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A B S T R A C T   

Retinoic acid is a powerful regulator of brain development, however its postnatal functions only start to be 
elucidated. We show that retinoic acid receptor beta (RARβ), is involved in neuroprotection of striatopallidal 
medium spiny neurons (spMSNs), the cell type affected in different neuropsychiatric disorders and particularly 
prone to degenerate in Huntington disease (HD). Accordingly, the number of spMSNs was reduced in the striatum 
of adult Rarβ-/- mice, which may result from mitochondrial dysfunction and neurodegeneration. Mitochondria 
morphology was abnormal in mutant mice whereas in cultured striatal Rarβ-/- neurons mitochondria displayed 
exacerbated depolarization, and fragmentation followed by cell death in response to glutamate or thapsigargin- 
induced calcium increase. In vivo, Rarβ-/- spMSNs were also more vulnerable to the mitochondrial toxin 3-nitro
propionic acid (3NP), known to induce HD symptoms in human and rodents. In contrary, an RARβ agonist, 
AC261066, decreased glutamate-induced toxicity in primary striatal neurons in vitro, and diminished mito
chondrial dysfunction, spMSN cell death and motor deficits induced in wild type mice by 3NP. We demonstrate 
that the striatopallidal pathway is compromised in Rarβ-/- mice and associated with HD-like motor abnormalities. 
Importantly, similar motor abnormalities and selective reduction of spMSNs were induced by striatal or spMSN- 
specific inactivation of RARβ, further supporting a neuroprotective role of RARβ in postnatal striatum.   

1. Introduction 

All-trans-retinoic acid (ATRA) is a powerful morphogen and key 
determinant of vertebrate development. During brain ontogenesis, its 
widespread effects reflect specific, complementary or redundant 

expression and activities of retinoic acid receptors (RAR α, β, γ) acting as 
ATRA-dependent transcription factors. RARβ is one of the most abun
dantly expressed receptors and such expression is restricted almost 
exclusively to the developing and adult striatum. Analyses of Rarβ-/- 

mice carrying null mutation of RARβ revealed its specific contribution to 
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neurons; SKF 81297, Drd1 agonist; AC261066, RARβ agonist; Tac1, tachynin 1. 
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formation of striosomes, the key structural component of the striatum 
(Liao et al., 2008) as well as striatonigral medium spiny neurons 
(snMSNs) expressing dopamine D1 receptor (Drd1) and tachynin 1 
(Tac1) (Rataj-Baniowska et al., 2015). These neurons together with 
striatopallidal medium spiny neurons (spMSNs) expressing dopamine 
D2 receptor (Drd2) and proenkephaline (Penk) constitute the two main 
output projection neurons in the striatum. In contrast to the develop
mental functions of RARβ, its role in the adult striatum remains un
known despite its expression in mouse and human striatum. Unravelling 
its functions might be relevant for understanding of a number of 
neuropsychiatric disorders associated with striatal dysfunctions (Crit
tenden and Graybiel, 2011). In particular, RARβ expression was strongly 
decreased in the striatum of Huntington disease (HD) patients (Hodges 
et al., 2006) and animal models (Lee et al., 2020; Luthi-Carter et al., 
2000; Niewiadomska-Cimicka et al., 2011), raising the possibility that 
such decrease may contribute to the physiopathology of HD. Impor
tantly, decreased RARβ expression was recently reported the top pre
dicted regulator of the downregulated genes in both types of MSNs in 
patients and the mHtt Q175KI and R6/2 mouse models of HD (Lee et al., 
2020). 

Huntington disease (HD) is an autosomal dominant neurologic dis
ease caused by expansion of CAG trinucleotide repeats in the first exon 
of the huntingtin (Htt) gene. Despite ubiquitous expression of mutant 
Htt (mHtt), the brain− and in particular the striatum− is the most 
severely affected tissue, exhibiting prominent structural atrophy and cell 
loss. The physiopathological mechanisms leading to HD are not clear, 
although unbalanced signaling of snMSNs and spMSNs has been sug
gested to underlie core motor symptoms of the disease and their evo
lution. In particular, in early phases of the disease, preferential loss of 
spMSNs expressing Penk and Drd2 has been reported in post-mortem 
samples (Albin et al., 1992; Deng et al., 2004; Reiner et al., 1988; 
Richfield et al., 1995) and by longitudinal PET imaging studies of HD 
patients (Niccolini et al., 2018), and could lead to compromised activity 
of the striatonigral pathway and uncontrolled movements (chorea). 

The specific mechanisms underlying the dysfunction and high 
vulnerability of spMSNs to cell death are not known, but a number of 
hypotheses have been proposed based on studies of animal models of 
HD. Several mouse models (the transgenic R6/1, R6/2, YAC128 or 
knock-in Q175KI lines) reproduced HD-like motor abnormalities 
including early hyperactivity followed by hypoactivity and motor co
ordination deficits (Bolivar et al., 2004; Luesse et al., 2001; Slow et al., 
2003; Smith et al., 2014). However, loss of MSNs was reported only in 
YAC128, Q175KI and R6/2 models of HD (Slow et al., 2003; Smith et al., 
2014), although snMSN vs spMSN cell loss was not investigated. The 
cause of cell death in those models is not known, though it may reflect an 
increased vulnerability of MSNs to degenerate in response e.g. to glu
tamatergic excitotoxicity, as suggested by in vitro and in vivo studies 
(Cepeda et al., 2001; Estrada Sanchez et al., 2008; Fernandes et al., 
2007; Hodgson et al., 1999; Mattis et al., 2015; Zeron et al., 2002). 
Mitochondrial dysfunction and associated abnormal calcium signalling 
were postulated as causal factors of such enhanced vulnerability but also 
overall metabolic defects observed in HD (Dubinsky, 2017; Mochel 
et al., 2012; Mochel and Haller, 2011). Accordingly, enlarged mito
chondria were observed in fibroblasts or myoblasts (Panov et al., 2002; 
Squitieri et al., 2010) and either bigger or fragmented mitochondria in 
neurons (Fernandes et al., 2007; Hodgson et al., 1999; Jin et al., 2013; 
Kim et al., 2010; Martinez-Vicente et al., 2010). Thus, considering the 
high energetic demand of MSNs, mitochondrial defects were proposed to 
underlie preferential MSN degeneration in HD (Ferrante et al., 1991; 
Mitchell and Griffiths, 2003), although such hypothesis did not explain 
the differential susceptibility of spMSNs vs snMSNs. Analyses of several 
HD animal models revealed decreased mitochondrial respiration (elec
tron transport chain activity), Ca2+ buffering capacity and ATP pro
duction (reviewed in (Oliveira, 2010)). Importantly, abrogation of 
complex II activity by 3-nitropropionic acid (3-NP) was shown sufficient 
to induce specific striatal degeneration with cell death of MSNs and 

HD-like behavioral abnormalities in wild type rodents (Blum et al., 
2003; Page et al., 2000; Sun et al., 2002) and in human (Ludolph et al., 
1991). Decreased succinate dehydrogenase (SDH) activity (the molec
ular target of 3-NP-mediated inhibition) was reported in HD patients 
(Browne et al., 1997; Gu et al., 1996; Tabrizi et al., 1999) and directly 
linked with mHtt-dependent mitochondrial dysfunction and cell death 
(Benchoua et al., 2006). In particular, increased Ca2+ levels following 
activation of NMDA receptors, or inhibition of Ca2+ uptake by the 
endoplasmic reticulum, were shown in mice or cultured cells expressing 
mHtt to result in exacerbated rise of reactive oxygen species (ROS), 
mitochondrial fragmentation and apoptotic cell death ((Quintanilla 
et al., 2013; Quintanilla et al., 2017) and references therein). 

Since cell loss was not observed in all animal models despite presence 
of HD-like phenotypes, it was suggested that dysfunction of MSNs prior 
to or without MSN cell death may also contribute to unbalanced 
signaling of direct vs indirect striatal output pathways. For example, 
compromised Drd2 signaling was detected in the R6/2 mouse model in 
the absence of cell death (Spektor et al., 2002), whereas increased input 
resistance, excitability and altered perception of glutamatergic signal
ling were differentially affected in spMSNs and snMSNs in YAC128 or 
Q175 KI mice prior to cell death (Andre et al., 2011; Goodliffe et al., 
2018). In support of early and functionally relevant dysfunction of MSNs 
in HD are transcriptional changes which magnitude and extent correlate 
with the length of CAG repeats and behavioral abnormalities in the 
allelic series of Htt KI mice (Langfelder et al., 2016). Such graded cor
relations concerned in particular genes involved in cell identity and 
associated mostly with spMSNs, but also transcripts relevant for cAMP 
signalling, mitochondrial functions, cell death, synaptic connectivity 
and transcription factors affected in HD. This wide range of functional 
abnormalities in HD may reflect direct interactions of wild type (WT) 
and/or mutant Htt with DNA, mitochondria, chromatin modifiers or 
transcription factors resulting in control of distinct cell processes. In this 
context, we have previously shown that sequestration of RARβ by 
mutant Htt in R6/2 mice was associated with compromised transcription 
of a large array of RARβ transcriptional targets, recapitulating a subset 
of changes observed in HD patients and mouse models (Niewia
domska-Cimicka et al., 2017). The most severely affected transcripts 
were associated with cell identity, calcium homeostasis, cAMP signal
ling and mitochondrial functions. 

We report here morphological and functional deficits in mitochon
dria of Rarβ-/- striatal cells which may directly underlie loss of a sub
population of spMSNs and in consequence hypoactivity of the indirect 
pathway and HD-like motor abnormalities which we observed in Rarβ-/- 

mice. In support of this hypothesis, we found that subthreshold levels of 
mitochondrial toxin 3-NP exacerbated spMSN cell death in Rarβ-/- mice, 
whereas AC261066, an agonist of RARβ, prevented loss of Drd2 +
spMSNs and attenuated motor deficits in 3-NP-treated WT mice. The 
RARβ agonist also prevented mitochondrial depolarization, fragmenta
tion and cell death in WT cultured striatal neurons exposed to gluta
matergic excitotoxicity. Globally, these data point to a postnatal role of 
RARβ in neuroprotection of spMSNs, which is further supported by 
progressive motor deficits and loss of Drd2 + spMSNs following condi
tional RARβ inactivation in the adult striatum or specifically in Drd2 +
spMSNs. RARβ-dependent neuroprotection might be of relevance for 
understanding the physiopathology of HD and pave the way for new 
treatment strategies. 

2. Materials and methods 

2.1. Animals 

Mice carrying a null mutation for Rarβ (Rarβ-/-) were generated from 
heterozygous crosses as previously described (Ghyselinck et al., 1997). 
All mice were on homogeneous mixed genetic background of about 50% 
C57BL6J and 50% 129svEmx for more than 10 generations. For condi
tional inactivation of Rarβ we used mice carrying floxed exon 9 and 10 
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coding for the DNA binding domain which were generated on 83% 
C57BL6J and 17% 129svpas background as previously described 
(Chapellier et al., 2002). RarβDrd2-/- mice were generated by crossing 
floxed Rarβ mice with transgenic mice expressing Cre under control of 
Drd2 promoter (Gong et al., 2007). For all experiments mice were 
housed (3–4/cage) with water and food available ad libitum and 12 h/12 
h light/dark cycle with the beginning of the light phase at 7 am. Male 
mice aged between 8 and 16 weeks were used for all functional, histo
logical and molecular tests as indicated in the text, with exception of 
conditional RARβ knockout mice which were tested until 32 weeks of 
age. The experiments were approved by local ethics committee (project 
2013–032 and 2018012610304876) and accredited by the French 
Ministry for Superior Education and Research in accordance with the 
Directive of the European Parliament: 2010/63/EU or were carried out 
in accordance with the European Community Council Directives of 24 
November 1986 (86/609/EEC) and in compliance with the guidelines of 
CNRS and the French Agricultural and Forestry Ministry (decree 87848). 

