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ARTICLE INFO ABSTRACT

Keywords: Huntington’s Disease (HD) is a devastating disorder characterized by a triad of motor, psychiatric and cognitive
Striatum manifestations. Psychiatric and emotional symptoms appear at early stages of the disease which are consistently
Adolescent mice described by patients and caregivers among the most disabling. Here, we show for the first time that Foxp2 is
g:tli) mics strongly associated with some psychiatric-like disturbances in the R6/1 mouse model of HD. First, 4-week-old
Impulsivity (juvenile) R6/1 mice behavioral phenotype was characterized by an increased impulsive-like behavior and
Hyperactivity less aggressive-like behavior. In this line, we identified an early striatal downregulation of Foxp2 protein starting

as soon as at postnatal day 15 that could explain such deficiencies. Interestingly, the rescue of striatal Foxp2
levels from postnatal stages completely reverted the impulsivity-phenotype and partially the social impairments
concomitant with a rescue of dendritic spine pathology. A mass spectrometry study indicated that the rescue of
spine loss was associated with an improvement of several altered proteins related with cytoskeleton dynamics.
Finally, we reproduced and mimicked the impulsivity and social deficits in wild type mice by reducing their
striatal Foxp2 expression from postnatal stages. Overall, these results imply that early postnatal reduction of
Foxp2 might contribute to the appearance of some of the early psychiatric symptoms in HD.

Social skills

1. Introduction

Huntington’s Disease (HD) is an autosomal dominant inherited
neurodegenerative disorder characterized by a triad of motor, psychi-
atric and cognitive manifestations (Walker, 2007), caused by a patho-
logical CAG repeat expansions in the human Huntingtin (HTT) gene on
chromosome 4p16.3 (Gusella et al., 1983; MacDonald, 1993). Medium-
spiny projection neurons of the caudate nucleus and putamen (striatum)
are the most vulnerable cell types suffering a progressive neuro-
degeneration, which eventually lead to death (Cepeda et al., 2007). In
the early stages, adult-onset HD patients develop personality changes
encompassing a wide range of psychiatric and emotional disturbances,
which can precede the classical motor symptoms by up to a decade or

even more (Epping et al., 2016). Accordingly, HD individuals commonly
report progressive apathy, depression, anxiety, irritability, aggression,
psychosis, mania, suicidal ideation, disinhibition, impulsivity, risk-
taking behavior, obsessive/compulsive behavior, sleep disturbances
and unawareness (Nance and Sanders, 1996; Pflanz et al., 1991).
Importantly, depression, anxiety, and irritability significantly correlate
with increased likelihood of suicidal ideation (McGarry et al., 2019),
whereas suicide has been found as the second common cause of death in
HD (Solberg et al., 2018). Paradoxically, available treatments are
uniquely oriented to alleviate motor symptoms whereas psychiatric
disease symptoms are targeted to a lesser extent (Dorsey et al., 2011),
even though when several studies have consistently reported that psy-
chiatric disturbances worsen quality of life, possibly, to a greater extent
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than motor symptoms of the disease (Ho et al., 2009). HD animal models
recapitulate faithfully the motor phenotype observed in humans (Chiu
et al.,, 2011; Renoir et al., 2011) although early and pre-symptomatic
psychiatric disturbances are poorly addressed. Concomitant with this
lack of knowledge about psychiatric disturbances their underlying mo-
lecular mechanisms also remain to be determined.

Dysfunction in the human forkhead box protein P2 (Foxp2) gene
could be one of those mechanisms. Foxp2 is a member of the forkhead
box family of transcription factors and it has been identified as a relevant
genetic risk factor for schizophrenia and other psychiatric features
(Sanjuan et al., 2006; Soler Artigas et al., 2020; Tolosa et al., 2010).
Accordingly, the Foxp2 gene has largely been considered as a potential
susceptibility locus in neuropsychiatric disorders (Khanzada et al.,
2017). Interestingly, some of these psychiatric features related with
FOXP2 common variations resemble to those psychiatric symptoms
observed in HD patients, suggesting that changes in Foxp2 levels or
function could underlie the psychiatric symptoms in HD. In this line,
reduced expression of the Foxp2 protein has been found in late stages of
mouse models of HD (Hachigian et al., 2017). However, the role of
Foxp2 in the regulation of the early psychiatric symptoms provoked by
the mutant huntingtin has not been characterized.

In this work we have analyzed the early dysregulation of Foxp2 from
postnatal days in different brain areas, which could be linked to early
behavioral and molecular changes in the early stages of R6/1 mouse
model. Interestingly, a battery of behavioral tests revealed an early
phenotype in 4-week-old (juvenile) R6/1 mice, showing increased
impulsive-like behavior and less aggressive-like behavior. Surprisingly,
4-week-old R6/1 compared to age-matched wild type (WT) mice already
showed clear structural and functional alterations, such as decreased
dendritic spine density and dysregulation of striatal protein expression.
As a proof-of-concept, the rescue of striatal Foxp2 levels from postnatal
ages reverted impulsivity-phenotype, improved the striatal dendritic
pathology and restored striatal protein dysregulation. Also, specific
down-regulation of Foxp2 in the striatum of 4-week-old WT mice was
sufficient to induce some of the psychiatric-like symptoms resembling to
those observed in the 4-week-old R6/1 mice. These results highlight the
potential role of Foxp2 in the regulation of very early psychiatric-like
symptoms observed in HD.

