Neuroscience 223 (2012) 102-113
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Abstract—Aging is, by far, the greatest risk factor for most
neurodegenerative diseases. In non-diseased conditions,
normal aging can also be associated with declines in cogni-
tive function that significantly affect quality of life in the
elderly. It was recently shown that inhibition of Mammalian
TOR (mTOR) activity in mice by chronic rapamycin treat-
ment extends lifespan, possibly by delaying aging {Harri-
son, 2009 #4}{Miller, 2011 #168}. To explore the effect of
chronic rapamycin treatment on normal brain aging we
determined cognitive and non-cognitive components of
behavior throughout lifespan in male and female C57BL/6
mice that were fed control- or rapamycin-supplemented
chow. Our studies show that rapamycin enhances cognitive
function in young adult mice and blocks age-associated
coghnitive decline in older animals. In addition, mice fed with
rapamycin-supplemented chow showed decreased anxiety
and depressive-like behavior at all ages tested. Levels of
three major monoamines (norepinephrine, dopamine and
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5-hydroxytryptamine) and their metabolites (3,4-dihydroxy-
phenylacetic acid, homovanillic acid, and 5-hydroxyindol-
acetic acid) were significantly augmented in midbrain of
rapamycin-treated mice compared to controls. Our results
suggest that chronic, partial inhibition of mTOR by oral rap-
amycin enhances learning and memory in young adults,
maintains memory in old C57BL/6J mice, and has con-
comitant anxiolytic and antidepressant-like effects, possi-
bly by stimulating major monoamine pathways in brain.
© 2012 IBRO. Published by Elsevier Ltd. All rights reserved.
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INTRODUCTION

The target of rapamycin (TOR) is a major cellular signaling
node that controls cellular metabolism and organismal
lifespan in invertebrates and mammals (Kapahi and Zid,
2004). Mammalian TOR (mTOR) controls cell growth,
proliferation, and survival through two distinct multiprotein
complexes, mMTORC1 and mTORC2. mTORC1 functions
as a nutrient/energy/redox sensor and controls protein
homeostasis. mMTORC2 activates Akt/protein kinase B
(PKB) by phosphorylation of Ser473 (Martin and Hall,
2005). This event inhibits the activity of FoxO
transcription factors, which have a central role in the
control of metabolism, cell stress resistance and
autophagy (Michalek and Rathmell, 2008; Salih and
Brunet, 2008). In addition, mTOR is involved in the
modulation of long-lasting synaptic plasticity (Hoeffer and
Klann, 2009). Although acute inhibition of mTOR has
generally been associated with defects in long-term
plasticity required for memory (Tang et al.,, 2002),
inhibition of MTOR can also block the opposite process,
the long-term reduction in synaptic responsiveness or
long-term depression (LTD) (Huber et al., 2001).
Moreover, disruption of signaling mechanisms that inhibit
mTOR results in high mTOR activity and significant
plasticity and memory deficits (Hoeffer and Klann, 2009).
These observations suggest that mTOR does not act
as a synaptic ‘on-off switch but may serve as a rheo-
stat that modulates long-lasting synaptic change. The
mechanisms by which mTOR inhibits memory have not
been explored. Partial inhibition of mTOR function in vivo
in rodent experimental models became possible only
recently, when a method for effective chronic oral delivery
of this drug was developed and used to establish that
chronic systemic inhibition of mTOR in mice extends
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lifespan (Harrison et al., 2009). In agreement with
these studies, we previously showed that treatment of
mice modeling Alzheimer's disease (AD) fed with the
same rapamycin-supplemented diet that extends lifespan
blocked AD-like impairments in spatial learning and
memory (Spilman et al., 2010). To explore the effect of
chronic rapamycin treatment on normal brain aging we
determined cognitive and non-cognitive components of
behavior in C57BL/6J animals that were fed control- or
rapamycin-supplemented chow at different ages through-
out their lifespan, and for periods ranging from 8 to
40 weeks. Our results demonstrate that rapamycin
treatment enhances cognitive function in young C57BL/
6J mice and blocks age-associated cognitive decline in
older animals. In addition, our data suggest that
rapamycin has anxiolytic and antidepressant-like effects
at all ages tested. Levels of three major monoamines
(norepinephrine, dopamine and 5-hydroxytryptamine)
were significantly augmented in midbrain of rapamycin-
treated mice, suggesting that the effects of rapamycin on
cognitive and non-cognitive components of behavior may
be explained by the stimulation of major monoamine
pathways in brain.

EXPERIMENTAL PROCEDURES
Mice

Mice used in these studies were C57BL/6J obtained from
the Jackson Laboratories (JAX, Bar Harbor, ME, USA) or
were non-transgenic mice arising from crosses of C57BL/6J
breeders from JAX and heterozygous transgenic hAPP(J20)
mice fully congenic in the C57BL/6J background as indicated in
the figure legends and in the Results section. The twenty-five
month-old C57BL/6 mouse group was purchased from Charles
River. Numbers of animals per experimental group are
indicated in the legends to the figures.

Rapamycin treatment

Mice were fed chow containing either microencapsulated
rapamycin or a control diet as described by Harrison et al.,
2009. Rapamycin was used at 14 mg per kg of food, verified by
high performance liquid chromatography (HPLC). On the
assumption that the average C57BL/6J mouse weighs 30 g and
consumes 5 g of food/day, this rapamycin concentration in the
chow results in an average dose of 2.24 mg rapamycin per kg
body weight/day (Harrison et al., 2009). All mice were given ad
libitum access to rapamycin or control food and water for the
duration of the experiment. Body weights and food intake were
measured weekly. Duration of rapamycin treatment for different
groups is indicated in the Results section.

