
HAL Id: hal-03801130
https://hal.science/hal-03801130v1

Submitted on 6 Oct 2022

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Blockade of Serotonin 5-HT6 Receptor Constitutive
Activity Alleviates Cognitive Deficits in a Preclinical

Model of Neurofibromatosis Type 1
Emilie Doucet, Katarzyna Grychowska, Pawel Zajdel, Joël Bockaert, Philippe

Marin, Carine Bécamel

To cite this version:
Emilie Doucet, Katarzyna Grychowska, Pawel Zajdel, Joël Bockaert, Philippe Marin, et al.. Blockade
of Serotonin 5-HT6 Receptor Constitutive Activity Alleviates Cognitive Deficits in a Preclinical Model
of Neurofibromatosis Type 1. International Journal of Molecular Sciences, 2021, 22 (18), pp.10178.
�10.3390/ijms221810178�. �hal-03801130�

https://hal.science/hal-03801130v1
https://hal.archives-ouvertes.fr


 International Journal of 

Molecular Sciences

Article

Blockade of Serotonin 5-HT6 Receptor Constitutive Activity
Alleviates Cognitive Deficits in a Preclinical Model of
Neurofibromatosis Type 1

Emilie Doucet 1, Katarzyna Grychowska 2, Pawel Zajdel 2 , Joël Bockaert 1, Philippe Marin 1,*,† and
Carine Bécamel 1,*,†

����������
�������

Citation: Doucet, E.; Grychowska,

K.; Zajdel, P.; Bockaert, J.; Marin, P.;

Bécamel, C. Blockade of Serotonin

5-HT6 Receptor Constitutive Activity

Alleviates Cognitive Deficits in a

Preclinical Model of

Neurofibromatosis Type 1. Int. J. Mol.

Sci. 2021, 22, 10178. https://doi.org/

10.3390/ijms221810178

Academic Editors: Philippe De

Deurwaerdere and Giuseppe Di

Giovanni

Received: 13 July 2021

Accepted: 18 September 2021

Published: 21 September 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Institute of Functional Genomics, University of Montpellier, CNRS, Inserm, 34094 Montpellier, France;
emilie.l.doucet@gmail.com (E.D.); joel.bockaert@igf.cnrs.fr (J.B.)

2 Department of Organic Chemistry, Jagiellonian University Medical College, 9 Medyczna Street,
30-688 Kraków, Poland; katarzyna.grychowska@uj.edu.pl (K.G.); pawel.zajdel@uj.edu.pl (P.Z.)

* Correspondence: philippe.marin@igf.cnrs.fr (P.M.); carine.becamel@igf.cnrs.fr (C.B.);
Tel.: +33-434-35-92-15 (P.M.); +33-434-35-92-42 (C.B.)

† These authors contributed equally to this work.

Abstract: Neurofibromatosis type 1 (NF1) is a common inherited disorder caused by mutations of the
NF1 gene that encodes the Ras-GTPase activating protein neurofibromin, leading to overactivation
of Ras-dependent signaling pathways such as the mTOR pathway. It is often characterized by a
broad range of cognitive symptoms that are currently untreated. The serotonin 5-HT6 receptor is a
potentially relevant target in view of its ability to associate with neurofibromin and to engage the
mTOR pathway to compromise cognition in several cognitive impairment paradigms. Here, we
show that constitutively active 5-HT6 receptors contribute to increased mTOR activity in the brain of
Nf1+/− mice, a preclinical model recapitulating some behavioral alterations of NF1. Correspondingly,
peripheral administration of SB258585, a 5-HT6 receptor inverse agonist, or rapamycin, abolished
deficits in long-term social and associative memories in Nf1+/− mice, whereas administration of CPPQ,
a neutral antagonist, did not produce cognitive improvement. These results show a key influence
of mTOR activation by constitutively active 5-HT6 receptors in NF1 cognitive symptoms. They
provide a proof of concept that 5-HT6 receptor inverse agonists already in clinical development as
symptomatic treatments to reduce cognitive decline in dementia and psychoses, might be repurposed
as therapies alleviating cognitive deficits in NF1 patients.

Keywords: neurofibromatosis type 1; 5-HT6 receptor; constitutive activity; inverse agonist; neutral
antagonist; mTOR; rapamycin; cognition

1. Introduction

Neurofibromatosis type 1 (NF1) is a dominant autosomal disease with an estimated
prevalence of about 1 in 3000 that is independent of ethnicity, race, or gender, and with a
full penetrance. The hallmarks of the disease are “café au lait” spots and tumors of central
and peripheral nervous systems, including neurofibromas, gliomas and pheochromocy-
tomas [1]. Cognitive deficits represent another major feature of the disease, with up to 80%
of the children with NF1 at risk of moderate to severe cognitive impairments that affect one
or more areas of cognitive functioning and seriously compromise their scholar performance
and quality of life [2,3]. These include learning disability, decreased attention, difficulties
in executive planning and deficits in perception skills [4–6]. Moreover, at least half of
children and adults with NF1 show social behavior impairments [7–10]. To date, clinical
trials assessing the effect of statins or methylphenidate upon behavioral and cognitive
outcomes yielded mitigated or poorly reproducible results [11–15], underscoring the need
of new therapeutic strategies.
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NF1 is caused by heterozygous mutations of the NF1 tumor suppressor gene that
encodes the Ras-GTPase activating protein (Ras-GAP) neurofibromin. Reduced expression
of neurofibromin or loss of function mutations of the NF1 gene lead to overactivation of
Ras that results in aberrant stimulation of Ras-dependent signaling pathways such as the
Raf-MEK-Erk and mechanistic Target of Rapamycin (mTOR) pathways [16–19]. Previous
studies have shown that neurofibromin physically interacts with and promotes constitutive
activity of the serotonin 5-HT6 receptor [20,21], a Gs-coupled receptor predominantly
expressed in brain regions involved in cognitive functions such as the prefrontal cortex
(PFC) and exhibiting a high level of constitutive activity. In addition to its coupling to
Gs protein, the 5-HT6 receptor also engages mTOR signaling to compromise cognition
in neurodevelopmental models of schizophrenia [20] and preclinical models of cannabis
abuse during adolescence [22] and neuropathic pain [23]. Conversely, reduced 5-HT6
receptor-operated mTOR signaling has been involved in memory enhancement elicited
by dietary restriction in the mouse [24]. Collectively, these findings suggest that blocking
the 5-HT6 receptor-mTOR pathway might be a promising strategy to alleviate cognitive
deficits associated with neuropsychiatric disorders of different etiologies [20,22,25–27].

In light of these observations and the previously established physical and functional in-
teractions between the 5-HT6 receptor and neurofibromin, we investigated the impact of in-
hibiting 5-HT6 receptor or mTOR activation on social cognition and associative memory in
mice with a heterozygous null mutation in the NF1 gene (Nf1+/− mice), a well-characterized
preclinical model of NF1 that recapitulates some behavioral features of the disease [28–32].
We show that the acute injection of SB258585, a 5-HT6 receptor antagonist that behaves
as inverse agonist [23], or of rapamycin, a mTOR inhibitor, abolishes deficits in long-term
social and associative memories in Nf1+/− mice and reduces mTOR overactivation in
the PFC of these mice. Conversely, administration of (S)-1-[(3-chlorophenyl)sulfonyl]-4-
(pyrrolidine-3-yl-amino)-1H-pyrrolo [3,2-c]quinolone (CPPQ), a 5-HT6 receptor neutral
antagonist [21,33,34], does not induce any cognitive improvement, suggesting that mTOR
under the control of constitutively active 5-HT6 receptors, contributes to cognitive symp-
toms of NF1.

