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A B S T R A C T

The discovery that mammalian target of rapamycin (mTOR) inhibition increases lifespan in mice and restores/
delays many aging phenotypes has led to the identification of a novel potential therapeutic target for the
treatment of Alzheimer's disease (AD). Among mTOR inhibitors, everolimus, which has been developed to im-
prove the pharmacokinetic characteristics of rapamycin, has been extensively profiled in preclinical and clinical
studies as anticancer and immunosuppressive agent, but no information is available about its potential effects on
neurodegenerative disorders. Using a reliable mouse model of AD (3×Tg-AD mice), we explored whether short-
term treatment with everolimus injected directly into the brain by osmotic pumps was able to modify AD-like
pathology with low impact on peripheral organs.

We first established in non-transgenic mice the stability of everolimus at 37 °C in comparison with rapamycin
and, then, evaluated its pharmacokinetics and pharmacodynamics profiles through either a single peripheral
(i.p.) or central (i.c.v.) route of administration. Finally, 6-month-old (symptomatic phase) 3×Tg-AD mice were
treated with continuous infusion of either vehicle or everolimus (0.167 μg/μl/day, i.c.v.) using the osmotic
pumps. Four weeks after the beginning of infusion, we tested our hypothesis following an integrated approach,
including behavioral (tests for cognitive and depressive-like alterations), biochemical and immunohistochemical
analyses.

Everolimus (i) showed higher stability than rapamycin at 37 °C, (ii) poorly crossed the blood-brain barrier
after i.p. injection, (iii) was slowly metabolized in the brain due to a longer t1/2 in the brain compared to blood,
and (iv) was more effective in the CNS when administered centrally compared to a peripheral route. Moreover,
the everolimus-induced mTOR inhibition reduced human APP/Aβ and human tau levels and improved cognitive
function and depressive-like phenotype in the 3×Tg-AD mice.

The intrathecal infusion of everolimus may be effective to treat early stages of AD-pathology through a short
and cyclic administration regimen, with short-term outcomes and a low impact on peripheral organs.

1. Introduction

Alzheimer's disease (AD) is an age-related neurodegenerative dis-
order clinically characterized by a progressive deterioration of cogni-
tive function. AD is defined pathologically by the presence of amyloid

plaques, composed of aggregated amyloid β-peptides (Aβ), and neuro-
fibrillary tangles (NFTs), composed of hyperphosphorylated and ag-
gregated tau protein. Despite recent advances in treatment strategies,
AD remains incurable and new therapeutic targets are needed.

The mammalian target of rapamycin (mTOR) signaling pathway has
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received much attention for its role in the aging process (Powers et al.,
2006; Vellai et al., 2003). In fact, the inhibition of mTOR leads to a
number of downstream events including the inhibition of cellular pro-
liferation and the stimulation of autophagy, an intracellular degrada-
tion pathway essential for cellular and energy homoeostasis (Harrison
et al., 2009; Powers et al., 2006; Vellai et al., 2003). Since neurode-
generation-associated aggregation-prone proteins are predominantly
degraded by autophagy (Kim et al., 2011), emerging evidence indicates
that compromised autophagy can lead to the accumulation of mutant
proteins and cellular toxicity. Enhancing this process exerts beneficial
effects in a wide range of transgenic disease models (Harrison et al.,
2009; Majumder et al., 2011, 2012).

In particular, genetic and pharmacological reduction of mTOR ac-
tivity has been shown to significantly increase the lifespan in different
organisms including yeast, Drosophila and mammals (Harrison et al.,
2009; Majumder et al., 2012; Powers et al., 2006; Vellai et al., 2003).
Moreover, mTOR signaling was reported to be up-regulated in Down's
syndrome patients and in selected neurons of AD brains that are pre-
dicted to develop tau pathology suggesting that chronic high levels of
mTOR signaling may exert detrimental effects in both Down's syndrome
and AD brains (An et al., 2003; Iyer et al., 2014). Furthermore, the
neuropathological alterations and learning and memory deficits in an-
imal models of AD and tuberous sclerosis were associated with an in-
crease in mTOR signaling (Caccamo et al., 2010, 2011; Ehninger et al.,
2008; Magini et al., 2017).

Rapamycin, an immune-modulator approved by the U.S. Food and
Drug Administration (FDA) for clinical use as an immunosuppressant,
rescues cognitive deficits and ameliorates Aβ and tau pathology by
increasing autophagy (Caccamo et al., 2010). Inhibition of mTOR sig-
naling also has beneficial effects in murine models of Apolipoprotein
E4-related and Down's syndrome-related AD (Andrade-Talavera et al.,
2015; Lin et al., 2017).

In all these studies, the drug was chronically administered orally for
2 to 6months (Andrade-Talavera et al., 2015; Caccamo et al., 2010; Lin
et al., 2017). However, more recent studies have demonstrated that
long-term treatment with mTOR inhibitors resulted in mTOR complex 1
(mTORC1) resistance and the development of autophagy inhibition
(Kurdi et al., 2016), due to an uncoupling of the mTORC1 substrate, the
unc-51-like autophagy-activating kinase 1 (ULK1). This suggests that
the long-term use of mTOR inhibitors as a treatment for AD may have
limited value. ULK1 is the main effector by which mTORC1 is able to
initiate autophagy (Kim et al., 2011). Moreover, the chronic adminis-
tration of rapamycin is associated with detrimental effects on metabo-
lism, including hyperglycemia, hyperlipidemia, and insulin resistance
in a murine model of nutrition-dependent type-2 diabetes (Fraenkel
et al., 2008), and similar metabolic changes have been shown in pa-
tients treated with rapamycin (Stallone et al., 2009).

