could reverse some of these losses. This indicates that some trophic mechanism has

likely been induced.

We found that CQ treatment increased BDNF levels in hippocampus (Fig 4c-e), and increased
TH activity in SN (Fig 3c-e) of mice that already expressed AD and PD phenotypes. A
loss-of-function mutation of BDNF impairs cognitive function (51). We hypothesize that CQ
induces increased BDNF by lowering iron levels (Fig. 2a), because previously iron chelators
have been reported to improve cognitive function and simultaneously increase brain BDNF in the
treatment of various neurodegenerative animal models (52-54). Further mechanistic studies of the
relationship between BDNF expression or processing and cellular iron levels are warranted.
Although CQ has been previously shown to affect copper and zinc, we excluded this as neither
copper nor zinc were affected by loss-of-tau (11), or CQ treatment in this study (Fig 2).
Correcting iron overload lowers the oxidative stress burden of neurons by preventing hydroxyl

radical formation by labile iron (1). Reducing oxidative stress can therefore attenuate the



progression of neuronal loss, and, indeed, antioxidant treatment in tau knockout mice has been

reported to rescue the phenotype (15).

TH phosphorylation (and activity) is known to be regulated by iron (49), and increased TH
activity enhances dopaminergic function (55, 56). We hypothesize that iron chelation by CQ in
areas where cell loss is already manifest promotes neurotrophic sequelae to combat
neurodegeneration. It is conceivable, therefore, that reducing iron overload in AD and PD might
arrest future decline by preventing oxidative stress, maximizing synaptic dopamine turnover,

increasing neurotrophins, and lead to improved motor and cognitive behaviors.

No disease modifying therapy currently exists for AD or PD. As no prognostic biomarker with
sufficient accuracy can determine who will develop the disease, a disease modifying therapy for
these disorders must be effective after symptomatic onset, where neuronal loss has begun. Iron
could be a common target for these diseases. In AD, we found that reduced tau prevented APP
trafficking to cell surface where it is needed to facilitate iron export by ferroportin (11, 57-59). In
PD, we found evidence that nitric oxide suppressed APP expression, and, with loss of soluble tau
further limiting the presentation of APP in cell surface, results in nigral iron accumulation (11,
60). Here we show using the tau knockout mouse model that normalizing iron content in the
brain has the potential to confer disease-modifying benefit after symptom onset. CQ was tested in
a pilot randomized phase 2 clinical trial of AD, and reported significant attenuation of cognitive
deterioration over 9 months (30). Other iron chelators, deferiprone and desferioxamine have
shown positive results in phase Il clinical trials of PD and AD respectively (36, 45) - some of the
few examples of positive clinical trial data for these diseases. The current study supports iron

mitigation as a potential strategy to treat AD and PD that warrants further investigation.

Methods

Mice and mice tissue preparation. All mice were housed in a conventional animal facility

according to standard animal care protocols and fed standard laboratory chow (Meat Free Rat and
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Mouse Diet, Specialty Feeds, Australia) and tap water ad libitum. All animal procedures were
approved by the Florey Institute animal ethics committee (10-017) and were performed in
accordance with the National Health and Medical Research Council guidelines. Tau knockout
mice (Dawson et al. 2001) and background C57BI16/SV129 mice were raised under the same
conditions, maintained homozygously, and mutants were backcrossed to the parental inbred strain
every 3 generations. To obtain the mouse brain, mice were euthanized with an overdose of
sodium pentobarbitone (Lethabarb, 100mg/kg) and perfused with ice-cold saline. Body weight
and total brain wet weight were recorded. The right brain hemisphere was micro-dissected and
stored at -80°C until required. The left brain hemisphere was fixed in 4% paraformaldehyde for
24 h, and then transferred to 30% Sucrose + PBS (pH 7.4) and kept at 4°C overnight for tyrosine

hydroxylase (TH) immunohistochemistry and brain section analysis.

CQ treatment. Tau knockout mice commenced CQ feeding from 13-months of age. Mice were
fed a diet of rodent chow mixed with 0.25g/kg (equivalent to dosing ~30mg/kg/day) of CQ
(Specialty Feeds, Western Australia) for 5 months and then sacrificed. Performance tests were

performed every 3-4 weeks to monitor the effects of CQ.

Anatomical morphology from brain slice. The anatomical morphology was examined as
previously described (11). Briefly, CPu and cerebellum sections from mice were sectioned using
a Leica Cryostat set at 50um thickness and areas of interest were measured using Image-J
(v1.49b, NIH), using landmarks (anterior commissure for CPu and flocculus for cerebellum) to
identify the level of coronal sectioning (bregma 0.26+0.01mm and bregma -6.12+0.01mm). Two
sections per mouse per area were analyzed. CPu area was defined by the boundaries of corpus
callosum, lateral ventricle, and anterior commissure. Corpus callosum, neocortical and cerebellar

cortical thicknesses were averaged from 5 measurements. All quantifications were blinded.

Y maze test. Y maze test was performed as previously described (11). Briefly, all mice were
subjected to a 2-trial Y-maze test separated by a 1-h inter-trial interval to assess spatial

recognition memory, with all testing performed during the light phase of the circadian cycle.