Passive avoidance

Aninhibitory avoidance task was used to test long-term memory of
an aversive event. Animals were habituated to the testing
apparatus on day 1 by being placed in a lit chamber of a
GEMINI active and passive avoidance system, a trough-shaped
alley where two compartments (one lighted and one dark) are
separated by a guillotine-like door. During the first 30 s (sec) of
habituation the guillotine door was down. After 30 s the door was
opened, allowing mice access to a similar but darkened
chamber. At any point, mice that failed to enter the darkened
chamber were taken out of the study. Twenty-four hours later

mice were placed in the light side of the passive avoidance
apparatus with the guillotine door down. After 30 s the door was
opened allowing the mouse to cross to the darkened chamber.
When the mouse crossed into the darkened chamber the door
closed and an electric foot shock (2 mA for 2 s) was delivered
through the grid floor. Mice were left in the chamber for 30 s
before being returned to their home cage. Twenty-four hours
later mice were again placed in the light side of the passive
avoidance apparatus with the guillotine door down. After 30 s
the door opened allowing the mouse to cross to the darkened
chamber. The amount of time that it took for the mouse to cross
from the light to the dark chamber (latency) was recorded. Each
mouse had a maximum of 300s to cross. No crossing was
scored as 300 s.

Morris water maze (MWM)

The MWM (Morris, 1984; Galvan et al., 2006, 2008; Zhang et al.,
2009) was used to test spatial memory. All groups were assessed
for swimming ability before testing. None of the animals showed
deficiencies in swimming abilities, directional swimming or
climbing onto a cued platform during pre-training and had no
sensorimotor deficits as determined with a battery of neuro-
behavioral tasks performed prior to testing. Briefly, mice were
given a series of 3 trials per day, 20-30 min (min) apart in a
tank filled with water opacified by the addition of non-toxic paint
at a temperature of 24.0 + 1.0 °C. Animals were trained to find
a 12 x 12-cm submerged (1 cm below water surface) platform
placed in one quadrant of the pool. The animals were released
at different locations in each 60 sec trial. If mice did not find the
platform in 60 sec, they were gently guided to it. After remaining
on the platform for 20 sec, the animals were removed and
placed in a dry cage under a warm heating lamp. The water
tank was surrounded by opaque dark panels marked with
geometric designs at approximately 30 cm from the edge of the
pool that served as distal cues. The animals were trained for
4 days. At the end of training, a 30-sec probe trial was
administered in which the platform was removed from the pool.
The number of times that each animal crossed the previous
platform location was determined as a measure of platform
location retention. During the course of testing, animals were
monitored daily, and their weights were recorded weekly.
Performance in all tasks was recorded by a computer-based
video tracking system (Water2100, HVS Image, Buckingham,
UK). Data were compiled offline using HVS Image and compiled
using Microsoft Excel before statistical analyses.

Tail suspension test

Mice were suspended from a wooden pole 45cm above a
procedure table using adhesive tape placed approximately
2.5cm from the base of the tail. Periods of immobility and
active movement were recorded for 5min. Mice were con-
sidered immobile when they hung motionless.

Elevated plus maze

The elevated plus maze was used to assess emotionality and
reactivity (Rodgers, 1997). The plus maze consists of two
enclosed arms and two open arms. Mice are placed in the
center of the maze and allowed free access to all arms for
5 min. The animals can spend their time either in a closed safe
area (closed arms) or in an open area (open arms). While the
open arms are, by design, anxiogenic, the animal is free to
move into the closed arms. Mouse movements were recorded
by a computer-based video tracking system (Maze2100, HVS
Image). Time spent in the open and closed arms, distance
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moved and number of open and closed arm entries were
determined. Data were compiled offline using HVS Image and
then compiled with Microsoft Excel before statistical analyses.

Western blotting

Mice were euthanized by isoflurane overdose followed by
cervical dislocation. Hemibrains were flash frozen. One hemi-
brain was homogenized in liquid N, and used for whole-brain
western blotting (5—6 per group); the other hemibrain was used
for hippocampal dissections (5-6 per group). Half brains were
microdissected to isolate the hippocampus by peeling away the
cortex from the underlying hippocampus and releasing the
hippocampus from the surrounding tissue, in particular the
fimbria, by using fine surgical tweezers (Fine Science Tools,
Foster City, CA) and then lifting toward the midline. The
hippocampus separates easily but does include some adjacent
white matter, which is then carefully tweezed off. We also
obtained hippocampal tissue from at least 12 x 10 um unfixed
frozen sections mounted on glass slides. All but the hippo-
campal area was removed using a scalpel under a SZ60
Olympus dissecting microscope. The hippocampal tissue itself
was removed by beading 10 pl of RIPA lysis buffer (25 mM
Tris—HCI, pH 7.6; 150 mM NaCl; 1% NP40; 1% sodium
deoxycholate; 0.1% sodium dodecyl sulfate) on it and then
pipetting it up. For Western blot analyses, proteins from soluble
fractions of brain LN, homogenates and from hippocampal
dissections were resolved by SDS/PAGE (Invitrogen,
Temecula, CA, USA) under reducing conditions and transferred
to a PVDF membrane, which was incubated in a 5% solution of
non-fat milk or in 5% BSA for 1h at 20 °C. After overnight
incubation at 4 °C with primary antibodies, the blots were
washed in TBS-Tween 20 (TBS-T) (0.02% Tween 20, 100 mM
Tris pH 7.5; 150 nM NaCl) for 20 min and incubated at room
temperature with appropriate secondary antibodies. The blots
were then washed 3 times for 20 min each in TBS-T and then
incubated for 5 min with Super Signal (Pierce, Rockford, IL,
USA), washed again and exposed to film or imaged with a
Typhoon 9200 variable mode imager (GE Healthcare, NJ,
USA). Antibodies used were anti-phospho-p70 (#9206, Cell
Signaling, Danvers, MA, USA) and anti-R-actin (A3853, Sigma,
St. Louis, MO, USA), anti phospho-Serd73 Akt (#9271, Cell
Signaling) and anti-norepinephrine transporter (NET, NET05-1,
MADb Technologies, Stone Mountain, GA, USA).