2. Results

2.1. Role of 5-HT6 Receptor in mTOR Overactivation in Prefrontal Cortex of Nf1+/− Mice

Corroborating previous observations [21,28], a ~50% reduction of neurofibromin
expression was measured in the PFC of Nf1+/− mice, compared to wildtype (WT) mice
(Figure 1A, see also Supplementary Figure S1A for raw data). As expected, this reduced
expression of neurofibromin was accompanied with an increase in the mTOR activity in
PFC, as assessed by the enhanced phosphorylation state of its substrate 70 kDa ribosomal
protein S6 kinase (p70S6K) on Thr421-Ser424 (Figure 1B, see also Supplementary Figure S1B
for raw data), which was abolished by an acute administration of rapamycin (10 mg/kg
i.p., 30 min before the sacrifice, Figure 1C, see also Supplementary Figure S1C for raw data).
Administration of the 5-HT6 receptor inverse agonist SB258585 (2.5 mg/kg i.p., 30 min)
strongly reduced the enhanced phosphorylation of p70S6K on Thr421-Ser424, thereby re-
producing the effect of rapamycin treatment (Figure 1C). In contrast, administration of
the 5-HT6 receptor neutral antagonist CPPQ (2.5 mg/kg i.p., 30 min) did not diminish the
enhanced mTOR activation in the PFC of Nf1+/− mice (Figure 1C).

2.2. Effect of Blocking the 5-HT6 Receptor-mTOR Pathway on Sociability and Short-Term and
Long-Term Social Memories of Nf1+/− Mice

We first investigated sociability of Nf1+/− mice by using the three-chamber social
preference test (Figure 2A,D,G). After 10 min of habituation in the empty testing arena,
mice were able to interact either with an inanimate object or an unfamiliar congener
(sociability phase). Nf1+/− mice spent more time interacting with their congener than with
the object (p < 0.001, n = 17, two-way ANOVA followed by Bonferroni’s test, Table 1) and
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did not display sociability impairment, compared to WT mice (p > 0.05, Kruskal-Wallis
followed by Dunn’s test, Figure 2B,C).
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Figure 1. Role of constitutively active 5-HT6 receptors in increased mTOR activity in prefrontal cortex
of Nf1+/− mice. (A). Representative Western blot assessing neurofibromin expression in PFC of adult
WT and Nf1+/− mice. Data represent the ratios of immunoreactive signals of the anti-neurofibromin
antibody to the immunoreactive signal of the anti-β-actin antibody and are expressed in % of values
in WT mice. (B). Representative Western blots assessing p70S6K phosphorylation at Thr421-Ser424

as an index of mTOR activity in PFC of adult WT and Nf1+/− mice. Data represent the ratios of
immunoreactive signals of the anti-phospho-Thr421-Ser424-p70S6K antibody to the immunoreactive
signal of the anti-p70S6K antibody and are expressed in % of values in WT mice. In (A,B), the data
illustrated are the mean ± SEM of results obtained in three mice for the WT genotype and five mice for
the Nf1+/− genotype. * p < 0.05, unpaired t-test. (C). Western blots assessing p70S6K phosphorylation
at Thr421-Ser424 in PFC of Nf1+/− mice injected with either vehicle (n = 3) or Rapamycin (Rapa,
10 mg/kg, n = 3), or SB258585 (SB, 2.5 mg/kg, n = 3) or CPPQ (2.5 mg/kg, n = 3) 30 min before
sacrifice. Data are expressed as in B. * p < 0.05, one-way ANOVA followed by Dunnett’s test. n.s.: not
significant.
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Figure 2. Impact of 5-HT6 receptor-operated mTOR signaling upon social cognition in Nf1+/− mice.
Injections of vehicle, SB258585 (SB, 2.5 mg/kg, i.p.), CPPQ (2.5 mg/kg, i.p.) or rapamycin (Rapa,
10 mg/kg, i.p.) were performed 15 min before the habituation phase. (A). For assessing sociability,
the lateral compartments of the three-chamber apparatus contain a wire cage with either an object
or a mouse. (B). Exploration time (expressed in %) of the object and the congener by the tested
mice. *** p < 0.001, significantly different from object; two-way ANOVA followed by Bonferroni’s test,
with object or mouse and treatment as factors. (C). Sociability index in each condition (WT vehicle:
n = 15, Nf1+/− vehicle: n = 17, Nf1+/− SB: n = 24, Nf1+/− Rapa: n = 10, Nf1+/− CPPQ: n = 16).
(D). For assessing short-term social discrimination (5 min after the sociability phase), the lateral
compartments of the three-chamber apparatus contain a wire cage with either the familiar mouse
or a novel mouse (E). Exploration time (expressed in %) of the novel and the familiar mouse by the
tested mice. *** p < 0.001, significantly different from familiar mouse, two-way ANOVA followed by
Bonferroni’s test, with novelty and treatment as factors. (F). Discrimination index in each condition
(WT vehicle: n = 16, Nf1+/− vehicle: n = 18, Nf1+/− SB: n = 23, Nf1+/− Rapa: n = 12, Nf1+/− CPPQ:
n = 15). (G). For assessing long-term social discrimination phase (24 h following the short-term
social discrimination test), the lateral compartments of the three-chamber apparatus contain a wire
cage with either the familiar mouse or a novel mouse. (H). Exploration time (expressed in %) of
the novel and the familiar mouse by the tested mice. n.s. not significant, *** p < 0.001, significantly
different from familiar mouse; two-way ANOVA followed by Bonferroni’s test, with novelty and
treatment as factors. (I). Discrimination index in each condition (WT vehicle: n = 14, Nf1+/− vehicle:
n = 16, Nf1+/− SB: n = 20, Nf1+/− Rapa: n = 12, Nf1+/− CPPQ: n = 15). n.s. not significant, * p < 0.05,
** p < 0.01, *** p < 0.001 vs. vehicle-treated Nf1+/− mice, Kruskal-Wallis followed by Dunn’s test.

Then, we assessed preference for social novelty by performing the social discrimina-
tion test. After a 5-min retention interval, a novel congener was presented to the tested
mouse, in addition to the familiar one (Figure 2D). Both vehicle-treated WT and Nf1+/−

mice spent significantly more time interacting with the novel mouse, compared to the
familiar one (p < 0.001, n = 16 and p < 0.001, n = 18, for vehicle-treated WT and Nf1+/− mice,
respectively, two-way ANOVA followed by Bonferroni’s test, Figure 2E and Table 1). Both
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vehicle-treated WT and Nf1+/− mice displayed a similar discrimination index (p > 0.05,
Kruskal-Wallis followed by Dunn’s test, Figure 2F and Table 1). However, after a 24-h
retention interval, social novelty discrimination was impaired in Nf1+/− mice, compared to
WT mice (p < 0.001, Kruskal-Wallis followed by Dunn’s test, Figure 2H,I and Table 1).

Table 1. Discrimination Indexes and exploration time (in percent) obtained for each behavioral test
performed.

Behavioral Test Experimental Conditions Discrimination Index
(mean ± sem)

Sociability

WT + Vehicle 0.52 ± 0.14

Nf1+/− + Vehicle 0.61 ± 0.08

Nf1+/− + SB258585 0.70 ± 0.05

Nf1+/− + CPPQ 0.61 ± 0.06

Nf1+/− + Rapamacyn 0.75 ± 0.07

Short-term memory

WT + Vehicle 0.56 ± 0.07

Nf1+/− + Vehicle 0.46 ± 0.07

Nf1+/− + SB258585 0.42 ± 0.08

Nf1+/− + CPPQ 0.52 ± 0.06

Nf1+/− + Rapamacyn 0.50 ± 0.06

Long-term memory

WT + Vehicle 0.38 ± 0.08

Nf1+/− + Vehicle 0.00 ± 0.05

Nf1+/− + SB258585 0.26 ± 0.06

Nf1+/− + CPPQ 0.09 ± 0.05

Nf1+/− + Rapamacyn 0.42 ± 0.07

Object-in-place

WT + Vehicle 0.40 ± 0.09

Nf1+/− + Vehicle -0.06 ± 0.11

Nf1+/− + SB258585 0.36 ± 0.11

Nf1+/− + CPPQ 0.01 ± 0.10

Nf1+/− + Rapamacyn 0.37 ± 0.10

Behavioral test Experimental Conditions Exploration Time in %
(mean ± sem)

Sociability

WT + Vehicle—mouse 75.81 ± 6.79

WT + Vehicle—object 24.19 ± 6.79

Nf1+/− + Vehicle—mouse 80.42 ± 4.27

Nf1+/− + Vehicle—object 19.58 ± 4.27

Nf1+/− + SB—mouse 85.10 ± 2.54

Nf1+/− + SB—object 14.90 ± 2.54

Nf1+/− + CPPQ—mouse 80.74 ± 3.20

Nf1+/− + CPPQ—object 19.26 ± 3.20

Nf1+/− + Rapa—mouse 87.27 ± 3.27

Nf1+/− + Rapa—object 12.73 ± 3.27
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Table 1. Cont.

