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Rett syndrome (RTT) is a rare neurodevelopmental disorder, characterized by severe behavioral and physiological symptoms. Mutations

in the methyl CpG-binding protein 2 gene (MECP2) cause 495% of classic cases, and currently there is no cure for this devastating

disorder. The serotonin receptor 7 (5-HT7R) is linked to neuro-physiological regulation of circadian rhythm, mood, cognition, and

synaptic plasticity. We presently report that 5-HT7R density is consistently reduced in cortical and hippocampal brain areas of

symptomatic MeCP2–308 male mice, a RTT model. Systemic repeated treatment with LP-211 (0.25 mg/kg once/day for 7 days), a brain-

penetrant selective 5-HT7R agonist, was able to rescue RTT-related defective performance: anxiety-related profiles in a Light/Dark test,

motor abilities in a Dowel test, the exploratory behavior in the Marble Burying test, as well as memory in the Novelty Preference task. In

the brain of RTT mice, LP-211 also reversed the abnormal activation of PAK and cofilin (key regulators of actin cytoskeleton dynamics)

and of the ribosomal protein (rp) S6, whose reduced activation in MECP2 mutant neurons by mTOR is responsible for the altered

protein translational control. Present findings indicate that pharmacological targeting of 5-HT7R improves specific behavioral and

molecular manifestations of RTT, thus representing a first step toward the validation of an innovative systemic treatment. Beyond RTT,

the latter might be extended to other disorders associated with intellectual disability.

Neuropsychopharmacology (2014) 39, 2506–2518; doi:10.1038/npp.2014.105; published online 4 June 2014
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INTRODUCTION

Rett syndrome (RTT) is a rare neurodevelopmental
disorder, characterized by severe behavioral and physiolo-
gical symptoms (Hagberg et al, 2002; Ricceri et al, 2012).
One essential feature of RTT is the apparently normal
perinatal development until about 6–18 months of age,
when RTT patients start losing their acquired cognitive,
social, and motor skills and develop a wide variety of
symptoms, including autistic-like behaviors, anxiety, motor
disturbances, stereotypic hand movements, and severe
cognitive dysfunction (Hagberg, 2002). Mutations in the
methyl CpG binding protein 2 gene (MECP2) cause 495%
of classic cases (Amir et al, 1999; Chahrour and Zoghbi,
2007; Guy et al, 2011). MECP2 encodes a multifunctional
protein that binds to methylated DNA and mainly acts as
a key transcriptional regulator (Guy et al, 2011). How
mutations in the MECP2 gene lead to the neurobehavioural

features of RTT is still unknown and there is no cure for this
devastating disorder.

Serotonin receptor 7 (5-HT7R) is among the most recently
discovered G-coupled serotonin receptors (Hedlund and
Sutcliffe, 2004; Matthys et al, 2011). The relevance of this
receptor in neuro-physiological phenomena like regulation
of the circadian rhythm, mood, cognitive processes and in
synaptic plasticity has been established (Adriani et al,
2012; Cifariello et al, 2008; Hedlund et al, 2003; Leopoldo
et al, 2011; Matthys et al, 2011). Previous in vitro studies
demonstrated that the 5-HT7R regulates synaptic morphol-
ogy and function in cultured hippocampal neurons through
selective activation of the small Rho GTPases, RhoA and
Cdc42, key regulators of actin cytoskeleton dynamics (Kobe
et al, 2012; Kvachnina et al, 2005).

Aberrations in Rho GTPases signaling pathways account
for several forms of syndromic and non-syndromic
intellectual disabilities and result in abnormal neuronal
connectivity and deficient cognitive function (De Filippis
et al, in press; Ramakers, 2002). By cycling between an
active GTP-bound state and an inactive GDP-bound state,
Rho GTPases integrate extracellular and intracellular signals
to coordinate dynamic changes in the actin cytoskeleton,
thereby stimulating a variety of processes, including
morphogenesis, migration, neuronal development, cell division,
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and adhesion (Auer et al, 2011; Govek et al, 2005; Hall,
2005). Despite Rho GTPases being critical for several cellular
key processes and being involved in many pathological
conditions (Ba et al, 2013; Ramakers, 2002; van Galen and
Ramakers, 2005), their direct pharmacological manipulation
still remains troublesome because of the paucity of specific
drugs.

Recently, we demonstrated that the activation of brain
Rho GTPases by the CNF1 bacterial protein rescues the
neurobehavioral phenotype in a RTT mouse model
(De Filippis et al, 2012). The therapeutic approach we
followed, however, does currently bear low translational
value, due to the need for an intracerebroventricular (icv)
route of administration. Novel systemic treatments target-
ing brain Rho GTPases are therefore required.

In this study, we verified whether repeated systemic
intraperitoneal (i.p.) treatment with LP-211, a novel brain-
penetrant 5-HT7R selective agonist that binds with high
affinity at the human cloned 5-HT7R (Hedlund et al, 2010;
Leopoldo et al, 2011) affects brain Rho GTPases activation
state in vivo. Based on the positive results of this first study,
we argued that modulation of Rho GTPases signaling by
5-HT7R stimulation might represent a potential therapeutic
approach for RTT. To test this hypothesis, we investigated
the functional and molecular consequences of i.p. treatment
with LP-211 in symptomatic (8–10 months old) MeCP2–308
male mice, a RTT model carrying a truncating mutation of
the MeCP2 gene (De Filippis et al, 2010; Shahbazian et al,
2002).

MATERIALS AND METHODS

Subjects

The experimental subjects were fully symptomatic (8–10
months of age) hemizygous MeCP2–308 male mice and
wt littermates (B6.129S-MeCP2tm1Heto/J, stock number:
005439; backcrossed to C57BL/6J mice for at least 12 gene-
rations from the Jackson Laboratories, USA) (De Filippis
et al, 2010; Shahbazian et al, 2002). To assess whether
LP-211 affects RhoGTPases activation state in mouse brain,
adult male mice weighting 30–40 g were purchased from
Charles River Italia (Calco, Italy). All procedures were
carried out in accordance with the European Communities
Council Directive (86/609/EEC) and were formally approved
by Italian Ministry of Health.

Drug and Treatment

LP-211 was prepared following the same procedure described
in (Leopoldo et al, 2008). The compound was dissolved
in vehicle solution, ie, 1% dimethyl sulfoxide (DMSO) in
saline.

To assess the effects of LP-211 on brain RhoGTPases
activation, mice were randomly assigned to be injected with
one of the following drug dosages: LP-211 at 0.125, 0.25 mg/
kg or vehicle (DMSO 1% in saline; N¼ 3 per experimental
groups). This range of drug dosages was chosen according to
the previous experience by our group in mice. Mice were
injected with the assigned dosage across 7 successive
days (Adriani et al, 2012; Romano et al, 2014). After 4 hours

from the last 7th injection, mice were killed and brains were
dissected and rapidly frozen in dry ice.

