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Repetitive stereotyped behaviors are core symptoms of autism spectrum disorders (ASD) and fragile X syndrome (FXS), the
prevalent genetic cause of intellectual disability and autism. The nigrostriatal dopamine (DA) circuit rules movement and creation of
habits and sequential behaviors; therefore, its dysregulation could promote autistic repetitive behaviors. Nevertheless, inspection of
substantia nigra pars compacta (SNpc) DA neurons in ASD models has been overlooked and specific evidence of their altered
activity in ASD and FXS is absent. Here, we show that hyperactivity of SNpc DA neurons is an early feature of FXS. The underlying
mechanism relies on an interplay between metabotropic glutamate receptor 1 (mGluR1) and ErbB tyrosine kinases, receptors for
the neurotrophic and differentiation factors known as neuregulins. Up-regulation of ErbB4 and ErbB2 in nigral DA neurons drives
neuronal hyperactivity and repetitive behaviors of the FXS mouse, concurrently rescued by ErbB inhibition. In conclusion, beyond
providing the first evidence that nigral DA neuron hyperactivity is a signature of FXS and nigral mGIuR1 and ErbB4/2 play a relevant
role in FXS etiology, we demonstrate that inhibiting ErbB is a valuable pharmacological approach to attenuate stereotyped
repetitive behaviors, thus opening an avenue toward innovative therapies for ASD and FXS treatment.
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INTRODUCTION

Repetitive behaviors, such as stereotyped movements, repetitive
objects handling, and self-injurious behaviors, are core diagnostic
signs of autism spectrum disorders (ASD), also overt in fragile X
syndrome (FXS), the main genetic cause of autism and intellectual
disability caused by Fmr1 silencing and loss of Fragile X Messenger
Ribonucleoprotein (FMRP) [1-3]. The nigrostriatal dopamine (DA)
circuit, arising from DA neurons of the substantia nigra pars
compacta (SNpc), is key to movement control and the creation of
habits and sequential behaviors [4, 5]; thus, its dysregulation is
posited as a leading substrate of abnormal movements and
restricted routines, emerging as compulsive and stereotyped
behaviors in patients with ASD and FXS. Earlier clues about the
role of the SNpc DA nucleus in repetitive behaviors stand up from
evidence that pharmacological and genetic manipulations
increasing striatal DA transmission in rodents promote stereo-
typed movements by striatal D1 activation [6-11]. The latest
demonstration that optogenetic activation of SNpc DA neurons
triggers self-grooming (a repetitive behavior) in mice [12] and self-
grooming is attenuated by optogenetic inhibition of the SNpc-to-
ventromedial striatum circuit [13] has strengthened the idea that
hyperactivation of the nigrostriatal DA circuit is instrumental for
repetitive behaviors. However, so far, precise evidence proving
altered activity of nigral DA neuron in ASD or FXS models is

absent, keeping the involvement of the SNpc DA nucleus in
abnormal repetitive behaviors in ASD still rather theoretical
[14-17].

Striatal dysfunctions have been recently reported in the Fmr1
KO mouse, a validated model for FXS [18, 19]. Few other studies
described histological and neurochemical DA alterations in the
striatum of this FXS model [17]: evidence is partially divergent, as
histological analyses of the nigrostriatal DA circuit in adult Fmr1
KO mice found increased branching of striatal tyrosine hydro-
xylase positive (TH+) terminals [20] or loss of SNpc DA neurons
[21], while evaluation of striatal DA dynamics reported bidirec-
tional age-dependent changes in this FXS model, with higher DA
turnover at one month [22], increased DA tissue levels at two
months [23], and a reduction of basal levels [24] and electrically-
evoked DA release [25] in older mice. Due to these disjointed data
and, more importantly, shortage of direct investigation of nigral
DA neuron activity in ASD and FXS models, current knowledge
about the role of the nigrostriatal DA circuit in ASD and FXS is
inadequate. Furthermore, since evidence of striatal DA alterations
in FXS models is mostly restricted to adulthood, the earlier DA-
dependent mechanisms driving pediatric FXS symptoms are
entirely unknown.

In the present study, we directly assess whether the nigrostriatal
DA circuit contributes to the etiological processes of FXS by
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analyzing the activity of nigral DA neurons in adolescent Fmr1 KO
mice. We show that hyperactivity of nigral DA neurons is an early
signature of FXS, and the underlying mechanism relies on the
interaction between metabotropic glutamate receptor 1 (mGIuR1)
and ErbB tyrosine kinases, receptors for the neurotrophic and
differentiation factors known as neuregulins (NRGs). Lastly, we
investigate whether pharmacological inhibition of ErbB signaling
represents a valuable approach to rescue nigral DA neuron
dysfunctions and repetitive behaviors in the FXS model.

MATERIALS AND METHODS
Detailed methodological information is provided in the Supplementary
Material.

Mice

All procedures were conducted according to the guidelines on the ethical
use of animals from the Council Directive of the European Communities
(2010/63/EU) and were approved by the Italian Ministry of Health
(authorization N°143-2020PR). Fmr1 KO mice (C57/BL6J background) and
C57/BL6J wild-type (WT) mice were obtained from Jackson Laboratories
(USA) and then bred in our facility in a temperature- and humidity-
controlled environment with a 12 h light/dark cycle. All experiments were
performed in adolescent male mice of 21-34 days of age.

In vivo pharmacological treatments

Stereotaxic surgery and intracerebral drug injections. Mice (P26-28) were
anaesthetized and bilaterally implanted with a guide cannula above the
SNpc (AP: —3.4, ML: 1.2, DV: —3.6 mm) [26]. After recovery (4-6 days), mice
were injected with the ErbB inhibitor PD158780 (10 uM) or it vehicle (0.1%
DMSO in aCSF) through a microinfusion system (0.6 pl/side, 0.3 pl/min).
After 30 min, mice were used for electrophysiological or behavioral
experiments.

Systemic drug injections. Mice (P30-32) were injected intraperitoneally
with PD158780 (10 mg/Kg) or vehicle (30% DMSO in NaCl 0.9%) and after
one hour were used for electrophysiological or behavioral analyses.

The pharmacological treatments were designed based on our previous
evidence [27, 28] and other studies [29].

Midbrain slice preparation

Midbrain slices containing the SNpc were used for electrophysiology,
immunofluorescence, and SNpc microdissections for western blots.
Midbrain slices were obtained as previously reported [30]; details are
provided in the Supplementary Material.