Behavioral Test Experimental Conditions Discrimination Index
(mean ± sem)

Short-term memory

WT + Vehicle—novel 78.12 ± 3.33

WT + Vehicle—familiar 21.88 ± 3.33

Nf1+/− + Vehicle—novel 73.24 ± 3.61

Nf1+/− + Vehicle—familiar 26.76 ± 3.61

Nf1+/− + SB—novel 70.78 ± 4.16

Nf1+/− + SB—familiar 29.22 ± 4.16

Nf1+/− + CPPQ—novel 75.98 ± 2.95

Nf1+/− + CPPQ—familiar 24.02 ± 2.95

Nf1+/− + Rapa—novel 74.97 ± 2.99

Nf1+/− + Rapa—familiar 25.03 ± 2.99

Long-term memory

WT + Vehicle—novel 69.01 ± 3.96

WT + Vehicle—familiar 30.99 ± 3.96

Nf1+/− + Vehicle—novel 49.96 ± 2.58

Nf1+/− + Vehicle—familiar 50.02 ± 2.58

Nf1+/− + SB—novel 63.18 ± 2.89

Nf1+/− + SB—familiar 36.82 ± 2.88

Nf1+/− + CPPQ—novel 54.72 ± 2.74

Nf1+/− + CPPQ—familiar 45.28 ± 2.74

Nf1+/− + Rapa—novel 70.85 ± 3.45

Nf1+/− + Rapa—familiar 29.15 ± 3.45

Object-in-place

WT + Vehicle—« ab » 69.98 ± 4.31

WT + Vehicle—« cd » 30.02 ± 4.31

Nf1+/− + Vehicle—« ab » 47.13 ± 5.49

Nf1+/− + Vehicle—« cd » 52.87 ± 5.49

Nf1+/− + SB—« ab » 67.92 ± 5.32

Nf1+/− + SB—« cd » 32.08 ± 5.32

Nf1+/− + CPPQ—« ab » 50.54 ± 5.18

Nf1+/− + CPPQ—« cd » 49.46 ± 5.18

Nf1+/− + Rapa—« ab » 68.47 ± 4.89

Nf1+/− + Rapa—« cd » 31.53 ± 4.89

We then explored whether blocking 5-HT6 receptor-operated mTOR signaling reverses
long-term deficit in social discrimination observed in Nf1+/− mice. After a 24-h retention
interval, Nf1+/− mice injected with SB258585 or rapamycin spent significantly more time
interacting with the novel mouse, compared to the familiar one, in the social discrimination
test (p < 0.001, n = 20 and p < 0.001, n = 12, for SB258585- and rapamycin-treated Nf1+/−

mice, respectively, two-way ANOVA followed by Bonferroni’s test, Figure 2H,I and Table 1).
However, Nf1+/− mice that received an acute injection (i.p.) of CPPQ showed similarly
altered performances to vehicle-treated Nf1+/− mice (p > 0.05, Kruskal-Wallis followed by
Dunn’s test, Figure 2H,I and Table 1).

Neither SB258585 nor CPPQ nor rapamycin administration modified the sociability
performance (p > 0.05, Kruskal-Wallis followed by Dunn’s test, Figure 2B and Table 1) and
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short-term social memory of Nf1+/− mice (p > 0.05, Kruskal-Wallis followed by Dunn’s
test, Figure 2C and Table 1). Likewise, SB258585, CPPQ or rapamycin administration to
WT mice did not alter their sociability and their short- and long-term social memories
(Supplementary Figure S2 and Table S1).

2.3. Role of 5-HT6 Receptor-Operated mTOR Signaling in Associative Memory Deficit of Nf1+/−

Mice

Impairments in executive function and mental flexibility have been reported in pa-
tients with NF1 [35]. We used the object-in-place task, a behavioral task assessing asso-
ciative memory and involving mental flexibility and executive function [36,37]. In this
test, mice must distinguish between four familiar objects in their original (familiarization
phase) or a novel configuration (test phase). Memory retention was evaluated 1 h after the
familiarization session. Vehicle-treated Nf1+/− mice did not discriminate between familiar
and novel object configurations, as shown by the similar time they spent to explore the
swapped object compared to the non-swapped objects during the test phase (p > 0.05,
n = 11, two-way ANOVA followed by Bonferroni’s test, Figure 3 and Table 1), whereas
vehicle-treated WT mice discriminated between familiar and novel object configurations
(n = 13, p < 0.001, Kruskal-Wallis followed by Dunn’s test, Figure 3 and Table 1). Injection
of SB258585 or rapamycin to Nf1+/− mice restored ability to discriminate between familiar
and novel object configurations (p < 0.05 for Nf1+/− SB vs. Nf1+/− vehicle and Nf1+/−

Rapa vs. Nf1+/− vehicle, Kruskal-Wallis followed by Dunn’s test, Figure 3 and Table 1).
In contrast, CPPQ-injected Nf1+/− mice were still not able to discriminate novelty in the
object-in-place test (p > 0.05 for Nf1+/− CPPQ vs. Nf1+/− vehicle, Figure 3 and Table 1).
Injection of rapamycin or SB258585 or CPPQ to WT mice did not affect their performance
in the object-in-place task (Supplementary Figure S3 and Table S1).
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Figure 3. Impact of 5-HT6 receptor-operated mTOR signaling upon associative memory in Nf1+/−

mice. Injections of vehicle, SB258585 (SB, 2.5 mg/kg, i.p.), CPPQ (2.5 mg/kg, i.p.) or rapamycin
(Rapa, 10 mg/kg, i.p.) were performed 30 min before the familiarization phase. (A). Schema illustrat-
ing the procedure used for the object-in-place task. (B). The histograms represent the exploration
time (expressed in %) of the different objects during the test phase. n.s. not significant, ** p < 0.01,
*** p < 0.001, significantly different from non-swapped object; two-way ANOVA followed by Bon-
ferroni’s test, with permutation and treatment as factors. (C). Discrimination index measured in
each condition (WT vehicle: n = 13, Nf1+/− vehicle: n = 11, Nf1+/− SB: n = 14, Nf1+/− Rapa: n = 13,
Nf1+/− CPPQ: n = 13). * p < 0.05 vs. vehicle-treated Nf1+/− mice, Kruskal-Wallis followed by Dunn’s
test.

3. Discussion

Loss-of-function mutations in the NF1 gene encoding the Ras-GAP neurofibromin lead
to Ras disinhibition and subsequent overactivation of Ras-dependent pathways, including
the mTOR pathway. Consistently and corroborating previous findings [38–40], enhanced
mTOR activity was observed concomitantly with reduced neurofibromin expression level
in PFC of Nf1+/− mice, compared with WT mice. Cerebral mTOR can be activated by a
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large variety of extracellular signals. These include growth factors such as brain-derived
neurotrophic factor, insulin, insulin-like growth factor 1 and vascular endothelial growth
factor, which activate mTOR via their cognate tyrosine kinase receptors, and guidance
molecules, such as reelin. A number of neurotransmitters including glutamate, dopamine,
serotonin and endocannabinoids, are also known to activate the mTOR pathway in neurons
through the stimulation of ionotropic or G protein-coupled receptors [41]. Among the
14 serotonin receptor subtypes, the 5-HT6 receptor physically interacts with and activates
the mTOR complex 1 (mTORC1) in several brain regions upon agonist receptor stimulation.
This receptor also physically interacts with neurofibromin, suggesting that neurofibromin
might negatively regulate receptor-operated mTOR signaling and, conversely, that 5-HT6
receptors might contribute to the enhanced mTOR activity observed in Nf1+/− mouse brain.
Consistent with this hypothesis, this non-physiological mTOR activation was abrogated by
the peripheral administration of the specific 5-HT6 receptor antagonist SB258585, which
thereby reproduced the effect of rapamycin treatment.

