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Graphical Abstract Distinct proneurogenic effects of norquetiapine and quetiapine

Abstract

Positive modulation of adult hippocampal neurogenesis may contribute to the therapeutic effects of clinically relevant antidepressant drugs,
including atypical antipsychotics. Quetiapine, an antipsychotic which represents a therapeutic option in patients who are resistant to classical
antidepressants, promotes adult hippocampal neurogenesis in preclinical studies. Norquetiapine, the key active metabolite of quetiapine

in humans, has a distinctive receptor profile than the parent compound. The drug is indeed a high affinity norepinephrine transporter
inhibitor and such activity has been proposed to contribute to its antidepressant effect. At present, no information is available on the effects
of norquetiapine on adult neurogenesis. We extensively investigated the activity of quetiapine and norquetiapine on adult murine neural
stem/progenitor cells and their progeny. Additionally, selective antagonists for ,/a, adrenergic receptors allowed us to evaluate if these
receptors could mediate quetiapine and norquetiapine effects. We demonstrated that both drugs elicit in vitro proneurogenic effects but
also that norquetiapine had distinctive properties which may depend on its ability to inhibit norepinephrine transporter and involve B,/a,
adrenergic receptors. Animal care and experimental procedures were approved by the Institutional Animal Care and Use Committees (IACUC)
at University of Piemonte Orientale, Italy (approval No. 1033/2015PR) on September 29, 2015.
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Introduction

Major depressive disorder is a debilitating psychiatric disorder
with high prevalence (Moussavi et al., 2007). By 2030,
according to the World Health Organization, major depressive
disorder will rank first amongst the global disability burden
of non-fatal diseases (World Health Organization, 2008).
Although extensive efforts have advanced our understanding
of major depressive disorder pathophysiology, current
treatments are still far from ideal, with relapses, residual
symptoms, a consistent burden of side effects and about one
third of patients which are refractory to pharmacological
strategies (lgnacio et al., 2016; Papadimitropoulou et al.,
2017). In parallel to discovering new therapies, it is certainly
important to further understand the biological mechanisms
that are triggered by drugs which provide some additional

benefit, such as in adjunct therapy strategies, but also as a
monotherapy in patients resistant to classical antidepressant
treatments.

The drug quetiapine is an atypical antipsychotic which has
shown benefits as a therapeutic option in the treatment
of depressed patients who do not present a satisfactory
response to classical antidepressants (Wang and Si, 2013;
Papadimitropoulou et al., 2017). The drug has a complex
and unique multireceptor profile, that makes it unlikely that
a single mechanism could explain its antidepressant effects
(Saller and Salama, 1993). It is currently proposed that
positive modulation of adult neurogenesis may contribute to
the therapeutic effects of clinically relevant antidepressant
drugs, including atypical antipsychotics (Newton and Duman,
2007; De Oliveira et al., 2020). In line with this hypothesis,
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guetiapine proved to be able to revert chronic stress-induced
reduction of hippocampal neurogenesis in preclinical studies
(Luo et al., 2005; Wang et al., 2013).

In humans, norquetiapine is the key active metabolite
and the most pharmacologically characterized one (Kim
et al., 2016). A pharmacokinetic study revealed that both
quetiapine and norquetiapine rapidly cross the blood-brain
barrier, with brain distribution of norquetiapine appearing
better than the parent compound (Kim et al., 2016). A recent
study demonstrated a significant relationship between
norquetiapine and the antidepressant effects seen in patients
with bipolar disorder (Rovera et al., 2017). Interestingly,
norquetiapine largely differs from quetiapine for its receptor
binding profile. Norquetiapine profile as a partial agonist
for the 5-hydroxytryptamine receptor 5-HT1A as well as a
norepinephrine transporter (NET) inhibitor has been proposed
to contribute to the antidepressant effects of the drug (Jensen
et al., 2008; Winter et al., 2008). In rodents quetiapine is
not converted to norquetiapine (Lépez-Mufioz and Alamo,
2013), so the metabolite has to be directly administered to
animal models in order to evaluate its effects in comparison
to quetiapine. Although in preclinical studies norquetiapine
showed antidepressant activity in vivo (Jensen et al., 2008;
Cross et al., 2016), no information is currently available on the
effects of the drug on adult neurogenesis.