Determination of monoamines

Animals were sacrificed by isoflurane inhalation overdose
followed by cervical dislocation. Brains were removed, snap
frozen on dry ice, and stored at —80 °C until dissection. Brains
were slightly thawed on a cold block and the midbrain was
dissected out and refrozen on dry ice. The midbrain was stored
again at —80 °C until it was processed for analysis. Midbrain
samples were processed for HPLC analysis by homogenizing
in ice-cold 0.1 M perchloric acid containing 10 ng/mL DHBA as
an internal standard. Samples were incubated on ice for 2 min
and subsequently centrifuged at 12,000 rpm at 4 °C for 2 min.
The supernatant was transferred to a 0.45-mm microcentrifuge
filter tube (Millipore, Billerica, MA, USA) and centrifuged at
12,000 rpm at 4°C for 1 min. Monoamines were separated
using a HPLC system that consisted of a dual-piston pump
(Solvent Delivery Module, Model 580), a refrigerated auto-
sampler (Model 540), and a Coulochem Il dual-potentiostat
electrochemical detector (Model 500; all by ESA Biosciences
Inc., Chelmsford, MA, USA). System control and data collection
were performed using a PC-based data station (Model 500).
Separation of monoamines was executed on a HR-80 reverse-
phase C18 column (4.6 x 80 mm). Analytes were detected on a
dual-electrode analytical cell (Model 5011A) with the first
electrode set at —50 mV and the second set at +280 mV. A

guard cell (Model 5020) was positioned between the pump and
the autosampler and set at +350 mV to oxidize contaminants
in the mobile phase. The mobile phase contained 75 mM
sodium phosphate monobasic, 4 mM heptanesulfonic acid,
25 uM EDTA, 0.01% triethylamine, and 6% acetonitrile (v/v),
pH 3.1 (adjusted with phosphoric acid. The pump was set at
1.0 mL/min. All analyses were performed at 27°C and in
duplicate. A separate cohort was bred for these experiments.
Since the effects of rapamycin treatment on anxiety and
motivation were observed in both genders (Fig. 2), females
were used to minimize housing costs.

Statistical analyses

Statistical analyses were performed using GraphPad Prism
(GraphPad, San Diego, CA, USA) and Sigma Stat (Aspire
Software International, Ashburn, VA, USA). In two-variable
experiments, as when scoring performance of different treat-
ments across several days of training, repeated measures two-
way ANOVA followed by Bonferroni’s post hoc tests were used
to evaluate significance of differences between group means.
When analyzing one-variable experiments with more than 2
groups, as when scoring retention across genotypes in probe
trials, significance of differences between means was evaluated
using one-way ANOVA followed by Tukey’s post-hoc test.
Significance of differences in means between two different
groups or between the same group at two different testing
times were determined with Student’s t test or using a f test
with Welch’s correction when experimental samples did not
show equal variances. Values of P < 0.05 were considered
significant. Pearson correlation coefficients between variables
were calculated with regression analyses performed using
GraphPad Prism (GraphPad, San Diego, CA, USA).

RESULTS

Chronic rapamycin treatment inhibits mTORC1 but
not mTORC2 in brains of C57BL/6J mice

It had been previously shown (Cloughesy et al., 2008)
that rapamycin crosses the blood—brain barrier. Similarly,
C57BL/6J mice fed a diet containing 14 ppm encapsu-
lated rapamycin had rapamycin brain concentrations of
8.65 + 0.66 ng/mg wet weight, similar to the rapamycin
levels found in plasma in the same animals (Randy
Strong, personal communication). Food consumption
was higher for rapamycin-fed females, but not for males,
during the first 8 weeks of treatment (by an average of
1.25 £+ 0.12 g/mouse/week, P < 0.0001; two-way ANOVA).
This may be a result of the inhibition of the mTOR
pathway, which is expected to mimic the unfed state. In
spite of the differences in food consumption during the
first 8 weeks of treatment, overall body weight of
control- and rapamycin-fed groups was not significantly
different (P = 0.77 for females and P = 0.4 for males,
two-way ANOVA, with overall averages of 22.71 + 2.04
vs. 22.31 + 1.54g for females and 30.1 + 3.05 vs.
28.75 + 2.38 g for males, control-fed and rapamycin-fed
groups respectively). However, body weight increased
progressively for both control- and rapamycin-fed groups
(increases were 23% for females regardless of treatment,
17% for rapamycin-fed males and 26% for control-fed
males respectively), possibly as a result of the change in
base chow composition (the formulation of rapamycin-
supplemented chow and control chow (Harrison et al.,
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Fig. 1. Rapamycin enhances cognitive function in C57BL/6J mice. (a—h) mMTORC1 but not mTORC2 activity is decreased in rapamycin-treated
brains. (a, c, e, g) Representative immunoblots of whole brain (a and e) or hippocampal lysates (c and g) from control- and rapamycin-treated mice
(b, d, f, h) Quantitative densitometric analyses. Phosphorylated (activated) p70 and phosphorylated 4EBP (b and d), but not S473 phosphorylated
PKB/Akt nor phosphorylated PKC alpha (f and h) were decreased in brains of rapamycin-fed mice (P as indicated, unpaired Student’s ¢ test, n = 6—
10 for each group). Mice were fed with rapamycin-supplemented chow for 16 weeks. (i—j) Rapamycin-fed mice C57BL/6J show improved spatial
learning and memory. (i) Spatial training. Mean latencies to reach a hidden platform were significantly reduced for rapamycin-fed male mice
compared to control-fed animals (significant effect of treatment on performance, F(3,54) = 6.40, P as indicated, two-way ANOVA). (j) Probe trial.
Retention of the former platform site was enhanced in rapamycin-fed male mice with respect to the control-fed group (P as indicated, one-way
ANOVA). n = 10 for each group. Mice were fed with rapamycin-supplemented chow for 16 weeks. (k) Old rapamycin-fed mice show improved
memory of an aversive stimulus. Latencies to enter a dark compartment were increased as a result of enhanced memory of an aversive event
(2-second foot shock) in rapamycin-fed mice of mixed gender at 25 months of age (P as indicated, unpaired Student’s t test). n = 9—14 for each
group. Data are means + SEM.

