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ABSTRACT

Growing evidence suggests that alterations of the inflammatory/immune system contribute to the
pathogenesis of major depression and that inflammatory processes may influence the antidepressant
treatment response. Depressed patients exhibit increased levels of inflammatory markers in both the
periphery and brain, and high co-morbidity exists between depression and diseases associated with
inflammatory alterations. Trazodone (TDZ) is a triazolopyridine derivative that belongs to the class
of serotonin receptor antagonists and reuptake inhibitors. Although the trophic and protective
effects of classic antidepressants have extensively been exploited, the effects of TDZ remain to be
fully elucidated. In this study, the effects of TDZ on human neuronal-like cells were investigated
under both physiological and inflammatory conditions. An in vitro inflammatory model was
established using lipopolysaccharide (LPS) and tumour necrosis factor-o (TNF-a), which
efficiently mimic the stress-related changes in neurotrophic and pro-inflammatory genes.

Our results showed that TDZ significantly increased the mRNA expression of both brain-derived
nerve factor (BDNF) and cAMP response element-binding protein (CREB) and decreased the
cellular release of the pro-inflammatory cytokine interferon gamma (IFN-y) in neuronal-like cells.
In contrast, neuronal cell treatment with LPS and TNF-a decreased the expression of CREB and
BDNF and increased the expression of nuclear factor kappa B (NF-kB), a primary transcription
factor that functions in inflammatory response initiation. Moreover, the two agents induced the
release of pro-inflammatory cytokines (i.e., interleukin-6 and IFN-y) and decreased the production
of the anti-inflammatory cytokine interleukin-10. TDZ pre-treatment completely reversed the
decrease in cell viability and counteracted the decrease in BDNF and CREB expression mediated by
LPS-TNF-a. In addition, the production of inflammatory mediators was inhibited, and the release
of interleukin-10 was restored to control levels.

Furthermore, the intracellular signalling mechanism regulating TDZ-elicited effects was specifically
investigated. TDZ induced extracellular signal-regulated kinase (ERK) phosphorylation and
inhibited constitutive p38 activation. Moreover, TDZ counteracted the activation of p38 and c-Jun
NHo»-terminal kinase (JNK) elicited by LPS-TNF-a, suggesting that the neuro-protective role of
TDZ could be mediated by p38 and JNK.

Overall, our results demonstrated that the protective effects of TDZ under inflammation in
neuronal-like cells function by decreasing pro-inflammatory signalling and by enhancing anti-
inflammatory signalling.
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1. Introduction

Major depression is a common disorder that has a lifetime prevalence more than 15%. By 2020,
major depressive disorder is estimated to be the second biggest contributor to the global burden of
disease [1]. Over the last two decades, several lines of evidence have demonstrated that pro-
inflammatory cytokines are involved in the pathophysiology of depression [2,3], suggesting that
inflammatory processes may influence the antidepressant treatment response. When compared with
non-depressed individuals, patients with major depression have been found to exhibit all of the
cardinal features of inflammation, including increases in relevant inflammatory cytokines (i.e.,
Interleukin 6, IL-6; Tumour Necrosis Factor, TNF-a) and their soluble receptors in the peripheral
blood and cerebrospinal fluid [4,5]. Pro-inflammatory cytokines induce inflammatory signalling
pathways including nuclear factor kappa B (NF-kB) and ultimately contribute to increased
excitotoxicity, subsequently decreasing the production of relevant trophic factors [6]. Of note, the
signalling pathways of pro-inflammatory cytokines can also contribute to the pathogenesis of
depression. Indeed, mitogen-activated protein kinase (MAPK) pathways, including p38, c-Jun NH>-
terminal kinase (JNK) and extracellular signal-regulated kinases (ERK) 1/2, as well as
inflammatory molecule gene expression, mediate the effects of cytokines on cell
proliferation/differentiation and apoptosis [7-9]. Based on this evidence, the inhibition of neuro-
inflammation has been postulated as a putative target in the treatment of neurodegenerative diseases
and depressive disorders.

In this respect, the chronic administration of tricyclic antidepressants or agomelatine prevents
stress-induced changes in cerebral metabolites, hippocampal volume, and cell proliferation in rats
[10,11]. Several studies have demonstrated that selective serotonin reuptake inhibitors (SSRIs) and
mood stabilizers not only decrease immunotherapy-induced depressive symptoms but also decrease
the inflammatory response and lower pro-inflammatory factors (IL-2, IL-6, TNF-a, and interferon
gamma (IFN-y)) [12,13]. In addition, whereas the levels of -derived nerve factor (BDNF) and of the
cAMP response element-binding protein (CREB) decrease in stress induced animal models of

depression, their levels significantly increase after classic antidepressant treatment [10, 14-17].

Trazodone (TDZ) is a triazolopyridine derivative that is structurally unrelated to the derivatives of
other major classes of antidepressants. Its mechanism of action in the treatment of depression has
not been fully elucidated primarily because of its affinity for a variety of receptors that may
contribute to its clinical actions. TDZ is defined as a serotonin receptor antagonist and reuptake

inhibitor (SARI) antidepressant. Unlike SSRIs, SARIs, such as TDZ, provide simultaneous



inhibition of SERT, partial agonism of serotonin 5-HT1a receptors, and antagonism of 5-HT>a and
5-HTac receptors, thus avoiding the tolerability issues that are often associated with 5-HT2a and 5-
HTac receptor stimulation and improving treatment tolerability [18-20]. Moreover, TDZ exerts
antagonistic properties against al- and a2-adrenergic receptors and histamine H1 receptors with
minimal anticholinergic effects. At low doses (25-100 mg), TDZ has therapeutic activity as a
hypnotic [18,21]. The actions of several neurotransmitter systems including serotonin,
noradrenaline, dopamine, acetylcholine and histamine are known to be involved in the arousal
mechanism [18,22]. Thus, the pharmacological properties of TDZ are unique among
antidepressants; its mixed serotonergic and adrenolytic activity make TDZ an attractive oft-label
treatment option for multiple disorders, including insomnia, anxiety, behavioural disorders
associated with dementia and Alzheimer’s disease, substance abuse, schizophrenia, eating disorders
and fibromyalgia [23].

Although the neuro-protective effects of TDZ have been investigated in animal models of
depressive disorder [24] or of transient global ischaemia [25], the molecular and intracellular
mechanisms of TDZ under in vitro neuro-inflammation remain to be fully elucidated.

In this study, an in vitro neuronal model system was established and used to investigate whether
TDZ could exhibit neuro-protective effects during inflammation. For this purpose, H9-derived
human neural precursor cells (NSCs) were differentiated to neuronal-like cells and then challenged
with lipopolysaccharide (LPS) and TNF-o to establish a human in vitro model of
neuroinflammation. The effects of TDZ under physiological conditions and under inflammatory
stress exposure were assessed by measuring cellular viability and cytokine release, as well as the
induction of pro-inflammatory genes and neurotrophic and pro-survival factors. Moreover, the
possible intracellular cascades at the basis of the effects elicited by TDZ were investigated and

correlated to its protective effects.



2. Materials and Methods

2.1. Materials

H9-derived human NSCs were purchased from GIBCO (Life Technologies, Milan, Italy). ELISA
kits for cytokines' determination were from Thermo Fisher Scientific, Rodano, Milan, Italy. All
other reagents were obtained from standard commercial sources and were of the highest

commercially available grade.

2.2. Cell culture and neuronal differentiation

HO9-derived NSCs were cultured in complete medium consisting of KnockOut™D-MEM/F-12 with
StemPro® Neural Supplement, 20 ng/ml of basic fibroblast growth factor (bFGF, Life
Technologies, Milan, Italy), 20 ng/ml of epidermal growth factor (EGF, Life Technologies, Milan,
Italy), and 2 mM L-glutamine at 37 °C in 5% CO..

For neuronal differentiation, H9-derived NSCs were plated on polyornithine and laminin-coated
culture dishes, and switched into a defined Neurobasal serum-free medium, containing 2% B-27, 2

mM L-glutamine and 5 uM retinoic acid (RA, [26]) up to seven days.

2.3. Pharmacological treatments and neuronal inflammation

Trazodone (TDZ, Angelini Acraf S.p.A.) was diluted to different concentrations of stock solutions
(10 folds of final concentration) by PBS. After plating, neuronal-like cells, differentiated from H9-
derived NSCs, were treated with different concentrations of TDZ (1 nM-10 uM) for 24 or 72h.

To set up the neuro-inflammation model, neuronal-like cells were incubated for 2, 6 or 16 h with
LPS (50 pg/ml) and/or TNF-a (50 ng/ml), commonly used as inflammation inductors [27,28]. To
verify the protective effects of TDZ, neuronal-like cells were treated with TDZ for 24h or 72h;
following incubation time, cells were washed and incubated with LPS and TNF-a for 16h. In some
experiments, the effects of a 5-HT> receptor stimulation was assessed using the agonist (R)-1-(2,5-
dimethoxy-4-iodophenyl)-2-aminopropane [(R)-DOI], which displays high and comparable
affinities toward 5-HT>a and 5-HT»c serotonin receptors (3.36+0.91 nM and 3.38+0.66 nM
respectively [29]. Neuronal -like cells were incubated for 20 min with 30 nM (R)-DOI, before the
addition of TDZ (1 nM-10 uM) for 24 or 72h.

2.4. Cell proliferation/viability assays

Neuronal-like cells, differentiated from H9-derived NSCs, were treated as above described.
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Following incubation time, cell viability was determined using the MTS assay according to
manufacturer's instruction. The dehydrogenase activity in active mitochondria reduces the 3-(4, 5-
dimethylthiazol-2-yl)-5-(3-carboxy methoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS) to
the soluble formazan product. The absorbance of formazan at 490 nM was measured in a
colorimetric assay with an automated plate reader. Within an experiment, each condition was
assayed in triplicate and each experiment was performed at least three times. The results were
calculated by subtracting the mean background from the values obtained from each test condition,
and were expressed as the percentage of the control (untreated cells).