2.2. Behavior 

Unless otherwise specified, behaviorally naive mice were tested in a 
battery of behavioral tests in order of presentation below and with 1–2 
days of intervals between the tests according to standard operating 
procedures used at Mouse Clinical Institute. 

2.2.1. Open-field test 
Mice were tested in automated open field arenas (infrared sensors, 

Tru-Scan, Coulbourn). Briefly, mice were individually placed in the 
periphery of the open field and allowed to explore the apparatus freely 
for 30 min. The distance travelled, the number of rears and time spent in 
the central and peripheral regions were recorded over the test session. 
The test was performed in a room homogeneously illuminated at 70 Lux. 

2.2.2. Spontaneous locomotion in actimetric cages 
Spontaneous locomotor activity was measured in actimetric cages 

(Immetronic, Pessac, France). The duration of the experiment was 32 h 
(11 am until 7 pm the next day). Specifically, each mouse was placed in 
an individual cage equipped with infra-red photo beam cells on the side 
walls of the cage in order to measure the animal’s horizontal move
ments. During the experiment mice had free access to food and water. 

2.2.3. Locomotor coordination on the Rotarod 
Accelerated (4–40 rpm in 5 min) rotarod (Bioseb, France) was used 

for all experiments. Each test consisted of three trials separated by 
15–20 min recovery intervals. The latency time to fall from the rotarod 
was recorder. Unless mice fell from the rotating rod, to avoid habitua
tion to passive turning on the rotarod, the cut off time was settled after 
3rd passive rotation. Before the first trial mice were allowed to stay on 
the rotarod for about 30 s of habituation period before starting the ac
celeration phase. 

2.2.4. Haloperidol-induced catalepsy 
The bar test was used to examine haloperidol-induced catalepsy. 

During the test, both forelimbs of a mouse were placed on a horizontal 
bar 4 cm above the ground. Each animal underwent one session of the 
test (baseline/spontaneous catalepsy) prior to haloperidol treatment 
and subsequently at 30 and 60 min after haloperidol (IP) treatment. The 
time of immobility before stepping down the bar was considered as 
catalepsy score. 

2.3. Pharmacology 

Amphetamine, haloperidol, SKF81297 and 3-NP were purchased 
from Tocris Bio-Techne (France) and were dissolved in saline. All sub
stances were administered by intraperitoneal injections. Amphetamine 
(3 mg/kg) and SKF81297 (1 mg/kg) were injected after 1 h habituation 

period in the actimetric cages (see spontaneous locomotion in actimetric 
cages) and activity was measured for additional 120 min for amphet
amine and 60 min for SKF81297 treatment. During testing, food and 
water were not accessible. All mice treated with haloperidol (1 mg/kg) 
or SKF81297 were sacrificed at 90 min after treatment for analyses of 
cFos expression. 3-NP treatment was performed over two consecutive 
days and consisted of 4 injections delivered at 12 h intervals (7 am, 7 
pm), attaining a total dose of 120, 200 or 280 mg/kg. AC261066 was 
synthetized according to previously reported procedures (Lund et al., 
2009, 2005) and was dissolved in ethanol for in vitro experiments. For in 
vivo experiments, AC261066 was dissolved in sunflower oil and was 
injected at a dose of 2 mg/kg (2 ml/kg) 1 h before the injections of 3-NP 
or saline solution in case of control group. 

2.4. Viral infections and analyses of conditional RARβ knockout mice 

For viral infections we adapted previously reported protocol (Krzy
zosiak et al., 2010). To this end, AAV9 vectors were engineered 
harboring a CAG promoter, the cDNA of interest, woodchuck hepatitis 
virus posttranscriptional regulatory element (WRPE; nucleotides 
1093–1684, GenBank accession number J04514) and simian virus 40 
polyadenylation signal sequence. This expression cassette was inserted 
between the inverted terminal repeats (ITR) of the AAV9 genome. For 
excision of floxed allele the expression cassette consisted of EGFPCre 
fusion protein to generate AAV9EGFPCre virus, whereas virus express
ing EGFP only (AAV9EGFP) was generated to control of effects of viral 
infection. Recombinant AAV vectors were produced by transient trans
fection of human embryonic kidney (HEK293) cells and purified by 
isolation from two sequential continuous CsCl gradients, as previously 
described (Li et al., 2006). The titers of viral vectors were determined by 
quantitative PCR of DNase-I-treated vector stocks, and were estimated at 
8.2 × 1012 viral genomes per milliliter (vg/ml) for AAV9EGFPCre and 4 
× 1012 vg/ml for AAV9EGFP. 

For experiments assessing conditional inactivation of RARβ we used 
in total 23 male mice carrying floxed alleles of Rarβ. All mice were tested 
in the rotarod and actimetric cages one week prior to viral infections and 
were distributed semi-randomly into two groups to be injected with 
respective viral vectors at the age of 11 weeks. Following induction of 
deep anesthesia with intraperitoneal injection of ketamine (100 mg/ 
kg)/xylazine (10 mg/kg), mice were placed in the stereotaxic frame 
(Precision Cinematographique, Paris, France) and injected bilaterally 
with 2 µl of viral suspension into the striatum (bregma =+ 1.1; lateral =
± 1.5; ventral = +2.65 position in the Mouse Brain Atlas, (Paxinos and 
Franklin, 2001)). Following longitudinal behavioral testing in the 
rotarod and actimetric cages at 5, 10 and 20 weeks after viral injection 
all mice were sacrificed one week after the last test and their brains were 
frozen in cryomatrix for further analyses. The efficiency of viral infec
tion was controlled by immunofluorescent analyses of bilateral expres
sion of EGFP (to control of viral infection) and RARβ expression in 
control RarβAAV9EGFP mice and its absence RarβAAV9EGFPCre conditional 
knockout mice to control for efficiency of RARβ inactivation. Mice with 
inefficient bilateral or only unilateral infection were removed from 
further analyses. Finally, n = 8 out of 11 RarβAAV9EGFP mice and n = 9 
out of 12 RarβAAV9EGFPCre mice were retained for behavioral analyses, 
out of which 6 mice of each group were used for analyses of cell types. 

2.5. Mitochondrial respiration 

Tissue was placed in an oxygraphic chamber at 37 ◦C, under stirring 
with 2 ml MirO5 + creatine solution (EGTA 0.5 mM, MgCl2 3 mM, K 
lactobionate 60 mM, taurine 20 mM, KH2PO4 10 mM, HEPES 20 mM, 
sucrose 110 mM), creatine 20 mM, BSA 1 g/l). Mitochondrial respiration 
was performed using a high-resolution oxygraph (Oxygraph-2k; Oro
boros Instruments, Innsbruck, Austria). DatLab software 4.3 was used to 
measure the oxygen flux (Oroboros Instruments, Innsbruck). 

After a basal signal, saponin was injected (50 µg/ml) to permeabilize 
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tissue. Then mitochondrial substrates or inhibitors were successively 
injected in the chamber in order to asses different complexes of the 
mitochondrial respiratory chain, namely glutamate (10 mM), malate (5 
mM) and pyruvate (10 mM), and then ADP (5 mM), followed by succi
nate (10 mM) were injected to determine the maximal oxygen con
sumption. Then, rotenone (0.5 µM), an inhibitor of complex I, was 
injected. Finally, to measure complex IV activity, antimycin (2.5 µM) 
was injected (a complex III inhibitor) and complex IV was activated with 
injection of ascorbate (0.5 mM) and N′-tetramethyl-p-phenylenediamine 
dihydrochloride (TMPD, 0.5 mM). Data are expressed in pmol O2/sec/ 
mg wet weight. 

2.6. SDH enzymatic activity staining 

For the analysis of SDH enzymatic activity, brains were dissected 
from WT and Rarβ-/- mice, embedded in Shandon Cryomatrix (Thermo 
Scientific), frozen, and stored at − 80 ◦C until sectioned. Cryosections 
(14 µm) were incubated in the staining solution (KH2PO4 20 mM, 
Na2HPO4 76 mM, sodium succinate 100 mM, NBT 0,1%) for 20 min at 
room temperature (RT). For mice treated with 3-NP, sections were 
incubated for 30 min to increase the signal in control mice. Brain sec
tions were then fixed in 10% formalin for 10 min, rinsed 2 times in 15% 
ethanol, mounted in AquaMount and scanned for quantification with a 
Nanozoomer Scanner (Hamamatsu) in quantitative, TIFF mode. The 
intensity of the signal in the dorsolateral CPu was normalized by the 
intensity in the adjacent cortex. 

2.7. In situ hybridization and cell counts 

Cryosections were thawed and dried for 30 min at RT, post-fixed 
with 4% paraformaldehyde (PFA) dissolved in phosphate-buffered sa
line (PBS), acetylated with 0.1 M triethanolamine (TEA), rinsed with 
standard saline citrate (SSC), dehydrated by an increasing ethanol 
gradient, air-dried and hybridized at 65 ◦C overnight with digoxigenin- 
labelled RNA probes: Rarβ (full-length cDNA), GAD67 (Erlander et al., 
1991), Drd1 (402 bp fragment of 3’ region of Drd1 cDNA), Drd2 (1681 bp 
fragment of 5’ region of Drd2 cDNA), pENK (800 bp fragment of pENK 
cDNA covering HincII-XbaI region), Tac1 (460 bp fragment covering the 
entire cDNA). After hybridization the sections were rinsed, blocked and 
incubated for 1 h at RT with an anti-digoxigenin, alkaline 
phosphatase-conjugated antibody (Roche). The sections were subse
quently rinsed and incubated in the dark with a NBT/BCIP solution 
(Nitroblue tetrazolium chloride/ 5-bromo-4chloro-3-indyl-phosphate; 
Roche) until the staining appeared (overnight or up to 48 h). If the 
staining reaction was longer than overnight the NBT/BCIP solution was 
changed after 24 h. 

Double labelling fluorescent in situ hybridization was performed as 
previously described (Etter and Krezel, 2014). The sections went 
through the same pre-hybridization steps as described above. For the 
hybridization reaction, two specific RNA probes (one digoxigenin- and 
the other fluorescein-labelled) were used to label corresponding mRNAs 
in the same tissue sample. The fluorescein-labelled RNA probe was 
detected using an anti-fluorescein antibody (Roche) coupled to horse
radish peroxidase and a cascade of amplification steps, including Tyr
amide Signal Amplification (TSA) with biotin followed by binding of 
Neutravidin-Oregon Green conjugates (Molecular Probes). After inacti
vation of remaining horseradish peroxidase activity, the 
digoxigenin-labelled probe was revealed using an anti-dig antibody 
coupled with horseradish peroxidase (Roche), which activity was 
detected with a TSA-CY3 kit (Perkin Elmer). The sections were rinsed 
and mounted with Aqua-Poly/Mount for subsequent imaging. 

Imaging was performed using Nanozoomer digital scanner (Hama
matsu Photonics, France) or Leica M420 or DMLB/DM4000B micro
scopes equipped with Photometrics digital cameras and the CoolSnap 
imaging software (Roger Scientific). The cells were counted as previ
ously described(Rataj-Baniowska et al., 2015). Briefly, the ROIs were 

determined in dorsal striatum and nucleus accumbens shell as shown in 
Fig. 4A on at least three sections at corresponding brain levels between 
bregma 1.34 and 0.92. Cell counts were performed semi automatically 
using two approaches by two independent experimenters: (1) ImageJ 
software (Rasband, http://rsb.info.nih.gov/ij/) using 8-bit image mode 
and Point Selection with Light Background in “Find Maxima” process 
(Prominence - noise tolerance - set at 10) and (2) a software developed in 
the laboratory (M. Baniowski) and used previously(Rataj-Baniowska 
et al., 2015). Counting was manually curated to account for adjacent 
cells recognized as one object. Both methods gave similar results and 
mean of these two independent counts was used for analyses to calculate 
the number of cells per square millimeter. 