In vitro models allow to directly test the effect of drugs and
their metabolites on putative cellular targets and potentially
add relevant information on their clinical effects. Herein we
extensively investigated the activity of norquetiapine and
quetiapine on adult murine neural stem/progenitor cells and
their progeny and the potential receptors mediating such in
vitro effects.

Materials and Methods

Animals

Male wild type (WT; C57BL/6) and nuclear factor kappa-light-
chain enhancer of activated B cells (NF-kB)p50™" (p50KO;
C57BL/6j Nfkb1tm1Bal/J) mice were purchased from the
Jackson Laboratories (Bar Harbor, ME, USA). Mice, housed
in high-efficiency particulate air (HEPA)-filtered Thoren
Units (Thoren Caging System Inc., Hazleton, PA, USA), were
maintained in number of 3—4 animals/cage, with ad libitum
access to food and water, at the University of Piemonte
Orientale animal facility. Animal care and experimental
procedures were performed in accordance with European
Community Directive and approved by the Institutional Animal
Care and Use Committees (IACUC) at University of Piemonte
Orientale, Italy (approval No. 1033/2015PR) on September 29,
2015.

Culture of adult murine hippocampal and subventricular
zone neural progenitor cells

For neural progenitor cell (NPC) isolation, hippocampi or
subventricular zone (SVZ) were dissected from brains of
three 3—4 month-old male mice and processed as previously
described (Meneghini et al., 2010; Valente et al., 2015).
NPCs were grown as floating neurospheres which were
dissociated for the first time (passage 1, P1) after 7-10 days
in vitro (DIV). Thereafter cells were dissociated every five
DIV. After each dissociation cells were seeded at a density of
12,000 cells/cm?® in complete culture medium composed by
Neurobasal-A medium supplemented with B27 supplement,
2 mM L-glutamine (Gibco, Life Technologies, Monza, IT, USA),
recombinant human epidermal growth factor (rhEGF, 20
ng/mL) and recombinant human fibroblast growth factor 2
(rhFGF-2, 10 ng/mL; Peprotech, Rock Hill, NJ, USA), heparin
sodium salt (4 ug/mL; Sigma-Aldrich, St. Louis, MO, USA),
100 U/mL penicillin and 100 pg/mL streptomycin (Gibco). For
experimental procedures, NPCs were utilized at passages P2—
P30.

2042

NPC differentiation

For differentiation assessment, a previously described protocol
was utilized (Stagni et al., 2017). Briefly, after neurosphere
dissociation, NPCs were plated at a 43,750 cells/cm?
density onto laminin-coated (2.5 pg/cm?) Lab-Tek 8 well
Permanox chamber slides (NUNC, Thermo Fisher Scientific,
Waltham, MA, USA) in differentiation medium [Neurobasal-A
medium, B27 supplement, 2 mM L-glutamine, and 100 U/mL
penicillin, and 100 pg/mL streptomycin (Gibco)]. NPCs were
differentiated for 24 hours in presence of vehicle (water),
guetiapine fumarate or N-dealkylated norquetiapine used in a
wide range of concentrations (0.1, 0.3, 1, 3, 10, 30, 100, 1000,
and 10,000 nM). For a, and B, adrenergic receptor blockade,
the antagonists idazoxan hydrochloride (10 nM) and ICI
118551 (100 nM) were added to NPCs 30 minutes before drug
or vehicle addition.

Drugs

N-dealkylated norquetiapine and quetiapine fumarate (ICl
204636) were kindly provided by AstraZeneca (Cambridge,
UK); the B,-adrenergic receptor selective antagonist ICl
118551 and the selective a,-adrenergic receptor antagonist
idazoxan hydrochloride were purchased from Tocris Bioscience
(Bristol, UK). Drug concentrations were chosen based on Ki
values at their target receptors (Cross et al., 2016).

