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Abstract
High levels of the adipocytokine leptin are associated with reduced risk of Alzheimer’s disease
(AD). Leptin treatment also reduces β-amyloid (Aβ) levels in in vivo and in vitro models of AD.
Aβ and leptin interact with the Akt/mammalian target of rapamycin complex1 (mTORC1)
signaling pathway. Akt/mTORC1 activation reduces tau phosphorylation through the inhibition of
the downstream enzyme GSK-3β. mTORC1 also regulates translation of many proteins including
leptin. While Aβ has been shown to inactivate Akt, inhibit mTORC1, and facilitate the
phosphorylation of tau, leptin activates both Akt and mTORC1 and reduces tau phosphorylation.
However, the extent to which Aβ may modulate leptin expression and increase tau
phosphorylation involving Akt/mTORC1 has not been determined. In this study, we show that
incubation of organotypic slices from rabbit hippocampus with Aβ downregulates leptin
expression, inhibits Akt, activates GSK-3β, increases tau phosphorylation, and inactivates
mTORC1. Leptin treatment reverses Aβ effects by alleviating Akt inhibition, preventing GSK-3β
activation, reducing tau phosphorylation, and activating mTORC1. On the other hand, Rapamycin,
an allosteric inhibitor of mTORC1, downregulates leptin expression, increases tau
phosphorylation, and does not affect Akt and GSK-3β. Our results demonstrate for the first time
that Aβ regulates leptin expression and tau phosphorylation through mTORC1.
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Introduction
Alzheimer’s disease (AD) is neuropathologically characterized by the accumulation of β-
amyloid (Aβ) peptide as extracellular plaques and the deposition of hyperphosphorylated tau
in intracellular neurofibrillary tangles (NFT’s). Epidemiological studies suggest a link
between dysregulation of plasma leptin levels and the development of AD. Lower
circulating levels of leptin have been reported in AD patients (Power et al. 2001). A recent
prospective study involving 785 human subjects demonstrated that higher circulating leptin
levels were associated with lower risk of dementia including AD (Lieb et al. 2009). There is
substantial evidence that leptin is endogenously produced in the brain (Li et al. 1999; Ur et
al. 2002) and modulates Aβ production and tau hyperphosphorylation in vivo and in vitro
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(for review, see Tezapsidis et al. 2009). Chronic leptin administration has been reported to
reduce Aβ levels in Tg 2576 (Fewlass et al. 2004) and improve cognitive performance in
CRND8 transgenic mice models for AD (Greco et al. 2009a). Leptin also decreases the
activity of BACE-1, the enzyme that initiates processing of amyloid precursor protein (APP)
to yield Aβ, in SH-SY5Y cells (Fewlass et al. 2004). Tau phosphorylation, increased levels
of which is a hallmark of AD, is also reduced by leptin in SH-SY5Y cells, differentiated
human NT2 cells and rat primary cortical neurons (Greco et al. 2008; Greco et al. 2009b;
Greco et al. 2009c). Collectively, these data suggest that leptin downregulation precedes and
triggers Aβ and tau phosphorylation accumulation. While it is demonstrated that Aβ peptide
can cause tau phosphorylation, the possibility that this peptide can also modulate leptin has
not been tested. It may be possible that increased Aβ levels cause leptin downregulation,
thereby further accelerating tau phosphorylation. Several lines of evidence point to the
protein kinase B (Akt)/mammalian target of rapamycin (mTOR) signaling pathway as a
potential intermediate through which leptin and Aβ modulate one another and regulate tau
phosphorylation. mTOR is downstream of the AkT pathway and constitutes an integral part
of the AkT/mTOR pathway. mTOR resides in two multi-protein complexes termed
mTORC1 and mTORC2 (Sarbassov et al. 2004; Sarbassov et al. 2005a; Sarbassov et al.
2005b). mTORC1 activity is enhanced by phosphorylation at Ser2448 residue and can be
measured by activation of the downstream proteins p70S6K1 and 4E-BP (Hara et al. 2002;
Kim et al. 2002; Loewith et al. 2002). It has been established that mTORC1 regulates leptin
biosynthesis at the level of translation (Roh et al. 2003; Cho et al. 2004; Chakrabarti et al.
2008) and Aβ has been demonstrated to inhibit mTORC1 (Chen et al. 2009). One can expect
that inhibition of mTORC1 by Aβ may impair leptin translation and reduces its expression
levels. Inhibition of mTOR by Aβ can in turn inactivate Akt (Chen et al. 2009), thus
potentially activating the downstream enzyme GSK-3β (Magrane et al. 2005; Nassif et al.
2007). On the other hand, leptin can phosphorylate Akt, subsequently inactivating GSK-3β
and activating mTORC1 (Cota et al. 2006; Guo et al. 2008; Maya-Monteiro et al. 2008;
Greco et al. 2009c). GSK-3β is a serine/threonine kinase that phosphorylates numerous
proteins including tau protein (Sperber et al. 1995). GSK-3β activity is facilitated by
phosphorylation at Tyr216 and reduced by phosphorylation at Ser9 (Dajani et al. 2001).
Therefore, increased levels of p-Tyr216 GSK-3β enhance tau phosphorylation and reduced
levels of this enzyme preclude the hyperphosphorylation of tau. Likewise, increased levels
of p-Ser9 GSK-3β reduce tau phosphorylation and reduced phosphorylation of GSK-3β at
Ser9 enhances tau hyperphosphorylation.

