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1. Introduction

ABSTRACT

Neuroinflammation plays a prominent role in the pathophysiology of several neurodegenerative
disorders, including Multiple Sclerosis. Reactive microglial cells are always found in areas of active
demyelination as well as in normal-appearing white matter. Microglia contribute to initiating and
maintaining brain inflammation, and once activated release pro-inflammatory mediators potentially
cytotoxic, like nitric oxide (NO). It is now evident that the mTOR signaling pathway regulates different
functions in the innate immune system, contributing to macrophage activation. More recently, mTOR
has been found to enhance the survival of EOC2 microglia during oxygen-glucose deprivation and
increase NO synthase 2 (NOS2) expression during hypoxia in BV2 microglial cell line, thus suggesting an
involvement in microglial pro-inflammatory activation. In the present study, we detected mTOR
activation in response to two different stimuli, namely LPS and a mixture of cytokines, in primary
cultures of rat cortical microglia. Moreover, mTOR inhibitors reduced NOS activity and NOS2 expression
induced by cytokines, but not those induced by LPS. The mTOR inhibitor RAD0O01, in combination with
cytokines, also reduced microglial proliferation and the intracellular levels of cyclooxygenase. Under
basal conditions mTOR inhibition significantly reduced microglial viability. Interestingly, mTOR
inhibitors did not display any relevant effect on astrocyte NOS2 activity or cell viability. In conclusion,
mTOR selectively controls microglial activation in response to pro-inflammatory cytokines and appears
to play a crucial role in microglial viability; thus these drugs may be a useful pharmacological tool to
reduce neuroinflammation.

© 2009 Elsevier Inc. All rights reserved.

found in MS and its animal model, i.e. the experimental
autoimmune encephalomyelitis (EAE) [5]. Consistent with this

Neuroinflammation, a process mainly sustained by activated
microglial cells, plays a prominent role in the pathophysiology of
several neurodegenerative disorders, including Multiple Sclerosis
(MS) [1]. Lymphocytes, myeloid and reactive microglial cells are
always found in areas of active demyelination in MS brains [2];
more important, activated parenchymal microglia are early
detected in regions of normal-appearing white matter [3].
Microglia contribute to initiating and maintaining brain inflam-
mation, and once activated release pro-inflammatory mediators
potentially cytotoxic, such as nitric oxide (NO). When NO is
produced in excessive amounts and for prolonged times, as it
occurs by up-regulation of the inducible NO synthase isoform
(NOS2), it can be neurotoxic [4]. Aberrant NOS2 induction has been
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finding, NOS2 inhibitors [6] and NO scavengers [7], as well as
antisense oligonucleotides injected intraventricularly to selec-
tively block NOS2 in the CNS [8], suppress the clinical development
of EAE. In contrast, the complete inhibition of NOS2, as it occurs in
NOS2 null mice, worsens the clinical course of EAE [9], suggesting
that NO, up to certain levels, may be beneficial. NO is needed to
induce T cell apoptosis [10], thereby contributing to the resolution
of neuroinflammatory processes; moreover, phagocytosis of
apoptotic T cells by activated microglia down-regulates their
pro-inflammatory functions [11]. It has been shown that some of
these mechanisms are defective in MS patients [12], thus a partial
pharmacological knockdown of NOS2 might result in beneficial
effects.

The so-called mammalian target of rapamycin (mTOR) is a
serin/threonin protein kinase with a central role in the regulation
of cell growth and proliferation, as well as of physiological
processes such as transcription, mRNA turnover and translation,
ribosomal biogenesis, vescicular trafficking, autophagy and
cytoskeletal organization [13]. In the immune system, mTOR is
essential for the proper activation and proliferation of effector T
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cells, but the development of regulatory T cells is restrained
[14,15]. Second generation immunosuppressants, rapamycin
(RAPA) and RAD0OO1 (RAD) potently block cytokine-driven T cell
proliferation by inhibiting mTOR kinase activity [ 16]. While able to
block T cell proliferation induced by several cytokines (including
IL-1, IL-2, IL-3, IL-12 and IL-15) and alloantigens [17], it appears
relevant to MS that mTOR inhibitors do not interfere with the
ability of CD4"-CD25" regulatory T cells to induce immunological
tolerance [18].