The effects of TDZ on neuronal-like cells were also evaluated using the trypan blue-exclusion
assay. Neuronal-like cells, treated as above described, were collected and centrifuged at 300 x g for
5 minutes. The harvested cells were mixed with an equal volume of 0.4% trypan-blue dye, and the
blue (dead cells) and white (living cells) cells in each well were manually counted. The number of

live cells for each condition was reported as number of living and dead cells in each well.

2.5. Annexin V and 7-AAD staining

Dual staining with Annexin V conjugated to fluorescein-isothiocyanate (FITC) and 7-amino-
actinomysin (7-AAD) was performed using the commercially available kit (Muse Annexin V and
Dead Cell Kit; Merck KGaA, Darmstadt, Germany), as previously reported [30]. Neuronal-like
cells were treated with medium alone (control), or I uM TDZ for 72 h. After TDZ removal, cells
were incubated with LPS and TNF-25 for additional 16 h. At the end of the treatment periods, both
floating and adherent cells were collected, centrifuged at 300 x g for 5 minutes and suspended in
cell culture medium. Then, a 100 pl aliquot of cell suspension (about 5x10* cell/ml) was added to
100 pl of fluorescent reagent and incubated for 10 minutes at room temperature. After incubation,
the percentages of living, apoptotic and dead cells were acquired and analyzed by Muse™ Cell
Analyzer in accordance to the manufacture’s guidelines. In cells undergoing apoptosis, Annexin V
binds to phosphatidylserine, which is translocated from the inner to the outer leaflet of the
cytoplasmic membrane. Double staining is used to distinguish between viable, early apoptotic, and
necrotic or late apoptotic cells. Annexin V-FITC positive and 7-AAD negative cells were identified
as early apoptotic. Cells, which were positive for both Annexin V-FITC and 7-AAD, were identified

as cells in late apoptosis or necrosis.

2.6. RNA extraction and Real Time PCR analysis
H9-derived NSCs were differentiated up to seven days with Neurobasal medium and RA. For the
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analysis of stemness and neuronal markers, cells were collected at zero, four and seven days of
differentiation.

Neuronal-like cells were treated with medium alone (control), or TDZ (100 nM or 1 uM) for 24 or
72 h. In some experiments, after TDZ removal, cells were incubated with LPS and TNF-S5 for
additional 16 h. At the end of treatments, cells were collected, and total RNA was extracted using
Rneasy® Mini Kit (Qiagen, Hilden, Germany) according to manufacturer’s instructions and briefly
as previously reported [30]. Purity of the RNA samples was determined by measuring the
absorbance at 260:280 nm. cDNA synthesis was performed with 500 ng of RNA using i-Script
cDNA synthesis kit (BioRad, Hercules, USA) following manufacturer’s instructions. Primers used
for RT-PCR were designed in intron/exon boundaries to ensure that products did not include
genomic DNA. RT-PCR reactions consisted of 25 pL Fluocycle® II SYBR® (Euroclone, Milan,
Italy), 1.5 puL of both 10 uM forward and reverse primers, 3 uL ¢cDNA, and 19 pL of H>O. All
reactions were performed for 40 cycles using the following temperature profiles: 98 °C for 30
seconds (initial denaturation); T °C (see Table 1) for 30 seconds (annealing); and 72 °C for 3
seconds (extension). B-actin was used as the housekeeping gene. mRNA levels for each sample
were normalized against -actin mRNA levels, and relative expression was calculated by using Ct

value. PCR specificity was determined by both the melting curve analysis and gel electrophoresis.

Product size Annealing

Gene Primer nucleotide sequences (base pairs) Temperature

CDI133 FOR: 5’-TCCACAGAAATTTACCTACATTGG -3’ 251 ob 5500
REV: 5’-CAGCAGTTCAAGACGCAGATGACCA-3’ P

FOR: 5’-TTGGTGCCGAGTGAGAAGAA -3’ o
MAP2 REV: 5°-GGTCATGCTGGCAGTGGTTGGT -3’ 280 pb 55°C

FOR : 5>-AAGCTGAAAGTCAACAAATGACA-3 o
CREB REV : 5’-CCTCTTTTCAGAAAAATTCAGGA-3’ 240 pb 52°C

FOR: 5’- TACATTTGTATGTTGTGAAGATGTTT.3’ ]
BDNF | REV: 5°- TTACTCGCCCCGGACCCTCT-3’ 131 pb 26°C

FOR: 5°- GCTCCGGAGACCCCTTCCA-3’ ]
NFEKB | REV: 5°- GGTTTGAGGTAGTTTCCCAGT.3’ 198 pb 54°C

FOR: 5’-CCGTTCCATCTCCTTGTCACG-3’ .
mTOR | REV: 5'.CCACTTACTCTGCAGTGTG-3’ 209 pb 26°C

NeuN FOR: 5’-GCGGCTACACGTCTCCAACATC-3’ 189 pb 56°C
4 REV: 5’-ATCGTCCCATTCAGCTTCTCCC-3’ P

FOR: 5’-GCACTCTTCCAGCCTTCCTTCC-3’

REV-5’-GAGCCGCCGATCCACACG-3’ 254 pb 55°C

B-actin




Table 1. Nucleotide sequences, annealing temperature and product size of the primers utilized in

Real Time PCR experiments.

2.7. Cytokine assays

Neuronal-like cells were treated with medium alone (control), or TDZ (1 nM-10 uM) for 24 or 72 h.
In some experiments, after TDZ removal, cells were incubated with LPS and TNF-29 for additional
16 h. The amount of IL-6, IL-10 and IFN-y released into the culture medium was measured using
ELISA kits (Thermo Fisher Scientific, Rodano, Milan, Italy) following the manufacturer’s
instructions. Culture supernatants were collected and stored at -80°C until assayed for cytokine

content.

2.8. Phosphorylation assays

Neuronal-like cells were treated with medium alone (control), or TDZ (1 nM-10 uM) for 24 or 72 h.
In some experiments, after TDZ removal, cells were incubated with LPS and TNF-a for additional
16 h. At the end of treatments, cells were rapidly fixed with 4% formaldehyde to preserve activation
of specific protein modification. Levels of total and phosphorylated p38 and ERK1/2 were
determined by ELISA assays, as previously reported [31]. Briefly, the cells were washed three times
with wash buffer (0.1% Triton X-100 in PBS) and 100 pl of quenching buffer (1% H2O2; 0.1 %
sodium azide in wash buffer) was added and incubation was protracted for other 20 min. The cells
were washed with PBS twice, and then 100 pl of blocking solution (1% BSA; 0.1 % Triton X-100
in PBS) was added for 60 min. After blocking, cells were washed three times with wash buffer and
the specific primary antibodies (anti-phospho-p38, 1:500, MABS64, MercK Millipore, Darmstadt,
Germany; anti-p38, 1:500, sc-7972 SantaCruz Biotechnology, Inc. Dallas, Texas U.S.A; anti-
phospho ERK1/2, 1:500, sc-7383 SantaCruz Biotechnology; anti-ERK1/2, 1:500, #4695 Cell
Signaling Technology; anti-phospho JNK, 1:300, sc-6254 SantaCruz Biotechnology; anti-JNK,
SAB4200176, 1:750, Sigma Aldrich, Milan, Italy) were added o.n. at 4°C. Subsequent incubation
with secondary HRP-conjugated antibodies and developing solution allowed a colorimetric
quantification of total and phosphorylated levels. Blanks were obtained processing wells without
cells in the absence of the primary antibody. The relative number of cells in each well was then

determined using Crystal Violet solution. The results were calculated by subtracting the mean



background from the values obtained from each test condition; values were normalized to the

number of cells in each well, and were expressed as the percentage of the control (untreated cells).

2.9. Western blotting analysis

H9-derived NSCs were differentiated up to seven days as above described. The cells (H9-NSCs, or
RA-differentiated for four or seven days) were collected and then were lysed for 60 min at 4 °C
using 200 pL of RIPA buffer (9.1 mM NaH>POs4, 1.7 mM Na;HPO4, 150 mM NacCl, pH 7.4, 0.5%
sodium deoxycholate, 1% Nonidet P-40, 0.1% SDS, and a protease-inhibitor cocktail). Equal
amounts of the cell extracts (40 pg of protein) were diluted in Laemmli sample solution, resolved
using SDS-PAGE (8.5%), transferred to PVDF membranes and probed overnight at 4 °C using the
following primary antibodies: anti-nestin (sc-20978, Santa Cruz Biotechnology, Heidelberg,
Germany); anti-NeuN (ab177487, abcam, Cambridge, UK); glyceraldehyde-3-phosphate
dehydrogenase, GAPDH ((G9545, Sigma Aldrich, Milan, Italy). The primary antibodies were
detected using the appropriate peroxidase-conjugated secondary antibodies, which were then
detected using a chemioluminescent substrate (ECL, Perkin Elmer). Densitometric analysis of the
immunoreactive bands was performed using Image J Software.

Neuronal-like cells were treated with medium alone (control), or TDZ (1 nM-10 uM) for 24 or 72 h.
In some experiments, after TDZ removal, cells were incubated with LPS and TNF-a for additional
16 h. At the end of the treatment period, the cells were collected and samples were evaluated by
western blotting using the primary antibodies described in the section 2.8. The primary antibodies
were detected using the appropriate peroxidase-conjugated secondary antibodies, which were then
detected using a chemioluminescent substrate (ECL, Perkin Elmer). Densitometric analysis of the

immunoreactive bands was performed using Image J Software.

2.10. Statistical analysis

The nonlinear multipurpose curve-fitting program Graph-Pad Prism (GraphPad Software Inc., San
Diego, CA) was used for data analysis and graphic presentations. All data are presented as the mean
+ SEM. Statistical analysis was performed by one-way analysis of variance (ANOVA) with
Bonferroni’s corrected t-test for post-hoc pair-wise comparisons. Student's t-test was used to
evaluate whether differences between a single experimental group and the control were statistically

significant. P<0.05 was considered statistically significant.