Immunocytochemistry

After 24 hours, under differentiation conditions, NPCs
were fixed with ice-cold 4% paraformaldehyde/4% sucrose
solution for 20 minutes at room temperature and processed
by immunocytochemical analysis as previously described
(Cvijetic et al., 2017). Cells were incubated overnight at 4°C
with the following primary antibodies: anti-nestin (chicken
monoclonal, 1:1500, Neuromics, Edina, MN, USA; a marker for
undifferentiated neural progenitors), anti-microtuble-associated
protein-2 (MAP-2, rabbit polyclonal, 1:600, Millipore, Milan,
Italy; a marker for mature neurons), anti-glial fibrillary acidic
protein (GFAP, mouse polyclonal, 1:600, Millipore; a marker for
astrocytes) and anti-chondroitin sulfate proteoglycan (NG-2,
rabbit polyclonal, 1:500, Millipore; a marker for oligodendrocyte
precursors). Thereafter cells were incubated for 2 hours at
room temperature with the following secondary antibodies:
Alexa Fluor 488-conjugated goat anti-chicken IgG (1:1600) Alexa
Fluor 555-conjugated goat anti-rabbit IgG (1:1400), Alexa Fluor
555-conjugated goat anti-mouse 1gG (1:1600), and Alexa Fluor
488 conjugated goat anti-rabbit IgG (1:1400) (all from Molecular
Probes, Life Technologies). In each experiment, five fields/
well corresponding to about 150-200 cells were counted using
a fluorescence microscope DMIRB (Leica, Wetzal, Germany)
with a 60x objective. For each marker, immunopositive cells
were quantified and their percentage was calculated over
total viable cells. Nuclei were counterstained with 0.8 ng/mL
Hoechst 33342 (Thermo Fisher Scientific). Apoptotic nuclei
identified by Hoechst staining were counted and the percentage
of apoptotic cell was calculated over the total cell number.

Statistical analysis

Data were expressed as the mean = SD and analyzed by
GraphPad Prism 7.0 software (GraphPad Software Inc., La
Jolla, CA, USA) using two-tailed Student’s t-test when only two
independent groups were compared, or one-way analysis of
variance (ANOVA) followed by Tukey’s post hoc test or two-
way analysis of variance followed by Bonferroni’s post hoc
test when three or more groups were compared. Statistical
significance level was set for P values < 0.05.

Results

Quetiapine and its key metabolite norquetiapine
significantly promote neuronal differentiation of adult
hippocampal NPCs

In the absence of growth factors, multipotent adult
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hippocampal NPCs (ahNPCs) spontaneously differentiate
toward the neuronal lineage, as previously described
(Meneghini et al., 2013). Phenotypical characterization of NPC-
derived cells can be easily performed by immunocytochemical
approach. Double immunostaining with antibodies against
the neuronal MAP-2 and nestin, a protein expressed by
undifferentiated progenitor cells, allows to identify four
different cell subpopulations after 24 hours of differentiation
in vitro. More precisely, ahNPCs give rise to i) MAP-2"/nestin”
cells (4.6 £ 0.6% of the total number of viable cells), which
can be considered as newly generated neurons; ii) MAP-2*/
nestin® cells (23.4 + 2.5% of the total number of viable cells),
a subpopulation of neuroblasts in transition toward neuronal
commitment; iii) MAP-2"/nestin® cells (7.8 + 0.5% of the total
number of viable cells) which correspond to undifferentiated
progenitors; iv) MAP-2"/nestin™ cells (64.2 + 2.9% of the total
number of viable cells) an heterogenous population including
undifferentiated Sox2" progenitors (Brazel et al., 2005) and
cells which differentiated towards glial lineages (Figure 1).

In these experimental conditions we investigated the effect
of quetiapine on ahNPC neuronal differentiation testing
a wide range of concentrations (0.1-30 nM). Quetiapine
significantly increased, in a concentration dependent manner,
the formation of new neurons and neuroblasts as assessed
by an increased percentage of MAP-2"/nestin” and MAP-2/
nestin” cells, when compared to vehicle-treated condition
(Figure 2A and B). Then ahNPCs were differentiated in the
presence of a wide range of norquetiapine concentrations
(0.1-10 nM). In our experimental conditions norquetiapine
was a more potent proneurogenic molecules than quetiapine:
the drug indeed elicited effects starting at 0.1 nM, with a
maximal effect obtained at 1 nM (Figure 2C and D). Like
guetiapine, norquetiapine significantly increased both the
percentage of MAP-2"/nestin” (Figure 2C) and MAP-2"/nestin®
(Figure 2D) cells. Representative confocal microscopy images
of ahNPC immunolabeled with MAP-2 and nestin antibodies
show the proneurogenic effect of 1 nM quetiapine (Figure
2F) and norquetiapine (Figure 2G) on both neuronal (MAP-
2"/nestin’) and neuroblast (MAP-2/nestin®) subpopulations,
in comparison with vehicle-treated cells (Figure 2E). To
exclude a possible neuroprotective component in the in vitro
effects elicited by the drug, we quantified the percentage of
apoptotic cells in ahNPCs after exposure to norquetiapine
and quetiapine. At all tested concentrations, including those
endowed with proneurogenic effects, quetiapine (Figure 2H)
did not affect the survival rate of hippocampal NPCs and/or
their progeny. Similarly, norquetiapine did not significantly
change, compared to vehicle, the apoptotic rate in NPC
cultures (Figure 2I).