Electrophysiology

Detailed information is reported in the Supplementary Material. Patch-
clamp recordings of SNpc DA neurons were performed with pipettes filled
with (in mM): 125 K-gluconate, 10 KCl, 10 HEPES, 2 MgCl,, 4 ATP-Mg, 0.3
GTP-Na, 0.75 EGTA, 0.1 CaCl,, 10 Phosphocreatine-Na,. The spontaneous
firing activity was recorded in cell-attached or whole-cell configuration.
Membrane resistance (R,,) and capacitance (C,,) were measured with the
“membrane test” protocol (Clampex) [27, 31]. Nigral DA neuron excitability
was evaluated by injection of depolarizing currents (+ 50/4250 pA,
Vy=-60 mV) and quantification of evoked action potentials. Excitation/
Inhibition (E/I) balance in single DA neurons was estimated by recording
spontaneous excitatory postsynaptic currents (sEPSCs) (Vy =-70 mV) and
spontaneous inhibitory postsynaptic currents (sIPSCs) (V4 =-+10mV) in
presence of AMPARs- and NMDARs antagonists with pipettes filled with (in
mM) 115 Cs-methanesulfonate, 10 CsCl, 0.45 CaCl,, 10 HEPES, 1 EGTA, 5
QX-314, 4 ATP-Mg, 0.3 GTP-Na. The mGIuR1/5 agonist (S)-DHPG (10 uM)
was used to evoke mGluR1/5-activated currents (lpppg); MGIURS- or
mGluR1-activated currents were isolated with the mGIuR1 antagonist
CPCCOEt or the mGIuR5 antagonist MPEP, respectively [27]. For acute ErbB
inhibition, PD158780 (10 uM) was perfused on SNpc slices for 20-25 min.
For in vivo intra-SNpc ErbB inhibition, PD158780 (10 uM, 0.6 uL) or its
vehicle (0.1% DMSO in aCSF) were injected in SNpc 30 min before starting
procedures for patch-clamp recordings. For systemic ErbB inhibition,
PD158780 (10 mg/Kg) or its vehicle (30% DMSO in NaCl 0.9%) were

SPRINGER NATURE

intraperitoneally injected
recordings.

1h before procedures for patch-clamp

Western blots

SNpc and VTA were dissected from midbrain slices of 25-day-old Fmr1 KO
and WT mice following published procedures [27, 30]. Detailed methodo-
logical information about sample preparation, western blots and
quantification of mGluR1, ErbB4, ErbB2, and NRG1 levels is provided in
the Supplementary Material.

Immunofluorescence and densitometric analysis

Midbrain slices of 25-day-old Fmr1 KO and WT mice were used for
immunofluorescence and densitometric analyses of mGIuR1, ErbB4, and
ErbB2 within nigral DA neurons. Details are reported in the Supplementary
Material.

Behavior
All behavioral tests were conducted between 9:00 am and 16:00 pm after
1 h of room acclimation.

Analyses of repetitive behaviors. A mouse was placed in an empty cage
(24 x 13 x 20 cm) filled with fresh home-bedding for 15 min. After 5 min of
habituation, mice were inspected for repetitive behaviors by an observer
evaluating time spent in self-grooming or digging, and jumping number.

Marble burying test. Marble burying test was conducted following
published procedures [32] with minor modifications. A mouse was placed
in a clean cage (40 x18 x 26 cm) filled with fresh home-bedding (5 cm) and
containing 20 marbles. After 30 min of freely exploration, marbles buried
were counted by considering buried a marble covered > 50% with
bedding.

Open field. A mouse was placed in a circular open field (60 cm diameter,
30cm height) for 30 min for evaluation of locomotor activity [28]. Total
distance moved was analysed using Ethovision XT17 software (Noldus).

Statistical analyses

For normally distributed data, comparisons were performed by two-tailed
paired or unpaired Student’s t test, two-way ANOVA, and repeated
measures two-way ANOVA followed by post hoc tests. When normality was
violated, data were analyzed with Mann-Whitney test or Kruskal-Wallis
ANOVA followed by Kolmogorov-Smirnov test. Outliers were evaluated
with the Grubbs test and excluded from analyses. Data are represented as
mean * SEM. Statistical significance was set at p < 0.05.

RESULTS

Hyperactivity of nigral dopamine neurons in a FXS model

To evaluate whether SNpc DA neuron activity is altered in FXS, we
performed electrophysiological recordings in acute midbrain slices
of male adolescent Fmr1 KO and WT mice (Fig. 1a). First, we
analyzed spontaneous firing activity in the patch clamp cell-
attached configuration and observed that nigral DA neurons in the
FXS mouse spontaneously fired action potentials (APs) at higher
frequencies than WT (Fig. 1b). Analysis of the coefficient of
variation of the interspike intervals (CV-ISIs) revealed a similar
temporal distribution of spikes (Fig. 1c), supporting maintenance of
pacemaker regularity despite increased firing rate. Nigral DA
neuron hyperactivity was overt in the FXS mouse at postnatal days
(PND) 21-23 (supplementary Fig. S1), and was also evident in the
whole-cell mode (Fig. 1d). SNpc DA neurons from the FXS mouse
also showed modifications in passive membrane properties,
precisely increased cell capacitance (C,,,) (Fig. 1e), but no changes
in membrane resistance (R,) (Fig. 1f). To verify variations in
neuronal excitability, we measured APs evoked by depolarizing
currents, revealing that SNpc DA neurons from Fmr1 KO mice fired
more APs than WT (Fig. 1g). Collectively, these data demonstrate
early dysregulation of the nigrostriatal DA circuit in FXS, identifying
SNpc DA neuron hyperactivity as a novel feature of FXS.
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Abnormal mGluR1 function drives nigral DA neuron activity in a narrow low-frequency range in ex vivo preparations
hyperactivity in the FXS mouse [33]. In addition to intrinsic ion channels, afferent excitatory (E)
The spontaneous firing activity of SNpc DA neurons is tightly and inhibitory (1) synaptic inputs can shape the firing rate. Since E/I
controlled by several intrinsic and extrinsic factors that allow imbalance is a common synaptic alteration underlying abnormal