It is now apparent that mTOR plays a crucial role in the
regulation of the innate immune system [19]. In freshly isolated
human monocytes and primary myeloid dendritic cells (DCs),
mTOR activation inhibits the production of pro-inflammatory
cytokines (IL-12, IL-23, TNFa and IL-6) while it enhances the
release of the antinflammatory cytokine IL-10 by blocking NFkB
activation and increasing STAT3 activity [20]. Thus, the mTOR
pathway might have opposite roles in the immune system [21],
being necessary for T cell proliferation and the adaptive immune
responses yet critical in the down-regulation of innate immune
functions. Other studies showed that mTOR inhibition decreases
the global inflammatory response of in vitro generated DCs [22,23]
and reduces the production of NO by LPS-stimulated macrophages
[24]. Schimtz et al. [25] showed that mTOR is activated following
toll-like receptor stimulation by different ligands, both in human
and mouse myeloid cells, leading to an increase in IL-12 and a
decrease in IL-10 production, as also shown by Weichhart and coll.
[20]. While IL-12 was increased, other pro-inflammatory markers
(such as TNFe, IL6 and NO) were reduced by RAPA [25]. Therefore,
further studies to elucidate the exact role of mTOR in the innate
immune system are needed, even though the relevance of this
pathway in the regulation of monocyte-macrophage functions is
undisputed at present.

Looking at the central nervous system resident macrophages,
i.e. microglial cells, it has been demonstrated that mTOR enhances
the survival of EOC2 microglial cells during oxygen-glucose
deprivation [26] and mediates NOS2 induction during hypoxia
in the BV2 microglial cell line [27], suggesting a role in the control
of microglial functions. We tested this hypothesis in primary
cultures of rat cortical microglia activated in vitro by two different
stimuli: the bacterial endotoxin (lipopolysaccharide, LPS) and a
more relevant stimulus to MS pathophysiology, i.e. a mixture of the
pro-inflammatory cytokines interleukin-13 (IL-13), tumor necro-
sis factor o (TNFat) and interferon-vy (IFNv), altogether referred to
as TII. The activation of mTOR (measured by phosphorylation of the
protein at ser-2448) [28] could be detected after 2 h of stimulation
with both stimuli. The pharmacological inhibition of mTOR was
able to reduce cytokine-dependent NOS2 activity and expression,
but had not effect on LPS-induced NOS activity. Subsequently, we
tested the effect of mTOR inhibition on cyclooxygenase (COX)
expression and activity, taken as additional parameters of
microglial activation. The cytokine mixture increased COX gene
expression and activity, the latter measured through the assess-
ment of prostaglandin E2 (PGE2) release in the incubation medium
after 48 h of incubation. The addition of RAD antagonized cytokine-
induced COX expression and tended to reduce PGE2 production,
albeit reduction did not attain statistical significance. The overall
inhibitory effects of mTOR blockers were not due to increased
microglial toxicity, as shown by the MTS reduction assay. However,
mTOR inhibitors reduced microglial proliferation and under basal
conditions also cell viability. Both inhibitors had no significant
effects on astrocyte NOS2 activity and cell viability. Taken together,
these findings indicate that mTOR is crucial for microglial
proliferation and their activation in response to pro-inflammatory
cytokines, thus providing pre-clinical evidence for a possible
clinical exploitation of mTOR inhibitors in the treatment of MS and
other inflammatory-based CNS pathologies.

2. Methods
2.1. Materials

Cell culture reagents [Dulbecco’s modified Eagle’s medium
(DMEM), DMEM-F12 and Fetal calf serum (FCS)] were from
Invitrogen Corporation (Paisley, Scotland). Antibiotics were from
Biochrom AG (Berlin, Germany). Bacterial endotoxin LPS (Salmo-
nella typhimurium) was from Sigma-Aldrich (St. Louis, MO, USA).
Recombinant pro-inflammatory cytokines, namely human tumor
necrosis factor a (TNFa), human interleukin-13 (IL-13) and rat
interferon-y (IFNvy) were purchased from Endogen (Pierce
Biotechnology, Rockford, IL, USA). The mTOR inhibitor, RAD0O1
(RAD), was kindly provided by Novartis Pharmaceutical (Basel,
Switzerland), while rapamycin (RAPA) was purchased from Tocris
Bioscience (Bristol, UK). COX1 and COX2 rabbit polyclonal
antibodies were from Cayman (Ann Arbor, MI, USA); [B-actin
(clone AC-74) mouse monoclonal antibody was from Sigma-
Aldrich; and rabbit polyclonal anti-phospho [ser-2448] mTOR was
purchased from Novus Biological (Littleton, CO, USA).