3. Results

3.1. Neuronal differentiation

HO9-derived NSCs were switched into a defined serum-free Neurobasal medium containing 5 pM
RA for up to seven days as reported previously [26]. Indeed, RA promotes the production of mature
neurons, and these neurons express dopamine and/or serotonin receptors and form complex
plexuses of neuronal processes [26]. As depicted in Fig. 1A and B, RA induced a neuron-like
morphology starting from 4 days of treatment, showing a time-dependent increase in neurite length.
Real-time RT-PCR (Fig. 1C) and western blot (Fig. 1D and E) analyses confirmed that RA-
differentiated cells at seven days presented significantly higher levels of the neuronal markers
MAP?2 and NeuN and minor levels of the stem cell markers CD133 and Nestin compared with H9
NSCs. These results confirmed that serum-free Neurobasal medium supplemented by RA is able to

induce the neuronal differentiation of H9-derived NSCs.

3.2. Effect of TDZ treatments on neuronal proliferation, viability and apoptosis
To investigate the putative effects of TDZ alone on neuronal proliferation/viability, neuronal-like
cells were treated with different concentrations of TDZ (1 nM—10 uM) for 24 and 72 h. The results
(Fig. 2A and B) showed that TDZ did not induce any significant effects on neuronal proliferation at
all tested concentrations after 24 or 72 h. Moreover, trypan blue exclusion assays demonstrated that
TDZ did not significantly affect the numbers of living and dead cells (Fig. 2C and D).
Then, the effects of TDZ treatments on the experimental model of neuro-inflammation were
investigated. Neuronal-like cells were treated with 50 pg/ml LPS and/or 50 ng/ml TNF-SS for
different periods. LPS activates signal transduction pathways similar to IL-1§) and TNF-S5 [32];
thus, LPS is widely used as a strong inducer of inflammation.
LPS or TNF-S9S alone displayed modest but significant inhibition of neuronal proliferation starting
from 6 h of incubation (Fig. 3A); significant and higher reduction of cell proliferation was observed
when the two agents were used concomitantly for 16 h (Fig. 3A). This latter condition was thus
chosen as an experimental model of neuroinflammation in vitro.
When neuronal-like cells were pre-treated with TDZ (1 nM—10 uM) for 24 h before the induction of
neuroinflammation, significant enhancements of cellular proliferation were observed at all the
examined concentrations (Fig. 3B), and incubation with LPS/TNF-S5 was not able to induce anti-
proliferative effects. Similar results were obtained when cells were pre-treated for 72 h (Fig. 3C).
To verify whether our inflammatory model could be associated with neuronal apoptosis, annexin V
staining was assessed. As depicted in Figure 4, LPS and TNF-26 induced slight but significant
10



phosphatidylserine externalization in the absence (early apoptosis) or presence of 7AAD binding to
DNA (late apoptosis/death). Pre-treatment of neuronal-like cells with TDZ for 72 h prevented
inflammatory-induced apoptosis (Fig. 4A and B).

Globally, these results demonstrated that TDZ was able to exert neuro-protective effects on cells in

our experimental model of inflammation.

3.3. Effect of TDZ treatments on cytokine release

Cytokines are essential factors for neuronal cell activation, differentiation, survival, and apoptosis;
under normal conditions and following excitotoxic lesion, both neurons and glia are indeed able to
express a variety of cytokines [33]. Thus, the effects of TDZ treatment alone on the release of both
pro- and anti-inflammatory cytokines were assessed.

The results showed that treating neuronal-like cells with TDZ for 24 or 72 h did not significantly
alter the release of IL-6 (Fig. SA and B) and IL-10 (Fig. 5 E and F) at all the tested concentrations.
In contrast, in samples treated with TDZ for 24 h or 72 h significant decreases in the release of IFN-
Yl were noticed at all the tested concentrations or between 1 nM and 100 nM, respectively (Fig. 5C
and D). These data suggested that TDZ alone was able to inhibit the release of pro-inflammatory
cytokines.

The effects of LPS/TNF-S5 treatment on the release of cytokines were then assessed. As expected,
the induction of neuro-inflammation significantly enhanced the levels of the pro-inflammatory
cytokines IL-6 and TNF-S5 and reduced the levels of the anti-inflammatory cytokine IL-10 (Fig.
6A-F), which is consistent with previously published results [34]. Challenging neuronal-like cells
with TDZ for 24 h before the induced inflammatory damage was able to prevent the release of IL-6
significantly at 10 nM, 100 nM and 500 nM (Fig. 6A); likewise, the release of IFN-26 was reduced
in the samples pre-incubated with TDZ at 10 nM and 1 uM (Fig. 6C). Moreover, the levels of IL-10
were brought to those of the control at all tested TDZ concentrations (Fig. 6E). In a similar manner,
a 72 h-pre-treatment with TDZ prevented the release of IL-6 and IFN-Yo (Fig. 5B and D) in a
significant manner at all tested concentrations. Moreover, TDZ counteracted the decrease in IL-10
levels induced by LPS+TNF-95 (Fig. 6F), particularly for high concentrations of TDZ.

Overall, the results demonstrated that the pre-treatment of neuronal-like cells with TDZ for 24 or 72
h reduced the release of pro-inflammatory cytokines and counteracted the reduction of the anti-

inflammatory cytokine.

3.4. Effects of TDZ treatments on the expression of proinflammatory genes and of neurotrophic and
11



transcription factors

Antidepressant treatments can enhance the expression of several neurotrophic and transcription
factors within hippocampal and cortical neurons [35,36]; thus, the effects of TDZ on the expression
of BDNF, CREB and mammalian target of Rapamycin (mTOR) were investigated. Moreover, NF-
kB, a primary transcription factor involved in the initiation of the inflammatory response [37], was
also analysed.

Challenging neuronal-like cells with TDZ (100 nM or 1 uM) did not significantly affect NF-kB
expression (Fig. 7A and B) after either 24 h or 72 h of incubation.

TDZ significantly enhanced the expression of mTOR, CREB and BDNF after both 24 and 72 h of
cellular treatment. These results suggested that TDZ alone was able to induce the expression of
neurotrophic and transcription factors starting from 24 h of treatment (Fig. 7A and B).

The effects of the induced inflammatory damage on the expression of neurotrophic and
transcription factors were then determined. The treatment of neuronal-like cells with LPS/TNF-a
resulted in a significant increase in NF-kB expression (Fig. 8 A), which is consistent with the latter's
role as a pro-inflammatory gene [37]. Significant decreases in the expression levels of CREB and
BDNF were also observed, together with a decreasing trend in mTOR expression (Fig. 8A). These
data suggested that LPS/TNF-a efficiently mimic the stress-related changes in the expression of
neurotrophic and proinflammatory genes. Pre-incubation of the cells with TDZ for 24 h
significantly decreased the expression of NF-kB (Fig. 8B), confirming the neuro-protective effect of
TDZ. Moreover, although not significant, an increasing trend in mTOR expression was also
observed, whereas, no significant influence on the expression of CREB and BDNF was observed
(Fig. 8B). These results suggest that pre-treatment with TDZ for 24 h was not sufficient to
completely reverse the effects of LPS/TNF-a on the transcriptional machinery.

Challenging neuronal-like cells with TDZ for 72 h completely counteracted the increased
expression of NF-kB mediated by LPS/TNF-a (Fig. 8C) and enhanced the effect observed in the 24
h-pre-treated cells. Moreover, TDZ induced a significant increase in mTOR expression and blocked
the decrease in CREB and BDNF expression mediated by the induced inflammatory damage (Fig.
8C). These data demonstrated that the pre-incubation of neuronal-like cells with TDZ for 72 h was
able to prevent the reduced expression of neurotrophic and transcription factors caused by

inflammation and the increased expression of the pro-inflammatory gene NF-kB.

3.8. Intracellular pathways associated with TDZ-mediated effects

The possible intracellular cascades at the basis of the effects elicited by TDZ were then
12



investigated. Different signalling pathways have been demonstrated to play a pivotal role in
neuronal cell proliferation, survival and apoptosis [38,39], including the MEK/ERK, p38, and JNK
pathways. First, the effects of TDZ on the levels of total and phosphorylated ERK1/2, p38 and JNK
under non-stressed conditions were investigated. Treating the neuronal-like cells with TDZ for 24 h
or 72 h did not affect the total levels of ERK1/2 (Fig. 9B, C, D, F, G and H), p38 (Fig. 10B, C, D, F,
G and H), or INK (Fig. 11B, C, D, F, G and H) as demonstrated by both ELISA and western blot
analyses. Concentration-dependent ERK1/2 activation was observed after 24 h and 72 h of
incubation with TDZ; the percentages of ERK phosphorylation were significant at high
concentrations of TDZ (Fig. 9A, C, D, E, G and H). In contrast, nanomolar concentrations of TDZ
significantly inhibited p38 constitutive phosphorylation only after 24 h of TDZ treatment (Fig. 10A,
C and D), while no significant changes were observed after 72 h of incubation (Fig. 10B, E, G and
H). These data suggested that ERK1/2 and p38 activation could be implicated in TDZ-elicited
effects under non-stressed conditions.

Finally, ELISA and western blot analyses showed that TDZ alone did not significantly affect the
levels of phosphorylated JNK after either 24 h (Fig. 11A) or 72 h (Fig. 11E) of incubation with
neuronal-like cells. Western blot analysis confirmed these results (Fig. 11C, D, G and H),
suggesting that JNK is not affected by TDZ treatment under physiological conditions.

When neuronal-like cells were incubated with LPS/TNF-a for 16 h, no significant changes in total
or activated ERKs were observed (Fig. 12A-H). Pre-treatment of neuronal-like cells with
micromolar concentrations of TDZ for 24 h remained able to improve the levels of phosphorylated
(Fig. 12A, C and D) and total (Fig. 12B, C and D, Suppl. Fig. 1) ERK1/2, confirming the
involvement of the MAPK pathway in TDZ-mediated effects.

ELISA and western blot analyses demonstrated significant enhancement in the levels of both
phosphorylated and total p38 (Fig. 13A-H, Suppl. Fig. 2). Moreover, JNK was significantly
activated after LPS/TNF-a treatment (Fig. 14A, C, D, E, G and H), without any changes in the total
levels of MAPK (Fig. 14B, C, D, F, G and H). These data confirmed the roles of p38 and JNK in the
neuro-inflammatory process [9,40].