Norquetiapine, unlike quetiapine, also promotes neuronal
differentiation of NPCs derived from the SVZ

We then investigated if quetiapine and norquetiapine
proneurogenic properties were limited to hippocampal NPCs
or also to NPCs derived from another adult neurogenic niche,
namely the SVZ. NPCs were prepared from adult murine SVZ
and then exposed to quetiapine and norquetiapine (0.001-10
uM) under experimental conditions promoting differentiation.
Interestingly, quetiapine had no significant effect on SVZ NPC
differentiation up to 10 pM (Figure 3A). On the contrary,
norquetiapine significantly promoted the formation of
MAP-2"/nestin” cells starting at 100 nM with a maximal
effect elicited at 1 uM (Figure 3B). Representative confocal
microscopy images of MAP-2 (red) and nestin (green) double
labelling in SVZ-derived NPC document the proneurogenic
effect of 1 nM norquetiapine (Figure 3E) compared to 1 nM
guetiapine (Figure 3D) and vehicle (Figure 3C). As in ahNPCs,
both drugs had no effect on the survival rate of SVZ-derived
NPCs and their progeny (data not shown). These in vitro data
suggest distinct proneurogenic properties of quetiapine and
its metabolite: quetiapine specifically promotes neuronal

differentiation only of hippocampal NPCs while norquetiapine
positively affects both hippocampal and SVZ derived NPCs.

The proneurogenic effect of norquetiapine occurs at the
expenses of ahNPC differentiation toward glial lineages

We focused our attention on norquetiapine. In our in vitro
systems, ahNPCs can also differentiate toward glial lineages,
giving rise to astrocytes (GFAP® cells) and oligodendrocyte
precursors (NG-2" cells). The percentage of GFAP cells was
significantly reduced in 1 nM norquetiapine-treated cells
(=51.5% vs. vehicle-treated cells, P < 0.01; Figure 4A-C).
Similar results were obtained when we evaluated the NG-
2" cell population. 1 nM norquetiapine significantly reduced
the percentage of oligodendrocyte precursors compared
to vehicle (-43.1% vs. vehicle treated cells, P < 0.001;
Figure 4D—F). Representative confocal microscopy images
of norquetiapine-treated GFAP" (Figure 4C) and NG-2" cells
(Figure 4F) are included for comparison with vehicle-treated
conditions (Figure 4B for GFAP and Figure 4E for NG-2
immunostaining). Altogether these data demonstrate that
norquetiapine significantly promoted neuronal differentiation
of ahNPCs at the expenses of nonneuronal lineages.

Activation of B, and a, adrenergic receptors mediate
norquetiapine proneurogenic effects