2.2. Cell cultures

Primary enriched cultures of rat microglia were prepared from
mixed cultures of cortical glial cells (at in vitro day 14), as
described previously [29]. Briefly, microglial cells were detached
from the astrocyte monolayer by gentle shaking. The cells were
plated in 96-well plates at a density of 3 x 10° cells/cm? using
100 pL/well DMEM-F12 containing 10% FCS and antibiotics. Under
these conditions, the cultures were 95-98% CD11b positive.
Experiments were carried out in the same medium used for cell
plating to reduce microglial death, which normally occurs after
splitting from astrocytes [30]. Microglial activation was induced by
incubating cells with pro-inflammatory cytokines (10 UI/mL IFNvy,
10 ng/mL TNFa and 10 ng/mL IL-18) or 1 ng/mL LPS for different
times as indicated in figure legend. At the end of each experiment,
the incubation medium was collected and used for the measure-
ment of NO production or PGE2 release.

Primary cultures of cortical rat astrocytes were obtained as we
previously described [30]. Briefly, after dissecting and digesting
the cortices, cells were plated in 75-cm? flasks (1 brain/flask). The
culture medium was changed within 24 h, and then twice a week
until the astrocytes were grown to form a monolayer. At this time,
the culture medium was replaced with PBS-without Ca?* and
Mg?* (Sigma-Aldrich) and the flasks were vigorously shaken to
remove non-adherent cells, oligodendrocytes and microglia.
Subsequently, astrocytes were detached from the flask by a 5-
min 0.05% trypsin—-EDTA treatment (Biochrom Ltd., UK). Astro-
cytes obtained with this procedure were then subcultured twice,
the first time in 75-cm? flasks and the second time directly in
multiwell plates used for the experimental procedures, carried
out in 1% FCS DMEM.

2.3. Nitrite assay

NOS2 activity was assessed indirectly by measuring nitrite
accumulation in the incubation media [31]. Briefly, an aliquot of
the cell culture media (80 L) was mixed with 40 wL Griess
Reagent (Sigma-Aldrich) and the absorbance measured at 550 nm
in a spectrophotometric microplate reader (PerkinElmer Inc., MA,
USA). A standard curve was generated during each assay in the
range of concentrations 0-100 wM using NaNO, (Sigma-Aldrich)
as standard. In this range, standard detection resulted linear and
the minimum detectable concentration of NaNO, was >6.25 WM.
In the absence of stimuli, basal levels of nitrites were below the
detection limit of the assay after 24 h incubation.
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2.4. Cell viability measurement

At the end of each experiment, microglial viability was assessed
by reduction of the tetrazolium compound (3-(4,5-dimethylthia-
zol-2-yl)-5-(4-sulfophenyl)-2H-tetrazolium, inner salt; MTS) con-
tained in the CellTiter AQueous One Solution Reagent (Promega,
Madison, WI, USA). For this assay cells were seeded in 96-well
plates. At the end of the experimental procedure, 20 wL of MTS
reagent were added to the cells that were further incubated for 2 h.
Living cells bio-reduces yellow MTS into a purple soluble formazan
product with an absorbance peak at 492 nm, that was read in a
spectrophotometer plate reader.

2.5. Cell proliferation assay

Microglial proliferation rate was determined using a non-
radioactive proliferation assay (Exalpha Biological Inc., Maynard,
MA, USA), used according to the manufacturer’s instructions. This
ELISA assay measures the incorporation of 5-bromo-2-deoxyur-
idine (BrdU) into newly synthesized DNA of actively proliferating
cells. Microglial cells were incubated in plain medium or medium
containing different testing substances for 24 h. BrdU solution was
added 8 h later directly in the incubation medium, and cells were
kept in the incubator for the remaining 16 h. At the end of the
incubation time, medium was removed and cells were fixed. BrdU
immunoreactivity was measured using a specific primary antibody
provided by the kit. Control wells that were not exposed to BrdU,
were processed in the same way as experimental samples and
were used as background for the assay. Absorbance was read at
450 nm and 540 nm. Total net OD was calculated per each sample
(ODy4s0 — ODs49 without values measured for background sam-
ples). Data are expressed as percentage of Control values. The
sensitivity of BrdU incorporation is comparable to standard
radioactive [*H]-thymidine incorporation assays.

2.6. PGE2 radioimmunoassay

PGE2 was measured by RIA as previously described in detail
[32]. Incubation mixtures of 1.5 mL were prepared in disposable
plastic tubes. Culture derived media samples (250 L) were mixed
with [PH]PGE2 (GE Healthcare, Little Chalfont, UK) (2500-
3000 cpm) in 0.025M phosphate buffer (pH 7.5). Antiserum
reactive against PGE2 (kindly provided by Prof. G. Ciabattoni) was
added with sufficient phosphate buffer to achieve a final dilution of
1:120,000 in a total incubation volume of 1.5 mL. A standard curve
was generated with duplicate aliquots of PGE2 at 2-400 pg/tube.
After 24 h, free PGE2 was removed with activated charcoal (Sigma-
Aldrich). Supernatants (containing antibody-bound PGE2) were
combined with 10 mL liquid scintillation fluid, and radioactivity
was measured by liquid scintillation counting (PerkinElmer Inc.).
The detection limit of the assay was 2 pg/tube and the ECso 40 pg/
tube. The intra- and inter-assay variability was 5 and 10%,
respectively.