RTT mice and wt littermate controls were daily i.p.-
injected (between 0900 and 1100 hours) for 7 consecutive
days with either LP-211 (0.25 mg/kg) or vehicle (1% of
DMSO in saline). After a 4-hour wash-out period from the
7th i.p. injection, four mice per experimental group were
killed by decapitation and their brains were dissected and
rapidly frozen for biochemical analyses. The remaining
mice were transcardially perfused 24 h after the last i.p.
injection and brains subsequently processed for immuno-
histochemistry analyses (N¼ 4 per experimental group).

Rho GTPases Activation Assay

This analysis is based on the use of effectors (GST–
PAK70_106 for Cdc42 and GST-Rhotekin for Rho, Millipore,
Temecula, CA, USA) capable of binding activated Cdc42 or
Rho. Samples were homogenized in 50 mM Tris (pH 7.4),
1 mM EDTA (pH 8.0), 0.5% Nonidet P-40, 150 mM NaCl,
10% glycerol, 10 mg/ml aprotinin, 10 mg/ml leupeptin, and
1 mM PMSF and processed as in the study by (Diana et al,
2007). For western blotting following pull-down analysis,
proteins were resolved on 12% SDS-polyacrylamide gel and
electrically transferred onto polyvinylidene difluoride
membranes (Bio-Rad). Following blocking in TBS-T con-
taining 5% non-fat milk, membranes were incubated over-
night at 4 1C with the following primary antibodies: mouse
anti-Rho (1:500; Millipore), mouse anti Cdc42 (1:1000;
Santa Cruz). After washing in TBS-T, immunocomplexes
were detected with HRP-conjugated species-specific secon-
dary antibodies (Jackson Laboratory, Bar Harbor, ME, USA)
followed by enhanced chemiluminescence reaction. Immuno-
reactive bands were normalized with respect to the total Rho
or Cdc42.

Behavioral Analyses

To unravel the effects of the LP-211 treatment on RTT-
related behavioral alterations, two cohorts of RTT mice and
wt littermate controls were used (1st experiment: N¼ 8–9;
2nd experiment: N¼ 8–11 per experimental group).

Experiment 1

Light/dark test. To evaluate the effects of LP-211 on anxiety-
like behaviors we compared mice from the 4 experimental
groups in the light/dark paradigm, 15 min after the 6th i.p.
injection, as previously described (De Filippis et al, 2010).

The experimental apparatus consisted of an opaque
Plexiglas rectangular box (20� 14� 27 cm) with smooth
walls, subdivided into two compartments of equal size. One
compartment had white walls and was brightly illuminated
(250 lux), whereas the other one was black and topped to
prevent the light from entering. Mice were individually
placed into the dark area and a 9-min session was
performed. Tests were videotaped and scored by a trained
observer blind to the genotype of mice, using dedicated
software (The Observer v2.0 for DOS, Noldus Information
Technology, Wageningen, the Netherlands) to obtain the
time spent in each compartment, the number of transitions
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between the two compartments and latency to enter the
light compartment.

Marble burying test. To evaluate the effects of LP-211 on
exploratory behavior, 50 min after the 6th i.p. injection
with either LP-211 or vehicle, mice were tested in the marble
burying task, as previously described (Deacon, 2006).
Briefly, a transparent Plexiglas box (38� 22� 30 cm) was
filled with B5 cm of sawdust bedding, lightly tamped down
to make a flat, even surface over which nine marbles were
evenly distributed. At the end of a 30-min session during
which mice were allowed to freely explore the cage, the
number of buried marbles (at least 2/3 of their depth) was
counted. The test was carried out under dim lights.

Dowel test. To evaluate the effects of LP-211 on motor
learning capacities, the dowel test was performed 2 h after
the 6th i.p. injection as in (De Filippis et al, 2010). The
hardwood round dowel used, was 9.0 mm in diameter and
35 cm long. The dowel was mounted horizontally 50 cm
above a 5 cm dept bedding of sawdust. At the beginning of
the testing, each mouse was placed in the middle of the
dowel so that the length of its body was parallel to the
dowel. Latency to fall from the dowel into a cage of bedding
was recorded (30-s criterion). Each mouse repeated the test
twice, with an intertrial interval of at least 15 min. If mice
were able to walk across the dowel and off of the dowel, they
received the maximum score of 30 s.

Experiment 2

General health score. The general health of the experi-
mental mice was qualitatively evaluated by a trained observer
blind to the genotype and treatment of the experimental mice
as previously described (Guy et al, 2007), with little modifica-
tion. Briefly, mice received a score (ranging from 0—normal
appearance to 2—highly compromised) for each of the
following symptoms: gait, mobility, breathing, kyphosis, fur,
hindlimb clasping, tremors, and general condition. Body
weight of the animals was also recorded at each scoring
session. The individual scores for each category were sub-
sequently summed up to obtain a semiquantitative measure
of symptom status, called throughout the text ‘the general
health score’. The qualitative evaluation was carried out on
the last day of treatment (the 7th) and after a 6-day-long
wash-out period (on the 13th day of the schedule).

Wire hanging test. To evaluate limb strength, the four-paw
wire hanging test was performed at the end of the general
health scoring session on the 7th and 13th day of the treat-
ment schedule (Klein et al, 2012). A wire cage top (25�
15 cm) with its edges taped off was used for this experiment.
The mouse was placed on the center of the wire lid and the
lid was slowly inverted and placed at B40 cm above the
sawdust bedding (5-cm depth). Latency to fall from the wire
was recorded and scored. The time out period was 30 s.

Dowel test. The second cohort of mice was tested twice in
the Dowel test: on the 6th day of treatment (after 2 h from
the injection) and on the 12th day of the schedule (after a
5-day long wash-out period). The same protocol above

described was applied (see Experiment 1), apart from the
fact that mice were left undisturbed in their home cages for
at least 2 h before being tested.

Spontaneous behavior in a novel cage. After 15 min from
the 7th i.p. injection, mice were placed singly into a
transparent plastic cage (26 cm� 16 cm� 17 cm) with a wire
cage top. Mice were left in a quiet room under dim light
condition (about 20 lux) during a 75 min period (until
90 min from the i.p. injection) and their spontaneous
activity was video-recorded. The behavior of the mice was
subsequently scored by means of the Noldus Observer
software v3.0, during three 5-min intervals (from the
beginning of the videos: 0–5; 35–40; 70–75). At the time of
videotape analysis, the long side of the cage was subdivided
into three sections of the same length by two lines placed on
the video screen. The following items were scored: Crossing
(number of line crossings with both forepaws), Rearing,
Grooming, Inactivity, and Bar holding. This approach also
allowed the evaluation of the potential appearance of
spontaneous stereotypic behaviors, a sound feature of
RTT, and LP-211 effects thereon.