2. Materials and methods
2.1. Animals

Transgenic R6/1 mice (Mangiarini et al., 1996) expressing the N-
terminal exon-1 fragment of mHtt containing 115 CAG repeats, were
used as a murine model of HD. Heterozygous R6/1 male mice were
originally acquired from Jackson Laboratory (Bar Harbor, ME, USA) and
maintained in a B6CBA genetic background from mating transgenic
male mice (C57BL/6 J x CBA/J) with F1 females. HdhQ7 WT mice with
7 CAG repeats and HdhQ111 knock-in mice (KI), with targeted insertion
of 109 CAG repeats that extends the glutamine segment in murine
huntingtin to 111 residues, were maintained on a C57BL/6 genetic
background. Male and female HdhQ7/Q111 heterozygous mice were
intercrossed to generate age-matched HdhQ7/Q111 heterozygous and
HdhQ7/Q7 WT littermates (Brito et al., 2014). Genotypes were deter-
mined by polymerase chain reaction (PCR) from ear biopsy. Microchips
were implanted under the mice skin providing information about their
birth, location, and genotype. All mice were housed in numerical birth
order in a room kept at 19-22 °C and 40-60% humidity under a 12:12
light/dark cycle with access to water and food ad libitum. All experi-
ments were conducted exclusively with male mice to avoid estrus hor-
monal alterations. WT littermates were used as a control group.
Standard animal procedures were approved by the animal experimen-
tation Ethics Committee of the Universitat de Barcelona (274/18) and
Generalitat de Catalunya (10/20), in agreement with the Spanish
(RD53/2013) and European (2010/63/UE) regulations for the care and
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use of laboratory animals.
2.2. Open field

The apparatus consisted of a white square arena measuring 40 x 40
x 40 cm in length, width and height. A dimly light intensity of 60 1x was
detected throughout the arena. Animals were placed on the arena center
and allowed to explore freely for 15 min. Spontaneous locomotor ac-
tivity was measured. At the end of each trial, defecations were removed,
and the apparatus was wiped with water. Animals were tracked and
recorded with SMART junior software (Panlab, Spain).

2.3. Elevated plus maze

Briefly, the plus maze was made of plastic and consisted of two
opposing 30 x 8 cm open arms, and two opposing 30 x 8 cm arms
enclosed by 15 cm-high walls. The maze was raised 50 cm above the
floor and lit by dim light. Each mouse was placed in the central square of
the maze, facing an open arm and its behavior was scored for 5 min. At
the end of each trial any defecation was removed, and the apparatus was
wiped with water. We recorded the time spent in the open arms, which
normally correlates with low levels of anxiety. Animals were tracked
and recorded with SMART junior software (Panlab, Spain).

2.4. Cliff avoidance test

Jumping behavior was performed as previously described(Matsuoka
et al.,, 2005). A round platform (an inverted glass container with a
diameter of 13 cm and a height of 20 cm) was in a bench of the room.
Mice were placed on the platform and allowed to remain for 15 min. The
latency to jump out of the platform was registered and was inferred as a
measure of impulsivity.

2.5. Resident-Intruder test

An adapted resident-intruder paradigm was carried out based on
previous protocol(Haring et al., 2015). After 4 days of single housing
resident-intruder test was performed on the day test. Single housed
residents were exposed for 10 min to an unfamiliar similar aged intruder
(socially housed). Active social behavior as facial and genital sniffing,
and active aggressive behavior as physical struggling were manually
registered. Animal tracking were recorded via a CCD camera above the
arena. Animals were tracked and recorded with SMART junior software
(Panlab, Spain).

2.6. Forced swimming test

The forced swimming test was used to evaluate behavioral despair.
Animals were subjected to a 6 min trial during which they are forced to
swim in an acrylic glass (35 cm height x 20 cm diameters) filled with
water, and from which they cannot escape. The time that the test animal
spent in the cylinder without making any movements except those
required to keep its head above water was measured.

2.7. Viral constructs and stereotaxic injection

For the specific overexpression of Foxp2 in the mice striatum, pups at
postnatal day PO-P2 were subjected to bilateral intrastriatal injections.
Adeno-associated virus (AAV) expressing Foxp2 under CamKIla pro-
moter (AAV9-CamKIla-eGFP-2A-mFoxp2-WPRE, (Vector Biolabs,
Pennsylvania, USA) was injected in R6/1 mice (R6/1-Foxp2) and WT
mice (WT-Foxp2) and AAV carrying GFP (rAAV5-CamKIIa-eGFP-2A-
WPRE, UNC Vector Cre, North Carolina, USA) used as a control was
injected in both R6/1 mice (R6/1-GFP) and WT mice (WT-GFP). For the
mimicking experiments, wild-type mice at the same age and conditions
were used and injected with AAV8-mCherry-U6-Scramble (#1781,
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Vector Biolabs) or AAV8-mCherry-U6-mFOXP2-shRNA (#shAAV-
259,597, Vector Biosystems). At postnatal day (PO-P2) R6/1 male mice
and WT littermates were subjected to stereotaxic surgery through
hypothermia-induced anesthesia. Pups were wrapped in Kleenex tissue
and immersed in crushed ice up to the neck for 3 min. Hypothermia-
induced anesthetized pups were fixed in the stereotaxic apparatus,
their heads were cleaned with ethanol 70%. Skin head and skull were
gently penetrated by a sterile needle to performed one incision in each
brain hemisphere. 300 nl of viral vectors were injected in each incision
to bilaterally target the striatum. The following coordinates relative to
Lambda (anteroposterior and lateral) and from skull (dorsoventral) were
used: AP: +2.4 mm; L: +1 mm and DV: —1.9 mm. Viral vectors were
injected with a 5 pl Hamilton syringe at an infusion rate of 100 nl/min.
The needle was left in place for 2 min to ensure complete diffusion of the
AAVs. After surgery, pups were warm up for 30 min inside a plastic box
filled with breeding and heated underneath by an electric blanket. After
fully recovery, pups were returned to their home cage. All mice sub-
jected to surgery that survived and showed no ethical and healthy
problems (such as head inclination or > 15% of body weight loss) were
also evaluated for behavioral characterization. Once the behavioral
characterization was done, half of the brain was used to verify the site of
injection by immunofluorescence (see “tissue preparation and immu-
nofluorescence” section).