repetitive AP generation and pauses, resulting in tonic pacemaker neuronal activity and circuitry connectivity in FXS [3, 34], we
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Fig. 1 Hyperactivity of nigral dopamine neurons reliant on mGIuR1 hyperfunction in a FXS model. a Left, schematic of ex vivo
electrophysiological recordings of nigral dopamine (DA) neurons in adolescent mice. Middle, image of an horizontal slice displaying the
recordings’ site, the substantia nigra pars compacta (SNpc). Right, image of a SNpc DA neuron during the patch-clamp procedure. b Left,
example firing traces in cell-attached mode. Right, plot of mean firing frequency showing increased firing rate of SNpc DA neurons from Fmr1
KO (n = 59 cells/10 mice) compared with WT mice (n = 41 cells/8 mice); p = 3.913 x 10—, two-tailed unpaired t test. Scale bar: 20 pA/1 s. c Plot
of coefficient of variation of interspike intervals (CV-ISIs) in WT (n=40 cells/8 mice) and Fmr1 KO (n=48 cells/10 mice), p=0.211,
Mann-Whitney test. d Left, example firing trace in whole-cell mode; Right, quantification of firing frequencies of WT (n = 36 cells/8 mice) and
Fmr1 KO mice (n = 38 cells/10 mice), P = 3.037 x10™*, Mann-Whitney test. Scale bar: 20 mV/1 s. e Plot of membrane capacitance (C,,) and (f)
membrane resistance (R,,) of nigral DA neurons from WT (n = 50 cells/8 mice) and Fmr1 KO mice (n = 53 cells/10 mice). Cm: P =4.87 x10™%,
two-tailed unpaired t test; R,: p =0.711, two-tailed unpaired t test. Scale bar: 20 mV/1 s. g Left, example traces of action potentials (APs)
evoked by current injections (holding voltage (V) = —60 mV) in nigral DA neurons; Right, APs number at each current step. WT (n = 27 cells/7
mice) and Fmr1 KO mice (n =39 cells/9 mice). RM two-way ANOVA followed by Tukey’s test. Genotype: p = 0.047, Current p = 1.76 x107>°,
Genotype X Current p = 0.095. p = 0.023 at 150 pA, p = 0.003 at 200 pA; p = 0.001 at 250 pA. Scale bar: 25 mV/0.5 s. All data are presented as
mean = SEM. h Left, example traces of currents activated by the mGIuR1/5 agonist DHPG (10 pM) (Ipppg) in SNpc DA neurons in control and
during mGIuR1 or mGIuRS5 inhibition with CPCCOEt (100 uM) or MPEP (10 uM), respectively. Right, quantification of Ipypc amplitudes showing
increased Ippypg in FMri KO mice (n=12 cells/4 mice) compared with WT (h=12 cells/3 mice). p=0.023, Mann-Whitney test. lpnpc
potentiation in the FXS mouse depends selectively on mGIuR1. Ipypg in CPCCOEtL: WT (n =7 cells/3 mice) and Fmr1 KO (n =7 cells/3 mice),
p = 0.56, two-tailed unpaired t test. Ipypg in MPEP: WT (n = 8 cells/3 mice) and Fmr1 KO (n =9 cells/4 mice), p = 0.041, two-tailed unpaired t
test. Scale bar: 20 pA/ 0.5 s. i Example spontaneous firing traces (left) and quantification of firing rates (right) showing that CPCCOEt attenuates
SNpc DA neuron hyperactivity in the FXS mouse. WT-control (n =41 cells/8 mice), Fmr1 KO-control (n = 59 cells/10 mice), WT-CPCCOEt (n = 14
cells/5 mice), and Fmr1 KO-CPCCOEt (n =21 cells/5 mice). Two-way ANOVA followed by Fisher’s test. Genotype x Drug p =0.026. p = 6.571
x10™* for WT-control vs Fmr1 KO-control, p = 0.047 for Fmr1 KO-control vs Fmr1 KO-CPCCOEt. Scale bar: 20 pA/1s. | Example traces (left) and
plots of APs number (right) showing that inhibiting mGIuR1 reduces SNpc DA neuron hyperexcitability in the FXS mouse. RM two-way ANOVA
followed by Tukey'’s test. CPCCOEt effect in WT: WT-control (n = 27 cells/7 mice) and WT-CPCCOEt (n = 9 cells/5 mice). Drug P = 0.635, Current
p=1.331x10""", Drug X Current p = 0.304. CPCCOEt effect in Fmr1 KO: Fmr1 KO-control (n = 39 cells/10 mice) and Fmr1 KO-CPCCOEt (n = 10
cells/5 mice). Drug p = 0.002, Current p = 7.039 x107"7, Drug X Current p = 0.0277. p = 0.045 at 50 pA, p = 0.001 at 100 pA, p = 1.063 x10™ at

150 pA, p=2.230 x107° at 200 pA, p = 8.657 x107° at 250 pA. Scale bar: 25 mV/0.5s. All data are presented as mean + SEM.
<

analyzed E/I ratio in nigral DA neurons by recording from the same
neuron either spontaneous excitatory- (SEPSC, Vy=-70 mV) or
inhibitory synaptic currents (sIPSC, V= +10mV). We found no
differences in frequency and amplitude of sEPSCs and sIPSCs
(supplementary Fig. S2), indicating normal E/I balance of fast
synaptic transmission in the FXS model. These findings exclude
that changes in glutamate or GABA release are major determi-
nants of nigral DA neuron hyperactivity in the FXS mouse.

Group | metabotropic glutamate receptors (mGIuRl) — mGluR1
and mGIuR5 — control essential brain functions, influencing
neuronal activity, neurotransmission, and synaptic plasticity in several
brain areas [35, 36]. While abnormal mGIuR5 function is a recognized
signature of FXS, the contribution of mGIuR1 to FXS etiology is
overlooked. As mGIuR1 activation depolarizes SNpc DA neurons and
enhances pacemaker and bursting firing [27, 37-39], we investigated
whether mGIuR1 hyperfunction is the functional substrate for nigral
DA neuron hyperactivity in the FXS model. To test this, we first
measured the depolarizing currents induced by the mGIuR1/5
agonist DHPG (10 uM) (Ipnpg), revealing that Ipypg is potentiated in
the nigral DA neurons of the FXS mouse (Fig. 1h). Ipupg analyses in
the presence of selective antagonists demonstrated that Ipypg
enhancement relies exclusively on mGIuR1; a pretreatment with the
mGIuR1 antagonist CPCCOEt (100 pM), but not with the mGIuR5
antagonist MPEP (10 uM), occluded Ipnpg differences between
genotypes (Fig. 1h). Next, we evaluated if an abnormal mGIuR1
function drives hyperactivity and hyperexcitability of nigral DA
neurons in the FXS model. Blunting mGIuR1 activity normalized
spontaneous firing frequency (Fig. 1i) and excitability (Fig. 11) of SNpc
DA neurons in the FXS mouse. These findings reveal an
unrecognized contribution of mGIURT to the neurobiological
mechanisms of FXS, showing that mGIuR1 hyperfunction triggers
early hyperactivation of the nigrostriatal DA circuit.

Molecular determinants of mGIuR1 hyperfunction

To assess whether mGIuR1 hyperfunction in nigral DA neurons of
the FXS mouse is associated with increased expression of mGIuR1,
we analyzed mGluR1 levels using the Western blot technique in
homogenates of SNpc microdissected from 25-day-old adolescent
mice (Fig. 2a). We found higher levels of nigral mGIuR1 in the FXS
mouse (Fig. 2b). Interestingly, such mGIuR1 up-regulation appears
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confined to SNpc, since mGIuR1 levels are unchanged in the
adjacent DA nucleus, the ventral tegmental area (VTA) (supple-
mentary Fig. S3).

What molecular event promotes mGIuR1 up-regulation in the FXS
mouse? We previously reported that the expression of mGIuR1 in
nigral DA neurons of wild-type rodents is regulated by ErbB tyrosine
kinases, activated by the neurotrophic and differentiation factors
neuregulins (NRGs) [27]. The NRGs family — including different types
(NRG1-NRG®6) and several splicing-derived isoforms — acts on homo-
or heterodimeric receptors, composed of ErbB2, ErbB3, and ErbB4
subtypes [35]. ErbB4-ErbB4 and ErbB2-ErbB4 mediate NRGs/ErbB-
induced effects on mGIuR1 expression and function in SNpc DA
neurons [27, 40]. Dysregulation of the NRGs/ErbB axis has been firstly
associated with schizophrenia, based on studies identifying Nrg7 and
ErbB4 as risk genes and evidence linking NRGs/ErbB alterations with
schizophrenic symptoms [41-44]. Recently, Nrg? polymorphisms
have also been reported in ASD [45, 46]; however, clinical evidence
on NRG1 expression in the blood of patients with idiopathic ASD
reported controversial data (describing increased [47, 48] or reduced
levels [49]), thus the factual role of NRGs/ErbB signaling in ASD
remains still elusive. Remarkably, NRGs/ErbB dysregulation has never
been proposed in FXS.