Spontaneous spatial novelty preference task. On the 10th
day of the schedule (after a 3-day long wash-out period),
mice were tested on a spontaneous, spatial novelty
preference task as previously described (Lyon et al, 2011;
Sanderson et al, 2007). The Y-maze was made from
transparent Perspex, and consisted of three 30 cm long,
8 cm wide arms with 20 cm high walls, connected by a
central junction. A thin layer of sawdust covered the floor of
the maze. Each mouse was assigned two arms (the ‘start
arm’ and the ‘other arm’) to which they were exposed
during the first phase of the task (the ‘exposure phase’).
Allocation of arms to specific spatial locations was counter-
balanced within each experimental group. During the 5-min
‘exposure’ phase, the entrance to the third, ‘novel’, arm was
closed off by the presence of a large Perspex white block.
The mouse was placed at the end of the start arm, facing the
experimenter, and allowed to explore the start arm and the
other arm freely for 5 min, beginning as soon as the mouse
left the start arm. At the end of 5 min, the mouse was
removed from the maze and returned to the home cage for
1 min. During this time, the Perspex block closing off the
novel arm was removed and the sawdust redistributed
throughout the maze to minimize the use of odor cues. The
mouse was then returned immediately to the start arm,
facing the experimenter, for the 2-min test phase. This
consisted of 2 min free exploration during which the mouse
could enter all three arms, beginning as soon as the mouse
left the start arm.

The test was video-recorded and the number of entries
and the length of time spent into each arm, during both the
exposure and the test phase, were subsequently scored by
means of the Noldus Observer software v3.0. For the test
phase, a discrimination ratio ((novel arm/(novelþ other
arm)) was calculated for time spent in each arm. Previous
work has demonstrated that wt mice display a preference
for the novel arm during the test phase (Lyon et al, 2011),
and that this preference relies on extramaze cues, whereas
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preference for the novel arm is abolished in mice with
cytotoxic hippocampal lesions (Deacon et al, 2002).

Neurobiological Analyses

Immunohistochemistry. The 5-HT7 immunoreactivity
experiments were conducted on brain coronal sections
using a conventional streptavidin–biotin technique. Free
floating sections (15-mm) were stained using a polyclonal
rat IgG antibody against 5-HT7 receptor (Lifespan
Biosciences, USA) using a dilution of 1:500, which was
determined in preliminary experiments. Briefly, sections
were incubated with 3% hydrogen peroxide for 30 min, and
followed by a 30-min incubation with 10% goat serum to
block non-specific protein binding. Negative control
sections were treated with non-immunized goat immuno-
globulin serum under the same conditions. Following
PBS washing, biotinylated goat IgG (dilution 1:1000; GE
Healthcare, UK) was applied for 2 h, then followed by
streptavidin peroxidase conjugate incubation (GE Health-
care, UK). The color reaction was developed with a solution
of 0.02% diaminobenzidine in 0.003% hydrogen peroxide
for 15 min. The sections were mounted onto gelatin-chrome
alum-coated glass slides and viewed through a white light
microscope (Leitz, Germany). Immunohistochemistry pro-
cedures were simultaneously carried out on a number of
brain sections (at least four sections /animal) from each
experimental group.

Optical density analysis. Positive staining was evaluated
by calculating the optical density (OD) of areas of interest
in each region and subregion (ie sensorimotor, piryform
and motor cortex), as previously described with minor
modifications (Nativio et al, 2012). Standard outline digital
images were captured using a SPOT-RT CCD videocamera
(SPOT-RT Image Software V 3.0 SPOT Diagnostic Instruments,
Sterling Height, Michigan) for each region of interest.
Semiquantitative analysis of positive immunoreactivity was
performed on brain multiple sections/region. Final OD
values were calculated as a function of the specific signal
relative to external background measure (taken from
outside the section). Constant optical conditions were
maintained throughout the morphometric and densito-
metric evaluation.

Western Blot Analyses

Hippocampal tissues were isolated and homogenized in
lysis buffer (50 mM Tris–HCl, pH 8.0, 150 mM NaCl, 1%
NP40, 0.1% SDS) and a mix of phosphatase and protease
inhibitors (Complete Mini, Roche) using an Ultra-Turrax
homogenizer at 4 1C. Lysates were sonicated and then
clarified by centrifugation for 15 min at 10 000 g. Protein
concentration was determined using bovine serum albumin
(BSA) as a standard in a Bradford reagent assay. Total
lysates were boiled in SDS sample buffer, separated by SDS-
PAGE electrophoresis and blotted to nitrocellulose mem-
brane (Bio-Rad). Filters were blocked in PBS-Tween-20
(0.1%) plus 5% non-fat milk (Fluka) and incubated with
primary antibodies for 16 h at 4 1C. The following primary
antibodies were used: rabbit polyclonal anti-5HT7 (1:100,
cod. LS-C39057, Lifespan Biosciences), rabbit polyclonal

anti-PAK3 (1:1000, cod. 06902, Upstate), rabbit polyclonal
anti-phospho-PAK1/2/3 (pS141) (1:500, cod. 44940G,
Invitrogen), rabbit polyclonal anti-cofilin (1:5000, cod.
ab1106250, Abcam), rabbit polyclonal anti-phospho-cofilin
(pS3) (1:100, cod. ab1286650, Abcam), rabbit polyconal
anti-rpS6 (1:1000, cod. 2217, Cell Signaling), rabbit poly-
clonal anti-phospho-rpS6 (1:200, cod. 2211 (Ser 235/236)
and cod. 2215 (Ser 240/244), Cell Signaling), mouse
monoclonal anti b-actin (1:1000, cod. sc-81178, Santa Cruz).
After washing three times with PBS-Tween, filters were
incubated with peroxidase-conjugated secondary antibodies
(anti-mouse or rabbit IgG; 1:4000; Amersham) for 1 h at
room temperature. Detection was performed by Enhanced
Chemiluminescence kit (EuroClone). For quantitative mea-
surements, western blot signals were acquired and analyzed
by a Fluor-S densitometer and the Quantity One software
(Bio-Rad); OD from at least three different experiments
were calculated for each sample and normalized with the
corresponding b-actin signal OD; the OD ratios were then
compared and expressed as the average fold increase, with 1
(wt control) as the control value. OD values of b-actin
appeared unaffected by genotype and treatment. Similar
results were also obtained with membranes hybridized with
14,3,3b and b-tubulin antibodies (not shown; sc-1657 and
sc-5274, respectively, both from Santa Cruz).

Statistical Analysis

Data were analyzed with either parametric or non-
parametric analysis of variance, depending on distribution
of the response variable considered. The Levene test was
applied to confirm that variance did not differ between
groups. To unravel the presence of outliers, the Grubbs’ test
was applied. Post hoc comparisons were performed by
Tukey HSD, by Fisher’s PLSD post hoc comparisons or by
Mann–Whitney test with Bonferroni’s correction. Specifi-
cally, ANOVA models included genotype and LP-211
treatment as between-subject factor and repeated measure-
ments as within-subject factor.