2.8. Tissue preparation and immunofluorescence

Mice were euthanized by cervical dislocation. Brains were removed
and fixed for 72 h with paraformaldehyde 4% (PFA), and then kept in
PBS with 0.02% Sodium Azide at 4 °C until use. Coronal sections (40 pm)
of the brain were obtained using a vibratome (Leica VT 1000S) and kept
in cryoprotectant anti-freeze solution at —20 °C until use. Free-floating
brain sections were rinsed twice in PBS for min and incubated 2 times for
15 min each with 50 mM NH4CI to reduce aldehyde-induced tissue
autofluorescence. Sections were permeabilized twice for 10 min each
with PBS containing 0.5% Triton X-100. Thereafter sections were
blocked with PBS containing 0.3% Triton X-100, 0.2% sodium Azide and
5% normal donkey serum/goat serum (Pierce Biotechnology, Rockford,
IL) for 2 h at room temperature. Then, sections were incubated over-
night at 4 °C in the presence of primary antibodies in PBS-T: rabbit
Foxp2 antibody (1:100, Abcam #ab16046, Cambrige, UK), mouse anti-
DARPP-32 1:1000 (#611520, BD Transductions, San José, CA, USA).
Sections were then washed three times and incubated for 2 h at room
temperature with fluorescent secondary antibodies: Cy3 goat anti-rabbit
(1:200) and/or AlexaFluor 488 donkey anti-mouse (1:200; both from
Jackson ImmunoResearch, West Grove, PA, USA). No signal was
detected in control sections incubated in the absence of the primary
antibody.

2.9. Confocal imaging and analysis

Immunostained tissue sections (40-um thick) containing striatum
were imaged using a Leica Confocal SP5-II (20x or 40x numerical
aperture lens, 5x digital zoom, 1-Airy unit pinhole). At least two slices
per mouse, were analyzed, and up to two representative striatum images
were obtained from each slice. Four frames were averaged per z-step
throughout the study. Confocal z-stacks were taken at 1024 x 1024-
pixel resolution every 2 pm. Foxp2 nuclei integrated optical density was
quantified with NIH ImageJ freeware (Wayne Rasband, NIH).

2.10. Golgi Staining and dendritic spine analysis

Fresh brain hemispheres were processed following the Golgi-Cox
method as described elsewhere(Giralt et al., 2017). Mouse brain hemi-
spheres were incubated in the dark for 21 days in filtered dye solution
consisted of 1% potassium dichromate, 1% mercury chloride and 0.8%
potassium chromate. Consecutively brain tissue was washed 3 times for
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2 min each in distilled water and 30 min in 90% ethanol. Thereafter,
brain hemispheres were cut in 200 pm sections in 70% ethanol on a
vibratome (Leica VT 1000S) and washed in distilled water for 5 min. The
200 pm sections were then reduced in 16% ammonia solution for 1 h,
washed in water for 2 min and fixed in 1% sodium thiosulfate for 7 min.
After reduction and a 2 min final wash in water, sections were mounted
on super frost coverslips and dehydrated for 3 min in 50, 70, 80 and
100% ethanol, incubated twice for 5 min each in a 2:1 isopropanol/
ethanol mixture, followed by 5 min incubation in pure isopropanol and
twice incubation of 5 min each in xylol. Finally, samples were mounted
with mounting medium (DPX, Merck) and let them dry. Secondary
dendrites from striatum were photographed, with a maximum of two-
three dendrites per neuron and from at least 3 slices per animal. Z-
stacks from 0.2 pm sections were obtained in bright field at x63 reso-
lution on a Widefield AF6000 Monochroma Camera Leica Microscope.
Images were analyzed with the ImageJ software. Secondary dendritic
segments (>20 pm long) were selected and traced. The total number of
spines was obtained using the cell counter tool from ImageJ. Dendritic
spine density was obtained after dividing the number of spines by the
length of the segment (n° spines/pm). At least 60 dendrites per group
from at least four mice per genotype were counted.

2.11. Immunoblot analysis

Animals were sacrificed by cervical dislocation. The brain was
removed, and the striatum and cortex were rapidly dissected on ice and
stored at —80 °C until use. Briefly, the tissue was lysed by sonication in
ice-cold lysis buffer containing: 1% Triton X-100, 10% Glycerol, 50 mM
Tris-HCI pH 7.5, 10 mM EDTA, 150 mM NacCl, supplemented with pro-
teases and phosphatase inhibitors: 2 mM PMSF (from phenyl-
methylsulphonyl fluoride), 10 pg/ml Aprotinin,1 pg/ml Leupeptin, 2
mM Na3VO4 and 100 mM NaF and protease inhibitor cocktail (Sigma-
Aldrich, St. Louis, MO, USA). Samples were centrifuged at 16,000g
during 30 min at 4 °C. Supernatant proteins (15 pg) from total brain
regions extracts were loaded in SDS-PAGE and transferred to nitrocel-
lulose membranes (Whatman Schleicher & Schuell, Keene, NH, USA).
Membranes were blocked in TBS-T (150 mM NaCl, 50 mM Tris-HCl, pH
7.4, 0.5 ml 1! Tween 20) with 50 g 17! non-fat dry milk and 50 g 17!
BSA. Membranes were immunoblotted at 4 °C with the following pri-
mary antibodies: Rabbit Foxp2 (1:1000, Abcam #ab16046, Cambrige,
UK); mouse Ip6k2 (1:1000, Affinity Biosciences #DF8669); mouse
Arhgap4 (1:1000, Santa Cruz #sc-376,251); rabbit TorlA (1:1000,
Proteintech #10296-1-AP) and rabbit Epb4.1/3 (1:1000, LifeSpan
Biosciences #LS-C766264-60). After several washes in TBS-T, blots
were incubated with secondary anti-rabbit (1:2000, Promega, Madison,
Wi, USA). Membranes were developed using luminol reagent (Santa
Cruz Biotechnology, Santa Cruz, CA, USA) in the Chemidoc MP Imaging
System (Bio-Rad, California, USA). Gel-Pro densitometry program (Gel-
Pro 3.2 Analyzer for Windows-version) was used to quantify the in-
tensity of the different immunoreactive bands relative to the intensity of
the loading controls. For loading control a mouse monoclonal antibody
for a-tubulin was used.