Based on our previous evidence that ErbB stimulation promotes
mGIuR1 synthesis (Fig. 2c) and considering that ErbB4 and ErbB2
are listed as putative FMRP targets [50-53], we predicted that
FMRP deficiency triggers ErbB4 and ErbB2 up-regulation in nigral
DA neurons and, subsequently, abnormal ErbB signaling promotes
mGIuR1 overproduction and neuronal hyperactivity. To test this
hypothesis, we first checked the expression of nigral ErbB4 and
ErbB2, revealing a robust increase in ErbB4 levels (Fig. 2d) and a
trend toward up-regulation of ErbB2 in the FXS model (Fig. 2e).
Differently, NRG1 — the prototypical ErbB ligand — either in a
full-length membrane-anchored form or as a cleaved soluble
domain appeared normally expressed in the FXS mouse (Fig. 2f).
Next, to demonstrate that up-regulations of mGIuR1 and ErbB4/
ErbB2 occur within nigral DA neurons, we quantified by
immunofluorescence their optical densities in SNpc tyrosine
hydroxylase positive (TH +) neurons. The results show increased
expression of mGIuR1 (Fig. 2g), ErbB4 (Fig. 2h), and ErbB2 (Fig. 2i)
within nigral DA neurons in the FXS mouse.
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ErbB inhibition rescues nigral DA neuron dysfunctions in the

FXS mouse

Next, we aimed to demonstrate that abnormal ErbB signaling
drives mGluR1-dependent hyperactivity of SNpc DA neurons in
the FXS mouse. Previously, we reported that tonic ErbB signaling
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shapes mGluR1 function in nigral DA neurons, by fine-tuning its

membrane expression. The ErbB4 and ErbB2 inhibitor PD158780

hampers mGIuR1 function by promoting receptor internalization
[27, 35, 40] (Fig. 3a). Here, we tested whether ErbB inhibition can
attenuate mGIuR1 hyperfunction and rescue hyperactivity and
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Fig. 2 Up-regulation of mGluR1, ErbB4, and ErbB2 in SNpc DA neurons of the FXS mouse. a Experimental pipeline for western blots and
immunofluorescence experiments. b Left, cropped representative western blots showing mGIuR1 protein levels in total SNpc from WT (n =7)
and Fmr1 KO mice (n = 10). The molecular weight of each protein is indicated in kDa. Right, quantification of the western blots showing the
signal intensity normalized over the WT (%) (p=0.018, Mann-Whitney test). ¢ Cartoon depicting ErbB-dependent regulation of
mGluR1 synthesis and membrane trafficking in SNpc DA neurons [27]. d Left, cropped representative western blots showing ErbB4 protein
levels in total SNpc from WT (n=9) and Fmri KO mice (n=10). Right, quantification of the western blots normalized over the WT (%).
(p = 0.035, Mann-Whitney test). e Left, cropped representative western blots showing ErbB2 protein levels in total SNpc from WT (n = 10) and
Fmr1 KO mice (n = 10). Right, quantification of the western blots normalized over the WT (%). (p = 0.089. Mann-Whitney test). f Left, cropped
representative western blots showing NRG1 full-length and soluble forms protein levels in total SNpc from WT (n=9) and Fmr1 KO mice
(n = 10). Right, quantification of the western blots normalized over the WT (%). (NRG1 full-length: p = 0.983; NRG1 soluble form: p = 0.887.
Mann-Whitney test). b, d—-f Data are presented as mean + SEM. Protein levels were normalized to the average of Coomassie staining, vinculin
and p-actin. g Left, double-labeled confocal images of mGIuR1 (red) and tyrosine hydroxylase (TH) (green) in SNpc DA neurons captured at
lower (up) and higher (bottom) magnification. Right, plot of mGIuR1 integrated density (as % of WT) in nigral DA neurons of WT (n = 197 cells/
3 mice) and Fmr1 KO mice (n =195 cells/3 mice). p = 0.037, Mann-Whitney test. h Left, double-labeled confocal images of ErbB4 (red) and TH
(green). Right, quantlﬁcatlon of ErbB4 integrated den5|ty (as % of WT) in SNpc DA neurons of WT (n = 257 cells/3 mice) and Fmr1 KO (n =392
cells/3 mice). p = 8.71 x 107°°, Mann-Whitney test. i Left, double-labeled confocal images of ErbB2 (red) and TH (green) in SNpc DA neurons.
Right, plot of ErbB2 |ntegrated density (as % of WT) in nigral DA neurons from Fmr1 KO (n = 200 cells/3 mice) and WT mice (n = 179 cells/3
mice). p = 1.859 x10~7, Mann-Whitney test. g-i Data are presented as mean + SEM. Scale bar is 20 ym at lower magnification (up) and 10 ym at
higher magnification (down)
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Fig.3 ErbB inhibition offsets mGluR1-dependent hyperactivity of SNpc DA neurons in the FXS mouse. a Cartoon depicting ErbB inhibition
induces mGIluR1 endocytosis in SNpc DA neurons [27]. b Example Ipppg traces in SNpc DA neurons in control and during treatment with
PD158780 (10 uM). Scale bar: 20 pA/0.5 s. ¢ Plot of Ipppg amplitudes showing that ErbB inhibition reduces mGIuR1 function in both genotypes.
WT-control (n=12 cells/3 mice), Fmr1 KO-control (n=12 cells/4 mice), WT-PD158780 (n —4 cells/3 mice), and Fmr1 KO-PD158780 (n=5
cells/3 mice). Kruskall-Wallis ANOVA followed by Mann—Whltney test. ANOVA p =6.760 x 107>, p = 0.020 for WT-control vs Fmr1 KO-control;
p=0.0011 for WT-control vs WT-PD158780; p = 3.232x 107 for Fmr1 KO-control vs Fmr1 KO-PD158780. d Example firing traces (left) and
quantification of firing frequency (right). WT-control (n = 41 cells/8 mice), Fmr1 KO-control (n = 59 cells/10 mice), WT-PD158780 (n = 11 cells/6
mice), and Fmr1 KO-PD158780 (n = 13 cells/6 mice). Two-way ANOVA followed by Tukey’s test. Genotype x Drug p = 0.0348; p = 0.002 for WT
vs Fmr1 KO, p=0.015 Fmr1 KO vs Fmr1 KO in PD158780. Scale bar: 20 pA/1s. e Example traces (left) and plots (right) of evoked APs, showing
that ErbB inhibition normalizes SNpc DA neuron hyperexcitability in the FXS mouse. PD158780 effect in WT: WT-control (n = 27 cells/7 mice)
and WT-PD15870 (n = 14 cells/5 mice). RM two-way ANOVA followed by Tukey’s test. Drug p = 0.618, Current p = 7.413 x 10728, Drug X Current
p =0.032. p =0.0341 at 250 pA. PD158780 effect in Fmr1 KO: Fmr1 KO-control (n = 39 cells/10 mice) and Fmr1 KO- PD158780 (n =15 cells/6
mice). Drug P= 0.006, Current p=1 271 x10%%, Drug x Current p=1514x10"% p=0.03 at 100 pA, p=1735x10" at 150 pA,
p=1.089x 107 at 200 pA, p =6.825x 107> at 250 pA. Scale bar: 25 mV/0.5 s. All data are presented as mean + SEM.

hyperexcitability of nigral DA neurons in the FXS mouse. We found
that PD158780 (10 uM) reduced lppg (Fig. 3b, ¢) and normalized
spontaneous firing rate (Fig. 3d) and hyperexcitability (Fig. 3e) of
nigral DA neurons of Fmr1 KO mice. Collectively, these data
support a causal link between amplified ErbB signaling, mGIluR1
hyperfunction, and SNpc DA neuron hyperactivity. Furthermore,
the identification of ErbB4/ErbB2 and mGIuR1 dysfunction in the
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FXS model provides novel insights into the molecular mechanisms
that go awry in FXS.