A recent study reported elevated levels of serotonin in whole brain of Nf1+/− mice,
compared to WT mice [42]. This elevation of cerebral serotonin levels might lead to
persistent 5-HT6 receptor stimulation and subsequent overactivation of the mTOR pathway.
On the other hand, 5-HT6 receptors are known to exhibit a high level of constitutive
activity, not only in cell lines expressing high receptor densities, but also in the mouse
brain [21]. Constitutive activity of 5-HT6 receptor is critically dependent of its dynamic
association with protein partners, including neurofibromin [21,43]. Furthermore, we
previously demonstrated that SB258585 behaves as a 5-HT6 receptor inverse agonist not
only the toward canonical Gs signaling but also mTOR signaling [23]. Here, we show that
in contrast to what was observed in SB258585-treated mice, administration of CPPQ, a
well-characterized 5-HT6 receptor neutral antagonist, does not affect mTOR activity in PFC
of Nf1+/−, suggesting that 5-HT6 receptor constitutive activity rather than agonist receptor
stimulation contributes to mTOR overactivation in Nf1+/− mouse brain.

Several preclinical studies using genetically engineered NF1 mouse models or estab-
lished human tumor cell lines have demonstrated that mTOR overactivation underlies
tumor proliferation in NF1, underpinning the therapeutic potential of rapamycin and its
analogs [44–46]. Further supporting that mTOR inhibition may represent a relevant therapy
for brain tumors in NF1, preliminary clinical studies confirmed unequivocal efficacy of ra-
pamycin and its analogs to reduce the growth of plexiform neurofibroma [47] or low-grade
glioma [48] observed in some patients with NF1. A large body of evidence also indicates
a deleterious influence of aberrant mTOR signaling in the central nervous system upon
cognition, in addition to its tumor growth promoting effects. Overactivation of mTOR has
been involved in cognitive deficits observed in preclinical models of neurodevelopmental
disorders, such as tuberous sclerosis, Fragile X syndrome and schizophrenia [20,49–53].
Likewise, non-physiological mTOR activation underlies cognitive deficits observed in
preclinical models of acute cannabis consumption in adulthood and of cannabis abuse
during adolescence [22,54] and those observed in neuropathic pain conditions [23,53,55].
Intriguingly, the role of mTOR overactivation in cognitive deficits associated with NF1 has
so far not been investigated, while learning disabilities and deficits in attention, executive
functions and perception skills are common complications seen in the majority of children
carrying mutations in the NF1 gene. In the present study, we show that Nf1+/− mice exhibit
a normal sociability and short-term social memory, but alterations in long-term social mem-
ory and associative memory that are both abolished by an acute injection of rapamycin,
indicating that deregulation of mTOR activity also plays a critical role in NF1-associated
cognitive deficits. Notably, rapamycin did not affect social and associative memories in
WT mice, indicating that only a non-physiological mTOR activation, such as that measured
in PFC of Nf1+/− mice, affects these cognitive processes.

Corroborating our results implicating constitutively active 5-HT6 receptors in the
enhanced mTOR activity in PFC of Nf1+/− mice, we also demonstrated that the associated
deficits of long-term social memory and associative memory are abolished by peripheral
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administration of the 5-HT6 receptor inverse agonist SB258585, but not a neutral antago-
nist (CPPQ). These results thus extend to NF1 previous observations indicating a critical
influence of mTOR signaling under the control of 5-HT6 receptors, in cognitive deficits
associated with pathological conditions of different etiologies, including preclinical models
of schizophrenia or cannabis abuse during adolescence [20,22].

The mechanisms underlying the deleterious influence of 5-HT6 receptor-dependent
mTOR overactivation upon cognitive functions in NF1 remain to be elucidated. A previous
study showed that the specific deletion of neurofibromin in GABAergic neurons, but
not pyramidal neurons, results in deficits in spatial learning (Morris water maze) that
are caused by enhanced Erk activation in GABAergic neurons, increase in GABA release
and subsequent deficits in hippocampal long-term potentiation LTP [56]. Together with
the present results, these findings suggest that both enhanced Erk and mTOR activities
contribute to cognitive impairment in NF1 and that deregulation of each pathway affects
distinct cognitive functions. As Erk, mTOR finely tunes synaptic plasticity mechanisms
such as LTP and long-term depression [41]. It is likely that overactivation of mTOR in PFC,
one of the major brain structures involved in the control of cognition by 5-HT6 receptor,
likewise leads to perturbations of synaptic transmission and synaptic plasticity in this
brain region. Another study revealed the importance of deregulation of hyperpolarization-
activated cyclic-nucleotide-gated channel 1 (HCN1, a neurofibromin-interacting protein) in
the pathophysiology of NF1-associated cognitive deficits [57]. HCN1 is the predominant
isoform of HCN channels, a family of voltage-gated channels that modulates neuronal
excitability [58,59]. The contribution of HCN1 to perturbed cognition in NF1 is reminiscent
of our observations in a mouse model of cannabis abuse during adolescence indicating
that this treatment increases HCN1 activity and subsequently affects excitatory-inhibitory
balance through a mechanism dependent of mTOR activation by 5-HT6 receptors [22].
Whether mTOR under the control of 5-HT6 receptors likewise affects HCN1 activity and
excitatory-inhibitory balance in Nf1+/− mice remains to be explored.

In conclusion, the present study provides a proof of principle that 5-HT6 receptor
inverse agonists already in clinical development as symptomatic treatments to reduce cog-
nitive decline in dementia such as Alzheimer’s disease or psychoses such as schizophrenia,
might be repurposed as first-line treatments to alleviate alterations of cognitive functions
in NF1 patients before the appearance of malignancies. Such a strategy would certainly be
more relevant than direct mTOR blockade by pharmacological inhibitors at early disease
stages, as 5-HT6 receptor inverse agonists are well tolerated and will thus not reproduce the
severe side effects induced by mTOR inhibitors and related to their immunosuppressant
actions. Given the influence of mTOR in the growth of benign and malignant cerebral
tumors associated with NF1 and the role of constitutively active 5-HT6 receptors in the
enhanced cerebral mTOR activity in Nf1+/− mice, the impact of 5-HT6 receptor inverse
agonists on NF1-associated tumors certainly warrants further exploration.

4. Material and Methods
4.1. Animals

Nf1+/− mice (Brannan et al., 1994) were F1 hybrids from a cross between C57BL/6J and
129S2/SvPasCrl mice (Charles River France, L’Arbresle, France). Two-month-old mice from
both sexes were used. All experiments used wild type littermates as controls. Mice were
housed under standardized conditions with a 12-h light/dark cycle, stable temperature
(22 ± 1 ◦C), controlled humidity (55 ± 10%) and free access to food and water. Animal
husbandry and experimental procedures were performed in compliance with the animal
use and care guidelines of the University of Montpellier, the French Agriculture Ministry
and the European Council Directive (86/609/EEC).

4.2. Drug Administration

4-Iodo-N-[4-methoxy-3-(4-methylpiperazin-1-yl)-phenyl]benzenesulfonamide (SB25-
8585) was purchased from Sigma-Aldrich (St Quentin Fallavier, France) and rapamycin
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from LC Laboratories (Woburn, MA, USA). CPPQ was synthetized as previously de-
scribed [33,34]. SB258585 (injected at 2.5 mg/kg, i.p.), rapamycin (injected at 10 mg/kg,
i.p.) and CPPQ (injected at 2.5 mg/kg, i.p.) were dissolved in 5% DMSO/5% Tween 80 in
NaCl.

4.3. Behavioral Tests

The sample size was assessed using the G power software. It was set with the mean
value of 12, based on our previous results assuming a significance level of 5% and a power
of 80%.