2.7. mRNA analysis in real time PCR

Total cytoplasmic RNA was extracted using the RNeasy®™ Micro
kit (Qiagen, Hilden, Germany), which included a 15 min DNAse
treatment. RNA concentration was measured using the Quant-iT™
RiboGreen™ RNA Assay Kit (Invitrogen Corporation). A standard
curve in the range of 0-100 ng was run in each assay using 16S and
23S ribosomal RNA (rRNA) from E. coli as standard and provided by
the kit. Aliquots (0.5 pg) of RNA were converted to cDNA using
random hexamer primers. Quantitative changes in mRNA levels
were estimated by real time PCR (Q-PCR) using the following
cycling conditions: 35 cycles of denaturation at 95 °C for 20 s;

annealing at 59 °C for 30 s; and extension at 72 °C for 30 s; using
the Brilliant SYBR Green QPCR Master Mix 2X (Stratagene, La Jolla,
CA, USA). PCR reactions were carried out in a 20 L reaction
volume in a MX3000P real time PCR machine (Stratagene). The
primers used for NOS2 detection were: 1704F (5'-CTG CAT GGA
ACA GTATAA GGCAAA C-3'), and 1933R (5'-CAG ACA GTT TCT GGT
CGA TGT CAT GA-3’), which yield a 230 base pair (bp) product. The
primers used for COX1 detection were 154F (5’-CCT CAC CAG TCA
ATC CCT GT-3'), and 384R (5'-AGG TGG CAT TCA CAA ACT CC-3'),
which yield a 231 bp product; the primers used for COX2 detection
were 677F (5-GCA TTC TTT GCC CAG CAC TTC ACT-3'), and 774R
(5'-TTT AAG TCC ACT CCA TGG CCC AGT-3’) which yield a 98 bp
product. The primers used for a-tubulin were: F984 (5’-CCC TCG
CCA TGG TAA ATA CAT-3'), and 1093R (5’-ACT GGA TGG TAC GCT
TGG TCT-3’), which yield a 110bp product. Relative mRNA
concentrations were calculated from the take-off point of reactions
(threshold cycle, Ct) using the comparative quantitation method
performed by Stratagene software and based upon the —AACt
method [33]. This analysis approximates a given sample’s target
mRNA (e.g., NOS2) level relative to the mean of the target mRNA
levels in untreated controls (“calibrator” value), thus permitting
statistical analysis of deviation from the mean even among the
controls. Ct values for a-tubulin expression served as a normal-
izing signal. In each assay, the PCR efficiency was also calculated
using serial dilution of one experimental sample; efficiency values
between 94 and 98% were found for each primer set and taken into
account for the comparative quantitation analysis. At the end of Q-
PCR, the products were separated by electrophoresis through 2%
agarose gels containing 0.1 pg/mL ethidium bromide to ensure the
product was the correct size.