Inhibition of nigral ErbB in vivo normalizes SNpc DA neuron
activity and repetitive behaviors in the FXS mouse

ASD-like behavioral alterations, including repetitive compulsive
behaviors, have been consistently reported in adult Fmr1 KO mice,
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Fig. 4 Early appearance of abnormal repetitive behaviors in adolescent 30-day-old Fmr1 KO mice. a Timeline of behavioral experiments.
b Setting for analyses of spontaneous repetitive behaviors and quantifications of time spent in self-grooming (c) or digging (d), and jumping
number (e) by Fmr1 KO (n=9) and WT (n =9) mice. Adolescent Fmr1 KO mice exhibit a selective exacerbation of self-grooming (p = 0.038,
Mann-Whitney test). Digging time: p = 0.302, two-tailed unpaired t test. Jumping (n): p =0.612, Mann-Whitney test). f Left, Schematic of
marble burying test and example images of tasks executed by WT and Fmr1 KO mice; Right, Quantification of marbles buried showing
increased compulsive burying in the FXS mouse (n =9 mice for group, p =0.058, two-tailed unpaired t test). All data are presented as

mean + SEM.

with minor variances based on genetic background [54-60].
Differently, adolescent Fmr1 KO mice have been rarely examined,
therefore there is still an inadequate understanding of early
behavioral alterations, which better reflect pediatric symptoms of
FXS. To advance this knowledge, we evaluated whether adoles-
cent 30-day-old Fmr1 KO mice displayed abnormal repetitive
behaviors (Fig. 4a, b). We observed a selective exacerbation of self-
grooming (Fig. 4c), and normal digging (Fig. 4d) and jumping
behavior (Fig. 4e) in the FXS mouse. Furthermore, in the marble
burying test (also estimating repetitive behaviors) adolescent Fmr1
KO mice reached higher scores than WT (Fig. 4f). These findings
demonstrate early appearance of abnormal repetitive behaviors in
the FXS model.

Then, we predicted that abnormal ErbB signaling, by shaping
nigral DA neurons activity, would drive compulsive repetitive
behaviors in the FXS model. Consistent with this, in vivo inhibition
of nigral ErbB signaling should simultaneously rescue nigral DA
neuron hyperactivity and repetitive behaviors in the FXS mouse.
To assess this hypothesis we first evaluated the effects of in vivo
nigral ErbB inhibition on SNpc DA neuron dysfunctions. Fmr1 KO
and WT mice were subjected to cannulation to perform bilateral
intra-SNpc injections of PD158780 (10 uM, 0.6 pL) or its vehicle
(Veh,0.1% DMSO), followed by patch clamp recordings of nigral
DA neurons in midbrain slices of the injected mice (Fig. 5a). We
found that nigral ErbB inhibition lowers Ipypg (Fig. 5b) and corrects
spontaneous firing hyperactivity (Fig. 5c¢) and hyperexcitability
(Fig. 5d) of SNpc DA neurons of the FXS mouse. Thus, in vivo intra-
SNpc ErbB inhibition, by offsetting mGIuR1 hyperfunction,
normalizes the activity of nigral DA neurons in the FXS model.

To estimate the duration of rescue effects induced by nigral
ErbB inhibition, we examined the reemergence of SNpc DA
neuron dysfunctions in the FXS mouse after intra-SNpc injection of
PD158780 (Fig. 5e). SNpc DA neuron dysfunctions are completely
neutralized for at least 4.5 h after intra-SNpc injection of the ErbB
inhibitor; after that, at 4.5-6 h after injection, there is partial regain
of lpypg (Fig. 5f) and a trend toward nigral DA neuron hyperactivity
(Fig. 59) and hyperexcitability (Fig. 5h).

To evaluate the effects of the inhibition of nigral ErbB on
repetitive behaviors, we examined self-grooming and marble
burying behavior in mice subjected to bilateral infusion of the
ErbB inhibitor or its vehicle in the SNpc (Fig. 5i). We found that
nigral ErbB inhibition rescues exacerbated self-grooming (Fig. 5I)
and improves marbles burying behavior of Fmr1 KO mice (Fig. 5m).
General locomotor activity of Fmr1 KO mice in an open field was
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not affected (supplementary Fig. S4). This evidence indicates
specific reduction of repetitive behaviors of the FXS mouse.
Collectively, our findings demonstrate that ErbB inhibition in the
SNpc concomitantly rescues dysfunctions of nigral DA neurons
and aberrant repetitive behaviors in the FXS model.

Systemic ErbB inhibition corrects SNpc DA neuron
dysfunctions and repetitive behaviors of the FXS mouse

To understand if ErbB targeting is a feasible approach for FXS
treatment, we examined whether the systemic administration of
the ErbB inhibitor is equally effective as intra-SNpc ErbB inhibition
in rescuing SNpc DA neuron hyperactivity and repetitive behaviors
of the FXS model. Adolescent Fmr1 KO and WT mice were injected
intraperitoneally with PD158780 (10 mg/Kg) or its vehicle (30%
DMSO in 0.9% NaCl) and then were subjected to procedures for
electrophysiological or behavioral studies (Fig. 6a). First, we
performed patch clamp recordings of SNpc DA neurons in
midbrain slices from vehicle- or PD158780-treated mice and found
that systemic ErbB inhibition mimics the effects of nigral ErbB
inhibition, rescuing SNpc DA neuron dysfunctions in the FXS
model. Precisely, PD158780-treated Fmr1 KO mice showed reduced
Iphps (Fig. 6b) and normal spontaneous firing frequency (Fig. 6¢)
and excitability (Fig. 6d), demonstrating the efficacy of systemic
ErbB inhibition in compensating for nigral DA neuron hyperactivity.

In parallel, we analyzed the effects of systemic inhibition of ErbB
signaling on abnormal repetitive behaviors of the FXS mouse
(Fig. 6e). We found that systemic administration of the ErbB
inhibitor rectifies compulsive self-grooming (Fig. 6f) and marble
burying behavior of adolescent Fmr1 KO mice (Fig. 6g), without
affecting their general locomotor activity (supplementary Fig. S5).
Thus, systemic ErbB inhibition recapitulates rescue effects reliant
on inhibition of ErbB in the SNpc. Altogether, these findings
demonstrate that systemic administration of the ErbB inhibitor
restores normal SNpc DA neuron activity and regular behaviors in
the FXS model.

In conclusion, the present manuscript outlines a previously
unrealized mechanism contributing to FXS (Fig. 6h). In the FXS
model, loss of FMRP in nigral DA neurons drives up-regulation of
ErbB4 and ErbB2, subsequently promoting mGIuR1 overproduc-
tion; in turn, exacerbated ErbB/mGIuR1 function enhances firing
activity of SNpc DA neurons, fostering the emergence of repetitive
behaviors. Consistently, ErbB inhibition in the FXS mouse, by
mitigating abnormal mGIuR1 tone, neutralizes nigral DA neuron
hyperactivity and repetitive behaviors. Collectively, our evidence

SPRINGER NATURE
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demonstrates that SNpc DA neuron hyperactivity is an early DISCUSSION

signature of FXS, nigral ErbB4/ErbB2 and mGIuR1 play a relevant
role in the etiology of FXS, and targeting ErbB represents a
valuable pharmacological approach to treat core symptoms of
ASD and FXS.