2009) differs from that of the standard chow provided by our Chronic rapamycin treatment enhances spatial
animal facility). learning and memory in 8 month-old C57BL/6J mice

To determine whether rapamycin treatment inhibited
mTOR in brain, we examined the phosphorylation status
of the mTORC1 targets p70 S6 kinase (p70) in brains of
control- and rapamycin-fed mice. Consistent with our
prior studies (Spilman et al., 2010) and with the
rapamycin concentrations achieved in brain tissues by
chronic rapamycin feeding, phosphorylation of p70 by
mTORC1 was significantly decreased in brains of
rapamycin-fed animals (Fig. 1a-b). In agreement with
this observation, the phosphorylation of a different
mTORC1 target, eiF4E-binding protein (4EBP) was
decreased in hippocampi of rapamycin-treated mice
(Fig. 1c, d). In contrast, phosphorylation of Akt/PKB at
Ser473, a target of mMTORC2, was unaffected both in
whole brain lysates (Fig. 1e, f) as well as in hippocampi
(Fig. 1g, h). Taken together, these data indicate that
long-term oral treatment with rapamycin significantly
inhibits mTORC1 but does not reduce mTORC2 activity
in brain.

Our laboratory previously demonstrated that rapamycin
treatment prevents cognitive decline in a mouse model
of Alzheimer's disease (Spilman et al., 2010). The
present study aimed to determine whether the effects of
chronic rapamycin treatment would extend to normal
brain aging. Thus, to assess the effects of chronic
rapamycin supplementation on cognitive function in wild-
type animals, we used the MWM test (Morris, 1984;
Galvan et al.,, 2006, 2008), a widely used tool in the
assessment of hippocampal-dependent learning and
memory in rodents. Only males were used in MWM
experiments since female rodents tend to form a weaker
representation of the environment than males (Gresack
and Frick, 2003; Hawley et al., 2012). Eight month-old
wild-type male C57BL/6J mice that had been fed
rapamycin starting at 4 months of age (thus treated for
16 weeks) had significantly better learning compared to
control-fed animals (significant effect of treatment on
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Fig. 2. Non-cognitive components of behavior in control- and rapamycin-treated C57BI/6J mice. (a-d) Decreased anxiety in rapamycin-fed mice. (a)
Percent time spent engaged in thigmotactic swimming was significantly reduced in male rapamycin-fed mice. (b) Percent time spent in thigmotactic
swimming on the first day of training was indistinguishable between the two experimental groups; percent time of thigmotaxis decreased significantly
as training progressed for both groups [significant effect of day number on thigmotaxis, F(3,54) = 14.12; P < 0.0001, two-way ANOVA].
Rapamycin-fed mice spent less times swimming close to the tank wall at all times during training (P as indicated, Tukey’s post-hoc test applied to a
significant effect of day number on thigmotaxis as above, n = 10 for each group). (c) Swim traces for day-4 trials (3 representative swim traces are
shown for each experimental group; Top panel, control-fed; Lower panel, rapamycin-fed mice). Mice were fed with rapamycin-supplemented chow
for 16 weeks. (d) Elevated plus maze. Fourteen month-old mice fed with rapamycin for 40 weeks spent less time in the closed arms of the elevated
plus maze, indicating decreased anxiety (F(1,45) = 7.06; P as indicated, two-way ANOVA). n = 11-14 for each group. (e,f) Decreased depressive-
like behavior in rapamycin-fed mice. (e) Floating. Percent time spent floating was significantly lower [F(2,75) = 3.3, P = 0.04, two-way ANOVA] for
rapamycin-fed 8-month-old male mice as compared to control-fed animals (P as indicated, unpaired Student’s t test, n = 10 for each group). Mice
were fed with rapamycin-supplemented chow for 16 weeks. (f) Tail suspension test. Both young (4-month-old) and adult (12-month-old) mice fed
with rapamycin for 16 and 40 weeks respectively spent less time immobile when suspended from their tails, indicating that rapamycin treatment
reduces depressive-like behavior [F(1,83) = 7.26; P as indicated, two-way ANOVA). n = 10-16 for each group. Data are means + SEM.

performance, F(3,54) = 6.40; P < 0.02; two-way ANOVA, relating thigmotaxis (as a measure of anxiety) or floating
Fig. 1e). There was no significant interaction (P = 0.92) (@as a measure of depressive-like behavior) with
between treatment and training day (two-way ANOVA), performance for individual animals at each swim during
thus rapamycin had the same effect at all times during spatial training. Changes in percent time spent in
training. Consistent with improved learning, rapamycin- thigmotaxis explained approximately half of the variance
fed mice showed enhanced memory of the former in performance for both control- (2 = 0.44) and rapa-
location of the escape platform as compared to control- mycin-treated mice (©* = 0.57). Since the contribution of
fed mice [P < 0.04 as a result of Welch’s t test, Fig. 11]. thigmotaxic to performance did not change as a result of
Although performance of control- and rapamycin-treated rapamycin treatment, differences in basal anxiety could
mice at day 1 during training in the Morris water maze not explain the differences observed in performance
task was effectively indistinguishable (P = 0.32 as a between control- and rapamycin-treated groups during
result of unpaired Student’s ¢ test applied to the com- spatial training (learning) in the water maze. Changes in
parison of performance mean values for control- and motivation were not correlated to performance in control-
rapamycin-treated mice), a trend to decreased latencies (* = 0.06) nor in rapamycin-treated mice (©? = 0.02).

in the rapamycin-treated group on day 1 of training
could indicate lower basal anxiety levels (Fig. 2a—d), or
increased motivation (Fig. 2e,f) in rapamycin-treated
groups as compared to control-treated animals. To deter-