Behaviors were recorded on video during a 5 min trial and Ethovision video-tracking system
(Noldus, Netherlands) was used for analysis. Data are expressed as the percentage of frequency

for novel arm entries made during the 5-min trial.

Pole Test. Pole test was performed as previously described (11). Briefly, mice were placed
vertically on a 30cm vertical, 1cm diameter pole, where mice make an 180° turn and return to the
base of the pole, which is placed in their home cage. On the day prior to testing (day 1), the
animals were habituated to the pole and were allowed five consecutive trials. Animals were then
recorded via digital video on the test day (day 2). The amount of time was recorded for the
interval for the mouse to turn toward the ground (time to turn), and for the interval to reach the
ground (time to finish). Each mouse underwent five trials and the average was used in analysis.

When mice were unable to turn and fall down from the pole, it is determined as incomplete trial.

Accelerated rotarod test. Rotarod test was performed as previously described (11). Briefly, mice
were assessed using a Panlab Rotarod apparatus in an accelerating model with triplicate
measurements (maximum time of 2.5 min; speed increases every 8s). The time on the rod as well

as the final speed of the rod was recorded and the triplicates averaged for analysis.

Tyrosine hydroxylase immunohistochemistry. TH immunohistochemistry was performed as
previously described (11). Briefly, brains were immersion fixed (4% paraformaldehyde)
overnight and then cryoprotected in 30% sucrose/PBS until frozen sectioned on a calibrated Leica
Cryostat in 30 um sections for SN. Sections (1:3 series) were collected through the SN pars
compacta (SNpc) (anteroposterior -2.92 to -3.64 mm from bregma, Mouse Atlas Figure 55 to
Figure 61), generating 8 sections per mouse (the second of the three sections was analyzed). After
brief fixation (4% paraformaldehyde for 30 seconds), the sections were blocked in 3% normal
goat serum (Millipore) and incubated with primary anti-TH rabbit polyclonal (1:3000, Millipore)
overnight. The sections were then incubated with goat anti-rabbit secondary HRP-conjugated
antibody for 3 hours (Millipore), followed by diaminobenzidine solution (1% w/v in PBS + 1%
w/v CoCl,, 1% w/v NiSQO4) + 3% w/v hydrogen peroxide (1:3000). SN TH immunostained slides
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were counter-stained with Neutral Red to visualize the Nissl substance in all neurons, and then
were mounted on Superfrost-Plus slides. The intensity of TH in the CPu was then quantified by

ImagelJ (1.49b, NIH), using cortex as background control.

Stereological estimation of nigra neurons. SN neuron number was estimated as previously
described (11). Briefly, TH-positive and TH-negative, Nissl-positive neurons were scored
according to the optical fractionator rules, using an unbiased counting frame of x=35 um, y =45
um at regular intervals on a sampling grid of x=140 pm, y=140 pm, viewed with a 60 x 1.3 N.A.
oil objective (DMLB Leica Microscope) by the morphometry and design-based stereology
software package (Stereo Investigator 10.04, Microbrightfield, Colchester, VT). The coefficients
of error (CE) and coefficients of variance (CV) were calculated as estimates of precision and

values of <0.1 were accepted.

Dopamine and Dopac measurement. Dopamine metabolites were measured as previously
described (11). Briefly, CPu tissues were homogenized in HPLC sample buffer (0.4M perchloric
acid, 0.15% sodium metabisulfite and 0.05% EDTA) before centrifugation at 10,000 g at 4 °C for
10 minutes. Supernatants were used for dopamine measurement by a HPLC system (ESA
Biosciences; model 584) coupled to an electrochemical detector (ESA Biosciences; Coulochem
IIT detector) (E1:-150 mV, E2:+220 mV, and guard cell: +250 mV). 50 uL was injected onto a
MD-150 reverse phase C18 column (ESA Biosciences) and elution was performed at a flow rate
of 0.6 ml/min in the mobile phase (75 mM sodium dihydrogen phosphate, 1.7 mM
I-octanesulfonic acid sodium salt, 100 mL/L triethylamine, 25 mM EDTA, 10% acetonitrile, pH
3). Peaks were identified by retention times set to known standards. Data were normalized to wet

weight tissue.

Western Blot. Samples from each experiments were homogenized in PBS (pH=7.4) with
EDTA-free protease inhibitor cocktail (1:50, Roche) + phosphatase inhibitors I and II (1:1000)
and centrifuged at 40,000 g for 30 minutes. Protein concentration was determined by BCA

protein assay (Pierce). Aliquots of homogenate with equal protein concentrations were separated
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in 4-12% bis-Tris gels with NuPAGE MES running buffer (Invitrogen), and transferred to
nitrocellulose membranes by iBlot (Invitrogen). The membranes were blocked with milk (10%
w/v) and probed with appropriate primary and secondary IgG-HRP conjugated antibodies (Dako).
Enhanced chemiluminescence detection system (GE Healthcare) was used for developing and
Fujifilm LAS-3000 was used for visualization. Densitometry quantification of immunoreactive
signals was performed by ImagelJ (1.49b, NIH) and normalized to the relative amount of -actin
and expressed as percentage of the mean of the control group. The following antibodies were
used in current study: anti-B-actin (Sigma); anti-BDNF (Abcam); anti-ProBDNF (Biosensis);

anti-TH (Millipore); anti-pTH-Ser40 (PhosphoSolutions).