SPRINGER NATURE

Beyond cognitive disability, FXS is characterized by a complex
symptomatology, including epilepsy, auditory hypersensitivity,
locomotor hyperactivity, anxiety, social avoidance, and repetitive
stereotyped behaviors, with a high incidence of autism, diagnosed
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Fig. 5 Inhibition of nigral ErbB in vivo normalizes SNpc DA neuron function and reduces abnormal repetitive behaviors in the
FXS mouse. a Experimental design to evaluate the effects of nigral ErbB inhibition on SNpc DA neuron dysfunctions in the FXS model.
Adolescent mice were subjected to intra-SNpc injections of PD158780 (10 uM) or its vehicle (0.1% DMSO in aCSF) before ex vivo
electrophysiology. b Example Ipnpg traces (left) and plot of Ipypg amplitude (right) showing local ErbB inhibition reduces Ipppg in both
genotypes. WT-Vehicle (n =9 cells/3 mice), WT-PD158780 (n =9 cells/3 mice), Fmr1 KO-Vehicle (n =9 cells/3 mice), and Fmr1 KO-PD158780
(n = 6 cells/3 mice). Kruskall-Wallis ANOVA followed by Mann-Whitney test. p = 1.234 x10™* for ANOVA; p = 2.879 x10™* for WT-Vehicle vs Fmr1
KO-Vehicle, p = 0.003 for WT-Vehicle vs WT-PD158780, p = 0.003 for Fmr1 KO-Vehicle vs Fmr1 KO-PD158780. Scale bar: 50 pA/1 min. ¢ Example
firing traces (left) and plot of firing frequency (right) proving that nigral ErbB inhibition decreases SNpc DA neuron hyperactivity of the FXS
mouse. WT-Vehicle (n =15 cells/3 mice), WT-PD158780 (n = 12 cells/3 mice), Fmr1 KO-Vehicle (n =20 cells/3 mice), and Fmr1 KO-PD158780
(n=11 cells/3 mice). Two-way ANOVA followed by Fisher’s test. ANOVA: Genotype p = 0.059, Drug p = 0.179, Genotype X Drug p = 0.048.
p =0.002 for WT-Vehicle vs Fmr1 KO-Vehicle, p=0.018 for WT-PD158780 vs Fmr1 KO-Vehicle, p =0.018 for Fmr1 KO-Vehicle vs Fmr1 KO-
PD158780. Scale bar: 20pA/0.5s. d Representative evoked APs traces (left) and APs number (right) showing ErbB inhibition offsets
hyperexcitability of SNpc DA neurons in the FXS model. WT-Vehicle (n = 19 cells/3 mice) and WT-PD158780 (n = 19 cells/3 mice), RM two-way
ANOVA. Drug X Current p = 0.440. Fmr1 KO-Vehicle (n =22 cells/3 mice) and Fmr1 KO-PD158780 (n = 18 cells/3 mice), RM two-way ANOVA
followed by Tukey’s test. ANOVA: Drug p = 0.073, Drug X Current p = 0.015. p = 0.018 at 200 pA, p = 5.41 x10™* at 250 pA. Scale bar: 20 mV/
0.5 s. e Timeline of experiments to analyze the kinetics of ErbB inhibition-induced effects in the FXS mouse. f Example Ipypg traces (left) and
plot of Ipypg amplitude (right) showing initial rescues of mGIuR1 function at 4.5-6 h after intra-SNpc PD158780 injection. Ipypg <4.5h (n=6
cells/3 mice) and Ippps at 4.5-6 h (n =5 cells/3 mice); p = 0.007, two-tailed unpaired t test. Scale bar: 50 pA/1 min. g Representative firing
traces (left) and plot of firing frequency (right) of SNpc DA neurons recorded at <4.5 h (n =11 cells/3 mice) or 4.5-6 h (n =5 cells/3 mice) after
nigral ErbB inhibition. A trend toward hyperactivity is overt at 4.5-6 h after PD158780 injection. p = 0.054, two-tailed unpaired t test. Scale bar:
20 pA/0.5 s. h Evoked APs traces (left) and APs number (right) showing a trend, still not significant, toward neuronal hyperexcitability in the
FXS mouse at 4.5-6 h after PD158780 injection. Post-injection time: <4.5 h (n =18 cells/3 mice) and 4.5-6 h (n =5 cells/3 mice). RM two-way
ANOVA. Time p =0.202, Time X Current p = 0.865. Scale bar: 20 pA/0.5s. All data are presented as mean + SEM. i Experimental design to
evaluate the effects of ErbB inhibition in the SNpc on repetitive behaviors of adolescent mice. | Plot of time spent in self-grooming showing
that nigral ErbB inhibition rescues this repetitive behavior in the FXS mouse. WT-Vehicle (n = 14), WT-PD158780 (n = 10), Fmr1 KO-Vehicle
(n=12), and Fmr1 KO-PD158780 (n = 10). Two-way ANOVA followed by Fisher’s test. ANOVA: Drug p =0.041, Genotype X Drug p =0.026.
p = 0.040 for WT-Vehicle vs Fmr1 KO-Vehicle; p = 0.003 for Fmr1 KO-Vehicle vs Fmr1 KO-PD158780. m Number of marbles buried indicating that
nigral ErbB inhibition attenuates marble burying in the FXS model. WT-Vehicle (n = 14), WT-PD158780 (n = 10), Fmr1 KO-Vehicle (n = 12), and
Fmr1 KO-PD158780 (n = 10). Two-way ANOVA followed by Fisher’s test. ANOVA: Genotype X Drug p = 0.033. p = 0.008 for WT-vehicle vs Fmr1

KO-vehicle, p =0.147 for Fmr1 KO-vehicle vs Fmr1 KO-PD158780.
<

in approximately 50% of males and 20% of females with FXS
[2, 61, 62]. Multifaceted symptomatology advises the contribution
of multiple brain areas; indeed, functional alterations have been
described in the hippocampus, cortex, thalamus, cerebellum,
amygdala, and striatum of FXS models and patients [3, 34, 62].
Although the SNpc DA nucleus is a central hub for movement
control and the creation of habits and sequential behaviors, and
could be expected that its dysfunction triggers compulsive and
stereotyped behaviors [14, 15], research aimed at identifying
dysfunctions of nigral DA neurons in ASD and FSX models has
been neglected so far. Here, we provide the first direct evidence of
early dysregulation of the SNpc DA nucleus in FXS, revealing
various functional changes that occur in nigral DA neurons of the
FXS mouse in adolescence since the third postnatal week.
Precisely, SNpc DA neurons in the FXS mouse display increased
spontaneous firing rate and hyperexcitability, in addition to
alterations in passive membrane properties, namely increased
Cpn Since C,,, depends on membrane size and composition, higher
C., may reflect hypertrophic changes in the soma or dendritic
arbor and/or altered lipidic double-bilayer composition or thick-
ness. Notably, increased density of TH+ fibers in the striatum of 3-
month-old Fmri KO has been recently described, suggesting
hypertrophic changes in nigral DA neurons in adulthood [20].
Neuronal hyperexcitability is a recurrent signature in FXS,
associated with abnormal circuit connectivity in different brain
areas, including the somatosensory and entorhinal cortex, auditory
brainstem, and hippocampus [34]. Diverse and apparently area-
specific underlying mechanisms have been identified, including E/I
imbalance (i.e,, increased glutamatergic or reduced GABAergic
transmission), or dysfunctions in different types of K* and Na*t
channels, such as voltage-dependent Kv3.1 or Ca®™-activated K+
channels (SK and BK) or Na* channels (Slack, and those carrying
persistent or transient Nat currents, Iy.p and Ina1) [34, 63-69]. lon
channels alterations can directly arise from increased translation or
loss of physical FMRP-channels interaction; otherwise, they can be
secondary to abnormal expression/activity of upstream regulators,
as reported for mGIuR5 [66, 70]. The present manuscript advances
the understanding of FXS substrates by revealing that mGIuR1
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hyperfunction drives nigral DA neuron hyperactivity and hyper-
excitability in the FXS model. In addition to directly evidencing
higher mGluR1-induced currents (Ipypg in MPEP), we show that
mGIuR1 inhibition normalizes the spontaneous firing rate and
excitability of SNpc DA neurons in the FXS mouse.