TDZ counteracted the augmentation of phosphorylated (Fig. 13A, C, D, E, G and H, Suppl. Fig. 2)
and total (Fig. 13B, C, D, F, G and H, Suppl. Fig. 2) p38 levels elicited by LPS/TNF-a after both 24
h and 72 h of TDZ pre-treatment. Moreover, challenging neuronal-like cells with TDZ (100 nM-1
uM) for 24 h (Fig. 14A, C and D) or 72 h (Fig. 14E, G and H) before the induction of inflammation
significantly reduced the percentage of phosphorylated JNK. These results suggest that the

protective effects of TDZ against neuro-inflammation involve the p38 and JNK pathways.
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3.9. Contributions of the 5-HT> receptor to TDZ-elicited effects

To dissect the putative contribution of 5-HT> receptors to the neuroprotective effects elicited by
TDZ, viability experiments were repeated in the presence of the selective 5-HT> serotonin receptor
agonist (R)-DOI. Neuronal-like cells were incubated with TDZ (1 nM—10 uM) for 24 or 72 h in the
absence or presence of 30 nM (R)-DOI before the addition of LPS/TNF-a. As depicted in Figure
15, R-DOI was partially able to counteract the effects on neuronal viability elicited by TDZ pre-
treatment for 24 h or for 72 h. These results suggested that the neuro-protective actions of TDZ

partially involved the antagonism at 5-HT» serotonin receptors.
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4. Discussion

The present study showed the effects of the multi-action drug TDZ on human neuronal-like cells
under physiological conditions and in an experimental model of inflammation. In particular, TDZ,
without affecting cell proliferation, was able to decrease the cellular release of the pro-inflammatory
cytokine IFN-y and increase the mRNA expression of neurotrophic and transcription factors such as
CREB, BDNF and mTOR. Most importantly, the TDZ pre-treatment of LPS/TNF-a-treated cells
was able to completely reverse the decrease in cell viability induced by the insult; significantly
reduce the expression levels of inflammatory mediators such as TNF-a, IL-6, p38, JNK and NF-kB;
and counteract the LPS/TNF-a-mediated decreases in the expression levels of the anti-
inflammatory cytokine IL-10 and neurotrophic and transcription factors.

Neuronal-like cells were obtained by differentiating H9-derived NSC in a specific medium with
RA. Indeed, RA promotes the differentiation of precursors into neurons, and these neurons express
dopamine and/or serotonin receptors and form complex plexuses of neuronal processes [26].
Following TDZ neuronal-like cell treatment for 72 h, cell proliferation was not affected but reduced
IFN-y release was observed. This cytokine has been demonstrated to induce neuronal damage in
mouse cortical neurons [41] and in other cellular models [42,43]. TDZ also increased the mRNA
expression levels of CREB, BDNF and mTOR after both 24 h and 72 h of treatment. These data
together suggest a pro-survival/meurotrophic effect of TDZ under physiological conditions.
Consistent with our findings, recent studies have demonstrated that chronic antidepressant
administration (classic tricyclic drugs, SSRIs, and valproate) increases the expression and function
of the transcription factor CREB, subsequently leading to the up-regulation of specific target genes,
including the neurotrophic factor BDNF [44-46]. Moreover, some antidepressant drugs (i.e.,
escitalopram and paroxetine) promote dendritic outgrowth and increase synaptic protein levels via
mTOR signalling [47,48], subsequently resulting in a rapid antidepressant-like effect in rats [49,50].
Of note, in the pathology of depression, inflammation has emerged as a potentially important factor,
and the efficacy of add-on anti-inflammatory treatments for depressive episodes was recently
proposed [51]. Indeed, in recent years, several findings have demonstrated that pro-inflammatory
cytokines may influence the exacerbation of depression [2,3,52].

In this study, an in vitro inflammatory model was established, and LPS and TNF-a were chosen for
their ability to mimic the stress-related changes in neurotrophic and pro-inflammatory genes
efficiently, even if the cellular activation induced by LPS/TNF-a could not be fully comparable

with that occurring in in vivo depression models. In contrast, LPS/TNF-a treatments of neurons and
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glial cells are largely used as in vitro models of neuro-inflammation for testing the potential neuro-
protective effects of drugs [26]. Interestingly, several findings have demonstrated that TNF-a. and
LPS administration can induce depression-like behaviours in animals [52-54].

Here, LPS/TNF-95 cell treatment decreased the cellular viability of neuronal-like cells and induced
significant release of the pro-inflammatory cytokines IL-6 and IFN-y, together with a decrease in
the anti-inflammatory cytokine IL-10. Consistent with the activation of the inflammatory cascade,
challenging neuronal-like cells with LPS/TNF-a resulted in significant increases in the levels of
NF-kB expression. According to our findings in an in vitro neuronal model, cellular exposure to IL-
1B and TNF-a caused robust induction of a large number of inflammatory mediators by a
mechanism involving NF-kB [55]. A significant decrease in the expression of CREB and BDNF
was also observed, which is consistent with decreases in these neurotrophic factors in stress-induced
animal models of depression [10,14-16,56]. Following neuronal-like cell pre-treatment with TDZ
for 24 h before neuro-inflammation induction, significant enhancement of cellular viability at all the
tested concentrations was observed. Moreover, TDZ pre-treatment for 72 h completely prevented
the inflammatory-induced apoptosis of neuronal-like cells, demonstrating that TDZ was able to
exert neuro-protective effects. To the best of our knowledge, this study is the first to investigate and
to demonstrate the positive and protective effects of TDZ at the molecular level using a human
neuronal-like cell model before and following inflammatory insult.

The observed effects partially involved antagonism at SHT-2a4 and SHT-2c receptors as demonstrated
by the partial reduction of TDZ-mediated effects on neuronal viability in the presence of the SHT-2
receptor agonist R-DOL.

Neuronal-like cell pre-treatment with TDZ for 24 or 72 h also significantly reduced the release of
pro-inflammatory cytokines and counteracted the decrease in anti-inflammatory cytokines as
demonstrated previously for a tricyclic anti-depressant in animal models [11,12,57,58]. Moreover,
challenging neurons with TDZ for 72 h completely counteracted the increased expression of NF-kB
mediated by LPS/TNF-a treatment. Finally, TDZ induced a significant increase in mTOR
expression and blocked the decrease in the expression of CREB and BDNF mediated by the
inflammatory damage. Thus, activated CREB has been proposed to directly inhibit NF-kB
activation; in contrast, mTOR seems to upregulate anti-inflammatory cytokines and to inhibit pro-
inflammatory cytokines, thereby limiting pro-inflammatory responses as demonstrated previously in
human dendritic cells [59,60].

Because TDZ provides the simultaneous inhibition and stimulation of several different cellular

receptors and transporters and because the use of R-DOI demonstrated only a partial reduction of
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TDZ-mediated effects, the possible intracellular cascades at the basis of the effects elicited by TDZ
were explored to investigate a common node downstream of multiple pathways. Different signalling
pathways have been demonstrated to play pivotal roles in neuronal cell proliferation, survival and
apoptosis [38,39,61,62], including the MEK/ERK, p38 and JNK pathways. Our results
demonstrated that TDZ alone induced concentration-dependent ERK1/2 activation and inhibited the
constitutive phosphorylation of p38 in the nanomolar range, suggesting that both ERK1/2 and p38
could be implicated in TDZ-elicited effects under non-stressed conditions.

Data from the literature support the effects elicited by TDZ in our experimental model. Specifically,
ERK1/2 activation and p38 pathway inhibition have been reported to involve agonistic effects at the
S5HTa serotonin receptor [63,64], inhibition of the SHT2a serotonin receptor [63], and inhibition of
SERT [65,66]. The aforementioned putative routes between TDZ and p38/ERK signalling are
reported in Figure 16.

The drug-mediated antagonism at other receptor populations should be mentioned in the complex
mechanism of action of TDZ. In contrast to the observed TDZ-mediated activation of ERK, the
inhibition of serotonin SHT, [64], hystamin H; [68-70] and a-adrenergic receptors [71-73] has been
related to the inhibition of ERK phosphorylation. We speculate that ERK phosphorylation is
prevalent in our experimental neural model, most likely via TDZ agonism at SHTia serotonin
receptors. Further studies are needed to investigate the specific intracellular pathways associated
with specific TDZ receptor targets and in relation to the different neuronal populations.

When human neuronal-like cells were incubated with LPS/TNF-a., significant enhancements in the
levels of both phosphorylated and total p38 were observed, together with significant JNK
activation. The transduction cascades of p38 and JNK are well-established intracellular signals that
regulate pro-inflammatory cytokine production [9,40]. Microglial p38 MAPK deficiency has been
demonstrated to rescue neurons and to reduce synaptic protein loss via suppressing LPS-induced
TNF-a overproduction [73]. Furthermore, IL-13 and TNF-a have been shown to increase serotonin
re-uptake in rat brain synaptosomes via p38 MAPK activation [7]. In addition to p38, JNK plays a
key role in nerve cell apoptosis and is closely correlated with depression [61,62,74]. In the adult
mouse, inflammatory cytokines, brain injury and ischemic insult, or exposure to psychological
acute stressors induces hippocampal JNK activation [9].

Interestingly, pre-treatment with TDZ significantly counteracted the augmentation of
phosphorylated and total p38 levels elicited by LPS/TNF-a. We speculate that these effects could
involve both serotonin receptors and SERT because p38 has been demonstrated to be an essential

mediator of stress-induced adverse behavioural responses by regulating serotonergic neuronal
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functioning and transport [75]. Moreover, challenging neuronal-like cells with TDZ for 24 h or 72 h
before the induction of inflammation significantly reduced the percentage of phosphorylated JNK,
similar to data previously reported for fluoxetine or a Chinese natural antidepressant [76].

These data suggest that the neuro-protective role of TDZ could be mediated by the p38 and JNK
pathways. Consistent with these findings, the inhibition of p38 and JNK, but not of ERK1/2,

partially protects neurons from glia-induced death [77].

Altogether, our results shed light on the mechanism of the protective effects of TDZ under
inflammatory conditions in human neuronal-like cells; TDZ decreases pro-inflammatory signalling
(i.e., IL-6, IFN-y, NF-kB, p38 and JNK) and enhances anti-inflammatory signalling (i.e., I1L-10,
BDNF, and CREB).