In this study we determined the effects of Aβ, soluble and fibrillar, on leptin expression,
leptin receptor phosphorylation, as well as on Akt/mTORC1 signaling and tau
phosphorylation. We also treated slices with leptin and the mTORC1 inhibitor rapamycin to
further characterize the involvement of the Akt/mTORC1 signaling pathway in Aβ-leptin
interaction. The experiments were carried out in organotypic slices from adult rabbit
hippocampus, a model system we have previously used to demonstrate that leptin reduces
oxysterol-induced increase in Aβ and phosphorylated tau (Marwarha et al. 2010).

Materials and methods
Materials

Leptin, Aβ42, and rapamycin were purchased from Sigma Aldrich (St. Louis, MO),
Hibernate A dissection medium was obtained from BrainBits LLC (Springfield, IL), and
membrane inserts for organotypic slices from Millipore (Bedford, MA). The antibiotic/
antimycotic agents for media (100 U/ml penicillin, and 0.05 μM/ml streptomycin) were
purchased from Sigma Aldrich and all other supplies for the culture of organotypic slices
(Neurobasal medium, B27, horse serum, and glutamine) were purchased from Invitrogen
(Carlsbad, CA).
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Organotypic slice preparation
The organotypic slice system has many advantages in that connectivity between neurons,
interneurons and glia is maintained. In addition, rabbits have a phylogeny closer to humans
than rodents (Graur et al. 1996), and their Aβ sequence, unlike that of rodents, is similar to
the Aβ sequence of the human (Johnstone et al. 1991). Organotypic hippocampal slices were
prepared from White New Zealand adult male rabbits (n = 4; 1.5–2 year old; Harlan
Laboratories, Madison, WI). Male rabbits were used to exclude potential influence of
hormonal changes that occur in females as a result of the estrous cycle. There is evidence
that leptin levels fluctuate during the estrous cycle in female rats (Tanaka et al. 2001).
Serum leptin levels also increase during the mid-luteal phase of menstruation by as much as
50% compared to early follicular phase in women (Riad-Gabriel et al. 1998; Ludwig et al.
2000). Brains were rapidly removed and organotypic slices were prepared as we have
previously shown (Sharma et al. 2008; Marwarha et al. 2010) and as follows. Hippocampi
were dissected, trimmed of excess white matter and placed into chilled dissection media
composed of hibernate A containing 20% horse serum and 0.5 mM l-glutamine. Isolated
tissue was placed on a wetted filter paper on the Teflon stage of a MacIlwain chopper for
coronal sectioning (300 μm thick). From each rabbit hippocampi, about 60 sections were cut
(120 sections per rabbit). Sections were placed in new dissection media and allowed to rest
five minutes on ice before separating and plating on membrane inserts. Five sections were
placed on each insert with a total of 12 inserts per hippocampus (24 inserts per rabbit).
Inserts were placed in 35 mm culture dishes containing 1.1 ml growth media (Neurobasal A
with 20% horse serum, 0.5 mM l-glutamine, 100 U/ml penicillin, and 0.05 μM/ml
streptomycin), and warmed 30 min prior to plating to ensure complete equilibration. Slices
were exposed to a humidified incubator atmosphere (4.5% CO2 and 35°C). Media was
changed at DIV1 and slices were switched at DIV4 to a defined medium consisting of
Neurobasal A, 2% B27 supplement and 0.5 mM l-glutamine. All animal procedures were
carried out in accordance with the U.S. Public Health Service Policy on the Humane Care
and Use of Laboratory Animals and were approved by the Institutional Animal Care and
Use Committee at the University of North Dakota.