2.8. Transmission electron microscopy 

Mice were deeply anesthetised with a mix of ketamine and xylazine 
and perfused intracardiac with 10 ml of ice-cold PBS, followed by 20 ml 
of 4% PFA in PBS. Dorsolateral part of caudate putamen was dissected 
from 200 µm vibratome sections and was placed in 2.5% glutaraldehyde 
and 2.5% PFA in cacodylate buffer (0.1 M, pH 7.4) at 4 ◦C overnight. For 
morphological analysis by immersion in 1% osmium tetroxide in 0.1 mM 
cacodylate buffer for 1 h at 4 ◦C and dehydrated through graded ethanol 
(50%, 70%, 90% and 100%) and propylene oxide for 30 min each. The 
samples were embedded in Epon 812. Ultrathin sections were cut at 70 
nm, contrast-strained with uranyl acetate and lead citrate and examined 
using a CM12 100Kv electron microscope. Images were captured digi
tally using a Orius1000 CCD camera (Gatan). 

2.9. Cell cultures 

Striatal primary neuronal cultures from lateral ganglionic eminence 
of E13.5 WT and Rarβ-/- embryos were prepared according a previously 
described protocol (Rataj-Baniowska et al., 2015). Briefly, brains were 
removed, and striatum was isolated and incubated in non-enzymatic 
dissociation buffer (Sigma-Aldrich) for 15 min at 37 ◦C, followed by 
mechanical trituration by pipetting. Cells were counted, plated at a 250, 
000 cell/well density, onto Cultrex 2D (0.25 mg/ml, Trevingen) coated 
coverslips in a 24 well plate (Falcon) and were maintained in a hu
midified incubator at 37 ◦C with 5% CO2. Cells were analyzed after 7 
days in vitro (DIV) for the vulnerability and rescue studies as described 
below. 

2.10. Neuronal vulnerability 

To study the vulnerability of striatal neurons, cells at 7 DIV were 
treated with 1 µM thapsigargin (Sigma-Aldrich) for 30, 60 or 90 min. A 
group not treated with thapsigargin (see time 0 min in Fig. 2B) was used 
as control group. 

After thapsigargin treatment a LDH cytotoxicity assay (Pierce™, 
Thermofisher) was performed on the medium according to the manu
facturer’s instructions, and living cells were treated with 100 nM of 
MitoTracker Orange CMXRos® (ThermoFisher Scientific) for 15 min at 
37 ◦C to report on mitochondrial membrane potential and networking. 
After a PBS washing step, cells were fixed in 4% PFA for 10 min at RT. 

Cell images were acquired using SP8-UV confocal microscope (Leica, 
Germany). For MitoTracker intensity analysis, images were taken with a 
40x objective, while for mitochondrial morphology analysis images 
were taken with a 63x objective with 4x zoom. 

MitoTracker staining was quantified by Image-J software on the 
Maximum intenstity projection of the confocal z-stacks. A region of in
terest (ROI) of a fixed diameter was used to quantify the intensity of 
signal. At least 3 cells per images and 5 images per group were analyzed. 

Mitochondria networking was analyzed by using IMARS software 
(Bitplane, Zurich, Switzerland). Three-dimensional images were elabo
rated in order to analyze the mean volume of the mitochondria network 
in the neurites. The software allows the building of an isosurface on a 
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specific section of the 3D image, identifying the mitochondria net. The 
mean volume of the individual mitochondria was used to quantify the 
mitochondria network. At least 3 images per coverslip were analyzed. 

Moreover, in order to study neuronal sensitivity to glutamate toxicity 
and ROS production, striatal cultures at 7 DIV were treated for 10 min 
with 42 µM glutamate in Krebs buffer at 37 ◦C and 5% CO2. Control 
cultures received Krebs buffer during this period. After glutamate 
treatment, Krebs buffer was replaced with the former culture medium 
and cells were incubated at 37 ◦C and 5% CO2 for 24 h. At this point, 
cells were treated with CellROX Deep Red (ThermoFisher Scientific; 5 
µM) for 30 min and during the last 15 min MitoTracker was added, as 
previously described. After incubation, cells were washed with PBS, 
fixed with 4% PFA for 10 min at RT, and stained for the MAP-2 marker as 
described below. For prevention of glutamate excitotoxicity with a RARβ 
agonist, 1 µM AC261066 or vehicle (ethanol) for control condition was 
applied 18 h prior to glutamate treatment. 

For analyses, images of three random fields were acquired for each 
sample. 3D images were analyzed by IMARIS software (Bitplane, 
Concord, MA). An isosurface of MAP-2 staining was generated in order 
to recognize mature neurons in each culture. The MitoTracker and 
CellROX intensities were measured inside the generated isosurface in 
order to quantify mitochondrial depolarization and ROS. Mitochondrial 
network morphology was analyzed as described above. 

2.11. Immunocytochemistry 

Primary striatal cell cultures cultured on Coultrex-coated glass cov
erslips were fixed with 4% PFA for 10 min at RT, washed in PBS and 
incubated for 1 h with 1% BSA. Cells were rinsed with PBS and stained 
using as primary antibody chicken anti-MAP-2 (Abcam, France; 1:5000), 
mouse anti-NeuN (Millipore, France; 1:1000), rabbit anti-DARP32 
(Synaptic Systems, Germany; 1:1000). Following washes with PBS, 
cultures were incubated with a secondary, anti-chicken, Alexa647- or 
Alexa488-conjugated antibody (Invitrogen, France; 1:500). Brain cry
osections (14 µm) from virus-injected mice were thawed, dried and fixed 
with 4% PFA for 10 min at RT. Following washes and blocking steps, 
RARβ was detected using a polyclonal rabbit anti-RARβ antibody 
(1:500) and an anti-rabbit, Alexa555-conjugated secondary antibody as 
previously described (Niewiadomska-Cimicka et al., 2017). Nuclei were 
stained with DAPI in all experiments. 

2.12. Western blotting 

Striatum samples were homogenized manually in RIPA lysis buffer 
(Tris HCl 50 mM, NaCl 30 mM, EDTA 2 mM, Triton 0.01X) supple
mented with a protease inhibitor cocktail (#11873580001, Roche 
Diagnostic). Samples were then sonicated (2 ×3 s) and left 30 min on ice. 
Following centrifugation, protein concentration was quantified using 
Bradford assay (#5000006, Biorad) and 20 µg of protein extracts were 
separated by SDS–PAGE, and electro-transferred (400 mA during 1 h) 
onto nitrocellulose membrane (#A29612452, Amersham 0.2 µm). 
Immunodetection was carried out using following antibodies: rabbit 
anti-RARβ, 1:1000 (Rochette-Egly et al., 1992); mouse anti-GAPDH, 
1:5000 (CAB932Hu22, USCN) and horseradish peroxidase (HRP)-con
jugated secondary antibodies (Goat anti-mouse, 1:5000, G-21040, 
Invitrogen; Goat anti-rabbit, 1:5000, #111 035 44, Jackson Immunor
esearch). Enzymatic detection was carried out using Super Signal West 
Femto Maximum Sensitivity Substrate (#34095, Thermoscientific). 
GAPDH was used as a loading control when quantifying RARβ. 

2.13. Statistical analyses 

The comparisons of cell counts or specific treatments in mitochon
drial respiration were carried out using student t-test. Mitochondrial size 
was analysed using Mann-Whitney test as data did not follow normal 
distribution as determined by Shapiro-Wilk test. The effects of specific 

treatments on WT vs Rarβ -/- or viral injections, or two different phar
macological treatments were analysed using two-way ANOVA with 
treatment and genotype, or AAV vector, or treatment type as indepen
dent variables. If measures were repeated for the same subjects (open 
field test, spontaneous locomotion in actimetric cages or longitudinal 
analyses of conditional inactivation Rarβ) ANOVA on repeated measures 
was used. All post-hoc analyses were performed using Bonferroni’s 
multiple comparisons test. 

3. Results 

3.1. Mitochondria display morphological and functional deficits in Rarβ-/- 

striatum 

Our previous ChIPseq data strongly suggested that RARβ might 
regulate genes involved in mitochondrial functions (Niewiadomska-Ci
micka et al., 2017). To address this possibility in Rarβ-/- null mutants, we 
first investigated mitochondrial morphology using transmission electron 
microscopy, focusing on the dorsolateral striatum (Fig. 1A and B). 
Although some abnormal mitochondria exhibiting transparent or 
missing cristae were found in WT samples, the percentage of such 
abnormal mitochondria was significantly higher in Rarβ-/- mice attain
ing a mean of 39.90 ± 1.91% per cell, as compared to 13.09 ± 1.10% in 
WT (see also Fig. 1B). This increased number of defective mitochondria 
was not compensated by an overall increase of the mitochondrial 
number, which in fact showed rather significant decrease (0.447 ±
0.015 mitochondria per µm2 of cytoplasm for Rarβ-/- and 0.504 ± 0.051 
for WT; p < 0.0001, unpaired t-test). Importantly, the mean size of 
mutant mitochondria was increased by about 40% (0.165 ± 0.004 µm2 

in Rarβ-/- and 0.117 ± 0.003 µm2 in WT; p < 0.0001, unpaired t-test; 
Fig. 1C), which was also supported by a tendency for increased surface 
of cytoplasm covered by mitochondria in mutant striatum (7.228 ±
0.22% of the cytoplasm in Rarβ-/- and 5.775 ± 0.52% in WT; p = 0.063, 
unpaired t-test). Considering the important role of decreased mito
chondrial complex II / SDH activity in HD physiopathology (Benchoua 
et al., 2006), we evaluated SDH enzymatic activity in the dorsolateral 
region of the striatum in WT and Rarβ-/- mice (see rectangles in Fig. 1D). 
Such activity expressed as ratio of signal intensity in the striatum with 
respect to the adjacent cortex was significantly lower in Rarβ-/- brains 
(Fig. 1E). Compromised functions of complex II were further supported 
by reduced mitochondrial respiration observed after addition of succi
nate, the SDH substrate, to Rarβ-/- samples in respirometry measures 
using high-resolution Oxygraph-2k (Fig. 1F). 