Conclusions

In summary, the effect of TDZ on neuronal-like cells under both physiological condition and

inflammatory insult has been determined. This study has shown that TDZ alone:

1) decreased the cellular release of the pro-inflammatory cytokine IFN-y;

i1) increased the mRNA expression of neurotrophic and transcription factors;

ii1) activated ERK1/2 and inhibited p38 constitutive phosphorylation.

Most importantly, a pre-treatment with TDZ before the inflammatory insult:

1) completely reversed the decrease of cell viability, through a mechanism that partially involved
an antagonism at 5-HT» serotonin receptors;

i) inhibited inflammation-induced production of inflammatory mediators, such as IL-6 and IFN-y
production in LPS/TNF-a stimulated neuronal cells;

i11) counteracted the decrease of neurotrophic and transcription factors mediated by LPS/TNF-a;

iv) counteracted the activation of p38 and JNK elicited by LPS/TNF-a.

The results obtained at molecular level demonstrated that the anti-depressant agent TZD was able to

modulate cellular pathways, activated by inflammatory insults, confirming the suggested link

between depression and inflammation.

Conflict of interest

The authors declare no conflict of interest.

Contributors

18



Daniele S. carried out most of the biological experiments, elaborated results and also made a
significant contribution in the writing of the manuscript; Da Pozzo E. designed the study and
experiments, and also help in the writing of the manuscript; Zappelli E. carried out Real Time PCR
experiments and elaborated results; Martini C. contributed in the design of the study, played a
fundamental role as the supervisor of experimental protocols, and an important helpful in writing

article discussion section. All authors contributed to and have approved the final manuscript.

19



Figure Legends

Fig. 1. Neuronal differentiation of H9-derived NSCs. H9-derived NSCs were switched into a
defined serum-free Neurobasal medium, containing 2% B-27, 2 mM L-glutamine and 5 pM retinoic
acid (RA) for up to seven days. Representative cell micrographs (panel A) and neurite length
measurement (panel B) of H9-derived NSCs in growth medium (a) or after differentiation for four
(b) or seven (c) days with RA. Panel C) The relative mRNA quantification of the neuronal markers
(MAP2 and NeuN) and of the stem cell marker CD133 was performed by real-time RT-PCR as
described in the Methods section. The data are expressed as fold changes versus the relative
expression in H9-derived NSCs, and are the mean + SEM of three different experiments. Panels D,
E) Cell lysates were prepared from undifferentiated H9-derived NSCs, or differentiated cells for
four or seven days with RA. The protein levels of the neuronal marker NeuN and of the stem cell
marker Nestin were evaluated by western blot analysis; GAPDH was the loading control. D)
Representative Western blots. E) Densitometric analysis of the immunoreactive bands performed
using Imagel. The data are expressed as percentages relative to expression levels in H9-derived
NSCs and are the mean values = SEM of three different experiments. Statistical significance was
determined with Student's #-test: **P<0.01, ***P<(0.001 vs the relative expression in H9-derived

NSCs. Scale bar, 20 pm.

Fig. 2. Effect of TDZ on neuronal proliferation/viability. H9-derived NSCs were differentiated for
seven days with Neurobasal-B27 and RA and then treated with different concentrations of TDZ (1
nM-10 uM) for 24 h (panel A) or 72 h (panel B). At the end of the treatments, cell proliferation was
measured by MTS assay. The data are expressed as percentages relative to untreated cells (control),
which were set at 100%, and represent the mean + SEM of three independent experiments, each
performed in triplicate. Statistical significance was determined using a one-way ANOVA followed
by a Bonferroni post-test. Panels C,D) H9-derived NSCs were treated as in A and B. At the end of
the treatment periods, living and dead cells were estimated using the trypan blue exclusion test. The
data are expressed as the number of living or dead cells per well and are the mean values £ SEM of
two independent experiments, each performed in duplicate. Statistical significance was determined

using a one-way ANOVA followed by a Bonferroni post-test.

Fig. 3. Effect of TDZ treatments on an experimental model of neuroinflammation. Panel A)

Neuronal-like cells were treated with 50 pg/ml LPS and 50 ng/ml TNF-a for different periods (2—
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16 h). Panels B, C) Neuronal-like cells were treated with different concentrations of TDZ (1 nM-10
uM) for 24 h (panel B) or 72 h (panel C); after TDZ removal, the cells were incubated with 50
pg/ml LPS and/or 50 ng/ml TNF-a for an additional 16 h. At the end of treatments, cell
proliferation was measured by MTS assay. The data are expressed as percentages relative to
untreated cells (control), which were set at 100%, and represent the mean = SEM of three
independent experiments, each performed in triplicate. Statistical significance was determined using
a one-way ANOVA followed by a Bonferroni post-test: *P<0.05, **P<0.01, ***P<0.001 vs control;
## P<0.01, ###P<0.001 vs cells treated with LPS and TNF-a (LPS/TNF-a.).

Fig. 4. Effect of TDZ treatment on inflammation-induced apoptosis of neuronal-like cells.
Neuronal-like cells were treated with TDZ (1 uM) for 72 h; after TDZ removal, the cells were
incubated with 50 pg/ml LPS and 50 ng/ml TNF-a for an additional 16 h. At the end of the
treatment periods, the cells were collected, and the level of phosphatidylserine externalisation was
evaluated using the annexin V-7AAD double staining protocol as described in the Methods section.
The data are expressed as the percentage of apoptotic cells (panel B; data for the early-stage
apoptotic cells are shown in white, and data for the late-stage apoptotic/necrotic cells are shown in
grey) versus the total number of cells. The data represent the mean = SEM of three different
experiments. The significance of the differences was determined using a one-way ANOVA followed
by a Bonferroni post-test: **P<0.01, ***P<0.001 vs control; ## P<0.01, ###P<0.001 vs cells
treated with LPS/TNF-a..

Fig. 5. Effect of TDZ on the release of cytokines. H9-derived NSCs were differentiated for seven
days with Neurobasal-B27 and RA, and then treated with different concentrations of TDZ (1 nM-10
uM) for 24 h (panels A, C, E) or 72 h (panels B, D, F). At the end of treatments, culture
supernatants were collected, and the amounts of IL-6 (panels A and B), IFN-y (panels C and D) and
IL-10 (panels E and F) released were measured using ELISA kits following the manufacturer’s
instructions. The data are expressed as percentages relative to untreated cells (control), which were
set at 100%, and represent the mean £ SEM of two independent experiments, each performed in
duplicate. Statistical significance was determined using a one-way ANOVA followed by a

Bonferroni post-test: *P<0.05, **P<0.01, ***P<0.001 vs control.
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Fig. 6. Release of cytokines in an experimental model of neuroinflammation. Neuronal-like cells
were treated with different concentrations of TDZ (1 nM-10 uM) for 24 h (panels A, C, E) or 72 h
(panels B, D, F); after TDZ removal, the cells were incubated with 50 pg/ml LPS and 50 ng/ml
TNF-a for an additional 16 h. At the end of the treatments, culture supernatants were collected, and
the amounts of IL-6 (panels A and B), IFN-y (panels C and D) and IL-10 (panels E and F) released
were measured using ELISA kits according to the manufacturer’s instructions. The data are
expressed as percentages relative to untreated cells (control), which were set at 100%, and represent
the mean = SEM of two independent experiments, each performed in duplicate. Statistical
significance was determined using a one-way ANOVA followed by a Bonferroni post-test: *P<0.05,
**P<0.01, ***P<0.001 vs control; #P<0.05, ## P<0.01, ###P<0.001 vs cells treated with LPS/TNF-

.

Fig. 7. Effect of TDZ on the expression of proinflammatory genes and of neurotrophic and
transcription factors. H9-derived NSCs were differentiated for seven days with Neurobasal-B27 and
RA and then treated with different concentrations of TDZ (1 nM—10 uM) for 24 h (panel A) or 72 h
(panel B). At the end of the treatments, total RNA was extracted, and the relative mRNA
quantification of NF-kB, CREB, mTOR and BDNF was performed by real-time RT-PCR. The data
are expressed as fold changes vs control and represent the mean + SEM of three different
experiments, each performed in duplicate. Statistical significance was determined using a one-way

ANOVA followed by a Bonferroni post-test: *P<0.05, **P<0.01, ***P<0.001 vs control

Fig. 8. Expression of proinflammatory genes, neurotrophic and transcription factors in an
experimental model of neuroinflammation. Panel A) Neuronal-like cells were treated 50 pg/ml LPS
and 50 ng/ml TNF-a for 16 h. Panels B, C) Neuronal-like cells were treated with different
concentrations of TDZ (1 nM-10 uM) for 24h (panel B) or 72h (panel C); after TDZ removal, cells
were incubated with 50 pg/ml LPS and 50 ng/ml TNF-a for an additional 16 h. At the end of
treatments, total RNA was extracted, and the relative mRNA quantification of NF-kB, CREB,
mTOR and BDNF were performed by real-time RT-PCR. The data are expressed as fold changes vs
control and represent the mean = SEM of three different experiments, each performed in duplicate.
Statistical significance was determined using a one-way ANOVA followed by a Bonferroni post-
test: *P<0.05, **P<0.01, ***P<0.001 vs control; #P<0.05, ## P<0.01 vs cells treated with
LPS/TNF-a.
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Fig. 9. Levels of total and phosphorylated ERK1/2 after TDZ treatment. Neuronal-like cells were
treated with medium alone (control) or with the indicated concentrations of TDZ for 24 h (panels A
and B) or 72 h (panels E and F). Following incubation, the levels of phosphorylated (panels A and
E) or total (panels B and F) ERK1/2 were evaluated using an ELISA kit as described in the Methods
section. The data are expressed as percentages of phosphorylated or total ERK1/2 relative to
untreated cells (control), which were set at 100%, and are the mean = SEM of two independent
experiments performed in triplicate. The significance of the differences was determined using a
one-way ANOVA followed by a Bonferroni post-test: **P<0.01, ***P<0.001 vs control. Neuronal-
like cells were treated with medium alone (control) or with the indicated concentrations of TDZ for
24 h (panels C and D) or 72 h (panels G and H). Following incubation, the protein levels of
phosphorylated or total ERK1/2 were evaluated by western blot analysis. Panels C, G)
Representative western blots. Panels D, H) Densitometric analysis of the immunoreactive bands
was performed using Imagel. The data are expressed as the percentage of optical density of the
immunoreactive band relative to that of the control, which was set at 100%, and are the mean values
+ SEM of three different experiments. The significance of the differences was determined using a

one-way ANOVA followed by a Bonferroni post-test: *P<0.05, ***P<0.001 vs control.