Chronic rapamycin treatment restores memory of an
aversive event in 25 month-old C57BL[6J mice

mine whether the difference in performance between To determine whether rapamycin treatment would affect
control and rapamycin-treated groups could be explained memory in older (12 and 25 month-old) mice we used
by differences in anxiety or in motivation during water the passive avoidance task, which determines avoid-

maze training, we performed linear regression analyses ance of an aversive stimulus (a 2-sec mild foot shock)
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as a result of the suppression of an innate preference in
rodents (moving from a bright to a dark compartment),
contingent on memory of the aversive event (Cho et al.,
2011). The relatively small number of male mice
available to us at 12 and 25 months of age precluded a
water maze study. No significant differences in latency
to enter the dark compartment 24 h after training (a
measure of retention of the aversive stimulus) were
observed among 12-month-old mice of mixed gender
that had been fed with rapamycin-supplemented chow
for 40 weeks (Fig. 1g). In contrast, latency to enter the
dark compartment was significantly increased in 25-
month-old rapamycin-fed mice that were treated with
rapamycin for the same length of time, indicating that
rapamycin improved memory of the aversive event in
older animals. No significant differences in latencies
were found among experimental groups on the day of
training, before the shock was administered. Thus, the
differences in retention could not be attributed to differ-
ences in motivation to move into the dark compartment.
Taken together, our results suggest that long-term
rapamycin treatment can enhance spatial learning and
memory in young animals and improve recall of an
aversive event in older mice. Of note, memory was
maintained in aged mice that were fed with rapamycin-
supplemented chow starting at 18 months of age
(Fig. 1e), suggesting that chronic rapamycin treatment
preserves cognitive function during aging, even when
treatment is started late in life.

Chronic rapamycin treatment reduces anxiety in
C57BL/6J mice

Making no attempt to swim (floating) and swimming in
close proximity to the pool wall (‘wall hugging’ or
thigmotaxis) during training in the MWM are frequent
performance deficits to which certain strains of mice
are prone (Tecott and Nestler, 2004). These patterned
behaviors are believed to be manifestations of emo-
tional responses, such as anxiety and helplessness in
stressful situations. Immobility, defined as the absence
of active, escape-oriented behaviors such as swimming
in the water tank, is considered indicative of depres-
sive-like behavior in experimental paradigms such as
the forced swim test (Crawley, 2000; Pechnick et al.,
2004). Since measures of performance in the water
maze and in many other behavioral tests can be
influenced by anxiety we determined the fraction of
time spent in thigmotactic swimming (defined as the
fraction of swim paths restricted to distances ~10cm
from the tank wall) during training for young (8-month-
old) male mice that were fed rapamycin for 16 weeks.
Even though the average percent time of thigmotaxis in
control-fed animals was low [marginally higher than
what would be expected from random swimming within
the 10-cm-wide external annulus of the tank (mean =
20s, 30% of trial time, Fig. 2a)] consumption of a
rapamycin-supplemented diet significantly reduced the
average time swimming close to the tank walls
(mean = 7s, Fig. 2a). This decrease in thigmotaxis
was not related to lower basal anxiety levels (i.e. the
water maze environment was intrinsically less

anxiogenic to rapamycin-treated mice), since the
percent time spent in thigmotactic swimming on the first
day of training was indistinguishable between the two
experimental groups (Fig. 2b). Percent time engaged in
thigmotactic swimming decreased with training day in
both groups (significant effect of day number on
performance, F(3,54) = 14.12; P < 0.0001, two-way
ANOVA). As training progressed, however, rapamycin-
fed animals, which learned faster (Fig. 1c), spent
significantly less time swimming in close proximity to
the tank walls (Fig. 2b). This observation is consistent
with improved learning and was associated, as
expected, in more direct paths toward the escape
platform (Fig. 2c).

To determine whether anxiety was affected by
rapamycin treatment in older mice we used a behavioral
paradigm that is not associated with learning, the
elevated plus maze, which assesses rodent’s reactivity
using their innate aversion of open spaces and provides
a direct measure of anxiety (Crawley, 2000). In
agreement with the effect of rapamycin on percent time
spent in thigmotactic swimming in the water maze, 14-
month-old mice that were treated with rapamycin for
40 weeks spent less time in the closed arms of the
maze (significant effect of treatment on time spent in the
closed arms, F(1,45)=7.06; P < 0.01, two-way
ANOVA, Fig. 2d).

Reduced depressive-like behavior in C57BL[6J mice
chronically fed with rapamycin

In addition to anxiety, motivation is an important aspect of
affect that may impinge on cognitive outcomes. To
determine whether rapamycin treatment modulates
depressive-like behavior we determined percent time
spent floating during the training (learning) phase of the
water maze task. As shown in Fig. 2e, the percent time
spent by mice making no attempt to escape was
significantly decreased in 8-month-old mice fed with
rapamycin-supplemented chow for 16 weeks, suggesting
that chronic rapamycin treatment decreased depressive-
like behavior. To determine whether effects of rapamy-
cin on motivation would also be observed in younger
(4-month-old) or older (12-month-old) animals, we used
the tail suspension test (TST), a task that provides a
robust measure of depressive-like behavior (Cryan
et al.,, 2005). Since TOR is essential for development
(Polak and Hall, 2009), to avoid potential confounds
related to inhibition of mMTORC1 before brain develop-
ment was completed we started feeding control- or
rapamycin-supplemented chow to experimental groups
at 8 weeks of age. Rapamycin feeding for 16 weeks
decreased the time spent immobile (making no attempt
to escape) in the TST at both ages tested (4 and
12 months of age) and in both genders [significant effect
of treatment on time spent immobile, F(1,83) = 7.26;
P < 0.0085, two-way ANOVA, Fig. 2f]. Thus, these
results suggest that chronic rapamycin treatment has
antidepressant-like effects in C57BL/6J mice, and
indicate that 8 weeks of rapamycin treatment are suffi-
cient for this effect.
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Increased monoamine levels in midbrain of
rapamycin-fed mice