3.2. Increased sensitivity to calcium-induced mitochondrial fragmentation 
and cell death in primary cultures of Rarβ-/- striatal neurons 

Reduced SDH activity and mitochondrial respiration indicate mito
chondrial dysfunction in Rarβ-/- striatum, which may lead to adaptive 
changes like increased mitochondrial size to ensure cell homeostasis and 
survival in resting conditions. We hypothesized that such survival might 
be compromised in challenge conditions. To address this possibility, we 
established primary MSN cultures from lateral ganglionic eminence at 
embryonic day E13.5 (Fig. S1) as previously described (Rataj-Baniowska 
et al., 2015) and challenged cultured WT and Rarβ-/- striatal cells with 
pathological calcium concentrations induced by thapsigargin treatment. 
This compound acts as an inhibitor of calcium uptake by the endo
plasmic reticulum, and has been shown to induce excessive mitochon
drial injury and cell death via mitochondrial permeability transition 
pore (mPTP) opening in MSNs expressing mutant huntingtin ((Quinta
nilla et al., 2013) and refs therein). By measuring signal intensity of 
MitoTracker (Fig. 2A, B), we found that in non-stimulated conditions 
membrane potential was higher in Rarβ-/- cells, possibly reflecting 
adaptive changes, but that addition of 1 µM thapsigargin dramatically 
decreased mitochondrial membrane potential in Rarβ-/- but not in WT 
MSNs (F(3, 32) = 11.15, p < 0.0001 for interaction of treatment and 
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genotype). Importantly, decrease of the potential was observed in Rarβ-/- 

MSNs starting as early as 30 min after treatment, whereas at 60 min it 
was reduced by 71.5% (p < 0.0001) with respect to the initial signal for 
Rarβ-/- and only non-significantly for WT MSNs (Fig. 2B). Analyses of the 
number of WT and Rarβ-/- neurons as a function of Mitotracker intensity 
at 60 min after thapsigargin treatment revealed a bimodal distribution 
in both genotypes (Fig. 2E). Importantly, the very low-intensity popu
lation appeared in Rarβ-/- cultures as major (10–40 AU) on expense of 
the group of high-intensity neurons (70 AU and more) which was 
strongly decreased, while the second population of 
intermediate-intensity neurons (50–60 AU) remained comparable be
tween WT and Rarβ-/- conditions. Such dynamics of distribution suggests 
existence of two neuronal populations with one of them being particu
larly prone to lose mitochondrial membrane potential in Rarβ-/- cultures 
in response to thapsigargin treatment. In addition to decreased mito
chondrial membrane potential, Rarβ-/-, but not WT MSNs displayed 
significant decrease (~59.2%) of the average volume of individual 
mitochondria per cell as measured at 60 min after treatment (Fig. 2C; 
p = 0.0016, unpaired t-test). The decrease in mitochondrial volume 
reflecting mitochondrial fragmentation and loss was associated with an 
increased cell death, as evidenced by a doubling of the number of 
pyknotic and fragmented nuclei in Rarβ-/- cells (p = 0.0039, unpaired 
t-test) in comparison to WT cells (Fig. 2D). 

3.3. Increased mitochondrial fragmentation and cell death of primary 
Rarβ-/- striatal neuronal cultures in response to glutamate 

Increased susceptibility to cell death related to abnormal calcium 
management and mitochondrial dysfunction in Rarβ-/- cells may point to 

neuroprotective activities of RARβ and suggest that compromised RARβ 
signalling may lead to increased sensitivity to glutamatergic excitotox
icity stress, a cause of cell death in a number of neurodegenerative 
diseases. We therefore challenged WT and Rarβ-/- primary striatal neu
rons with glutamate (Fig. 3A), known to cause excitotoxicity in vivo and 
in vitro and contribute to HD progression. As expected, at 24 h after 
acute glutamate challenge there was a significant rise in cell death 
measured by lactate dehydrogenase (LDH) activity in WT cultures, but 
this increase was much stronger in Rarβ-/- cells as indicated by signifi
cant interaction for treatment and genotype in two-way ANOVA (F(1, 8) 
= 48.08, p < 0.001) and Bonferroni post-hoc analyses (WT vs Rarβ-/- 

glutamate treated cells, p < 0.0001) (Fig. 3B). At that time point 
glutamate-treated Rarβ-/- cells, but not WT cells, displayed a significant 
increase in global amount of reactive oxygen species detected with 
CellROX, indicating enhanced oxidative stress (genotype x treatment 
interaction, F(1, 16) = 6.292, p < 0.05; vehicle vs glutamate for Rarβ-/-, 
p = 0.0206, Bonferroni post-hoc test; Fig. 3C). Analyses of MitoTracker 
signal intensity indicated that concomitant with exacerbated oxidative 
stress, mitochondrial membrane potential was also decreased (gluta
mate effect F(1, 19) = 45.82, p < 0.0001; Fig. 3D), and that this decrease 
was dependent on genotype (genotype x treatment interaction for Mito
Tracker intensity, F(1, 19) = 4.803, p < 0.05), reflecting stronger mem
brane depolarization in Rarβ-/- than in WT neurons. Mitochondrial 
fragmentation was also affected by glutamate treatment in neurons 
based upon reduced MitoTracker volume (glutamate effect F(1, 18) 
= 35.26, p < 0.0001), but such reduction was comparable between WT 
and Rarβ-/- cultures (Fig. 3 E). 

Consistent with the cell death-promoting effects of the loss of RARβ 
function, pharmacological activation of RARβ using AC261066 led to 

Fig. 1. Abnormal mitochondrial morphology and function in Rarβ-/- striatum. (A) An example of transmission electron microscopy of mitochondria in WT (black 
arrows) and Rarβ-/- neurons. White arrows indicate abnormal mitochondria with disrupted cristae. (B) Cumulative probability curve of abnormal mitochondria 
(disrupted cristae) quantified among n = 1701 WT and n = 1645 Rarβ-/- mitochondria. (C) Mean mitochondrial surface. (D) An example of SDH enzymatic activity 
detection on brain sections of WT and Rarβ-/- mice. (E) SDH intensity in the caudate putamen (Cpu) was quantified by normalization with respect to the intensity in 
the adjacent cortical region (Cx) and expressed as percent of cortical signal. (F) Respirometry performed on WT and Rarβ-/- caudate putamen after addition of 
adenosine diphosphate (ADP), succinate, rotenone, and ascorbate + TMPD (Asc TMPD). * , p < 0.05; * *, p < 0.01; * ** *, p < 0.0001. Scale bars: (A) 2 µm and (D) 
500 µm. Error bars represent standard error of means (SEM). 
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significant neuroprotective effects at the dose of 1 µM in WT cultures, 
whereas on its own (in absence of a challenging condition) this treat
ment did not significantly affect any of the measured parameters 
(Fig. 3A-E). Accordingly, glutamate-induced cell death in WT cells was 

significantly reduced in the presence of AC261066 (AC261066 effect, 
F(1, 8) = 11.53, p < 0.01) as illustrated by the significant decrease of the 
percentage of LDH release after glutamate treatment in AC261066 pre- 
treated cells in comparison with cells pre-treated with vehicle 

Fig. 2. Mitochondrial vulnerability and cell death of Rarβ-/- neurons in response to calcium overload. (A) Representative images of MitoTracker orange-stained 
mitochondria in WT and Rarβ-/- striatal cell cultures at 7 DIV, without treatment (0 min) or after a 60 min thapsigargin (1 µM) treatment. White arrows indicate 
examples of pyknotic nuclei. Scale bars: 30 µm for low and 10 µm for high magnification. (B) MitoTracker intensity indicative of mitochondrial membrane potential 
was quantified in WT and Rarβ-/- neurons at 0, 30, 60 and 90 min following thapsigargin treatment. (C) Mean mitochondrial volume indicated as MitoTracker 
isosurface, was quantified in WT and Rarβ-/- neurons at basal conditions and 60 min after thapsigargin treatment, and (D) pyknotic and fragmented nuclei were 
evaluated at the same time point (examples indicated with white arrows). (E) Frequency distribution of Mitotracker intensity in WT and Rarβ-/- neurons at 60 min 
after thapsigargin treatment. Scale bar in A = 50 µm for low and 10 µm for high magnification. Significant differences as compared to vehicle-treated WT samples are 
indicated: * ** *, p < 0.0001, * *, p < 0.01. Error bars represent SEM. 
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Fig. 3. RARβ control of mitochondrial vulnera
bility and cell death induced by glutamate excito
toxicity. (A) Representative images of CellROX and 
MitoTracker stained mitochondria in WT and 
Rarβ-/- cultures as a function of 42 µM glutamate 
and/or 1 µM AC261066 treatments. Scale bars: 
50 µm (CellROX) and 30 µm (MitoTracker) for low 
and 10 µm for high magnification. (B) LDH assay 
cytotoxicity data in WT and Rarβ-/- cultures 
expressed as percentage of the WT glutamate- 
treated group. (C) Quantification of CellROX in
tensity staining analysis in WT and Rarβ-/- cultures 
expressed as percentage of the WT vehicle-treated 
group. (D) Intensity of MitoTracker staining in WT 
and Rarβ-/- cultures expressed as percentage of the 
WT vehicle-treated group. (E) Volume of individ
ual, MitoTracker stained mitochondrial compo
nents per cell, in WT and Rarβ-/- cultures was 
expressed as percentage of the WT vehicle-treated 
group. Statistical differences correspond to Bon
ferroni post-hoc analyses: * , p < 0.05; * *, 
p < 0.01; * ** , p < 0.001; * ** *, p < 0.0001. 
Error bars represent SEM.   
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(Bonferroni post-hoc test, p = 0.0286; Fig. 3B). This protective effect 
was associated with AC261066-mediated prevention of mitochondrial 
injury by glutamate in WT cells, as evidenced by complete prevention of 
mitochondrial membrane depolarization (glutamate x AC261066 inter
action, F(1, 11) = 7.096, p < 0.05; Bonferroni post-hoc test, p = 0.0022; 
Fig. 3D) and mitochondrial fragmentation (glutamate x AC261066 
interaction, F(1, 11) = 4.47, p = 0.05; Bonferroni post-hoc test, 
p = 0.0007; Fig. 3E). Oxidative stress measures were not significantly 
affected in WT cells by glutamate or AC261066 treatments at this time 
point. The effect of AC261066 was RARβ-dependent, as AC261066 did 
not prevent oxidative stress, loss of mitochondrial potential, mitochon
drial fragmentation or cell death in Rarβ-/- cells treated with glutamate 
(Fig. 3A and graphs in 3B-E). 

3.4. Rarβ loss leads to cell death and a reduced number of striatopallidal 
medium spiny neurons in knockout mice 

To investigate whether the mitochondrial dysfunction and increased 
susceptibility to cell death observed in primary Rarβ-/- MSN cultures 
may correlate with reduced striatal integrity in vivo, we analyzed cell 
death in the striatum of Rarβ-/- mice. A subtle, but significant increase of 
the number of apoptotic cells was identified by activated caspase 3 
immunofluorescence in the striatum of 8 weeks-old Rarβ-/- mice 
(Fig. 4A, B). This discrete increase in cell death could lead in the long 
term to a significant decrease in cell number. To evaluate this possibility, 
we quantified the overall number of DAPI-positive cells throughout the 
striatum. We observed a significant ~25% reduction of DAPI-positive 
cells in the anterior, but not in the posterior part of the Rarβ-/- stria
tum (Fig. 4C and S2A). Thus, focusing our analyses in the dorsal 
(caudate putamen; CPu) and ventral (nucleus accumbens; NAc) com
partments of the anterior striatum, we asked whether cellular deficits 
are restricted to Rarβ-expressing cells, reflecting potential cell- 
autonomous activities of RARβ. To this end, we took advantage of the 
truncated non-functional Rarβ mRNA, which is still present in null- 
mutant mice (Ghyselinck et al., 1997) and allows to identify by in situ 
hybridization cells expressing Rarβ transcripts. Using a full-length Rarβ 
antisense riboprobe, we readily detected Rarβ-positive cells in WT and 
mutant mice (Fig. S2B), and observed that these cell numbers were 
significantly reduced, both in CPu (23%) and in NAc (22%) of the 
anterior striatum in mutant mice (Fig. S2C and Table S1 for examples 
and exact counts). To assess the identity of affected cell population(s), 
we performed a series of in situ hybridization analyses with cell-type 
specific probes. A ~27% decrease of GAD67-positive GABAergic 
MSNs, both in dorsal part of CPu and in NAc (Fig. 4D, E, Table S1), could 
account for most (if not all) cellular deficits. Furthermore, in agreement 
with a previous report on compromised development of striatonigral 
MSNs in Rarβ-/- striatum (Rataj-Baniowska et al., 2015), we observed a 
significant reduction in the number of MSNs expressing 
striatonigral-specific markers, including Drd1 (19% and 16% reduction 
in Rarβ-/- CPu and NAc, respectively) and Tac1 (40% and 27% reduction 
in Rarβ-/- CPu and NAc) (Fig. 4D, F, G, Table S1). This reduction was 
comparable to 23 ± 8.4% decrease of Drd1-expressing neurons scored in 
newborn (P0) Rarβ-/- mice (Rataj-Baniowska et al., 2015), indicating 
that no further reduction of Drd1 + neurons appeared in post-natal life. 
Unexpectedly, we also found a significant deficit in the number of 
striatopallidal MSNs expressing Drd2 (about 25% in the CPu and NAc) 
and proenkephalin (pENK; 25% and 14% reduction in Rarβ-/- CPu and 
NAc; Fig. 4D, H, I and Table S1). Since striatopallidal neurons are not 
affected prenatally at E18.5 and at birth in Rarβ-/- striatum (104.2 
± 4.5% of WT Drd2 + MSNs and no change in mRNA level quantified by 
qPCR) (Rataj-Baniowska et al., 2015), the present findings indicate that 
such a deficit appears in postnatal life and may result from neuro
degeneration, as supported by the increase in caspase 3 immunoreac
tivity. The Drd2-type specificity of cell loss in the adult Rarβ-/- striatum 
cannot be explained by preferential expression of RARβ in this cell 
population, as in WT striatum similar percentages of Drd1 + and 