4.3.1. Social Behavior Tests

Testing was carried out in a rectangular, three-chamber box with dividing walls
made of clear Plexiglas and an open middle section, which allows free access to each
chamber [60]. The social interaction test was conducted as previously described [30].
Briefly, mice were extensively handled one week before behavioral analysis. Over two
days, four 10-min sessions were conducted. First, a habituation session was conducted
in which the tested mice were placed for 10 min in the middle compartment of the three-
chamber device without the walls between the compartments, to allow free access to
the three compartments and the empty cylindric containment cages placed in the lateral
compartments. After a 5-min retention interval, a social interaction session was conducted
for 10 min (mouse of same age and sex as tested mice or inanimate object placed in
the containment cages). Five min after the social interaction session, a short-term social
discrimination test was conducted for 10 min (familiar mouse and a novel mouse of same
age and sex as tested mice, in the containment cages). Following the short-term social
discrimination session, the «novel» mouse was removed from the apparatus, and the tested
mouse was allowed to interact with the «familiar» mouse for an additional 45 min. A
long-term social discrimination session (familiar mouse and a novel mouse of same age
and sex as tested mice, in the containment cages) was carried out 24 h after the short-term
social discrimination session. Duration of direct contacts between the tested mouse and the
cage housing the conspecific or the object was recorded for 3 min. The experiments were
video-recorded and exploration times (nose in contact or sniffing at <1 cm) were measured
by a blinded observer. Sociability (exploration time of the mouse—exploration time of the
object/total exploration time) and discrimination indexes (exploration time of the novel
mouse—exploration time of the familiar mouse/total exploration time) and percentages of
exploration were compared between groups. Drugs were administered 15 min before the
habituation session on day 1 and 45 min before the long-term social discrimination on day
2. Animals that did not receive drugs were injected with an equivalent volume of vehicle.
Animals that stayed only in the central chamber during one of the 3 steps of the test were
excluded.

4.3.2. Object-in-Place Task

Testing was carried out in an arena (50-cm width, 50-cm length, 50-cm height) placed
in a dimly lit room with clearly visible contextual cues (black on white patterns) on the
surrounding walls. Mice were habituated to the arena on day 1 for 10 min. On day 2, mice
had a 10-min familiarization session with four different objects presented and placed in the
four corners of the arena. Mice were transferred back to the home cage during 1-h retention
interval before a 3-min training session with two objects swapped. The objects were plastic
toys (3-cm width, 3-cm length, 5-cm height) and were cleaned with 20% ethanol between
sessions. The experiments were video-recorded and exploration times (nose in contact
with or sniffing objects at <1 cm) were measured by a blinded observer. Discrimination
indexes (exploration time of novel object—exploration time of familiar object)/total object
exploration time) were compared between groups. Mice with total exploration time of less
than 3 s in the test session were excluded.
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4.4. Western Blotting

Mice were killed by cervical dislocation and the heads were immersed in liquid
nitrogen for 4 s. Brains were removed and the prefrontal cortex was rapidly dissected and
homogenized in lysis buffer (Tris-HCl 50 mM pH7.5, NaCl 150 mM, sucrose 0.27 M, EDTA
2 mM, EGTA 2 mM, SDS 2% w/v, NaF 50 mM, Na orthovanadate 1 mM, Na pyrophosphate
5 mM, β-glycerophosphate, 25 mM) using a potter, sonicated and then centrifuged at
10,000× g for 5 min. The supernatant was used for protein analysis.

Equal amounts of protein (30 µg) from each sample were resolved onto 4–15% poly-
acrylamide gels (Mini protean TGX stain-free gels, Bio-Rad, Le Relecq Kerhuon, France
Cat#456-8084). Proteins were transferred to nitrocellulose membranes (TransBlot Turbo
Midi nitrocellulose, Bio-Rad). After 1 h in the blocking solution (Tris–HCl, 50 mM, pH 7.5;
NaCl, 200 mM; Tween-20, 0.1%, and skimmed dried milk, 5%), membranes were im-
munoblotted with primary antibodies: anti-neurofibromin (1:500, Santa-Cruz, Heidelberg,
Germany, SC-376886), anti-phospho-Thr421/Ser424-P70S6K (1:1000, Cell Signaling, Lei-
den, Holland, ref. 9204), anti-P70S6K (1:500, Cell Signaling, ref. 9202), mouse anti-pan
Actin (1:2000, Fisher Scientific, Illkirch, France ref. MS-1295-B) and then with either anti-
mouse or anti-rabbit horseradish peroxidase-conjugated secondary antibodies (1:5000,
GE Healthcare). Immunoreactivity was detected with an enhanced chemiluminescence
method using a Chemidoc Touch imaging system (Bio-Rad). Immunoreactive bands were
quantified by densitometry using the Image J software. For p70S6K phosphorylation state
analysis, the amount of phosphoprotein (immunoreactive signal obtained with the anti-
phospho-Thr421/Ser424-P70S6K antibody) was normalized to the amount of total p70S6K
(immunoreactive signal obtained with the antibody recognizing P70S6K independently of
its phosphorylation state) detected in the sample. Neurofibromin level in the samples was
normalized to actin level.

4.5. Statistics

Data were analyzed using the GraphPad Prism software (v.9, GraphPad Software, San
Diego, CA, USA). Biochemistry experiments were analyzed by one-way ANOVA followed
by Dunnett’s test. Discrimination indexes of behavioral experiments were analyzed by
Kruskal-Wallis followed by Dunn’s multiple comparisons test while exploration times of
object vs. mouse, familiar vs. novel mice and swapped vs. non-swapped object were
analyzed by two-way ANOVA, followed by Bonferroni’s test for multiple comparisons.
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.3390/ijms221810178/s1.

Author Contributions: E.D. designed, performed and analyzed biochemistry and behavioral studies.
P.Z. and K.G. synthesized and provided CPPQ. C.B., J.B. and P.M. designed the experiments and
supervised the study; C.B., P.M. and E.D. wrote the manuscript. All authors have read and agreed to
the published version of the manuscript.

Funding: This research was funded by CNRS, INSERM, University of Montpellier, the French
Association Kokcinelo, the Fondation pour la Recherche Médicale (FRM, “Physiopathologie de
l’Addiction” program, contract n◦ DPA20140629800) and the ANR (Contract n◦ 17-CE16-0013-01).
The APC was funded by ANR (Contract n◦ 17-CE16-0013-01).

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki, and approved by the Institutional Review Board (or Ethics Committee) of
Institute of functional genomic (protocol code 16349 and date of approval 1 July 2019).

Informed Consent Statement: Not applicable.

Data Availability Statement: All the data are illustrated in the figures and in the supplementary
data, except for video recordings of behavioral experiments which are available on request from the
corresponding authors.

Acknowledgments: We wish to thank Hélène Bénédetti (CBM, Orléans) for providing us the Nf1+/−

mice to generate the cohorts, the animal facility’s staffs of the Institute of Functional Genomics and

https://www.mdpi.com/article/10.3390/ijms221810178/s1
https://www.mdpi.com/article/10.3390/ijms221810178/s1


Int. J. Mol. Sci. 2021, 22, 10178 12 of 14

of the CNRS site (PCEA) for the daily care of animals. ED was supported by fellowships from Labex
EpiGenMed, the Fondation pour la Recherche Médicale and the Neurofibromatosis Northeast (USA).

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or
in the decision to publish the results.

References
1. Bergqvist, C.; Hemery, F.; Ferkal, S.; Wolkenstein, P. Neurofibromatosis I and multiple sclerosis. Orphanet. J. Rare. Dis. 2020, 15,

186. [CrossRef]
2. Graf, A.; Landolt, M.A.; Mori, A.C.; Boltshauser, E. Quality of life and psychological adjustment in children and adolescents with

neurofibromatosis type 1. J. Pediatr. 2006, 149, 348–353. [CrossRef] [PubMed]
3. Sanagoo, A.; Jouybari, L.; Koohi, F.; Sayehmiri, F. Evaluation of QoL in neurofibromatosis patients: A systematic review and

meta-analysis study. BMC Neurol. 2019, 19, 123. [CrossRef] [PubMed]
4. Gipson, T.T.; Johnston, M.V. Plasticity and mTOR: Towards restoration of impaired synaptic plasticity in mTOR-related neuroge-

netic disorders. Neural. Plast. 2012, 2012, 486402. [CrossRef]
5. Hyman, S.L.; Shores, A.; North, K.N. The nature and frequency of cognitive deficits in children with neurofibromatosis type 1.

Neurology 2005, 65, 1037–1044. [CrossRef] [PubMed]
6. Zoller, M.E.; Rembeck, B.; Backman, L. Neuropsychological deficits in adults with neurofibromatosis type 1. Acta Neurol. Scand.