Fig. 10. Levels of total and phosphorylated p38 after TDZ treatment. Neuronal-like cells were
treated with medium alone (control), or with the indicated concentrations of TDZ for 24 h (panels A
and B) or 72 h (panels E and F). Following incubation, levels of phosphorylated (panel A and E) or
total (panel B and F) p38 were evaluated using an ELISA kit as described in the Method section.
The data are expressed as percentages of phosphorylated or total p38 relative to untreated cells
(control), which were set at 100%, and are the mean + SEM of two independent experiments
performed in triplicate. The significance of the differences was determined using a one-way
ANOVA followed by a Bonferroni post-test: **P<0.01, ***P<0.001 vs control. Neuronal-like cells
were treated with medium alone (control), or the indicated concentrations of TDZ for 24h (panel C
and D) or 72 h (panels G and H). Following incubation, the protein levels of phosphorylated or total
p38 were evaluated by western blot analysis. Panels C, G) Representative western blots. Panels D,
H) Densitometric analysis of the immunoreactive bands was performed using ImagelJ. The data are
expressed as the percentage of optical density of the immunoreactive band relative to that of the

control, which was set at 100%, and are the mean values £ SEM of three different experiments. The
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significance of the differences was determined using a one-way ANOVA followed by a Bonferroni

post-testned with a one-way ANOVA with Bonferroni post-test: ***P<(0.001 vs control.

Fig. 11. Levels of total and phosphorylated JNK after TDZ treatment. Neuronal-like cells were
treated with medium alone (control), or with the indicated concentrations of TDZ for 24 h (panel A
and B) or 72 h (panel E and F). Following incubation, levels of phosphorylated (panel A and E) or
total (panel B and F) JNK were evaluated using an ELISA kit as described in the Method section.
The data are expressed as percentages of phosphorylated or total JNK relative to untreated cells
(control), which were set at 100%, and are the mean = SEM of two independent experiments
performed in triplicate. The significance of the differences was determined using a one-way
ANOVA followed by a Bonferroni post-test. Neuronal-like cells were treated with medium alone
(control), or the indicated concentrations of TDZ for 24 h (panels C and D) or 72h (panels G and
H). Following incubation, the protein levels of phosphorylated or total JNK were evaluated by
western blot analysis. Panels C, G) Representative western blots. Panels D, H) Densitometric
analysis of the immunoreactive bands was performed using Imagel. The data are expressed as the
percentage of optical density of the immunoreactive band relative to that of the control, which was
set at 100%, and are the mean values = SEM of three different experiments. The significance of the

differences was determined using a one-way ANOVA followed by a Bonferroni post-test.

Fig. 12. Levels of total and phosphorylated ERKI1/2 in an experimental model of
neuroinflammation. Neuronal-like cells were treated with medium alone (control), or the indicated
concentrations of TDZ for 24 h (panels A and B) or 72 h (panels E and F); after TDZ removal, cells
were incubated with 50 pg/ml LPS and 50 ng/ml TNF-a for an additional 16 h. Following
incubation, levels of phosphorylated (panel A and E) or total (panel B and F) ERK 1/2 were
evaluated using an ELISA kit as described in the Method section. The data are expressed as
percentages of phosphorylated or total ERKs relative to untreated cells (control), which were set at
100%, and are the mean + SEM of two independent experiments performed in triplicate. The
significance of the differences was determined using a one-way ANOVA followed by a Bonferroni
post-test: *P<0.05 vs control. Neuronal-like cells were treated with medium alone (control), or with
the indicated concentrations of TDZ for 24 h (panels C and D) or 72 h (panels G and H); after TDZ
removal, cells were incubated with 50 pg/ml LPS and 50 ng/ml TNF-a for an additional 16h.
Following incubation, the protein levels of phosphorylated or total ERK1/2 were evaluated using by

western blot analysis; GAPDH was used as the loading control (see Suppl. Fig.1). Panels C, G)
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Representative western blots. Panels D, H) Densitometric analysis of the immunoreactive bands
performed using ImagelJ. The data are expressed as the percentage of optical density of the
immunoreactive band relative to that of the control, which was set at 100%, and are the mean values
+ SEM of three different experiments. The significance of the differences was determined using a

one-way ANOVA followed by a Bonferroni post-test: *P<0.05, ***P<0.001 vs control.

Fig. 13. Levels of total and phosphorylated p38 after TDZ treatment in an experimental model of
neuroinflammation. Neuronal-like cells were treated with medium alone (control), or the indicated
concentrations of TDZ for 24 h (panels A and B) or 72 h (panels E and F); after TDZ removal, cells
were incubated with 50 pg/ml LPS and 50 ng/ml TNF-a for an additional 16 h. Following
incubation, levels of phosphorylated (panel A and E) or total (panel B and F) p38 were evaluated
using an ELISA kit as described in the Method section. The data are expressed as percentages of
phosphorylated or total p38 relative to untreated cells (control), which were set at 100%, and are the
mean £ SEM of two independent experiments performed in triplicate. The significance of the
differences was determined using a one-way ANOVA followed by a Bonferroni post-test: *P<0.05,
**P<0.01, ***P<0.001 vs control; # P<0.05, ## P<0.01, ###P<0.001 vs cells treated with
LPS/TNF-a. Neuronal-like cells were treated with medium alone (control), or the indicated
concentrations of TDZ for 24 h (panels C and D) or 72 h (panels G and H); after TDZ removal, cells
were incubated with 50 pg/ml LPS and 50 ng/ml TNF-a for an additional 16 h. Following
incubation, the protein levels of phosphorylated or total p38 were evaluated using by western blot
analysis; GAPDH was the loading control (Suppl. Fig. 2). Panels C, G) Representative western
blots. Panels D, H) Densitometric analysis of the immunoreactive bands performed using Imagel.
The data are expressed as the percentage of optical density of the immunoreactive band relative to
that of the control, which was set at 100%, and are the mean values = SEM of three different
experiments. The significance of the differences was determined using a one-way ANOVA followed
by a Bonferroni post-test: *P<0.05, **P<0.01, ***P<0.001 vs control; # P<0.05, ## P<0.01,
###P<0.001 vs cells treated with LPS/TNF-a.

Fig. 14. Levels of total and phosphorylated JNK after TDZ treatment in an experimental model of
neuroinflammation. Neuronal-like cells were treated with medium alone (control), or the indicated
concentrations of TDZ for 24 h (panels A and B) or 72 h (panels E and F); after TDZ removal, cells
were incubated with 50 pg/ml LPS and 50 ng/ml TNF-a for an additional 16 h. Following

incubation, levels of phosphorylated (panel A and E) or total (panel B and F) JNK were evaluated
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using an ELISA kit as described in the Method section. The data are expressed as percentages of
phosphorylated or total JNKs relative to untreated cells (control), which were set to 100%, and are
the mean + SEM of two independent experiments performed in triplicate. The significance of the
differences was determined using a one-way ANOVA followed by a Bonferroni post-test: *P<0.05,
**P<0.01, ***P<0.001 vs control; # P<0.05, ## P<0.01, ###P<0.001 vs cells treated with
LPS/TNF-a. Neuronal-like cells were treated with medium alone (control), or with the indicated
concentrations of TDZ for 24 h (panels C and D) or 72 h (panels G and H); after TDZ removal, cells
were incubated with 50 pg/ml LPS and 50 ng/ml TNF-a for an additional 16 h. Following
incubation, the protein levels of phosphorylated or total p38 were evaluated by western blot
analysis. Panels C, G) Representative western blots. Panels D, H) Densitometric analysis of the
immunoreactive bands performed using Imagel. The data are expressed as the percentage of optical
density of the immunoreactive band relative to that of the control, which was set at 100%, and are
the mean values + SEM of three different experiments. The significance of the differences was
determined using a one-way ANOVA followed by a Bonferroni post-test: **P<0.01 vs control; ##
P<0.01, ###P<0.001 vs cells treated with LPS/TNF-a.

Fig. 15. Contribute of 5-HT> receptor in TDZ-elicited effects. Neuronal-like cells were treated with
medium alone (control), 30 nM (R)-DOI and/or TDZ (1 nM-10 uM) for 24 h (panel A) or 72 h
(panel B); after TDZ removal, cells were incubated with 50 pg/ml LPS and 50 ng/ml TNF-a for an
additional 16h. At the end of treatments, cell proliferation was measured using MTS assay. Data are
expressed as percentage respect to untreated cells (control), set to 100%, and are the mean + SEM
of three independent experiments, each performed in triplicate. The significance of the differences
was determined using a one-way ANOVA followed by a Bonferroni post-test: *P<0.05, ***P<0.001
vs control; # P<0.05, ## P<0.01, ###P<0.001 vs cells treated with LPS/TNF-a; § P<0.05, §§
P<0.01 vs cells not treated with R-DOL.

Fig. 16. The possible intracellular route between TDZ and p38/ERK signalling in H9-derived
neuronal-like cell. Schematic overview of the possible TDZ/p38/ERK signalling pathway in our
experimental model is depicted. In neurons, the 5-HT1a receptor is coupled to Gai/o proteins; its
activation increases ERK phosphorylation via the Src/Ras pathway ([a], 63,64,78). TDZ, via its
agonistic activity at the 5-HT1a receptor, promotes ERK phosphorylation (grey arrow). TDZ blocks
monoamine reuptake by inhibiting SERT. This inhibition leads to the regulation of postsynaptic

serotonin receptors, which couple to a variety of second messenger systems ([b] 66,67,78). In
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particular, serotonin SHT4, SHTs, SHT7 receptors are positively coupled to AC; their stimulation
activates PKA, leading to ERK phosphorylation (grey arrow). Serotonin 5-HT2a receptors may
couple to Gauzis proteins, which activate p38 and subsequently induce the expression of
inflammatory cytokines and pro-apoptotic proteins ([c], 64,65,78). TDZ, showing an antagonistic
activity on SHT2a receptors, reduces p38 activation (grey arrow).