RESULTS

5-HT7 Receptor Stimulation by LP-211 Modulates Rho
GTPases Activation In Vivo

To verify whether 5-HT7R modulates Rho GTPases in vivo,
we first assessed whether treatment with LP-211 (0.125,
0.25 mg/kg or vehicle, seven consecutive daily i.p. injec-
tions) affects Rho GTPases activation state in mouse brain.
A three- to fourfold increase in the activation levels of
Cdc42 was confirmed in the brain of mice that received
both LP-211 doses compared with vehicle-injected mice
(Figure 1). The high LP-211 dose (0.25 mg/kg) also induced
a threefold increase in RhoA brain activation (Figure 1),
thus resembling the molecular effects on Rho GTPases
activation observed in neuronal cultures (Kobe et al, 2012).

LP-211 Treatment Rescues the Behavioral Phenotype in
a RTT Mouse Model

Based on these results and on previous behavioral studies
(Adriani et al, 2012), we then investigated LP-211 effects
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(seven daily i.p. injections, at 0.25 mg/kg dose) in the RTT
mouse model.

Experiment 1

A tailored battery of validated behavioral tests was carried
out on the 6th day of the treatment schedule.

Light/Dark test. Increased anxiety-like behavior was
confirmed in vehicle-injected RTT mice in the Light/Dark
test (De Filippis et al, 2012; De Filippis et al, 2010)
compared with wt controls, as demonstrated by the reduced
time spent in the bright/intimidating part of the apparatus
(wt, Veh vs RTT, Veh: po0.05 after post hoc compari-
sons on the significant genotype*treatment interaction:
F(1,31)¼ 7.97; p¼ 0.008; Figure 2a). Notably, LP-211 treat-
ment selectively increased the time RTT mice spent in the lit
compartment (RTT, Veh vs RTT LP-211: po0.05 after post
hoc comparisons on the significant genotype*treatment
interaction; Figure 2a), thus rescuing their otherwise
anxious-like phenotype.

Mutant mice also performed a higher number of trans-
itions compared with wt mice during the test (main effect of
genotype: F (1,31)¼ 7.46; p¼ 0.010, wt (Vehþ LP-211 pooled)¼
61.88±2.41, N¼ 17; RTT (Vehþ LP-211 pooled)¼ 72.61±3.50,
N¼ 18, Figure 2b), thus excluding that hypoactivity or
motivational deficits might explain the reduced time mutant
mice spent in the light compartment of the apparatus.
A main effect of treatment was also evident as for
total number of transitions, with LP-211-treated mice of
either genotype performing fewer transitions compared
with vehicle-injected mice (F(1,31)¼ 9.35; p¼ 0.005,
Veh (wtþRTT pooled)¼ 73.65±3.27, N¼ 17; LP-211(wtþRTT pooled)

¼ 61.50±2.64, N¼ 18, Figure 2b). When treated with LP-211,
RTT mice were thus undistinguishable from wt littermates for
this parameter. No differences were found as for latency to
leave the start compartment (data not shown).

Marble burying test. The 5-HT7R has been linked to the
expression of marble burying in mice (Hedlund and

Sutcliffe, 2007), a species-typical exploratory behavior
(Deacon, 2006). In the Marble Burying test, RTT mice
displayed decreased digging and buried a lower number of
marbles compared with wt littermates (main effect of
genotype: F(1,31)¼ 29.54; po0.001; Figure 2c), thus indicat-
ing decreased environment-directed exploratory behavior.
RTT mice significantly improved their performance
upon treatment with LP-211, thus reaching wt-like levels
(RTT, Veh vs RTT, LP-211: po0.05 after post hoc
comparisons on the genotype*treatment interaction:
F(1,31)¼ 11.91; p¼ 0.002).

Dowel test. Motor learning ability was assessed in the
Dowel test. As expected, wt control mice significantly
improved their performance from the first to the second
trial (po0.05, after post hoc comparisons on the genotype*
treatment*repeated measures interaction: F(1,31)¼ 5.06;
p¼ 0.032; Figure 2d). By contrast, no changes in latency
to fall from the dowel along consecutive trials was evident in
RTT mice, which fell from the dowel significantly earlier
than wt controls on the second trial (p40.05 after post hoc
comparisons; Figure 2d). A worse performance of RTT mice
was thus confirmed in this test (De Filippis et al, 2012;
De Filippis et al, 2010). Treatment with LP-211 significantly
improved the motor learning ability of mutated mice and
restored wt-like levels of performance on the second trial
(po0.05 after post hoc comparison; Figure 2d).

Experiment 2

General health score. The evaluation of the general health
status of the experimental mice confirmed that significant
differences were evident among the four experimental
groups (H¼ 21.03; po0.001; median (inter-quartile range):
wt, veh: 1.25 (0.63–2); wt, LP-211: 0.75 (0.5–1.25); RTT, veh:
4.5 (4–5.25); RTT, LP-211: 3.38 (2.75–4.87)). Post hoc
comparisons by the Mann–Whitney test with Bonferroni
correction revealed that subtle but consistent gross pheno-
typic alterations can be detected in 10-month-old MeCP2–
308 male mice (wt, veh vs RTT, veh: U¼ 98.5; p¼ 0.008).
The LP-211 treatment did not affect the general health

Figure 1 Dose-response evaluation of LP-211 effects on RhoGTPases RhoA and Cdc42 activation state in mouse brain. (a) Representative immunoblots
showing the amount of both total and activated Rho and Cdc42 (RhoA-GTP and Cdc42-GTP) in mouse cortex. (b) Densitometric analysis of the pull-down
experiments. Data are expressed as relative GTPase activity normalized for the amount of total RhoA and Cdc42 protein loaded±SEM. LP-211 or vehicle
were i.p. administered for 7 consecutive days. Statistical significance was calculated by two-way ANOVA with Fisher’s PLSD post hoc comparisons. *po0.05
and **po0.01 vs vehicle-injected mice.
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status of either wt or RTT mice. No genotype or treatment
interactions with the day of testing (7th and 13th day of the
schedule) were evidenced for any of these parameters.

We found that RTT mice weighted less compared with wt
littermates (wt: 30.09±0.36; RTT: 26.15±0.49; main effect
of genotype: F(1,36)¼ 23.46; po0.001). No treatment effects,
as well as no genotype or treatment interactions with the
day of testing (7th and 13th day of the treatment schedule)
were evidenced.

Wire hanging test. In the four-paw wire hanging test, post
hoc comparisons on the significant Kruskal–Wallis analysis
(H¼ 10.85; p¼ 0.013) uncovered a worse performance of
RTT mice compared with wt controls (wt, veh vs RTT, veh:
U¼ 82.0; p¼ 0.013; median (inter-quartile range): wt, veh:
30 (30–30); RTT, veh: 17 (13.5–24.5)), thus suggesting
reduced limb strength in RTT mice. Given that RTT mice
weighted less than wt controls at this age (see above), we
cannot rule out that this difference may be attributed to
differences in body weight. A 7-day long treatment with LP-
211 did not significantly affect these parameters in neither

wt (wt, LP-211: median (inter-quartile range): 30 (30–30))
nor RTT mice (RTT, LP-211: median (inter-quartile range):
24 (9.38–30)). No genotype or treatment interactions with
the day of testing (7th and 13th day of the treatment
schedule) were evidenced for any of these parameters.