Since we observed anxiolytic and antidepressant-like
effects of rapamycin in cohorts ranging from 4 to
14 months of age and in animals of both genders, to
investigate the mechanisms by which rapamycin may
have anxiogenic and antidepressant-like actions we
generated cohorts of female mice at an intermediate age
(12 months) that were treated with rapamycin for 16 or
40 weeks and determined levels of major monoamines
[norepinephrine (NE), epinephrine (EPI), dopamine (DA)
and 5-hydroxytryptamine (5-HT)] and their metabolites

J. Halloran et al. /Neuroscience 223 (2012) 102—-113

[3,4-dihydroxyphenylacetic acid (DOPAC), homovanillic
acid (HVA), and 5-hydroxyindolacetic acid (5-HIAA)] in
midbrain and hippocampus. While levels of major
monoamines were highly variable and overall not
significantly changed in hippocampus at either length of
rapamycin treatment (Fig. 3b, d) monoamine levels were
consistently and significantly increased in midbrain of
rapamycin-treated animals both after 16 weeks (Fig. 3a,
F(1,55) = 11.57; P = 0.0013, two-way ANOVA) and
after 40weeks (Fig. 3c) of rapamycin treatment
(F(1,56) = 65.8; P < 0.0001, two-way ANOVA). Even
though both 16 and 40 weeks of rapamycin treatment
resulted in significantly increased monoamine levels in
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Fig. 3. Rapamycin treatment increases monoamines levels in midbrain of rapamycin-treated mice. (a and c¢) Monoamine levels in midbrain. (a)
Monoamine levels were significantly increased in midbrain of mice fed with rapamycin for 16 weeks (F(1,55) = 11.57; P = 0.0013, two-way
ANOVA) and (c) for 40 weeks (F(1,56) = 65.8; P < 0.0001, two-way ANOVA). DA was significantly increased in midbrain at 16 weeks of rapamycin
treatment (P = 0.04) while DA, DOPAC, HVA, 5-HT AND 5-HIAA were significantly increased in midbrain at 40 weeks (P = 0.007, P = 0.01,
P < 0.001, P = 0.02 and P = 0.01 respectively). NE levels showed a significant increase when analyzed independently (P = 0.018, unpaired
Student’s f test). n = 5 for each group. (c and d) Monoamine levels in hippocampus. Monoamine levels were not significantly different between
experimental groups at 16 weeks (b) nor at 40 weeks (d) of rapamycin treatment. (e and f) No differences in DA metabolism were found among
experimental groups at 16 (e) nor at 40 (f) weeks of rapamycin treatment. (g, h) Cortical NET levels are not affected by rapamycin treatment. (e)
Representative immunoblots of cortical lysates from control- and rapamycin-treated mice probed with antibodies specific for the indicated proteins.
(f) Quantitative densitometric analyses indicate that cortical NET levels are not affected by rapamycin treatment (P > 0.05, unpaired Student’s ¢

test). n = 5 for each group. Data are means + SEM.
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midbrain, levels of individual monoamines increased with
increasing length of rapamycin treatment (Fig. 3a, c).
Bonferroni’'s post-hoc tests showed that DA, DOPAC,
HVA, 5-HT AND 5-HIAA were all significantly increased
by 40 weeks of rapamycin treatment (P = 0.007, P =
0.01, P < 0.001, P=0.02 and P = 0.01 respectively,
Fig. 3a) while only DA showed significant increases at
16 weeks of rapamycin treatment (P = 0.04). Although
differences in mean NE levels at 40 weeks were not
significant in this analysis, pairwise determinations of
significance of differences between mean levels for each
monoamine using Student’s t test suggested an increase
in NE levels (P = 0.018, Fig. 3c) at 40 weeks of
rapamycin treatment, and a marginal, not statistically
significant trend to increase in DOPAC (P = 0.053) at
16 weeks of rapamycin treatment (Fig. 3a). No signif-
icant differences in midbrain levels of EPI were found
among experimental groups at 16 or 40 weeks of
rapamycin treatment. Thus, rapamycin treatment
increases midbrain levels of major monoamines but does
not significantly affect EPI.

To determine whether the observed increases in DA
resulted from decreases in DA metabolism, we calcu-
lated midbrain DA/DOPAC + HVA ratios for animals
subjected to 16 or 40 weeks of control or rapamycin
treatment. As shown in Fig. 3e, f, DA metabolism was
unaffected in midbrain by rapamycin after 16 or 40 weeks
of treatment, suggesting that rapamycin treatment does
not affect DA degradation.

It was recently suggested that decreased levels of
mTORC2 by genetic ablation of the mTORC2 regulatory
protein rictor in neurons leads to reduced levels of
prefrontal DA, elevated NE, enhanced expression of the
NE transporter (NET), resulting in hypodopaminergia
and schizophrenia-like behaviors in mice (Siuta et al.,
2010). Even though rapamycin is considered to be a
specific mTORCH1 inhibitor, it was recently shown that
long-term in vitro rapamycin treatment may result in the
inhibition of mMTORC2 as well (Sarbassov et al., 2006).
Although we observed no differences in the phosphor-
ylation of mTORC2 targets in whole brain and in
hippocampi of mice treated chronically with rapamycin
(Fig. 1e—h), to rule out potential confounding effects of
cortical hypodopaminergia in rapamycin-treated mice
arising from enhanced expression of the NET
transporter (Siuta et al., 2010), we determined NET
levels in cortex of control- and rapamycin-fed animals.
Rapamycin treatment did not affect cortical NET levels
(Fig. 3g, h), suggesting that the increase in NE in brains
of rapamycin-fed mice is not related to effects of
rapamycin on NET.