Abbreviations: AC: adenylyl cyclase; cAMP: cyclic adenosine monophosphate; PKA: protein
kinase A; CREB: cAMP response element binding protein; Src: tyrosine kinase (src from sarcoma);
Ras, Raf, RhoA: small GTPases; MEKK: MAP kinase kinase; (p)-ERK: (phospho)-extracellular-
signal-regulated kinase; BDNF: brain-derived nerve factor; SERT: serotonin transporter; NF-kB:

nuclear factor kappa B.

27



References

10.

1.

M. Rot, K.A. Collins, H.L Fitterling, Physical exercise and depression. Mt Sinai J Med. 76
(2009) 204-214.
J. Licinio, M.L Wong, The role of inflammatory mediators in the biology of major
depression: central nervous system cytokines modulate the biological substrate of depressive
symptoms, regulate stress-responsive systems, and contribute to neurotoxicity and
neuroprotection. Mol Psychiatry 4 (1999) 317-327.
R. Yirmiya, Y. Pollak, M. Morag, A. Reichenberg, O. Barak, R. Avitsur, Y. Shavit, H.
Ovadia, J. Weidenfeld, A. Morag, M.E. Newman, T. Pollmicher, Illness, cytokines, and
depression. Ann N'Y Acad Sci. 917 (2000) 478-487.
C.L. Raison, L. Capuron, A.H. Miller, Cytokines sing the blues: inflammation and the
pathogenesis of depression. Trends Immunol. 27 (2006) 24-31.
E.P. Zorrilla, L. Luborsky, J.R. McKay, R. Rosenthal, A. Houldin, A. Tax, R. McCorkle,
D.A. Seligman, K. Schmidt, The relationship of depression and stressors to immunological
assays: a meta-analytic review. Brain Behav Immun. 15 (2001) 199-226.
A.H. Miller, V. Maletic, C.L. Raison, Inflammation and its discontents: the role of cytokines
in the pathophysiology of major depression. Biol Psychiatry 65 (2009) 732-741.
U. Moens, S. Kostenko, B. Sveinbjernsson, The Role of Mitogen-Activated Protein Kinase-
Activated Protein Kinases (MAPKAPKS) in Inflammation. Genes 4 (2013) 101-133.
C.B. Zhu, R.D. Blakely, W.A. Hewlett, The proinflammatory cytokines interleukin-1beta
and tumor necrosis factor-alpha activate serotonin transporters. Neuropsychopharmacology
31 (2006) 2121-2131.
A.M. Manning, R.J. Davis, Targeting JNK for therapeutic benefit: from junk to gold? Nat
Rev Drug Discov. 2 (2003) 554-565.
S. Morley-Fletcher, J. Mairesse, A. Soumier, M. Banasr, F. Fagioli, C. Gabriel, E. Mocaer,
A. Daszuta, B. McEwen, F. Nicoletti, S. Maccari, Chronic agomelatine treatment corrects
behavioral, cellular, and biochemical abnormalities induced by prenatal stress in rats.
Psychopharmacology 217 (2011) 301-313.
B. Cz¢éh, T. Michaelis, T. Watanabe, J. Frahm, G. de Biurrun, M. van Kampen, A.
Bartolomucci, E. Fuchs, Stress-induced changes in cerebral metabolites, hippocampal
volume, and cell proliferation are prevented by antidepressant treatment with tianeptine.
Proc Natl Acad Sci U S A 98 (2001) 12796-12801.

28



12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

M. Maes, The immunoregulatory effects of antidepressants. Hum Psychopharmacol. 16
(2001) 95-103.
D.L. Musselman, D.H. Lawson, J.F. Gumnick, A.K. Manatunga, S. Penna, R.S. Goodkin, K.
Greiner, C.B. Nemeroft, A.H. Miller, Paroxetine for the prevention of depression induced by
high-dose interferon alfa. N Engl J Med. 344 (2001) 961-966.
H. Son, M. Banasr, M. Choi, S.Y. Chae, P. Licznerski, B. Lee, B. Voleti, N. Li, A. Lepack,
N.M. Fournier, K.R. Lee, LY. Lee, J. Kim, J.H. Kim, Y.H. Kim, S.J. Jung, R.S. Duman,
Neuritin produces antidepressant actions and blocks the neuronal and behavioral deficits
caused by chronic stress. Proc Natl Acad Sci U S A. 109 (2012) 11378-11383.
M.N. Alme, K. Wibrand, G. Dagestad, C.R. Bramham, Chronic fluoxetine treatment induces
brain region-specific upregulation of genes associated with BDNF-induced long-term
potentiation. Neural Plast. 2007 (2007) 26496-26505.
J. Alfonso, L.R. Frick, D.M. Silberman, M.L. Palumbo, A.M. Genaro, A.C. Frasch,
Regulation of hippocampal gene expression is conserved in two species subjected to
different stressors and antidepressant treatments. Biol Psychiatry. 59 (2006) 244-251.
J.A. Blendy, The role of CREB in depression and antidepressant treatment. Biol Psychiatry.
59 (2006) 1144-1150.
S.M. Stahl, Mechanism of action of trazodone: a multifunctional drug. CNS Spectr. 14
(2009) 536-546.
Y. Odagaki, R. Toyoshima, T. Yamauchi, Trazodone and its active metabolite m-
chlorophenylpiperazine as partial agonists at 5-HT1A receptors assessed by
[35S]GTPgammaS binding. J Psychopharmacol. 19 (2005) 235-241.
M. Pazzagli, M.G. Giovannini, G. Pepeu, Trazodone increases extracellular serotonin levels
in the frontal cortex of rats. Eur J Pharmacol. 383 (1999) 249-257.
M.E. Thase, Evaluating antidepressant therapies: remission as the optimal outcome. J Clin
Psychiatry 64 (2003)18-25.
C.B. Saper, T.C. Chou, T.E. Scammell, The sleep switch: hypothalamic control of sleep and
wakefulness. Trends Neurosci. 24 (2001) 726-731.
L. Bossini, I. Casolaro, D. Koukouna, F. Cecchini, A. Fagiolini, Oft-label uses of trazodone:
a review. Expert Opin Pharmacother. 13 (2012) 1707-1717.
[LP. Marinescu, A. Predescu, T. Udristoiu, D. Marinescu, Comparative study of
neuroprotective effect of tricyclics vs. trazodone on animal model of depressive disorder.
Rom J Morphol Embryol. 53 (2012) 397-400.

29



25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

V. Gaur, A. Kumar, Protective effect of desipramine, venlafaxine and trazodone against
experimental animal model of transient global ischemia: possible involvement of NO-cGMP
pathway. Brain Res. 24 (2010) 204-212.
L. Liu, C. Liu, Y. Zhong, A. Apostolou, S. Fang, ER stress response during the
differentiation of H9 cells induced by retinoic acid. Biochem Biophys Res Commun. 417
(2012) 738-743.
N. Gresa-Arribas, C. Viéitez, G. Dentesano, J. Serratosa, J. Saura, C. Sola, Modelling
neuroinflammation in vitro: a tool to test the potential neuroprotective effect of anti-
inflammatory agents. PLoS One 7 (2012) 45227-45238.
E.J. Hong, E.B. Jeung, Assessment of Developmental Toxicants using Human Embryonic
Stem Cells. Toxicol Res. 29 (2013) 221-227.
A.R. Knight, A. Misra, K. Quirk, K. Benwell, D. Revell, G. Kennett, M. Bickerdike,
Pharmacological characterisation of the agonist radioligand binding site of 5-HT(2A), 5-
HT(2B) and 5-HT(2C) receptors. Naunyn Schmiedebergs Arch Pharmacol. 370 (2004) 114-
123.
S. Daniele, S. Taliani, E. Da Pozzo, C. Giacomelli, B. Costa, M.L Trincavelli, L. Rossi, V.
La Pietra, E. Barresi, A. Carotenuto, A. Limatola, A. Lamberti, L. Marinelli, E. Novellino, F.
Da Settimo, C. Martini. Apoptosis therapy in cancer: the first single-molecule co-activating
p53 and the translocator protein in glioblastoma. Sci Rep. 4 (2014) 4749.
S. Daniele, D. Lecca, M.L. Trincavelli, O. Ciampi, M.P. Abbracchio, C. Martini. Regulation
of PC12 cell survival and differentiation by the new P2Y-like receptor GPR17. Cell Signal.
22 (2010) 697-706.
L. Acarin, B. Gonzalez, B. Castellano, Neuronal, astroglial and microglial cytokine
expression after an excitotoxic lesion in the immature rat brain. Eur J Neurosci. 12 (2000)
3505-3520.
M. Nibuya, E.J. Nestler, R.S. Duman, Chronic antidepressant administration increases the
expression of cAMP response element binding protein (CREB) in rat hippocampus. J
Neurosci. 16 (1996) 2365-2372.
F. Pilar-Cuéllar, R. Vidal, A. Pazos, Subchronic treatment with fluoxetine and ketanserin
increases hippocampal brain-derived neurotrophic factor, B-catenin and antidepressant-like
effects. Br J Pharmacol. 165 (2012) 1046-1057.
P.P. Tak, G.S. Firestein, NF-kappaB: a key role in inflammatory diseases. J Clin Invest. 107
(2001) 7-11.