Both quetiapine and norquetiapine are characterized by
their ability to interact with multiple receptor systems.
Additionally, norquetiapine by blockade of NET increases
noradrenergic tone which in turn promotes the formation of
new mature neurons in the adult mammalian brain (Nyberg
et al., 2013). Recent work from our as well as from other
laboratories demonstrated the presence of NET in adult
murine NPCs and the contribution of distinct AR receptors in
the positive modulation of adult neurogenesis both in vivo
and in vitro (Masuda et al., 2012; Meneghini et al., 2014;
Bortolotto et al., 2017, 2019). For this purpose, ahNPCs
were exposed to norquetiapine in presence of the selective
B,-AR antagonist ICI 118551 (100 nM) or its vehicle. In line
with such previous studies, ICI 118551 per se had no effect
on ahNPC neuronal differentiation (Figure 4G). Conversely,
the drug completely prevented norquetiapine-mediated
increase of MAP-2"/nestin” cells at both tested concentrations
(0.1-1 nM; Figure 4G). Similar effects were observed on the
MAP-2"/nestin® neuroblast population (data not shown).
Adult NPCs also express a,-AR (Meneghini et al., 2014). We
evaluated the contribution of a,-AR engagement in response
to norquetiapine exposure by using the selective antagonist
idazoxan at 10 nM concentration. The drug had no effect
on ahNPC differentiation per se (Figure 4H). When tested
in presence of norquetiapine (0.1-1-10 nM), idazoxan fully
counteracted its proneurogenic effects both on MAP-2"/
nestin” cells (Figure 4H) and MAP-2"/nestin” population (data
not shown). Altogether these data identify B,- and a,-AR
subtypes as mediators of norquetiapine proneurogenic activity
in vitro.

Quetiapine and norquetiapine have distinct and unique
activity profiles in ahNPC cultures

We further explored potential differences in quetiapine
versus norquetiapine activity in our in vitro model. Unlike
norquetiapine, proneurogenic concentrations of quetiapine
had no significant effect on glial differentiation of ahNPCs as
assessed by measuring the percentage of newly formed GFAP*
(Figure 5A—C) and NG-2" (Figure 5D—F) cells, compared to
vehicle conditions. We also tested the potential involvement
of a,- e B,-adrenergic receptors in the proneurogenic activity
of quetiapine. As shown in Figure 5G, the [,-adrenergic
receptor selective antagonist ICI 188551 had no significant
effect on quetiapine-mediated proneurogenic activity.
Similarly, in presence of the selective a,-adrenergic receptor
antagonist idazoxan, the proneurogenic effect of quetiapine

NEURAL REGENERATION RESEARCH | Vol 16 | No. 10 | October 2021 | 2043



Research Article

100

2 8 Figure 1 | Adult hippocampal NPC neuronal differentiation rate.
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Figure 2 | Quetiapine and norquetiapine effects on neuronal differentiation and survival of ahNPCs.

Twenty-four-hour exposure to quetiapine (0.1-30 nM) significantly increased the percentage of MAP-2"/nestin™ (A) and MAP-2"/nestin” cells (B). Norquetiapine
(NORQ)-mediated (0.1-10 nM) increase of MAP-2"/nestin” (C) and MAP-2"/nestin” (D) cell populations. Representative confocal images of ahNPC differentiated
in presence of vehicle (E), quetiapine 1 nM (F) and NORQ 1 nM (G) and immunolabelled with the neuronal marker MAP-2 (red) and the marker for
undifferentiated progenitor cells nestin (green). MAP-2"/nestin” (arrows) and MAP-2"/nestin” (arrowheads) cells are indicated. Nuclei were stained with Hoechst
(blue). Apoptotic nuclei are marked by asterisks. Original magnification: 40x. Scale bars: 20 um. Quantification of apoptotic rate in adult hippocampal NPCs
treated for 24 hours with quetiapine (0.1-10 pM) (H) and norquetiapine (NORQ; 0.1-10 uM) (1). At all tested concentrations both drugs had no effect on the
survival rate of ahNPCs and their progeny. Data of experiments performed in triplicates are expressed as percentage of cells normalized to vehicle (mean + SD);
**p<0.01, ***P < 0.001, vs. vehicle-treated cells (one-way analysis of variance followed by Tukey’s post hoc test). ahNPC: Adult hippocampal NPC; MAP-2:
microtuble-associated protein-2; NPC: neural progenitor cell.
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Figure 3 | Effect of quetiapine and norquetiapine on neuronal differentiation of SVZ-derived NPCs.