Knowledge about mGluR1 role in FXS etiology is rather limited:
some evidence indicates that systemic mGIluR1 inhibition amelio-
rates behavioral phenotypes such as audiogenic seizures, hyper-
locomotion, and marble burying in adult Fmr1 KO mice [71, 72],
but precise information on brain areas, cellular loci, and specific
mGluR1-dependent mechanism contributing to FXS is lacking.
Contrariwise, mGIuR5 has been in the spotlight of intense
investigations in the FXS field since decades: exacerbated mGIuR5
function is considered an FXS hallmark and motivated the “mGIuR
theory of FXS” [73], which assumes that mGIuR5 hyperfunction
determines synaptic, behavioral, and cognitive FXS alterations.
However, while mGIuR5 inhibition attenuates some FXS pheno-
types in preclinical models [74-76], mGluR5-based therapeutics
returned with limited efficacy in human clinical trials [77],
exposing the need to identify additional targets or collateral
mechanisms beyond mGIuR5 hyperfunction. Our data support the
implication of mGIuR1 in FXS etiology, proving its key role in
influencing nigrostriatal DA circuit. Interestingly, a recent study
attested Grm1 association (encoding for mGIuR1) with schizo-
phrenia [78]; thus, mGIuR1 dysfunction seems to be a shared
feature of schizophrenia and FXS.

Different mechanisms could underlie mGIuR1 hyperfunction in
nigral DA neurons of the FXS model, that is, 1) increased
glutamate release, acting on the same mGIluR1 pool, 2) enhanced
mGIuR1 levels in the membrane, with or without variation in
ambient glutamate, or 3) abnormal mGIuR1 constitutive activity
(ligand-independent signaling) associated or not with changes in
its levels. Analyses of glutamatergic synaptic inputs to nigral DA
neurons exclude that increased glutamate release promotes
mGIuR1 hyperfunction and nigral DA neuron hyperactivity. In
addition, normal GABAergic synaptic inputs similarly indicate that
neuronal hyperactivity is not reliant on synaptic disinhibition.
Diversely, we found higher mGluR1 levels in total protein extracts
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from SNpc homogenates and increased mGluR1 optical density in
SNpc TH+ neurons of adolescent FXS mice, which demonstrate
mGIuR1 up-regulation within SNpc DA neurons. This figures out as
a nigral DA neuron-specific mechanism, as mGIuR1 overexpression
is not overt in the VTA of Fmr1 KO mice. Therefore, an enrichment
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of the membrane-expressed mGIuR1 pool, despite regular
glutamate release, maintains mGIuR1 hyperfunction and nigral
DA neuron hyperactivity in the FXS mouse.

We have previously reported that ErbB signaling controls
mGIuR1 expression and function within SNpc DA neurons of WT
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Fig. 6 Systemic ErbB inhibition corrects SNpc DA neuron dysfunctions and repetitive behaviors of the FXS mouse. a Experimental design
to evaluate the effects of systemic ErbB inhibition on SNpc DA neuron functions. b Example Ippypg traces (left) and quantification of Ipppg
amplitude (right) in WT-Vehicle (n =5 cells/2 mice), WT-PD158780 (n = 13 cells/3 mice), Fmr1 KO-Vehicle (n = 14 cells/3 mice), and Fmr1 KO-
PD158780 (n = 15 cells/3 mice). Kruskal-Wallis ANOVA followed by Kolmogorov-Smirnov test. ANOVA: p = 0.001. p = 0.039 for WT-Vehicle vs
WT-PD158780, p = 0.001 for WT-Vehicle vs Fmr1 KO-Vehicle, p = 8.123 x10™* for Fmr1 KO-Vehicle vs Fmr1 KO-PD158780. Scale bar: 50 pA/0.5s.
c Example spontaneous firing traces (left) and firing frequency plot (right) of WT-Vehicle (n = 13 cells/2 mice), WT-PD158780 (n = 8 cells/3
mice), Fmr1 KO-Vehicle (n = 17 cells/3 mice), and Fmr1 KO-PD158780 (n = 18 cells/3 mice). Two-way ANOVA followed by Fisher’s test. ANOVA:
Genotype p =0.038, Genotype X Drug p=0.093. p=0.005 for WT-Vehicle vs Fmr1 KO-Vehicle, p=0.045 Fmr1 KO-Vehicle vs Fmr1 KO-
PD158780. Scale bar: 10 pA/0.5s. d Evoked APs traces (left) and APs number plot (right). Effects in WT mice: WT-Vehicle (n = 12 cells/2 mice)
and WT-PD158780 (n = 23 cells/3 mice). RM two-way ANOVA. Drug p = 0.393, Drug X Current p = 0.768. Effect in Fmr1 KO mice: Fmr1 KO-
Vehicle (n =29 cells/3 mice) and Fmr1 KO-PD158780 (n =25 cells/3 mice). RM two-way ANOVA followed by Bonferroni test. ANOVA: Drug
p =176 x107*, Drug X Current p = 2.699 x10™%. p = 0.009 at 150 pA, p = 0.003 at 200 pA, p = 3.003 x10™%. Scale bar: 20 mV/0.5. e Experimental
protocol to analyze the effects of systemic ErbB inhibition on aberrant repetitive behaviors in adolescent FXS mice. f Plot of time spent in self-
grooming by WT-Vehicle (n = 10), WT-PD158780 (n = 9), Fmr1 KO-Vehicle (n = 13), and Fmr1 KO-PD158780 (n = 11). Two-way ANOVA followed
by Fisher’s test. ANOVA: Genotype X Drug p = 0.023. p = 0.012 for WT-Vehicle vs Fmr1 KO-Vehicle, p = 0.002 for Fmr1 KO-PD158780 vs Fmr1 KO-
Vehicle. g Number of marbles buried by WT-Vehicle (n = 10), WT-PD158780 (n = 9), Fmr1 KO-Vehicle (n = 13) and Fmr1 KO-PD158780 (n = 11).
Two-way ANOVA followed by Bonferroni test. ANOVA: Genotype p =0.001, Drug p = 0.002, Genotype X Drug p =0.099. p = 0.004 for WT-
Vehicle vs Fmr1 KO-Vehicle, p = 0.004 for Fmr1 KO-Vehicle vs Fmr1 KO-PD158780. h Cartoon of molecular mechanisms underlying SNpc DA
neuron hyperactivity and repetitive behaviors in the FXS model and the rescues effects induced by ErbB inhibition. Left) In the healthy brain,
ErbB4/ErbB2 signaling fine-tunes mGIuR1 expression and function in nigral DA neurons, contributing to keep firing activity at physiological
levels instrumental to normal behaviors. Middle) In the FXS model, FMRP deficiency induces ErbB4 and ErbB2 up-regulation and
consequential mGIuR1 overproduction in nigral DA neurons. This exacerbated ErbB/mGluR1 function induces neuronal hyperactivity and
hyperexcitability, leading to abnormal activation of nigrostriatal DA circuit and insurgence of repetitive behaviors. Right) ErbB inhibition in the
FXS model, by triggering mGIuR1 endocytosis, neutralizes aberrant ErbB/mGluR1-dependent effects within nigral DA neurons, restoring

normal firing activity and regular behaviors.