2.12. Tissue processing for mass spectrometry assays

Lysates of 4-week-old mice striatum from Foxp2 overexpression
experiment were processed for mass spectrometry (MaxQuant run,
Proteomic facility, Max Planck Institute of Biochemistry, Martinsried,
Germany) as previously described(del Toro et al., 2020).

2.13. Statistical analysis

Statistical analyses were carried out using the GraphPad Prism 8.0
software. Sample sizes were chosen using a power analysis: 0.05 alpha
value, 1 estimated sigma value and 75%. No methods of randomization
were used to allocate animals to experimental groups. Two-tailed
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Student’s t-test (95% confidence), one-way ANOVA or two-way ANOVA,
with Tukey’s post hoc multiple comparison test were performed as
required. A p value <0.05 was considered significant.

3. Results
3.1. R6/1 mice at 4 weeks of age display impulsive-like behavior

We first aimed to explore in depth the earliest psychiatric-like phe-
notypes observable in the R6/1 mouse model. Thus, 4-week-old (juve-
nile) R6/1 mice and age-matched wild type (WT) controls were
subjected to a set of behavioral tests (Fig. 1a). We measured exploratory
activity in 15 min open-field test and we did not observe differences
between genotypes in time in the center of the arena, suggesting similar
levels of anxiety-like behavior in both groups (Fig. 1b). Furthermore, in
the plus maze test both genotypes, R6/1 mice and WT littermates, spent
similar percentage of the time in the open arms (Fig. 1¢), confirming no
differences in anxiety-like behavior between genotypes. We next
assessed the presence of impulsive-like behavior by performing the clift-
avoidance jumping test. Interestingly, we observed that R6/1 mice
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manifest a significant increase in impulsive-like behavior by spending
less time in the round platform than WT mice (Fig. 1d). Next, to test
potential signs of depressive-like behavior we performed a forced
swimming test, but we did not observe differences in immobility dura-
tion either, at the first 2 min (Fig. 1e) or at the last 4 min (Fig. 1f),
suggesting no presence of depressive-like behaviors in 4-week-old R6/1
mice. In summary, 4-week-old R6/1 mice display impulsive-like
symptoms.

3.2. Foxp2 protein levels are early decreased in the striatum of postnatal
R6/1 mice

It has been shown that Foxp2 is reduced in mouse models of HD
although those studies were focused in very advanced stages of the
disease (Deng et al., 2021). Interestingly, Foxp2 alterations underlie
several psychiatric-like behavioral deficits (Khanzada et al., 2017)
including impulsivity, hyperactivity, and social disturbances (Medve-
deva et al., 2019; Ribasés et al., 2012). Since we observed that juvenile
R6/1 mice display similar psychiatric-like alterations we next analyzed
Foxp2 protein levels in striatal and cortical extracts obtained from R6/1

A Fig. 1. Behavioral assessment of psychiatric-
like disturbances in the 4-week-old R6/1
mice. (a) Timeline of behavioral testing in
R6/1 mice and WT controls. (b) Time in the
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Test swimming test: immobility duration during
the first 2 min in a 6-min long session. (f)
Forced swimming test: immobility duration
B C during the last 4 min in a 6 min long session.
Open field Plus maze Data are means + SEM. R6/1 (n = 16); WT
(n = 12) for open field test, plus maze and
200 100 forced swimming pole test. R6/1 (n = 18);
® WT (n = 24) for cliff avoidance test. ** p <
Z 150 - g 80 0.01 compared to WT controls.
b <
.g S 60
8 100 8‘
P o 40—
£ £
- 50 ; 20
0 T T 0 T T
WT R6/1 WT R6/1
D Jumpi E
ping test Forced Forced
swimming test swimming test
*%
1000 0 300+ E 300
~ <
% 800 ,é. 250 z 250
g i 200- = 200-
3, 600 8 2
o E 150 © 150
3 400- 3 3
§ 2 100 2 100
© = =
- 200+ -g 50— -g 50
£ €
0- — E o : E o T