DISCUSSION AND CONCLUSIONS

Normal aging is associated with specific changes in brain
structure and connectivity, and frequently with declines in
cognitive function that significantly affect quality of life.
Signaling pathways that regulate the aging process have
in common a role in the control of cellular metabolism in
response to availability of nutrients or growth factors

(Kapahi et al., 2010). mTOR controls cellular metabolism
and organismal lifespan in invertebrates and mammals
(Kapahi and Zid, 2004). It was recently shown that
inhibition of mMTOR activity in mice by chronic rapamycin
treatment extends lifespan, possibly by delaying aging
(Harrison et al., 2009). To explore the effect of rapamycin
on normal brain aging we determined cognitive and non-
cognitive components of behavior throughout lifespan in
C57BL/6 animals that were fed control- or rapamycin-
supplemented chow. Our studies show that feeding
encapsulated rapamycin in chow at 14 ppm for at least
16 weeks is sufficient to improve cognitive outcomes in
both adult (8-month-old) and in old (25-month-old)
C57BL/6 mice compared to control-fed littermates
(Fig. 1). Even though the acute inhibition of TOR has
generally been associated with defects in long-term
plasticity (Tang et al., 2002), inhibition of TOR can also
block LTD (Huber et al., 2001). Moreover, high TOR
activity in neuronal progenitors or in neuronal/glial
precursors during development results in significant
plasticity and memory deficits (Hoeffer and Klann, 2009)
and aberrant excitability, suggesting that adequate
plasticity requires that TOR activity be within a range that
allows for appropriate regulation of protein synthesis at
synaptic sites. Our results suggest that an approximate
30% reduction in TOR activity in brain [Fig. 1, (Spilman
et al., 2010)] for 16 weeks or longer improves perfor-
mance of C57BL/6 mice in tasks that involve long-term
plasticity and are dependent on hippocampus or on
hippocampus and prefrontal cortex. Considered together
with prior knowledge on mTOR function (Huber et al.,
2001; Tang et al., 2002; Sarbassov et al., 2005; Hoeffer
and Klann, 2009), our results suggest that, while acute
and complete inhibition of TOR abolishes plasticity
required for long-term memory (Tang et al., 2002; Hoeffer
and Klann, 2009), chronically decreased TOR activity (in
our studies, approximately 30%) can improve learning
and retention of a spatial task in young mice and improve
memory of an aversive event in old animals (Fig. 1).
Consistent with these observations, caloric restriction,
which decreases mTOR activity (Dogan et al., 2011) and
extends lifespan, improves cognitive function in some,
but not all, rodent (Mattson et al., 2002; Martin et al.,
2007; Adams et al., 2008; Komatsu et al., 2008), primate
(Witte et al., 2009; Dal-Pan et al., 2011) or invertebrate
(Burger et al.,, 2010) experimental models. Thus, it is
conceivable that long-term, partial reduction of mTOR
activity by rapamycin administered in the chow mimics
the effect of calorie restriction, enhancing cognitive
outcomes in young mice and maintaining intact cognitive
performance in older animals. Of note, cognitive effects
of rapamycin feeding were observed when mice were fed
for 16 weeks or as long as 40 weeks, suggesting that the
effect of chronic rapamycin treatment is sustained for
protracted lengths of time.

It has been suggested that there was little selective
pressure to evolve effective mechanisms of neuro-
protection in old age (Finch and Austad, 2012). It is
therefore conceivable that brain mTOR activity levels
that are adequate during the reproductive years may
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become detrimental as mammals age (Blagosklonny,
2010). In agreement with this hypothesis, we (Spilman
et al, 2010) and others (Caccamo et al., 2010)
previously showed that chronic (> 16 weeks) inhibition
of mTOR activity by rapamycin in brain preserves
cognitive function in mice modeling AD, possibly by
increasing autophagy.

It had been previously reported that treatment with a
rapamycin analog everolimus may decrease anxiety and
depressive-like behavior (Lang et al., 2009) although
other studies did not confirm this effect on transplant
patients treated with sirolimus or tacrolimus (Martinez-
Sanchis et al., 2011). The studies presented here
show that C57BL/6 mice chronically fed encapsulated
rapamycin exhibit reduced anxiety and decreased
depressive-like behavior at all ages tested and in
animals of both genders (Fig. 2). These results suggest
that a partial decrease in TOR activity may impinge on
the activity of limbic structures like the amygdala, which
mediate emotion output such as fear. It is conceivable
that at least one mechanism mediating the effect of
long-term oral rapamycin on memory involves the
downregulation of synaptic plasticity in limbic networks.
This potential mechanism, however, cannot explain the
observed effects of chronic rapamycin treatment on
spatial learning and memory (Fig. 1).

In agreement with the observed changes in behavioral
outcomes, however, rapamycin-treated animals showed
significantly increased levels of three major monoamines
(NE, DA and 5-HT) and their metabolites (DOPAC, HVA,
and 5-HIAA) specifically in midbrain (Fig. 3a, c). Even
though monoamine levels were not increased in hippo-
campal tissue (Fig. 3b, d), the observed increase of
monoamine content in midbrain is consistent with effects
on key target areas such as the septo-hippocampal
complex through the mesolimbic pathway. The meso-
corticolimbic dopamine system is widely implicated in
reward and in reinforcement processes (Morgane et al.,
2005). The midbrain contains major dopaminergic project-
ing neurons in the substantia nigra pars compacta (PC)
and ventral tegmental area (VTA). Thus, increases in
monoamine content in midbrain is consistent with effects
on key target areas such as the striatum (involved in
reward/motivation) through the mesostriatal pathway, as
well as on the limbic cortices, the septo-hippocampal
complex, the amygdala and the nucleus accumbens
(involved in emotion, long-term memory and olfaction)
through the mesolimbic pathway. Pathways arising
from dopaminergic midbrain nuclei also innervate the
prefrontal and insular cortices, several thalamic and
hypothalamic nuclei and the monoaminergic nuclei of the
brain stem, superior colliculus, reticular formation and
periaqueductal gray, all having important roles in
regulating arousal as well as affective and cognitive
processes. In addition, the PC is important in spatial
learning and some studies have suggested its
involvement in a response-based memory system that
utilizes a dorsostriatal pathway and may function
independently of the hippocampus (Da Cunha et al.,
2003). In addition, the VTA is strongly involved in the
reward circuitry of the brain, with important roles in

cognition and motivation (Margolis et al., 2006).
Dopaminergic input from VTA contributes to processing
of emotion output from the amygdala, thus playing a role
in avoidance and fear conditioning (Fig. 1k). An increase
in dopamine levels in midbrain, therefore, is expected to
have a broad impact on both affect and cognitive
domains. Thus, our results suggest that increased levels
of DA in midbrain may underlie the memory-enhancing,
anxiolytic and antidepressant-like effects observed in
rapamycin-fed C57BL/6J mice.