2.8. Western immunoblot

Microglia were lysed in RIPA buffer (1 mM EDTA, 150 mM Nacl,
1% igepal, 0.1% SDS, 0.5% sodium deoxycholate, 50 mM Tris-HCl,
pH 8.0) (Sigma-Aldrich) containing protease inhibitor cocktail
diluted 1:250 (Sigma-Aldrich) (1 x 10° cells/100 wL RIPA). The
protein content in each sample was determined by Bradford’s
method (Biorad, Hercules, CA, USA) using bovine serum albumin as
standard. A 20-.g aliquot of protein was mixed either 1:2 with 2 x
Laemmli Buffer (Biorad) or 1:3 with 3x gel sample buffer (150 mM
Tris—HCl, pH 6.8, 7.5% SDS, 45% glycerol, 7.5% of bromophenol blue,
15% [3-mercaptoethanol) depending on protein content, boiled for
5min, and separated through 10% polyacrylamide SDS gels.
Apparent molecular weights were estimated by comparison to
colored molecular weight markers (Sigma-Aldrich). After electro-
phoresis, proteins were transferred to polyvinylidene difluoride
membranes by semi-dry electrophoretic transfer (Biorad). The
membranes were blocked with 10% (w/v) low-fat milk in TBST
(10 mM Tris, 150 mM NacCl, 0.1% Tween-20, pH 7.6) (Biorad) for 1 h
at room temperature, and incubated in the presence of the primary
antibody overnight with gentle shaking at 4 °C. Primary antibodies
for phosphorylated mTOR, [3-actin, COX1, and COX2 were used at
the final concentration of 1:1000. Primary antibodies were
removed, membranes washed 3 times in TBST, and further
incubated for 1 h at room temperature in the presence of specific
secondary antibody, anti-rabbit IgG-HRP (Vector Laboratories,
Burlingame, CA, USA) diluted 1:15,000-20,000 or anti-mouse IgG-
HRP (Sigma-Aldrich) secondary antibody, diluted 1:8000. Follow-
ing three washes in TBST, bands were visualized by incubation in
ECL reagents (GE Healthcare) and exposure to X-ray film (Kodak,
Rochester, NY, USA). The same membranes were washed 3 times in
TBST, blocked with 10% (w/v) low-fat milk in TBST for 1 h at room
temperature and used for 3-actin immunoblot. Band intensities
were determined using Image] software (National Institutes of
Health) from autoradiographs obtained from the minimum
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Fig. 1. Analysis of mTOR phosphorylation during microglial activation. (A) Whole-cell lysates were prepared from microglial cells incubated for 2 h in plain medium or in
medium containing either TII or LPS. Equal amounts of proteins were analyzed by western blot for phosphorylated mTOR kinase (p-mTOR), upper gel. mTOR phosphorylation
at ser-2448 is a marker of mTOR activation within the TORC1. The same blots were subsequently probed for 3-actin, lower gel. (B) Quantitation of densitometry where p-
mTOR values are reflected relative to those for 3-actin. Data are expressed as means + SEM of n = 2 replicates for each group, each assayed in triplicates. Representative of two

different experiments. ***P < 0.001 and *P < 0.05 vs. Controls.

exposure time that allow band detection, and background
intensities (determined from an equal-sized area of the film
immediately above the band of interest) were subtracted.

2.9. Data analysis

All experiments were done using 5-6 replicates per each
experimental group, and repeated at least 3 times. Duplicates
were used for the RNA analysis, samples were assayed in
triplicates, and the experiments were repeated at least twice.
Data were analyzed by one- or two-way ANOVA followed by
Bonferroni’s post hoc tests; P values < 0.05 were considered
significant.

3. Results
3.1. mTOR promotes cytokine-dependent microglial activation

Microglial cells were activated using a mixture of pro-
inflammatory cytokines (TII), i.e. 10 [U/mL IFN+, 10 ng/mL TNFa,
and 10ng/mL IL-13 or 1ng/mL LPS, a widely used pro-
inflammatory stimulus that triggers a full activation of microglia
[29]. Cells were incubated for 2 h, and then subjected to protein
analysis for mTOR phosphorylation at ser-2448. Both stimuli
significantly augmented mTOR phosphorylation (Fig. 1A); in
particular, LPS increased by about 70% and TII by about 40% the
amount of phosphorylated mTOR normally detected under basal
conditions (Fig. 1B). RAPA and its analog RAD are second
generation immunosuppressants that block mTOR activation;
in this model, 1 nM RAD was able to attenuate the increase in
mTOR phosphorylation at ser-2448 induced by TII treatment
(Fig. 2).
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When used in the range of 0.1-5nM, both mTOR inhibitors
counteracted the increase in NO production elicited by TII (Fig. 3A
and B), while having no significant effect on LPS-stimulated nitrite
production (Fig. 3C and D). The increased in NO production in
microglia cells is mediated by the up-regulation of inducible NOS
isoform; the steady state levels of NOS2 mRNA were almost
undetectable by Q-PCR under basal conditions (average Ct ~ 31),
and increased in response to both pro-inflammatory stimuli
(Fig. 4A). However, the time-course effects of the two stimuli were
remarkably different: LPS triggered a rapid up-regulation of NOS2,
with mRNA levels reaching a peak at 4 h and thereafter declining
with time up to 24 h, the latest time-point studied. Conversely, TII
caused a slower and progressive increase in the NOS2 mRNA levels,
with the highest amounts measured after 24 h. In subsequent
experiments a fixed time-point at 24 h was adopted, and microglial
cells were stimulated in the presence of 1 nM RAD, as indicated in
Fig. 4B and C. RAD significantly reduced NOS2 expression induced
by TII (Fig. 4B), while prevented the reduction of NOS2 mRNA
levels usually observed after 24 h of LPS treatment (Fig. 4C).