Treatments
Organotypic slices from each rabbit were incubated at DIV10 with 10 μM soluble Aβ42, 10
μM fibrillar Aβ42 or 100 nM rapamycin in presence or absence of leptin. A stock solution of
leptin of 62.5 μM (1mg/ml) was prepared in sterile distilled water and diluted in media at
1:2000 to a concentration of 31.25nM (0.5μg/ml), 1:1000 to a concentration of 62.5nM
(1.0μg/ml), and 1:500 to a concentration of 125nM (2μg/ml). Aβ42 peptide was dissolved in
sterile distilled water to yield a 250 μM (1mg/ml) stock solution and diluted in media at 1:25
to a final concentration of 10μM (40μg/ml). To prepare the fibrillar Aβ42 (fAβ42), 250 μM
freshly prepared stock solution of Aβ42 peptide in sterile distilled water was incubated for
72 hours as we have previously described (Ghribi et al. 2003a; Ghribi et al. 2003b). BCA
assay was performed to estimate the concentration of Aβ fibrils. The fibrillar Aβ42 was
added to media to a final concentration of 10μM. Rapamycin was purchased as a 2.5mg/ml
(2.74mM) stock solution in DMSO and was diluted in media at 1:274 to yield a working
stock solution of 10μM. The rapamycin solution was further diluted at 1:100 in media to
yield a final concentration of 100nM. In several other studies, rapamycin was used up to
1μM concentration and Aβ at 5–20μM concentration in SH-SY5Y human neuroblastoma
cells and rat cortical neurons (Lafay-Chebassier et al, 2006; Chen et al, 2009). Each
treatment was delivered into the media of 3 inserts with 5 sections from each of the 4
rabbits. A set of untreated slices were also included as control sections. Sections were
harvested after 72 hours of treatment.
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Western blot analysis
Organotypic slices were homogenized in T-PER tissue protein extraction reagent (Thermo
Scientific, Rockford, IL) supplemented with protease and phosphatase inhibitors. Protein
concentrations from whole tissue homogenates were determined with BCA protein assay.
Proteins (10 μg) were separated in SDS-PAGE gels followed by transfer to a polyvinylidene
difluoride membrane (BioRad, Hercules, CA) and incubation with the following antibodies:
anti-leptin rabbit antibody (1:1000; ABR Affinity Bioreagents, Rockford, IL), anti-leptin
receptor (ObRb) rabbit antibody (1:1000; ABR Affinity Bioreagents, Rockford, IL), anti-
phospho (Tyr1138) leptin receptor (p-Tyr1138 ObRb) goat antibody (1:100; Santa Cruz, Santa
Cruz, CA), anti-SOCS3 mouse antibody (1:500; Cell Signaling, Boston, MA), anti-mTOR
mouse antibody (1:500; Cell Signaling, Boston, MA), anti-phospho (Ser2448) mTOR mouse
antibody (1:100; Cell Signaling, Boston, MA), anti-p70S6K1 rabbit antibody (1:1000; Cell
Signaling, Boston, MA), anti-phospho (Thr389) p70S6K1 mouse antibody (1:500; Cell
Signaling, Boston, MA), anti-CP13 mouse antibody (1:500; gift from Dr. Peter Davies,
Albert Einstein College of Medicine, NYC, NY), anti-PHF1 mouse antibody (1:500; gift
from Dr. Peter Davies, Albert Einstein College of Medicine, NYC, NY), anti-Tau5 mouse
antibody (1:500; Calbiochem, SanDiego, CA), anti-Akt rabbit antibody (1:1000; Cell
Signaling, Boston, MA), anti-phospho (Ser473) Akt rabbit antibody (1:500; Cell Signaling,
Boston, MA), anti-GSK-3β mouse antibody (1:500; BD Biosciences, San Jose, CA), anti-
phospho (Ser9) GSK-3β rabbit antibody (1:100; Cell Signaling, Boston, MA), and anti-
phospho (Tyr216) GSK-3β rabbit antibody (1:500; BD Biosciences, San Jose, CA). β-actin
was used as a gel loading control. The blots were developed with enhanced
chemiluminescence (Immmun-star HRP chemiluminescent kit, Bio-Rad, Hercules, CA).
Bands were visualized on a polyvinylidene difluoride membrane and analyzed by LabWorks
4.5 software on a UVP Bioimaging System (Upland, CA). Quantification of results was
performed by densitometry and the results analyzed as total integrated densitometric values
(arbitrary units).

Quantification of leptin levels by ELISA
Leptin levels were quantified in the organotypic slices using a quantitative sandwich ELISA
kit (R & D systems, Minneapolis, MN) as per the manufacturer’s protocol. Organotypic
slices treated with 10 μM soluble Aβ42, 10 μM fAβ42, 100 nM rapamycin, or leptin (0.5 μg/
ml=31.25nM, 1μg/ml=62.5nM, and 2μg/ml=125nM) were homogenized in T-PER tissue
protein extraction reagent (Thermo Scientific, Rockford, IL) supplemented with protease
and phosphatase inhibitors. Protein concentrations in tissue homogenates were determined
with BCA protein assay. The tissue homogenates were further diluted in PBS to yield a
protein concentration of 1 mg/ml. 1 μL of the tissue homogenate from each treatment group
normalized to 1 mg/ml protein concentration was further diluted 1:100 in the assay diluent
buffer provided with the kit. A total of 100 μL of the diluted homogenate was added to each
well of the ELISA plate for the assay. The optical density of each well was determined using
a microplate reader set at 450nm. The concentrations obtained were multiplied by a factor of
100 to account for the 100-fold dilution. The leptin levels were measured in triplicate for
each treatment. The final results are expressed as ng of leptin/ml of tissue homogenate.

Quantitative Real time RT-PCR analysis
Total RNA was isolated and extracted from organotypic slices using the 5 prime
“PerfectPure RNA tissue kit” (5 Prime, Inc., Gaithersburg, MD). RNA estimation was
performed using “Quant-iT RNA Assay Kit” using a Qubit fluorometer according to the
manufacturer’s protocol (Invitrogen, Carlsbad, CA). cDNA was obtained by reverse
transcribing 1 μg of extracted RNA using an iScript cDNA synthesis kit” (BioRad, Hercules,
CA). The following oligomeric primers (Sigma, St Louis, MO) were used to amplify the
leptin mRNA in the hippocampal organotypic slices: leptin forward primer – 5′-
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AGTCTGCCGTCCCGAAATGTG-3′, leptin reverse primer - 5′-
CCAGGGTCTCCAAGCCACTG. The cDNA amplification was performed using an iQ
SYBR Green Supermix kit following the manufacturer’s instructions (BioRad, Hercules,
CA). The amplification was performed using an iCycler iQ Multicolor Real Time PCR
Detection System (BioRad, Hercules, CA). The expression of specific leptin transcripts
amplified were normalized to the expression of glyceraldehyde -3-phosphate dehydrogenase
(GAPDH).

Statistical analysis
The significance of differences among the samples was assessed by either unpaired
Student’s t-test (for comparison of two treatments) or by One Way Analysis of Variance
(One Way ANOVA) followed by Tukey’s post-hoc test (for comparison of multiple
treatments). Statistical analysis was performed with GraphPad Prism software 4.01.
Quantitative data for Western blotting analysis are presented as mean values ± S.E.M with
unit value assigned to control and the magnitude of differences among the samples being
expressed relative to the unit value of control. Quantitative data for Real Time RT-PCR
analysis are presented as mean values ± S.E.M, with reported values being the product of
absolute value of the ratio of leptin mRNA to GAPDH mRNA multiplied by 1000000.