WT Re6/1 WT Re6/1

T
WT R6/1



E. Rodriguez-Urgellés et al.

mice and WT controls. Striatal and cortical samples were analyzed along
the disease progression and the different symptomatic stages: asymp-
tomatic stage (PND3, PND15, 4 and 8 weeks), early symptomatic stage
(12 weeks), and late symptomatic stage (20 weeks). Western blot anal-
ysis revealed that endogenous Foxp2 expression was significantly
reduced from PND15, and remained downregulated at 4 weeks, 8 weeks,
12 weeks, and 20 weeks in the transgenic R6/1 mice striatal tissue
compared to the age-matched WT mice (Fig. 2a-b). However, at the
younger PND3, Foxp2 levels expression was similar between genotypes
(Fig. 2a-b). Similarly, western blot analysis revealed that endogenous
Foxp2 expression in cortical samples was reduced at 8 weeks, 12 weeks,
and 20 weeks. However, at younger ages as PND3, PND15 or 4 weeks,
Foxp2 expression was similar in the R6/1 mouse cortex compared to WT
(Fig. 2c-d). To further investigate if the reduction of Foxp2 protein levels
was restricted to different subregions or, in contrast, was homogenous in
the whole striatum, we next performed an immunofluorescence against
Foxp2 in the striatum of 4-week-old R6/1 mice and age-matched WT
controls (Fig. 2e). Interestingly, we found a significant reduction of
Foxp2 protein levels in the dorsal striatum R6/1 mice compared to WT
littermates (Fig. 2f-g). However, in the Nucleus Accumbens the expres-
sion of Foxp2 protein was unchanged (Fig. 2h). To further expand our
findings, we also evaluated striatal Foxp2 protein levels in the HdhQ7/
Q111 heterozygous mice, a Knock in (KI) mouse model of Huntington’s
Disease. We found that at 6 months of age (Fig. 2i and k) as well as at 8
months of age (Fig. 2j-k) striatal Foxp2 protein levels were reduced in KI
mice respect to WT mice. Interestingly, the onset of cognitive and motor
phenotypes appear at those ages (Brito et al., 2014; Giralt et al., 2012;
Puigdellivol et al., 2015). Altogether, we show for the first time a very
early and persistent reduction of Foxp2 in R6/1 striatum that could
potentially be involved with the development of the psychiatric-like
symptoms observed in juvenile R6/1 mice.

3.3. Restoration of striatal Foxp2 levels improves the impulsivity-like
phenotype in the 4-week-old R6/1 mice

We hypothesized that the early reduction of Foxp2 in the striatum
could be involved in psychiatric-like symptoms observed in R6/1 mice.
Thus, we next injected in the striatum of PNDO-PND2 R6/1 mice and
age-matched WT controls with an AAV to express Foxp2 under the
control of CaMKII promoter, as a strategy to correct the downregulated
striatal Foxp2 expression in R6/1 mice. R6/1 and WT mice control
groups were injected with an AAV expressing only GFP. Both viruses
were bilaterally injected in the striatum. Intriguingly, although the
reduction of Foxp2 in the R6/1 striatum was homogeneous (Fig. 2e), the
viral transduction displayed by the AAVs was predominantly a patchy-
like distribution (Fig. 3a). Therefore we cannot rule out an effect of
major over-expression of Foxp2 in patches than in matrix and that this
could exert some effects in cognition as previously demonstrated by
manipulating medium spiny neurons in each of these striatal sub-
compartments (Friedman et al., 2020). Our results showed a clear re-
covery of Foxp2 levels in the striatal region of R6/1 mice injected with
AAV expressing Foxp2 (Fig. 3a-c). Three weeks after surgery (in 4-week-
old mice), all the groups, R6/1-GFP, R6/1-Foxp2, WT-GFP and WT-
Foxp2 mice were subjected to a battery of striatum-dependent behav-
ioral test (Fig. 3d). First, we assessed exploratory activity in a 15 min
open-field test and found that the four experimental groups spent similar
times in the center of the arena (Fig. 3e), suggesting that Foxp2 over-
expression had not effects in anxiety-like behaviors. When the four
experimental groups were subjected to the cliff avoidance jumping test,
juvenile R6/1-GFP mice replicated previous impulsive-like behavior by
spending less time in the round platform than WT-GFP. In contrast, R6/
1-Foxp2 mice spent more time in the round platform than R6/1-GFP,
reaching similar levels compared with WT-GFP group (Fig. 3f). There-
fore, the correction of striatal Foxp2 levels in postnatal R6/1 pups
restored their impulsivity-like behavior at 4-weeks of age. To further
investigate the psychiatric-like alterations of the juvenile R6/1 mouse
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we performed a resident-intruder paradigm designed to assess
aggressive-like behavior in mice. In this test, R6/1-GFP mice were less
aggressive than WT-GFP. Concretely, less R6/1-GFP mice initiated a
fight and the latency to start a fight also took longer compared to WT
mice (Fig. 3g). Similarly, the duration of the fight of the R6/1 mice was
shorter compared to WT mice (Fig. 3h), suggesting that 4-week-old R6/1
mice displayed less aggressive behavior than age-matched WT mice.
Thus, the correction of striatal Foxp2 levels in R6/1 mice only partially
corrected their social impairments (Fig. 3g). In summary, we show that
early striatal Foxp2 downregulation is strongly associated to
impulsivity-like behavior in R6/1 mice.

3.4. Restoration of striatal Foxp2 levels in 4-week-old R6/1 mice
improves the altered expression of striatal proteins and rescues dendritic
spine pathology