1997, 95, 225–232. [CrossRef] [PubMed]
7. Payne, J.M.; Hyman, S.L.; Shores, E.A.; North, K.N. Assessment of executive function and attention in children with neurofi-

bromatosis type 1: Relationships between cognitive measures and real-world behavior. Child. Neuropsychol. 2011, 17, 313–329.
[CrossRef]

8. Pride, N.A.; Crawford, H.; Payne, J.M.; North, K.N. Social functioning in adults with neurofibromatosis type 1. Res. Dev. Disabil.
2013, 34, 3393–3399. [CrossRef]

9. Plasschaert, E.; Van Eylen, L.; Descheemaeker, M.J.; Noens, I.; Legius, E.; Steyaert, J. Executive functioning deficits in children
with neurofibromatosis type 1: The influence of intellectual and social functioning. Am. J. Med. Genet. B Neuropsychiatr. Genet.
2016, 171B, 348–362. [CrossRef]

10. Chisholm, A.K.; Anderson, V.A.; Pride, N.A.; Malarbi, S.; North, K.N.; Payne, J.M. Social Function and Autism Spectrum Disorder
in Children and Adults with Neurofibromatosis Type 1: A Systematic Review and Meta-Analysis. Neuropsychol. Rev. 2018, 28,
317–340. [CrossRef]

11. Payne, J.M.; Barton, B.; Ullrich, N.J.; Cantor, A.; Hearps, S.J.; Cutter, G.; Rosser, T.; Walsh, K.S.; Gioia, G.A.; Wolters, P.L.; et al.
Randomized placebo-controlled study of lovastatin in children with neurofibromatosis type 1. Neurology 2016, 87, 2575–2584.
[CrossRef]

12. Pride, N.A.; Barton, B.; Hutchins, P.; Coghill, D.R.; Korgaonkar, M.S.; Hearps, S.J.C.; Rouel, M.; Malarbi, S.; North, K.N.; Payne,
J.M. Effects of methylphenidate on cognition and behaviour in children with neurofibromatosis type 1: A study protocol for a
randomised placebo-controlled crossover trial. BMJ Open 2018, 8, e021800. [CrossRef] [PubMed]

13. Stivaros, S.; Garg, S.; Tziraki, M.; Cai, Y.; Thomas, O.; Mellor, J.; Morris, A.A.; Jim, C.; Szumanska-Ryt, K.; Parkes, L.M.; et al.
Randomised controlled trial of simvastatin treatment for autism in young children with neurofibromatosis type 1 (SANTA). Mol.
Autism 2018, 9, 12. [CrossRef] [PubMed]

14. Ullrich, N.J.; Payne, J.M.; Walsh, K.S.; Cutter, G.; Packer, R.; North, K.; Rey-Casserly, C.; Consortium, N.F.C.T. Visual spatial
learning outcomes for clinical trials in neurofibromatosis type 1. Ann. Clin. Transl. Neurol. 2020, 7, 245–249. [CrossRef]

15. Payne, J.M.; Hearps, S.J.C.; Walsh, K.S.; Paltin, I.; Barton, B.; Ullrich, N.J.; Haebich, K.M.; Coghill, D.; Gioia, G.A.; Cantor, A.; et al.
Reproducibility of cognitive endpoints in clinical trials: Lessons from neurofibromatosis type 1. Ann. Clin. Transl. Neurol. 2019, 6,
2555–2565. [CrossRef] [PubMed]

16. Ballester, R.; Marchuk, D.; Boguski, M.; Saulino, A.; Letcher, R.; Wigler, M.; Collins, F. The NF1 locus encodes a protein functionally
related to mammalian GAP and yeast IRA proteins. Cell 1990, 63, 851–859. [CrossRef]

17. Xu, G.F.; O’Connell, P.; Viskochil, D.; Cawthon, R.; Robertson, M.; Culver, M.; Dunn, D.; Stevens, J.; Gesteland, R.; White, R.; et al.
The neurofibromatosis type 1 gene encodes a protein related to GAP. Cell 1990, 62, 599–608. [CrossRef]

18. Hennig, A.; Markwart, R.; Wolff, K.; Schubert, K.; Cui, Y.; Prior, I.A.; Esparza-Franco, M.A.; Ladds, G.; Rubio, I. Feedback
activation of neurofibromin terminates growth factor-induced Ras activation. Cell Commun. Signal. 2016, 14, 5. [CrossRef]
[PubMed]

19. Oliveira, A.F.; Yasuda, R. Neurofibromin is the major ras inactivator in dendritic spines. J. Neurosci. 2014, 34, 776–783. [CrossRef]
20. Meffre, J.; Chaumont-Dubel, S.; Mannoury la Cour, C.; Loiseau, F.; Watson, D.J.; Dekeyne, A.; Seveno, M.; Rivet, J.M.; Gaven, F.;

Deleris, P.; et al. 5-HT(6) receptor recruitment of mTOR as a mechanism for perturbed cognition in schizophrenia. EMBO Mol.
Med. 2012, 4, 1043–1056. [CrossRef]

21. Deraredj Nadim, W.; Chaumont-Dubel, S.; Madouri, F.; Cobret, L.; De Tauzia, M.L.; Zajdel, P.; Benedetti, H.; Marin, P.; Morisset-
Lopez, S. Physical interaction between neurofibromin and serotonin 5-HT6 receptor promotes receptor constitutive activity. Proc.
Natl. Acad. Sci. USA 2016, 113, 12310–12315. [CrossRef]

http://doi.org/10.1186/s13023-020-01463-z
http://doi.org/10.1016/j.jpeds.2006.04.025
http://www.ncbi.nlm.nih.gov/pubmed/16939745
http://doi.org/10.1186/s12883-019-1338-y
http://www.ncbi.nlm.nih.gov/pubmed/31189476
http://doi.org/10.1155/2012/486402
http://doi.org/10.1212/01.wnl.0000179303.72345.ce
http://www.ncbi.nlm.nih.gov/pubmed/16217056
http://doi.org/10.1111/j.1600-0404.1997.tb00103.x
http://www.ncbi.nlm.nih.gov/pubmed/9150813
http://doi.org/10.1080/09297049.2010.542746
http://doi.org/10.1016/j.ridd.2013.07.011
http://doi.org/10.1002/ajmg.b.32414
http://doi.org/10.1007/s11065-018-9380-x
http://doi.org/10.1212/WNL.0000000000003435
http://doi.org/10.1136/bmjopen-2018-021800
http://www.ncbi.nlm.nih.gov/pubmed/30166301
http://doi.org/10.1186/s13229-018-0190-z
http://www.ncbi.nlm.nih.gov/pubmed/29484149
http://doi.org/10.1002/acn3.50976
http://doi.org/10.1002/acn3.50952
http://www.ncbi.nlm.nih.gov/pubmed/31797581
http://doi.org/10.1016/0092-8674(90)90151-4
http://doi.org/10.1016/0092-8674(90)90024-9
http://doi.org/10.1186/s12964-016-0128-z
http://www.ncbi.nlm.nih.gov/pubmed/26861207
http://doi.org/10.1523/JNEUROSCI.3096-13.2014
http://doi.org/10.1002/emmm.201201410
http://doi.org/10.1073/pnas.1600914113


Int. J. Mol. Sci. 2021, 22, 10178 13 of 14

22. Berthoux, C.; Hamieh, A.M.; Rogliardo, A.; Doucet, E.L.; Coudert, C.; Ango, F.; Grychowska, K.; Chaumont-Dubel, S.; Zajdel, P.;
Maldonado, R.; et al. Early 5-HT6 receptor blockade prevents symptom onset in a model of adolescent cannabis abuse. EMBO
Mol. Med. 2020, 12, e10605. [CrossRef]

23. Martin, P.Y.; Doly, S.; Hamieh, A.M.; Chapuy, E.; Canale, V.; Drop, M.; Chaumont-Dubel, S.; Bantreil, X.; Lamaty, F.; Bojarski, A.J.;
et al. mTOR activation by constitutively active serotonin6 receptors as new paradigm in neuropathic pain and its treatment. Prog.
Neurobiol. 2020, 193, 101846. [CrossRef]