rodents [27, 35, 40, 79]. Precisely, NRG-activated ErbB signaling
induces de novo synthesis and trafficking of mGIuR1 to
membranes, potentiating mGluR1-dependent effects, such as
Ibnpe, but also long-term depression [27, 40]. Contrariwise, ErbB
inhibition stimulates mGIuR1 endocytosis in SNpc DA neurons,
promptly disrupting all mGIuR1 functions [27, 35, 40, 79]. In light
of this functional liaison between ErbB and mGluR1, and since
ErbB4 and ErbB2 are putative FMRP targets [50-53], we
hypothesized that ErbB4/ErbB2 up-regulation may cause abnor-
mal de novo synthesis of mGIuR1 inside nigral DA neurons.
Coherently, ErbB4 and ErbB2 levels, besides mGIuR1, are increased
in SNpc DA neurons, and with up-regulation gradients (ErbB4 and
ErbB2 > mGIuR1) supporting a hierarchic relationship. This
supports an amplification of ErbB-induced mGIuR1 synthesis [27]
in the FXS model.

NRGs/ErbB signaling is essential for correct neurodevelopment,
by affecting neuronal migration, axon guidance, glia differentia-
tion, myelination, neurite outgrowth, and synapses formation [80],
as well as for adult brain functions, by shaping synaptic
transmission and plasticity [79]. NRGs/ErbB dysregulation has
recently been advanced in ASD, based on evidence of Nrgl
polymorphisms [45, 46] and altered NRGs levels in blood from
idiopathic ASD patients [47-49]; however, clinical studies reported
divergent modifications, thus requiring further investigations.
Preclinical analyses of NRGs/ErbB pathway in ASD models is
scarce, being limited to a report showing increased NRGs levels
(NRG3 and NRG1 type Il) in microglia of BTBR mice (an idiopathic
ASD model) [47], and a study on ErbB inhibition-induced effects
on hippocampal synaptic plasticity and contextual fear memory in
a model of Angelman syndrome [81]. Due to this restricted
evidence, the factual contribution of NRGs/ErbB signaling in ASD
remains elusive. Remarkably, despite its key role in neurodevelop-
ment, NRGs/ErbB signaling has not been previously evaluated in
FXS. Thus, our evidence of up-regulation of ErbB4 and ErbB2 in
nigral DA neurons of the FXS mouse represents the first
demonstration of NRGs/ErbB dysregulation in FXS. Notably,
NRG1 expression in SNpc is regular in adolescent Fmr1 KO mice.
While ErbB4/ErbB2 up-regulation per se can sustain enhanced
ErbB signaling, despite normal amounts of ligands, we do not
exclude that other NRGs subtypes beyond NRG1 could be up-
regulated and future investigations might reveal these variations.
Regardless of the precise ligand, our data prove that ErbB4/ErbB2
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up-regulation during critical developmental stages alters nigros-
triatal DA circuit activity; counteracting nigral ErbB signaling, by
in situ injection of an ErbB4 and ErbB2 inhibitor, besides blunting
mGluR1-activated currents, normalizes spontaneous firing rate
and excitability of SNpc DA neurons. Thus, tuning down ErbB
signaling in the FXS mouse rescues nigral DA neuron functions.

We have previously reported that in vivo activation of nigral
mGIuR1 increases striatal DA release in rats, and this can be
prevented by inhibiting ErbB [27]. Based on this and previous
indications that striatal DA tone affects repetitive behaviors in
wild-type rodents, we predicted that ErbB/mGluR1-dependent
nigral DA neuron hyperactivity, by affecting striatal DA levels,
triggers repetitive behaviors in the FXS model. Soundly with this
idea, exacerbated repetitive behaviors (self-grooming and marble
burying) are overt in the FXS mouse at 30 days of age, a time-
point at which nigral DA neurons hyperactivity is well-established.
Importantly, these data describe the earliest appearance of ASD-
like repetitive behaviors in Fmr1 KO mice, previously reported in
older animals (>7 weeks) [56, 58, 60, 82].

According to our prediction, in vivo nigral ErbB inhibition
concomitantly rescues SNpc DA neuron functions (by decreasing
Iphpg and normalizing spontaneous firing rate and excitability) and
repetitive behaviors (by reducing self-grooming and marble
burying). This proves a causal role for abnormal ErbB signaling,
by activating the SNpc DA nucleus, in triggering repetitive
behaviors in the FXS mouse. Consistent with this concept that
ErbB overstimulation in early developmental stages promotes
nigral DA neuron hyperactivity, subchronic neonatal exposure to
NRG1 in wild-type mice (P2-10) increases SNpc DA neuron activity
in adulthood [83].

Importantly, systemic administration of the ErbB inhibitor in the
FXS mouse mimics the rescue effects induced by nigral ErbB
inhibition, by rectifying concurrently SNpc DA neuron dysfunc-
tions and repetitive behaviors. Thus, besides revealing a novel
mechanism - ErbB/mGluR1-dependent SNpc DA neuron hyper-
activity - instrumental to repetitive behaviors, we demonstrate
that ErbB inhibition, also via a practicable route of administration,
effectively reduces FXS symptoms.

Furthermore, we provide insights on the duration of ErbB
inhibition, as this is key information to design valid pharmacolo-
gical protocols in the perspective of a clinical application. The
kinetics of reemergence of the former dysfunctions in SNpc DA
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neurons of the FXS mouse indicates maintenance of the ErbB-
induced effects for at least 4.5 h after intranigral drug injection
and 7 h after systemic administration. Thus, a single treatment
with the ErbB inhibitor produces lasting correction of the SNpc DA
neuron dysfunctions underlying repetitive behaviors.

To date, there are no FDA-approved compounds for the
treatment of repetitive behaviors in ASD and FXS patients. Current
pharmacotherapy stands on off-label use of antipsychotics, which
despite some positive effects, display adverse effects that under-
mine their therapeutic benefit [84]. Therefore, identifying novel
therapeutic approaches to offset processes instrumental in
repetitive behaviors remains an important mission. Besides
gaining insight into the mechanisms that go awry in FXS, the
present study demonstrate that targeting ErbB is an effective
therapeutic strategy for aberrant repetitive behaviors. Beyond ASD
and FXS, repetitive compulsive behaviors are hallmarks of
different  neuropsychiatric  diseases, including obsessive-
compulsive disorder and Tourette syndrome: rodent self-
grooming is considered a translating phenotype of excoriation
(compulsive skin picking), trichotillomania (compulsive hair pull-
ing), dysmorphic disorder (obsessive cosmetic grooming) and tics,
key features of these human diseases [85, 86]. In this view, ErbB
inhibition could be beneficial for the treatment of repetitive
behaviors in different neuropsychiatric and neurodevelopmental
diseases, in addition to ASD and FXS. Importantly, the therapeutic
effectiveness also via systemic administration certifies the factual
practicality of the ErbB inhibition-based approach, laying solid
bases to propose ErbB targeting in clinical evaluations in ASD and
FXS patients.
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