As an additional parameter of microglial activation, we studied
the effect of cytokines, given alone or in the presence of mTOR
inhibitors, on COX gene expression and activity. The amounts of
PGE2 released in the incubation media were taken as a marker of
COX activity, and TII was found to significantly increase PGE2
release from microglia after 48 h incubation. In this experimental
setting, the stimulatory effects of LPS are usually more rapid and
marked (not shown). RAD given in the range 0.1-1 nM tended to
reduce PGE2 production, albeit such reduction did not attain
statistical significance (Fig. 5A). TII significantly increased the total
amount of constitutive COX isoform, namely COX1 (Fig. 5B and C),
while displaying a slight but not statistic significant stimulatory
effects on COX2 levels (Fig. 5D and E). 1 nM RAD significantly
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Fig. 2. RAD001 reduces mTOR phosphorylation induced by TII. (A) Whole-cell lysates were prepared from microglial cells activated with TII for 2 h. 1 nM RAD was added at the
beginning of the experiment and equal amounts of protein were analyzed by western blot for phosphorylated mTOR kinase (p-mTOR). (B) Quantitation of densitometry
wherein p-mTOR values are reflected relative to those for -actin. Data are expressed as means + SEM of n =2 replicates for each group, each assayed in triplicates.
Representative of two different experiments. ***P < 0.001 vs. Controls; $%3P < 0.001 vs. TII
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Fig. 3. Effects of the mTOR inhibitors on microglial NO production. Microglia were activated for 24 h with TII (A and B) or LPS (C and D). The mTOR inhibitors, RAD001 (RAD)
and rapamycin (RAPA), were added to the cells in nM concentrations at the beginning of the experiments. NO production was assessed indirectly by measurement of nitrite
accumulation in the incubation medium (Griess method). Data are expressed as means 4+ SEM (n = 5). Results were analyzed by one-way ANOVA followed by Bonferroni’s post-

test. ***P < 0.001 vs. Controls; 3P < 0.01 and $%3P < 0.001 vs. TII.
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Fig. 4. Effects of the mTOR inhibitor RAD001 on NOS2 expression. (A) Total cytosolic RNA was prepared from Control, or microglial cells treated with LPS or TII for different
times, and used for Q-PCR analysis of NOS2 expression. Data are expressed as fold change vs. each respective Control, taken as calibrator for comparative quantitation analysis
of mRNA levels. Each sample was measured in triplicate, the experiment was repeated 2 times with similar results. Controls were equal 1, thus not reported in the graph. Both
LPS and TII significantly induced NOS2 expression in comparison to Controls (two-way ANOVA). Data are means + SEM. *P < 0.05 and ***P < 0.001 vs. TII; two-way ANOVA
followed by Bonferroni’s post-test. Microglia were incubated for 24 h with plain medium or activated with TII (B) or LPS (C). Where indicated, 1 nM RAD001 was added at the
beginning of the experiment. Data are means + SEM. ***P < 0.001 vs. Controls; 338P < 0.001 vs. TII (B) or LPS (C); one-way ANOVA followed by Bonferroni's post-test.
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Fig. 5. Effects of the mTOR inhibitor RAD001 on COX activity and expression. (A) Microglial cells were incubated for 48 h in plain medium or medium containing TII; when
indicated RAD (0.1-1 nM) was added to the cells at the beginning of the experiment. PGE2 release in the incubation media was assessed by RIA. Data are expressed as pg/mL of
PGE2, and are means =+ SEM of 4 replicates per each group. The experiment is representative of three different experiments run in the same conditions. *P < 0.05 vs. Controls.
Whole-cell lysates were prepared from microglial cells treated as described above. 20 g of protein were analyzed by western blot for the expression of COX1 (B) and COX2 (D)
enzyme. Line 1: Controls; line 2: TII; line 3: TII/0.1 nM RAD; line 4: TII/1 nM RAD; line 5: 1 nM RAD. TlI significantly increased intracellular levels of COX1 (C) while having a slight but
not significant stimulatory effect on COX2 (E). 1 nM RAD significantly reduced COX1 intracellular levels, both under basal conditions and after stimulation with TII (C). **P < 0.01 and

**P < 0,001 vs. Controls; 3P < 0.05 vs. TII.

reduced COX1 protein levels both under basal condition and after
TII challenge (Fig. 5B and C).