One potential new approach to administer novel experimental
therapies with the beneficial effects of mTOR inhibition but fewer
systemic side effects is to administer local intracerebroventricular
(i.c.v.) infusion of the mTOR inhibitor directly into the brain.
Intracerebroventricular access is routinely used in any event that might
impede normal cerebrospinal fluid outflow (Fried et al., 2016). The
same route can also operate in the opposite direction and serve as an
efficient route for drug delivery into the ventricular space (Peyrl et al.,
2014). This route of administration is currently exploited in case of
meningitis that are sensitive to antibiotics that do not readily cross the
blood-brain barrier (Arnell et al., 2007), or in primary brain lymphoma
cases that are sensitive to high doses of anticancer drugs, which are
only achievable locally without causing intolerable side effects (Korfel
and Schlegel, 2013).

Previous studies have demonstrated that i.c.v. infusion is reliable in
humans (Arnell et al., 2007; Korfel and Schlegel, 2013; Peyrl et al.,
2014), therefore in this study we examined the efficacy of adminis-
tering everolimus, a synthetic analogue of rapamycin into the cere-
broventricular space of a triple transgenic model of AD (3×Tg-AD).

These mice develop age-dependent and region-specific Aβ and tau ag-
gregations that closely mimic the disease progression seen in humans
(Bellanti et al., 2017; Cassano et al., 2011, 2012; Oddo et al., 2003;
Romano et al., 2014).

Although the antitumor properties of everolimus have been ex-
tensively profiled in preclinical (Mabuchi et al., 2007) and clinical
studies (Motzer et al., 2008), little has been reported about its phar-
macokinetics and potential effects on neurodegenerative disorders.

Therefore, we initially performed an exploratory study on non-
transgenic (Non-Tg) mice and investigated the pharmacokinetic beha-
vior of everolimus administered through different routes (i.p. vs in-
trathecal). We, then, investigated the effects of a short-term intrathecal
infusion of everolimus on cognitive and non-cognitive components of
behavior, as well as the disease-modifying potential (i.e., ability to re-
duce the brain levels of Aβ and hyperphosphorylated tau) in young/
adult 3× Tg-AD mice.

Briefly, our results suggest that intrathecal everolimus treatment
enhances cognitive function and exerts antidepressant-like effects in
young/adult 3×Tg-AD mice. In addition, our data demonstrate that
everolimus reduces both human APP/Aβ and human tau levels in
3×Tg-AD mice.

2. Material and methods

2.1. Experimental chemicals and reagents

Everolimus was purchased from Selleckchem (>99%, cat. N.
S1120, Munich, Germany), rapamycin from Ningbo Heyreal Import &
Export Co., Ltd. (Zhejiang, China), carboxymethylcellulose sodium salt
and polysorbate-80 were from Sigma-Aldrich (> 99%, Milan, Italy).
HPLC-grade methanol, ammonium formate and acetonitrile were from
J. T. Baker (Milan, Italy), formic acid was from Sigma-Aldrich (> 98%,
Milan, Italy). Zinc sulfate was from Carlo Erba (> 99%, Milan, Italy).
HPLC-grade water was obtained from inverse-osmosis MilliQ system.
The osmotic pumps (model 1002) were purchased from Alzet
(Cupertino, CA, USA).

2.2. Evaluation of everolimus and rapamycin stability in artificial
cerebrospinal fluid

In order to evaluate the stability of everolimus during its delivery by
osmotic pumps in animal models, everolimus and its natural analogue
rapamycin were dissolved at a concentration of 10 μg/ml in a vehicle
solution consisting of 10% (v/v) DMSO in artificial cerebrospinal fluid
(aCSF) containing, in mM, NaCl 145, KCl 2.7, MgCl2 1, CaCl2 2.4, and
Na2HPO4 2, buffered at pH 7.4. Samples were then incubated at 37 °C
and aliquots were withdrawn at established time intervals and sub-
mitted to HPLC-UV analysis. The concentrations of everolimus and ra-
pamycin were then measured over time and were expressed as a per-
centage of the initial value, which was set to 100%.

2.3. Everolimus quantification by HPLC-UV method

The UV method was based on previously published work
(Giovagnoli et al., 2015). The instrument used was a Portlab STAYER
HPLC system equipped with UV detection, a parallel pump and
Triathlon autosampler (Portlab, Rome, Italy). The conditions employed
were the following: isocratic mode with acetonitrile:water (60:40, v/v)
eluted at 0.9ml/min and a Zorbax sb-300 C18 column (Agilent, Milan,
Italy) equilibrated at 60 °C. UV detection was performed at 278 nm and
calibration was performed between 25 and 200 ng/ml (r2= 0.99957).

2.4. Evaluation of everolimus and rapamycin stability in cells

Everolimus and rapamycin stability were determined by evaluating
cell proliferation after drug treatment (Polchi et al., 2016). Both
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