Quantification of the percentage of MAP-2"/nestin” originating from SVZ-derived NPCs differentiated in presence of quetiapine (QTP; 0.001-10 uM) (A) and
norquetiapine (NORQ; 0.001-10 uM) (B). Data of experiments performed in triplicates are expressed as percentage of cells normalized to vehicle (mean * SD);
*P<0.05, ¥*P<0.01, ***P < 0.001, vs. vehicle-treated cells (one-way analysis of variance followed by Tukey’s post hoc test). Representative confocal images of
SVZ-derived NPCs differentiated in presence of vehicle (C), QTP 1 nM (D) and NORQ 1 nM (E) and immunolabelled with MAP-2 (red) and nestin (green). MAP-
2"/nestin” neuron (arrows) and MAP-2"/nestin® neuroblasts (arrowheads) are indicated. Nuclei were stained with Hoechst 33342 (blue). Original magnification:
40x. Scale bars: 20 um. MAP-2: microtuble-associated protein-2; NPC: neural progenitor cell; SVZ: subventricular zone.
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acidic protein; MAP-2: microtuble-associated protein-2; NG-2: chondroitin sulfate proteoglycan; NORQ: norquetiapine.
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was not affected (Figure 5H). These data further support
distinct mechanisms of action of quetiapine and its metabolite
norquetiapine in primary cultures of ahNPCs.

Nuclear translocation of NF-kB p50 is not required for

the proneurogenic effects induced by norquetiapine and
quetiapine

In recent years, our group extensively demonstrated
the central role of NF-kB p50 transcription factor in the
proneurogenic effect, both in vivo and in vitro, elicited
by several clinically relevant drugs (Valente et al., 2012;
Cuccurazzu et al., 2013; Bortolotto and Grilli, 2017). Based on
those observations, we investigated the requirement of NF-«kB
p50 expression for quetiapine- and norquetiapine-mediated
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Discussion

Quetiapine is a second-generation atypical antipsychotic
that has demonstrated efficacy as augmentation therapy in
treatment-resistant depression (Devarajan et al., 2006; Baune
et al., 2007; Doree et al., 2007; Bauer et al., 2009). Quetiapine
antidepressant therapeutic efficacy has been ascribed to ability
to increase monoamine levels. Indeed the drug enhances
central serotonergic neurotransmission via its high affinity
5-HT,, receptor antagonism and partial agonistic activity
at the 5-HT,, receptor (Mcintyre et al., 2007). Moreover, in
the prefrontal cortex its activation of 5-HT,, receptor results
in an increase dopaminergic neurotransmission, while
affinity for the a,-adrenoceptor mediates a relative increase
in extracellular noradrenergic release (Pira et al., 2004;
Yatham et al., 2005). Preclinical studies have demonstrated
that quetiapine can positively modulate adult hippocampal
neurogenesis, a process which is currently proposed to take
part into depression pathophysiology (Bortolotto et al., 2014).
In vivo experiments in rats demonstrated that quetiapine
reverts hippocampal neurogenesis reduction induced
by chronic restraint stress (Luo et al., 2005). Even more

Figure 6 | Effects of NORQ and QTP on neuronal differentiation of ahNPCs derived
from p50KO and WT mice.

Quantification of the percentage of MAP-2"/nestin cells derived from WT and p50KO
ahNPCs differentiated in presence of NORQ (1 nM) (A), QTP (1 nM) (B), or corresponding
e vehicle (=) (A, B). Data of experiments performed in triplicates are expressed as
percentage of cells normalized vs vehicle (mean + SD). **P < 0.01, ***P < 0.001, vs.

WT vehicle-treated cells; #P < 0.05, ###P < 0.001, vs. p5S0KO vehicle-treated cells; §§§P
< 0.001 (two-way analysis of variance followed by Bonferroni’s post hoc test). ahNPC:
Adult hippocampal NPC; KO: knockout; MAP-2: microtuble-associated protein-2; NORQ:
norquetiapine; NPC: neural progenitor cell; QTP: quetiapine; WT: wild type.

interestingly, because closely reproducing the clinical settings,
quetiapine addition to fluoxetine improved depressive-like
behaviour in mice subjected to unpredictable chronic mild
stress and, in parallel, increased the number of hippocampal
newborn neurons (Wang et al, 2013).

In humans quetiapine has a major active metabolite,
norquetiapine, which is endowed with a very distinct
pharmacological profile since, in addition to high affinity for
5-HT,, receptors (a property shared with quetiapine), it is
a potent inhibitor of the norepinephrine transporter NET
(Cross et al., 2016). Blockade of NET represents an important
commonality with conventional antidepressant agents and also
distinguishes quetiapine from other atypical antipsychotics
in humans. This finding also points to the possibility that the
clinical antidepressant activity of quetiapine may rely, at least
in part, on inhibition of NET elicited by norquetiapine (Prieto
et al.,, 2010).