Results
Aβ decreases leptin expression levels

Western blotting and densitometric analysis (Fig 1a) show a decrease in leptin levels in the
organotypic hippocampal slices treated with soluble Aβ42 and fAβ42 compared to untreated
organotypic slices. Quantitative determination of leptin concentrations with an ELISA
immunoassay (Fig 1b) also clearly demonstrates that both soluble Aβ42 and fAβ42 decrease
leptin levels in hippocampal organotypic slices. Real time RT-PCR analysis (Fig 1c) shows
a significant decrease in leptin mRNA in slices treated with soluble Aβ42 and fAβ42
compared to untreated organotypic slices. The magnitude in reduction of leptin levels and
mRNA is similar with soluble and fAβ42.

Leptin concentrations and phosphorylation of leptin receptors following treatment of
organotypic slices with increased concentrations of exogenous leptin

In order to determine the concentration of leptin that activates leptin receptors by increasing
phosphorylation (p-Tyr1138 ObRb), we carried out a dose response experiment using 0.5 μg/
ml=31.25nM, 1μg/ml=62.5nM, and 2μg/ml=125nM of leptin. Western blotting and
densitometric analysis (Fig 2a) shows that treatment of organotypic slices with leptin at 125
nM only induces a 40% increase in levels of p-Tyr1138 ObRb. Treatment of organotypic
slices with the two lower concentrations of leptin, 31.25nM and 62.5nM, had no effect on
the levels of p-Tyr1138 ObRb (Fig 2a).

To determine the basal levels of leptin in hippocampal organotypic slices as well as the
amount of exogenous leptin that is up taken from the media by the organotypic slices, we
used a quantitative ELISA immunoassay. Our results show that basal concentrations of
leptin are ~5 ng/ml (310 pM) and these concentrations are unchanged with 31.25 or 62.5 nM
leptin. However, the 125 nM leptin induced a ~35% increase in leptin concentrations (7ng/
mL=435pM) in organotypic slices tissue compared to control slices (Fig 2b). These results
are in accordance with the increase in the p-Tyr1138 ObRb determined with 125nM leptin
treatment.
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Aβ decreases the phosphorylation of leptin receptor, effect that is reversed by leptin
treatment

The extent to which reduction of leptin expression levels by soluble Aβ42 and fAβ42 is
associated with reduction in leptin signaling was determined by measuring levels of
phosphorylated leptin receptors. Our results show that soluble Aβ42 and fAβ42 significantly
decreased leptin receptor (ObRb) phosphorylation in hippocampal slices, as determined by a
decrease in p- Tyr1138 ObRb (Fig 2c). Western blotting and densitometric analysis shows
that treatment with 125nM leptin reverses the effects of soluble Aβ42 and fibrillar Aβ42 on
p- Tyr1138 ObRb, restoring levels of p-Tyr1138 ObRb to basal levels (Fig 2c). Treatment
with leptin alone markedly increased levels of p-Tyr1138 ObRb beyond basal levels.

Aβ increases levels of the phosphatase SOCS-3
SOCS-3 (Suppressor Of Cytokine Signaling-3) is a 26 kDa protein phosphatase implicated
in the termination of signal transduction pathways that are initiated by some of the growth
factors and cytokines. There are a multitude studies implicating SOCS-3 as a leading player
in the dephosphorylation of leptin receptor and termination of leptin signaling culminating
in a phenomenon known as “leptin resistance” (Bjorbaek et al. 1999). As we observed a
reduction in leptin receptor phosphorylation with both soluble Aβ42 and fAβ42, we
determined the effects of Aβ treatments on SOCS-3 levels. Western blotting and
densitometric analysis show that treatment with Aβ42 or fAβ42 results in a~2-fold increase
in levels of SOCS-3 (Fig 3). Interestingly, concomitant treatment of leptin with either
soluble Aβ42 or fAβ42 produces no effect on SOCS-3 levels (Fig 3). The significant
increase in SOCS-3 expression levels-induced by Aβ treatments may be a mechanism by
which Aβ reduces leptin receptor phosphorylation and ultimately leptin signaling.

mTORC1 regulates leptin expression levels in the hippocampal organotypic slices
To determine the extent to which mTORC1 regulates leptin expression levels, we treated
slices with rapamycin, a specific inhibitor of mTORC1. Rapamycin dramatically reduces
protein levels of leptin as determined with Western blotting (Fig 4a) and ELISA
immunoassay (Fig 4b). Real time RT-PCR analysis clearly demonstrates that rapamycin
significantly decreases leptin mRNA expression by 65% (Fig 4c). The effects of rapamycin
on leptin expression levels are similar to those observed with Aβ in figure 1. The effects of
rapamycin on leptin mRNA is of particular interest as mTORC1 is primarily involved in
translational control of leptin protein rather than transcription of this protein. Rapamycin is
an allosteric inhibitor of mTORC1 and it is not clear whether rapamycin affects mTORC1
mRNA. Allosteric inhibition of mTORC1 by rapamycin may lead to inhibition of translation
of transcription factors that are necessary for leptin expression.