Dowel test. In the first experiment, behavioral testing was
conducted on a single cohort of mice within a 2-h interval
on the 6th day of treatment. We reasoned that, in case of
interference by stress upon behavioral results, the Dowel
test, the last test carried out in the previous cohort of mice,
should have been the most affected. To exclude that the
adopted protocol of repeated testing biased the results, we
have carried out the Dowel test in a second cohort of mice
on the 6th (after 2 h the i.p. injection) and on the 12th day
of the schedule (after a 5-day long wash-out period). The
same profile we reported in Experiment 1 was confirmed
(Figure 2e), with RTT mice showing a worse performance
compared with wt controls (main effect of genotype:
F(1,36)¼ 17.84; p¼ 0.002) and the LP-211 treatment
significantly improving their performance (main effect of

Figure 2 Stimulation of the 5-HT7 receptor improves the behavioral phenotype in a mouse model of Rett syndrome. (a) Vehicle-injected RTT mice
(RTT, Veh) spent significantly less time in the light compartment in the Light/Dark test compared with wild-type controls (wt, Veh), thus confirming increased
anxiety-like behaviors. Treatment with LP-211 restored wt-like levels of anxiety-like behaviors in RTT mice. (b) RTT mice displayed a higher number of
transitions between the two compartments during the Light/Dark test compared with wt controls. The LP-211 treatment rescued the hyperactive
phenotype of RTT mice, thus confirming the anxiolytic properties of the treatment. (c) RTT mice buried significantly less marbles in the Marble Burying test
compared with wt controls, thus suggesting decreased digging/exploratory behavior in a novel environment. LP-211 significantly increased this parameter. A
normalization of performance was thus observed in RTT mice who received the LP-211 treatment. (d) In the Dowel test, RTT mice displayed significantly
shorter latencies to fall from a dowel during the second trial compared to wt controls, thus confirming impaired motor learning capacities. LP-211 significantly
improved the performance of RTT mice in this test. (e) Dowel test results were confirmed on a second cohort of mice. Comparable genotype and
treatment effects were found on days 6 and 12, after a 5-day long wash-out period, thus suggesting lasting effects of a 7-day long treatment with LP-211 in
RTT mice. (f) RTT mice showed increased inactivity after 70 min of exposure to a novel cage compared with wt controls. The LP-211 treatment completely
rescued the hypoactive phenotype of RTT mice. (g) In the spatial novelty preference task, RTT mice showed decreased discrimination of the novel arm
compared to wt controls. The LP-211 treatment completely restored the hippocampal-dependent short-term spatial memory of RTT mice in this non-
aversive task. LP-211 or vehicle were i.p. injected for 6 (a–d) or 7 (e–g) consecutive days. Data are mean±SEM. Statistical significance was calculated by two-
way ANOVA with Tukey’s post hoc test. h, wt, Veh vs RTT, Veh; po0.05; *, RTT, Veh vs RTT, LP-211, po0.05, after post hoc comparisons on the
genotype*treatment or genotype*treatment*repeated measures interactions.
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treatment: F(1,36)¼ 4.50; p¼ 0.041). No genotype or treat-
ment interactions with the day of testing were evidenced,
thus demonstrating that the same profile of improved
motor learning capacities in LP-211-treated RTT mice
compared with veh-treated RTT controls persisted on the
13th day of the treatment schedule. Lasting beneficial effects
of the LP-211 treatment on motor learning performance in
RTT mice are thus suggested.

Spontaneous behavior in a novel cage. On the 7th day of
treatment, starting 15 min after the i.p. injection, mice were
exposed to a novel cage and their spontaneous locomotor
activity was analyzed at three 5-min intervals: 0–5; 35–40;
70–75. As expected, the number of crossings decreased as
time passed in all the experimental groups (main effect of
repeated measures: F(1,62)¼ 46.47; po0.001). No genotype
or treatment effects were found as for this parameter. A
different profile was found as for time mice spent inactive
(Figure 2f): RTT mice showed longer durations of inactivity
compared with wt controls (main effect of genotype:
F(1,31)¼ 11.85; p¼ 0.002). Post hoc comparisons on the
genotype*repeated measures interaction (F(1,31)¼ 2.45;
p¼ 0.095) revealed that such an effect was only evident on
the third time interval (po0.01 after post hoc comparison).
A complete restoration of wt-like levels of inactivity on the
third time interval in RTT mice was achieved by the LP-211
treatment (wt, veh vs RTT, veh: po0.01; RTT, veh vs RTT,
LP-211: po0.01, after post hoc comparisons on the
genotype*treatment*repeated measures interaction: F(1,31)¼
3.03; p¼ 0.055; Figure 2f).

A main effect of genotype was also found as for Bar
holding (main effect of genotype: F(1,31)¼ 5.26; p¼ 0.029),
with RTT mice spending less time engaged in this behavior.
The LP-211 treatment did not affect this parameter. No
genotype or treatment effects were found as for Rearing
and Grooming. None of the mice displayed stereotypic
behaviors.

Spontaneous spatial novelty preference task. On the 10th
day of the schedule, mice were tested in the spontaneous
spatial novelty preference task (Lyon et al, 2011; Sanderson
et al, 2007). During the exposure phase, no genotype or
treatment effects were found as for latency to leave the start
arm, time exploring the ‘other’ (to-be-familiar) arm as well
as for arm entries (start and other arms combined) (data
not shown), thus confirming comparable levels of locomotion
and exploration in the four experimental groups. A discri-
mination ratio was calculated ((novel arm/(novelþ other
arm)) for time spent in arms during the test phase, and
statistical analysis revealed that RTT mice exhibited
significantly reduced novelty discrimination than wt con-
trols (po0.05, after post hoc comparisons on the
genotype*treatment interaction: F(1,33)¼ 5.20; p¼ 0.029;
Figure 2g). Impaired short-term spatial memory on the
exploratory driven, spatial novelty preference task (Sanderson
et al, 2007) was thus demonstrated in RTT mice. LP-211
treatment significantly increased novelty preference in both
genotypes (main effect of treatment: F(1,33)¼ 11.0; p¼ 0.002;
Figure 2g). Such an effect was however much more marked
in the RTT genotype, as confirmed by post hoc comparisons
on the genotype*treatment interaction (RTT, Veh vs RTT,

LP-211: po0.01; wt, Veh vs wt, LP-211: p40.10). A wt-like
performance in the spatial novelty preference task was thus
restored in LP-211-treated RTT mice.

5-HT7 Receptor Expression is Reduced in RTT Mouse
Brain

To clarify the relevance of 5-HT7Rs in RTT pathophysiology
and to understand the molecular mechanisms underlying
LP-211-dependent rescue of RTT symptoms, 5-HT7R
localization and density were evaluated in the cortex and
hippocampus of RTT mice, two behaviorally relevant brain
areas in which the 5-HT7R is highly expressed (Hedlund,
2009).