As some of the behavioral phenotypes showed by the juvenile R6/1
mice were improved by correcting striatal Foxp2 levels, we next focused
on the identification of the potential underlying molecular mechanisms.
We performed a protein expression screening in the striatum of trans-
duced 4-week-old R6/1 mice and WT littermates from Fig. 3 using a
mass spectrometry approach. As expected, and according to a very early
and presymptomatic stage of the R6/1 mouse model, we found subtle
changes in protein expression. A total of 35 proteins were differentially
expressed between juvenile R6,/1-GFP and WT-GFP mice. Thus, 19 of the
aberrantly regulated proteins were downregulated whereas 16 proteins
were upregulated (Fig. 4a-b). Most of the altered proteins (Epb4.1/3,
Tbcld19, Crocc.1, Dpysl4.1, Scarb2, Torla) were related with cyto-
skeleton dynamics such as vesicle trafficking (Downs et al., 2021; Lee
et al., 2012), actin filament (Bahe et al., 2005; Castelnuovo et al., 2009;
Nakamura et al., 2014) and GTPase activity (Ishibashi et al., 2009).
Moreover, most of the aberrantly regulated candidate proteins observed
in the R6/1 mice-GFP were restored with the correction of the striatal
Foxp2 levels (Fig. 4c). Only 2 proteins remained altered Dpp6 and
Arhgap4, whereas 6 new proteins such as Crip2, Fkbpla, Fbx118, Fthl
and Serinc3 were altered de novo by Foxp2 overexpression (Fig. 4b-c).
These alterations in those 6 new proteins could be due to off-target or
secondary effects of increasing Foxp2 in the ventral striatum where
Foxp2 was not reduced (Fig. 2e and g). In other words, we did not rescue
but over-expressed Foxp2 levels in R6/1-Foxp2 mice in a region (Nu-
cleus Accumbens or NAcc) where it was not necessary. In this line, we
cannot rule out a possible role of these unspecific proteomic changes in
the R6/1-Foxp2 mice phenotypes.

Since many of the corrected striatal proteins detected by mass
spectrometry observed in R6/1-Foxp2 mice were related with the
cytoskeleton and actin dynamics we next analyzed the dendritic spine
density in Golgi-impregnated striatal neurons in all four groups. The
dendritic spine density in striatal neurons from R6/1-GFP mice was
reduced compared to WT-GFP mice (Fig. 4d-e). In contrast, R6/1-Foxp2
mice displayed a significant greater density than R6/1-GFP reaching
similar levels to those observed in WT-GFP mice (Fig. 4d-e), indicating
that the correction of striatal Foxp2 levels in juvenile R6/1 mice
completely rescued striatal spine density loss in the juvenile R6/1
mouse.

Finally, we aimed to validate some of the findings from the mass
spectrometry experiment by assessing protein levels in western blot
assays. We first analyzed Ip6k2 protein levels. As opposed in the mass
spectrometry study, we did not confirm any change on protein levels for
Ip6k2 in any group (Fig. 4f). In the same samples we also analyzed
Arhgap4 (Fig. 4g). We observed an increase of Arhgap4 in R6/1-Foxp2
as occurred in the mass spectrometry experiment, but we did not
detect changes in the R6/1-GFP mice. Finally, we assessed Tor1A protein
levels (Fig. 4h) and we found a specific decrease in the R6/1-GFP
compared with WT-GFP mice whereas TorlA protein levels were
rescued in R6/1-Foxp2 mice compared with their respective controls. In
summary, we partially corroborated some of the results from mass
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Fig. 2. Expression of endogenous Foxp2 in the R6/1 mouse striatum and cortex during the disease progression. (a) Densitometric quantification of striatal Foxp2
levels. Two-tailed Student’s t-test: PND15 (t;9 = 3.896, p = 0.0010), 4 weeks (t;o = 4.325, p = 0.0003), 8 weeks (t;; = 2.808, p = 0.0170), 12 weeks (t;0 = 7.775,p <
0.0001) and 20 weeks (t12 = 6.373, p < 0.0001). Two-way ANOVA, time effect: (F(s 74y = 6.056; p < 0.0001). (b) Immunoblotting analysis of Foxp2 and tubulin as a
loading control. (c) Densitometric quantification of cortical Foxp2 levels. Two-tailed Student’s t-test: 8 weeks (t;; = 7.437, p < 0.0001), 12 weeks (t;2 = 6.143, p <
0.0001) and 20 weeks (t;o = 10.70, p < 0.0001). Two-way ANOVA, time effect: (F(s 66y = 5.271; p = 0.0004). (d) Immunoblotting analysis of Foxp2 and tubulin as a
loading control. (e) Photomicrograph showing Foxp2 expression in a WT brain mouse at 4 weeks of age. Scale bar, 500 pm. (f) Representative photomicrographs
(high magnification) showing Foxp2 (red) nuclear expression and localization and DARPP32 (cyan) in the striatum of R6/1 mice and WT controls at 4 weeks of age.
We analyzed 1 image per slice, 2 slices per mouse, 4-5 mice per group. Scale bar, 10 pm. (g) Quantification of the IOD average of Foxp2-positive nuclei in the NAcc as
in e-f. (h) Quantification of the average of Foxp2-positive nuclei in the dorsal striatum as in e-f. Two-tailed Student’s t-test: (tg = 2.654, p = 0.0291). (i) Densitometric
quantification of striatal Foxp2 levels in Knock in (KI) mice at 6 months of age. Student’s t-test (tg = 1.924, p = 0.0453). (j) Densitometric quantification of striatal
Foxp2 levels in Knock in (KI) mice at 8 months of age. Student’s t-test (t;o = 3.824, p = 0.0017). (k) Immunoblotting analysis of Foxp2 and tubulin as a loading
control from i and j. Data are means + SEM. In a and ¢ n = 6-12 mice / group, in g-h n = 4-5 mice / group, in i-j n = 4-6 mice / group. (For interpretation of the

references to colour in this figure legend, the reader is referred to the web version of this article.)

spectrometry being the results from TorlA the ones entirely validated.