24. Teng, L.L.; Lu, G.L.; Chiou, L.C.; Lin, W.S.; Cheng, Y.Y.; Hsueh, T.E.; Huang, Y.C.; Hwang, N.H.; Yeh, J.W.; Liao, R.M.; et al.
Serotonin receptor HTR6-mediated mTORC1 signaling regulates dietary restriction-induced memory enhancement. PLoS Biol.
2019, 17, e2007097. [CrossRef]

25. Yun, H.M.; Rhim, H. The serotonin-6 receptor as a novel therapeutic target. Exp. Neurobiol. 2011, 20, 159–168. [CrossRef]
26. Codony, X.; Vela, J.M.; Ramirez, M.J. 5-HT(6) receptor and cognition. Curr. Opin. Pharmacol. 2011, 11, 94–100. [CrossRef]
27. Khoury, A.; Runnstrom, M.; Ebied, A.; Penny, E.S. Linezolid-associated serotonin toxicity after escitalopram discontinuation:

Concomitant drug considerations. BMJ Case Rep. 2018, 2018. [CrossRef] [PubMed]
28. Brannan, C.I.; Perkins, A.S.; Vogel, K.S.; Ratner, N.; Nordlund, M.L.; Reid, S.W.; Buchberg, A.M.; Jenkins, N.A.; Parada, L.F.;

Copeland, N.G. Targeted disruption of the neurofibromatosis type-1 gene leads to developmental abnormalities in heart and
various neural crest-derived tissues. Genes Dev. 1994, 8, 1019–1029. [CrossRef]

29. Silva, A.J.; Frankland, P.W.; Marowitz, Z.; Friedman, E.; Laszlo, G.S.; Cioffi, D.; Jacks, T.; Bourtchuladze, R. A mouse model for
the learning and memory deficits associated with neurofibromatosis type I. Nat. Genet. 1997, 15, 281–284. [CrossRef]

30. Molosh, A.I.; Johnson, P.L.; Spence, J.P.; Arendt, D.; Federici, L.M.; Bernabe, C.; Janasik, S.P.; Segu, Z.M.; Khanna, R.; Goswami, C.;
et al. Social learning and amygdala disruptions in Nf1 mice are rescued by blocking p21-activated kinase. Nat. Neurosci. 2014, 17,
1583–1590. [CrossRef]

31. Petrella, L.I.; Cai, Y.; Sereno, J.V.; Goncalves, S.I.; Silva, A.J.; Castelo-Branco, M. Brain and behaviour phenotyping of a mouse
model of neurofibromatosis type-1: An MRI/DTI study on social cognition. Genes Brain Behav. 2016, 15, 637–646. [CrossRef]

32. Lukkes, J.L.; Drozd, H.P.; Fitz, S.D.; Molosh, A.I.; Clapp, D.W.; Shekhar, A. Guanfacine treatment improves ADHD phenotypes of
impulsivity and hyperactivity in a neurofibromatosis type 1 mouse model. J. Neurodev. Disord. 2020, 12, 2. [CrossRef]

33. Grychowska, K.; Satala, G.; Kos, T.; Partyka, A.; Colacino, E.; Chaumont-Dubel, S.; Bantreil, X.; Wesolowska, A.; Pawlowski,
M.; Martinez, J.; et al. Novel 1H-Pyrrolo[3,2-c]quinoline Based 5-HT6 Receptor Antagonists with Potential Application for the
Treatment of Cognitive Disorders Associated with Alzheimer’s Disease. ACS Chem. Neurosci. 2016, 7, 972–983. [CrossRef]

34. Grychowska, K.; Chaumont-Dubel, S.; Kurczab, R.; Koczurkiewicz, P.; Deville, C.; Krawczyk, M.; Pietrus, W.; Satala, G.; Buda, S.;
Piska, K.; et al. Dual 5-HT6 and D3 Receptor Antagonists in a Group of 1H-Pyrrolo[3,2-c]quinolines with Neuroprotective and
Procognitive Activity. ACS Chem. Neurosci. 2019, 10, 3183–3196. [CrossRef]

35. Shilyansky, C.; Karlsgodt, K.H.; Cummings, D.M.; Sidiropoulou, K.; Hardt, M.; James, A.S.; Ehninger, D.; Bearden, C.E.; Poirazi,
P.; Jentsch, J.D.; et al. Neurofibromin regulates corticostriatal inhibitory networks during working memory performance. Proc.
Natl. Acad. Sci. USA 2010, 107, 13141–13146. [CrossRef]

36. Cross, L.; Brown, M.W.; Aggleton, J.P.; Warburton, E.C. The medial dorsal thalamic nucleus and the medial prefrontal cortex of
the rat function together to support associative recognition and recency but not item recognition. Learn. Mem. 2012, 20, 41–50.
[CrossRef]

37. Chen, P.C.; Chang, Y.L. Associative memory and underlying brain correlates in older adults with mild cognitive impairment.
Neuropsychologia 2016, 85, 216–225. [CrossRef]

38. Johannessen, C.M.; Johnson, B.W.; Williams, S.M.; Chan, A.W.; Reczek, E.E.; Lynch, R.C.; Rioth, M.J.; McClatchey, A.; Ryeom, S.;
Cichowski, K. TORC1 is essential for NF1-associated malignancies. Curr. Biol. 2008, 18, 56–62. [CrossRef] [PubMed]

39. Johannessen, C.M.; Reczek, E.E.; James, M.F.; Brems, H.; Legius, E.; Cichowski, K. The NF1 tumor suppressor critically regulates
TSC2 and mTOR. Proc. Natl. Acad. Sci. USA 2005, 102, 8573–8578. [CrossRef] [PubMed]

40. Dasgupta, B.; Yi, Y.; Chen, D.Y.; Weber, J.D.; Gutmann, D.H. Proteomic analysis reveals hyperactivation of the mammalian target
of rapamycin pathway in neurofibromatosis 1-associated human and mouse brain tumors. Cancer Res. 2005, 65, 2755–2760.
[CrossRef] [PubMed]

41. Bockaert, J.; Marin, P. mTOR in Brain Physiology and Pathologies. Physiol. Rev. 2015, 95, 1157–1187. [CrossRef]
42. Maloney, S.E.; Chandler, K.C.; Anastasaki, C.; Rieger, M.A.; Gutmann, D.H.; Dougherty, J.D. Characterization of early commu-

nicative behavior in mouse models of neurofibromatosis type 1. Autism Res. 2018, 11, 44–58. [CrossRef] [PubMed]
43. Pujol, C.N.; Dupuy, V.; Seveno, M.; Runtz, L.; Bockaert, J.; Marin, P.; Chaumont-Dubel, S. Dynamic interactions of the 5-HT6

receptor with protein partners control dendritic tree morphogenesis. Sci. Signal. 2020, 13. [CrossRef]
44. Hegedus, B.; Banerjee, D.; Yeh, T.H.; Rothermich, S.; Perry, A.; Rubin, J.B.; Garbow, J.R.; Gutmann, D.H. Preclinical cancer therapy

in a mouse model of neurofibromatosis-1 optic glioma. Cancer Res. 2008, 68, 1520–1528. [CrossRef] [PubMed]
45. Johansson, G.; Mahller, Y.Y.; Collins, M.H.; Kim, M.O.; Nobukuni, T.; Perentesis, J.; Cripe, T.P.; Lane, H.A.; Kozma, S.C.; Thomas,

G.; et al. Effective in vivo targeting of the mammalian target of rapamycin pathway in malignant peripheral nerve sheath tumors.
Mol. Cancer Ther. 2008, 7, 1237–1245. [CrossRef] [PubMed]