Aβ attenuates mTORC1 signaling in the hippocampal organotypic slices and treatment
with exogenous leptin restores mTORC1 signaling

Western blotting and densitometric analysis show that soluble Aβ42 and fAβ42 significantly
attenuate mTORC1 activation in hippocampal organotypic slices as determined by a
decrease in p-Ser2448 mTOR (Fig 5a). Treatment with leptin alone markedly increased levels
of p-Ser2448 mTOR by 3-fold compared to the basal levels. Leptin treatment also restored
the decrease in p-Ser2448 mTOR levels induced by either soluble Aβ42 or fAβ42 (Fig 5a).
On the other hand, treatment with the allosteric mTORC1 inhibitor rapamycin did not affect
mTOR phosphorylation.

mTORC1 activation can be assessed by measuring the phosphorylation levels of p70S6K1, a
serine/threonine kinase that functions as a downstream target of the AKT/mTORC1
signaling pathway (Martin and Blenis 2002). Our results show that Aβ, soluble and fibrillar,
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significantly reduced levels of p-Thr389 p70S6K1 (Fig 5b). Treatment with rapamycin
dramatically lowered levels of p-Thr389 p70S6K1 compared to basal levels and to levels
induced by Aβ. These results show that both Aβ and rapamycin inhibited mTORC1
activation. Treatment with leptin, while increased p-Thr389 p70S6K1 in presence or absence
of Aβ, it failed to reverse the effects of rapamycin on p-Thr389 p70S6K1 levels (Fig 5b).

Leptin treatment attenuates the Aβ and Rapamycin-induced increase in p-tau levels
Because Aβ is known to cause tau phsophorylation and leptin to reduce phsophorylation of
tau, we determined the extent to which mTORC1 is involved in tau phosphorylation.
Western blotting and densitometric analysis demonstrate that treatment of organotypic slices
with fAβ42 increased levels of phosphorylated tau as detected by the antibodies CP13 and
PHF-1 (Fig 6). CP13 and PHF-1 antibodies detect tau phosphorylated at Ser202, Thr205 and
Ser396, Ser404 respectively. Treatment with soluble Aβ42 resulted in phosphorylation of tau
at sites recognized by the antibody CP13, but did not alter phosphorylation detected by
PHF-1. On the other hand, leptin treatment significantly reduced the basal levels of
phosphorylated tau and attenuated the increase in tau phosphorylation induced by soluble
Aβ42 and fAβ42. Similarly to fAβ42, the mTORC1 inhibitor rapamycin significantly
increased phosphorylated tau levels, suggesting the involvement of mTORC1 in the
regulation of tau phosphorylation. Treatment with leptin reduced rapamycin-induced tau
phosphorylation detected with CP13 but not with PHF-1. This suggests that mTORC1
activation and signaling is necessary in the leptin – induced reduction of phosphorylation of
tau at the Ser396 and Ser404 residues.

Leptin treatment increases levels of p-Akt and inactive p-GSK-3β
While inhibition of Akt and subsequent activation of GSK-3β by phosphorylation at Tyr216

(p-Tyr216 GSK-3β) phosphorylates tau, activation of Akt and inhibition of GSK-3β by
phosphorylation at Ser9 (p-Ser9 GSK-3β) reduces tau phosphorylation (Sutherland et al.
1993). We determined the extent to which reduction of leptin and increase of tau
phosphorylation induced by Aβ and rapamycin is associated with the inactivation of Akt and
activation of GSK3-β. Western blotting and densitometric analysis demonstrate that soluble
and fAβ42 significantly reduce levels of the active p-Ser473 Akt (Fig 7a). Treatment with
rapamycin alone did not affect p-Ser473 Akt levels. Treatment with leptin however markedly
increased levels of p- Ser473 Akt to levels higher than basal levels in cells untreated or
treated with soluble Aβ42, fAβ42 or rapamycin. The magnitude of increase by leptin of p-
Ser473 Akt levels is similar in all treatment groups (**p<0.01). On the other hand, treatment
with Aβ, soluble and fibrillar, reduced levels of the inactive form of GSK-3β, p-Ser9

GSK-3β, and increases levels of active form of GSK-3β, p-Tyr216 GSK-3β compared to
control levels (Fig 7b). Leptin increased levels of inactive p-Ser9 GSK-3β levels at basal
state and in the presence of Aβ but did not affect levels of active Tyr216 GSK-3β. Treatment
with rapamycin did not affect p-Ser9 GSK-3β or p-Tyr216 GSK-3β levels and co-treatment
with leptin did not affect levels of p-Ser9 GSK-3β in presence of rapamycin. These results
suggest that GSK-3β may be involved in the phosphorylation of tau induced by Aβ but not
by rapamycin.

Discussion
This study was designed to determine the effects of Aβ on leptin expression and the
involvement of the Akt/mTORC1 signaling in Aβ-leptin interaction. Our results show for
the first time that both soluble Aβ42 and fAβ42 induce a decrease in expression levels of
leptin and leptin receptor phosphorylation in rabbit hippocampus. One of the mechanisms by
which Aβ induces a reduction in leptin receptor phosphorylation (a reduction in p-Tyr1138

ObRb) is by decreasing the endogenous expression and levels of leptin in the hippocampus.
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It has also been reported that the phosphatase Suppressor of Cytokine Signaling -3
(SOCS-3) protein is involved in the dephosphorylation and inactivation of a multitude of
cytokine receptors, including leptin receptor (Bjorbaek et al. 1999). We therefore
determined the effect of Aβ on the expression levels of SOCS-3. We found that both soluble
and fAβ42 evoke an increase in the levels of SOCS-3. Increased levels of SOCS-3 could be
an additional mechanism by which Aβ reduces leptin receptor phosphorylation. Attenuation
of leptin receptor phosphorylation is tantamount to the attenuation of leptin signaling. Leptin
signaling is critical in memory formation, expression of neurotrophic factors such as BDNF,
glucose regulation and cell survival in the hippocampus. Therefore the attenuation of leptin
receptor phosphorylation by Aβ may lead to deleterious effects that are associated with
accumulation of Aβ peptide.