3.2. mTOR controls microglial proliferation and viability

In order to exclude possible nonspecific toxic effects of mTOR
inhibitors, MTS reduction was measured at the end of selected
experiments. Microglia were activated with TII for 24 h, and
mTOR inhibitors were added at the beginning of each experiment
as indicated (Fig. 6A). Tl significantly increased MTS reduction in
comparison to Controls, indicating that the cytokines signifi-
cantly increase cell viability. Co-incubation with 1-10 nM RAD
resulted in a complete reversal of TII-stimulated MTS reduction,
bringing back MTS levels to those of untreated Controls. Similar
results were obtained using RAPA. Both inhibitors significantly
reduced microglial cell viability with respect to Controls when

used alone (Fig. 6A). In experiments looking at cell proliferation,
RAD (0.1-10 nM) reduced microglial proliferation in a significant
and dose-dependent manner (Fig. 6B). Likewise, both TII (Fig. 6B)
and LPS (data not shown) suppressed microglial proliferation,
and the addition of RAD further increased the inhibitory effect
exerted by TII (Fig. 6B). The observed interference of mTOR
inhibitors with microglial viability and proliferation raised the
question as to whether the previous findings on NO production
were somewhat influenced by the varying number of cells in the
system. Therefore, the data of nitrite production were normal-
ized by the amount of proteins relative to each treatment. As
previously observed, 1 nM RAD significantly inhibited nitrite
production in microglial cells activated with TII (Fig. 7A) without
affecting LPS stimulatory effects (Fig. 7B), thereby confirming
that the effects of RAD on NOS regulation are not dependent on
cell number and viability.
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3.3. The pharmacological block of mTOR does not interfere with
astrocyte function

NOS2 activity can be also induced in primary cultures of rat
cortical astrocytes by LPS and cytokines [34]. However, these cells
are less reactive than microglia. In fact, we detected sizable
amounts of nitrites in the incubation media after 48 h challenge
with TII, and the levels were roughly 2-3-fold lower than those
found in microglial cultures after 24 h challenge. RAD, given in the
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range 0.01-10nM, tended to reduce nitrite production in
astrocytes, although such effect was not statistically significant
(Fig. 8A). On the other hand, RAPA used within the same range of
concentrations displayed no inhibitory effect (Fig. 8B). mTOR
inhibitors did not affect astrocyte viability, either given alone or in
combination with TII (Fig. 8C).

4. Discussion

In the present study we detected mTOR activation associated to
the pro-inflammatory activation of microglial cells in response to
two different pro-inflammatory stimuli, namely bacterial endo-
toxin and a mixture of inflammatory cytokines, in this work
referred to as TII. The pharmacological inhibition of mTOR was able
to reduce microglial responses elicited by the cytokines, but failed
to inhibit LPS-induced NOS2 activity. The mTOR inhibitors also
interfered with microglial viability and proliferation. All of these
effects appeared to be cell selective, since mTOR inhibitors did not
affect pro-inflammatory activation and cell viability in astrocytes.
These findings clearly indicate that the mTOR pathway plays a
relevant role in mediating innate immune responses within the
CNS, similar to the observations in peripheral cells of the immune-
inflammatory lineage [19].

In fact, we detected increased levels of phosphorylated mTOR in
primary cultures of microglial cells in response to both LPS and TII.
Phosphorylation at ser-2448 on the mTOR protein primarily
reflects a feedback signal from the mTOR downstream target, the
p70S6 kinase (p70S6K), and it is therefore considered a reliable
marker of mTOR activation within the cells [28]. While both
stimuli increased mTOR phosphorylation at ser-2448, the effect of
LPS was more marked in comparison to TII. A higher degree of
mTOR phosphorylation by LPS might probably account for the fact
that the inhibition of mTOR by appropriate pharmacological tools
failed to counteract LPS activation of microglia, whereas mTOR
inhibitors were able to reduce TII-stimulated nitrite production in
these cells. The same results were obtained if data were normal-
ized on the protein content relative to each treatment. Moreover,
the mTOR inhibitor RAD antagonized cytokine-dependent NOS2
induction after 24 h of treatment, but further increased NOS2
mRNA levels induced by LPS, which is consistent with the lack of
inhibition by RAD of NO production in LPS-activated microglia.
Under inflammatory conditions, high levels of NO are generated by
the up-regulation of NOS2. In microglial cultures we observed a
rapid up-regulation of NOS2 after a LPS challenge, with the highest
levels measured after 4 h incubation, whereas TII caused a slower
and progressive increase in the NOS2 mRNA steady state levels
with the highest amounts measured after 24 h, at a time when the
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response to LPS stimulation is declining towards baseline. These
data may be reasonably explained by the recruitment of different
signaling pathways by the two stimuli, and/or by a different timing
in recruitment, which can account for the different effects of RAD
on NOS2 activity and expression depending on the presence of one
or another of the two pro-inflammatory stimuli. Interestingly, both
pro-inflammatory [35,36] and antinflammatory effects [24] have
been described in peripheral macrophages in association to mTOR
inhibition. Most of the currently available data suggest that mTOR
acts as a negative feedback regulator in LPS-activated macrophages
by blocking NFKB activation and thus reducing the inflammatory
responses [20]. NFKB is a critical transcription factor in the
regulation of NOS2 expression, and therefore mTOR might regulate
NOS2 expression through an interaction with NFkB signaling
pathway. In fact, both stimulatory [37] and inhibitory effects [38]
on NFKB activation mediated by the mTOR pathway have been
described.