46. Bhola, P.; Banerjee, S.; Mukherjee, J.; Balasubramanium, A.; Arun, V.; Karim, Z.; Burrell, K.; Croul, S.; Gutmann, D.H.; Guha, A.
Preclinical in vivo evaluation of rapamycin in human malignant peripheral nerve sheath explant xenograft. Int. J. Cancer 2010,
126, 563–571. [CrossRef]

http://doi.org/10.15252/emmm.201910605
http://doi.org/10.1016/j.pneurobio.2020.101846
http://doi.org/10.1371/journal.pbio.2007097
http://doi.org/10.5607/en.2011.20.4.159
http://doi.org/10.1016/j.coph.2011.01.004
http://doi.org/10.1136/bcr-2018-226597
http://www.ncbi.nlm.nih.gov/pubmed/30381307
http://doi.org/10.1101/gad.8.9.1019
http://doi.org/10.1038/ng0397-281
http://doi.org/10.1038/nn.3822
http://doi.org/10.1111/gbb.12305
http://doi.org/10.1186/s11689-019-9304-y
http://doi.org/10.1021/acschemneuro.6b00090
http://doi.org/10.1021/acschemneuro.8b00618
http://doi.org/10.1073/pnas.1004829107
http://doi.org/10.1101/lm.028266.112
http://doi.org/10.1016/j.neuropsychologia.2016.03.032
http://doi.org/10.1016/j.cub.2007.11.066
http://www.ncbi.nlm.nih.gov/pubmed/18164202
http://doi.org/10.1073/pnas.0503224102
http://www.ncbi.nlm.nih.gov/pubmed/15937108
http://doi.org/10.1158/0008-5472.CAN-04-4058
http://www.ncbi.nlm.nih.gov/pubmed/15805275
http://doi.org/10.1152/physrev.00038.2014
http://doi.org/10.1002/aur.1853
http://www.ncbi.nlm.nih.gov/pubmed/28842941
http://doi.org/10.1126/scisignal.aax9520
http://doi.org/10.1158/0008-5472.CAN-07-5916
http://www.ncbi.nlm.nih.gov/pubmed/18316617
http://doi.org/10.1158/1535-7163.MCT-07-2335
http://www.ncbi.nlm.nih.gov/pubmed/18483311
http://doi.org/10.1002/ijc.24783


Int. J. Mol. Sci. 2021, 22, 10178 14 of 14

47. Weiss, B.; Widemann, B.C.; Wolters, P.; Dombi, E.; Vinks, A.; Cantor, A.; Perentesis, J.; Schorry, E.; Ullrich, N.; Gutmann, D.H.;
et al. Sirolimus for progressive neurofibromatosis type 1-associated plexiform neurofibromas: A neurofibromatosis Clinical Trials
Consortium phase II study. Neuro. Oncol. 2015, 17, 596–603. [CrossRef]

48. Ullrich, N.J.; Prabhu, S.P.; Reddy, A.T.; Fisher, M.J.; Packer, R.; Goldman, S.; Robison, N.J.; Gutmann, D.H.; Viskochil, D.H.;
Allen, J.C.; et al. A phase II study of continuous oral mTOR inhibitor everolimus for recurrent, radiographic-progressive
neurofibromatosis type 1-associated pediatric low-grade glioma: A Neurofibromatosis Clinical Trials Consortium study. Neuro.
Oncol. 2020, 22, 1527–1535. [CrossRef]

49. Ehninger, D.; Han, S.; Shilyansky, C.; Zhou, Y.; Li, W.; Kwiatkowski, D.J.; Ramesh, V.; Silva, A.J. Reversal of learning deficits in a
Tsc2+/− mouse model of tuberous sclerosis. Nat. Med. 2008, 14, 843–848. [CrossRef]

50. Ricciardi, S.; Boggio, E.M.; Grosso, S.; Lonetti, G.; Forlani, G.; Stefanelli, G.; Calcagno, E.; Morello, N.; Landsberger, N.; Biffo, S.;
et al. Reduced AKT/mTOR signaling and protein synthesis dysregulation in a Rett syndrome animal model. Hum. Mol. Genet.
2011, 20, 1182–1196. [CrossRef] [PubMed]

51. Sharma, A.; Hoeffer, C.A.; Takayasu, Y.; Miyawaki, T.; McBride, S.M.; Klann, E.; Zukin, R.S. Dysregulation of mTOR signaling in
fragile X syndrome. J. Neurosci. 2010, 30, 694–702. [CrossRef]

52. Troca-Marin, J.A.; Alves-Sampaio, A.; Montesinos, M.L. Deregulated mTOR-mediated translation in intellectual disability. Prog.
Neurobiol. 2012, 96, 268–282. [CrossRef]

53. Kwon, M.; Han, J.; Kim, U.J.; Cha, M.; Um, S.W.; Bai, S.J.; Hong, S.K.; Lee, B.H. Inhibition of Mammalian Target of Rapamycin
(mTOR) Signaling in the Insular Cortex Alleviates Neuropathic Pain after Peripheral Nerve Injury. Front. Mol. Neurosci. 2017, 10,
79. [CrossRef]

54. Puighermanal, E.; Marsicano, G.; Busquets-Garcia, A.; Lutz, B.; Maldonado, R.; Ozaita, A. Cannabinoid modulation of hippocam-
pal long-term memory is mediated by mTOR signaling. Nat. Neurosci. 2009, 12, 1152–1158. [CrossRef]

55. Guo, J.R.; Wang, H.; Jin, X.J.; Jia, D.L.; Zhou, X.; Tao, Q. Effect and mechanism of inhibition of PI3K/Akt/mTOR signal pathway
on chronic neuropathic pain and spinal microglia in a rat model of chronic constriction injury. Oncotarget 2017, 8, 52923–52934.
[CrossRef]

56. Cui, Y.; Costa, R.M.; Murphy, G.G.; Elgersma, Y.; Zhu, Y.; Gutmann, D.H.; Parada, L.F.; Mody, I.; Silva, A.J. Neurofibromin
regulation of ERK signaling modulates GABA release and learning. Cell 2008, 135, 549–560. [CrossRef]

57. Omrani, A.; van der Vaart, T.; Mientjes, E.; van Woerden, G.M.; Hojjati, M.R.; Li, K.W.; Gutmann, D.H.; Levelt, C.N.; Smit,
A.B.; Silva, A.J.; et al. HCN channels are a novel therapeutic target for cognitive dysfunction in Neurofibromatosis type 1. Mol.
Psychiatry 2015, 20, 1311–1321. [CrossRef]

58. Shah, M.M. Cortical HCN channels: Function, trafficking and plasticity. J. Physiol. 2014, 592, 2711–2719. [CrossRef]
59. He, C.; Chen, F.; Li, B.; Hu, Z. Neurophysiology of HCN channels: From cellular functions to multiple regulations. Prog. Neurobiol.

2014, 112, 1–23. [CrossRef]
60. Kaidanovich-Beilin, O.; Lipina, T.; Vukobradovic, I.; Roder, J.; Woodgett, J.R. Assessment of social interaction behaviors. J. Vis.

Exp. 2011, 48, e2473. [CrossRef] [PubMed]

http://doi.org/10.1093/neuonc/nou235
http://doi.org/10.1093/neuonc/noaa071
http://doi.org/10.1038/nm1788
http://doi.org/10.1093/hmg/ddq563
http://www.ncbi.nlm.nih.gov/pubmed/21212100
http://doi.org/10.1523/JNEUROSCI.3696-09.2010
http://doi.org/10.1016/j.pneurobio.2012.01.005
http://doi.org/10.3389/fnmol.2017.00079
http://doi.org/10.1038/nn.2369
http://doi.org/10.18632/oncotarget.17629
http://doi.org/10.1016/j.cell.2008.09.060
http://doi.org/10.1038/mp.2015.48
http://doi.org/10.1113/jphysiol.2013.270058
http://doi.org/10.1016/j.pneurobio.2013.10.001
http://doi.org/10.3791/2473
http://www.ncbi.nlm.nih.gov/pubmed/21403628

	Introduction 
	Results 
	Role of 5-HT6 Receptor in mTOR Overactivation in Prefrontal Cortex of Nf1+/- Mice 
	Effect of Blocking the 5-HT6 Receptor-mTOR Pathway on Sociability and Short-Term and Long-Term Social Memories of Nf1+/- Mice 
	Role of 5-HT6 Receptor-Operated mTOR Signaling in Associative Memory Deficit of Nf1+/- Mice 

	Discussion 
	Material and Methods 
	Animals 
	Drug Administration 
	Behavioral Tests 
	Social Behavior Tests 
	Object-in-Place Task 

	Western Blotting 
	Statistics 

	References