We also demonstrate in this study that mTORC1 signaling is necessary for leptin expression
as the mTORC1 inhibitor rapamycin markedly reduced leptin expression levels. In line with
these results, we show that Aβ-induced reduction in leptin expression levels is associated
with inhibition of mTORC1 activation as evidenced by reduction in phosphorylated levels of
mTOR and of the downstream kinase p70S6K1. Our data suggests that inhibition of
mTORC1 activation and signaling is a mechanism through which Aβ exhibits its inhibitory
effects on leptin expression levels. mTORC1 signaling has been shown to be attenuated in
the cortex of APP/PS1 transgenic mice that exhibit increased Aβ levels as well as in
lymphocytes of AD patients (Lafay-Chebassier et al. 2005).

mTOR resides in two mutually exclusive multi-protein complexes termed mTORC1 and
mTORC2 (Sarbassov et al. 2004; Sarbassov et al. 2005a; Sarbassov et al. 2005b). mTOR
associated with Raptor forms the core of the nutrient dependent and rapamycin sensitive-
mTORC1 complex that regulates translation through p70S6K1 and 4E-BP (Hara et al. 2002;
Kim et al. 2002; Loewith et al. 2002). On the other hand, mTOR associated with Rictor
nucleates into a different multiprotein complex termed mTORC2 which is nutrient
independent and rapamycin insensitive (Loewith et al. 2002; Jacinto et al. 2004; Sarbassov
et al. 2004). mTORC2 phosphorylates AkT at Ser473 resulting in its maximal activation (for
Review, see Sarbassov et al. 2005a; Sarbassov et al. 2005b). In this study, we demonstrate
for the first time, that treatment with exogenous leptin attenuates the Aβ-induced inhibition
of mTOR (mTORC1) signaling in hippocampal organotypic slices. Thus our data suggests
that there is a positive feed back loop between mTORC1 and leptin, with both of mTORC1
and leptin reinforcing the expression or activation of each other. Aβ, by interrupting this
loop, can inhibit mTORC1 activation and reduce leptin expression.

Leptin treatment was able to rescue the inhibition induced by Aβ on mTORC1 activation
and signaling. mTOR is activated by phosphorylation at Ser2481 and Ser2448 residues. It is
important to note that mTOR is autophosphorylated at Ser2481 and exhibits spontaneous
intrinsic kinase activity under the activation of AkT (Brown et al. 1995; Peterson et al.
2000). AkT can positively regulate mTOR activation directly through phosphorylation at
Ser2448. We demonstrate in our study that leptin activates Akt by increasing phosphorylation
at Ser473, thus potentially activating mTOR by increasing phosphorylation at Ser2448.
mTORC1 activity can be assessed by measuring the phosphorylation of its downstream
effector p70S6K1. We have found that while leptin increased basal levels of p-Thr389

p70S6K1, Aβ decreases levels of p-Thr389 p70S6K1. Furthermore, leptin completely
reversed the decrease in p-Thr389 p70S6K1 levels induced by Aβ. Rapamycin did not affect
p-Ser2448 mTOR levels but dramatically reduced p-Thr389p70S6K1 levels.

Several studies demonstrated the inhibitory effect of Aβ on long term potentiation (LTP) and
synaptic plasticity (Freir et al. 2001; for Review see Selkoe 2008). The activation of the
PI3K/AkT pathway is necessary for the expression of LTP in the dentate gyrus (Kelly &
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Lynch. 2000) and the CA1 region of the hippocampus (Raymond et al. 2002; Karpova et al.
2006). Furthermore, there is unequivocal evidence that mTORC1, which is downstream of
AkT in the AkT/mTORC1 pathway, is also a requisite for the maintenance of synaptic
plasticity in the CA1 region of the hippocampus (Tang et al. 2002) and consolidation of
long-term memory (Tischmeyer et al. 2003). In this study we demonstrate that treatment
with Aβ attenuates the activation of both AkT and mTORC1. Our study thus provides a
valuable insight into the putative mechanisms involved in the Aβ-induced perturbation of
synaptic plasticity. Interestingly, leptin has been shown to influence synaptic plasticity and
enhance LTP in the dentate gyrus of rats (Wayner et al. 2004). Leptin also improves
memory processing and retention when administered directly into the CA1 region in mice
(Farr et al. 2006). Treatment of acute hippocampal slices with leptin results in the
conversion of short-term potentiation (STP) to LTP by enhancing Ca2+ influx through
NMDA receptors (Shanley et al. 2001). We demonstrate in our study that treatment of
organotypic slices with leptin results in the activation of AkT and mTORC1, two kinases
critically involved in LTP formation and synaptic plasticity.

It is suggested that Aβ accumulation is an upstream event to tau phosphorylation as Aβ
deposits in plaques precede tangle formation (for Review, see Hardy and Selkoe 2002) and
Aβ triggers tau hyperphosphorylation in vitro (Takashima et al. 1998). We have also
previously demonstrated that administration of Aβ into rabbit brains triggers
hyperphosphorylation of tau (Ghribi et al. 2003a; Ghribi et al. 2003b). Work from our
laboratory in organotypic slices from rabbit hippocampus recently demonstrated that leptin
decreases both basal and 27-hydroxycholesterol-induced phosphorylated tau and Aβ levels
(Marwarha et al. 2010). In this study we demonstrate that fAβ42 induces phosphorylation of
tau at residues Ser202and Thr205 as well as Ser396 and Ser404 while soluble Aβ42 peptide
evokes phosphorylation of tau at Ser202, Thr205 but not Ser396 or Ser404. Treatment with
leptin reverses the soluble and fAβ42-induced phosphorylation of tau. Remarkably,
treatment with the mTORC1 inhibitor rapamycin resulted in an increase in tau
phosphorylation at residues Ser202, Thr205, Ser396, and Ser404. Treatment with leptin
alleviated the increase in phosphorylation of tau induced by rapamycin at Ser202 and Thr205

residues not at Ser396 and Ser404 residues.