No information is currently available on the possible effects
of norquetiapine on adult neurogenesis in preclinical models
or in primary cultures of adult neural progenitor cells, an
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established in vitro model for assessing neurogenic activity of
clinically relevant drugs (Bortolotto et al., 2014). Moreover,
no previous study tested quetiapine direct effects in NPC
cultures.

In our experimental setting we demonstrated that both
drugs have the ability to promote neuronal differentiation
of ahNPCs in vitro, in a concentration-dependent manner.
Particularly, they significantly increased the percentage
of newly generated neurons (MAP-2"/nestin” cells) and
neuroblasts (MAP-2"/nestin” cells). Since neuroprotective
effects of atypical antipsychotics have been documented
(Chen and Nasrallah, 2019), we also evaluated whether the in
vitro proneurogenic activity of norquetiapine and quetiapine
could be mediated by increased survival/reduced cell death.
Our findings exclude that possibility since the increase in the
percentage of newly generated neurons/neuroblasts induced
by drugs was not associated with changes in the survival rate
of ahNPCs and their progeny. Interestingly, norquetiapine was
more potent in vitro than quetiapine, since its proneurogenic
effects were apparent at a 10x lower concentration (0.1
nM) than the parent compound. Based on the observation
that ahNPC differentiate in vitro both in neuronal and
non-neuronal cells, we also evaluated drug effects on the
percentage of newly generated astrocytes (GFAP" cells) and
oligodendrocyte precursors (NG-2" cells). We demonstrated
that a proneurogenic concentration of norquetiapine affected
ahNPC differentiation toward glial lineages, significantly
reducing percentages of GFAP" and NG-2" cells. Conversely,
under the same experimental conditions, quetiapine had no
significant effect on glial differentiation of ahNPCs. These
results suggested that, unlike quetiapine, norquetiapine
promotes neuronal differentiation of ahNPCs at the expenses
of their glial differentiation. These data also suggest that
norquetiapine distinctive features, not shared by quetiapine,
potentially its activity as NET blocker, may play a role in drug
effects elicited in ahNPCs.

NET is expressed by adult NPCs (Meneghini et al., 2014)
and norquetiapine binds and blocks NET with high affinity
(Jensen et al., 2008). Moreover previous studies from our and
other groups demonstrated that several clinically relevant
drugs may exert their proneurogenic effects via activation of
adrenergic receptors which are also expressed by adult NPCs
(Meneghini et al., 2014; Bortolotto et al., 2019; Bortolotto and
Grilli, 2020). For these reasons we tested the possibility that
adrenergic receptors may also mediate the proneurogenic
effect of norquetiapine. It has been demonstrated that
norquetiapine has no direct interaction with f,-adrenergic
receptors up to 10 UM concentration (Jensen et al., 2008).
Herein we showed that the proneurogenic activity of
norquetiapine could be abolished in presence of ICI 118551,
a selective antagonist for B,-adrenergic receptors. More
specifically, B,-adrenergic receptors blockade blunted both
norquetiapine-mediated increase in neuronal and neuroblast
populations. This finding is in agreement with recent data
demonstrating that B,-adrenergic receptors activation by
noradrenaline or selective agonists like salmeterol promote
positive modulation of adult hippocampal neurogenesis in
vitro and in vivo (Masuda et al., 2012; Bortolotto et al., 2019).
Moreover, analgesic drugs inhibiting NET like tapentadol also
promote neurogenesis in vitro via B,-adrenergic receptor
activation in primary hippocampal NPC cultures (Meneghini
et al., 2014). Interestingly, ICI 118551 had no effect on the
proneurogenic effects of quetiapine which does not interact
with NET. Since there is no direct interaction of norquetiapine
with B,-adrenergic receptor (Jensen et al., 2008), at the
present stage of knowledge we propose that the effects of
norquetiapine on neuronal differentiation of hippocampal
NPCs may represent an indirect consequence of drug-
mediated blockade of noradrenaline reuptake.
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Adult NPCs express adrenergic receptors other than f,-
adrenergic receptor, including a,-adrenergic receptor
(Meneghini et al., 2014). We tested the effects of
norquetiapine in presence of idazoxan, a selective a,-
adrenergic receptor antagonist. Idazoxan per se had no effect,
but in presence of norquetiapine it completely abolished its
proneurogenic effects. Although quetiapine has a moderate
a,-adrenergic receptor antagonistic activity, for comparison
with norquetiapine we also tested its effects in presence of
idazoxan. The a,-adrenergic receptor antagonist had no effect
on quetiapine proneurogenic effects, pointing again to a
different profile for the two drugs.