We found that RTT mice were characterized by a lower
5-HT7R density in different cortical regions compared
with wt subjects (motor cortex—main effect of genotype:
F(1,10)¼ 10.51; p¼ 0.009, Figure 3a and e; pyriform cortex—
main effect of genotype: F(1,9)¼ 26.88; po0.001, Figure 3b
and f; sensorimotor cortex—main effect of genotype:
F(1,9)¼ 67.24; po0.001, Figure 3c and g). Reduced 5-HT7
protein expression (B50% of wt level) was also confirmed
by western blot in RTT hippocampus (main effect of
genotype: F(1,12)¼ 572.95; po0.001, Figure 3d and h).

Notably, treatment with LP-211 selectively increased
5-HT7 immunoreactivity in RTT cortical regions, thus
restoring wt-like levels of receptor density (RTT, Veh vs
RTT, LP-211: po0.05, after post hoc comparisons on the
genotype*treatment interactions: motor cortex: F(1,10)¼
27.58; po0.001, Figure 3e; pyriform cortex: F(1,9)¼ 13.76;
p¼ 0.005, Figure 3f; sensorimotor cortex: F(1,9)¼ 3.18;
p¼ 0.108, Figure 3g). Hippocampal levels of the 5-HT7R
were not affected by the LP-211 treatment in RTT mice
(Figure 3h). By contrast, a significant drug-induced
reduction in 5-HT7R density appeared in wt mice in both
motor cortex (po0.01 after post hoc comparison; Figure 3e)
and hippocampus (po0.01 after post hoc comparisons on
the genotype*treatment interaction: F(1,12)¼ 27.57; po0.001;
Figure 3h).

LP-211 Treatment Reverses RTT-Related Molecular
Alterations in Mouse Brain

We reasoned that basal alterations in 5-HT7R density in
RTT brains may result in alterations at the level of Rho
GTPases signaling effector molecules and that pharmaco-
logical stimulation of the 5-HT7R may recover them.

LP-211 Effects on Molecular Pathways Related to
Cytoskeletal Remodeling

Accumulating evidence suggest that two of the leading
mechanisms by which Rho GTPases affect actin cytos-
keleton dynamics involve phosphorylation and inactivation
of both Group I p21-activated kinase family of serine/
threonine kinases (PAK1–3) and of cofilin, an actin filament
depolymerizing/severing factor (De Filippis et al, in press).
In this line, alterations in these signaling pathways have
been reported in different disorders associated with
intellectual disability (Dolan et al, 2013; Ma et al, 2012).

We found that both the amount and the activation of PAK
and cofilin were altered in the hippocampus of RTT mice
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(Figure 4a). In particular, both PAK and its phosphorylated
form (p-PAK) were upregulated in RTT mouse brain
compared with wt littermates (main effect of genotype:
PAK: F(1,12)¼ 121.07; po0.001; p-PAK: F(1,12)¼ 621.74;
po0.001). Consistently, p-PAK/PAK ratio, which provides
an index of the net functionality of the kinase, was shifted
toward increased phosphorylation (inactivation) in RTT
mouse hippocampus compared with wt controls (po0.05
after post hoc comparison on the genotype*treatment
interaction: F(1,12)¼ 4.64; p¼ 0.052). RTT mouse hippo-
campi also showed increased cofilin phosphorylation
(p-cofilin: main effect of genotype: F (1, 12)¼ 83.77;
po0.001), in the absence of changes in its non-phosphory-
lated form (cofilin). Increased cofilin inactivation, as
demonstrated by increased p-cofilin/total cofilin ratio, was
thus evident in the hippocampus of RTT mice (main effect
of genotype: F(1,12)¼ 29.56; po0.001).

Restoration of wt-like levels of both PAK and cofilin
activity was achieved in LP-211-treated RTT mouse brain.
In particular, 5-HT7R activation in RTT mouse brain
increased PAK protein levels (RTT, Veh vs RTT, LP-211:
po0.05 after post hoc comparisons on the genotype*treat-
ment interaction: F (1,12)¼ 4.45; p¼ 0.056) and decreased
its phosporylated form (p-PAK: po0.05 after post hoc
comparisons on the genotype*treatment interaction:
F(1,12)¼ 3.47; p¼ 0.087). These LP-211-induced changes
resulted in the normalization of the p-PAK/PAK ratio in
RTT mice (RTT, Veh vs RTT, LP-211: po0.05 after post hoc
comparisons on the genotype*treatment interaction: F
(1,12)¼ 4.64; p¼ 0.052). A clear-cut normalization of the
p-cofilin/total cofilin ratio was also evident in LP-211-
treated RTT mouse brain (Figure 4), which showed a slight
increase in the non-phosphorylated form and a 25%

decrease of p-cofilin compared with vehicle-treated RTT
mice (cofilin: RTT, Veh vs RTT, LP-211: po0.01 after post
hoc comparisons on the genotype*treatment interaction: F
(1,12)¼ 11.75; p¼ 0.005; p-cofilin: main effect of treatment:
F (1,12)¼ 27.77; po0.001; p-cofilin/total cofilin: main effect
of treatment: F(1,12)¼ 24.21; po0.001).

A different profile was observed in wt mice in which only
cofilin phosphorylation was impacted by the LP-211
treatment (Figure 4a). Consistently, the ANOVA yielded a
main effect of treatment for both p-cofilin (F(1,12)¼ 27.77;
po0.001) and p-cofilin/total cofilin ratio (F(1,12)¼ 24.21;
po0.001). Present findings are consistent with previous
data suggesting that RhoA-cofilin and Rac-PAK constitute
two different Rho GTPases-dependent signaling cascades
(Rex et al, 2009) and confirm that Rac-PAK signaling
pathway is not affected by the 5-HT7R stimulation in wt
mice (Kobe et al, 2012; Kvachnina et al, 2005).

LP-211 Effects on Molecular Pathways Related to
Protein Synthesis

Based on emerging literature pointing to Rho GTPases as
molecular hubs governing both cytoskeletal remodeling and
protein synthesis (De Filippis et al, in press), we reasoned
that the LP-211-induced activation of Rho GTPases may
have restored the well-established defects in AKT/mTOR
signaling and protein translation in RTT mouse brain
(Ricciardi et al, 2011). To test this hypothesis, we investi-
gated the phosphorylation level of the ribosomal protein
(rp) S6, a downstream target of mTOR and S6 kinase, which
has a direct role in regulating protein translation (Ricciardi
et al, 2011).