DA is a precursor to NE and then to EPI in these
neurotransmitters’ biosynthetic pathway (Mains and
Patterson, 1973). The observed increase in NE in
midbrain of rapamycin-treated animals may therefore be
a direct consequence of increased DA levels (Fig. 3a). A
simple direct precursor relationship, however, is unlikely
since EPI was not increased. In midbrain, noradrenergic
neurons originate in the lateral tegmental field and exert
effects on large areas of the brain, increasing alertness
and arousal as well as influencing the reward system
through activation of adrenergic receptors in amygdala,
cingulated gyrus, hippocampus, hypothalamus, neocor-
tex, striatum and thalamus. Midbrain NE has been
associated with the regulation of anxiety (Simon et al.,
2009; Watt et al., 2009) and motivation (Heimovics et al.,
2011). Moreover, increasing NE and 5-HT levels by
inhibition of NE-DA uptake is a common intervention
used to treat anxiety in depressive disorders (Tollefson
et al., 1991; Papakostas et al., 2008). Uptake of NE-DA
in prefrontal cortex is mediated by NET, and it was
recently demonstrated (Siuta et al., 2010) that animals
with impaired mTORC2 function show increased
prefrontal NET, resulting in increased levels of prefrontal
NE concomitant with decreased DA. Our results show
that neither mTORC2 activity (Fig. 1e—h) nor NET levels
(Fig. 3g-h) are affected by rapamycin treatment,
suggesting that increased noradrenergic input to cortex
is intact in rapamycin-treated mice. Thus, increased NE
levels in midbrain may further contribute to the observed
memory-enhancing, anxiolytic and antidepressant-like
effects of rapamycin treatment in C57BL/6J mice.

5-HT (serotonin) regulates mood, appetite and sleep
as well as memory and learning (Hariri and Holmes,
2006; Elliott et al., 2011). The modulation of 5-HT levels
at synapses is a major site of action for antidepressants
(Sharp and Cowen, 2011). In midbrain, the 5-HT in the
raphe nuclei (RN) controls the activity of ascending
serotonergic systems and the release of 5-HT in
forebrain (Adell et al., 2002). 5-HT-containing neurons in
the dorsal RN provide part of the serotonergic
innervation to widely distributed areas in the brain
(Monti, 2010). Dysfunctions in forebrain serotonergic
innervation from the RN are thought to underlie the
neural mechanisms of depression (Stamford et al.,
2000). NE, gamma-amino butyric acid and glutamate
regulate the extracellular concentration of 5-HT in RN.
Thus, it is possible that high NE stimulates the
synthesis and release of 5-HT in midbrain. The pivotal
role of 5-HT in the regulation of mood and motivation as
well as its role in the regulation of learning and memory
provides an additional explanation for the observed
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improvements in cognitive and non-cognitive components
of behavior in rapamycin-treated mice.

The question as to how TOR function is mechanistically
linked to the regulation of midbrain monoamine levels,
however, remains unanswered. Rapamycin has been
shown to inhibit evoked dopamine release in striatal
slices through the activation of macroautophagy
[Hernandez et al (2012) Neuron 74:277], demonstrating
that macroautophagy is necessary for the maintenance
of adequate numbers of synaptic vesicles available for
release at synaptic sites. Of note, Hernandez et al. noted
that rapamycin induced decreased numbers of synaptic
vesicles also in non-dopaminergic terminals in striatum,
suggesting that the effect of macroautophagy in the
maintenance of an adequately sized vesicle pool at
nerve terminals may be general and not specific to
dopaminergic cells. Decreases in the size of readily
releasable vesicle pools mobilize a reserve pool of
neurotransmitter-containing synaptic vesicles [Venton
et al. (2006) J Neurosci 26:3206]. Thus, it is conceivable
that the increases in monoamine content that we have
observed in midbrain may reflect the activation of
synthetic pathways to replenish a decreasing pool of
synaptic vesicles as a result of a chronic increase in
macroautophagy induced by rapamycin treatment. Con-
sistent with this hypothesis, we previously demonstrated
that chronic rapamycin treatment increases autophagy in
hippocampus of mice modeling AD (Spilman et al,
2010). Since the specific midbrain/brainstem nuclei
contain the major dopamine (substantia nigra) and
serotonin (raphe nuclei) releasing clusters in the brain,
this effect may be more pronounced, and thus readily
detectable, in midbrain and brainstem.

In summary, the results of the present study
demonstrate that chronic feeding with encapsulated
rapamycin enhances memory in young C57BL/6 mice
and delays cognitive decline associated with aging.
Moreover, our results show that long-term feeding with
encapsulated rapamycin has concomitant anxiolytic and
antidepressant-like effects. Our findings are consistent
with prior studies showing that long-term rapamycin
treatment rescued learning and memory in mice mod-
eling AD (Caccamo et al., 2010; Spilman et al., 2010).
Our results suggest chronic, partial inhibition of mTOR
may have widespread effects in the regulation of
arousal and attention as well as of affective and
cognitive processes, possibly by stimulating major mono-
amine pathways in brain. Rapamycin and rapamycin
analogs, already used in the clinic, may have potential
for therapeutic intervention in cognitive and affective
dysfunctions associated with aging.
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