3.5. Reduction of striatal Foxp2 in juvenile WT mice mimics the
psychiatric-like phenotype observed in the juvenile R6/1 mice

We next aimed to verify whether a reduction of striatal Foxp2 is
necessary and sufficient to provoke an increase of impulsivity-like be-
haviors and/or aggressive behaviors. To do so we bilaterally injected the
striatum of PNDO-PND2 WT mice with an AAV to express a shRNA
against Foxp2 as a strategy to mimic the striatal Foxp2 reduction
observed in R6/1 mice observed in Fig. 2. As expected, we verified
striatal Foxp2 reduction in the dorsal striatum (Fig. 5a-b) similar to that
observed in juvenile R6/1 mice (Fig. 2). At 4 weeks of age, we subjected
transduced WT mice with AAV-Scramble (WT-Scramble group) or with
AAV-shFoxp2 (WT-sh-Foxp2 group) to the cliff-avoidance jumping test
(Fig. 5c-d) and then to the resident-intruder test (Fig. 5¢ and e-f). We
first observed that WT-sh-Foxp2 mice displayed shorter latencies to
jump compared with WT-Scramble mice (Fig. 5d). Then, in the resident-
intruder test we observed that WT-sh-Foxp2 mice showed increased
latency to attack (Fig. 5e) and decreased fight duration (Fig. 5f) respect
to WT-Scramble mice. In summary, Foxp2 reduction in the striatum at
very young ages mimics the phenotypes observed in juvenile R6/1 mice.

4. Discussion

Here we have described a very early dysregulation of striatal Foxp2
protein levels which could be linked to early behavioral and molecular
changes in the 4-week-old R6/1 mouse model. Interestingly, similar
changes were replicated in the knock in (KI) mouse model of HD. At this
age, R6/1 mice behavioral phenotype was characterized by increased
impulsive-like behavior and less aggressive-like behavior concomitant
with decreased dendritic spine density and dysregulation of striatal
protein expression. Conversely, the overexpression of striatal Foxp2
levels in juvenile R6/1 mice reverted their impulsivity-phenotype,
rescued the early striatal dendritic pathology and restored striatal pro-
tein dysregulation. Furthermore, inhibition of striatal Foxp2 expression
in wild type mice mimicked the juvenile R6/1 early phenotypes
described here.

Our findings highly recapitulate the pre-symptomatic HD clinical
scenario, in which the appearance of the main psychiatric alterations
occurs long before the first motor abnormalities, which have been
classically related to a fronto-striatal dysfunction (Epping et al., 2016;
Goh et al., 2018; Thompson et al., 2012). Regarding to the aggressive
dimension it has been shown that HD knock in mice as well as R6/2 mice
have a lack of interest for the intruder at late stages of the disease
compared to WT mice (Shelbourne et al., 1999; Wood and Morton,
2015). Our study indicates that this phenotype is observable as early as
at 4 weeks of age, an indicator that these alterations have a very earlier
onset than motor symptoms. Finally, although we found changes on
impulsivity and sociability in young R6/1 mice, in other dimensions
such as depression-like behaviors we found no differences. The latter
result must be taken with caution since we performed only one test and

depressive-like symptoms are also detected very early in HD mouse
models (Brito et al., 2019; Pla et al., 2014). Further studies should be
performed in the future to fully address the role of Foxp2 in early
depressive-like symptoms in HD mouse models.

Concurrent with the psychiatric-like phenotypes, we identified an
early downregulation of Foxp2 striatal levels in the R6/1 mice since
postnatal day 15, which was consistently maintained in the consecutives
4, 8, 12 and 20-week-old R6/1 mice. Although not so early in time,
Foxp2 levels were also reduced in the cortex of the R6/1 mice. Consis-
tently, the aforementioned brain regions could constitute a well-known
neural substrates underlying the observed behavioral deficits (Dalley
and Robbins, 2017; Lischinsky and Lin, 2020). Altogether these results
suggest that early psychiatric-like manifestations in the R6/1 mice occur
when Foxp2 is specifically reduced in the dorsal striatum.

As previously mentioned, the Foxp2 gene is considered a potential
susceptibility locus for many neuropsychiatric disorders (Khanzada
et al., 2017). In the Foxp2 rescue experiments, only impulsivity levels of
juvenile R6/1 mice were entirely restored reaching similar levels
compared to WT mice. Disadvantageously, the relationship between
Foxp2 and impulsivity has been poorly addressed in animal studies, on
the contrary GWAS analyses in humans have extensively established the
implication of FOXP2 locus with Attention-Deficit Hyperactivity Disor-
der (ADHD), and the associated impulsivity dimension (Demontis et al.,
2019). Interestingly, a mouse model with reduced Foxp2 levels showed
increased impulsive-like behavior concomitant with molecular changes
in the dorsal striatum (Jhang et al., 2017). Altogether, we conclude that
the impulsive phenotype in juvenile R6/1 mice could be due to the
Foxp2 dysregulation in the dorsal striatum per se. Also, a partial recovery
of the aggressive-like behavior was observed in R6/1-Foxp2 mice, sug-
gesting that striatal Foxp2 could modulate these alterations. Our
mimicking experiments reinforced such idea. Supporting the role of
striatal Foxp2 in the regulation of aggressive-behaviors in HD, in a
previous study, Foxp2 heterozygous mice revealed significant deficits in
male territorial aggression by displaying smaller number of attacks, and
shorter durations of the fights in a resident-intruder task (Herrero et al.,
2021).

Regarding histopathological changes, we described for the first time
a reduction of the spine density in the striatum as soon as in 4-week-old
R6/1 mice as described elsewhere for much more advanced stages
(Spires et al., 2004). The rescue of Foxp2 levels successfully rescued the
dendritic spine loss in the striatum of R6/1 mice. These data are
consistent with previous findings in the literature suggesting Foxp2 as a
positive regulator of spines in several regions and animal models (Chen
etal., 2016; Enard et al., 2009), and places this neuropathological event
as one of the earliest in the progression of the disease. In contrast, we did
not observe changes on spine density when over-expressing Foxp2 in
wild type striatal neurons as previously reported in over-expressing
Foxp2 cortical neurons (Sia et al., 2013). This discrepancy could be
due to different regional properties (striatum vs cortex), system used (in
vivo mice vs cultured cortical neurons) and methodology employed
(transduction vs transfection).