Figure 3 5-HT7 receptor density is reduced in the brain of RTT mice. (a–c) Representative photomicrographs showing the increase in immunoreactivity in
the Motor (a), Pyriform (b), and Sensorimotor (c) cortical brain areas of wild-type (left panels) compared with RTT mice (right panels). All images are
magnified equally (� 20). (d) Examples of western blot analysis (representing a summarized view corresponding to two animals per group) of 5-HT7 and
b-actin proteins in hippocampi of RTT and wt mice in control conditions (Veh) or treated with LP-211. (e–g) Histograms illustrate the semiquantitative
evaluation of 5 HT7 receptor immunoreactivity in cortical brain areas. Values are expressed as means of optical density (OD) values of the
immunoperoxidase labeling. (h) Histogram illustrates the semiquantitative densitometric analysis of western blot analysis in the hippocampus, obtained by
OD of protein bands normalized with OD of b-actin bands. OD ratios are expressed as the average fold increase vs wt controls. LP-211 or vehicle were i.p.-
administered for 7 consecutive days. Data are mean±SEM. Statistical significance was calculated by two-way ANOVA with Tukey’s post hoc test. h, wt; Veh
vs RTT, Veh; po0.05; *, RTT, Veh vs RTT, LP-211, po0.05, after post hoc comparisons on the genotype*treatment interaction.
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Neither genotype nor treatment effects were found as
for total rpS6 protein level (Figure 4b). Phosphorylation
levels of the rpS6 at both Ser235/236 and Ser240/244 were
significantly reduced in the hippocampus of RTT mice
(main effect of genotype: p-rpS6(236/238): F(1,12)¼ 41.85;
po0.001; p-rpS6(240/244): F(1,12)¼ 53.07; po0.001;
Figure 4b), thus confirming previous reports (Ricciardi
et al, 2011). Consistently, p-rpS6/ total rpS6 ratio, which
provides an index of the net functionality of the kinase, was
shifted toward decreased phosphorylation (inactivation)
in RTT mouse hippocampus compared to wt controls
(main effect of genotype: p-rpS6(236/238): F(1,12)¼ 18.20;
po0.001; p-rpS6(240/244): F(1,12)¼ 48.71; po0.001).

Of note, LP-211 treatment significantly increased the
levels of S6 phosphorylation in both genotypes (main effect
of treatment: p-rpS6(236/238)/rpS6: F(1,12)¼ 103.89;

po0.001; p-rpS6(240/244) /rpS6: F(1,12)¼ 74.57; po0.001)
and the p-rpS6/ total rpS6 ratio (main effect of treatment:
p-rpS6(236/238)/rpS6: F(1,12)¼ 67.71; po0.001; p-rpS6(240/
244)/rpS6: F(1,12)¼ 106.09; po0.001), thus restoring
wt-like levels of S6 phosphorylation in RTT mouse brain
(Figure 4b).

DISCUSSION

This study provides the first in vivo evidence that
stimulation of the 5-HT7R by systemic administration with
LP-211, a novel selective brain-penetrant agonist (Hedlund
et al, 2010), does impact Rho GTPases-mediated signaling
pathways in the brain and reverses RTT-related behavioral
and molecular alterations. The first evidence that 5-HT7

Figure 4 Stimulation of the 5-HT7 receptor reverses RTT-related alterations in PAK, cofilin and rpS6 activity. (a) Left: representative western blot analysis
(summarized view corresponding to two animals per group) of PAK, p-PAK, cofilin, p-cofilin and b-actin proteins in hippocampi of RTT and wt mice in
control conditions (Veh) or treated with LP-211. Right: semiquantitative densitometric analysis, obtained by optical density (OD) of protein bands
normalized with OD of b-actin bands. (b) Left: representative western blot analysis (summarized view corresponding to one animal per group) of rpS6,
p-rpS6 Ser 235/236, p-rpS6 Ser 240/244 and b-actin proteins in hippocampi of RTT and wt mice in control conditions (Veh) or treated with LP-211. Right:
semiquantitative densitometric analysis, obtained by OD of protein bands normalized with OD of b-actin bands. OD ratios are expressed as the average fold
increase vs wt controls. LP-211 or vehicle were i.p.-administered for 7 consecutive days. Data are mean±SEM. Statistical significance was calculated by two-
way ANOVA with Tukey’s post hoc test. h, wt, Veh vs RTT, Veh; po0.05; *, RTT, Veh vs RTT, LP-211, po0.05, after post hoc comparisons on the
genotype*treatment interaction.
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receptor density is consistently reduced in the brain of a
RTT mouse model is also provided.

A widespread beneficial effect of the LP-211 treatment on
RTT-related symptomatology was evidenced; consistent
with previous studies demonstrating that this novel drug
acts consistently onto exploration, emotional behaviors and
learning and memory (Adriani et al, 2012; Cifariello et al,
2008; Romano et al, 2014; Ruocco et al, 2014a; Ruocco et al,
2014b), we found that systemic treatment with LP-211
restored a wt-like profile in RTT mice in a variety of
behavioral paradigms, including the Light/Dark test, a well-
established paradigm for the assessment of the anxiety-
related profile in rodents, and the Dowel test, which
measures motor abilities in mice. Of note, the beneficial
effect of LP-211 on motor learning abilities in RTT mice was
still evident after a 5-day-long wash-out period, suggesting
lasting effects of the treatment. These results are consistent
with previous reports demonstrating that a transient
increase in Rho GTPases activation by a single administra-
tion of CNF1 produces long-lasting behavioral effects
(De Filippis et al, 2012; Loizzo et al, 2013). As LP-211-
induced improvements in the Dowel test were not paralleled
by amelioration in the wire hanging test, present data
exclude that improved performance in the Dowel test may
be merely due to effects on limb strength.

The performance of RTT mice in the Marble burying test
was also restored. Even though the marble burying behavior
has been interpreted as a manifestation of stereotypic
behavior and/or increased anxiety (Gyertyan, 1995; Thomas
et al, 2009), other authors suggested that the number of
marbles buried simply provides an indirect measurements
of exploratory behavior (ie digging) (Deacon, 2006;
Gyertyan, 1995). This latter view is confirmed by our
results: decreased marble burying behavior in RTT mice
was in fact accompanied by increased anxiety and by the
absence of spontaneous stereotypic behavior. Notably, the
same behavioral profile shown by RTT mice in this test has
been previously reported in 5-HT7 knockout mice (Hedlund
and Sutcliffe, 2007), thus providing further support to the
role for this receptor in the manifestation of this behavior.

A normalization of spontaneous locomotor activity was
also uncovered in LP-211-treated RTT mice exposed to a
novel cage. Under these experimental conditions, RTT mice
showed a hypoactive phenotype during the third time
interval (ie after a 75-min long exposure to the novel cage),
which was completely counteracted by the LP-211 treat-
ment. Abnormal habituation to the environment, rather
than hypoactivity per se, thus occurred in RTT mice. In
addition, as no differences in locomotor activity were
uncovered between the four experimental groups during the
first two intervals (ie within 40 min of cage exposure),
present results exclude that our findings in other behavioral
paradigms may have been biased by the effects of the
LP-211 treatment on general motor activity.

Of note, the LP-211 treatment also normalized the
hyperactive profile RTT mice showed under higher arousal-
inducing conditions (ie during the Light/Dark test), thus
confirming the anxiolytic properties of the treatment.