GSK-3β is a kinase implicated in the hyperphosphorylation of tau (Hanger et al. 1992;
Mandelkow et al. 1992; Lovestone et al. 1994; Brownlees et al. 1997; Lucas et al. 2001;
Leroy et al. 2007; Rankin et al. 2007). Increase in the phosphorylation of GSK-3β at Tyr216

residue enhances tau hyperphosphorylation and increase in the phosphorylation of GSK-3β
at Ser9 residue prevents tau hyperphosphorylation. Many signaling pathways contribute to
the phosphorylation of GSK-3β at Ser9 including Akt activation (Sutherland et al. 1993;
Cross et al. 1995). In this study, Aβ significantly lowered levels of p-Ser473 AkT as well as
p-Ser9 GSK3β and increased p-Tyr216 GSK-3β. Treatment with leptin completely reversed
the decrease in p- Ser473 Akt and p-Ser9 GSK-3β induced by Aβ, suggesting that inhibition
of GSK-3β underlies the mechanism by which leptin reduces tau phosphorylation. Our
results are in accordance with recent data showing that leptin prevents tau phosphorylation
in neuronal cells through GSK-3β inhibition (Greco et al. 2009a). Leptin treatment alone
also increased basal levels of p- Ser473 Akt and p-Ser9 GSK-3β. Treatment with rapamycin
moderately, but not significantly, increased p- Ser473 Akt and decreased p-Ser9 GSK-3β
levels and did not alter p- Tyr216 GSK-3β levels, suggesting that increased tau
phosphorylation by rapamycin is primarily independent of Akt and GSK-3β. Previous
studies suggest that tau phosphorylation can be regulated by protein phosphatase 2A (PP2A)
(Liu et al. 2005; Qian et al. 2010), cyclin-dependent kinase 5 (Cdk5) (Patrick et al. 1999),
and c-Jun N-terminal kinase (JNK) (Zhu et al. 2001). Further studies are warranted to
determine the involvement of these proteins in mTOR-mediated tau phosphorylation.
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In summary, our study is the first to show that Aβ42 reduces leptin expression in the rabbit
hippocampus. Soluble and fAβ42 appear to exert similar effects on leptin expression.
Inhibition of leptin expression by Aβ results in the inactivation of AkT and the activation of
GSK-3β, potentially increasing tau phosphorylation. Leptin treatment restores the AkT
signaling and inactivates GSK-3β, thus preventing the Aβ-induced tau
hyperphosphorylation. Furthermore, leptin activates mTORC1 signaling and also rescues it
from the inhibition imposed by Aβ. mTORC1 can also regulate tau phosphorylation
independently of AkT and GSK-3β pathway. Our results suggest that maintenance of an
activated AkT/mTORC1 signaling pathway can protect against Aβ deleterious effects. A
schematic illustration is provided to summarize our findings and hypotheses (Fig 8).
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Figure 1.
Efects of Aβ on leptin expression levels in organotypic slices from rabbit hippocampus. (a)
Representative Western blot and densitometric analysis demonstrate that treatment with 10
μM soluble Aβ42 or fibrillar Aβ42 (fAβ42) for 72 hours significantly decreases protein
levels of leptin compared to untreated slices. (b) Quantitative determination of leptin
concentrations by ELISA shows that Aβ treatments reduce leptin concentrations in
organotypic slices. (c) Real Time RT- PCR analysis demonstrates that treatment with
soluble Aβ42 and fibrillar Aβ42 (fAβ42) for 72 hours significantly decreases mRNA
expression of leptin compared to untreated slices. Data is presented as mean values ± S.E.M.
*p<0.05, **p<0.01, ***p<0.001 versus control.
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Figure 2.
Effects of leptin treatment on leptin receptor phosphorylation and leptin concentrations. (a)
Representative Western blot and densitometric analysis demonstrating that treatment of
organotypic slices with 125nM leptin elicits an increase in leptin receptor phosphorylation
(p-Tyr1138 ObRb) compared to untreated organotypic slices or slices treated with 31.25 or
62.5 nM. (b) Quantitative determination of leptin concentrations by ELISA in organotypic
slices demonstrates that 125nM but not 31.25nM or 62.5 nM leptin elicits an increase in
leptin concentrations in organotypic slice tissue. (c) Representative Western blot and
densitometric analysis showing that treatment of organotypic slices with soluble Aβ42 and
fAβ42 for 72 hours significantly decreases levels of phosphorylated leptin receptor (p-
ObRb) at Tyr1138 residue. Leptin (125nM) treatment reverses the effects of soluble Aβ42
and fAβ42 on levels of p-Tyr1138 ObRb. Treatment of slices with leptin (125nM) alone
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increased p-Tyr1138 Ob-Rb. Data is presented as mean values ± S.E.M. **p<0.01,
***p<0.001 versus control. †† p<0.01, ††† p<0.001 versus soluble Aβ42 or fibrillar Aβ42.