Drd2 + cells expressed Rarβ (82 ± 3.7% and 76 ± 3.5% respectively; 
Fig. S3 A, B, D), whereas Drd1 + represented 43 ± 3% and Drd2 + 46 
± 2% of Rarβ cells (Fig. S3 A, B, E). 

Considering that striatonigral and striatopallidal MSNs are inhibitory 
GABAergic neurons, an overall, about 20% deficit of each individual 
population of Drd1 + and Drd2 + neurons was unexpectedly high 
comparing to the 27% reduction of GAD67 neurons in corresponding 
regions. We therefore explored the possibility that reduced number of 
MSNs co-expressing both dopaminergic receptors may explain such 
difference. Using double fluorescent in situ hybridization for Drd1 and 
Drd2, we confirmed that this cellular population represents about 5% of 
all cells in the dorsal CPu and 15% in the NAc of WT mice, which agrees 
with data obtained using BAC reporter lines (Valjent et al., 2009). 
Importantly, the number of Drd1-Drd2 co-expressing cells was reduced 
by about 40% in both the dorsal CPu and NAc in mutants (Fig. S3C, F). 
Thus, high cumulative deficit of Drd1 + and Drd2 + cells as compared to 
more moderate decrease of GAD67 + cells can be at partially accounted 
for by strong decrease of cells expressing both of those markers. 

3.5. Functional deficits of the striatopallidal pathway in Rarβ-/- mice 

Reduced number of Drd1 and Drd2 expressing cells may suggest 
unbalanced striatonigral vs striatopallidal pathway signalling in the 
striatum of Rarβ-/- mice. To functionally dissect signalling through each 
pathway, we used a pharmacological approach by modulating dopamine 
signaling by amphetamine or challenging Rarβ-/- mice with Drd1- or 
Drd2-selective ligands and monitoring behavioral and molecular out
puts. Enhancement of dopaminergic signalling following acute 
amphetamine treatment induced a marked increase of locomotor ac
tivity in WT mice, which attained its maximum at 30 min after injection 
(Fig. 5A). Such increase was significantly blunted in Rarβ-/- mice as 
revealed by significant interaction for genotype x treatment for an overall 
horizontal motor activity (F(1.24)= 6.51, p < 0.05; two-way ANOVA on 
repeated measures) and best illustrated for the first 60 min following 
amphetamine injection, when Rarβ-/- mice scored overall 253.2 ± 52.6 
beam breaks as compared to 552.8 ± 90.3 for WT animals (p < 0.001; 
unpaired student t-test). Such data may reflect compromised dopami
nergic signalling through Drd2, as a similar decrease of reactivity was 
observed in Drd2-/- mice (Baik et al., 1995; Kelly et al., 2008), but not 
Drd1-/- mice (Karper et al., 2002; McDougall et al., 2005; Xu et al., 
2000). To further address function of the indirect pathway we used 
haloperidol, a Drd2 preferential antagonist, which at the dose of 
1 mg/kg induced catalepsy in WT mice, whereas such activity was 
strongly blunted in Rarβ-/- mice (Fig. 5B). In support of compromised 
activation of the striatopallidal pathway, the number of 
haloperidol-induced cFos-positive cells was significantly lower (~50%) 
in Rarβ-/- striatum (p < 0.001; unpaired student t-test) (Fig. 5C, D). Such 
a severe deficit reflects most probably a dysfunction of remaining 
Drd2 + spMSNs, as cell loss was observed only for ~20% of Drd2 + cells 
in Rarβ-/- striatum. 

To assess the function of the direct pathway, we used SKF 81297, a 
selective D1-like receptor agonist. After the habituation period of 
60 min, SKF 81297 (4 mg/kg) was administrated to the animals and 
locomotor activity was monitored for 1 h. Comparing to vehicle (saline)- 
injected mice (95.7 ± 41.8 beam breaks in WT and 89.8 ± 24.5 beam 
breaks in Rarβ-/- mice), SKF 81297 similarly increased locomotion in WT 
and Rarβ-/- mice (141 ± 23.1 and 120.3 ± 25.8 beam breaks, respec
tively) (Fig. 5E). Moreover, the number of cFos-expressing cells induced 
after SKF 81297 administration was similar in both genotypes (97.1 
± 5.7 cells/mm2 in Rarβ-/- mice vs 94.3 ± 4.0 cells/mm2 in WT) 
(Fig. 5F). 

3.6. Behavioral consequences of unbalanced direct (striatonigral) versus 
indirect (striatopallidal) pathway signaling in Rarβ-/- mice 

Considering that dopaminergic signaling through D1 and D2 
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Fig. 4. Cell loss in Rarβ-/- striatum. (A) Activated caspase 3 (red) was detected by immunofluorescence in WT and Rarβ-/- striatum of 8 weeks-old mice and (B) scored 
when colocalized with nuclear DAPI staining (blue) in CPu region. (C) Total counts of DAPI-positive cells in the dorsolateral region of CPu in WT and Rarβ-/- striatum. 
(D) Examples of in situ hybridization identification of GAD67-positive neurons and snMSNs (Drd1, Tac1) or spMSNs (Drd2, pENK). Selected regions of dorsolateral 
striatum (see rectangles) were enlarged in adjacent panels and correspond to the areas used for scoring number of cells positive for (E) GAD67, (F) Drd1, (G) Tac1, (H) 
Drd2, (I) pENK. Scale bars: 200 µm (A), 500 µm (D, low magnification), 20 µm (D, high magnification). Statistical differences were calculated using unpaired t-test 
and indicate: * , p < 0.05, * *, p < 0.01, * ** , p < 0.001. Error bars represent SEM. 
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Fig. 5. Compromised signalling of striatopallidal pathway and behavioral deficits in Rarβ-/- mice. (A) Amphetamine (3 mg/kg)-induced locomotor activity was 
evaluated over 120 min in actimetric cages after a 60 min habituation period for n = 6 WT and n = 10 Rarβ-/- 12-weeks old mice. (B) Catalepsy evaluated as latency 
to move in the bar-test was measured before and after haloperidol (1 mg/kg) treatment in n = 5 WT and n = 5 Rarβ-/- mice, which were next used for (C) evaluation 
of haloperidol-induced cFos expression in the dorsolateral CPu at 90 min after treatment. (D) Representative example of immunodetection of cFos expression in the 
striatum. (E) Drd1 agonist-induced activity was scored in actimetric cages prior to (basal) and after SKF81297 (4 mg/kg) treatment. (F) The number of cFos-positive 
cells was quantified in dorsolateral striatum at 90 min following SKF 81297 treatment. (G) Novelty induced locomotor activity in the open field for n = 10 WT and 
n = 10 Rarβ-/- mice. (H) Motor coordination was evaluated in accelerated rotarod as mean latency to fall from the rotating cylinder. (I) Spontaneous locomotor 
activity was measured in actimetric cages over 32 h in n = 20 WT and n = 23 Rarβ-/- 14–16 week old mice. Statistical differences were calculated using Bonferroni 
multiple comparisons as post-hoc follow-up of ANOVA analyses or unpaired t-test and indicate as indicated in the text: * , p < 0.05; * *, p < 0.01; * ** , p < 0.001; 
* ** *, p < 0.0001. Error bars represent SEM. 

M. Ciancia et al.                                                                                                                                                                                                                                



Progress in Neurobiology 212 (2022) 102246

12

receptors is critically involved in the control of motor behaviors, we 
tested locomotor performance Rarβ-/- and WT mice in several behavioral 
paradigms. Novelty-induced locomotion in an open field evolved 
differently in Rarβ-/- mice as compared to WT group (F(5,90)= 2.916, 

p = 0.0174 for genotype x time interaction in one-way ANOVA), which 
reflected a significant reduction of activity in Rarβ-/- mice during the 
first 15 min of the task (Fig. 5G). This reduction reflects motor deficits, 
as Rarβ-/- mice also displayed a significant reduction of motor 

Fig. 6. Neuroprotective activity of RARβ in vivo involves mitochondrial functions. (A) Representative images of histochemical detection of SDH activity in cry
osections from WT and Rarβ-/- striatum after saline or 3-NP treatment. (B) Examples of Drd2 detection by in situ hybridization in 12-weeks old WT and Rarβ-/- striatum 
after saline or 3-NP treatment. (C) Effects of 3-NP treatments on relative SDH activity in the dorsolateral striatum were expressed as percent of mean value of WT 
vehicle-treated group. (D) Scores of Drd2-positive neurons detected by in situ hybridization in the dorsolateral striatum. (E) Survival probability in WT and Rarβ-/- 

mice was evaluated as function of the 3-NP dose (for details see also Table S2). (F) Images of detection of SDH enzymatic activity (left column) and Drd2-expressing 
neurons (in situ hybridization; right column) in the dorsolateral striatum from WT mice following AC261066 or AC261066 and 3-NP treatments. (G) Quantification of 
SDH enzymatic activity and (H) Drd2-positive cell number as a function of AC261066 (2 mg/kg) and/or 3-NP (200 mg/kg) treatment. (I) Locomotor activity in the 
open field and (J) motor coordination on the rotarod evaluated on the second day of AC261066 and/or 3-NP treatment. Scale bars, 500 µm (low magnification) and 
200 µm (high magnification). Statistical differences were calculated using Bonferroni multiple comparisons as post-hoc follow-up of ANOVA analyses or unpaired t- 
test and indicate as indicated in the text: * , p < 0.05; * *, p < 0.01; * ** , p < 0.001; * ** *, p < 0.0001. Error bars represent SEM. 
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coordination in the rotarod test, as seen with a shorter latency to fall 
from the accelerating cylinder (Fig. 5H). These measures were not 
confused by altered reactivity to stress, as anxiety-related measures, 
including percent of time spent in the center of the open field during the 
first 5 min of the test (7.53 ± 2.67% for Rarβ-/- mice and 8.58 ± 1.73 for 
WT) and percent of time spent in the open arms of the elevated plus 
maze (12.11 ± 1.23% for Rarβ-/- mice and 17.33 ± 3.61% for WT), were 
not affected by RARβ loss of function (Fig. S4 A, B). In contrast to 
reduced motor performance in the open field and rotarod tests, Rarβ-/- 

mice displayed a significant increase in their spontaneous horizontal 
activity in actimetric cages, as supported by an effect of genotype (F(1,41) 
= 6.211, p = 0.0168) and significant interaction genotype x time 
(F(31,1271) = 3.341, p < 0.0001, one-way ANOVA on repeated mea
sures). This increase of activity was apparent only during the active, 
dark phase of the light/dark cycle (Fig. 5I). 