30



36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

J. Eder, Tumour necrosis factor alpha and interleukin 1 signalling: do MAPKK kinases
connect it all? Trends Pharmacol Sci. 18 (1997) 319-22.
G.E. Ringheim, K.L. Burgher, J.A. Heroux, Interleukin-6 mRNA expression by cortical
neurons in culture: evidence for neuronal sources of interleukin-6 production in the brain. J
Neuroimmunol. (63) 1995 113-123.
Y. Kitagishi, M. Kobayashi, K. Kikuta, S. Matsuda, Roles of PI3K/AKT/GSK3/Mtor
Pathway in Cell Signaling of Mental Illnesses. Depress Res Treat. 2012 (2012) 752563-
752571.
B. Kaminska, A. Gozdz, M. Zawadzka, A. Ellert-Miklaszewska, M. Lipko, MAPK signal
transduction underlying brain inflammation and gliosis as therapeutic target. Anat Rec 292
(2009) 1902-1913.
L.A. Tibbles, J.R. Woodgett, The stress-activated protein kinase pathways. Cell Mol Life Sci
55(1999) 1230 —1254.
T. Mizuno, G. Zhang, H. Takeuchi, J. Kawanokuchi, J. Wang, Y. Sonobe, S. Jin, N. Takada,
Y. Komatsu, A. Suzumura, Interferon-gamma directly induces neurotoxicity through a
neuron specific, calcium-permeable complex of IFN-gamma receptor and AMPA GluR1
receptor. FASEB J. 22 (2008) 1797-1806.
L.K. Too, H.J. Ball, I.S. McGregor, N.H Hunt. The pro-inflammatory cytokine interferon-
gamma is an important driver of neuropathology and behavioural sequelae in experimental
pneumococcal meningitis. Brain Behav Immun. 40 (2014) 252-268.
S. Husain, Y. Abdul, C. Webster, S. Chatterjee, P. Kesarwani, S. Mehrotra. Interferon-gamma
(IFN-y)-mediated retinal ganglion cell death in human tyrosinase T cell receptor transgenic
mouse. PLoS One. 9 (2014) €89392.
E. Gumuslu, O. Mutlu, D. Sunnetci, G. Ulak, [:K: Celikyurt, N. Cine, F. Akar. The effects of
tianeptine, olanzapine and fluoxetine on the cognitive behaviors of unpredictable chronic
mild stress-exposed mice. Drug Res (Stuttg). 63 (2013) 532-539.
K. Takano, H. Yamasaki, K. Kawabe, M. Moriyama, Y. Nakamura. Imipramine induces
brain-derived neurotrophic factor mRNA expression in cultured astrocytes. J Pharmacol Sci.
120 (2012) 176-186.
A.E. Freitas, D.G. Machado, J. Budni, V.B. Neis, G.O. Balen, M.W Lopes, L.F. de Souza,
A.L Dafre, R.B. Leal, A.L. Rodrigues. Fluoxetine modulates hippocampal cell signaling
pathways implicated in neuroplasticity in olfactory bulbectomized mice. Behav Brain Res.
237 (2013) 176-184.

31



47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

S.W. Park, J.G. Lee, M.K. Seo, C.H. Lee, H.Y. Cho, B.J. Lee, W. Seol, Y.H. Kim,
Differential effects of antidepressant drugs on mTOR signalling in rat hippocampal neurons.
Int J Neuropsychopharmacol. 17 (2014) 1831-1846.

C. Yang, Y.M. Hu, Z.Q. Zhou, G.F. Zhang, J.J. Yang, Acute administration of ketamine in
rats increases hippocampal BDNF and mTOR levels during forced swimming test. Ups Med
Sci. 118 (2013) 3-8.

N. Li, B .Lee, R.J. Liu, M. Banasr, J.M. Dwyer, M. Iwata, X.Y. Li, G. Aghajanian, R.S.
Duman, mTOR-dependent synapse formation underlies the rapid antidepressant effects of
NMDA antagonists. Science 329 (2010) 959-964.

R.S. Duman, N. Li, R.J. Liu, V. Duric, G. Aghajanian, Signaling pathways underlying the
rapid antidepressant actions of ketamine. Neuropharmacology 62 (2012) 35-41.

Z. Ayorech, D.K. Tracy, D. Baumeister, G. Giaroli. Taking the fuel out of the fire: Evidence
for the use of anti-inflammatory agents in the treatment of bipolar disorders. J Affect Disord.
174C (2014) 467-478.

R. Dantzer, J.C. O’Connor, G.G. Freund, R.W. Johnson, K.W. Kelley. From inflammation to
sickness and depression: when the immune system subjugates the brain. Nature reviews.
Neuroscience 9 (2008) 46-56.

J.C. O'Connor, M.A. Lawson, C. André, M. Moreau, J. Lestage, N. Castanon, K.W. Kelley,
R. Dantzer. Lipopolysaccharide-induced depressive-like behavior is mediated by
indoleamine 2,3-dioxygenase activation in mice. Mol Psychiatry. 14 (2009) 511-522.

S. Biesmans, T.F. Meert, J.A. Bouwknecht, P.D. Acton, N. Davoodi, P. De Haes, J. Kuijlaars,
X. Langlois, L.J. Matthews, L. Ver Donck, N. Hellings, R. Nuydens. Systemic immune
activation leads to neuroinflammation and sickness behavior in mice. Mediators Inflamm.
2013 (2013) 271359.

S. Pugazhenthi, Y. Zhang, R. Bouchard, G. Mahaffey, Induction of an inflammatory loop by
interleukin-1p and tumor necrosis factor-a involves NF-kB and STAT-1 in differentiated
human neuroprogenitor cells. PLoS One 8 (2013) 69585-69597.

J.A. Blendy, The role of CREB in depression and antidepressant treatment. Biol Psychiatry
59 (2006) 1144-1150.

M. Maes, M. Berk, L. Goehler, C. Song, G. Anderson, P. Gatecki, B. Leonard, Depression
and sickness behavior are Janus-faced responses to shared inflammatory pathways. BMC

Med. 10 (2012) 66-84.

32



38.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

G. Kenis, M. Maes, Effects of antidepressants on the production of cytokines. Int J
Neuropsychopharmacol. 5 (2002) 401-412.
M. Haidinger, M. Poglitsch, R. Geyeregger, S. Kasturi, M. Zeyda, G.J. Zlabinger, B.
Pulendran, W.H. Horl, M.D. Sdemann, T. Weichhart, A versatile role of mammalian target of
rapamycin in human dendritic cell function and differentiation. J Immunol. 185 (2010)
3919-3931.
B. Leonard, M. Maes, Mechanistic explanations how cell-mediated immune activation,
inflammation and oxidative and nitrosative stress pathways and their sequels and
concomitants play a role in the pathophysiology of unipolar depression. Neurosci Biobehav
Rev. 36 (2012) 764-785.
Y. Sun, T. Yang, Z. Xu, The JNK pathway and neuronal migration. J Genet Genomics. 34
(2007) 957-965.
T.B. Brust, F.S. Cayabyab, B.A. MacVicar, C-Jun N-terminal kinase regulates adenosine A1
receptor-mediated synaptic depression in the rat hippocampus. Neuropharmacology 53
(2007) 906-917.
A.M. Polter, X. Li, 5-HT1A receptor-regulated signal transduction pathways in brain. Cell
Signal. 22 (2010) 1406-1412.
J. Masson, M. Boris Emerit, M. Hamon, M. Darmon, Serotonergic signaling: multiple
effectors and pleiotropic effects. WIREs Membr Transp Signal 1 (2012) 685-713.
D.M. Kurrasch-Orbaugh, J.C. Parrish, V.J. Watts, D.E. Nichols, A complex signaling
cascade links the serotonin2A receptor to phospholipase A2 activation: the involvement of
MAP kinases. J Neurochem. 86 (2003) 980-991.
R.S. Duman, B. Voleti, Signaling pathways underlying the pathophysiology and treatment of
depression: novel mechanisms for rapid-acting agents. Trends Neurosci. 35 (2012) 47-56.
A.M. Polter, X. Li, Glycogen Synthase Kinase-3 is an Intermediate Modulator of Serotonin
Neurotransmission. Front Mol Neurosci. 24 (2011) 31.
H.L. Haas, O.A. Sergeeva, O. Selbach, Histamine in the nervous system. Physiol Rev. 88
(2008) 1183-1241.
H.au. WW, Z. Chen, Role of histamine and its receptors in cerebral ischemia. ACS Chem
Neurosci. 3 (2012) 238-247.
R.A. Bakker, S.B. Schoonus, M.J. Smit, H. Timmerman, R. Leurs, Histamine H(1)-receptor
activation of nuclear factor-kappa B: roles for G beta gamma- and G alpha(g/11)-subunits in
constitutive and agonist-mediated signaling. Mol Pharmacol. 60 (2001) 1133-1142.

33



71.

72.

73.

74.

75.

76.

77.

78.

P. Nicotera, S.A. Lipton, Excitotoxins in neuronal apoptosis and necrosis. J Cereb Blood
Flow Metab. 19 (1999) 583-591.

M.T. Piascik, D.M. Perez, Alphal-adrenergic receptors: new insights and directions. J
Pharmacol Exp Ther. 298 (2001) 403-410.

B. Xing, A.D. Bachstetter, L.J. Van Eldik, Microglial p38a MAPK is critical for LPS-
induced neuron degeneration, through a mechanism involving TNFa. Mol Neurodegener. 6
(2011) 84-95.

X.M. Li, C.C. Li, S.S. Yu, J.T. Chen, K. Sabapathy, D.Y. Ruan, JNKI1 contributes to
metabotropic glutamate receptor-dependent long-term depression and short-term synaptic
plasticity in the mice area hippocampal CA1. Eur J Neurosci. 25 (2007) 391-396.

M.R. Bruchas, A.G. Schindler, H. Shankar, D.I. Messinger, M. Miyatake, B.B. Land, J.C.
Lemos, C.E. Hagan, J.F. Neumaier, A.Quintana, R.D. Palmiter, C. Chavkin, Selective p38a
MAPK deletion in serotonergic neurons produces stress resilience in models of depression
and addiction. Neuron. 71 (2011) 498-511.

Y.H. Li, C.H. Zhang, J. Qiu, S. Wang, S.Y. Hu, X. Huang, Y. Deng, Y. Wang, T.L. Cheng
Antidepressant-like effects of Chaihu-Shugan-San via c-jun amino-terminal kinase signal
transduction in rat models of depression. Journal of Medicinal Plants Research 6 (2012)
3259-3265

Z. Xie, C.J. Smith, L.J. Van Eldik, Activated glia induce neuron death via MAP kinase
signaling pathways involving JNK and p38. Glia 45 (2004) 170-179.

M.J. Millan, P. Marin, J. Bockaert, C. Mannoury la Cour. Signaling at G-protein-coupled
serotonin receptors: recent advances and future research directions. Trends Pharmacol Sci.

29 (2008) 454-464.

34