Noteworthy, in our mass spectrometry study, a total of 35 proteins
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Fig. 4. Molecular and microstructural analysis of the 4-week-old R6/1-Foxp2 mice striatum. (a) Volcano plot of downregulated (red) and upregulated proteins (blue)
of R6/1-GFP striatum respect to WT-GFP mice. (b) Volcano plot of downregulated (red) and upregulated proteins (blue) of R6/1-Foxp2 mice striatum respect to WT-
GFP mice. (c) Heat map of clusters of downregulated (red) and upregulated proteins (blue) of R6/1-GFP and R6/1-Foxp2 mice striatum respect to WT-GFP mice.
Cutoffs of +0.5-fold change and p < 0.05. (n = 4 mice / group). (d) Golgi-Cox-stained dendrites from medium spiny neurons in the dorsal striatum. Scale bar, 7 pm.
(e) Quantification of spine density in dendrites as in d. Two-way ANOVA, group effect: F; 302) = 9.678; p = 0.0020; treatment effect: F(; 302y = 9.728; p = 0.0020;
interaction effect: F(; 302) = 14.65; p = 0.0002. Sidak’s post hoc test (15 dendrites per animal / 4-5 mice / group). Densitometric quantification of striatal Ip6k2 (f),
Arhgap4 (g) and TorlA (h) protein levels in WT-GFP, R6/1-GFP, WT-Foxp2 and R6/1-Foxp2 mice. As a loading control a-tubulin was used in f-h. Data are means +
SEM. WT-GFP (n = 7), R6/1 GFP (n = 7); WT Foxp2 (n = 7); R6/1 Foxp2 (n = 7). (For interpretation of the references to colour in this figure legend, the reader is
1}3ferred to the web version of this article.)
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Fig. 5. Behavioral characterization and validation of 4-week-old wild type mice transduced with AAV-shRNA-Foxp2. (a) Expression and distribution of Foxp2 (in
green) in the transduced juvenile wild type (WT) mice with scramble (red, left panel) or sh-RNA-Foxp2 (red, right panel). Scale bar, 40 pm. (b) Quantification of the
integrated optical density (IOD, arbitrary units) of the transduced Foxp2-positive nuclei in the striatum as in a. Student t-test (Two-tailed Student’s t-test: t;o = 2.514,
p = 0.0211). (c) Timeline of the behavioral testing in the 4-week-old WT-Scramble and WT-sh-Foxp2 mice. (d) Latency to jump in the cliff avoidance test. Student t-
test (Two-tailed Student’s t-test: too = 2.333, p = 0.0292). (e) Latency to fight in the resident-intruder test. Student t-test (Two-tailed Student’s t-test: top = 3.251, p =
0.0040). (f) Duration of the fight in the resident-intruder test. Student t-test Two-tailed Student’s t-test: too = 3.688, p = 0.0013). WT-Scramble (n = 10); WT-sh-
Foxp2 (n = 14). Data are means + SEM. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

were differentially expressed between juvenile R6/1-GFP and WT-GFP. synaptic processes mentioned before are a keystone in the formation and
Specifically, 19 of the aberrantly regulated candidate proteins were stabilization of spine (Penzes and Cahill, 2012).

downregulated such as Tceall, TorlA and Scarb2 and 16 were upre- Furthermore, we found changes in several proteins related with
gulated such as Arhgef10l and Arhgap4. Most of the altered proteins are psychiatric disorders. Arhgap4, Sez612, Tceall and Dpsyl4 are associ-
related with cytoskeleton dynamics as vesicle trafficking, actin filament ated with schizophrenia (Ambalavanan et al., 2016; Bilecki et al., 2021;
and GTPase activity (Bahe et al., 2005; Castelnuovo et al., 2009; Downs Wong et al., 2014), Aldhla and Scarb2 are associated with risk-taking
et al., 2021; Ishibashi et al., 2009; Lee et al., 2012; Nakamura et al., behavior (Lewohl et al., 2011; Lind et al., 2008), while Arhgef10l is
2014). From these results, we estimated that the early decrease in spine related to insomnia (Lane et al., 2017). Interestingly, most of the aber-
density might be associated with the dysregulation of several of these rantly regulated candidate proteins were restored by rescuing Foxp2
proteins, particularly TorlA (Maltese et al., 2018), given that all the levels, although only 2 candidate proteins remained altered namely
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Dpp6 and Arhgap4. Furthermore, changes in the expression of 6 new
proteins such as Crip2, Fkbpla, FbxI18, Fth1 and Serinc3 appeared as a
secondary effect of Foxp2 overexpression. This myriad of affected pro-
teins in R6/1-GFP that were in turn recovered in R6/1-Foxp2 mice
support the role of Foxp2 in their direct or indirect regulation and
suggest that such alterations might underly the neuropsychiatric-like
phenotypes observed in the juvenile R6/1 mice. However, since we
validated only some of the detected changes (TorlA and partially Arh-
gap4) our conclusions from the mass spectrometry study must be taken
with caution.

In summary, we identified an unanticipated new role of Foxp2 in the
regulation of some of the earliest neuropsychiatric-like phenotypes in a
HD mouse model which are among the most detrimental for the pa-
tients’ welfare (Ho et al., 2009). Also, these findings could have relevant
implications for the design of novel and future therapeutic strategies to
counteract these specific and early symptoms.
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