3.7. An RARβ agonist prevents mitochondrial dysfunction and 
neurodegeneration in the 3-NP mouse model of HD 

Administration of 3-nitropropionic acid (3-NP), an inhibitor of 
mitochondrial SDH / complex II activity, was previously demonstrated 
to cause selective striatal degeneration with loss of MSNs and HD-like 
deficits in rodents and non-human primates (Blum et al., 2003; 
Ludolph et al., 1991; Page et al., 2000; Sun et al., 2002), and thereafter 
was extensively used as pharmacological model of HD-like symptoms 
(Brouillet et al., 2005). To further test the functional relevance of 
compromised mitochondrial and SDH activity in Rarβ-/- striatum and 
investigate the neuroprotective activities of RARβ, we studied the effects 
of loss or gain of RARβ function on mouse behavior, mitochondrial SDH 
activity, and MSN cell survival in mice treated with 3-NP. We observed 
dose-dependent effects of 3-NP on striatal SDH activity in situ (Fig. 6A, 
C) and loss of Drd2+ neurons (Fig. 6B, D), but not Drd1+ neurons 
(Fig. S5), in both WT and Rarβ-/- mice. Importantly, whereas a low, 
cumulative dose of 120 mg/kg of 3-NP (4 treatments with 30 mg/kg, see 
materials and methods) induced a significant reduction of SDH activity 
in both WT and Rarβ-/- striatum (Fig. 6C), only Rarβ-/- mice displayed 
significant reduction of the number of Drd2 + neurons (effect of 
120 mg/kg 3-NP treatment F(1, 19) = 8.579, p < 0.05 in two-way 
ANOVA; p > 0.9, not significant, for WT-saline vs WT-120 mg/kg and 
p < 0.05 for Rarβ-/--saline vs Rarβ-/--120 mg/kg, post-hoc Bonferroni 
test). Furthermore, higher doses of 3-NP were associated with mortality 
in ~ 25% of Rarβ-/- mice only for 200 mg/kg, and 80% of Rarβ-/- and 
25% of WT mice for 280 mg/kg (Fig. 6E and Table S2), supporting 
increased vulnerability of Rarβ-/- mice to the mitochondrial toxin. Such 
increased mortality of Rarβ-/- mice likely accounts for comparable scores 
of SDH activity and Drd2 + cell number for 200 mg/kg 3-NP in WT and 
surviving Rarβ-/- mice (Fig. 6C, D). 

Taking advantage of the 3-NP model, we asked whether gain of RARβ 
function following AC261066 agonist treatment can prevent adverse 
effects of 3-NP (200 mg/kg) in WT mice. Thus, whereas 3-NP treatment 
strongly reduced SDH activity, such effect was dampened in mice which 
received 2 mg/kg of AC261066 prior to 3-NP treatment (Fig. 6G, 
compare also panel A with SDH in F), which was not different from 
vehicle-treated group (3-NP treatment effect F(1, 26) = 81.46, 
p < 0.0001, AC261066 treatment effect F(1, 26) = 7.79, p = 0.0097 in 2- 
way ANOVA; p < 0.01 for saline vs 3-NP and p = 0.07 for saline vs 
AC261066 + 3-NP, post-hoc Bonferroni test), and was significantly 
weaker than in 3-NP treated group (p < 0.05 for 3-NP+AC261066 vs 3- 
NP, post-hoc Bonferroni test). Importantly, AC261066 prevented loss of 
Drd2 + spMSNs (Fig. 6H, compare also panel B with Drd2 in F) in 3- 
NP+AC261066-treated WT mice (3-NP treatment effect F(1, 36) = 31.42, 
p < 0.0001, AC261066 treatment effect F(1, 36) = 6.284, p < 0.05 in 2- 
way ANOVA; p < 0.01 for saline vs 3-NP and p < 0.01 for 3-NP vs 
AC261066 + 3-NP, post-hoc Bonferroni test). The same dose of 
AC261066 alone (in absence of 3-NP treatment) did not affect SDH or 
Drd2 + cell counts (Fig. 6G, H, compare also top rows of panel A and B 

with F). In addition, behavioral evaluation of novelty-induced locomo
tor activity (Fig. 6I) and motor coordination (Fig. 6J) on the second day 
of 3-NP treatment point to partial prevention of behavioral deficits 
during treatment. Distance covered by 3-NP-treated mice in the open 
field test was significantly lower than for control, saline-treated animals 
(3-NP treatment effect F(1, 36) = 31.42, p < 0.0001 in two-way ANOVA; 
p < 0.001 for saline vs 3-NP, Bonferroni test), but such difference 
became insignificant in 3-NP group pretreated with AC261066 (p = 0.1, 
not significant, for saline vs 3-NP+AC261066 comparison, Bonferroni 
test). Similarly, 3-NP-treated mice displayed significant reduction of 
latency to fall from the rotating cylinder in rotarod test indicating a 
locomotor coordination deficit, which was prevented by AC261066 
pretreatment (3-NP treatment effect F(1, 21) = 9.423, p < 0.01 in two 
way ANOVA; p < 0.01 for saline vs 3-NP comparison and p > 0.9 for 
saline vs 3-NP+AC261066, not significant, Bonferroni test). 

3.8. AAV-mediated inactivation of RARβ in the adult striatum leads to 
progressive motor deficits and loss of spMSNs 

Deficits of Drd2 + spMSNs in adult, but not in newborn Rarβ-/- mice, 
and possibility of preventing spMSN cell loss by administering a RARβ 
agonist in 3-NP-treated WT mice suggest postnatal neuroprotective ac
tivity of RARβ in these cells. To address this possibility and exclude 
neurodevelopmental origin of vulnerability of spMSNs in Rarβ-/- mice, 
we investigated the effects of a postnatal inactivation of RARβ following 
AAV9-mediated expression of an EGFPCre fusion protein in the striatum 
of mice carrying floxed Rarβ alleles. Efficiency of bilateral viral infection 
and RARβ inactivation in the striatum of RarβAAV9EGFPCre mice was 
verified post-hoc by immunofluorescent analyses and compared to a 
control group of floxed Rarβ mice injected with AAV9EGFP virus 
(Fig. 7A). RARβ was undetectable in cells expressing AAV9EGFPCre in 
RarβAAV9EGFPCre mice (Fig. 7A, bottom panels). In control mice, all cells 
expressing EGFP also expressed RARβ (Fig. 7A, upper panels). Western 
blot analyses revealed ~94% reduction of RARβ expression in the 
striatum (Fig. 5B, C). Longitudinal monitoring of locomotor coordina
tion and spontaneous activity (two behavioral tests used here as sensi
tive, key readouts associated with RARβ inactivation) revealed 
progressive motor abnormalities in mice with conditional inactivation of 
RARβ. Accordingly, whereas control RarβAAV9EGFP mice gradually 
improved their locomotor coordination over successive testing sessions 
on the rotarod, RarβAAV9EGFPCre did not display such motor learning and 
their performance showed opposite deteriorating tendency supported by 
significant genotype x time interaction (F(3,45)= 8.9 in two-way ANOV, 
p < 0.001; Fig. 7D). Consequently, their performance was reduced by 
43% at 20 weeks after viral infection as compared to control 
RarβAAV9EGFP mice (p < 0.05; post-hoc Bonferroni test). Inactivation of 
RARβ also led to progressive increase of spontaneous motor activity 
during active, dark phase of the light/dark cycle, which was not 
observed in control mice as indicated by significant genotype x time 
interaction (F(3,45) = 2.8 in two-way ANOVA, p < 0.05; Fig. 7E and 
Fig. S6 A-D). Also, motor reactivity to manipulation and novelty pro
gressively increased following ablation of RARβ as indicated by signif
icant increase in the activity of RarβAAV9EGFPCre mice during the first 
hour of testing in actimetric cages at 10 and 20 weeks after viral injec
tion when compared to control RarβAAV9EGFP mice, as supported by 
significant interaction of genotype x time (F(3,45) = 4.3, p < 0.01) (Fig. S6 
E). In situ hybridization detection and quantification of striatal MSNs at 
21 weeks after viral injection revealed significant reduction of about 
12% of GAD67 + MSNs which may reflect loss of about 15% of 
Drd2 + spMSNs but not Drd1 + snMSNs in the striatum of 
RarβAAV9EGFPCre mice when compared to control RarβAAV9EGFP mice 
(Fig. 7F). 
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3.9. Inactivation of RARβ in Drd2 + spMSNs leads to selective decrease 
of spMSN number and function and partially recapitulates Rarβ-/- motor 
phenotype 

Whereas germline together with postnatal AAV-mediated deletion of 
RARβ pointed to postnatal role of RARβ in neuroprotection and func
tions of spMSNs, it is not clear, if such effects are cell autonomous, and 
what is specific contribution of RARβ-dependent functions in spMSN to 
an overall behavioural abnormalities observed in Rarβ-/- mice. To 

address these questions, we have deleted Rarβ in post-mitotic spMSNs by 
transgenic expression of Drd2-Cre in mice carrying floxed Rarβ alleles. 
As expected from the distribution of Rarβ expression within Drd1 + and 
Drd2 + MSNs (note that ~40% of Rarβ+ cells express Drd2; Fig. S3) the 
number of RARβ+ cells was reduced by ~40% in RarβDrd2-/- mice as 
compared to RarβDrd2+/+ control mice (Fig. 8A-B). The 8-weeks old 
RarβDrd2-/- mice displayed reduction of an overall motor activity in the 
open field as indicated by significant effect of genotype (F(1,16) = 5.2, 
p < 0.05 and post-hoc analyses for the initial 10 min, p < 0.05; Fig. 8C). 