An increasing number of studies has demonstrated a role
for the 5-HT7R in cognitive processes, particularly on
hippocampal-dependent learning and memory (Gasbarri
et al, 2008; Roberts and Hedlund, 2012; Sarkisyan and

Hedlund, 2009). In this line, we report here that the LP-211
treatment restored the defective performance of RTT mice in
the novelty preference task, a hippocampal-dependent test
assessing rapidly acquired, short-term spatial memory in a
non-aversive experimental context (Lyon et al, 2011;
Sanderson et al, 2007). At this stage, however, we cannot
completely rule out the possibility that the anxio-
lytic properties of the drug may have to some extent
contributed to the improved performance of RTT mice in
the novelty preference test. Further studies are needed to
clarify this issue.

As a whole, present findings demonstrate that the LP-211
treatment exerts beneficial effects on different RTT-related
behavioral alterations, thus suggesting that targeting this
receptor subpopulation may represent a novel therapeutic
strategy for RTT. The 7-day long treatment we adopted in
our study did not however affect general health parameters
such as gait, fur, or kyphosis. Future studies are needed to
evaluate whether longer periods of treatment may impact
these gross phenotypic abnormalities in RTT mice. Given
the role of stereotyped behavior in RTT, we would have
been interested in verifying whether the LP-211 treatment
may modulate this pervasive symptom (Hedlund and
Sutcliffe, 2007). We did not however observe any sponta-
neous stereotypic behavior in MeCP2–308 mice, thus
confirming previous reports (Ricceri et al, 2008). Further
studies are thus needed to test this hypothesis.

The LP-211 treatment also restored in RTT mouse
hippocampus the alterations in the amount and the
activation of PAK and cofilin, two Rho GTPases effector
molecules that are essential for both spine formation during
early LTP and synaptic potentiation (Kramar et al, 2006;
Rex et al, 2009; Wosiski-Kuhn and Stranahan, 2012). Even
though further studies are needed to understand how
mutations in the MeCP2 gene lead to the observed
alterations in 5-HT7 receptor density and PAK and cofilin
activity, present results bring into light yet unknown RTT-
related molecular alterations in signaling pathways critically
involved in activity-dependent spine formation, synaptic
potentiation (Rex et al, 2009; Wosiski-Kuhn and Stranahan,
2012) and regulation of learning and memory abilities
(Liston et al, 2013; Meng et al, 2003; Rust et al, 2010).

Notably, LP-211 also rescued in RTT mouse hippocampus
the hypophosphorylation of the ribosomal protein (rp) S6, a
downstream target of mTOR and S6 kinase, whose reduced
mTOR-mediated activation in MECP2 mutant neurons has
been suggested to be responsible for the altered protein
translational control (Ricciardi et al, 2011). Such results are
particularly interesting in light of a recent study demon-
strating that the normalization of Akt/mTOR signaling, and
their downstream target rpS6, in an in vitro RTT human
model is sufficient to rescue disease-related cellular
impairments caused by MECP2 mutation (Li et al, 2013).

As a whole, present findings indicate that pharmacologi-
cally targeting 5-HT7Rs improves specific behavioral and
molecular manifestations of RTT. Of note, such beneficial
effects were accompanied by a normalization of 5-HT7R
receptor density in RTT mouse brain, which was increased
to wt-like levels by the LP-211 treatment.

Increased receptor availability following the repeated
stimulation of the receptor was indeed an unexpected
finding. Such surprising effect was however exerted by the
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LP-211 treatment only under dysfunctional baseline condi-
tions (ie, in RTT mouse brain), as the chronic stimulation of
the receptor with the agonist slightly, but significantly,
decreased 5-HT7R in wt mice, as expected. The assays we
used to determine the level of the receptor in brain areas do
exclude the possibility that changes in internalization or
dimerization levels of the receptor may account for the
changes we evidenced in its expression, since we always
measured the total levels. Based on the results presented
here, demonstrating that LP-211 is able to normalize
signaling pathways critically involved in protein translation
in RTT mouse brain, we are tempted to speculate that
improved LP-211-induced protein synthesis may account
for the observed increase in 5-HT7R expression in RTT
mouse brain. Of note, however, a marked increase in rpS6
phosphorylation was also found as for wt mice, which was
accompanied by a decrease in 5-HT7R expression. We
cannot therefore exclude that other mechanisms might have
contributed to determine such effects on 5-HT7R density
(eg, at the level of gene expression, which is known to be
disrupted by mutations in the MeCP2 gene). Further studies
will be needed to clarify this issue.

As a whole, present data demonstrate that stimulation of
the 5-HT7 receptor does impact signaling pathways
critically involved in the regulation of activity-dependent
cytoskeletal remodeling and protein synthesis, two biologi-
cal processes that have key roles in several intellectual
disability disorders (Ba et al, 2013; D’Antoni et al, 2014;
Ramakers, 2002). In this line, accumulating evidence suggest
that targeting downstream effectors of Rho GTPases, such
as the well-established Group I PAKs (Dolan et al, 2013;
Ma et al, 2012) and the emerging mTOR/ S6 kinase
(Bhattacharya et al, 2012), may represent a novel ther-
apeutic strategy for different disorders associated with
cognitive dysfunction (De Filippis et al, in press). The
potential for such a therapeutic strategy is further high-
lighted by recent studies demonstrating that activation of
brain Rho GTPases by CNF1 rescues the neurobehavioral
abnormalities of two disorders associated with cognitive
dysfunction (De Filippis et al, 2012; Loizzo et al, 2013). Of
note, the therapeutic efficacy of these novel strategies
extended beyond cognitive deficits and impacted other
domains, such as motor coordination and emotional
profiles (De Filippis et al, 2012; Dolan et al, 2013; Loizzo
et al, 2013).

Our results lie in the same direction and suggest that a
therapeutic strategy based on targeting the brain 5-HT7R
may prove valid also for other disorders characterized by
mental disability (De Filippis et al, in press). In this line,
activation of 5-HT7Rs reversed electrophysiological
abnormalities in hippocampal slices from a mouse model
of Fragile X syndrome (Costa et al, 2013). Whether 5-HT7-
induced restoration of PAK activity and/or mTOR/ S6
kinase signaling, which are altered in Fragile X mouse brain
(Bhattacharya et al, 2012; Chen et al, 2010; Dolan et al, 2013;
Hayashi et al, 2007; Maurin et al, 2014), had a role in this
reversal remains to be elucidated.

In conclusion, present results deepen our knowledge on
the molecular bases of RTT pathology and provide the first
evidence that pharmacologically targeting 5-HT7Rs in the
brain by a selective agonist improves specific behavioral
and molecular manifestations of RTT. Moreover, LP-211

treatment was shown to activate brain RhoGTPases
mechanisms and to rescue the abnormal activation of the
Rho GTPases effectors, PAK, cofilin, and rpS6, in RTT
mouse brain. Given the involvement of Rho GTPases and
their effector molecules in many pathological conditions
(De Filippis et al, in press; Ramakers, 2002), and the paucity
of drugs targeting these signaling cascades in vivo, present
findings represent the first step toward the validation of a
innovative systemic treatment that might be extended also
to other disorders associated with intellectual disabilities.
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