RAD also reduced the stimulatory effect of TII on PGE2
production (albeit not significantly) and the intracellular content
of COX enzymes, thus providing further support to the hypothesis
that the activation of mTOR mediates cytokine-dependent micro-
glial pro-inflammatory responses. The findings presented in this
study are consistent with a large body of evidence showing that
pro-inflammatory cytokines signal through the activation of the
mTOR pathway in several cellular systems. For example, TNFo-
dependent apoptosis in osteoclasts is mediated by mTOR activa-
tion [39]; in endothelial cells, RAPA was shown to reduce IL-13-
dependent production of vascular endothelial growth factor [40] as
well as TNFa-evoked IL-6 release [41]. Moreover, TNF impairs
insulin signaling through insulin receptor substrate-1 through the
activation of PI3-kinase/Akt/mTOR pathway [42], as demonstrated
by the fact that the effects of TNFa could be reverted by mTOR
inhibitors. Recently, it has been shown that TNFa promotes mTOR
activation via the inhibitor of NFkB kinase 3 (IKK[3) [43]. The latter
increases phosphorylation of the inhibitory protein tuberous
sclerosis complex 1 (TSC1), leading to the subsequent activation
of mTOR complex 1 (mTORC1) [43]. In fact, mTOR exists in at least

two different complexes, mTORC1 and mTORC2, with distinct
relationships toward both upstream and downstream effectors as
well as different regulations of intracellular function [13]. mTORC1
is critically involved in the regulation of protein translation; in fact,
its two main downstream targets (the 4E binding protein1, 4EBP1,
and the above mentioned p70S6K) are key components of the
translation machinery [44]. RAPA and its analogs selectively inhibit
the function of mTORC1 [45]; thus, a decrease in protein
translation may account for the inhibitory effects observed in
Tll-activated microglial cells, particularly the reduction on COX
intracellular content, since we could not observe any significant
inhibition on both COX1 and COX2 mRNA levels (not shown).

In order to exclude that the inhibitory effects of RAPA and RAD
were simply due to increased cell toxicity, we assessed MTS
reduction in the cultures at the end of the experiments. TII
increased MTS reduction in microglial cells, which is an index of
augmented cell viability. mTOR inhibitors were able to bring back
the stimulatory effect of TII to control levels that may be
considered as another evidence of the inhibitory effects of these
drugs on cytokine-dependent microglial activation. However,
microglial viability was significant affected by mTOR inhibition
under baseline conditions, which is consistent with the findings
that mTOR inhibition can lead to autophagic cell death [46] or to
apoptosis [47]. Moreover, RAD reduced in a significant and dose-
dependent manner microglial cell proliferation, assessed as the
rate of BrdU incorporation into newly synthesized DNA in dividing
cells. Interestingly, we observed a reduction of microglial
proliferation in response to cytokine stimulation, an effect that
may be due to increased production of free radicals and other toxic
metabolites, and RAD further amplified this inhibitory effect.
Taken together these data underlie the important role of mTOR in
the regulation of microglia cell viability and proliferation. Such
effects may also contribute to the neuroprotective actions of mTOR
inhibitors observed in vivo in some neurological disorders. RAPA
significantly ameliorates the functional recovery in mice after
experimental traumatic brain injury, probably due to the reduction
of microglial activation [48]. Interestingly, in this model RAPA had
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no significant effect on reactive astrocytes at the site of injury,
which is fully consistent with our in vitro data. In fact, we did not
observe any significant reduction in cytokine-dependent NOS2
activity, nor any effect on cell viability in primary cultures of rat
astrocytes. Thus the effects of mTOR inhibitors seem to be cell
specific. Similar findings were obtained in peripheral models,
where RAD has been found to selectively reduce macrophage
infiltration of atherosclerotic plaques without affecting smooth
muscle cell viability [46]. At variance with the above evidence, it
has been recently shown that mTOR may be involved in cell growth
and reactive transformation of spinal cord astrocytes, particularly
in response to epidermal growth factor [49].

In conclusion, in this study we demonstrated that mTOR
inhibitors selectively affect microglial function. The overall effects
on microglia observed in this study, the fact that mTOR inhibitors
reduce cytokine-dependent T cell proliferation while increasing
the ability of regulatory T cells to induce immunological tolerance,
may altogether lead to envision these drugs as useful therapeutic
tools to reduce neuroinflammation.
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