Fig. 7. Conditional striatal inactivation of RARβ in adult 
mice. (A) Examples of bilateral expression of EGFP illus
trating viral infection in the striatum (low magnification 
images, top and bottom left). RARβ expression was detected 
in the striatum of Rarβ floxed mice infected with control 
AAV9EGFP virus (top panel) corresponding to control 
RarβAAV9EGFP cohort, whereas it was absent following con
ditional ablation of RARβ following AAV9EGFPCre virus 
infection in RarβAAV9EGFPCre mice (bottom panel). (B) West
ern blot detection of RARβ and its quantification (C) in WT, 
Rarβ-/- and RarβAAV9EGFPCre striatum. Longitudinal behav
ioral analyses were performed for n = 8 RarβAAV9EGFP and 
n = 9 RarβAAV9EGFPCre mice which displayed efficient bilat
eral viral infection. This included (D) monitoring of loco
motor coordination and (E) spontaneous locomotor activity 
during active, dark phase of the light/dark cycle prior to 
viral infection (week 0) and at 5, 10 and 20 weeks after virus 
injection. (F) GAD67 + , Drd1 + and Drd2 + cells were 
detected using in situ hybridisation and counted in dorsal 
striatum of n = 6 mice/group. Scale bars in A: 2 mm (low 
magnification images, left panels) and 20 µm (high magni
fication panels). Statistical differences were shown in com
parison to RarβAAV9EGFP mice for corresponding time-points 
using Bonferroni multiple comparisons as post-hoc follow- 
up of ANOVA analyses or unpaired t-test and indicate as 
indicated in the text: * , p < 0.05, * *, p < 0.01, * ** , 
p < 0.001. Error bars represent SEM.   
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Similarly, to Rarβ-/- mice, locomotor coordination was compromised in 
RarβDrd2-/- mutants on evidence of significant ~30% decrease of latency 
to fall from the rotarod (Fig. 8D). Intriguingly, unlike for germline or 
somatic striatal deletion of RARβ in Rarβ-/- in RarβAAV9EGFPCre mice we 
did not observe any spontaneous hyperactivity in the actimetric cages 

during dark phase of the light/dark cycle (Fig. 8E), suggesting that 
abnormal activity of snMSNs Rarβ-/- in RarβAAV9EGFPCre mice contributes 
to this hyperactivity phenotype or alternatively that spMSN pathway 
signalling is only weakly impacted in RarβDrd2-/- mice. To address this 
latter possibility, we evaluated MSNs numbers and functions with 

Fig. 8. Somatic deletion of RARβ in post-mitotic Drd2 + neurons. (A) Examples of immunodetection of RARβ+ cells and (B) their quantification in control, 
RarβDrd2+/+ and RarβDrd2-/- mice. Behavioral analyses were performed on RarβDrd2+/+ and RarβDrd2-/- mice (n = 10/genotype) mice at the age of 8 weeks and included 
(C) analyses of novelty induced motor activity in the open filed, (D) monitoring of locomotor coordination on the rotarod and (E) spontaneous locomotor activity 
during light/dark cycle. (F) GAD67 + , Drd1 + and Drd2 + cells were detected using in situ hybridisation and counted in dorsal striatum of n = 4 mice/group. (G) 
Amphetamine (3 mg/kg)-induced locomotor activity was scored over 120 min in actimetric cages after a 60 min habituation period. (B) Catalepsy in the bar-test was 
measured before and 60 min after haloperidol (1 mg/kg) treatment in n = 5 RarβDrd2+/+ and n = 7 RarβDrd2-/- mice mice. (C) In 3 randomly selected mice/genotype 
cFos expression was quantified at 90 min after haloperidol treatment. Scale bar in A, 10 µm. Statistical differences were shown in comparison to RarβDrd2+/+ mice and 
calculated using unpaired t-test or Bonferroni test as a post-hoc analyses of ANOVA measures: * , p < 0.05, * *, p < 0.01. Error bars represent SEM. 
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particular focus on spMSNs. Cell number analyses carried out at 11 
weeks of age revealed significant, 10% reduction of GAD67 + MSNs 
which may reflect loss of about 16% of Drd2 + spMSNs, but not 
Drd1 + snMSNs in the striatum of RarβDrd2-/- mice (Fig. 8F). Further
more, locomotor response to amphetamine stimulation was reduced by 
about 50% in RarβDrd2-/- animals (effect of genotype F(1540) = 27.3, 
p < 0.05; and post-hoc analyses shown in Fig. 8G) which was similar to 
reduction observed in Rarβ-/- mice (compare with Fig. 5A). Challenging 
DRD2 receptors with 1 mg/kg haloperidol resulted in catalepsy, which 
was significantly reduced in RarβDrd2-/- mice (Fig. 8H) and accompanied 
by significant, decrease of the number of cells in which cFos expression 
was activated (Fig. 8I). Similarly to what was observed in Rarβ-/- mice, 
about ~50% reduction in haloperidol-induced cFos expression exceeded 
largely reduction of 16% Drd2 + cell number indicating that in addition 
to neuroprotection, RARβ most probably modulates /downregulates 
activity of existing spMSNs. Furthermore, absence of spontaneous hy
peractivity in RarβDrd2-/- despite comparable deficit in spMSN number 
and function in RarβDrd2-/-, Rarβ-/- and/or RarβAAV9EGFPCre mice indicates 
that such hyperactivity phenotype reflects most probably abnormal 
functions of remaining snMSNs. 

4. Discussion 

HD is characterized by a wide range of transcriptional changes which 
are globally similar between HD patients and respective animal models. 
Recent analyses of allelic series of mHtt KI mice revealed that such 
transcriptional changes strongly correlate with the length of CAG re
peats and with age (Langfelder et al., 2016). It is not clear, however, 
which of the transcriptional alterations critically contribute to the 
physiopathology of HD and which ones are only epiphenomena of cell 
dysfunction or neurodegeneration. RARβ is one of the transcription 
factors, which expression gradually decreases with increasing 
CAG-length and age in mHtt KI mouse lines and is significantly down
regulated in the striatum of HD patients (Hodges et al., 2006), raising 
the possibility that it may be responsible for a subset of transcriptional 
and functional changes in HD. Supporting such a hypothesis, we previ
ously showed that RARβ is a direct or indirect regulator of genes con
trolling cell identity, calcium and cAMP signalling, cell morphology or 
mitochondrial functions (Niewiadomska-Cimicka et al., 2017) – all of 
them being deregulated in HD and animal models (Hodges et al., 2006; 
Langfelder et al., 2016; Luthi-Carter et al., 2000). In the present study, 
by using in vitro and in vivo approaches including different animal 
models, we identified a new, post-natal function of RARβ in neuro
protection of spMSNs, which may be correlated to the increased 
vulnerability of these cells in HD. Indeed, Rarβ-/- mice display a 
post-natal loss of about 25% of Drd2 + spMSNs, with these cell numbers 
being reduced in the striatum of adult Rarβ-/- mice, whereas they are 
unaffected in newborn Rarβ-/- mice (see our previous study (Rataj-Ba
niowska et al., 2015)). Such postnatal, neuroprotective role of RARβ in 
spMSNs is further supported by: (i) increased apoptotic cell death in 
striatum of Rarβ-/- mice, (ii) selective reduction of spMSNs in 
RarβAAV9EGFPCre mice with conditional ablation of RARβ in the adult 
striatum, (iii) selective reduction of spMSNs in RarβDrd2Cre-/- mice with 
spMSN-specific ablation of RARβ, (iv) a sensitizing effect in Rarβ-/- mice 
to lose spMSNs in response to 3-NP, as well as (v) their neuroprotection 
by RARβ agonist in WT mice treated with 3-NP. Loss of Drd2 + spMSNs 
in RarβAAV9EGFPCre and in RarβDrd2Cre-/- mice also excludes the possibility 
that reduced number of spMSNs in Rarβ-/- mice results solely from 
neurodevelopmental abnormalities leading in turn to enhanced sensi
tivity and degeneration of these cells in the adult. We cannot completely 
exclude that reduced counts of Drd2 + cells may partially reflect lack of 
transcriptional activation of the Drd2 gene by RARβ (Krezel et al., 1998; 
Niewiadomska-Cimicka et al., 2017; Samad et al., 1997), but this pos
sibility appears less likely because of concomitant reduction of cells 
expressing pENK, a distinct marker of spMSNs as well as a 25% reduc
tion of the total number of cells (DAPI+), 27% reduction of 

Gad67 + MSNs and finally 23% reduction of cells expressing truncated 
Rarβ transcript in Rarβ-/- mutants (these cells correspond to Rarβ 
expressing cells in WT conditions). In fact, deficits in global cell number 
and Gad67 + MSNs would rather support a cumulative absence of both 
snMSN and spMSN populations. Indeed, we also observed a ~20% 
reduction of Drd1 + snMSNs in the striatum of adult Rarβ-/- mice, 
though this deficit reflects a pre-natal function of RARβ in controlling 
development of Drd1 cells (Rataj-Baniowska et al., 2015). In agreement 
with this possibility, ~10% reduction of Gad67 + cells was associated 
with loss of ~15% of Drd2 + neurons following inactivation of Rarβ in 
post-natal striatum in RarβAAV9EGFPCre mice or in post-mitotic spMSNs in 
RarβDrd2Cre-/- mice. Reduced expression of Drd2 or cell loss could also 
contribute to the strong, 40% decrease of cells co-expressing Drd1 and 
Drd2 observed in mutant mice. Although this cell population represents 
only a small fraction of MSNs in dorsal and ventral striatum (5% and 
15%, respectively), their reduction does not overtly affect global MSN 
counts, but it may have important consequence on functions controlled 
by Drd1 + ;Drd2 + double positive cells, which remain little understood 
to date. 

Specificity of spMSN loss cannot be explained by selective expression 
of RARβ in this cell population, as our analyses show that RARβ is 
expressed in comparable numbers of snMSNs and spMSNs (which 
together encompass most of the MSN population, as revealed by co- 
localization of Drd1 + or Drd2 + transcripts with RARβ protein). In 
fact, our observations of a nearly ubiquitous expression of RARβ in MSNs 
contrasting with loss of only 15–19% of spMSNs (depending on animal 
model) suggest molecular diversity of striatal MSNs and existence of 
restricted subpopulation of spMSNs particularly susceptible to cell death 
in absence of RARβ. Alternatively, relatively low 15–19% reduction of 
MSNs restricted to spMSNs may correspond to a snap-shot of a dynamic 
neurodegenerative process which we analysed at about 12 weeks of age. 
Such process may evolve with age and we cannot exclude that at later 
phases also Drd1 + MSNs could be affected. Although this merits dedi
cated longitudinal study of aging, some insight can be already gained 
from progressive motor deficits associated with loss of 15% of spMSN at 
20 weeks after RARβ inactivation in RarβAAV9EGFPCre mice. Such data 
support a long-term neuroprotective activity of RARβ, but also its se
lective effect limited to spMSNs. Further evidence comes also from 
exacerbated loss of Drd2 + MSNs in Rarβ-/- mice exposed to 3-NP death 
and neuroprotective activities of RARβ agonist and selective prevention 
of Drd2 + cell loss in wild type mice treated with 3-NP, a pharmaco
logical model of HD (see also below). 

Molecular underpinnings of particular susceptibility of spMSNs to 
RARβ deletion remain unclear, but may involve deregulation of mito
chondrial genes (as suggested by mitochondrial dysfunction in cultured 
Rarβ-/- MSNs) together with downregulation of genes related to cAMP 
signaling like Pgc1α or Pde10a reported previously (Niewiadomska-Ci
micka et al., 2017). For example, pharmacological studies reported that 
reduced Pde10a activity leads to selective increase in excitability of 
spMSN (Threlfell et al., 2009). Thus, reduction of Pde10a expression in 
Rarβ-/- striatum could potentially lead to hyperactivity and associated 
high energy demand selectively in spMSN increasing their lethality due 
to mitochondrial insufficiency. Also, an increased susceptibility to stress 
could be conferred selectively to spMSNs by reduced expression of 
adenosine A2 receptor, a direct target of RARβ (Niewiadomska-Cimicka 
et al., 2017), known for its neuroprotective activities in spMSNs (Blum 
et al., 2003). These and other mechanisms remain to be investigated. 

Collectively, our data demonstrate that loss of RARβ signalling is 
sufficient to cause Drd2 + MSN cell loss. This finding is particularly 
relevant for HD in the light of a recent single cell RNAseq study reporting 
that RARβ and its target genes are the most downregulated in both MSN 
types in 6-month old mHtt Q175KI and 9-week old R6/2 striatum (Lee 
et al., 2020). Thus, we speculate that compromised neuroprotective 
activity of RARβ in spMSNs could contribute to their loss observed in 
these mice at 16 months and 12 weeks, respectively (Slow et al., 2003; 
Smith et al., 2014). However, such cell loss is not frequently observed in 
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other animal models of HD, possibly because the threshold level of 
reduced RARβ expression and/or activity is not attained during the life 
span of those animals. In line with this possibility, motor deficits and a 
15% reduction of spMSNs in conditional RARβ knockout mice were 
observed at 5 months after RARβ inactivation. 