Activity at intracellular targets, including signal transduction
pathways, may also mediate the distinct in vitro effects of
guetiapine and norquetiapine. Previous data of our group
demonstrated that NF-kB mediated transcription, and in
particular the p50 subunit, may play a central role in the
modulation of adult hippocampal neurogenesis by several
clinically relevant drugs (Valente et al., 2012; Cuccurazzu
et al., 2013; Bortolotto et al., 2014; Meneghini et al., 2014;
Chiechio et al., 2017). Moreover NF-kB signalling has been
proposed to lie downstream of quetiapine effects in the
modulation of hippocampal neurogenesis (Bi et al., 2009).
We therefore evaluated the differentiation of ahNPCs
derived from NF-kB p50 knock out mice hippocampi in
presence of proneurogenic concentrations of quetiapine and
norquetiapine. We demonstrated no difference in quetiapine
proneurogenic activity in WT and p50KO ahNPC. On the
contrary, norquetiapine promoted neuronal differentiation
of p50KO ahNPCs more effectively than of WT NPCs. In this
regard norquetiapine and quetiapine are different from
several drugs whose in vitro proneurogenic activity is blunted
in absence of p50 protein (Bortolotto et al., 2014). The
reasons why norquetiapine is more effective in absence of p50
may deserve future investigation, but, again, this result points
to distinct intracellular mechanisms for the drug and its parent
compound.

Finally, our studies disclosed another distinctive feature of
norquetiapine compared to quetiapine when the two drugs
were tested on adult SVZ-derived NPC cultures. Surprisingly
we observed that only norquetiapine, and not quetiapine,
significantly increased neuronal differentiation of SVZ-derived
NPCs. Of note, much higher norquetiapine concentrations
were required for promoting neuronal differentiation of
adult SVZ NPCs. Adult hippocampal neurogenesis has been
demonstrated to occur in humans and proposed to play a
physiolopgical role in cognition and mood regulation (Anacker
and Hen, 2017). At present the physiological relevance of
adult SVZ neurogenesis in human is questioned (Akter et
al., 2020). Nevertheless, our in vitro data further highlight
differences between the two adult neurogenic areas in their
response to pharmacological treatments and/or for receptor
expression patterns.

Altogether, our data unravel a distinct profile for the
proneurogenic activities of norquetiapine and its parent
compound quetiapine. Although they both promote
neuronal differentiation of adult murine NPCs in vitro, only
norquetiapine effects are mediated by B,- and a,- adrenergic
receptors. Since it has been demonstrated that norquetiapine
does not bind B,-adrenergic receptors (Jensen et al., 2008),
it is possible that such effect is secondary to an increased
noradrenergic tone caused by NET blockade, a norquetiapine
property which is not shared by quetiapine. Also blockade
of norquetiapine effects by idazoxan may be explained by
increased extracellular noradrenergic concentrations after NET
blockade. Furthermore norquetiapine, and not quetiapine,
proneurogenic effects occurred at the expense of glial
differentiation and they were augmented in absence of NF-kB
p50.
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The limitation of this study is that, at present, we have no
definitive data on the mechanisms underlying quetiapine
proneurogenic effects in vitro. Since we recently demonstrated
that blockade of 5-HT,, and 5-HT,. receptors may result in
proneurogenic effects (Bortolotto et al., 2017), it is possible
that these receptors may mediate the proneurogenic effects
of quetiapine.

Altogether these data further support the idea that
norquetiapine may contribute to the antidepressant effect of
guetiapine in the clinical setting. Moreover they highlight the
importance of studying drugs already in clinic and their active
metabolites to better understand their profile of efficacy
and, potentially, to unravel novel targets for future drug
interventions.
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