Metal Analysis. Metal content was measured as previously described (11). Briefly, samples from
each experimental condition were freeze-dried, and then re-suspended in 69% nitric acid
(ultraclean grade, Aristar) overnight. The samples were then heated for 20 min at 90 °C, and
equivalent volume of hydrogen peroxide (30%, Merck) was added for further 15 min incubation
at 70 °C. The samples were diluted in double-distilled water and assayed by inductively coupled
plasma mass spectrometer (Ultramass 700, Varian). Each sample was measured in triplicate and

the concentrations determined from the standard curve were normalized to wet tissue weight.

Statistics. Statistical analysis was carried out in Prism 6 (GraphPad Software Inc). All tests were
two-tailed, with the level of significance set at 0.05. Detailed tests used in each experiment are

described in Figure legends.
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Figure legends

Figure 1. CQ treatment from 13 months of age rescues behavioral impairment in tau knockout
mice. a) No differences were found in the body weights of mice treated with CQ. Two-way
ANOVA: no significant effects of duration (p = 0.929), treatment (p = 0.934), nor interaction (p =
0.791). b) Rotarod test showed that CQ treatment rescued motor performance. Two-way ANOVA:
treatment duration (p < 0.001), treatment (p = 0.012) effects and interaction (p = 0.036). ¢) CQ
rescued pole test performance. Two-way ANOVA: treatment duration (p < 0.001), treatment (p <
0.001) effects and interaction (p = 0.033). d) Cognitive impairment in tau knockout mice was
rescued by CQ treatment, evidenced by the significant elevation of frequency to enter the novel
arm in Y maze test (two-tailed t-test). Dotted lines indicate our previously-reported mean values
for wild-type mice at 12 months of age as a comparator (11). n=7 per treatment. Data are means =+
S.E.M. *p<0.05, **p<0.01, versus the performance of sham-treated mice (Sidak post hoc test).

##p< 0.01, ###p< 0.001, versus the starting point (Sidak post hoc test).

Figure 2. Metal content in sham-treated and CQ-treated tau knockout mice. a-c) Metal levels in
hippocampus, SN and liver of tau KO mice after treatment with CQ for 5 months from
12.5-month-old. Significant reductions of iron (a) in the brain were found after CQ-treatment
(p=0.003 for hippocampus, and p=0.007 for SN, two-tailed t-test). No differences of copper (b)
or zinc (¢) were found in CQ-treated mice compared to sham-treated mice. Dotted lines indicate
our previously-reported mean values for wild-type mice at 12 months of age as a comparator (11).

n=7 per group. Data are means + S.E.M. **p<0.01.

Figure 3. CQ treatment rescues SN TH activity and TH density in CPu. a) CQ treatment did not
affect the SN neuron survival (two-tailed t-test). b) CQ treatment did not change CPu dopamine
and DOPAC levels (two-tailed t-test). ¢) Representative western blots of TH, pTH (Ser40), and

actin in the SN of mice. d) Densitometry analysis of ¢), normalized to B-actin, suggested that SN
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TH levels were unaffected by CQ treatment (two-tailed t-test). ) TH activity (measured by the
ratio between TH expression and pTH-Ser40 expression, (50)) is significantly elevated by CQ
treatment (two-tailed t-test). f) Representative TH-stained coronal sections of cerebrum from
sham-treated (left) and CQ-treated (right) mice. Landmark (anterior commissure) was used to
identify the level of coronal sectioning (bregma 0.26+0.01mm). Scale bars, 1.25 mm. g) CPu size
is significantly greater with CQ treatment (two-tailed t-test). h) TH immunoreactive density in
CPu is significantly elevated in CQ-treated tau knockout mice (two-tailed t-test). Dotted lines
indicate our previously-reported mean values for wild-type mice at 12 months of age as a

comparator (11). n=7 per treatment. Data are means + S.E.M. *p<0.05.

Figure 4. CQ treatment rescues cognitive function of tau knockout mice. a) No differences were
found in the brain wet weights of mice treated with CQ (p = 0.896, two-tailed t-test). b)
Enlargement of the lateral ventricular area (LV) was significantly less in CQ-treated mice
compared to sham-treated, accompanied by significantly greater neocortical thickness (Ctx).
Corpus callosum thickness (cc) was not affected by CQ treatment (two-tailed t-test). c¢)
Representative western blots of BDNF, proBDNF, and actin in the hippocampal region of mice.
d-e) Densitometry analysis of ¢), normalized to B-actin, indicated significant elevations in levels
of BDNF (d) and Pro-BDNF(e, two-tailed t-test). Dotted lines indicate our previously-reported
mean values for wild-type mice at 12 months of age as a comparator (11). *p<0.05, versus the

performance of sham-treated mice.
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