Despite similar deficits in numbers of spMSNs and snMSNs in adult 
Rarβ-/- striatum, our functional data support strong, selective dysfunc
tion of the indirect (striatopallidal) pathway, as opposed to a relatively 
spared activity of the direct (striatonigral) pathway. Although such 
observations agree with classical models of basal ganglia function and 
pathology, more recent observations on spatial clustering of active 
striatal neurons raise further question about how such deficits may 
affect cluster-like patterns of spMSNs and snMSNs, which may be 
essential for movement control (Parker et al., 2018). Our data support 
compromised activity of spMSNs, but they lack network and temporal 
resolution necessary for such insight. Thus, haloperidol, a preferential 
antagonist of Drd2, induced strong catalepsy in WT mice, but such effect 
was dramatically decreased in Rarβ-/- mice. The blunted effect of halo
peridol may reflect compromised activation of cAMP signalling, based 
on the evidence of a ~40% reduction in number of cFos-expressing cells 
in the striatum, which exceeds the 25% deficit in Drd2 + cell number. In 
support of a selective dysfunction of spMSNs is also the strongly blunted 
response to amphetamine, which is reminiscent of that observed in 
cocaine or methamphetamine-treated Drd2-/- mice (Baik et al., 1995; 
Kelly et al., 2008), whereas Drd1-/- mice display hyperactivity after 
amphetamine treatment (Karper et al., 2002; McDougall et al., 2005; Xu 
et al., 2000). In contrast to compromised spMSN pathway, a selective 
Drd1 agonist, SKF 81297, induced a similar level of motor activity and 
striatal cFos expression in WT and Rarβ-/- mice, suggesting that the 
striatonigral pathway is not overtly compromised in this challenge 
despite reduced number of snMSNs. This may possibly reflect some 
compensatory mechanisms resulting in the hyperactivity of snMSNs. 
Such hyperactivity could add to or synergise with reduced spMSN ac
tivity to increase snMSN/spMSN signaling disequilibrium. This could be 
determinant factor leading to spontaneous motor hyperactivity of 
Rarβ-/- and RarβAAV9EGFPCre mice in actimetric cages as Rarβ was deleted 
in both spMSNs and snMSNs. Accordingly, spMSN-selective inactivation 
of Rarβ leading to reduced indirect pathway activity was not sufficient to 
induce this phenotype in RarβDrd2-/- mice. Interestingly, one of the 
earliest phenotypes observed in YAC128 mouse model of HD was hy
peractivity of Drd1 + MSNs on evidence of enhanced sEPSCs, which was 
proposed to contribute to unbalanced signalling of striatonigral vs 
striatopallidal pathways (Andre et al., 2011). Such unbalanced signaling 
is also reflected by HD-like behavioral abnormalities in Rarβ-/- mice. 
Thus, locomotor coordination deficits in the rotarod and lower 
novelty-induced activity in the open field may correspond to reduced 
spMSN signalling since it has also been reported in HD mouse models 
(Bolivar et al., 2004; Luesse et al., 2001; Slow et al., 2003; Smith et al., 
2014) and were present in RarβDrd2Cre-/- mice. Also, the spontaneous 
hyperactivity observed during the night phase of the light/dark cycle 
was similar to that observed in young R6/1, R6/2, Yac128 and 12-month 
old HttQ175 + /- HD mouse models (Bolivar et al., 2004; Luesse et al., 
2001; Slow et al., 2003; Smith et al., 2014) and likely reflects remaining 
and enhanced snMSN activity as discussed. Importantly, graded tran
scriptional changes, including decreased expression Rarβ and its targets, 
that are associated with increasing sizes of CAG repeats and age of mHtt 
KI lines displayed strong spMSN bias (Langfelder et al., 2016; Lee et al., 
2020). Such observations converge with our data supporting the idea 
that compromised RARβ signalling underlies selective dysfunction of 
spMSNs prior to their eventual cell death in HD. 

Mitochondrial dysfunction compromising MSN activity and survival 
due to the high energetic demands of this cell type (Ferrante et al., 1991; 
Mitchell and Griffiths, 2003) and/or increased susceptibility to gluta
matergic toxicity (Cepeda et al., 2001; Estrada Sanchez et al., 2008; 
Fernandes et al., 2007; Hodgson et al., 1999; Mattis et al., 2015; Zeron 
et al., 2002) may underlie the high vulnerability of striatal MSNs in HD. 

Several potential mechanisms were suggested for this, including reduced 
SDH enzymatic activity, supported by data from HD patients (Browne 
et al., 1997; Gu et al., 1996; Tabrizi et al., 1999), and mHtt-expressing 
cultured neurons (Benchoua et al., 2006), or selective MSN cell death 
following inhibition of SDH by 3-NP in rodents and human (Ludolph 
et al., 1991; Page et al., 2000; Sun et al., 2002). MSN cell death in HD 
was also proposed to involve opening of mPTP, a calcium-dependent 
mitochondrial channel, leading to loss of mitochondrial potential and 
mitochondrial fragmentation followed by apoptotic cell death (Quinta
nilla et al., 2017). Our study provides evidence that RARβ is an impor
tant modulator of mitochondrial functions and its compromised 
signalling underlies mitochondrial dysfunction including reduced SDH 
enzymatic activity and dysregulated calcium homeostasis as causal 
factors of MSN vulnerability in HD. Accordingly, the size of mitochon
dria in Rarβ-/- MSNs was slightly, but consistently increased, possibly 
reflecting abnormal calcium homeostasis observed in different models of 
neurodegeneration including HD and associated with dysfunction of 
mPTP (Jin et al., 2013; Martinez-Vicente et al., 2010; Pastorino et al., 
1999; Quintanilla et al., 2017). Increased number of defective mito
chondria with disorganized or missing cristae, which we observed in 
Rarβ-/- striatum, were also reported in HD patients and animal models 
(Jin et al., 2013; Squitieri et al., 2010). Our respirometry analyses in 
Oxygraph together with reduced enzymatic SDH activity were consis
tent with reduced mitochondrial respiration and activity of complex II in 
Rarβ-/- striatum, abnormalities also observed in HD (Benchoua et al., 
2006; Tabrizi et al., 1999). Consequently, subthreshold levels of the SDH 
inhibitor 3-NP induced significant loss of spMSNs in Rarβ-/- but not in 
WT striatum, whereas higher concentrations of 3-NP were lethal pre
dominantly in Rarβ-/- mice. Importantly, loss of spMSNs contrasted with 
preservation of Drd1 + snMSNs in 3-NP treated Rarβ-/- mice supporting 
specificity of neuroprotective role of RARβ in spMSNs as well as devel
opmental, but not neurodegenerative origin of reduced number of 
snMSNs cells in Rarβ-/- striatum. In fact, in contrast to some previous 
rodent studies we did not observe decrease of snMSNs also in 3-NP 
treated WT mice. This may result from our specific experimental con
ditions selected in order to reveal susceptibility of Rarβ-/- mice. 
Accordingly, previous studies used long-term (5–28 days) treatments in 
rats (Page et al., 2000; Sun et al., 2002) or mice (Blum et al., 2003) in 
contrast to short term 2-days treatment in present study. Also, our mixed 
genetic background was different from those used previously as well as 
doses of 3-NP (30 or 50 mg/kg/injection) were lower than most of the 
doses used in different mice strains (100 mg/kg/injection or more) 
(Gabrielson et al., 2001). Increased vulnerability of mitochondria in 
Rarβ-/- mice was also supported by rapid loss of mitochondrial mem
brane potential, mitochondrial fragmentation and cell death in response 
to glutamate or thapsigargin-induced calcium overload in primary cul
tures of Rarβ-/- MSNs. Although it is unclear whether mitochondrial 
fragmentation and cell death observed in vitro concerns selectively 
spMSNs, the changes in bimodal distributions of Mitotracker signal in 
thapsigargin-treated WT vs Rarβ-/- MSNs support existence two neuronal 
populations out of which one is particularly susceptible to lose mito
chondrial potential in Rarβ-/- cultures and may potentially reflect spMSN 
neurons. In line with the detrimental effects of compromised RARβ 
signalling on mitochondrial functions and cell survival, treatment with 
the RARβ agonist AC261066 prevented loss of mitochondrial depolari
zation, and eventual mitochondrial fragmentation and cell death in 
primary cultures of WT MSNs when challenged with glutamate. Such 
neuroprotective effects were not observed in Rarβ-/- cells known to also 
express RARγ, demonstrating RARβ-specificity of the AC261066 treat
ment, and the selective involvement of RARβ in neuroprotective activ
ities. Furthermore, AC261066 partially rescued reduction of SDH 
activity and prevented loss of spMSNs in WT mice treated with 3-NP, 
which was associated with improvement of behavioral outcome in lo
comotor coordination and motor activity as measured, respectively, in 
the rotarod and open field tests. 
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5. Conclusion 

This study provides evidence for a neuroprotective role of RARβ in 
adult striatal spMSNs. We show that absence of RARβ is sufficient to 
cause selective dysfunction and cell loss of spMSNs in RARβ-null 
(Rarβ-/-) mice, but also in mice with a selective, AAV-mediated inacti
vation of RARβ in the adult striatum (RarβAAV9EGFPCre mice). We also 
provide evidence on cell-autonomous nature of such control as spMSN 
loss was also observed following Drd2-specific deletion of Rarβ in 
RarβDrd2-/- mice. Our data support the hypothesis that mitochondrial 
injury as documented in Rarβ-/- striatum by morphological (swelling, 
disorganized cristae), molecular (reduced SDH enzymatic activity) and 
functional (reduced respiration) alterations, is a direct causal factor of 
increased vulnerability of mitochondria, which in stress conditions of 
calcium overload or glutamate excitotoxicity will lead to mitochondria 
depolarization, fragmentation, ROS production and cell death, as 
observed here in primary Rarβ-/- MSN cultures. Furthermore, treatment 
with an RARβ agonist prevented the adverse effects of glutamate exci
totoxicity on mitochondria and prevented cell death in primary cultures 
of WT MSNs. spMSN cell loss in RarβAAV9EGFPCre and RarβDrd2-/- mice, 
increased susceptibility of spMSNs to cell death in Rarβ-/- mice treated 
with subthreshold doses of 3-NP, as well as prevention of spMSN cell 
death with the RARβ agonist AC261066, all provide evidence for a 
neuroprotective role of RARβ in vivo and its selectivity for spMSNs. Thus, 
mitochondrial dysfunction and selective vulnerability of spMSNs 
observed in HD could reflect compromised signalling by RARβ reported 
in spMSNs of HD patients and corresponding animal models. Relevance 
of our data for HD physiopathology is also supported by HD-like 
behavioral deficits observed in Rarβ-/- and RarβAAV9EGFPCre mice, and 
AC261066-mediated partial prevention of motor deficits in the 3-NP 
mouse model. Our present data linking RARβ and mitochondrial func
tions are further supported by the recent demonstration of a role of 
RARβ in mitochondrial dynamics during neurite outgrowth (Trigo et al., 
2019), and in a more general context may explain the protective effects 
of the AC261066 RARβ agonist in cardiac ischemia/reperfusion injury 
(Marino et al., 2018), non-alcoholic fatty liver disease (Trasino et al., 
2016a) or liver, pancreas and kidney protection in obese diabetic mice 
(Trasino et al., 2016b). Further studies of RARβ expression and functions 
in material from HD patients may contribute to a better understanding of 
peripheral tissue failure in HD, which is a frequent cause of death in this 
disease (for review see (Carroll et al., 2015; Sassone et al., 2009)). 
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