Marwarha et al. Page 16

J Neurochem. Author manuscript; available in PMC 2011 October 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3.
Representative Western blot and densitometric analysis showing that treatment of
organotypic slices with soluble Aβ42 and fAβ42 for 72 hours significantly increases levels
of the phosphatase SOCS-3. Leptin (125nM) treatment does not affect levels of SOCS-3.
Data is presented as mean values ± S.E.M. * p<0.05 versus control.
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Figure 4.
Western blot, ELISA and Real Time RT- PCR analysis demonstrating the involvement of
mTOR in leptin expression. (a) Representative Western blot and densitometric analysis
show that treatment of organotypic slices with the mTOR inhibitor rapamycin for 72 hours
significantly decreases protein levels of leptin compared to control slices. (b) Quantitative
measurement of leptin levels using ELISA demonstrate that treatment of organotypic slices
with rapamycin significantly decreases leptin concentrations. (c) Real Time RT- PCR
analysis shows that treatment of organotypic slices with rapamycin significantly also
decreases leptin mRNA expression. Data is presented as mean values ± S.E.M. **p<0.01,
***p<0.001 versus control.
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Figure 5.
Effect of Aβ, rapamycin and leptin treatment on mTOR phosphorylation and activation. (a)
Treatment of organotypic slices with soluble Aβ42 or fAβ42 for 72 hours significantly
decreases phosphorylation of mTOR at Ser2448 residue. The mTOR inhibitor rapamycin
does not affect mTOR phosphorylation. Leptin treatment, either alone or in association with
soluble Aβ and rapamycin, dramatically increases p-Ser2448 mTOR to levels higher than
basal levels. However, leptin only partially reversed the decrease in levels of p-Ser2448

mTOR induced by fAβ42. (b) Treatment of organotypic slices with soluble Aβ42, fAβ42
and rapamycin for 72 hours significantly reduces phosphorylation of p70S6K1 (p-Thr389

p70S6K1). Leptin treatment, either alone or in association with soluble Aβ increases p-
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Thr389 p70S6K1to levels higher than basal levels. Leptin also prevented the decrease in p-
Thr389 p70S6K1 induced by fAβ42. However, leptin fails to prevent the inhibition of p-
Thr389 p70S6K1 caused by rapamycin. Data is presented as mean values ± S.E.M. *p<0.05,
**p<0.01 and ***p<0.001 versus control, † p<0.05 and ††† p<0.001 versus soluble Aβ42 or
fAβ42, ‡ ‡ ‡ p<0.001 versus rapamycin.
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Figure 6.
Representative Western blots and densitometric analysis demonstrating the effect of Aβ,
rapamycin and leptin treatments on tau levels. Treatment of organotypic slices with soluble
Aβ42, fAβ42 or rapamycin for 72 hours significantly increases phosphorylation of tau at the
Ser202 and Thr205 residues as detected by CP13 antibody. Leptin treatment decreases both
basal levels, soluble Aβ42 and rapamycin-induced, but not fAβ42 -induced, phosphorylated
Ser202 and Thr205 tau. fAβ42 and rapamycin, but not soluble Aβ42, increased levels of tau
phosphorylated at Ser396 and Ser404 residues as detected by PHF-1 antibody. Leptin
treatment, while reduces basal levels and fAβ42 - induced phosphorylated Ser396 and Ser404

tau levels, fails to reduce rapamycin-induced increase in levels of phosphorylated tau at
Ser396 and Ser404. Data is presented as mean values ± S.E.M. *p<0.05 and **p<0.01 versus
control, † p<0.05 versus soluble Aβ42 or fAβ42, ‡ p<0.05 versus rapamycin
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Figure 7.
Effects of Aβ, rapamycin and leptin treatments on p- Ser473 AkT, p- Ser9 GSK-3β, and p-
Tyr216 GSK-3β levels. (a) Treatment of organotypic slices for 72 hours with soluble Aβ42
or fAβ42, but not with rapamycin, significantly decreases phosphorylation of AkT at Ser473.
Leptin treatment, either alone or in association with Aβ or rapamycin, markedly increases p-
Ser473 AkT to levels higher than the basal levels. (b) Treatment of organotypic slices for 72
hours with soluble Aβ42 or fAβ42 reduces p-Ser9 GSK-3β levels and increases p-Tyr216

GSK-3β levels. Rapamycin does not affect p-Ser9 GSK-3β or p-Tyr216 GSK-3β levels.
Leptin treatment increases p-Ser9 GSK-3β alone or in the presence of Aβ but does not affect
p-Tyr216 GSK-3β levels. Data is presented as mean values ± S.E.M. *p<0.05, **p<0.01 and
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***p<0.001 versus control; † p<0.05 and †† p<0.01 versus soluble Aβ42 or fAβ42; ‡ p<0.05
versus rapamycin.
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Figure 8.
Aβ attenuates mTORC1 signaling by reducing the phosphorylation of mTOR (1), thus
causing a decrease in the expression of leptin (2). Reduced expression levels of leptin are
accompanied by a reduction in phosphorylation of leptin receptor (p-Tyr1138 ObRb) (3). Aβ
also increases SOCS-3 expression levels (4), an effect that may also cause a reduction in
levels of p-Tyr1138 ObRb (5). Reduced levels p-Tyr1138 ObRb leads to decreased activation
of AkT (6), subsequently resulting in the activation of GSK-3β (7). Activation of GSK-3β
results in increased phosphorylation of tau (p-tau) (8). Attenuated AkT activation can also
reduce mTORC1 activation (9), an effect that may further reduce leptin expression (2). It is
also possible that Aβ regulates leptin signaling via other mechanisms independent of
mTORC1 and SOCS-3.
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